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Executive Summary 
 
In 2006, the Maine Department of Marine Resources received a 6-year grant from NOAA’s Office of Protected 
Resources to work in collaboration with the Massachusetts Division of Marine Fisheries and New Hampshire 
Fish and Game Department to document the status of and develop conservation strategies for Atlantic sturgeon 
(Acipenser oxyrinchus oxyrinchus), rainbow smelt (Osmerus mordax), and Atlantic salmon (Salmo salar) 
(NA06NMF4720249). At the time, each was federally listed as Species of Concern in the Gulf of Maine – 
rainbow smelt were listed as a Species of Concern in 2004, Atlantic salmon in 1997, and Atlantic sturgeon in 
1988. Since the project began, Atlantic salmon and Atlantic sturgeon have been listed under the federal 
Endangered Species Act (ESA) in the Gulf of Maine, in 2009 and 2012, respectively. The grant obligations 
were amended in 2008 to remove Atlantic salmon from this project plan due to budget reductions and 
impending listing under the ESA. This final report provides first a summary of key elements of the project and 
also an appendix containing all technical reports, outreach publications, management plans, and other products 
completed under this grant. 
 
Work on rainbow smelt focused on several objectives: 

1) Documenting range contraction and range-wide population declines based on historical data and 
accounts, 

2) Evaluating the status of rainbow smelt populations in the Gulf of Maine region, 
3) Developing a population index to track the strength of spawning runs, 
4) Assessing a range of potential threats to rainbow smelt populations, and 
5) Proposing management actions to help conserve rainbow smelt throughout the Gulf of Maine region. 

 
Work on Atlantic sturgeon focused on: 

1) Reviewing the basic biology of Atlantic sturgeon, 
2) Compiling detailed information from research on Atlantic sturgeon in the Gulf of Maine for 

the period 1977-2001 and 2009-2012, 
3) Assessing movements with the Kennebec River and Merrymeeting Bay, identifying key 

habitats in this river and estuary complex, and increasing the sample size for genetic 
analysis, and  

4) Summarizing the status of the Gulf of Maine Atlantic sturgeon, identifying threats, and 
recommending management actions. 

 

Objective 1 – Establish an Inter-Agency Species of Concern Technical Advisory 
Committee 

Activity 1 – Technical Advisory Committee – Year 1 

The Technical Advisory Committee (TAC) was established in 2007 and includes scientists for all three species 
originally named under this grant (Atlantic salmon, Atlantic sturgeon, and rainbow smelt). Though work on 
Atlantic salmon was removed from the project description in 2008, all original TAC members continued to 
provide guidance and input throughout the project period. These members are: 
 

Maine Department of Marine Resources (ME DMR): 
Seth Barker*, Habitat Scientist 
Claire Enterline*+, Diadromous Species Scientist (rainbow smelt lead) 
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John Sowles*+, Ecology Division Director (Retired in 2010 but remained active on TAC) 
Joan Trial, Diadromous Species Biologist (Atlantic salmon lead) 
Gail Wippelhauser+, Diadromous Species Scientist (Atlantic sturgeon lead) 

 
 Maine Department of Inland Fisheries and Wildlife (ME IFW): 
  Merry Gallagher, Freshwater Fisheries Scientist 
 
 New Hampshire Fish and Game Department (NHFG): 
  Jessica Carloni*, Fisheries Scientist  

Douglas Grout, Marine Division Director 
  Cheri Patterson, Marine Program Supervisor 
 
 Massachusetts Division of Marine Fisheries (MA DMF): 
  Matthew Ayer*, Recreational Fisheries Scientist 
  Bradford Chase*, Diadromous Species Scientist 
  Scott Elzey*, Ageing Lab Manager 
  Christopher Wood*, Project Technician 
 
 University of Maine, Gulf of Maine Research Institute (GMRI): 
  Katherine Mills*, Diadromous Species Scientist (formally with NHFG) 
 
A Subcommittee on Rainbow Smelt (SRS) was also established in 2007 (members of the SRS are listed above 
with a (*) following their name). A Subcommittee on Atlantic Sturgeon (SAS) was established in 2008 
(members of the SAS are listed with a (+) following their name). 
 
Past progress reports have included meeting summaries, and are not included in this final report. All past reports 
are available at http://www.maine.gov/dmr/smelt/index.htm. The following describes the meeting frequency of 
each group and major milestones accomplished by each group. 
 
While the full TAC group did not meet regularly, the members were in frequent contact to review field 
protocols, data analysis techniques, results, reports, and management implications. All reports (including the 
species conservation plans) were vetted through the entire TAC before release. 
 
The full TAC met at the commencement of the grant in February 2007 to determine specific project tasks, 
timelines, desired outcomes, and a working plan for utilizing the expertise of each member of the group. An 
unpublished web link was created to share information between PIs (http://www.maine.gov/dmr/rm/smelt/). 
This page was recently revised for public consumption, and includes all previous grant reports for this project, 
as well as methods and field protocols, technical reports, the smelt conservation plan, presentations, and other 
smelt species information (http://www.maine.gov/dmr/smelt/index.htm).  
 
The full Species of Concern Technical Committee (SOCTAC) met again in January, 2011 following the Fourth 
North American Workshop on Rainbow Smelt to briefly summarize work to date and discuss future work both 
under this grant and efforts beyond the grant. The group discussed research that was presented during the 
workshop, specifically work performed by the Canadian DFO that used various methods (ichthyoplankton 
sampling, using tiles to collect eggs, adult spawn timing) to identify smelt spawning locations in a large river 
system (the St. Lawrence River). While we have identified spawning locations in the U. S. Gulf of Maine that 
occurs in smaller rivers and streams, we have not identified the timing and location of spawning in large rivers 
(Merrimack, Kennebec, Penobscot, St. Croix rivers). Work towards this end is currently being completed on the 

http://www.maine.gov/dmr/smelt/index.htm
http://www.maine.gov/dmr/rm/smelt/
http://www.maine.gov/dmr/smelt/index.htm
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Penobscot River by the NOAA field office as part of a larger project (the Penobscot River Restoration Project) 
– the group collaborating on this effort to share data, methods, and information. Members of the smelt and 
sturgeon subgroups briefly described work-to-date, remaining work under the current grant, and questions that 
would remain unanswered. We identified possible directions for future research and management including 
restoration projects and assessment, the impacts of sea level rise on smelt and sturgeon spawning habitat, and 
the effects of warming ocean temperatures on smelt movements and physiology. 
 
The Sub-group on Rainbow Smelt (SRS) met frequently, holding biannual meetings to discuss the upcoming 
field seasons (late winter meetings) and results and implications (late summer meetings). The group also met in 
the field each spring to practice new survey techniques (e.g., water velocity monitoring) to ensure all samples 
were being conducted in a standard way, following the Quality Assurance Program Plan adopted by the group 
(Chase 2010). Early in the project (October and November 2007 meetings), the group adopted standard field 
methods to monitor spawning rainbow smelt populations and habitat quality at index sites in Massachusetts, 
New Hampshire, and Maine. These methods are further described in this report under Objective 2, Activity 3 
(Long Term Index Stations). Possible threats to spawning success were identified by the group in 2007 that 
directed field work 2008-2012 – these included: 1) reduced egg viability due to high periphyton growth, 
siltation, poor water quality and/or exposure to heavy metals; 2) pathological problems including parasites and 
long-term disease; 3) reduced fitness due to accumulated toxic contaminants; 4) channelization and flow 
disruptions. Throughout the grant period, this group worked closely to assist each other with data analysis, 
reporting, provide guidance when changes in management strategies were made, and to produce both technical 
documents and outreach materials. Because rainbow smelt are not an inter-state managed species, before this 
group was established there was no regional rainbow smelt collaboration. This group will continue to work 
closely together in the future as the Gulf of Maine Rainbow Smelt Committee and will continue regional 
monitoring and data sharing programs. Major accomplishments of this group to date include:  
 

 A Regional Conservation Plan for Anadromous Rainbow Smelt in the U.S. Gulf of Maine (Enterline et 
al. 2012, Appendix A) 

 “Rainbow Smelt: An Imperiled Fish in a  Changing World”, a six-page informational pamphlet about 
rainbow smelt biology, population trends, threats, and regional monitoring efforts (Appendix B) 

 www.restorerainbowsmelt.com, a central website proving information about rainbow smelt biology, 
population trends, threats, and regional monitoring efforts 

 Revising smelt fishing regulations in Massachusetts and Maine to limit take (Appendix C and D) 
 Hosting the Fourth North American Workshop on Rainbow Smelt, and publishing the Extended Abstract  

Proceedings (Wood et al. 2012, Appendix E) 
 Quality Assurance Program Plan (QAPP) for Water Quality Measurements Conducted for Diadromous 

Fish Habitat Monitoring (Chase 2010 , Appendix F) 
 Regional fyke net monitoring field protocol (Appendix G) 
 Regional standardized ageing methods and equipment (Appendix H) 

 
 
The Subgroup on Atlantic Sturgeon (SAS) led by Gail Wippelhauser met frequently to discuss efforts to collect 
and compile information about Atlantic sturgeons’ use of the Kennebec River and Merrymeeting Bay area. 
Early in the granting period, the group reviewed data from past efforts by the ME DMR to locate sturgeon in the 
area using gill nets. Our efforts focused on compiling these data and using the results to inform telemetry 
studies. In turn, patterns of movement discerned from the telemetry studies led to habitat mapping using multi-
beam technology. After determining that the area was likely supporting spawning by Atlantic sturgeon, the 
group decided to pursue ichthyoplankton monitoring in the area and documented three genetically confirmed 
Atlantic sturgeon larvae. Through these efforts, Dr. Wippelhauser produced the first substantial reports 

http://www.restorerainbowsmelt.com/
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describing Atlantic sturgeon use in the Kennebec River and Merrymeeting Bay area. Major accomplishments 
include:  
 

 A Regional Conservation Plan for Atlantic Sturgeon in the U. S. Gulf of Maine (Appendix I) 
 A total of 118 Atlantic sturgeon were caught in the Kennebec River and Merrymeeting Bay area from 

2009 to 2012. Of these, 109 were PIT tagged, an acoustic tag was externally attached to 20 caught on 
spawning grounds, and 20 were implanted with an acoustic tag 

 Tissue samples were taken from 64 Atlantic  sturgeon, 37 of which were taken from fish on the 
spawning grounds,  25 from large fish caught in Merrymeeting Bay in August, and two from juveniles 
caught in Merrymeeting Bay in late fall 

 A summary report of 1977-2001 Atlantic sturgeon data from the Kennebec River and Merrymeeting Bay 
area (Appendix J) 

 A manuscript summarizing the movements and habitat use of both shortnose and Atlantic sturgeon in 
the Kennebec River and Merrymeeting Bay 

 Documented overwintering habitat in the Kennebec River using high definition imaging sonar 
 Documented likely spawning area in the Kennebec River using telemetry, capture of ripe males at this 

location, and capture of three genetically confirmed Atlantic sturgeon larvae below this site 
 Documented likely spawning area in the Androscoggin River using telemetry and capture of ripe males 

at this location 
 
This report summarizes the major findings and accomplishments of this project, but does not present in detail all 
data and analyses completed. A list of all datasets collected as part of this project is included in Appendix K. 
Datasets are available upon request. 
 

Objective 2 – Complete a comprehensive GOM inventory for each species 

Activity 1 – Information Compilation – Year 1 

Information was collected for both rainbow smelt and 
Atlantic sturgeon from past survey efforts and monitoring 
efforts not directly associated with this project. When 
possible, these data were compiled regionally into a single 
data source and put into a GIS format. Each species’ 
conservation plan describes this information in detail and 
uses it to inform analyses and management 
recommendations (Appendix A and Appendix I). The 
information available for each species is briefly described 
here. 
 
For rainbow smelt, information about the biology, historical 
fisheries and habitat use, and fisheries dependent and 
independent current monitoring efforts was synthesized for 
the species conservation plan (Appendix A). A thorough 
literature review was conducted to inform this work and 
was made publicly available 
(http://restorerainbowsmelt.com/?page_id=518).  
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Figure 1.  Maine commercial smelt catch in pounds (Squiers et al. 
1976), and NMFS website). 

http://restorerainbowsmelt.com/?page_id=518
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Historical Information and Commercial Harvests for Rainbow Smelt 
 
Historical information regarding smelt harvests, fishing interest, and market demand for smelt throughout the 
Eastern U.S. was first synthesized into a poster presentation that was presented at the Fourth North American 
Workshop on Rainbow Smelt (extended abstract in the workshop proceedings, Appendix E), then expanded for 
the species conservation plan (Appendix A). The earliest accounts are provided by James Smith in 1622, who 
described smelt as extremely plentiful and a major food source for Native Americans in the spring (in Kendall 
1926). There is little additional information about early harvests until the mid-1800s, although extensive 
subsistence and local commercial harvest occurred before this time, based on occasional references and town 
records.  There are some accounts from the Mid-Atlantic region (Virginia, Maryland, and Delaware), but there 
are no records of harvests in these states. Records and descriptions from the mid-1800s described smelt as 
extremely abundant from New Jersey to Maine. During this time, food markets developed for smelt in addition 
to previous uses as fertilizers and livestock feed. By the late 1800s, smelt were an important export product, 
though many accounts begin to describe concern about decline in abundance during this period, and landings in 
Maine were already showing a declining trend (Figure 1). The species continued to support important 
commercial fisheries in New England until the early to mid-1900s, after which landings declined substantially. 
At this point, commercial effort decreased considerably, due either to regulatory measures (Massachusetts) or 
fewer commercial fishermen targeting the species (New Hampshire and Maine).  
 
Commercial smelt fishing in Massachusetts is allowed, but has been greatly reduced to a small possession limit 
(50 fish).  Few commercial operations are allowed in New Hampshire and Maine, and landings are recorded on 
an annual basis. In Maine, the modest amount of commercial fishing allowed in the eastern part of the coast 
shows a fairly stable trend (these data are confidential and cannot be reported in document for public 
dissemination).  
 
 
Atlantic Sturgeon Commercial Harvests 
 
Atlantic sturgeon once supported a large commercial fishery in the United States in the 1800s, but landings 
declined precipitously in the early 1900s. Annual coast-wide harvest in the late 1800s was between ~1000 – 
3000 metric tons (mt), however annual harvest had declined to a low of 22 mt in 1920, and remained below 140 
mt from 1920 to the late 1990s (ASMFC 1990; Secor 2002). This information was gathered for and is also 
presented in the species conservation plan (Appendix I).  
 
In Maine, exploitation of Atlantic sturgeon began earlier and declined earlier.  The first documented fishery was 
in 1628 at Pejepscot Falls on the Androscoggin River (Wheeler and Wheeler 1878).  In 1849, harvesters took 
160 tons of sturgeon from the Kennebec River for roe and oil, but the fishery was discontinued after 1851 when 
sturgeon became scarce (Atkins 1887).  A subsequent fishery in the Kennebec began in 1872, but within five 
years sturgeon were scarce, and by 1880 the catch was about 150 sturgeon (Atkins 1887). Harvest continued at 
low levels during the 1900s, with the annual harvest remaining below 2,000 pounds.  In 1983, Maine closed the 
tidal waters of the Kennebec and Androscoggin to harvest of sturgeon, and instituted a 72-inch minimum size 
for other areas.  In 1992, the harvest of both Atlantic and shortnose sturgeon became illegal in Maine’s coastal 
waters. 
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Fisheries Dependent Monitoring Information for Rainbow Smelt 
 
New Hampshire and Maine continue to support large recreational ice-fisheries for rainbow smelt. Both states 
conduct creel surveys to capture information about the effort and catch of these fisheries, NHFG has conducted 
winter creel surveys since 1978 on the Lamprey, Oyster/Bellamy and Squamscott rivers as well as Great Bay, and 
ME DMR conducted surveys 1979-1982 and again beginning in 2009 on the Kennebec River and Merrymeeting 
Bay. Data from both states surveys were compiled and are presented in the species conservation plan (Appendix 
A).  
 
Briefly, both datasets show a declining trend in catch per unit effort (CPUE) over the sampling periods. In New 
Hampshire, the highest annual CPUE for the last ten-year period is half that of the two previous ten year periods 
(2000-2011, highest annual CPUE = 5.6; 1990-1999 = 10.6; 1980-1989 = 10.3). In Maine, 2009-2011 average 
CPUE was lower than the previous period (2009-2011 avg. CPUE = 0.48 < 1979-1982 = 0.64), and the recent 
survey had the lowest CPUE recorded (0.17) during the two time series. 
 
Fisheries Independent Monitoring Information for Rainbow Smelt 
 
In addition to the monitoring efforts completed under this grant, other state efforts collect information about 
rainbow smelt that can be used to better understand the species’ population trends, habitat preferences, and 
annual movements. The three state fisheries agencies perform inshore small-mesh trawl surveys twice a year, in 
the spring (MA DMF in May, NH/ME in late May and early June) and fall (MA DMF in September, NH/ME in 
October and early November). The MA DMF has been performing surveys since 1978, while the ME DMR 
began sampling the New Hampshire and Maine waters in fall 2000. Juvenile abundance monitoring is 
performed in the Piscataqua River, Great Bay, and Little Harbor estuaries in New Hampshire (since 1997) and 
in the Kennebec River and Merrymeeting Bay in Maine (since 1979). Lastly, egg deposition monitoring was 
performed by NHFG from 1978-2007 using methodologies described by Rupp (1965). The data from these 
monitoring efforts were summarized for the species conservation plan (Appendix A).  
 
 
Atlantic Sturgeon Gill Net Monitoring  
 
From 1977 to 2001, the ME DMR conducted a series of studies on shortnose sturgeon and Atlantic sturgeon in 
the Kennebec, Androscoggin, and Sheepscot estuaries in Maine.  The 16 years of research conducted over the 
24-year period research has been described in detail in Wippelhauser and Squiers (submitted) and information 
specific to Atlantic sturgeon is detailed in the species conservation plan (Appendix I). Briefly, gill nets of 
different mesh sizes were deployed parallel to the shore at 65 stations in the Kennebec, Androscoggin, and 
Sheepscot estuaries as early as April 4 and as late as November 29, but most sampling occurred from May 
through October. The size and weight of healthy sturgeon were recorded, as well as the number of Atlantic 
sturgeon caught per net haul. These data were used to identify areas of large aggregates of Atlantic sturgeon that 
may be important habitat for the fish, and to direct telemetry efforts conducted under this grant.  
 

Activity 2 – Complete Field Inventory – Years 1-2 

 
Rainbow Smelt Spawning Locations 
 
Before the beginning of this grant, the MA DMF performed field surveys at all possible smelt spawning 
locations on the Gulf of Maine coast of Massachusetts and confirmed current spawning locations (Chase 2006). 
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During this project, these spawning locations were georeferenced and combined into a regional geospatial 
database of rainbow smelt spawning locations (Figure 2). 
 
The NHFG performed field fyke net surveys for three weeks in April, 2007 in the six rivers draining into the 
Great Bay and Piscataqua area: the Winnicut, Squamscott, Lamprey, Oyster, Bellamy, and Salmon Falls rivers. 
Adult rainbow smelt in spawning condition were caught at each location in sufficient numbers to indicate 
sizable spawning runs (in the order of hundreds of smelt), except in the Winnicut River where only 9 smelt were 
caught. The Winnicut River smelt spawning run was of specific concern to NHFG because of documented low 
smelt returns during the previous 10-15 years. These New Hampshire spawning locations were georeferenced 
and combined into a regional geospatial database of rainbow smelt spawning locations (Figure 2). 
 
From 2007-2009, biologists with ME DMR worked with Marine Patrol to document coastal rivers and streams 
currently being used by rainbow smelt for spawning. Marine Patrol officers gave information about the 
spawning habitat (substrate, possible obstructions), and the strength of the run as characterized by the density of 
egg mats or number of spawning adults present.  We compared the current use and strength of runs to 
information collected by DMR in the early 1970’s and to information compiled in 1984 from DMR and USFW 
indicating probable smelt spawning sites. Field survey methods were adopted from a 2005 initial effort by ME 
DMR and the Maine Marine Patrol to update information about current smelt spawning locations. The data 
collected during this 2005 survey were combined with data collected under this grant in 2007-2009. During this 
time period, officers visited a total of 279 streams. Combining information collected in 2005, and 2007-2009: 
54 (19% of total) historical sites (1970 and/or 1984 data) were not visited and the current level of spawning 
activity remains unknown; 42 sites (15%) were not listed historically to support spawning, and currently do not 
support spawning; 35 sites (13%) which historically supported runs do not currently; 14 sites (5%) which 
historically supported runs currently support smaller runs; 81 sites (29%) currently support limited runs; 53 sites 
(19%) currently support strong runs (Figure 2). Of the 118 sites that were historically listed as strong runs and 
checked during 2005, 2007-2009: 49 (42% of checked historical runs) have declined or no longer support runs; 
69 (58% of checked historical runs) seem to support runs at the level they did historically. Spawning decline 
and/or lack of spawning activity was 
concentrated in southern Maine, lower 
Casco Bay, the Kennebec River, and the 
east side of Frenchman’s Bay. Limited 
and strong spawning runs persist in 
northern Casco Bay, the Medomak, St. 
Georges, and Penobscot Rivers, and 
around Pleasant Bay and Cobscook Bay. 
 
From 2009-2011, the ME DMR 
collaborated with the Downeast Salmon 
Federation (DSF) to collect information 
in Washington County, ME where 
information about smelt spawning and 
commercial fishing for smelt has been 
lacking.  The previous surveys conducted 
by Maine Marine Patrol had focused on 
spawning activity in smaller streams, 
however, larger rivers in Washington 
County may support mainstem spawning 
populations – the East Machias, 

Figure 2. Current status of smelt spawning runs in the U. S. Gulf of Maine and historical sites were 
the current status remains unknown. 
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Narraguagus, Pleasant, Indian, Harrington, and Chandler rivers all support mainstem commercial fishing 
operations in the late winter that catch fish in spawning condition. The DSF conducted surveys in the winter and 
early spring to understand more about the timing and strength of the runs on the Pleasant and Narraguagus 
Rivers and the population structure of the commercial catch, as well as surveyed smaller streams in the spring to 
document spawning activity.   
 
 
Rainbow Smelt Annual Movements 
 
Annual movements and habitat use by adult rainbow smelt have been largely assumed based on discrete 
sampling or patterns in recreational and commercial fishing.  Mark and recapture studies have focused on 
distinct phases of the life cycle, such as movements between spawning areas (Murawski et al. 1980), 
composition of late and early populations of spawning adults (McKenzie 1964) and winter movements within a 
river system (Flagg 1983).  Larger annual and regional migrations have been synthesized from anecdotal reports 
by anglers and commercial fishermen. During this project, a thorough literature review was performed that 
included state agency reports and anecdotal information (e.g., from newspaper articles). Using this information 
together with information from current state monitoring efforts (near-shore trawl, juvenile abundance, and creel 
surveys), we synthesized a more complete description of rainbow smelt annual movements that is included in 
the species conservation plan (Appendix A). 
 
In addition to reviewing the literature and consolidating data from state monitoring efforts, we performed a field 
study to monitor smelt behavior using telemetry. A sub-sample of smelt caught at the fyke net index stations on 
the Squamscott and Oyster rivers were tagged with hydroacoustic transmitters (VEMCO V5 and V6) in 2011 
(30 smelt tagged) and 2012 (45 smelt tagged). Hydroacoustic receivers were placed in each identified spawning 
river in Great Bay and the Piscataqua estuary area, and along the Piscataqua River and at the mouth of the river 
(Figure 3). The data and results will be submitted as part of a Master’s Thesis at the University of New 
Hampshire in Spring 2013 and for journal publication (C. Enterline, unpublished data).  
 

The initial objective of this project was to monitor 
annual smelt movements including 1) smelt movements 
during the spawning season and following spawning 
season, documenting the timing of migration into 
coastal marine waters, 2) documenting when smelt 
returned to the embayment in the fall, and 3) smelt 
movement in the winter under the ice. During 2011, the 
hydroacoustic receiver array was left in place until 
December, however, no smelt were detected after June  
(approximately 3 months after being tagged at the 
spawning sites). The study was thus refined to answer 
only the first objective: monitoring smelt movements 
during the spawning season and post-spawning. In 
2012, smelt were monitored from the tagging date (mid 
to late March) until July.  
 
Preliminary results show that both male and female 
smelt move between many river systems during the 
spawning season, both during the night (possibly 
movement associated with spawning), and during the 

Figure 3. Using hydroacoustic telemetry, spawning and post-spawn smelt 
were monitored in the Great Bay and Piscataqua embayment, New Hampshire 
in 2011 and 2012. Smelt were captured, tagged, and released in Squamscott 
and Oyster rivers. Receivers were placed in all major rivers and to monitor 
movements into coastal marine waters. 
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day, both during low and high tide (possible movement associated with feeding). While some smelt were 
observed to leave the embayment at the mouth of the Piscataqua River, almost half of the tagged individuals 
were last detected either in the rivers or within Great Bay. This may be due to mortality or predation. Of the 
individuals that were observed leaving the embayment, the timing of their movement into coastal waters was 
fairly consistent – with the last detections in the Piscataqua River occurring in late May or early June, almost 
four weeks after the last spawning activity was observed at the fyke net index sites.  

Activity 3 – Long Term Index Stations – Years 1-5 

 
Regional Spring Fyke Net Survey to Monitor Spawning Rainbow 
Smelt 
 
Earlier research on anadromous smelt populations in the Gulf of 
Maine has primarily consisted of short-term efforts that monitor 
smelt size and age structure during spawning runs. These efforts 
have not produced long-term population indices of abundance 
for smelt, and presently, no indices exist in New England. This 
project targeted the spring spawning runs as a source of 
information on population status. The objective was to produce 
fishery-independent indices of abundance, with the 
understanding that only mature smelt participate in the spawning 
runs. The approach was to record biological data from spawning 
runs; to conduct analyses on size and age composition, catch-
per-unit-effort, and mortality; and to make comparisons as 
possible among rivers and to previous studies.  
 
As part of this project, fyke net stations were selected at coastal 
rivers in Maine, New Hampshire, and Massachusetts for 
monitoring during 2008-2011 (Figure 4, Table 1). After pilot 

Figure 4. Fyke net monitoring stations in Massachusetts, New 
Hampshire, and Maine 2008-2012. 

Table 1. Rainbow smelt spawning habitat station locations for water quality monitoring.  Drainage areas are GIS calculations set from the location of fyke net placement. 



 

A multi-state collaborative to develop and implement a conservation plan for three anadromous finfish species of concern in the 
Gulf of Maine; NOAA Award#: NA06NMF4720249 
p. 12 of 41 

deployments in 2007-2008 to identify suitable stations, eight fyke net stations were monitored in Massachusetts, 
three stations in New Hampshire and six in Maine. The sampling period in Massachusetts targeted 11 weeks 
from the first week of March to the third week of May to cover the known smelt spawning period. The sampling 
duration in New Hampshire and Maine varied due to a later ice-out and spawning season that occurs later with 
increasing latitude. The stations were chosen for suitability to maintain a fyke net in a known smelt run and to 
represent a range of run sizes and watershed conditions.  
 
The fyke net was set at mid-channel in the intertidal zone below the downstream limit of smelt egg deposition. 
The fyke net opening faced downstream, and nets were hauled after overnight sets. This approach was adopted 
to intercept the spawning movements of smelt that occur at night during the flood tide. Fyke net catches were 
assumed to be representative of the size and sex composition of the spawning run. With each haul, smelt were 
counted, sexed, measured (total length) and released. Scales were sampled weekly at some stations for ageing.  
At most of these stations, we also collected water quality data, periphyton and nutrient samples, light and 
temperature data, macroinvertebrate community information, and samples from adult smelt for genetic, 
contaminant load, and pathological analysis. A standardized fyke net monitoring protocol was developed as part 
of this effort and will be used by each state agency in the future to continue monitoring spawning populations of 
rainbow smelt at some or all of the index stations sampled during this project (Appendix G). 
 
The species conservation plan (Appendix A) provides a thorough discussion of the results of the fyke net study 
including differences in seasonality, sex ratios, CPUE, and length at age between the different index sites. 
Various CPUE metrics were explored with the geometric mean of average weekly catch per haul reported in 
Table 2. Briefly, the results of this study demonstrated that CPUE varied widely among rivers and years. For the 
entire region, the two highest overall CPUE (2008-2011 data) were found in Maine (Deer Meadow Brook = 
58.07, Schoppee Brook = 37.83), while the two lowest were found in Massachusetts (Westport River = 1.01, 
North River = 1.37). There was a trend of higher CPUE values at Maine sites than New Hampshire and 
Massachusetts sites: out of the 17 index sites, four out of the top five highest CPUE were found in Maine (Table 
2). 
 
Smelt at the southern stations may experience a faster growth rate in their first year and are reaching a body size 
that supports maturity sooner than northern runs. Comparing age-at-length among the sites, there is an overall 
trend of decreasing length-at-age moving northward. Because age-2 males are present with large sample sizes in 
each run, it is informative to compare the average lengths between sites using this category. The largest length 
at age (2008-2011 data) was observed in the southern portion of the region (Fore River avg. age-2 male = 184 

mm, Table 3), indicating a faster growth rate for this 
portion. Moving northward, length at age-2 was observed 
to decline (Mast Landing = 178 mm); however, the 
smallest length-at-age was observed in the mid-portion 
of Maine (Deer Meadow Brook avg. age-2 male = 157 
mm, Tannery Brook = 142 mm). Sites at the most 
northeastern portion of the U. S. Gulf of Maine were 
larger than in mid-Maine, but were significantly smaller 
than the southern Maine and Massachusetts sites 
(Schoppee Brook = 163 mm, East Bay Brook = 166 
mm).  
 

Table 2. Catch per unit effort (CPUE) of rainbow smelt at fyke net 
spawning survey index sites, by annual CPUE and overall CPUE for the 
entire sampling period, 2008-2011. 
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Considering the populations by state, in 
Massachusetts the age and length data suggest 
the presence of a truncated age distribution, a 
sign of stressed populations due to high mortality 
and potentially poor recruitment. Male smelt in 
Massachusetts have similar median lengths 
compared to male smelt in New Hampshire and 
Maine. However, female smelt in Massachusetts 
had higher median length than the other states 
(Table 4); a statistic driven by larger age-2 to 
age-4 females. Massachusetts stations are 
dominated by length modes that indicate age-1 
and age-2 smelt, with very low presence of smelt 
older than age-4, indicating reduced survival.   
 
In New Hampshire, two length modes are 
apparent in both rivers composed of age-1 and 
age-2 smelt.  However, more overlap is seen in 
these modes than found in Massachusetts smelt 
age-length data.  Few smelt reached age-4 in 
New Hampshire rivers. For each available age 
key, age-4 comprised less than 2% of the annual 
age sample. Growth rates appear to be slower 
within New Hampshire runs, as age-3 smelt 
occur at smaller lengths than seen in 
Massachusetts and no age-2 smelt larger than 19 
cm have been sampled.   
 
Median smelt lengths for the Maine stations were 
slightly larger than at the other states, likely 
because these runs had a lower proportion of age-
1 smelt but higher proportion of age 3+ smelt; 
however, average length at age was smaller, 
indicating a slower growth rate compared to sites 
further south. The Maine smelt runs also 
averaged higher CPUE rates and showed more 
balanced age distributions and sex ratios than 
seen in southern runs. These patterns were most 
evident in catch data from the easternmost Maine 
stations. All these observations indicate relatively 
healthier smelt runs in Maine than in 
Massachusetts and New Hampshire. The age 
composition of smelt in Maine's spawning runs 
contributes to less separation between length 
modes and an extended age-2+ mode. These 
features could reflect interesting potential 
differences in growth rates, maturation, and 
survival in Maine than at the southern runs.   
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Each index site contained a smelt population that was male biased (Table 4). Overall, this survey observed an 
average sex ratio of 4:1. Of the systems sampled, the most heavily male biased were the Parker River, MA, and 
the Squamscott and Oyster rivers, NH, which all displayed a male to female ratio of greater than 8:1. The lowest 
male to female ratios (< 2:1) were found in three systems in Maine: Tannery Brook, Schoppee Brook, and the 
East Bay River. Although spawning runs of most anadromous fishes are male biased, those displaying a 
substantially higher proportion of males may be indicative of a stressed population. Because the limiting factor 
for population growth is often the abundance of females, populations dominated by males may be less robust 
than those containing a higher proportion of females.  
 
However, the skewed sex ratios observed at these fyke net sites may also be due to within-season repeat 
spawning behavior by male smelt. During the spawning event, multiple males have been observed to attend to 
one female (Clayton 1976; Hoover 1936; Langlois 1935), a behavior which has been found to increase 
fertilization success (Purchase et al. 2007).  Sampling large groups of smelt during non-breeding seasons has 
found a balanced sex ratio. Sampling in the Parker River, Massachusetts, found that age-2+ females composed 
only 11.4% of the sampled population during one spawning survey compared to 47.4% of the winter fishery 
catch within the same year (Murawski et al. 1980). Fyke net surveys in 2008 at the Mast Landing index site 
found females comprised only 14.6% of the catch, whereas fall near-shore trawl surveys conducted the 
following fall in the embayment area below this site an almost even sex ratio (46.2% female) (S. Sherman, ME 
DMR, pers. comm.).  
 
Further, because mortality rates are calculated by tracking age classes through time they may also be biased 
when survey methods are re-capturing the same individuals.  Previous mortality estimates have been based on 
total catch during the spawning season.  Murawski and Cole (1978) estimated a higher mortality rate for males 
compared to females in the Parker River, Massachusetts using a frequency at age model based on spawning 
survey catches.  This higher mortality rate may be due to a larger number of age-2 males repeatedly visiting the 
spawning grounds compared to older males.  If this is true, the data would falsely indicate that age-2 males 
compose a larger proportion of the population.  Quantifying the rate of repeat spawning by age and sex allows 
the frequency at age to be corrected and accurate morality estimates calculated.   
 
To further understand the skewed sex ratio, Maine DMR worked with the USGS Conte Lab to design a Passive 
Integrated Transponder (PIT) study at Mast Landing, Maine and on the Fore River, Massachusetts.  It was one 
of the largest in-river RFID antenna systems that has ever been designed and the first known project to PIT tag 
smelt in the country. A subset of smelt caught each week as part of the fyke net survey were tagged internally 
using 23mm PIT tags (Oregon RFID) and monitored using in-stream continuously running RFID systems. Each 
smelt receiving a PIT tag was also tagged with a VIE mark in the operculum for the purpose of visual 
identification upon recapture.  Scale samples were taken from all tagged fish to confirm age.   
 
The preliminary results of this study were summarized for the Fourth 
North American Workshop on Rainbow Smelt Proceedings (Appendix 
E), and are being synthesized as part of a Master’s Thesis for the 
University of New Hampshire and also for  journal submission (C. 
Enterline, unpublished data). These results show that males do return 
at a significantly higher rate than females, and that younger males do 
seem to return at a higher rate than older males (Table 5). 
 
Tag retention and mortality studies were completed at Southern Maine 
Community College (SMCC) and at the Maine DMR fisheries 
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laboratory in West Boothbay Harbor.  Preliminary analysis shows a high mortality rate among smelt under 14 
cm.  Within the first week, the mortality rate was approximately 50% for tagged smelt in both studies.  The 
average size of dead smelt in the first two weeks was ~14.5 cm.   A declining mortality rate was observed after 
week one in both studies, leveling off at ~15% at one month.  After week two, the average size of mortalities 
was ~16 cm.  In each study, 30 smelt were also kept as controls.  The mortality rate for control fish remained 
~4% during a one-month period.   
 
Although fyke nets are demonstrated to be an effective gear for sampling smelt, limited information is available 
regarding their relative efficiency. Without such information, it is difficult to understand how measures of 
relative abundance, such as CPUE, relate to actual abundance. To address this information gap, a census fyke 
net, which bridged the entire channel, was placed in the Fore River, Massachusetts. Sampling the census net 
targeted overnight sets on a weekly basis at the same time the standard sampling fyke net was deployed 
immediately downstream. The efficiency of the sampling fyke net was then calculated by comparing the CPUE 
of the sampling fyke to that of the census fyke.  
 
Between 2009 and 2012, the census fyke was set on 29 separate occasions. Yearly sampling effort ranged from 
a low of 5 census sets in 2009 and 2010 to a high of 11 census sets in 2012 (Figure 5). Sampling efficiency 
ranged from 0-100%, with all instances of 100% occurring when no smelt were captured in either the sampling 
or the census fyke net. When smelt were captured in either net, sampling efficiency averaged 3.8%. This value 
is smaller than the relative stream channel width sampled by the sampling fyke net, which was approximately 
15%. This finding suggests that the sampling net did not collect passing smelt at a rate equal to actual coverage, 
and that migrating smelt may actively avoid capture in an anchored fyke net. The census fyke net data will be 
further evaluated in preparation for future publications.  
 
  

Figure 5   Results of efficiency evaluation of smelt fyke net in the Fore River, MA, 2009-2012. The 
proportion of smelt caught in the project fyke net compared to the census fyke net catch are displayed. 



 

A multi-state collaborative to develop and implement a conservation plan for three anadromous finfish species of concern in the 
Gulf of Maine; NOAA Award#: NA06NMF4720249 
p. 16 of 41 

In addition to collecting information about rainbow smelt during the annual spring fyke net surveys, we also 
recorded information about other species caught (Tables 6a – 6f). For all vertebrate species, all individuals of 
bycatch species were counted, and the first 30 individuals captured at each haul measured. For invertebrate 
species (shrimp, crab, etc.), all individuals caught at each haul were counted. Length information for vertebrate 
species is available from the state agencies by request. 
 
 

  

Table 6a.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for 
Massachusetts rivers. 
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Table 6b.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for Massachusetts 
rivers. 
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Table 6c.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for Massachusetts 
rivers. 
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Table 6d.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for 
New Hampshire  rivers. 
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Table 6e.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for Maine 
rivers. 
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Table 6f.  The number of individuals caught are shown for  non-target species caught as part of the spring fyke net survey, by year and by site for Maine 
rivers. 
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Monitoring the Winter Smelt Fishery 
 
NHFG has conducted winter creel surveys since 1978.  The survey occurs from ice in to ice out, generally 
between the months of December and March.  Four locations are sampled: the Lamprey, Oyster/Bellamy and 
Squamscott rivers as well as Great Bay.  These surveys are conducted under the Wallop-Breaux Sport Fish 
Restoration Program and were not conducted under this project. The data from this survey were analyzed for the 
species conservation to show population trends (Appendix A), and the methods were adopted by ME DMR who 
began creel surveys under this grant in 2009. 
 
Adopting sampling methods currently used by 
NHF&G (Sullivan 2009) and methods used in a 1979-
1982 study conducted by the ME DMR (Flagg 1983), 
ME DMR again began conducting creel surveys in 
2009 in the Kennebec River and Merrymeeting Bay 
area (Figure 6). As part of this survey, DMR staff 
visited participating camps two or three times per 
week on a rotating basis to collect biological 
information about the recreational catch.  Staff 
collected biological information from a subset of each 
angler’s catch (up to 100 fish per angler), including 
length, sex, scale samples for ageing and fin clip 
samples for genetic sampling.  The number of anglers, 
fishing hours, and the number of fishing lines used 
was also recorded. The field protocol for this ME 
DMR survey is included as Appendix L. 
 
CPUE was calculated as the total number of smelt caught per line-hour of fishing to remain consistent with 
surveys conducted by ME DMR 1979-1982.  The recent survey found a slightly lower CPUE (0.48), compared 
to the 1979-1982 study CPUE (0.64), however inter-annual variability was significantly larger than the 
comparison between the two study periods ( Flagg 1983). While annual fluctuations in CPUE occurred in both 
surveys, the recent survey had the lowest CPUE recorded (0.17) during the two time series.  
 
Catch Card boxes were also posted at each camp for fishermen to voluntarily report information about their 
total smelt catch and any bycatch; responses varied widely between sites and between years. There were 122 
responses in 2009, 6 in 2010, and 37 in 2011 for all camps combined. It is our hope that with continued 
interaction with anglers and camp owners that the number of responses will increase. Despite the low number of 
responses in 2010, the Catch Cards still reflected the catch patterns found in creel survey data.  
 
 
Additionally, the commercial winter fishery and recreational winter fishery in Washington County was sampled 
for beginning in 2010.  The fisheries on the Pleasant and Narraguagus Rivers constitute a large part of the 
remaining commercial efforts in Maine.  We worked with the Downeast Salmon Federation, who is interested in 
documenting the smelt fishery as one of the oldest fisheries in the country, to sample both the commercial and 
recreational fisheries.   
 
 

Figure 6. Nine commercial operations set anywhere from 15-100 ice shacks on the 
Kennebec River and Merrymeeting Bay annually. Anglers fish for rainbow smelt 
exclusively. ME DMR performs surveys 2-3x week, visiting camps on a rotating 
schedule. Each camp is visited a minimum of two times each season. 



 

A multi-state collaborative to develop and implement a conservation plan for three anadromous finfish species of concern in the 
Gulf of Maine; NOAA Award#: NA06NMF4720249 
p. 23 of 41 

Comparing data from the Maine DMR 1979-1982 study 
(Flagg, LN. 1983. Final Report: Evaluation of Anadromous 
Fish Resources. Maine Department of Marine Resources. 
Project # AFS-21R) to data collected 2009-2012, the 
current survey has observed a catch per unit effort (CPUE) 
that is almost half that of the previous survey (1979-82 
CPUE = 0.6351, 2009-12 CPUE = 0.3724), however inter-
annual variability was significantly larger than the 
comparison between the two study periods (Table 7). 
CPUE was calculated as total number of smelt caught per 
line-hour of fishing. Both surveys observed annual 
fluctuations in CPUE, but the recent survey saw the lowest 
CPUE recorded (0.1700).  
 
The mean length differed significantly between males and 
females within each year 2009-2011 (t-test 
p<0.0001<0.05 in all cases) and between the years for 
each sex (ANOVA p<0.0001<0.05 in all cases). Mean 
length was significantly higher in 2010 and 2012 
compared to 2009 and 2011 (Figure 7); concurrently, 
CPUE also was lower in 2010 and 2012 (Table 6). 
Because younger age classes can constitute a larger 
proportion of the population than older sage classes, this 
lower CPUE combined with a larger average length in 
2010 and 2012 may indicate a problem with a younger 
age class (poor juvenile survival in the previous year).  
The mean length decreased in 2011, while the CPUE 
increased, indicating that the age distribution was more 
normal in this year (younger age classes were better 
represented). In most years, the mean sex ratio (M:F) was 
roughly even (2009 = 1.63; 2010 = 1.54; 2011 = 1.51), 
although was higher in 2012, when more than twice the number of males were caught compared to females 
(2012 = 2.19).  
 
Catch Card boxes are also posted at each camp for fishermen to voluntarily report information about their total 
smelt catch and any bycatch. Catch Card responses varied widely between sites and between years. We received 
125 responses in 2009, 6 in 2010, 41 in 2011, and 27 in 2012 from all camps combined. The low response in 
2010 was most likely due to anger about the new required Salt Water Fishing License, which was undergoing 
state public hearings during the fishing season. It is our hope that with continued conversation with anglers and 
camp owners that the number of responses will increase. Despite the low number of responses in 2010, the 
Catch Cards still reflected a sharp decline in catch from 2009 to 2010, and increase again in 2011 (mean 
reported catch 2009 = 119.9; 2010 = 44.7; 2011 = 131.7; 2012 = 46.7).  This trend was also evident in the creel 
survey data.  
 
We are currently developing age-at-length keys to compare the age composition of the current population to that 
of the 1979-1982 survey and the NHFG surveys. We will continue to monitor the camps to develop a longer-
term dataset to understand more about inter-annual variability and changes in the population. 
  

Figure 7. Length frequency by year for smelt sampled during the ME 
DMR winter creel surveys 2009-2012.  The average length in 2010 and 
2012 was significantly higher than in 2009 and 2011 (ANOVA and  Each 
Pair t-Test p < 0.0001) indicating that younger age classes were 
underrepresented in 2010 and 2012. 

Table 7. Catch per unit effort (CPUE) was calculated as the total number of 
smelt caught per year by the total number of line-hours each year.  
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Icthyoplankton Survey 
 
To update information about the timing and location of rainbow smelt and Atlantic sturgeon spawning in the 
Kennebec, Androscoggin, and Eastern Rivers, we conducted icthyoplankton surveys at four locations in the 
river complex June – August 2011. Various survey methods were used at each site to understand which methods 
are most effective at catching larvae, how this may differ between sites, and which methods may be most 
effective for each species. Three sites were placed directly below the spawning grounds on each river 
(Kennebec River: GARD; Eastern River: EAST; Androscoggin River: ANDRO). At these three sites, four 
methods were employed once a week: overnight D-net set; two 20-minute surface plankton tows; two 1-hour 
stationary plankton net sets; and overnight light trap set. The light traps were made of three clear, plastic jugs 
and one mesh minnow trap on spaced out on one line with light sticks in each. The fourth site was located 
downstream of all other sites on the Kennebec River (BATH). Two 20-minute surface plankton tows and two 1-
hour stationary plankton net sets were made weekly at this site Because of strong current and high discharge, no 
overnight sets were made at this site. All stationary plankton nets and D-nets were set on the bottom substrate. 
All samples were sorted and identified to the species level. The final report for this survey is included in 
Appendix M.  

Activity 4 – Develop a Predictive GIS Habitat Model – Years 1-3 

 
Changes in land cover in a watershed can affect receiving waters in ways that alter habitat conditions, water 
quality, and biological communities.  Urbanization and agricultural activities contribute to erratic flow levels, 
warmer water temperatures, channel alterations, sedimentation, chemical and bacterial pollution, and nutrient 
loading.  These physical and chemical changes can secondarily affect anadromous fish spawning success when 
the impacts from landscape alterations in the watersheds of rivers they use for spawning and rearing. We used 
regionally standard GIS datasets to compare different watershed characteristic variables to adult rainbow smelt 
spawning populations. Variables were considered that were available at the same resolution for the entire Gulf 
of Maine region and that had been shown to affect water quality and/or spawning habitat. These included: 
watershed size, number of downstream and upstream road crossings, population density, land cover type, and 
impervious surface cover. The methods used to choose these datasets and extract the data at the appropriate 
spatial scales were presented at the 2009 Coastal Services Center GeoTools Conference. 
 
Watershed characteristics were then compared to smelt spawning success in three different ways. First, we 
investigated the relationship between watershed land cover and rainbow smelt spawning habitat use along the 
coast of Maine using the 2007-2009 Marine Patrol survey data as a response variable.  Our ultimate objective 
was to evaluate whether land cover characteristics can be used to prioritize conservation areas for rainbow 
smelt. Each spawning site in Maine was given a rank (0-5) depending on the strength of spawning at that run. 
Using these ranks, we explored the relationship between adult spawning strength and land cover characteristics 
using cluster analysis and ordered logistic regression. 
The dominant pattern showed that highly developed 
watersheds did not support rainbow smelt spawning. 
Conversely, sites that support higher levels of smelt 
spawning (ranks 3 and 4) generally had higher forest 
cover than those ranked lower (ranks 1 and 2). This 
analysis is only summarized here; a full description of 
the methods, analysis, and discussion of results was 
written for the Fourth North American Workshop on 
Rainbow Smelt proceedings and is included in 
Appendix E. 

Table 8.  Spearman’s rank correlation between rainbow smelt spawning 
CPUE and land cover at two spatial scales.  Correlation coefficients in bold 
type indicate significance at the p = 0.5 level. 
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Next, we compared watershed characteristics to data collected as part of the fyke net spawning surveys. In this 
study, we evaluated correlations between rainbow smelt CPUE and the land use in the adjacent watersheds at 
two spatial scales: (1) the full drainage basin and (2) the 210-meter buffer immediately adjacent to the stream.  
Correlations between the aggregate mean CPUE of spawning rainbow smelt over 2008-2011 (standardized 
based on net coverage of the stream width) indicate that weak spawning runs exist in rivers surrounded by 
urbanized watersheds, while rivers draining forested watersheds support strong smelt spawning populations 
(Table 8).  Interestingly, the negative association between development and CPUE was substantially stronger at 
the scale of the full drainage basin than when only the riparian buffer zone was considered, possibly because 
many rivers within urbanized watersheds have extensive riparian wetlands in their buffer zones.  The presence 
of these wetlands at the 210-m scale weakens the influence of urbanization on smelt spawning.  Other land 
cover types and the number of downstream crossings, at either the scale of the watershed or riparian buffer 
zone, were not significantly correlated to the strength of rainbow smelt spawning populations.  
 
Finally, we considered the relationship between watershed characteristics and water quality, nutrient loading, 
and periphyton growth at the fyke net index sites. The development of wetlands, agricultural fields, or forested 
areas replaces porous soils with impervious surfaces, which increases the velocity of water flowing off the land 
and the supply of suspended sediments, nutrients, and contaminants to adjacent streams. In aquatic ecosystems, 
these nutrients can promote algal blooms, deplete oxygen, and degrade fish habitat. Correlations between 
watershed land use (at the watershed and riparian buffer scales) and water quality parameters, nutrient levels, 
periphyton growth, and heavy metal concentrations were evaluated using Spearman’s rank correlation statistic 
(Table 9).  Correlations were similar at full watershed and riparian buffer scales, indicating that land use in the 
broader watershed exerts a similar influence on water quality as land use immediately adjacent to the receiving 
stream.  Comparing correlations between land cover type, higher percentages of developed areas are associated 
with higher stream dissolved (available) nitrogen and heavy metals concentrations; conversely, highly forested 
watersheds are associated with lower concentrations of nitrogen and metals.  Because periphyton growth is 
dependent on available nutrients (like dissolved nitrogen), and because heavy metals can negatively affect 
embryo development and survival, this pattern suggests that protecting forested areas is important for 
maintaining water quality conditions that are beneficial to rainbow smelt.   

Table 9.  Spearman’s rank correlation between water quality metrics and land cover at two spatial scales (e.g., 
full watershed and riparian buffer zone).  Correlation coefficients in bold type indicate significance at the 
p=0.05 level. 
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Activity 5 – Rainbow Smelt Threat Identification – Years 1-4 

 
Spawning Habitat Water Quality, Nutrient Loading, and Periphyton Studies 
 
Smelt deposit demersal (sinking), adhesive eggs at fast-flowing riffles, where they attach to the substrate or 
aquatic vegetation.  The duration of egg incubation is related to water temperature (McKenzie 1964), and in the 
Gulf of Maine, eggs hatch 7-21 days after fertilization (Chase et al. 2008, McKenzie 1964). The success of this 
reproductive strategy depends on suitable water and habitat quality. In many watersheds, the tidal interface is 
the physical location favored for the development of commerce and community centers. This change in 
landscape can lead to hydrologic alterations, particularly in urban areas, leaving streams vulnerable to point and 
non-point source pollutants; nutrient enrichment; and reduced stream flow, shading and riparian buffer.  
 
Changes in spawning habitat may be a major factor in the decline of smelt populations. However, up to this 
point, the effect to which water quality impairment may be impacting smelt populations in the Gulf of Maine 
has not been described. With this concern in mind, we developed monitoring programs to assess baseline water 
and habitat conditions at smelt spawning habitat index sites spanning the entire U. S. Gulf of Maine and 
explored possible impacts on spawning success resulting from changing habitat conditions.  
 
Five indicators were measured to assess water quality at smelt spawning index sites: basic water chemistry, 
nutrient concentrations, periphyton growth, heavy metal concentrations, and aquatic macroinvertebrate 
communities. The sampling was guided by a Quality Assurance Program Plan (QAPP) for monitoring water and 
habitat quality at smelt spawning habitats in coastal rivers on the Gulf of Maine coast (Chase 2010, Appendix 
F). The QAPP integrates smelt life history with existing state and federal water quality criteria, with the 
objective of developing a standardized process to classify the suitability of smelt spawning habitat. 
 
Summary statistics were generated for water quality data by site and then compared to thresholds assembled 
from existing water quality criteria. The U.S. Environmental Protection Agency (EPA) developed criteria for 
turbidity, total nitrogen (TN) and total phosphorus (TP) based on the 25th percentile of the distribution of 
observed values in an ecoregion (US EPA 2000). The 25th percentile is the value of a given parameter where 
25% of all observations are below and 75% are above. The 25th percentile was adopted by EPA as the threshold 
between degraded conditions and minimally impacted locations. Additionally, the Massachusetts Department of 
Environmental Protection (MassDEP) established Surface Water Quality Standards (SWQS) for temperature, 
pH and dissolved oxygen (DO) as part of their Clean Water Act waterbody assessment process (MassDEP 
2007). These thresholds were selected to protect designated categories of aquatic life, including fish habitat. 
Stations were classified as Suitable (minimally impacted) or Impaired for each parameter. Water quality data 
were also evaluated to explore the potential of establishing new thresholds specifically derived from smelt 
spawning habitat measurements.   
 
The species conservation plan describes in detail the data and results for the basic water quality parameters, 
nutrient concentration, periphyton growth, and heavy metal concentrations (Appendix A), and will not be 
repeated in this section. The laboratory component of the periphyton and sedimentation studies are presented in 
the journal Aquatic Sciences (Wyatt et al. 2010), and are presented in the final report from the University of 
New Hampshire (Appendix N). In addition to the data presented, Yellow Springs Incorporated (YSI) water 
chemistry sondes were used to measure continuous water quality data (water temperature, dissolved oxygen, 
specific conductivity, pH and turbidity) at selected index sites. At all field sites were periphyton growth was 
measured, HOBO continuous loggers were deployed in 2008 and 2009 and canopy covered was measured. 
These data have not been synthesized but are available from the state agencies by request.  
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Biomonitoring 
 
In the spring of 2010, we monitored the composition of aquatic macroinvertebrate communities at each index 
site as a measure of overall water quality in each stream. It was our hope to create invertebrate diversity indices 
for each index site based on overall diversity and weighted by diversity and presence of environmentally 
sensitive species. The Maine Department of Environmental Protection (ME DEP) uses this method to classify 
all Maine waters (http://www.maine.gov/dep/water/monitoring/biomonitoring/index.html), and worked with the 
ME DMR to adopt their methods to our index sites, and share their data analysis techniques. Unfortunately, the 
results from our macroinvertebrate samples did not conform to the ME DEP classification scheme, and no 
conclusion could be drawn from the samples. The ME DEP classification scheme compares the proportion of 
each taxa found at a certain site. Depending on the relative proportion of each taxa, the site is classified on a 
scale that indicates how pristine the water quality is at that site. Because our sampling was performed at the 
head of tide at the smelt spawning index site locations, we observed considerably different taxa composition 
than the ME DEP scheme, and sites were either classified with a lower rank than appropriate based on our other 
water quality sampling, or no rank was able to be assigned. We had not expected this outcome when adopting 
the ME DEP methods because we were sampling in the freshwater portions of the streams, however the 
proximity to tidal waters likely had a larger effect than we initially expected. The final report which includes the 
data is included in Appendix O. 
 
 
Identifying Genetic Stock Structure 
 
Understanding the genetic structure of a species and the driving factors behind that structure is central to well-
designed species management. A species may be comprised of one or more genetic stocks, separated by 
different spawning areas or physical barriers. Managing a species at too large a scale (i.e., assuming there is 
only one stock when there are multiple) may lead to the loss of genetic structure and the benefits of local 
adaptation. Managing at too small a scale (i.e., assuming stocks are isolated within individual rivers when in 
fact there is some mixing), neglects the important role of gene flow and results in loss of genetic variation 
(Kovach et al., in press).  
 
From 2006-2010, we collected genetic samples at 18 spawning site index stations spanning the U. S. Gulf of 
Maine to understand if unique genetic stocks existed and the extent of gene flow between spawning 
populations. All information is presented in the species conservation plan (Appendix A) and was reported by 
the University of New Hampshire (Appendix N) and in detail by Kovach et al. (in press).  
 
The three most genetically divergent populations 
were found in Cobscook Bay, Maine, 
Massachusetts Bay, and Buzzards Bay, 
Massachussetts. Penobscot Bay and Casco, 
Maine also showed some differentiation. Gene 
flow was high between rivers from downeast 
coastal Maine, the Kennebec River, ME, and 
Great Bay, NH to northern Massachusetts; all 
were dominated by the same genetic signal. 
Midcoast Maine also seemed to be part of this 
large stock, but also showed distinct signals 
from Penobscot Bay and Casco Bay (Figure 8).  

Figure 8. Membership, as identified by STRUCTURE analysis, of rainbow smelt from 18 
river systems to (A) K = 5, (B) K = 4, and (C) K = 6 genetically similar clusters. Each line 
represents the proportional assignment of an individual to the clusters, represented by the 
different colors. Figure from Kovach, A.I., et al., Identifying the spatial scale of 
population structure in anadromous rainbow smelt (Osmerus mordax). Fish. Res. (2012), 
http://dx.doi.org/10.1016/j.fishres.2012.07.008  

http://www.maine.gov/dep/water/monitoring/biomonitoring/index.html
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These groupings can assist management decisions on stocking efforts, with the goals of maintaining distinct 
stocks where possible, while still preserving gene flow to maintain and replenish genetic diversity. Although the 
study did not find evidence of genetic bottlenecking, genetic variation was significantly reduced in the two most 
distinct regions: Buzzards Bay (Weweantic River), and Cobscook Bay (East Bay Brook) (Kovach et al., in 
press). The reduced diversity in the Weweantic River is consistent with its location at the southern extent of the 
species range, where populations can have reduced gene flow and lower spawning population sizes (Schwartz et 
al. 2003). The reduced variation in Cobscook Bay is more likely due to isolation by circulation patterns.  The 
reduced diversity and distinctive nature of these smelt runs warrant further population monitoring and possibly 
updated protection measures.  

Activity 6 – Tasks Unique to Atlantic Sturgeon – Years 1-4 

 
The Atlantic sturgeon population in the Kennebec Estuary is genetically distinct and can be statistically 
differentiated from other populations along the U. S. East Coast (Wirgin et al. 2000; Waldeman et al. 2002). 
Within the Gulf of Maine, spawning Atlantic sturgeon have been documented in just two other rivers (Dadswell 
2006; ASSRT 2007), the Saint John River (New Brunswick, Canada) and the Annapolis River (Nova Scotia, 
Canada).  The attributes of the study area, including large volumes of fresh water discharge in spring during 
spawning, large areas of tidal freshwater habitat for juvenile growth, and large interconnected areas of 
mesohaline and polyhaline habitat for adult foraging may have allowed Atlantic sturgeon to persist at low 
levels.   
 
The ME DMR began surveys targeting shortnose sturgeon and Atlantic sturgeon populations in the Kennebec, 
Androscoggin, and Sheepscot estuaries in 1977-2001 to understand more about their movements within the area 
and identify important habitat. Surveys were performed using gill net and ichthyoplankton net sampling, Carlin 
and PIT tagging, and radio and acoustic telemetry.  During the current grant, we compiled these data and used 
the results to inform expanded Atlantic sturgeon telemetry and habitat identification work. This work was 
summarized by Wippelhauser and Squiers and will be submitted for publication in spring 2013. The species 
conservation plan (Appendix I) also summarizes the information. 
 
Beginning in 2006, researchers at ME DMR (through this grant project), the University of Maine, and 
University of New England independently began acoustic telemetry studies of Atlantic sturgeon in three Gulf of 
Maine river systems: the Penobscot, Kennebec/Androscoggin, and Saco rivers, respectively.  The studies had 
similar objectives: to identify habitat use, seasonal distribution and abundance, and migration routes, and to 
identify genetic structure within the Gulf of Maine. To this end, ME DMR reinstated the gill net survey in the 
Kennebec/Androscoggin estuary area and began tagging Atlantic sturgeon with both external (spawning 
condition fish) and internal (non-spawning condition fish) hydroacoustic transmitters (VEMCO V16). An array 
of 18-20 stationary acoustic receivers was deployed at 16-20 sites in the study area (Figure 9).  In most 
instances the receivers were deployed in narrow reaches of the channel, and a single receiver was able to 
monitor the entire width of the channel for tagged fish.  Receivers typically were deployed in April and 
retrieved between October and November, but not all receivers were deployed each year of the study.  Mobile 
tracking was conducted occasionally with a portable receiver and directional hydrophone.   
 
The species conservation plan (Appendix I) provides a thorough discussion of the methods, results, and 
implications, and will only be summarized briefly here. We captured 114 Atlantic sturgeon in the Kennebec and 
Androscoggin estuaries at 25 sites that were sampled on 79 dates between 2007 and 2012.  Most sturgeon were 
PIT tagged (n=106), 19 were tagged externally with an acoustic transmitter, and 20 were implanted internally 
with an acoustic transmitter.  Tissue samples were taken from 64 fish, but to date genetic analysis has been 
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conducted only for samples taken from 2009 to 2011. 
To confirm spawning, we attempted to capture 
sturgeon eggs and larvae with D-nets.  The net was set 
on the bottom downstream of spawning fish.   
Two new spawning areas were confirmed for Atlantic 
sturgeon in the Androscoggin Estuary below 
Brunswick Dam and one in the Kennebec River, 
which only became accessible when Edwards Dam 
was removed in 1999.  Interestingly, some Atlantic 
sturgeon tagged in the Saco and Penobscot also 
spawned in the Kennebec; however, the opposite was 
not observed.  The capture of two Atlantic sturgeon 
larvae in the Kennebec River, 1 km above the former 
location of Edwards Dam, and one in the Upper 
Kennebec Estuary, approximately 1.6 km below the 
former dam, confirmed spawning in the tidal and 
newly accessible riverine portions of the Kennebec.  
 
Some juvenile and subadult Atlantic sturgeon may 
remain in the Kennebec during the winter.  During late 
fall gill net sampling, we captured four Atlantic 
sturgeon while fishing for shortnose sturgeon at a 
newly identified wintering area in the upper Kennebec 
Estuary.  In December 2012, we used an ROV and an 
underwater camera to confirm that sidescan sonar 
targets at the wintering area were sturgeon.  While 
most of the fish appeared to be shortnose sturgeon, it 

was difficult to distinguish between these and possible small Atlantic sturgeon. To further document the 
overwintering habitat, we used multibeam sonar to characterize the substrate and topography of the bottom 
habitat. We found that the area is shallow (5-10m) with sandy bottom. 
 
Tissue samples taken in 2009-2011 from spawning fish in the Kennebec and Androscoggin were included in 
analysis performed by Wirgin et al. (2012) that used microsatellite DNA and mitochondrial DNA control region 
sequence analysis to quantify the stock origin of Atlantic sturgeon caught in Minas Bay in the Bay of Fundy, 
Canada.  Wirgin et al. (2012) reported that 34-36% of the fish caught in the Minas Basin were fish originating 
from the Kennebec River (sample size was too small to distinguish the Kennebec from the Androscoggin).  
 

Objective 3 – Establish a fish health monitoring program 

Activity 1 – Years 1-5 

 
Monitoring Fish Health 
 
Improving understanding of fish health status as well as the abundance, geographic distribution, and vectors of 
areas of study necessary to support the development and implementation of conservation strategies designed to 
protect and restore rainbow smelt populations. Pathogens can adversely affect both juveniles and adults in both 

Figure 9.  Map of the study area in the Kennebec, Androscoggin, and 
Sheepscot estuaries, Maine.  Receiver locations are indicated black circles.  
Gill net sampling stations indicated by black stars. Letters indicate the 
Sasanoa River (S), Back River (B), Hockomock Bay (H), Montsweag Bay 
(M), and Knubble Bay (K).  Dams are indicated by heavy black lines. 
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general and acute ways, including organ failure, energy loss, interruption of hormonal pathways and 
reproductive weakness.  
 
We characterized pathogen presence in rainbow smelt at fourteen of the fyke net spawning index sites over a 
two-year period, 2009-2010. The results are discussed briefly here; a full report detailing the results from each 
index site is included in Appendix P.  
 
Sampling did not detect bacterial pathogens of regulatory concern but did detect endemic parasites that are well 
documented for similar anadromous species. Parasitological results were typical of wild fish populations, with 
various trematodes (e.g., black grub), cestodes, nematodes and protozoa observed at all sites. A microsporidian 
parasite detected in various tissues of many individuals in this study was not identified as to species, but is 
consistent with Glugea hertwigi, which was confirmed at one site: the Fore River, Massachusetts. This parasite 
has been documented extensively in freshwater smelt can be detrimental to successful spawning because this 
parasite infests the gonads of smelt (Jimenez et al. 1982, Nsembukya-Katuramu et al. 1981). The observation of 
large numbers of Philometra spp.-like nematodes in the gonads of the majority of female fish in the study is also 
consistent with reports of this parasite as an opportunistic pathogen of spawning female fish in other species 
(Moravec and de Buron 2009).  
 
Virology results revealed a viral agent from adults from Casco Bay, Maine; however, it is difficult to place any 
significance to this agent at the present time because the virus is not similar to currently catalogued agents 
(IPNV, IHNV, ISAV, and VHSV have been ruled out by PCR techniques). More analysis on this agent is 
needed to fully understand the physiological effects it may be having. Fish from a majority of the sites spanning 
the entire Gulf of Maine region showed evidence of erythrocytic disease, or degradation of red blood cells, 
leading to anemic effects. This last point may be of specific concern and warrants further investigation to 
understand the extent of disease and causal factors. 
 
 
Toxic Contaminant Screening 
 
The ME DMR worked collaboratively with the ME DEP and Maine Bureau of Health to coordinate collecting 
rainbow smelt to assess concentrations of toxic contaminants and co-planar PCBs. The Maine Bureau of Health 
used this information when considering an advisory for fish consumption with regard to on smelt caught from 
the Kennebec River.  The regional Subcommittee on Rainbow Smelt decided to additionally screen smelt from 

Table 10. Average metal concentrations are shown by site. Metal concentrations were determined for two batches of ten smelt from each site, 
one composed of only males, the other of only females. These values show the mean value for both sexes. 
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13 index sites as well as one river in Maine where smelt are commercially harvested for 209 polychlorinated 
biphenyl (PCB) congeners, mercury and other metals.  The final laboratory reports are included in Appendix Q. 
The average metal concentration varied between sites (Table 10). Notably, no cadmium was detected in any 
smelt from Massachusetts, and while silver was tested 
for, it was not detected in fish from any site. 
While it is difficult to discern a pattern between the 
sites using the metals data solely, comparing total 
PCB concentrations among sites provides some 
insight. We considered PCB concentrations by 
brominated diphenyl ethers (BDE) homologs (di-, tri-
, etc.), and total PCB concentrations (pg/g) by weight 
type (dry, lipid, wet). The average total PCB 
concentration was found to be highest in smelt from 
Massachusetts index sites, followed by New 
Hampshire sites, while concentrations in Maine fish 
were consistently lower than the other two states 
(Table 11 and Figure 10). Interestingly, the southern 
most Maine index site, Long Creek, which is located 
in a highly developed watershed, also showed the 
highest PCB concentrations.  

Table 11. Average PCB concentrations are shown  for site by BDE homolog and weight type (dry, lipid, wet) PCB concentrations were determined 
for two batches of ten smelt from each site, one composed of only males, the other of females. These values show the mean value for both sexes. 

Figure 10. Average PCB concentrations are shown  for  each site by weight type (dry, 
lipid, wet) PCB concentrations were determined for two batches of ten smelt from 
each site, one composed of only males, the other of females. These values show the 
mean value for both sexes. 
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Our goal was to collect information about contaminant concentrations found in smelt representing a wide 
geographic region and located in a range of watershed types. We did not explore the physiological effects that 
contaminant accumulation may be causing in smelt. This is a topic for further research. The data collected by 
this effort can provide information about the range of concentrations that may be observed in wild populations. 

Objective 4 – Develop a set of conservation and restoration strategies 

Activity 1 – Years 1-5 

 
Develop Regional Conservation Plans 
 
Data collected as part of this project were analyzed and pertinent results were synthesized for the conservation 
plans for both rainbow smelt and Atlantic sturgeon. These conservation plans summarize historical information 
for each species, present relevant data that have management implications, and present both state and regional 
management recommendations. This Atlantic sturgeon conservation plan is included as Appendix I, and the 
smelt conservation plan is included as Appendix A. The species’ conservation plans were presented to the 
directors of each state agency for approval and were accepted. The Atlantic sturgeon conservation plan will be 
available through ME DMR and will also be distributed to the regional management councils. The rainbow 
smelt conservation plan was printed in a limited quantity and distributed to regional agencies and organizations 
(e.g. NMFW Northeast Regional Office, Piscatiqua River Estuary Partnership, Wells National Estuarine 
Research Reserve, USFWS regional offices) at the January 2013 Diadromous Species Restoration Research 
Network meeting. Each state agency still retains a small number of copies to distribute by request, and will also 
hold copies at each agency’s research library. The rainbow smelt conservation plan is also available online 
through the regional website (restorerainbowsmelt.com), and on the ME DMR website 
(http://www.maine.gov/dmr/smelt/index.htm).  
 
Each state will work towards implementing all recommendations. For Atlantic sturgeon, the following points 
were recommended:  

1. Identify and designate critical habitat in the Kennebec, Androscoggin, and Sheepscot rivers  
2. Consultation with Maine DMR on tidal power projects 
3. Consultation with Maine DMR on dredging, blasting, and construction projects 
4. Continue working with Canada to understand the impacts of Canadian directed catch 
5. Continue to monitor and report bycatch to the Atlantic States Marine Fisheries Commission 
6. Review existing regulatory authorities, laws and policies 

 
Regional recommendations for rainbow smelt management are as follows: 

1. Continue existing monitoring programs, including fyke net monitoring, near-shore trawl surveys, winter creel 
surveys, and juvenile abundance surveys 

2. Restore historical or degraded habitat 
3. Assess sustainability of current smelt fisheries and change management if necessary 
4. Expand research to estimate population size and assess the potential impacts of ecosystem and climate changes 
5. Implement stocking of marked larvae, with continued monitoring and genetic considerations 

 
Each state also developed specific recommendations. For Massachusetts, these include: 

1. Apply the information gained from the present study and recent smelt habitat improvement projects to 
identify potential restoration sites and design smelt spawning habitat improvements that meet the life 
history requirements of smelt. Projects that can remove barriers and extend habitat connectivity for 
smelt and other diadromous fish should be prioritized 

http://www.maine.gov/dmr/smelt/index.htm
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2. Continue monitoring smelt fyke net stations from the present study that have been identified as having 
promise to support long-term indices of abundance (i.e., Weweantic River, Jones River, Fore River and 
Parker River). Improve and maintain data collection at fyke net stations to support future development 
of biological population benchmarks 

3. Develop water quality criteria that relate to designated uses within the Massachusetts Wetlands 
Protection Action order to protect the specific habitats of anadromous fish, including smelt spawning 
habitat 

4. Conduct a smelt habitat survey of the Buzzards Bay region of Massachusetts that was not mapped 
during the previous Gulf of Maine survey in Massachusetts 

5. Develop a state smelt conservation plan similar those completed for Maine (1976) and New Hampshire (1981) 
 
For New Hampshire these include:  

1. Continue monitoring efforts in place including: winter creel survey, juvenile abundance seine survey, spring 
spawning run fyke net sampling 

2. Improve water quality and support New Hampshire Department of Environmental Services in developing nutrient 
criteria for Great Bay Estuary 

3. Identify habitat restoration projects to enhance smelt spawning conditions. 
4. Continue to support dam removal projects to connect smelt to historical spawning habitats 
5. Conduct a smelt spawning habitat assessment of coastal areas in New Hampshire. 

 
For Maine these include:  

1. Continuing monitoring of smelt populations through fyke net sampling, creel surveys, the inshore trawl 
survey, and the juvenile abundance survey 

2. Developing a mark-recapture study to estimate the current extraction rate of recreational ice fishing on 
the Kennebec River and Merrymeeting Bay and other rivers and embayments that support recreational 
ice fishing 

3. Restoring stream connectivity and access to historical spawning grounds with monitoring to assess pre- 
and post-construction conditions and smelt populations 

4. Assessing threats to smelt habitat and evaluating connections between degraded habitat and local smelt 
population decline 

5. Stocking rainbow smelt larvae marked with oxytetracycline into historical smelt spawning streams that 
maintain good habitat, while maintaining the genetic structure as identified by this project and annually 
monitoring stocking success. 

 
All recommendations are described in further detail with support from recent surveys in the species’ 
conservation plans (Appendix I, and Appendix A). 
 

Objective 5 – Approval and Implementation 

Activity 1 – Years 3-5 

 
Before the inception of this grant project few management, restoration, or research discussions focused on, or 
even considered rainbow smelt. Some work had been completed in Massachusetts that catalogued the current 
status of smelt in that state, and creel survey and egg deposition surveys in New Hampshire had monitored the 
relative smelt population abundance in Great Bay, but no regional efforts had been initiated. Through this 
project, we have begun long-term regionally standardized monitoring efforts that have already generated 
enough data to inform policy and management decisions and direct future research, we have updated 
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information about the population status, and most importantly the work has brought the species into focus for 
restoration efforts.  
 
 
 
Regulation Revisions 
 
Massachusetts and Maine completed the process of revising regulations for rainbow smelt to limit take and gear 
type to protect existing stocks.  In Massachusetts, a regulation that limits recreational and commercial take to 50 
fish per day went into effect October 30, 2009 (Appendix C).   In Maine, a regulation was passed by the Marine 
Resources Advisory Council that extends the current limit of two quarts per day during the spawning season 
(March 15-June 30), limits gear to dip net and hook-and-line during the spawning season, and hook-and-line 
only for the remainder of the year for the majority of the state.  The regulation also prohibits walking in streams 
while fishing for smelt to protect the egg beds.  Commercial harvest of smelt on the Penobscot River has been 
closed, and the length of the commercial harvest season in Downeast Maine has been shortened.  The new 
regulation in Maine went into effect December 21, 2009 (Appendix D).  The regulations are included in 
Appendix L and M. 
 
 
Policy and Management  
 
The results from this project have informed policy and management decisions. Projects to restore spawning 
habitat and access to habitat have been completed in each state and more projects continue to begin. In New 
Hampshire, the Winnicut River Dam was removed in 2009. Though the dam removal was funded through 
another project, the dam removal restores smelt spawning habitat and the site will continue to be monitored 
using field protocols developed as part of this project. In Massachusetts, protecting and restoring smelt habitat 
are now stated management strategies. To this end, MA DMF has completed smelt habitat restoration projects 
in the Crane River, Danvers, Weir River, Hingham and Shute Brook, Saugus, and is working the Massachusetts 
Department of Environmental Protection and other state agencies on stream daylighting projects that will 
restore smelt habitat in Town Brook, Quincy, and Smelt Brook, Weymouth.   
 
The results of this project have also informed policy decisions. In Maine, the ME DMR used the results of data 
collected during the project to inform a policy decision to deny a request to open upper Casco Bay to 
commercial gill-netting for smelts. Based on mortality estimates calculated from data collected during the fyke 
net survey work at an upper Casco Bay spawning site and the presence/absence survey conducted state-wide, 
and the regional findings that smelt populations are depleted compared to historical levels, Maine DMR policy 
makers decided that no new commercial fisheries for smelt should be opened at this time. 
 
Results from this project will inform the identification of critical habitat and development of a species recovery 
plan for Atlantic sturgeon for the Gulf of Maine DPS by the NMFS and the USFWS.  Results from this project 
also will be used by the Atlantic States Marine Fisheries Commission (ASMFC) to conduct a stock assessment 
for the species.  Gail Wippelhauser represents Maine on the ASMFC Atlantic Sturgeon Technical Committee, 
and will be working with the Stock Assessment Subcommittee.  In 2011, Gail Wippelhauser attended the 
Sturgeon Workshop, sponsored by the NMFS, to consider management, research, and permitting issues.   
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Population Restoration through Stocking Larvae 
 
The MA DMF developed smelt restoration and re-population strategies based on stocking oxytetracycline 
(OTC) marked yolk-sac larvae into to historic smelt spawning habitat.  MA DMF stocked OTC marked larvae 
in the Crane River 2007-2011; because this river is also a fyke net survey site, MA DMF has been able to 
collect adults at this site and take a sub-sample to examine the otoliths for recaptures of stocked fish. Each year 
since the program began in 2007, a proportion or the sub-sampled fish do show the OTC mark, and the CPUE at 
this fyke net survey does continue to increase, indicating that the stocking may be helping to increase this local 
population. Because of the apparent success of the stocking in the Crane River, MA DMF ceased stocking that 
location after the 2011 season and began stocking the Essex River, a larger river where the spawning population 
has also drastically declined but the habitat has recently been improved. This project is discussed in more detail 
in Ayer et al., 2012, Laboratory marking of anadromous rainbow smelt embryos and larvae and 
the implications for restoration (in Wood et al. 2012, Appendix E), and was presented at the 2010 American 
Fisheries Society meeting. 
 
Adopting methods perfected the MA DMF, Maine DMR began a program with the North Haven Community 
School to stock OTC marked smelt larvae at a North Haven stream that supported spawning populations up to 
30 years ago. The smelt runs on the island began to decline in the 1980’s and have since become extirpated, 
although the habitat remains unaltered and in good condition. We worked with the school to collect adult 
rainbow smelt as part of the ME DMR fyke net survey, strip spawn these adults at the North Haven Community 
School, rear the eggs in the school lab to larvae, and mark the larvae with oxytetracycline hydrochloride (OTC) 
a mild antibiotic which leaves a permanent mark of the otoliths of each fish. These larvae were released in a 
stream that will be re-sampled annually to measure the success of stocking and indirect effects on the rest of the 
ecosystem. A sub-sample of any future catch will be taken and the otoliths examined to confirm the success of 
the larvae stocking program. Maine DMR will continue this project in the future.  
 
 
Hosting the Fourth North American Workshop on Rainbow Smelt 
 
In an effort to convene a larger body of stakeholders to share information about rainbow smelt, the 
Subcommittee on Rainbow Smelt hosted the Fourth North American Workshop on Rainbow Smelt in Portland, 
Maine on January 24-25, 2011.  The workshop was the largest of the four smelt workshops hosted (over 85 
participants), and had the widest range of participants both geographically and disciplines. The three previous 
workshops were held in Halifax, NS (2007), and Québec (2003 and 1999). Participants in the 2011 workshop 
included fisheries managers and researchers from other states, including Connecticut, Rhode Island, and 
Michigan, from Canadian provinces, from our own states who have not been directly involved in this project, 
and from the universities who are conducting research on rainbow smelt or may be interested in the implications 
of our research.  The two-day workshop culminated in a panel discussion representing the majority of the range 
of the rainbow smelt: Canadian St. Lawrence and freshwater, Canadian maritime, Gulf of Maine, inland regions 
of Maine, and the Great Lakes. The proceedings from this workshop were published as part of the 
Massachusetts Division of Marine Fisheries Technical Report series (Appendix E, Wood et al. 2012).  
 
 
Distributing Information to Public Audiences 
 
As part of the amendment submitted to NMFS in June 2008, we committed to an enhanced version of the 
Annual Report to highlight progress and findings that would be distributed to environmental organizations, 
local governments, and environmental educators.  Working with a graphic designer, we developed a reader 
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friendly pamphlet to communicate to a wide range of groups including federal, state, and local managers, non-
profit organizations, sports fishery groups, and interested people from the public.  The pamphlet provides 
information about smelt biology and the species status, highlights why rainbow smelt is a species of concern, 
gives an overview of threats to the species, identifies what local governments and individual people can do to 
support the species, and describes state agency efforts to monitor and manage the species (Appendix B).  The 
content of this pamphlet was adapted into a webpage that would be geared towards managers, researchers, and 
interested people. The website can be found at http://restorerainbowsmelt.com. 
 
 
Collaborations 
 
Through this project, we have formed collaborations with researchers, stakeholder groups, and other state and 
federal agencies based on work to protect and restore smelt populations and habitat. The ME DMR has been 
working with a multi-agency committee (including NMFS, Maine Departments of Transportation, Inland 
Fisheries and Wildlife, Environmental Protection, Conservation, the Atlantic Salmon Federation, and the Nature 
Conservancy) to develop a web-based tool to prioritize road-stream crossing connectivity projects based on 
important fish habitat. Maine DMR has been advising the committee on rainbow smelt habitat and specific sites 
of decline or extirpation. The MA DMF has been working with the Massachusetts Division of Transportation on 
a similar project to prioritize road-stream crossing projects, and to restore habitat quality and access to 
spawning habitat for rainbow smelt. 
 
Working with the Downeast Salmon Federation, the ME DMR employed the predictive GIS model to estimate 
the likelihood of rainbow smelt spawning returning to two rivers in Downeast Maine in the event that tide gates 
are removed that have obstructed passage for many years.  The watershed characteristics were calculated for the 
two watersheds in question and compared to values for the index sites, and it was predicted that each would 
support spawning if the tide gates were removed.  A handout summarizing this analysis was created for public 
hearings and was included in a previous progress report. 
 
As a result of discussions at the Fourth North American Workshop on Rainbow Smelt, Maine DMR worked 
with the Wells National Estuarine Research Reserve to develop sampling methods to identify spawning habitat 
in the Wells and Rachel Carson Reserves in southern Maine and to confirm the current status of spawning in 
rivers within the reserves.  
 
Long Creek in South Portland, Maine has been identified as a US EPA Clean Water Act 303(d) impaired 
waterbody and a priority project for the Maine Department of Environmental Protection and the South Portland 
Water District.  Maine DMR is collaborating with these agencies to gather information about water chemistry, 
nutrient concentrations, biomass growth, fish diversity, and rainbow smelt spawning in the creek.  Maine DMR 
began sampling in the creek in spring of 2009.  The data gathered will be used as a baseline to measure changes 
in water quality and habitat use as Best Management Practices are implemented in the watershed.  Maine DMR 
will also provide reports that will advise future restoration projects in the watershed.   
 
Through this project, we also have formed collaborations with researchers and other state and federal agencies 
based on work to protect and restore Atlantic sturgeon populations and habitat. The ME DMR has been 
collaborating with sturgeon researchers in Maine (University of Maine, University of New England) and the 
Gulf of Maine (U.S. Geological Survey).  We are active participants in the Atlantic Cooperative Telemetry 
(ACT) network, which improves our ability to understand the coastal movements of Atlantic sturgeon.   
 
 

http://restorerainbowsmelt.com/
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Education and Outreach 
 
Maine partners have established a working relationship with Southern Maine Community College (SMCC) and 
Bowdoin College in an effort to provide both an opportunity for students to get hands-on field work experience, 
and information about the Gulf of Maine anadromous fish populations.  SMCC students helped set up and 
monitor a PIT tag retention study, and project partners have presented the project for marine biology classes.  
Maine partners presented the winter sampling project for Bowdoin College students, and mentored two students 
who completed their senior research project on rainbow smelt. With guidance from Maine DMR, students 
designed a winter sampling project on the Abbagadassett River in Merrymeeting Bay to collect biological 
information and scale samples.  Maine DMR staff trained the students to mount and age scales and develop age-
length keys.  The students set a fyke net loaned by Maine DMR in the Abbagadassett River to study rainbow 
smelt spawning in the spring.  Maine DMR staff gave guidance for sampling techniques and data interpretation.   
 
To increase awareness of the project in New Hampshire, Jessica Fischer at the New Hampshire Department of 
Fish and Game wrote an article describing declining rainbow smelt populations that was published in the 
July/August edition of the New Hampshire Wildlife Journal.  The article was included in a previous progress 
report. 
 
The Maine DMR worked with Maine SEAGrant to create a poster providing information about smelt and our 
research at the fyke net survey site Tannery Brook in Bucksport, Maine. The poster was placed in an 
information kiosk located in downtown Bucksport on a public walkway, directly adjacent to Tannery Brook. 
The Maine DMR also worked with the Downeast Salmon Federation (DSF) to construct two community kiosks 
and post posters, pamphlets, and other information at these kiosks. One kiosk is on the Pleasant River in 
downtown Columbia Falls at the site of major spawning grounds and commercial effort. The other is at 
Redmon’s Brook in Harrington, Maine, also a major spawning site. DSF recently acquired the land around 
Redmon’s Brook and is keeping the land in conservation to support rainbow smelt spawning habitat.  
 
 
Presentations 
 
Partners in all three states have presented information about this project at many different venues.   
 

 October, 2008 – Brad Chase (MA DMF)  The threat of eutrophication on anadromous fish spawning 
and nursery habitat. New England Estuarine Research Society, Fall Meeting, Block Island, RI. Present 
smelt habitat monitoring process under SOC project QAPP.  

 
 July, 2009 – Brad Chase (MA DMF), Coastal Environmental Sensing Network Conference at the 

University of Massachusetts, Boston. Environmental influences on diadromous fish migrations.  Linked 
environmental and water quality data to CPUE using the smelt fyke index stations.  

 
 August, 2009 – Claire Enterline (ME DMR), Maine Department of Environmental Protection, W. 

Boothbay Harbor, ME. Rainbow Smelt: A Declining Species on the East Coast of the United States. 
Summary of water quality information being gathered as part of the regional fyke net survey. 

 
 October, 2009 – Katherine Mills (NHFG) and Claire Enterline (ME DMR), Piscataqua River Estuary 

Partership State of the Estuaries Conference, Somersville, NH.  A Multi-State Collaborative to Develop 
and Implement a Conservation Program for Rainbow Smelt. Description of the SOC project, 
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monitoring, analyses, and objectives. 
(http://www.prep.unh.edu/resources/09sote/www_sote_shows/Mills&Enterline.pdf) 

 
 February, 2010 - Katherine Mills (NHFG), Portsmouth Community Radio. Discussed the status of 

rainbow smelt and associated conservation efforts and the specific research aspects of this project. 
 

 
 April, 2010 -- Brad Chase (MA DMF).  Water Quality Monitoring of Diadromous Fish Spawning and 

Nursery Habitat.  Northeast Fish and Wildlife Conference, Needham, MA.  Present smelt spawning 
habitat monitoring process and results under SOC project QAPP.  

 
 June, 2010 - Katherine Mills (NHFG). Protecting a threatened coastal fish species through 

collaborative regional research and planning. Coastal Society’s 22nd Biannual Conference in 
Wilmington, NC.  The abstract and will be published in the Conference proceedings, and was included 
in a previous progress report.   

 
 September, 2010 – Matthew Ayer (MA DMF). Laboratory marking of anadromous rainbow smelt 

embryos and larvae and the implications for restoration. American Fisheries Society Annual Meeting, 
Pittsburgh, PA. Discussed methods using oxytetracycline to mark smelt embryos that are released as part 
of stock enhancement in Massachusetts. 

 
 September, 2010 – Claire Enterline (ME DMR). Improving methods to accurately age rainbow smelt 

(Osmerus mordax). American Fisheries Society Annual Meeting, Pittsburgh, PA. Discussed regionally 
standardized methods to collect, clean, and age rainbow smelt scales. 
http://www.maine.gov/dmr/smelt/documents/scaleaging.pdf  

 
 November, 2010 – Claire Enterline (ME DMR). A Multi-State Collaborative to Develop and Implement 

a Conservation Program for Rainbow Smelt. Diadromous Species Restoration Research Network 
meeting. Summarized the purpose of this project and preliminary results. 

 
 January, 2011 – Brad Chase (MA DMF). Rainbow smelt (Osmerus mordax) spawning population 

monitoring on the Gulf of Maine coast of New England. Fourth North American Workshop on Rainbow 
Smelt. Extended abstract in Appendix E. 

 
 January, 2011 – Brad Chase (MA DMF). Water quality and habitat assessment of rainbow smelt 

(Osmerus mordax) spawning locations in rivers on the Gulf of Maine coast. Fourth North American 
Workshop on Rainbow Smelt. Extended abstract in Appendix E. 

 
 January, 2011 – Katherine Mills (UMaine). Relationships between watershed conditions and rainbow 

smelt spawning populations in Maine, USA. Fourth North American Workshop on Rainbow Smelt. 
Extended abstract in Appendix E. 

 
 January, 2011 – Claire Enterline (ME DMR). Monitoring within-season spawning behavior by rainbow 

smelt Osmerus mordax using passive integrated transponder (PIT) systems. Fourth North American 
Workshop on Rainbow Smelt. Extended abstract in Appendix E. 

 

http://www.prep.unh.edu/resources/09sote/www_sote_shows/Mills&Enterline.pdf
http://www.maine.gov/dmr/smelt/documents/scaleaging.pdf


 

A multi-state collaborative to develop and implement a conservation plan for three anadromous finfish species of concern in the 
Gulf of Maine; NOAA Award#: NA06NMF4720249 
p. 39 of 41 

 January, 2011 – Matt Ayer (MA DMF). Laboratory marking of anadromous rainbow smelt embryos and 
larvae and the implications for restoration.  Fourth North American Workshop on Rainbow Smelt. 
Extended abstract in Appendix E. 

 
 January, 2011 – Chris Wood (MA DMF). A historical view of anadromous rainbow smelt populations 

and fisheries in the eastern United States. Fourth North American Workshop on Rainbow Smelt. 
Extended abstract in Appendix E. 

 
 January, 2011 – Claire Enterline (ME DMR). Out on the ice – sampling Maine’s recreational winter 

smelt fishery on the Kennebec River and Merrymeeting Bay. Fourth North American Workshop on 
Rainbow Smelt. Extended abstract in Appendix E. 

 
 January, 2011 – Claire Enterline (ME DMR). Improving methods to accurately age rainbow smelt 

(Osmerus mordax). Fourth North American Workshop on Rainbow Smelt. Extended abstract in 
Appendix E. 

  
 February, 2011 – Jessica Fischer (NHFG). A Multi-State Collaborative to Develop and Implement a 

Conservation Program for Rainbow Smelt. New Hampshire Fish and Game Commission. Summarized the 
purpose of this project and preliminary results. 
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Introduction
The rainbow smelt (Osmerus mordax) is a small anadromous fish that over-

winters in estuaries and bays prior to spawning each spring in coastal streams 
and rivers.  Smelt have supported culturally important commercial and recre-
ational fisheries throughout New England since at least the 1800s.  However, 
in recent years, concerns have risen about the population status of rainbow 
smelt.  The species has disappeared from the southern end of its geographic 
range, which once extended to the Chesapeake Bay and now may extend 
only as far south as Buzzards Bay, Massachusetts.  High numbers of rainbow 
smelt that once supported commercial fisheries in New England have declined 
precipitously since the late 1800s to mid-1900s.  While recreational fisheries 
for rainbow smelt continue, declining catches have also been noted by anglers, 
particularly since the 1980s.

Based on these observations of range contraction and abundance declines, 
the National Oceanic and Atmospheric Administration (NOAA) listed rainbow 
smelt as a federal Species of Concern in 2004; New Hampshire also lists sea-
run rainbow smelt as a Species of Special Concern.  Although rainbow smelt 
population declines have been widely documented, the causes are not well 
understood.  In listing the species, factors identified as potential contributors 
included structural impediments to their spawning migration (such as dams 
and blocked culverts) and chronic degradation of spawning habitat due to 
stormwater inputs that include toxic contaminants, nutrients, and sediment.  

Following the designation of rainbow smelt as a species of concern, the 
Maine Department of Marine Resources received a 6-year grant from NOAA’s 
Office of Protected Resources to work in collaboration with the Massachusetts 
Division of Marine Fisheries and New Hampshire Fish and Game Department 
to document the status of and develop conservation strategies for rainbow 
smelt (NA06NMF4720249).  This conservation plan represents a summary of 
key elements of the project, which focused on several objectives:

1)	 Documenting range contraction and range-wide population declines 
based on historical data and accounts

2)	 Evaluating the status of rainbow smelt populations in the Gulf of 
Maine region

3)	 Developing a population index to track the strength of spawning runs

4)	 Assessing a range of potential threats to rainbow smelt populations

5)	 Proposing management actions to help conserve rainbow smelt 
throughout the Gulf of Maine region.

This study has significantly advanced our understanding of the biology,  
status, and threats to rainbow smelt in the Gulf of Maine.  A major contribu-
tion was the development of standardized procedures for indexing the abun-
dance of spawning rainbow smelt.  Four years of fyke net sampling of spawning 
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runs throughout the Gulf of Maine region have provided important baseline 
information about the status of the species.  Observations of truncated age 
structures within the spawning run, high male to female ratios in some rivers, 
and lower survival rates and a higher portion of age-1 spawners than historically 
observed all indicate that Gulf of Maine rainbow smelt populations are cur-
rently stressed.  

Further evidence of the decline can be derived from a survey of historically 
active spawning sites throughout the state of Maine, using a study from the 
1970s (Flagg 1974) as a valuable baseline for comparison.  The recent survey 
found that 13% of the historically active spawning streams no longer support 
rainbow smelt spawning, and most of the streams that remain active now sup-
port smaller runs than they did historically.  The substantial decline in strong 
spawning runs merits concern and attention.

Many threats to rainbow smelt spawning habitat were identified as part of 
this study.  Obstructions such as dams and improperly designed culverts may 
physically impede smelt migration to appropriate spawning sites.  Further, 
extremely high or low flows can impede swimming ability or impair the cues 
smelt rely on to undertake this migration.  Once on the spawning grounds, 
water quality conditions may affect the hatching and survival of smelt eggs.  In 
many rivers studied as part of this project, pH, turbidity, nutrient levels, and 
dissolved contaminants warranted concern for water quality.  Field observations 
also showed an association between nitrogen levels and periphyton growth at 
spawning grounds, and laboratory experiments demonstrated that high periph-
yton growth significantly impaired the survival of smelt embryos.

Many of these threats—particularly flow patterns and water quality—are 
not driven by factors within the spawning rivers themselves, but rather by ac-
tivities in the surrounding watersheds. Across a suite of water quality and heavy 
metal parameters, we found that high levels of development in the watershed 
were associated with poorer conditions for rainbow smelt, while high propor-
tions of forest in the watershed supported high quality stream conditions.  
In conjunction, watershed development was negatively associated with the 
strength of smelt spawning runs, while forested watersheds supported stronger 
runs in their receiving streams. 

Our goal in assessing threats to rainbow smelt was to identify conditions 
that appear to negatively and positively affect smelt throughout their life cycle 
so that management actions can effectively target these factors.  Based on our 
assessment of critical threats, management recommendations to protect and 
restore rainbow smelt populations include:

•	 Maintain the federal Species of Concern designation for rainbow smelt

•	 Continue monitoring population trends and biological characteristics 
in the extant range, and expand efforts towards estimating rainbow 
smelt population size

•	 Restore historical or degraded spawning habitat

•	 Maintain and, where necessary, improve fishery monitoring to ensure 
that fishing effort is compatible with sustainability of local and regional 
rainbow smelt populations

•	 Expand research initiatives to anticipate direct and indirect effects of 
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climate change and variability on rainbow smelt

•	 Invest in research to further study environmental requirements, stress-
ors, and drivers in order to effectively manage recovery 

•	 Stock marked larvae to re-establish rainbow smelt runs at restored 
sites, as needed and as appropriate given considerations of genetic 
diversity and donor population viability

This Conservation Plan provides: a description of the life history of 
anadromous rainbow smelt; an account of the historical fishing pressure on the 
species; a summary of the current population status and monitoring efforts; 
explanation of the threats to the species at different life stages, including the 
marine phase; and conservation and management strategies for the region and 
for each state in the Gulf of Maine. Our intent is that this information will 
provide important baseline information regarding the status of smelt popula-
tions at the present time and that it will offer coastal and fishery managers 
guidance on appropriate actions and priorities to protect and restore rainbow 
smelt moving forward.
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1 – Species Status
Rainbow smelt (Osmerus mordax) are small anadromous fish that live in 

nearshore coastal waters and spawn in the spring in coastal rivers immediately 
above the head of tide in freshwater (Buckley 1989, Kendall 1926, Murawski et 
al. 1980).  Landlocked populations of smelt also naturally occur in lakes in the 
Northeast U. S. and Canada and have been introduced to many freshwater sys-
tems, including the Great Lakes. Anadromous smelt serve as an important prey 
species for commercially and culturally valuable species, such as Atlantic cod, 
Atlantic salmon, trout, Atlantic gray seals, striped bass (Clayton et al. 1978, 
O’Gorman et al. 1987, Kircheis and Stanley 1981, Kirn 1986, Stewart et al. 
1981). Historically, the range of rainbow smelt extended from Chesapeake Bay 
to Labrador (Buckley 1989, Kendall 1926), but over the last century, the range 
has contracted and smelt are now only found east of Long Island Sound. 

1.1 – Basic Biology

Life History
Smelt are small-bodied and short-lived, seldom exceeding 25 cm in length 

or five years of age in the Gulf of Maine region (Murawski and Cole 1978, 
Lawton et al. 1990). By age two, smelt are fully mature and recruited to local 
recreational fisheries and spawning runs. Life history appears to be influenced 
by latitude; few age-1 smelt become mature and participate in Canadian smelt 
runs, however in Massachusetts, New Hampshire, and southern Maine, age-
1 individuals are present in the spawning runs (Collette and Klein-MacPhee 
2002). Studies in Massachusetts found that the majority of age-1 spawners were 
male (Murawski and Cole 1978, Lawton et al. 1990).  Our current spawn-
ing surveys have found that runs in the Gulf of Maine are dominated by age-2 
smelt, with few older smelt in Massachusetts, New Hampshire, and southern 
Maine; however the older ages are better represented in midcoast and eastern 
Maine.  Fecundity estimates of approximately 33,000 eggs for age-2 smelt and 
70,000 eggs for age-3 smelt were reported by Clayton (1976).

Habitat Use
Annual movements and habitat use by adult rainbow smelt have been large-

ly assumed based on discrete sampling or patterns in recreational and commer-
cial fishing.  Mark and recapture studies have focused on distinct phases of the 
life cycle, such as movements between spawning areas (Murawski et al. 1980), 
composition of late and early populations of spawning adults (McKenzie 1964) 
and winter movements within a river system (Flagg 1983).  Larger annual and 
regional migrations have been synthesized from anecdotal reports by anglers 
and commercial fishermen as well as from beach seine and spawning surveys.  
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Rainbow smelt overwinter in estuaries and bays and then spawn in early 
spring in pool and riffle areas above the head-of-tide in coastal streams and 
rivers. The spawning habitat characteristics are discussed in detail in sections 
2.1 – Threats to Spawning Habitat Conditions, and 2.2 – Threats to Embry-
onic Development and Survival. Because males have a longer physiological 
spawning period, they may return to spawning grounds multiple times within 
the same year (Marcotte and Tremblay 1948). Mark and recapture studies have 
observed the same male at different spawning sites within a given year, suggest-
ing that males are able to spawn multiple times (Murawski et al. 1980, Rupp 
1968).  Murawski et al. (1980) hypothesized that spawning in different streams 
may be facilitated by passive tidal transport, however this has not been directly 
observed. Females, on the other hand, rarely ascend to the spawning grounds 
more than once in a season, based on recent mark-recapture surveys (C.  
Enterline, unpublished data). Because female smelt are broadcast spawners, 
their spawning is expected to occur in a single event as most or all of their eggs 
are deposited in a single event.

Spawning females deposit demersal (sinking) adhesive eggs that attach 
to the substrate and hatch in 7-21 days, depending on temperature.  Upon 
hatching, larvae are immediately transported downstream into the tidal zone, 
at which point the larvae begin feeding on zooplankton. Larval dispersion 
is mostly passive in response to river flow and coastal circulation patterns, 
but there is also an active (swimming) component (Bradbury et al. 2006b). 
Although horizontal movements of smelt larvae appear passive, they actively 
migrate vertically in response to tidal flow in order to maintain their position 
in zooplankton rich water and minimize downstream movement (Laprise and 
Dodson 1989, Dauvin and Dodson 1990, Sirois and Dodson 2000). This  
active swimming behavior is overwhelmed by passive transport in local  
circulation patterns. The importance of local circulation on larvae dispersion is 
discussed more in the genetic stock structure section below. 

Juvenile smelt remain in the estuary, bay, or sheltered coastal area through 
the summer, and sometimes through the early fall (NHF&G and ME DMR 
Juvenile Abundance Surveys, 1979-2011, analysis for current study). In Great 
Bay, NH, juvenile smelt are most abundant in August, while in the Kennebec 
and Merrymeeting Bay estuary complex in Maine, abundance is more evenly 
distributed between August, September, and October (Figure 1.1.1).  In Maine, 
catches of juvenile smelt occur from July to October, while in New Hampshire, 
catches range from June to November. 

Habitat use in marine waters is largely unknown but can be inferred 
through interviews with coastal fishermen and state trawl surveys. Smelt may 
migrate in search of optimum water temperatures, moving offshore during the 
summer months to greater depths with cooler water (Buckley 1989).  Based 
on low catches by fishermen in freshwater and larger catches in brackish and 
saltwater in May, the presumed end of the spawning run, it has been assumed 
that adults return to estuaries and coastal waters immediately after spawning 
(Bigelow and Schroeder 1953).  However, recent findings indicate that rainbow 
smelt may remain within estuaries and bays contiguous to their spawning sites 
for up to two months after spawning (C. Enterline, unpublished data).

Recent trawl surveys have found small schools of smelt as far from the coast 
as 60 km and in depths up to 77 m (data from the Maine-New Hampshire and 
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Massachusetts Trawl Surveys). Spring trawl surveys find smelt further from the 
coast and in deeper water (spring avg. depth = 29.7 m) than during fall trawl 
surveys (fall avg. depth = 19.9 m) (Figures 1.1.2 and 1.1.3; t-test comparing 
depth, p = 0.0338 < 0.05), however the average spring catch is smaller com-
pared to the fall (spring average catch 2001-2012 = 31, fall average catch 2000-
2011 = 129, Wilcoxon non-parametric test of means, p < 0.0001 < 0.05), likely 
because adult smelt are within coastal streams and rivers as part of the spawning 
event during the spring period. The smelt that are caught further offshore in 
the spring are smaller, with lengths associated with age-1 fish; these are likely 
young fish that are not recruited to the spawning run. 

As offshore water temperatures drop in the fall, smelt likely move towards 
the coast, eventually migrating into the upper estuaries where they overwin-
ter (Buckley 1989; Clayton 1976; McKenzie 1964).  Anecdotal reports from 
recreational hook-and-line ice-fishermen describe smelt moving in tidal rivers 
with the nighttime flood tide and out with the ebb tide, and some moving as 
far up as the head of tide each night.  These foraging movements are the basis 
for robust recreational fisheries in the fall and winter at many locations in the 
Gulf of Maine.

Genetic Stock Structure in the Gulf of Maine
Understanding the genetic structure of a species and the driving factors 

behind that structure is central to well-designed species management. A  
species may be comprised of one or more genetic stocks, separated by different 
spawning areas or physical barriers. Managing a species at too large a scale (i.e., 
assuming there is only one stock when there are multiple) may lead to the loss 
of genetic structure and the benefits of local adaptation. Managing at too small 
a scale (i.e., assuming stocks are isolated within individual rivers when in fact 
there is some mixing), neglects the important role of gene flow and results in 
loss of genetic variation (Kovach et al., in press). 

From 2006-2010, we collected genetic samples at 18 spawning site index 
stations spanning the Gulf of Maine to understand if unique genetic stocks 
existed and the extent of gene flow between spawning populations. All informa-
tion presented in this conservation plan was reported by the University of New 
Hampshire and in detail by Kovach et al. (in press). The three most genetically 
divergent populations were found in Cobscook Bay, Maine, Massachusetts Bay, 
and Buzzards Bay, Massachussetts. Penobscot and Casco bays in Maine also 
showed some differentiation. Gene flow was high between rivers from downeast 
coastal Maine, the Kennebec River, ME, and Great Bay, NH to northern  
Massachusetts; all were dominated by the same genetic signal. Midcoast Maine 
also seemed to be part of this large stock, but also showed distinct signals from 
Penobscot Bay and Casco Bay (Figure 1.1.4).  These groupings can assist  
management decisions on stocking efforts, with the goals of maintaining 
distinct stocks where possible, while still preserving gene flow to maintain and 
replenish genetic diversity.

Although the study did not find evidence of genetic bottlenecking, genetic 
variation was significantly reduced in the two most distinct regions: Buzzards 
Bay (Weweantic River), and Cobscook Bay (East Bay Brook) (Kovach et al., 
in press). The reduced diversity in the Weweantic River is consistent with its 
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location at the southern extent of the species range, where populations can have 
reduced gene flow and lower spawning population sizes (Schwartz et al. 2003). 
The reduced variation in Cobscook Bay is more likely due to isolation by 
circulation patterns.  The reduced diversity and distinctive nature of these smelt 
runs warrant further population monitoring and possibly updated protection 
measures.

The divergence patterns observed may be explained partly by coastal circu-
lation patterns (Kovach et al., in press). Because the movement of smelt larvae 
is largely passive during the early development (Bradbury et al. 2006b), their 
dispersal is determined first by river flow and secondly by marine circulation. 
The Gulf of Maine Coastal Current (GMCC) has a counter-clockwise pat-
tern, which is strongest in the summer months when smelt larvae are present 
in coastal waters. The GMCC consists of two distinct portions. The Eastern 
Maine Coastal Current (EMCC) flows from the Bay of Fundy southwest along 
the coast and, in the area of Penobscot Bay, often splits southward and offshore. 
The remaining portion of the EMCC combines with outflow from Penobscot 
Bay and continues southwestward towards coastal New Hampshire and Mas-
sachusetts, creating the Western Maine Coastal Current (WMCC; Pettigrew 
et al., 1998, 2005). Backflow eddies are associated with large rivers (like the 
Penobscot) and to a lesser extent with Casco Bay, and as a result, larvae may be 
maintained within the nearshore area. Continuing further southwest along the 
coast, Massachusetts Bay maintains high larval retention as the strength of the 
WMCC pattern has largely diminished by this point (Incze et al. 2010). 

 Figure 1.1.1. Mean smelt catch 
by month in the Maine and New 
Hampshire Juvenile Abundance 
Surveys 1979-2011 for all survey 
sites combined. Error bars repre-
sent one standard error from the 
mean.
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Figure 1.1.2. Smelt 
catches in the fall state 
nearshore trawl surveys 
for Massachusetts, New 

Hampshire, and Maine 
2000-2011.

Figure 1.1.3. Smelt 
catches in the spring 

state nearshore trawl 
surveys for Massachu-

setts (2000-2011), 
New Hampshire, and 
Maine (2000-2012).
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Figure 1.1.4. Genetic differentia-
tion of smelt stocks in the Gulf 
of Maine from Kovach et al., 
(“in press”). Divergence may be 
explained by circulation patterns, 
where the Gulf of Maine Coastal 
Current carries larvae from 
downeast coastal Maine to New 
Hampshire and northern Mas-
sachusetts, while other localized 
circulation patterns maintain 
the distinctiveness of Penobscot 
Bay, Casco Bay, Massachusetts 
Bay, and Buzzards Bay. The color 
boxes display the 6 genetic signals 
– boxes with the same colors 
indicate the same signal. Length 
of boxes represents number of 
samples taken from the region.
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1.2 – Historical Smelt Fisheries                    
Smelt fishing is a longstanding tradition in many coastal communities of 

New England and the Canadian Maritimes.  During winter and early spring, 
smelt schools enter estuaries and embayments and aggregate in preparation for 
the spring spawning run. During this period of migration, commercial, and 
recreational fisheries target smelt through the ice and from shore. Some shore 
fisheries also occur in fall, mainly with hook and line, during foraging move-
ments that precede the spawning migration. Fishing methods for smelt vary by 
state; including weirs, hook and line, seines, dip nets, bag nets, and gill nets.  

This section will describe the historical range of rainbow smelt and the 
fisheries that targeted them. We focus on the Gulf of Maine, but provide some 
background on populations throughout the range. We rely heavily on the classic 
work “The Smelts” by Kendall (1926) and the thorough recent literature review 
found in Fried and Schultz’s (2006) investigation in Connecticut. 

The earliest record of smelt harvest in the U. S. was likely by Captain John 
Smith in 1622; Smith noted the smelts were so plentiful that the Native Ameri-
cans would harvest the fish by simply scooping them up in baskets (in Kendall 
1926). There is little additional information about early New England smelt 
harvests until the mid-1800s, although extensive subsistence and local com-
mercial harvest occurred before this time, based on occasional references and 
town records.  Early uses of smelt included livestock feed and fertilizer to enrich 
farm fields. The abundance of smelt in the mid-1800s can be pictured from 
the account of French settlers along the Buctouche River in New Brunswick 
harvesting 50 to 60 barrels (36 gallons/barrel) annually to serve as fertilizer for 
each homestead (Perley 1849 in Kendall 1926). About this time, food markets 
developed for smelt as human populations grew in coastal cities. By the late 
1800s, with the advancement of rail transport, smelt were an important export 
product shipped on ice from the Canadian Maritimes and Maine to the Boston 
and New York markets (Kendall 1926).  

Mid-Atlantic
Smelt are considered a cold water fish, with a historical center of abundance 

north of Cape Cod but southerly populations ranging south to the Mid-Atlan-
tic.  Early references of smelt range include Virginia, Maryland and Delaware 
(Goode 1884, Kendall 1926, Bigelow and Schroeder 1953), but we found no 
information on smelt populations or harvests for these states. Later references 
on smelt range list New Jersey as the southern limit (Scott and Scott 1988,  
Collette and Klein-MacPhee 2002).  Overall, references south of Delaware Bay 
are not well documented. The presence of smelt in states south of New Jersey 
may have been sparse, an indication of occupancy at the edge of the species’ 
range, or alternatively the fisheries may have faded before the onset of recorded 
commercial harvest data in the early 20th century.   

New Jersey
In 1833, smelt were observed to be plentiful in New Jersey with “wagon-

loads” of smelt harvested in Newark Bay, yet by 1849, smelt were reported as 
declining (New York Times 1881 in Fried and Schultz 2006).  The Delaware 
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River had been listed as a southern smelt run, including an early observation in 
a tributary, the Schulykill River, of cast net fishing for smelt during late winter 
(Norris 1862). Spring runs of smelt, also called frost fish, were reported in the 
Delaware, Hackensack, Passaic and Raritan rivers during the late 1860s.  By 
this time, only the Raritan River supported a lucrative commercial fishery, with 
annual catches nearing 10,000 lbs (NJCF 1872).  The New Jersey Commis-
sioners of Fisheries (NJCF) 1872 report also suggested that industrial water 
pollution in the rivers was severely impacting all anadromous fisheries.  The 
last regular commercial catch in New Jersey was reported in 1921 (Fried and 
Schultz 2006).  

Smelt were considered endangered in New Jersey by 1877 and the state 
launched an effort in the 1880s to study the reproductive biology of smelt and 
to stock smelt fry hatched from eggs collected in viable smelt runs to depleted 
smelt runs (NJCF 1886).  

No evidence of stocking success has been located and by 1941 smelt were 
considered extirpated from New Jersey (Camp 1941 in Fried and Schultz 
2006).  The New Jersey Fish and Game Department has conducted trawl  
surveys throughout their coastal waters since the early 1980s, and no smelt 
have been detected during this time.  

New York
Historical references indicate that tributaries near the Hudson River and 

Long Island once supported prominent recreational and commercial  
fisheries but that overfishing and poor water quality likely caused declines be-
fore the end of the 19th century (Kendall 1926).  The smelt trade at the Fulton 
Market in New York City was reported to average 1,352,000 lbs annually in 
the 1870s (Scott 1875 in Kendall 1926).  By 1887, the smelt fishery was no 
longer considered commercially viable (New York Times 1881, Mather 1887, 
Mather 1889; in Fried and Schultz 2006).  State fishery agencies in New York 
became concerned about the declining status of smelt in the late 1800s and 
embarked on extensive stocking efforts that included placing 127 million eggs 
in Long Island streams during 1896-1898 (Kendall 1926). The stocking efforts 
faded when smelt eggs became scarce in the early 20th century (Kendall 1926).  
Commercial catches declined and became sporadic in the 20th century.  Rou-
tine commercial harvests exceeding 1,000 lbs annually were last reported in the 
1950s (Fried and Schultz 2006).   

Since the 1970s, annual surveys in New York have detected rainbow smelt, 
but catches have become increasingly infrequent and have been rare since the 
1990s.  The Hudson River Estuary Monitoring Program has conducted ichthy-
oplankton and juvenile fish surveys throughout the estuary since 1973, and the 
data show a dramatic decrease in smelt abundance since the mid-1990s, with 
only trace numbers detected today (ASA A&C 2010).  Fish sampling efforts 
conducted by New York State Department of Environmental Conservation 
(NY DEC) have produced similar results, with very few adults detected since 
the 1980s.  Today, smelt are considered extirpated or at extremely low numbers 
in the Hudson River system (C. Hoffman, NY DEC, pers. comm. Sept. 2010).   
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Connecticut
A synopsis of early fisheries records shows that smelt runs were present in 

most tidal rivers in coastal Connecticut, and economically important commer-
cial fisheries targeted the seasonal occurrence of smelt (Visel and Savoy 1989, 
Fried and Schultz 2006). Smelt were targeted primarily with haul seines and 
gill nets in the Housatonic, Connecticut and Pawcatuck rivers (Visel and Savoy 
1989).  Hook and line angling was also common in the 19th century at numer-
ous locations; smelt were described as an important export fish to New York 
City markets. Smelt landings were reported as peaking in Connecticut in the 
1880s at 27,000 lbs and steadily declining with minor and intermittent land-
ings since the 1930s (Fried and Schultz 2006). There was a modest increase in 
landings in the 1960s when several thousand pounds were reported annually. 
The last years with significant smelt runs in Horseneck Brook of Greenwich, 
were 1965 and 1966 (Visel and Savoy 1989). 

By the 1980s, smelt were recognized as nearly absent from Connecticut’s 
coastal rivers.  Similar to regions south of New England, concern centered 
on the role of point and non-point pollution sources (Visel and Savoy 1989). 
The decline of smelt in Connecticut prompted dedicated efforts to document 
their presence in the 2000s. The smelt fishery was formally closed to harvest in 
2005, and smelt were listed as a state endangered species in 2008.  Fried and 
Schultz (2006) carried out intensive surveys in five estuaries along the central 
and eastern Connecticut coast. They documented no evidence of smelt spawn-
ing but did catch 9 adults while seining in the upper Mystic River during 2004.  
State beach seine surveys infrequently encounter smelt, however there have 
been recent observations of a few adult smelt in 2007 (T. Wildman, CT DEP 
Inland Fisheries Division, pers. comm. Nov. 2010). The State of Connecticut is 
currently considering listing smelt as extirpated from the state. 

Rhode Island
Smelt landings first appear in Rhode Island records in 1880 with landings 

of 95,000 lbs, which remains the peak annual harvest for this state (Fried and 
Schultz 2006).  Since that point, landings records steadily declined with minimal 
landings reported after 1932.  Landings rebounded slightly during 1965-1970 
when several thousand pounds were reported annually.  Since this time, minimal 
commercial landings have been reported (Fried and Schultz 2006).  In response to 
declining populations, the Rhode Island Division of Fish and Wildlife (RIDFW) 
began a smelt stocking and monitoring program in 1971 (RIDFW 1971).  Over 
the next seven years, approximately 44 million smelt eggs were transferred from 
populations in Massachusetts and New Hampshire to four rivers in Rhode 
Island. Extensive monitoring was conducted at the four recipient rivers, and 
no evidence was found of successful recruitment following stocking (RIDFW 
1978).  The monitoring only found evidence of a viable smelt run in the 
Pawcatuck River where low densities of smelt eggs were observed in 1974. The 
stocking effort was considered unsuccessful and discontinued in 1977 (RIDFW 
1978). In the last decade smelt were briefly listed as endangered in Rhode Island, 
then delisted and considered extirpated with a chance of a trace populations 
present.  Adult smelt have been captured on rare occasions during coastal pond 
and bay surveys since the 1990s (A. Libby, RI DFW, pers. comm. Oct 2011).   
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Massachusetts
Historical Fisheries
Early accounts indicate that smelt populations in Massachusetts supported 

culturally important sustenance fisheries that evolved into small-scale commer-
cial and recreational fisheries as coastal populations grew. The smelt fisheries 
prior to 1874 targeted fall and winter feeding aggregations with baited hooks 
and used dip nets and seine nets during the spring spawning runs (Kendall 
1926).  The local importance of these fisheries and the potential abundance of 
the populations is reflected in accounts that describe over nine million smelt 
taken from the Charles River at Watertown in 1853 (Storer 1858), and over 
2,300 fishermen at Hough’s Neck in Quincy in one day targeting smelt (Kend-
all 1926). Overfishing concerns were raised in the 1860s that were attributed to 
with the use of nets during the spawning run. This concern led the Massachu-
setts State Legislature to prohibit net fishing for smelt during the spawning run 
in 1868 (Kendall 1926).     

In 1874, a law prohibited the taking of smelt by any method other than 
hook and line in all state waters with a few exempted rivers – most of these 
exemptions were revoked by the end of the century. Kendall (1926) relates 
accounts of rebounding smelt fisheries in the 1870s and praise for the net ban. 
Catch records are sporadic and largely town or county specific during the latter 
half of the 19th century.  However, there was a general declining trend in this 
period, and by the 1910s and 1920s there was growing concern about smelt 
fisheries in Massachusetts and the influence of industrial pollution. A quote the 
Massachusetts Commissioners on Fisheries and Game in 1917 expressed the 
concern of the period, “The smelt fishery of Massachusetts is in a depleted  
condition, and strenuous and radical measures will be required to save this spe-
cies from extinction” (MCFG 1917).

Smelt fisheries are poorly documented in Massachusetts after Kendall’s 
1926 report. The annual reports of the state fisheries agency depict contrasting 
trends along a gradient.  In southern Massachusetts, there was a sharp decline 
in commercial importance and the disappearance of smelt in some locations.  
However, north of Cape Cod and in the greater Boston area, an active and 
popular fall and winter sportfishery persisted through the 1970s.  Fried and 
Schultz (2006) summarized federal commercial catch records that show three 
time-series peaks in Massachusetts harvest: 1880 (82,034 lbs), 1919 (39,000 
lbs), and 1938 (25,000 lbs). The early landings data were based on the available 
town and county records and are expected to be incomplete (Kendall 1926). 
It is likely that no records adequately describe the true extent of smelt harvest 
at any time in Massachusetts’s history.  The view provided by the combined 
historical and anecdotal accounts suggests that smelt supported important sea-
sonal fisheries that attracted large numbers of anglers and that smelt occurrence 
and abundance greatly exceeded the species’ present status.   

Recent Trends
Striking changes appear to have occurred in smelt detection and abundance 

in Massachusetts since Kendall’s report (1926). Contemporary studies began 
with river-specific work in the Jones and Parker rivers in the 1970s (Lawton et 
al. 1990, Murawski and Cole 1978, and Clayton 1976).  These studies were 
the first to report biological characteristics of the spawning runs and timing of 
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movements in Massachusetts. Concerns over declines in smelt abundance grew 
after these studies, as sportfisheries’ catches declined sharply in the late 1980s. 
The MA DMF responded to concerns from the sportfishing community with a 
survey of all smelt spawning habitats on the Gulf of Maine coast within Massa-
chusetts during the 1990s (Chase 2006) and the initiation of fyke net monitor-
ing in 2004 to develop population indices.  

Specific mention of Buzzards Bay is warranted because it is presently the 
southern limit of the documented spawning range. Buzzards Bay lies directly 
south of Cape Cod, which separates the Virginian marine ecoregion to the 
south from the Gulf of Maine/Bay of Fundy ecoregion to the north (Spalding 
et al. 2007). No historical records have been found of spawning runs on Cape 
Cod, a likely result of its glacial formation and flat gradient. Goode (1884) 
reported smelt harvest in coastal weir fisheries in Buzzards Bay in 1880. More 
recently, an anadromous fish survey from 1967 reported 10 rivers in Buzzards 
Bay with active smelt spawning runs (Reback and DiCarlo 1972).  An estuarine 
survey of the Westport River in Buzzards Bay in 1966-1967 found smelt in 
seine and trawl surveys and reported a known spawning run and associated fish-
ery in the river (Fiske et al. 1968). Smelt runs in the region have since quietly 
faded to low levels of detection. Fisheries monitoring during the last 10 years 
has documented the presence of smelt in only three Buzzards Bay rivers; with a 
lone viable spawning run in the Weweantic River.

New Hampshire
Historical Fisheries
Significant smelt fisheries of commercial and cultural importance have 

occurred in the Great Bay estuary of New Hampshire since the 18th century 
or earlier.  Hook and line fishing has mainly occurred in winter through ice 
on tidal waters.  Additionally, bow nets were traditionally fished under the ice, 
and weirs were deployed during spring spawning runs (Warfel et al. 1943). 
Historical fisheries in New Hampshire are poorly described relative to Maine 
and Massachusetts.  Kendall (1926) provides very little information on coastal 
New Hampshire smelt runs, focusing more on landlocked populations.  He 
does provide annual smelt harvest estimates for coastal fisheries as follows: 1888 
– 36,000 lbs, 1908 – 2,600 lbs, and 1924 – 3,835 lbs. The reported peak of 
commercial catch in New Hampshire was between 1940-1945, with an  
estimated 150,000 lbs harvested per year (Figure 1.2.1; Fried and Schultz 
2006). It is expected that the historical records substantially underreported 
actual harvest from the Great Bay fisheries.  

Recent Trends 
The state of New Hampshire has monitored smelt fisheries in Great Bay 

since the 1970s, when concerns were voiced from fishery participants about 
declining catches. To this end, an angler creel survey was started in 1978 and 
a smelt egg deposition survey began in 1979. A project was also launched at 
that time to improve commercial harvest data by mandating bow net and weir 
net fishermen to record their catches in log books. In 1981, a statewide smelt 
fishery management plan was written by the New Hampshire Fish and Game 
Department (NHF&G) to maintain sea-run smelt populations and support 
commercial and recreational fisheries (NHF&G 1981). 
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Data collected by the NHF&G indicate declining population trends in 
recent decades. The angler creel survey data depict a reduction in CPUE and 
total catch during the 2000s (Sullivan 2010). The smelt egg survey shows egg 
densities in the 2000s that are an order of magnitude lower than the 1980s 
(Sullivan 2007); the survey was discontinued in 2008 due to concerns over 
methodology and very low presence of smelt eggs. The commercial harvest re-
cords in New Hampshire have also recorded declines since 1987 (Figure 1.2.1).  
Commercial dip net and bow net permits remain active, but the fisheries have 
declined to low levels of catch and effort (J. Carloni, NHF&G, pers. comm., 
2011). Despite the apparent decreasing trends, recreational fishing for smelt in 
Great Bay still remains a popular winter fishery that attracts higher catch and 
effort than fisheries to the south in Massachusetts.

Maine
Historical Fisheries
Commercial and sustenance smelt fisheries were important to Maine’s 

colonial inhabitants as early as the 18th century, but are poorly documented.  
Kendall (1926) provides detailed accounts of valuable commercial hook and 
line and net fisheries from the 1880s to 1920s. The opening of export markets 
to New York and Boston after the mid-1800s, coupled with growing use of 
seine and bag nets, led to increases in harvest and the development of a signifi-
cant commercial fishery. Goode (1884) provides the first reported commercial 
smelt harvest records for Maine, with landings exceeding a million pounds in 
the 1880s. In 1894 the smelt fishery was reported to support 1,100 fishermen 
with shore fishery landings that were the fourth most valuable behind lobster, 
clams, and sea herring (Whitten 1894). Statewide records are absent before 
this time, however subsequent catch data show a steep decline after the 1890s 
(Squires et al. 1976; Figure 1.2.1). The last year the Maine catch exceeded a 
million pounds was in 1903. As early as 1920, a report by the Maine Commis-
sion of Sea and Shore Fisheries described the depleted status of smelt runs and 
the negative impacts of targeting spring spawning aggregations for commercial 
harvest (MECSSF 1920). An early management response to this decline was 
performing egg transfers from both landlocked and sea-run smelt populations 
to depleted runs (Kendall 1926); these were largely undocumented. While the 
commercial fishery continued to decline in the 20th century, the recreational 
fishery that targeted smelt both through the ice and during spawning runs 
increased in catch and effort starting in the 1940s.  The rental ice shack fishery, 
in particular, grew in economic importance as out-of-state anglers were attract-
ed to Maine’s coastal rivers.    

Recent Trends
Recognizing the traditional importance of the smelt fishery and continued 

population declines, the Maine Department of Marine Resources (ME DMR) 
developed a Smelt Management Plan in 1976 (Squires et al. 1976).  The plan 
outlined present conditions and made recommendations to improve fisheries 
and spawning habitat.  It also attributed the dramatic decline observed in the 
mid 20th century to increased industrial pollution in Maine’s rivers after World 
War II (Figure 1.2.1).  The ME DMR also launched studies at this time to 
record the presence and distribution of smelt in coastal Maine and investigate 
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causes of the historic decline (Flagg 1974).  Flagg’s (1974) work on Maine’s 
sea-run smelt documented catches at camp fisheries on the Kennebec River 
and Merrymeeting Bay, and catalogued spawning runs on 134 coastal streams. 
As part of the present study, the ME DMR has reinstituted creel surveys and 
spawning habitat investigations so that current catch records can be compared 
to the 1970s monitoring.  Maine continues to have important recreational 
fisheries featuring winter ice fishing on tidal rivers and spring dipnet fishing at 
spawning runs, although annual harvest is at historic lows. A modest commer-
cial harvest continues in downeast Maine, largely centered on the Pleasant River 
in Columbia Falls, where gill and bag nets are allowed to fish in late winter. 

Canadian Provinces
Historical Fisheries
Anadromous smelt populations in Canada have long supported valuable 

commercial fisheries that greatly exceed the collective harvest from the United 
States.  Among provinces, New Brunswick has had the largest fishery, which 
historically targeted smelt for use as fertilizer and bait (Goode 1884).  Growing 
export markets were driven by the Canadian harvests, which were, and continue 
to be, the largest commercial harvests in the species’ range. Records are sparse 
before the 20th century, however Kendall (1926) cites accounts of fast develop-
ing export markets to Boston and New York in the 1870s that created demand 
for large harvests – exceeding two million pounds by the 1880s. In 1901, the 
shipment records of one export company in New Brunswick approached eight 
million pounds. The highest aggregate landings reported for Canada was just 
over nine million pounds in 1914 (Kendall 1926).  A report from the U. S. 
Bureau of Fisheries in 1920 noted that while the Maine smelt fishery had de-
clined in the early 1900s, the New Brunswick fisheries had undergone “remark-
able” growth to support the market demands in the U.S. (USDOC 1920). The 
Miramichi River in New Brunswick was long a center of the province’s smelt 
fishery. Shipments of smelt to U. S. markets from the Miramichi River region 
exceeded 4.3 million lbs for the winter fishery in 1924 (Kendall 1926), making 
the fishery one of the most valuable industries in the Province at that time.  

Recent Trends
New Brunswick and Nova Scotia continue to support important commer-

cial fisheries.  There is less evidence of population declines in these provinces 
than in the U. S. portion of the range.  The capitalization of a Great Lakes fish-
ery for smelt in the 1960s and 1970s resulted in high landings that suppressed 
prices and may have reduced effort in the New Brunswick fishery (McKenzie 
1964, DFO 2011). In spite of depressed prices, the eastern New Brunswick 
smelt fishery remained stable between 1988 and1998, with total reported  
landings between 1.5 and 2.5 million lbs, a sum that may under represent 
actual landings (DFO 2011). 

The smelt fisheries of the St. Lawrence River have shown a decline com-
parable to U. S. fisheries. Reduced commercial and recreational fisheries and 
spawning habitat abandonment in the St. Lawrence River tributaries triggered 
survey and restoration efforts in the 2000s (Trencia et al. 2005). The fisheries 
remain culturally important today while operating at historically low harvest 
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levels with ongoing restoration efforts by Quebec’s Ministry of Natural  
Resources (Verreault et al. 2012).  

Summary
Dramatic changes have occurred in both Gulf of Maine smelt fisheries and 

the distribution of smelt on the East Coast since the start of the 20th century. 
Culturally and economically important smelt fisheries have disappeared or 
faded to historic lows.  The trend is evident of wide-scale abandonment of the 
historic southern extent of the range, where commercial smelt fisheries were 
viable before the 20th century.  Currently, the southern extent of the species 
range is likely in the Buzzards Bay, Massachusetts region, with higher popula-
tion levels observed in more northern rivers. 

Popular recreational fisheries remain in Maine and New Hampshire, 
although these fisheries also appear to be harvesting at historically low levels.  
The traditional Massachusetts ice shack fisheries have been reduced to very 
low levels of participation and catch, and they are faced with warmer winters 
that bring insufficient ice to support shacks.  The causes of this steep decline 
in smelt fisheries on the U. S. East Coast have not been defined, but have been 
discussed for over a century.  Industrial pollution at spawning rivers, structural 
barriers, and overfishing have received the most attention as causal factors.  
Watershed alterations, natural predation and climate change are potential fac-
tors that have been implicated more recently.    

Figure 1.2.1.  Commercial smelt 
landings for Maine (1887-2009) 
and New Hampshire (1950-2009).  
Data sources: U.S. Commissioners 
Report, U.S. Bureau of Fisheries, 
State of Maine landings data (as 
summarized by Squiers et al. 
1976), and NMFS website.
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1.3 – Population Status in the Gulf of Maine
Concerns have grown over the health of anadromous rainbow smelt popu-

lations throughout much of their range. This concern has prompted interest 
in assessing smelt populations and developing restoration strategies. Limited 
information is available from both fisheries-dependent and independent sources 
on the present status of populations in New England. The Species of Concern 
(SOC) project reviewed existing smelt population data in New England to 
consider the potential for developing indices of abundance, and initiated field 
projects during 2008-2011 to establish new data series to provide information 
on the status of smelt runs.  

Previous Smelt Population Studies 
The earliest smelt population studies occurred in northern portions of their 

range, likely in response to the commercial importance of smelt fisheries in 
these regions. Kendall (1926) focused on smelt fisheries but did provide smelt 
length data gathered from various sources during the 1850s to 1920s. Not 
much information can be gleaned from these sparse data, except to say the max-
imum size of smelt from that time period of about 26-28 cm (total length) is 
quite similar to the maximum size found in the present study (27 cm).  Warfel 
et al. (1943) reported smelt age data for Great Bay, NH; this study provided 
some of the first age data for the area and perhaps the first documentation of 
age-1 smelt participating in the spawning run. Summary statistics for Warfel et 
al. (1943) and the following studies are presented in Table 1.3.1. 

McKenzie (1958 and 1964) followed the Great Bay study with a detailed 
study of the life history of smelt and their fisheries in the Miramichi River of 
New Brunswick during 1949-1953. McKenzie (1964) demonstrated several 
life history characteristics that have been confirmed in the present study, such 
as: declining average length of smelt as the run progresses, a more balanced sex 
ratio in the winter fishery than during the spawning run and few smelt older 
than age-4. The age composition in the Miramichi River during 1949-1953 
had consistently higher representation of age-3 (22-49% annually) and age-
4 (2-8% annually) than seen in the present study and had older fish present 
each year, although at low proportions (age-5 and age-6 at <0.5% and <0.1%, 
respectively). Murawski and Cole (1978) calculated an annual survival rate (S) 
of 0.35 for the overall proportions in McKenzie’s age composition data, a value 
found to be the highest among reported survival data for anadromous rainbow 
smelt (Chase et al. 2012).     

The ME DMR devoted considerable time to the assessment of smelt fisher-
ies in the 1970s and 1980s (Squiers et al. 1976, Flagg 1983). The majority of 
the effort was fishery-dependent assessments of the winter smelt fishery. The 
size composition data from these winter fishery studies may not be directly 
comparable to spawning run size composition. However, summary data on 
sampling proportion by age and mean length at age are included in Table 1.3.1 
because the data document the size composition of smelt populations at the 
time and the relatively larger contribution of older smelt in the catch.    

Murawski and Cole (1978) provided size, age and mortality data from the 
Parker River, Massachusetts spawning run and winter fishery during 1974-
1975. This study sampled both the winter sport fishery catch and spring 
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spawning run with a fyke net, providing a valuable comparison to the Parker 
River data in the present study. Five age classes were represented in the fyke 
catches, with a majority at age-2.  Murawski and Cole (1978) also provided 
one of the few estimates of smelt population mortality and survival rates. They 
reported mean values of the annual survival rate (S) of 0.28 and the instanta-
neous total mortality (Z) of 1.27 for both sexes using three analysis methods 
for the spawning runs. They considered the estimated overall annual mortality 
rate of 72% of the adult population to be high and that increases in fishing 
pressure could limit reproductive success in the Parker River.      

Lawton et al. (1990) investigated biological aspects of the Jones River 
(MA) smelt spawning run during 1979-1981. The study used a lift net at the 
upstream limit of smelt spawning habitat to collect mature smelt. All biologi-
cal data collected by the lift net may not be directly comparable to the present 
study, wherein a fyke net was deployed downstream of the lowermost spawning 
habitat. However, the study did produce an age/length key based on length-
stratified age subsamples that should be representative of the spawning run 
demographics and comparable to the fyke net age/length data.  Five age classes 
were found in the Jones River with an age-2 majority for most years and very 
few age-5 smelt. For the three spawning seasons sampled, age-2 and age-3 smelt 
comprised 83-99% of the spawning smelt. Lawton et al. (1990) also estimated 
the Jones River spawning population by extrapolating smelt egg densities to to-
tal spawning habitat area. The spawning stock abundance model calculated the 
spawning run of 1981 to exceed four million adult smelt. They also reported 
evidence of a strong 1978 year class with relative contributions of this cohort 
evident in the subsequent three spawning runs. 

The smelt runs of the St. Lawrence River have supported culturally and ec-
onomically important fisheries in Québec for decades.  Declining smelt fisher-
ies landings attracted the interest of the Québec Ministry of Natural Resources 
to conduct biological monitoring in the 1990s.  Pouliot (2002) reported on size 
and age sampling of the spawning run in a St. Lawrence River tributary, the 
Fouquette River, during 1991-1996. A standardized dipnet sampling method 
was used at night at the spawning habitat. The results provide the first detailed 
population demographics and mortality estimates for smelt in the St. Lawrence 
River watershed. The Fouquette River smelt runs during the 1990s contained 
four or five cohorts in most years. Estimates of the annual rate of total mortal-
ity were 74% for females and 73% for males.  

Current Fisheries Dependent Monitoring
New Hampshire Creel Survey
NHF&G has conducted winter creel surveys since 1978.  The survey 

occurs from ice in to ice out, generally between the months of December 
and March.  Four locations are sampled: the Lamprey, Oyster/Bellamy and 
Squamscott rivers as well as Great Bay.  From 1983-1986 no survey was con-
ducted due to lack of funding, and in 2002 and 2006 fishing, and subsequently 
surveys, were not possible due to lack of ice cover.

Biologists interview all anglers (or a sub-sample when large groups of an-
glers are present) for catch and effort information during a two hour survey pe-
riod per day, visiting locations on a rotating basis.  The information collected is 
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expanded to provide estimates of catch, effort and catch per unit effort (CPUE) 
by month and location.  Biological information from the smelt catch, including 
length, sex and scales for ageing, are taken from 150 fish weekly.

The average CPUE for 1987-2011 is 4.48 fish/hour over the entire sample 
period. High CPUEs have not been observed in the last ten year period (2000-
2011, max CPUE = 5.6), compared to the previous twenty year period (1980-
1989 max CPUE = 10.3; 1990-1999 max CPUE = 10.6; Figure 1.3.1).  In 
most recent years, the CPUE has been below the series average (4.48) until 
2011 when it increased to 5 fish/angler hour.  There has not been a peak in 
CPUE over 6 fish/angler hour since 1995. The CPUE shows large inter-annual 
variability, and seems to follow a 5-10 cyclical pattern (Figure 1.3.1).

Maine Creel Survey
Adopting sampling methods currently used by NHF&G (Sullivan 2009) 

and methods used in a 1979-1982 study conducted by the ME DMR (Flagg 
1983), ME DMR again began conducting creel surveys in 2009 in the Ken-
nebec River and Merrymeeting Bay area. As part of this survey, ME DMR staff 
visited participating camps two or three times per week on a rotating basis 
to collect biological information about the recreational catch.  Staff collected 
biological information from a subset of each angler’s catch (up to 100 fish per 
angler), including length, sex, scale samples for ageing and fin clip samples for 
genetic sampling.  The number of anglers, fishing hours, and the number of 
fishing lines used was also recorded.

CPUE was calculated as the total number of smelt caught per line-hour 
of fishing, as opposed to NHF&G calculation of CPUE as smelt caught per 
angler hour – ME DMR currently calculates CPUE using line-hour to remain 
consistent with surveys conducted by ME DMR 1979-1982.  The recent 
survey found a slightly lower CPUE (0.48), compared to the 1979-1982 study 
CPUE (0.64), however inter-annual variability was significantly larger than the 
comparison between the two study periods (Figure 1.3.2, Flagg 1983). While 
annual fluctuations in CPUE occurred in both surveys, the recent survey had 
the lowest CPUE recorded (0.17) during the two time series. 

Catch Card boxes were also posted at each camp for fishermen to voluntari-
ly report information about their total smelt catch and any bycatch; responses 
varied widely between sites and between years. There were 122 responses in 
2009, 6 in 2010, and 37 in 2011 for all camps combined. It is our hope that 
with continued interaction with anglers and camp owners that the number 
of responses will increase. Despite the low number of responses in 2010, the 
Catch Cards still reflected the catch patterns found in creel survey data. 

Current Fisheries Independent Monitoring
State Inshore Trawl Surveys
The three state fisheries agencies perform inshore small-mesh trawl sur-

veys twice a year, in the spring (MA DMF in May, NH/ME in late May, early 
June) and fall (MA DMF in September, NH/ME in October, early November). 
The MA DMF has been performing surveys since 1978, while the ME DMR 
began sampling the New Hampshire and Maine waters in fall 2000. These 
surveys provide information about marine habitat use and migration patterns 
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of rainbow smelt, as discussed in section 1.1 – Basic Biology. However, this 
survey is designed to monitor groundfish abundance, and has limited applica-
tion for pelagic species like rainbow smelt. The data are helpful in determining 
the presence or absence of smelt in certain regions and depths, and can give a 
picture of inter-annual age cohort strength from size data, but are not powerful 
in showing trends in rainbow smelt abundance. However, trends in catches in 
both state surveys seem to have a 5-10 year cyclical pattern similar to the creel 
surveys and juvenile abundance surveys (Figure 1.3.3), although the causal  
factor behind these cycles is unknown.

Maine and New Hampshire Juvenile Abundance Surveys
In 1979, ME DMR established the Juvenile Alosine Survey for the Kenne-

bec/Androscoggin estuary to monitor the abundance of juvenile alosines at 14 
permanent sampling sites, sampled June through November. Four sites are on 
the upper Kennebec River, three on the Androscoggin River, four on Merry-
meeting Bay, one each on the Cathance, Abadagasset, and Eastern rivers.  These 
sites are in the tidal freshwater portion of the estuary.  Since 1994, ME DMR 
added six additional sites in the lower salinity-stratified portion of the Ken-
nebec River. The seine is made of 6.35 mm stretch mesh nylon, measures 17 m 
long and 1.8 m deep with a 1.8 m x 1.8 m bag at its center. The net samples an 
area of approximately 220 m2.  

Of all the river sections, the lower Kennebec catches considerably more 
juvenile smelt than all upstream sections; the average catch over the time period 
for the lower Kennebec was 92 smelt/haul/year, while all others were under 10 
smelt/haul/year, and catches are sporadic. Though the highest average annual 
catch occurred in 2005 (316 smelt/haul) in the lower Kennebec, juvenile smelt 
abundance in this river segment has been low since 2007, with three of the four 
lowest average annual catches occurring in the past four years. Trends in abun-
dance also seem to follow a 5-10 cyclical pattern similar to the other surveys 
(Figure 1.3.4).

The NHF&G has conducted an annual Juvenile Abundance Survey since 
1997.  It is designed as a fixed station survey, as opposed to a stratified random 
survey, because strong tidal currents, rocky shorelines, and various anthropo-
genic structures limit the amount of suitable beach seining locations.  A total of 
15 fixed locations are sampled monthly from June to November.  The stations 
are located within the Great Bay and Hampton-Seabrook estuaries. Seine hauls 
are conducted by boat using a 30.5 m long by 1.8 m high bag seine with 6.4 
mm mesh deployed 10 – 15 m from the shore. Over the sampling period, the 
Piscataqua River has seen the highest CPUE (177 smelt/haul/year), however 
the highest annual average catch occurred in Great Bay in 2001 (225 smelt 
per haul).  The lowest average catch over the entire sampling period was in the 
Hampton Beach/Seabrook area (11 smelt/haul/year). While these abundance 
data also seem to follow a cyclical pattern, there has been a decline in the juve-
nile rainbow smelt being captured in recent years – excluding the first year of 
sampling, the four lowest average annual catches have occurred within the past 
6 years (Figure 1.3.5). 

New Hampshire Egg Deposition Monitoring
New Hampshire Fish and Game Department conducted egg deposition 

sampling from 1978-2007 using methodologies described by Rupp (1965).  A 
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ring of known area (20.3 cm2) was tossed on natural substrate, and the number 
of eggs within the ring was counted.  Egg counts were conducted weekly, from 
mid-March to mid-April, in the Oyster, Bellamy, Lamprey, Squamscott and 
Winnicut rivers.  The mean number of eggs per square centimeter was used as 
an index of spawning stock abundance.  Validation of the index was attempted 
by regressing the index with catch per unit effort (CPUE) of the creel survey 
but showed very poor correlation. The egg deposition sampling was discon-
tinued in 2008 because comparisons between this dataset and other indices of 
smelt abundance (creel and juvenile surveys) did not correlate well, while trends 
in the other surveys did correlate well with each other.

Maine Spawning Stream Use Monitoring
In 2005 and 2007-2009, biologists with the ME DMR worked with the 

Maine Marine Patrol to document coastal rivers and streams currently being 
used by rainbow smelt for spawning. The survey collected information about 
the spawning habitat (substrate, possible obstructions), and the strength of the 
run as characterized by the density of egg mats or number of spawning adults 
present.  We compared the current use and strength of runs to information 
collected by ME DMR in the early 1970s (Flagg 1974) and to information 
compiled in 1984 by the U. S. Fish and Wildlife Service (USFWS 2012). 

Of the 279 streams surveyed , the majority either  supported smaller runs 
than they did historically or no longer support spawning, while only a small 
percentage (19%) seem to currently support strong runs (Table 1.3.2, Figure 
1.3.6). Spawning decline was concentrated in southern Maine, lower Casco 
Bay, the Kennebec River, and the east side of Frenchman’s Bay. Spawning runs 
remain strong in northern Casco Bay, the Medomak, St. Georges, and Penob-
scot Rivers, and around Pleasant Bay and Cobscook Bay. 

Regional Fyke Net Sampling 
Earlier research on anadromous smelt populations in the Gulf of Maine has 

primarily consisted of short-term efforts that monitor smelt size and age  
structure during spawning runs. These efforts have not produced long-term 
population indices of abundance for smelt, and presently, no indices exist in 
New England. The smelt SOC project targeted the spring spawning runs as 
a source of information on population status. The objective was to produce 
fishery-independent indices of abundance, with the understanding that only 
mature smelt participate in the spawning runs. The approach was to record  
biological data from spawning runs; to conduct analyses on size and age com-
position, catch-per-unit-effort, and mortality; and to make comparisons as 
possible among rivers and to previous studies.

Establishing Gulf of Maine Spawning Site Indices

Methods.  As part of this project, fyke net stations were selected at coastal 
rivers in Maine, New Hampshire, and Massachusetts for monitoring during 
2008-2011 (Figure 1.3.7, Table 2.1.1). The stations were chosen for suitability 
to maintain a fyke net in a known smelt run and to represent a range of run 
sizes and watershed conditions. The fyke net was set at mid-channel in the 
intertidal zone below the downstream limit of smelt egg deposition. The fyke 
net opening faced downstream, and nets were hauled after overnight sets. This 
approach was adopted to intercept the spawning movements of smelt that occur 
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at night during the flood tide. Fyke net catches were assumed to be representa-
tive of the size and sex composition of the spawning run. With each haul, smelt 
were counted, sexed, measured (total length) and released. Scales were sampled 
weekly at some stations for ageing.  

After pilot deployments in 2007-2008 to identify suitable stations, eight 
fyke net stations were monitored in Massachusetts, three stations in New 
Hampshire and six in Maine (Figure 1.3.7).  The sampling period in  
Massachusetts targeted 11 weeks from the first week of March to the third 
week of May to cover the known smelt spawning period. The sampling dura-
tion in New Hampshire and Maine varied due to a later ice-out and spawning 
season that occurs later with increasing latitude. 

2008-2011 Results

Smelt were captured at most fyke stations during the spring spawning runs 
of 2008-2011. The annual catches ranged from few individual smelt in some 
rivers to several thousand in the larger smelt runs. The following sections and 
graphics describe major findings in the fyke net catch data that portray popula-
tion trends across the species’ distribution on the Gulf of Maine coast.   

Seasonality. Because smelt migrate from marine to freshwater habitats to 
spawn during the spring freshet, they are affected by a range of environmental 
factors most related to temperature and precipitation. Understanding how an 
unpredictable environment can influence the timing, location and strength of a 
smelt run is valuable for managing smelt populations.  Accordingly, characteris-
tics of the onset, peak, and overall duration of a smelt run can provide measures 
of population health.  In this study, the onset and ending of the spawning run 
were based on the average date of first and last capture, respectively. Spawn-
ing run peak was determined based on the average date of maximum catch. In 
several cases, the onset and the ending of the spawning run were inconclusive 
and had to be estimated using best professional judgment. Run duration was 
determined based on the average yearly duration of the run from 2008-2011.   

Inter-system variability was noted in the timing of the spawning run 
(Figure 1.3.8). Within most systems in Massachusetts and New Hampshire, the 
spawning run had begun by mid-March. Within several Maine systems, how-
ever, the spawning run was delayed and did not start until late-April. Similar 
patterns were observed in the peak and ending, with Massachusetts and New 
Hampshire systems having earlier peaks and earlier ending dates than those in 
Maine. Differences in run timing among states are presumably attributable to 
regional differences in climate, with cooler, more northerly systems displaying a 
delayed spawning run.

Run duration also varied with location. The longest run durations were  
observed for the Fore and Jones rivers, Massachusetts, and Tannery Brook, 
Maine. In these systems, average run duration appeared to exceed 70 days. 
Conversely, the shortest runs were observed to occur in the North, Weweantic, 
and Saugus rivers, Massachusetts, where average run duration did not exceed 
40 days. The causes for the differences in run duration are unknown, par-
ticularly because previous studies have demonstrated shorter run durations in 
northern latitudes, with runs in individual tributaries often lasting less than 
two weeks in New Brunswick (McKenzie 1964) and Québec (Pouliot 2002). 
In the case of the U. S. Gulf of Maine surveys, population abundance and year 

Because smelt migrate 

from marine to fresh-

water habitats to spawn 

during the spring freshet, 

they are affected by a 

range of environmental 

factors most related to 

temperature and  

precipitation. 



26 • anadromous rainbow smelt regional conservation plan

class strength may be influential, however the causal factors are not currently 
understood. 

Catch Per Unit Effort (CPUE).  The number of fish captured per a given 
amount of sampling, known as catch per unit effort (CPUE), is a measure 
used by fishery scientists to assess the relative abundance of a fish population, 
under the assumption that higher catches for a given amount of sampling effort 
(e.g., time, gear, habitat area, samplers) represents greater abundance.  For the 
fyke net survey, the number of smelt caught per haul was used as a measure of 
CPUE. Yearly measures of CPUE were based on the geometric mean of weekly 
average CPUE. 

The results of this study demonstrated that CPUE varied widely among  
rivers and years. For the entire region, the two highest overall CPUE were 
found in Maine (Deer Meadow Brook = 58.07, Schoppee Brook = 37.83), 
while the two lowest were found in Massachusetts (Westport River = 1.01, 
North River = 1.37). There was an overall trend of higher CPUE in Maine 
compared to New Hampshire and Massachusetts – out of the 17 index sites, 
four out of the top five highest CPUE were found in Maine (Table 1.3.3). 

Considering abundance by state, in Massachusetts, the Fore River had the 
highest overall CPUE (20.42), while the Westport River had the lowest (1.01). 
In New Hampshire, the highest overall value was found at the Oyster River 
(5.62), while the lowest was at the Winnicut River (1.64). In Maine, the  
highest was found at Deer Meadow Brook (58.07), and the lowest at Long 
Creek (11.39, Table 1.3.3).

Yearly CPUE peaked in five of eight Massachusetts rivers in 2008, suggest-
ing that in these systems, the largest smelt runs were observed at the beginning 
of the study (Table 1.3.3, Figure A.1.1). In New Hampshire, the highest annual 
CPUE for all rivers was seen in 2011 (Table 1.3.3, Figure A.1.2). In southern 
and midcoast Maine (Long Creek, Mast Landing, and Deer Meadow Brook), 
the highest annual CPUE was seen in 2008 or 2009, while in eastern Maine 
(Tannery, Schoppee, and East Bay brooks), the highest annual geometric mean 
values were seen in 2010 (Table 1.3.3, Figure A.1.3). It should be noted that 
when CPUE is calculated as simply the number of smelt per haul, the highest 
CPUE for East Bay Brook occurred in 2008 (Figure A.1.3).

At this time, high levels of variability in CPUE and the limited duration of 
the study prohibit a statistical analysis of trends in relative abundance. How-
ever, the CPUE data from 2008-2011 for some stations should be valuable as a 
reference point for future comparisons.

Length and Age Composition. Length and age information yields  
important insights into the health of a fish population. As a general rule, the  
presence of a variety of age classes is indicative of a healthy population. Further, 
populations containing older and larger individuals, which have a relatively 
high reproductive potential, are considered healthier than those containing only 
younger, smaller individuals.  Smelt are fast growing fish that mature at small 
size and become fully recruited to the spawning stock at age-2 in the study area. 
We measured total length of captured smelt to the nearest millimeter (mm). 
Smelt ages were determined from scale samples. 

The age class composition of the runs varied between sites, but displayed 
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geographical patterns. We found that runs in the southern portion of the Gulf 
of Maine (represented by the Fore River, Massachusetts, and Mast Landing, 
Maine) displayed two dominant age modes: one comprised mainly of age-1 
smelt and second mode comprised of mainly age-2 smelt (Figure 1.3.9 and 
1.3.10). Age-1 smelt were common in Massachusetts and, in some years, were 
the dominant age class; yet this age class was present at much lower frequencies 
in spawning runs in the northern range of the study area (Table 1.3.4, Figures 
1.3.9-1.3.14). In the mid-portion of the region (represented by Deer Meadow 
and Tannery brooks, Maine), age-1 fish were encountered infrequently – the 
runs instead were dominated by age-2 fish, and the frequency of age-3 individ-
uals was much higher than seen in more southern runs. Older ages (4-5) were 
also seen in these runs at higher rates than at all other runs, and these were the 
only sites to have age-6 fish represented in the runs (Table 1.3.4, Figures 1.3.11 
and 1.3.12). In the northeastern portion of the Gulf of Maine (represented by 
Schoppee and East Bay brooks), runs were composed primarily of age-2 fish, 
with few to no age-1 fish observed. Age-3 fish were observed, but at a lower  
frequency than the mid-portion of the region. The occurrence of older ages 
(4-5) was higher than the southern runs, but not as high as the mid-portion 
(Table 1.3.4, Figures 1.3.13 and 1.3.14).  The fact that fish at age-4 or older 
were unusual in Massachusetts, but relatively common in Maine samples,  
suggests higher levels of mortality in southerly systems.  

Length at age also varied between sites, but again showed a geographic 
pattern. Because large sample sizes of age-2 males were present in each run, it 
is informative to compare the average lengths between sites using this category. 
The largest length at age was observed in the southern portion of the region 
(Fore River avg. age-2 male = 184 mm, Mast Landing = 178 mm, Table 1.3.4), 
indicating a faster growth rate at lower latitudes. Though the Oyster River 
geographically lies between these sites, age-2 males were comparatively smaller 
than the other southern sites (162 mm). This smaller age-at-length compared 
to surrounding sites may be evidence of a stressed population in the Oyster 
River, although further evidence would be needed to substantiate this idea. 
Comparisons between previous studies show that length-at-age is observed to 
decline moving northward (Table 1.3.1). We observed a similar trend, how-
ever the smallest length-at-age was observed in the mid-portion of the region 
(Deer Meadow Brook avg. age-2 male = 157 mm, Tannery Brook = 142 mm, 
Table 1.3.4). Sites at the most northeastern portion of the Gulf of Maine had 
larger age-2 males than in this mid-portion, but smaller than the southern sites 
(Schoppee Brook = 163 mm, East Bay Brook = 166 mm, Table 1.3.4). This 
pattern in age-at-length, as well as the pattern in run compositions discussed 
above, is coincident with the genetic stock structure of rainbow smelt reported 
by Kovach et al. (in press) and discussed in section 1.1 – Basic Biology, which 
found that the fish from Tannery Brook had a genetically differentiated signal 
that was also seen in fish from Deer Meadow Brook, but not in any other sites.

Because it was not possible to develop age-at-length keys for all sites due 
to low sample numbers at some sites, median length (calculated from all fish 
at a site) and length distributions are useful in understanding region-wide 
trends. Median lengths were lowest for males in the Massachusetts sites, and 
for females in the New Hampshire sites, and were generally higher for Maine 
sites (Table 1.3.5, Figure 1.3.15). The driving factor behind these patterns 
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seems to be the age composition of each of these runs rather than the length at 
age – runs in the southern portion of region are composed of a large proportion 
of age-1 fish, while runs in the mid- and northeastern portion have a higher 
proportion of age 3+ fish (Table 1.3.4). While not all fish were aged, modes 
corresponding to specific ages can help in affirming this idea. Length frequency 
figures for all sites with enough samples to produce relevant figures are included 
in the Appendix (Figures A.1.4 – A.1.14).

Sex Ratio.  Although spawning runs of most anadromous fishes are male 
biased, those displaying a substantially higher proportion of males may be 
indicative of a stressed population. Because the limiting factor for population 
growth is often the abundance of females, populations dominated by males 
may be less robust than those containing a higher proportion of females. In this 
study, sex ratio was determined based on the ratio of the aggregate 2008-2011 
catch of males to the catch of females.

The results of the fyke net survey demonstrated that each system contained 
a smelt population that was male biased. Overall, this survey observed an  
average sex ratio of 4:1. Of the systems sampled, the most heavily male biased 
were the Parker River, MA, and the Squamscott and Oyster rivers, NH, which 
all displayed a male to female ratio of greater than 8:1. The lowest male to 
female ratios were found in three systems in Maine: Tannery Brook, Schoppee 
Brook, and the East Bay River. In each of these systems, the sex ratio was less 
than 2:1. We acknowledge that these sex ratios are biased themselves due to 
the behavior of male smelt spending more time on the spawning grounds than 
females (Murawski et al. 1980).  

Mortality.  Limited work has been done on population metrics for anadro-
mous rainbow smelt throughout their range, but a few studies have calculated 
population mortality and survival rates based on age structure (Murawski and 
Cole 1978, Pouliot 2002).  Survival and mortality analyses have potential biases 
that may limit their accuracy. Few age cohorts are available for the assessment: 
the age-1 cohort is excluded from mortality estimates because they are partially 
recruited to the spawning run, and age-4 smelt are presently uncommon. Sec-
ondly, the sampling method cannot distinguish the occurrence of repeat spawn-
ing movements of individual smelt; this behavior could bias measurements of 
mortality and survival. Under the assumption that these biases were consistent 
among studies, we calculated mortality and survival estimates for sites that had 
sufficient age data for 2008-2011 and compared them to previous studies. 

Within the study area, survival rates (S) and instantaneous total mortal-
ity (Z) were calculated using the Chapman and Robson equation (Chapman 
and Robson 1960) at five stations in Maine and one each in Massachusetts and 
New Hampshire.  However, the presence of some small sample sizes, few years 
of observations and the above discussed biases limit the reporting of these data 
to a relative comparison across the region and to past studies. Tannery Brook, 
Maine, had the highest average survival for 2008-2011 at S = 0.33, followed by 
S = 0.26 for 2009-2011 at Deer Meadow Brook in Maine.  For sites that had at 
least three years of data, the Fore River, Massachusetts, had the lowest average 
survival at S = 0.17. The range of these spawning population survival estimates 
places the higher values in the present study among the highest reported by 
previous studies in the U.S. (Murawski and Cole 1978, Lawton et al. 1990) and 
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Canadian Provinces (McKenzie 1964, Pouliot 2002), and the sites at the lower 
range are the lowest survival values reported for anadromous rainbow smelt. 

Study Area Summary

Massachusetts. Of the eight fyke net stations monitored in Massachusetts, 
six caught enough smelt to allow summary comments on run demographics, 
but only the Fore River had a sufficient sample size to generate age composition 
data each year. The age and length data in Massachusetts suggest the pres-
ence of a truncated age distribution, a sign of stressed populations due to high 
mortality and potentially poor recruitment. Male smelt in Massachusetts have 
similar median lengths compared to male smelt in New Hampshire and Maine.  
However, female smelt in Massachusetts had higher median length than the 
other states; a statistic driven by larger age-2 to age-4 females. Massachusetts 
stations are dominated by length modes that indicate age-1 and age-2 smelt, 
with very low presence of smelt older than age-4. The proportion of age-1 
smelt in Parker River and Jones River spawning runs markedly exceeds that 
found in previous studies. Changes in the contribution of age-1 smelt to the 
spawning run between previous studies and the present study, and the higher 
proportion of these small smelt in Massachusetts compared to New Hampshire 
and Maine raises interesting questions on the significance of these apparent 
differences.  Smelt at the southern stations may experience faster growth in 
their first year and are reaching a body size that supports maturity sooner than 
northern runs. 

New Hampshire.  The presence of mature smelt was documented in fyke 
catches in the Bellamy, Salmon Falls, Lamprey, Squamscott, Winnicut and 
Oyster rivers during 2008, and the standardized fyke net sampling protocol 
was followed in the Squamscott and Winnicut rivers from 2008-2011, and 
in the Oyster River from 2010-2011.  Sufficient age samples were collected 
at the Oyster and Squamscott rivers in 2011 to prepare length frequency and 
age-length graphs. Two length modes are apparent in both rivers composed of 
age-1 and age-2 smelt.  However, more overlap is seen in these modes than is 
found in Massachusetts smelt age-length data.  Few smelt reached age-4 in New 
Hampshire rivers. For each available age key, age-4 comprised less than 2% of 
the annual age sample. Growth rates appear to be slower within New Hamp-
shire runs, as age-3 smelt occur at smaller lengths than seen in Massachusetts 
and no age-2 smelt larger than 19 cm have been sampled.  

Maine. All six Maine fyke net stations produced sample sizes large enough 
to summarize information on smelt run status. Median smelt length for the 
Maine stations was slightly larger than at the other states because these runs 
had a lower proportion of age-1 smelt, but higher proportion of age 3+ smelt; 
however, average length at age was smaller, indicating a slower growth rate 
compared to sites further south. The Maine smelt runs also averaged higher 
CPUE rates and showed more balanced age distributions and sex ratios than 
seen in southern runs. These patterns were most evident in catch data from the 
easternmost Maine stations. All these observations indicate relatively healthier 
smelt runs in Maine than in Massachusetts and New Hampshire. The age 
composition of smelt in Maine’s spawning runs contributes to less separation 
between length modes and an extended age-2+ mode. These features could 
reflect interesting potential differences in growth rates, maturation, and survival 
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in Maine than at the southern runs.  

Conclusions About Regional Fyke Net Sampling

A common goal in fisheries management is to base decisions on a long-
term stock assessment that generates defensible biological benchmarks on the 
health of the fish stock. The present study does not achieve this goal, but it 
starts the process of providing information on spawning run CPUE, temporal 
characteristics, and size and age composition of rainbow smelt in three states. 

The sampling period from 2008-2011 is too brief for conclusions on 
population trends. However, such baseline information is vital for all fish stock 
assessments. The task of assessing the status of rainbow smelt in the Gulf of 

Table 1.3.1.  Mean length at age 
and proportion at age of anad-

romous rainbow smelt sampled 
during spawning runs in earlier 

studies in the study area and 
Canadian Maritime Provinces. 

All length data were converted to 
total length. 
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Table 1.3.2. Current state of smelt 
spawning runs in Maine with re-
spect to their historical status.

Status	 Number	 Percent

Not historically listed, and currently do not support spawning 	 42	 15%
Historical runs that do not currently support spawning	 35	 13%
Currently support smaller runs than historically	 95	 34%
Currently support strong runs	 53	 19%
Historical runs that were not visited, current status is unknown	 54	 19%

Table 1.3.3. Catch per unit effort 
(CPUE) of rainbow smelt at fyke 
net spawning survey index sites, 
by annual CPUE and overall CPUE 
for the entire sampling period, 
2008-2011.

 	  			                 Annual CPUE			   Overall
River		  State	 2008	 2009	 2010	 2011	 CPUE

Weweantic R.		  MA	 2.81	 1.27	 1.47	 1.57	 1.78
Westport R.		  MA	 1.00	 1.00	 1.00	 1.02	 1.01
Jones R. 		  MA	 9.13	 5.58	 7.56	 5.13	 6.85
Fore R. 		  MA	 33.55	 10.41	 22.00	 15.70	 20.42
Saugus R. 		  MA	 6.30	 1.19	 1.07	 2.49	 2.76
North R.		  MA	 1.39	 1.12	 1.08	 1.90	 1.37
Crane R.		  MA	 3.03	 1.97	 2.12	 3.39	 2.63
Parker R.		  MA	 7.63	 2.56	 1.66	 2.47	 3.58
Squamscott R. 		  NH	 3.45	 1.44	 1.08	 6.26	 3.06
Winnicut R.		  NH	 1.60	 1.34	 1.36	 2.25	 1.64
Oyster R.		  NH	 -	 -	 5.45	 5.79	 5.62
Long Cr.		  ME	 -	 18.69	 5.56	 9.93	 11.39
Mast Landing		  ME	 52.00	 29.84	 8.81	 13.80	 26.11
Deer Meadow Bk.	 ME	 11.11	 100.82	 24.86	 95.46	 58.07
Tannery Bk.		  ME	 15.28	 28.26	 41.87	 14.03	 24.86
Schoppee Bk.		  ME	 -	 -	 38.42	 37.25	 37.83
East Bay R. 		  ME	 15.48	 4.42	 21.66	 11.86	 13.35

Maine is further complicated by the case of having distinct stock structure for 
some rivers, instead of a coast-wide stock complex. Finally, the assessment of 
anadromous fish is confounded by their migration between marine and  
freshwater habitats, where different factors influence their growth and survival. 
Despite these challenges, the fyke net data from the present study show a gradi-
ent of conditions with signs of stressed populations in southern Gulf of Maine 
and less evidence of stress moving north along the Maine coast, as evidenced by 
younger age distributions, smaller age-at-length, and lower CPUE rates. 
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Table 1.3.4. Mean length at age 
and proportion at age of anadro-
mous rainbow smelt sampled at 
fyke net stations for 2008-2011 

for the present study. Age keys 
were applied to length samples 

for proportion at age.
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Table 1.3.5. Rainbow 
smelt length data from 
catches at fyke net  
stations, 2008-2011. 
A few stations were 
excluded because of low 
sample sizes or poten-
tially biased samples 
from few hauls. Smelt 
of unknown sex were 
excluded from this table. 
Sex ratio is the ratio of 
males to females.
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Maine Creel Survey

Figure 1.3.2. Catch per unit effort 
(CPUE) as smelt caught per line-
hour of fishing observed during 
the rainbow smelt winter creel 

survey in Maine during 1979-
1982 and 2009-2011.

Figure 1.3.3. Inshore Trawl Survey 
average annual smelt catches (in 

numbers of fish) from MA DMF 
state survey (1978-2011) and 

ME DMR/NHF&G combined state 
survey (2000-2012).

Figure 1.3.1. New Hampshire Fish 
and Game Creel Survey catch per 

unit effort (CPUE) calculated as 
number of fish caught per hour of 

fishing 1978-2011.
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Maine Juvenile Abundance Survey - Lower Kennebec

Figure 1.3.4.  Average annual 
catch of rainbow smelt YOY in ME 
DMR Juvenile Abundance Survey 
in the lower Kennebec River. 
Other sites are excluded due to 
low catches.

Figure 1.3.5.  Average annual 
catch of rainbow smelt YOY in 
NHF&G Juvenile Abundance Sur-
vey. The 11 locations within the 
Piscataqua River and Little/Great 
Bay were grouped into two cohorts 
to show annual trends. The Hamp-
ton/Seabrook area was excluded 
due to low catches.
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Figure 1.3.6. Current status of 
smelt spawning runs in Maine and 

historical sites where the current 
status remains unknown.
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Figure 1.3.7. Fyke net monitoring 
stations in Massachusetts, New 
Hampshire, and Maine 
2008-2011.

Figure 1.3.8.  Smelt runs progress 
in a bell-curve shape over the sea-
son, where the beginning of the 
run sees few smelt, and the num-
ber steadily increases to a peak in 
the run (red portion of the bars in 
the figure), after which point the 
run steadily declines (blue por-
tion of the bars). These patterns 
are shown here, along with the 
average beginning and end date 
of each run 2008-2011. Stations 
are arranged from south to north 
starting at the x-axis origin. 
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Figure 1.3.10. Age composition of 
Mast Landing, ME, fyke net catch 

in 2008-2011.  Both genders 
were combined with number of 

age samples reported as “Age N” 
and length frequency sample size 

reported as “L/F N”.
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Figure 1.3.9.   Age composition 
of Fore River, MA, fyke net catch 

in 2008-2011.  Both genders 
were combined with number of 

age samples reported as “Age N” 
and length frequency sample size 

reported as “L/F N”.
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Figure 1.3.11.   Age composition 
of Deer Meadow Brook, ME, fyke 
net catch in 2008-2011.  Both 
genders were combined with 
number of age samples reported 
as "Age N" and length frequency 
sample size reported as "L/F N".

Figure 1.3.12. Age composition of 
Tannery Brook, ME, fyke net catch 
in 2008-2011.  Both genders 
were combined with number of 
age samples reported as “Age N” 
and length frequency sample size 
reported as “L/F N”.
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Figure 1.3.14. Age composition 
of East Bay Brook, ME, fyke net 
catch in 2008-2011.  Both gen-

ders were combined with number 
of age samples reported as “Age 
N” and length frequency sample 

size reported as “L/F N”.
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Figure 1.3.13. Age composition 
of Schoppee Brook, ME, fyke net 

catch in 2010-2011.  Both gen-
ders were combined with number 
of age samples reported as “Age 
N” and length frequency sample 

size reported as “L/F N”.
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Figure 1.3.15.  Median total length 
of smelt caught at 14 fyke net 
stations in the study area, 2008-
2011. The top of the box plots 
is the 75th percentile and the 
bottom is the 25th percentile. The 
line in the box is the median and 
the error bars mark the 10th and 
90th percentiles. The stations are 
arranged on the x-axis from the 
southernmost MA station to the 
northernmost ME station. Station 
medians for females and males 
were found to be significantly 
different with Kruskal-Wallis test, 
KW = 1324.94, df = 13, p <0.001; 
and KW = 2000.77, df = 13, p 
<0.001, respectively.

MALE

FEMALE

River

WW JR FR SG CN PR SQ OY LC ML DM TB SB EB

TL
 (m

m
)

50

100

150

200

250

TL
 (m

m
)

River

WW JR FR SG CN PR SQ OY LC ML DM TB SB EB

TL
 (m

m
)

50

100

150

200

250

TL
 (m

m
)



42 • anadromous rainbow smelt regional conservation plan

2 – Threats to Rainbow Smelt Populations  
in the Gulf of Maine

Rainbow smelt encounter a variety of potential threats during their fresh-
water and marine life stages.  Dams, overfishing, and pollution have typically 
been considered the most important factors affecting diadromous fish, includ-
ing rainbow smelt (Saunders et al. 2006, Limburg and Waldman 2009).  While 
these factors may have played major roles in the declines of rainbow smelt, 
other factors may also be responsible for recent declines.  Changes in trophic 
interactions, community shifts, watershed land use, and climate-driven  
environmental conditions may all need to be considered when evaluating  
factors that affect rainbow smelt populations.

2.1 – Threats to Spawning Habitat Conditions and Spawning  
Success

Spawning Site Characteristics
Across their distribution range, smelt spawning runs are variable in regard 

to habitat use, spawning substrate, spawning period, and water temperature 
range (Bigelow and Schroeder 1953, Hurlbert 1974, Kendall 1926, Pettigrew 
1997, Rupp 1959). Investigations of Massachusetts smelt runs have found that 
spawning begins between late February and mid-March when water tempera-
tures reach 4-6 °C and concludes in May (Chase 1990, 2006; Chase and Childs 
2001; Crestin 1973; Lawton et al. 1990). In New Hampshire, spring runs 
begin in early to mid-March when the water temperatures reach 3-6 °C and 
conclude in May (NHF&G, current study).  In Maine, the timing of the run 
varies geographically, beginning in late March in waters west of the Kennebec 
River, in mid-April in waters between the Kennebec River and the Penobscot 
River, in late April to early May in the Penobscot River and advancing to mid-
May in most waters in downeast Maine. Water temperature at the beginning 
of runs varies from 1.5-9 °C, and most runs in Maine last four to five weeks 
(ME DMR, current study). There is also some evidence that rainbow smelt 
may spawn in the main stem of large rivers in Maine earlier than runs begin in 
smaller streams close to these rivers.  In rivers such as the Kennebec, Penobscot, 
Union, and Pleasant, spawning may occur under the ice or directly following 
ice-out in mid-March to early April (ME DMR, current study).  

The best documentation of the physical characteristics of smelt spawning 
habitats in the Gulf of Maine is provided by a detailed assessment of  
Massachusetts rivers that was conducted between 1988 and 1995 (Chase 2006).  
This study identified both stream attributes and water chemistry conditions 
that were suitable for smelt spawning. Chase (2006) documented and mapped 
smelt spawning habitat at 45 locations in 30 rivers on the Gulf of Maine coast 
of Massachusetts. Rainbow smelt egg deposition was documented to take place 
over stream sections ranging from 16 m to 1,111 m in length, with an average 
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of 261 m.  In most cases, the downstream limit of egg deposition occurred near 
the interface of salt and fresh water, while the upstream limits were typically 
delimited by physical impediments that prevented further passage.  When  
passage allowed, smelt would continue spawning in freshwater riffles beyond 
tidal influence.  The average patch size of substrate where smelt eggs were  
observed was 2,336 m2, with a range of 16 m2 to 13,989 m2.  

Smelt were found to spawn in shallow riffles where water velocity increased 
in stream channels.  Within the streams where smelt eggs were found, channel 
width averaged 6.8 m.  Depth transects conducted in 16 of these streams found 
that the average depth of spawning riffles was 0.28 m, and the range of average 
depths was 0.1 - 0.5 m under baseflow conditions.   However, smelt eggs were 
found in depths up to 1.5 m in three surveyed rivers.  The average water veloc-
ity at the riffle transects was 0.39 m/s, with a range of 0.1 to 0.9 m/s. These 
measurements and observations of associated egg deposition led Chase (2006) 
to hypothesize that 0.5 – 0.8 m/s was an optimal range for adult attraction and 
egg survival. 

Observations in smelt spawning rivers in Massachusetts led Chase (2006) 
to conclude that the ideal channel configuration for spawning habitat may be-
gin with a deep channel estuary where the salt wedge rises to meet a moderate 
gradient riffle at the tidal interface and follows into the freshwater zone with 
ample vegetative buffer and canopy and an extended pool-riffle complex that 
spreads out egg deposition and provides resting pools.  However, this scenario 
was not common in Massachusetts spawning rivers, and likely is not in many 
other rivers and streams in the Gulf of Maine.  Many of the spawning streams 
and rivers were altered by: (1) a range of passage obstructions (undersized cul-
verts, dams, etc.) that limited or completely blocked the smelts’ ability to reach 
their spawning grounds, (2) channelization and flow alterations that changed 
water velocity and substrate conditions, and (3) removal of riparian vegeta-
tion, leading to increased amounts of polluted runoff flowing directly into the 
stream, as well as reduced canopy cover leading to increased water temperature. 
These three categories represent major threats to spawning habitat and to smelt 
spawning success, and they are described further in the following sections. In 
many cases, these threats are present simultaneously in more developed water-
sheds, compounding the threats to successful smelt spawning.

Obstructions
Dams
Industrial development depended on rivers for power, and over 500 dams 

remain on rivers in Maine, New Hampshire, and Massachusetts that may have 
a large impact on diadromous species (Martin and Aspe 2011).  Dams block 
access to spawning habitats for many anadromous species, but their effect 
on rainbow smelt is particularly acute.  The small body size of rainbow smelt 
makes them unable to jump to heights necessary to migrate through fish  
ladders, which pass other diadromous fish over dams. In Maine, at least 13 out 
of 275 (5%) historical and current spawning sites are either reduced in area 
or the spawning habitat is blocked by coastal dams (Abbott, USFWS, pers. 
comm., 2012). In New Hampshire, although smelt spawning occurs in most 
of the coastal rivers, head-of-tide dams exist on all of these rivers (with the 
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exception of the Winnicut River), reducing habitat and forcing smelt to spawn 
within areas subject to tidal influence. Although the exact number has not been  
documented, the same situation exists in Massachusetts, where head-of-tide 
dams limit spawning habitat.

Road crossings
The majority of smelt spawning streams in the Gulf of Maine are small 

coastal streams that are not dammed. More frequently, barriers are road-stream 
crossings. Undersized, improperly installed, or poorly maintained culverts at 
road-stream crossings can severely impair smelt migration. This can occur when 
culverts have become perched, where the downstream side stream height is well 
below the culvert height, or when culverts are undersized to such an extent 
that they create velocity barriers or reduce freshwater flow to levels that impede 
environmental cues for smelt.  Reducing stream habitat fragmentation is critical 
for increasing access to smelt spawning habitat. In Maine, there is an ongo-
ing effort to ground-survey all stream barriers. At the time of this report, 35% 
of the state has been surveyed. Of the 88 smelt historical or current spawning 
sites falling within this surveyed portion, 34 (39%) sites have potential barri-
ers to passage. Extending the scope to the entire state, 127 historical or cur-
rent spawning sites out of a total of 275 are crossed by roads at least once, and 
multiple times in many cases. While some of these crossings may have adequate 
passage, it is estimated that two-thirds of these crossings are undersized and 
may present passage problems for smelt (A. Abbott, USFWS, pers. comm.., 
2012).  The frequency of the problem is magnified in Massachusetts where only 
1 of 45 mapped smelt spawning habitats were unaltered by road crossings or 
impediments (Chase 2006).  

Channelization and Flow Disruptions 
Discharge and Velocity

In Massachusetts, New Hampshire, and Maine, most smelt runs occur in 
small coastal rivers or streams with low seasonal baseflows where spring stream 
discharge is sufficiently high to attract adults and support egg incubation.  In 
the Northeast United States, early spring flows are typically enhanced by snow 
melt and precipitation, but discharge may decline progressively later in the 
season.  In a survey of 45 spawning rivers in Massachusetts, aside from the  
Merrimack River, only nine had average spring discharges over 1 m3/s (35 cubic 
feet per second (cfs)), and only four exceeded a spring average of 10 m3/s (353 
cfs) (Chase 2006). 

During the current study, when USGS gauge stations were present, we re-
corded river discharge weekly at our smelt spawning sampling sites. None of the 
survey stations in Maine were located on rivers with gauge stations; however, 
measurements were available for two New Hampshire sites and four Massa-
chusetts sites (Table 2.1.1).  Over a two year period (2008-2009), we found an 
average discharge of 1.83 m3/s (65 cfs) across all sites, with most values (75%) 
under 1.99 m3/s (70 cfs) (Table 2.1.2). Discharge varied significantly between 
the sites, and was directly correlated to watershed size (Spearman’s rank correla-
tion = 0.78). 

Although high discharge is not a threat to smelt spawning, if it results in 
sharp increases in velocity it impairs smelts’ ability to reach their  
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spawning grounds. In watersheds with large amounts of impervious surface and 
not managed for stormwater, infiltration of runoff is reduced and the smoother 
impervious surfaces allow water to run off the surface and into streams faster.  
The combined result is a rapid increase in both volume and velocity (Cooper 
1996, Klein 1979). Substantial variability in velocity may be found within a 
coastal stream depending on specific location (e.g. pool versus riffle), and tim-
ing (precipitation events and tidal stage will affect daily velocities). However, as 
part of the current study we found that velocities at all spawning index sites fell 
within a fairly narrow range (0.32 m/s – 0.58 m/s) when measurements were 
taken within riffles when no tidal influence was present (Table 2.1.2). Velocity 
exceeded 0.79 m/s only 10% of the time, and generally the catch per unit effort 
of spawning adult smelt was lower during those high velocity events.   

Conversely, low discharge may also threaten successful spawning. Suffi-
cient freshwater flows are necessary for other anadromous species to cue their 
migrations and enable them to successfully locate their spawning site (Yako et 
al. 2002). Low discharge associated with urbanization may also lead to insuf-
ficient water mixing, resulting in higher water temperatures, lower dissolved 
oxygen, increased sedimentation, and increased concentrations of pollutants 
and contaminants (Klein 1979). Reductions in baseflow can be caused by water 
withdrawals and impounding as well as increases in impervious surface (Klein 
1979, Simmons and Reynolds 1982).  In many cases, withdrawals during 
the spring months may be expected to remove a small proportion of available 
spring flows.  However, concerns are growing in urban areas where human 
population growth has increased water demands.  Furthermore, a gradual but 
measured loss in snow pack over the last century has led to a reduction of 
spring baseflow in coastal streams, a situation that could compound concerns 
over water withdrawals.

Substrate and Channel Stability 

Natural stream and river channels that are vegetated and dynamic can  
absorb the impacts of flooding by accommodating changes in discharge and 
water levels. However, in urbanized areas with extensive impervious surface 
or where streams have been channelized by fixed walls, the runoff from large 
rain events flows directly into streams, leading to increases in the frequency 
and severity of flooding. In turn, these events can cause channel erosion and 
alteration of the stream bed (Klein 1979). The timing of flood events can cause 
positive responses to smelt spawning substrata by scouring sediment and  
periphyton before spawning occurs or negative responses by scouring away 
large egg sets (Chase 2006).  Booth and Reinelt (1993) report that pool and 
riffle habitat may be altered and channel stability may be degraded when  
impervious surface exceeds 10-15% of the watershed area  These impacts can 
be mitigated by restoring riparian buffers along stream and river banks. 

Watershed characteristics
Watershed activities can have a substantial influence on many of the condi-

tions identified above as potentially affecting rainbow smelt spawning habitat. 
Land cover in a watershed affects habitat conditions and biological communi-
ties in receiving waters in a variety of ways (Burcher et al. 2007, Allan 2004).  
Urbanization and agricultural activities can contribute to erratic flow levels, 
warmer water temperatures, channel alterations, sedimentation, chemical and 
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bacterial pollution, and nutrient loading (Wang et al. 2001a, Allan 2004). 
In addition, barriers to spawning passage are more likely to exist due to road 
networks in more urbanized watersheds than in less developed areas.  These 
watershed-associated factors can all influence the suitability of streams for  
rainbow smelt spawning. 

Associations between watershed characteristics and spawning site use have 
been observed for other anadromous species.  Limburg and Schmidt (1990) 
noted that spawning activity of anadromous fishes (mostly alewife) in tributar-
ies to the Hudson estuary was inversely related to the proportion of urban land 
use in the surrounding watershed.  In the Pacific Northwest, Pess et al. (2002) 
found that median densities of spawning coho salmon were 1.5-3.5 times 
higher in forest-dominated areas than in urban or agricultural areas.  These 
examples indicate that there may be linkages between spawning success and 
watershed characteristics. While the causal factors have not been identified, 
urbanization may influence in-stream habitat by increasing water velocities as-
sociated with flood events, changing substrate, removing canopy cover and thus 
increasing water temperature, and other habitat changes.

In this study, we evaluated correlations between rainbow smelt catch per 
unit effort at the spawning index sites and land use in the adjacent watersheds 
at two spatial scales: (1) the full drainage basin and (2) the 210 meter buffer 
immediately adjacent to the stream.  Watersheds within which rainbow smelt 
spawning runs were sampled represented a wide variety of conditions (Table 
2.1.1).  A principal components and cluster analysis suggests that the smelt 
spawning watersheds can be classified into three distinct types:  (1) urbanized, 
(2) forested, and (3) wetlands/agricultural (Figure 2.1.1).  Correlations be-
tween the aggregate mean CPUE of spawning rainbow smelt over 2008-2011 
(standardized based on net coverage of the stream width) indicate that weak 
spawning runs exist in rivers surrounded by urbanized watersheds, while rivers 
draining forested watersheds support strong smelt spawning populations.   
Interestingly, the negative association between development and CPUE was 
substantially stronger at the scale of the full drainage basin than when only the 
riparian buffer zone was considered (Table 2.1.3).  This appears to be because 
many rivers within urbanized watersheds have extensive riparian wetlands in 
their buffer zones.  The presence of these wetlands at the 210-m scale weakens 
the influence of urbanization on smelt spawning.  Other land cover types and 
the number of downstream crossings, at either the scale of the watershed or 
riparian buffer zone, were not significantly correlated to the strength of rainbow 
smelt spawning populations.  
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Table 2.1.1.  Rainbow smelt 
spawning habitat station loca-
tions for water quality monitoring.  
Drainage areas are GIS calcula-
tions set from the location of fyke 
net placement.

Table 2.1.2. Discharge and velocity 
measurements from spawning 
survey index sites. Discharge 
measurements taken from 
USGS gauge stations upstream 
of spawning sites and velocity 
measurements taken by state 
biologists at the spawning sites 
(discharge n = 6, velocity n = 13) 
in active riffle areas.

	 Discharge (m3/s)	 Velocity (m/s)
Minimum Value	 0.04	 0.050
Lower Quantile (25%)	 0.35	 0.323
Mean	 1.83	 0.478
Upper Quantile (75%)	 1.99	 0.579
Maximum Value	 12.81	 1.483

Table 2.1.3.  Spearman’s rank 
correlation between rainbow smelt 
spawning CPUE and land cover 
at two spatial scales.  Correlation 
coefficients in bold type indicate 
significance at the p = 0.5 level.

	                                  Correlation with smelt spawning CPUE

Land Cover	 Watershed Level	 Stream Buffer Zone (210m)
% developed	 -0.62	 -0.48
% developed open space (parks, golf courses)	 -0.47	 -0.32
% forest	 0.60	 0.60
% wetland	 -0.29	 -0.28
% agriculture	 -0.06	 0
number of downstream crossings	 -0.46	 -0.46
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Figure 2.1.1.  Cluster analysis 
(Ward’s method) of study water-

sheds based on dominant land 
uses (as indicated by the propor-

tion of developed, developed 
open, forest, agriculture, and 

wetland areas) and watershed 
characteristics (i.e., population 
density, stream crossings, and 

proportion of impervious sur-
face). Station codes: NR = North 

River, LC = Long Creek, CR = 
Crane River, FR = Fore River, SR 

= Saugus River, WE = Weweantic 
River, WN = Winnicut River, SQ 
= Squamscott River, JR = Jones 

River, PR = Parker River, EB = 
East Bay Brook, OY = Oyster River, 

TB = Tannery Brook, SB = Schop-
pee Brook, DM = Deer Meadow 

Brook, ML = Mast Landing.

2.2 – Threats to Embryonic Development and Survival		
Smelt deposit demersal (sinking), adhesive eggs at fast-flowing riffles, 

where they attach to the substrate or aquatic vegetation.  The duration of egg 
incubation is related to water temperature (McKenzie 1964), and in the Gulf 
of Maine, eggs hatch 7-21 days after fertilization (Chase et al. 2008, McKenzie 
1964). The success of this reproductive strategy depends on access from ma-
rine waters, low predation, and suitable water and habitat quality for successful 
recruitment. In many watersheds, the tidal interface is the physical location 
favored for the development of commerce and community centers. This change 
in landscape can lead to hydrologic alterations, particularly in urban areas, 
leaving streams vulnerable to point and non-point source pollutants; nutrient 
enrichment; and reduced streamflow, shading and riparian buffer. 

Changes in spawning habitat may be a major factor in the decline of smelt 
populations. However, up to this point, the degree to which water quality 
impairment may be impacting smelt populations in the Gulf of Maine has not 
been described. With this concern in mind, we developed monitoring pro-
grams to assess baseline water and habitat conditions at smelt spawning habitat 
index sites spanning the entire Gulf of Maine and explored possible impacts 
on spawning success resulting from changing habitat conditions. This informa-
tion is applied to support recommendations for conserving and restoring smelt 
populations and habitats. 

Four indicators were measured to assess water quality at smelt spawning 
index sites: basic water chemistry, nutrient concentrations, periphyton growth 
and heavy metal concentrations. The sampling was guided by a Quality Assur-
ance Program Plan (QAPP) for monitoring water and habitat quality at smelt 
spawning habitats in coastal rivers on the Gulf of Maine coast (Chase 2010). 
The QAPP integrates smelt life history with existing state and federal water 
quality criteria, with the objective of developing a standardized process to 
classify the suitability of smelt spawning habitat. Beyond characterizing smelt 
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habitat, it is our hope these data will contribute to water quality and habitat 
restoration efforts at coastal rivers in New England.  

Summary statistics were generated for water quality data by site and then 
compared to thresholds assembled from existing water quality criteria (Table 
2.2.1). The U.S. Environmental Protection Agency (EPA) developed criteria 
for turbidity, total nitrogen (TN) and total phosphorus (TP) based on the 
25th percentile of the distribution of observed values in an ecoregion (US EPA 
2000). The 25th percentile is the value of a given parameter where 25% of all 
observations are below and 75% are above. The 25th percentile was adopted 
by EPA as the threshold between degraded conditions and minimally impacted 
locations. Additionally, the Massachusetts Department of Environmental 
Protection (MassDEP) established Surface Water Quality Standards (SWQS) 
for temperature, pH and dissolved oxygen (DO) as part of their Clean Water 
Act waterbody assessment process (MassDEP 2007). These thresholds were 
selected to protect designated categories of aquatic life, including fish habitat. 
Stations were classified as Suitable (minimally impacted) or Impaired for each 
parameter. Water quality data were also evaluated to explore the potential of 
establishing new thresholds specifically derived from smelt spawning habitat 
measurements.   

Water Chemistry
Basic water chemistry parameters were measured during smelt spawn-

ing runs at 19 index station stations: the 16 fyke survey sites and 3 additional 
spawning sites of interest in Massachusetts (Figure 1.3.7 and Table 2.1.1) 
following the QAPP protocol. Yellow Springs Incorporated (YSI) water chem-
istry sondes were used to measure water temperature (°C), DO (mg/L and % 
saturation), specific conductivity (mS/cm), pH and turbidity (NTU, Neph-
elometric Turbidity Units) in freshwater at the spawning grounds. At most 
stations, discrete water chemistry measurements were recorded three times per 
week. The seasonality of water chemistry monitoring was not synchronized for 
all stations due to the later onset of the spawning season at the northern end of 
the study area.  For this reason, detailed comparisons of some parameters, such 
as temperature, should be made cautiously.  

Water Temperature
Water temperature has an important influence on smelt metabolism, the 

onset of smelt spawning and the duration of egg incubation.  Median water 
temperatures during the spawning period were fairly consistent across the study 
area, with a range of 8.8 – 12.9 °C (Table 2.2.2, Figure A.2.1). No measure-
ments exceeded the water temperature criterion of 28.3 °C adopted from Mass-
DEP SWQS to protect aquatic life. The relatively high temperature threshold 
has little relevance for smelt that spawn in the cool water of the spring freshet; 
however, the temperature data have value for documenting baseline conditions 
and may have future application for monitoring reference values, such as  
station medians or 75th percentiles.  

Specific Conductivity
Specific conductivity is proportional to the concentration of major ions in 

solution corrected to the international standard of 25 °C.  High conductance in 
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freshwater can indicate high watershed contributions of natural alkaline com-
pounds or ionic contributions from pollution sources.  For this reason, conduc-
tivity has been discussed as a potential proxy for pollution sources, urbaniza-
tion, and eutrophication. Median specific conductivity during the spawning 
period ranged from 0.031 – 0.997 uS/cm (Table 2.2.2, Figure A.2.2). The four 
highest medians occurred at urban sites near the Boston metropolitan area. 

Dissolved Oxygen
Adequate dissolved oxygen (DO) concentrations are necessary for embry-

onic survival and normal development. The QAPP provides a DO criterion 
of ≥ 6.0 mg/L to protect aquatic life.  Median DO concentrations during the 
spawning period ranged from 9.5 – 12.5 mg/L (Table 2.2.2, Figure A.2.3), and 
median DO saturation levels ranged from 91.0 – 107.8% (Table 2.2.2, Figure 
A.2.4). All individual DO measurements were well above the DO threshold. 
Similar to water temperature, the DO threshold may have limited relevance 
because of the high concentrations of DO found in turbulent riffles during the 
spring freshet. The distribution of DO saturation data does show increasing 
supersaturation in urban Massachusetts and a declining DO saturation mov-
ing north in the study area. Supersaturation of oxygen can indicate eutrophic 
conditions, where due to the photosynthetic cycle of the algal communities, 
supersaturation is observed during the daylight hours, but anoxic conditions are 
present during darkness (Carlton and Wetzel 1987).

pH  
Increased acidification of water bodies in New England is a widely recog-

nized threat to fish populations, as low water pH can increase the impact of alu-
minum toxicity and disrupt fish respiration. Geffen (1990) conducted laborato-
ry experiments to examine the influence of pH on smelt embryo survival; trials 
found that survival was most influenced by the duration of low pH exposure 
and embryo developmental stage. For example, high mortality occurred to early 
stage smelt eggs (4-6 days post-fertilization) at 5.5 pH when exposure ranged 
from 6-11 days. Fuda et al. (2007) conducted similar experiments and found 
survival was not affected until pH was ≤ 5.0.  The QAPP adopted the water pH 
criterion of ≥ 6.5 to ≤ 8.3 from MassDEP (2007) to protect aquatic life. Most 
stations had pH measurements in a range that was not a concern for rainbow 
smelt. Median pH during the spawning period ranged from 5.92 – 7.67 (Table 
2.2.2, Figure A.2.5). Of the 19 rivers sampled, seven were classified as Impaired 
(>10% of individual measurements below pH 6.5). Among the stations classi-
fied as Impaired, only four had routine measurements below 6.0 pH:  the three 
southernmost Massachusetts stations and Schoppee Brook in Maine.  

Turbidity  
Turbidity in water is the result of suspended inorganic and organic matter; 

it can be caused by natural fluctuations in sediment transport or by changes 
in productivity. The QAPP adopted the turbidity criterion of ≤ 1.7 (NTU) 
from the EPA Northeast Coastal Zone ecoregion (US EPA 2000). Most rivers 
had median turbidity values >1.7 NTU, and all were classified as Impaired for 
having at least 10% of measurements > 1.7 NTU (Table 2.2.2, Figure A.2.6). 
Several stations in New Hampshire and southern Maine had median values 
well above the threshold.  However, this elevated turbidity may result from the 
natural suspension of sediments, either due to soil type or the naturally high 
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turbidity in the spring associated with snow melt and higher runoff. Adopting 
the study’s 25th percentile of 1.9 NTU would still result in all stations being 
classified as Impaired. The turbidity data will be further evaluated to determine 
if a more appropriate turbidity threshold can be established by removing pre-
cipitation effects through an analysis of baseflow data.  

Data Analysis
Median values of water temperature, DO, specific conductivity, pH and 

turbidity were compared among sampling stations (Kruskal-Wallis, p < 0.001), 
and a multiple comparison test was used to determine which stations were 
significantly different from others (Siegal and Castellan, 1988; R code, krus-
kalmc; p = 0.05; Figures A.2.1 – A.2.6). Significant differences were found 
for all parameters; trends between parameters were common among rivers and 
regions.  Conductivity was especially variable among sites and may be related 
to watershed characteristics; in the most urban sites (Crane and North rivers, 
Massachusetts) conductivity was significantly higher than most other sites, 
whereas at the forested sites (Deer Meadow and East Bay Brooks, Maine), 
conductivity was significantly lower than most other sites. The relation of these 
variables to spawning smelt populations is discussed in the Watershed Charac-
teristics Section.

Nutrient Concentrations
Nitrogen and phosphorus are vital nutrients for plants but can cause exces-

sive growth and degrade the health of aquatic life at high concentrations. The 
influence of nutrient pollution on water and habitat quality in rivers and lakes 
is a growing concern in the United States (Mitchell et al. 2003). The health 
or trophic state of aquatic habitat is influenced most by light, carbon sources, 
nutrients, hydrology and food web structure (Dodds 2007). Among these 
influences in developed watersheds, nutrient enrichment is most dependent 
on human activity and may be most amenable to remediation efforts.  Total 
nitrogen and total phosphorus were recorded weekly at index stations in the 
freshwater portion of the streams on the spawning grounds from 2008-2011.  
Field sampling procedures are documented in the QAPP (Chase 2010), and the 
laboratory analysis followed EPA-approved Quality Assurance /Quality Control 
(QA/QC) protocols. 

Nutrient concentrations for smelt spawning habitat were classified us-
ing EPA recommended thresholds for freshwater streams and rivers that were 
developed from the distribution of available water quality data (US EPA 2000). 
These EPA thresholds for Suitable habitat for the study area are 0.57 mg/L for 
total nitrogen (TN) and 23.75 ug/L for total phosphorus (TP). The EPA also 
recommends that states develop their own nutrient water quality criteria for 
protecting specific designated uses of aquatic habitat under Clean Water Act 
assessment and remediation processes (US EPA 2000). In this light, the TN 
and TP data recorded for this study were compared to the EPA nutrient criteria 
and the data distributions were evaluated for potential smelt habitat-specific 
thresholds (Table 2.2.3) 

Total Nitrogen 
Measurements of TN at 20 stations during 2008-2011 showed a trend of 
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higher concentrations in urban areas (Table 2.2.3, Figure A.2.7). The range 
of median concentrations for all stations was 0.216 - 1.395 mg/L. Only five 
stations were classified as Suitable for TN (≤ 10% of measurements below 
0.57 mg/L; EPA 2000), with four of these stations at the northeastern end of 
the study area.  All others were classified as Impaired. The TN 25th percentile 
generated from the study sites was 0.340 mg/L, which was 40% lower than the 
EPA ecoregion threshold. 

Total Phosphorus 
Measurements of TP displayed a more stable trend across the study area 

(Table 2.2.3, Figure A.2.8). The range of median concentrations for all stations 
was 12.18 ug/L to 36.72 ug/L. Only 4 stations were classified as Suitable for TP 
(≤ 10% of measurements below 23.75 ug/L; EPA 2000).  All others were classi-
fied as Impaired.  The TP 25th percentile generated from the study stations was 
17.56 ug/L; 26% lower than the EPA ecoregion threshold. 

TN/TP Ratio  
While total concentrations of nitrogen and phosphorus are important for 

plant production, the balance or ratio of TN to TP can also influence growth 
and species composition. Most TN:TP ratios were in a range expected for 
freshwater systems in New England (15:1-30:1). Higher ratios indicating high 
nitrogen and possible phosphorus limitation were found at the most urbanized 
stations, and low ratios most influenced by high phosphorus were only found at 
a few stations where watershed development was low.  

Data Analysis  
Comparisons of median TN, TP and TN:TP ratios among sampling sta-

tions found significant differences for all three parameters (Kruskal-Wallis, p < 
0.001).  A multiple comparison test was used to determine which stations were 
significantly different from others (Siegal and Castellan, 1988; R code, krus-
kalmc; p = 0.05). The box plots in Figures A.2.7 – A.2.8 represent a graphic 
display of the multiple comparisons. The high TN concentrations at Crane 
River and North River (> 1.0 mg/L) in Massachusetts were significantly dif-
ferent from all stations except the Saugus River. The four stations with median 
TN < 0.3 mg/L were significantly lower than most the remaining stations, all 
but one found in urban areas of Massachusetts and New Hampshire.  

Periphyton
Periphyton is the complex of benthic algae, detritus and other microorgan-

isms that attaches to the river bed and is an important indicator of primary pro-
duction and environmental disturbances in aquatic habitats. Periphyton growth 
responds to nutrient enrichment and can reach excessive or nuisance growth in 
eutrophied systems (Biggs 1996). Eutrophication has been identified as a major 
concern for smelt spawning habitat due to the potential impact of excessive pe-
riphyton growth on smelt embryo survival at spawning riffles in Massachusetts 
(Chase 2006). These concerns have also been raised for smelt runs in tributar-
ies to the St. Lawrence River in less urban regions of Québec (Lapierre et al. 
1999). Periphyton monitoring was conducted to provide a biological response 
variable for nutrient concentrations that may be directly related to successful 
embryonic survival. Laboratory experiments studying the effect of periphyton 
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growth on smelt embryo survival complimented the field monitoring. The lab 
results demonstrated that embryo survival was significantly lower on substrata 
with high periphyton growth/concentrations than on clean surfaces (Wyatt et 
al. 2010).

Field monitoring measured the growth of periphyton on spawning ground 
substrate at the index sites during the spawning period to determine how 
growth may differ between sites. Ceramic tiles were deployed to collect pe-
riphyton during the 2008-2009 spawning period at riffle habitat where smelt 
deposit eggs. Periphyton growth on the tiles was collected biweekly to quan-
tify daily growth and describe algal species composition. Ash-free dry weight 
(AFDW, g/m2/day) was calculated as a measure of periphyton biomass. Average 
periphyton growth ranged from 0.006 to 0.120 g/m2/day at 12 smelt spawning 
habitat stations (Table 2.2.3). The range of periphyton growth included very 
low growth at the easternmost Maine stations to high growth at urban centers 
in Massachusetts.  

No algal biomass thresholds are available specifically for smelt spawning 
habitat. In the absence of published thresholds, the 25th percentile of 0.0143 
g/m2/day was calculated from the AFDW medians observed during this study 
and compared to all values.  All river stations exceeded this threshold and were 
classified as Impaired for periphyton, except for Deer Meadow Brook, Chan-
dler River and East Bay Brook, Maine. The periphyton data suffer from high 
variability and low sample sizes at some sites.  However, there appears to be 
potential value in using the 50th percentile (0.0533 g/m2/day) as a threshold 
for moderately impacted rivers.  At the stations with medians above the 50th 
percentile (Figure 2.2.1), the periphyton could be characterized as excessive 
growth that could impede egg incubation and appears to be associated with 
higher TN and urbanization. However, more work is needed to understand 
the range of periphyton growth at different spawning streams, how this var-
ies annually in response to environmental conditions, and the point at which 
periphyton growth impairs embryo survival.

Heavy Metal Concentrations
Heavy metals such as cadmium, chromium, copper, iron, lead, manganese, 

mercury, silver and zinc can be absorbed by both fish embryos and larvae and 
lead to developmental abnormalities and reduced survival (Finn 2007, Jezierska 
et al. 2009, Wegwu and Akaninwor 2006). Short-term, high-intensity con-
tamination mostly occurs in the spring months during snowmelt periods, when 
mild water acidification that is associated with snow melt leads to free metal 
ions being leached from sediments (Jezierska et al. 2009). Long term exposure 
to lower concentrations of heavy metals may be of equal concern. The toxic ef-
fects of aluminum on salmonid embryos are seen when pH is below 6.5; at this 
level, pH can inhibit the swelling of the egg shell, reducing the amount of space 
for the embryo to develop and move, and leading to stunted growth or physical 
abnormalities (Finn 2007).  Cadmium, lead and copper at low levels can exac-
erbate these effects at any pH (Jezierska et al. 2009).  Above critical thresholds, 
mercury, lead, cadmium, chromium, iron, and zinc have all been shown to 
reduce the number of embryos successfully hatching (Wegwu and Akaninwor 
2006), as well as to disturb skeletal growth, impair hemoglobin (red blood cell) 
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formation, cause osmoregulatory failure, and limit overall growth because the 
organism’s energy is spent ridding the body of the toxic contaminants (Finn 
2007; Jezierska et al. 2009).

We sampled heavy metal concentrations and other minerals (calcium and 
magnesium) at all index sites during baseflow conditions over the course of the 
spawning period in 2010 and 2011 to describe the range of concentrations to 
which smelt embryos are chronically exposed. Although not part of this study, 
corollary laboratory experiments should be performed to ascertain which metals 
and what concentrations reduce survival and impair normal development in 
smelt embryos and larvae. 

Of the heavy metals, silver, cadmium, and mercury concentrations were 
below detection levels for all sites during all sampling periods (detection levels 
0.002 mg/l, 0.5 ug/l, 0.5 ug/l, respectively). Chromium was detected only once 
during the sampling period, in the Oyster River, New Hampshire (0.003 mg/l; 
detection level 0.002 mg/l). Although these metals were not detected, or de-
tected only once, it should not be assumed that they are not present. They may 
in fact be present either at concentrations below the detection levels or during 
runoff or precipitation events neither of which our sampling captured. All other 
metal concentrations were detected at most sites, and the range of values fol-
lowed a log distribution. As log distributions are typical of metal concentrations 
in many regions, the values we measured likely represent much of the range of 
metal concentrations present in the region during the smelt spawning season 
(Table 2.2.4). 

A principal components analysis (PCA) was performed using the 2010-
2011 average concentrations (log transformed to produce normal distributions) 
to determine which metal and mineral concentrations trended together, and 
which seemed to vary on their own. From this analysis, we find that lead (Pb; 
abbreviations refer to labels in associated figure, and are not the full elemental 
symbols with ionic sign), copper (Cu), and zinc (Zn) are highly related and 
trend opposite from aluminum (Al).  This pattern indicates that when high  
values of lead, copper, and zinc were present, aluminum values were low, and 
vice versa. Being drivers of water hardness, calcium (Ca) and magnesium (Mg) 
were highly related to hardness and alkalinity, but notably nickel (Ni) was also 
highly related to these variables (Figure 2.2.2). 

The relationship between metal concentrations and watershed characteris-
tics is explored in the following section.

Watershed characteristics
As suggested throughout the preceding sections, watershed land use can 

affect water quality in receiving streams and rivers in a variety of ways. The 
development of wetlands, agricultural fields, or forested areas replaces porous 
soils with impervious surfaces, which increases the velocity of water flowing off 
the land and the supply of suspended sediments, nutrients, and contaminants 
to adjacent streams (Brenner and Mondok 1995, Corbett et al. 1997, Strayer et 
al. 2003, US EPA 2004).  In addition, agricultural areas contribute nutrients—
both nitrogen and phosphorus—to receiving streams.  In aquatic ecosystems, 
these nutrients can promote algal blooms, deplete oxygen, and degrade fish 
habitat (Carpenter et al. 1998, Howarth et al. 2000).
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Understanding how water quality, nutrient levels, and heavy metal concen-
trations are related to watershed land use is important for developing manage-
ment strategies to minimize impacts to rainbow smelt eggs and larvae.

Correlations between watershed land use and water quality parameters,  
nutrient levels, periphyton growth, and heavy metal concentrations were evalu-
ated using Spearman’s rank correlation statistic.  Results are presented in Table 
2.2.5 at the scale of the full drainage basin and riparian buffer zone.  Several 
key patterns emerge from these correlation results that are relevant to rain-
bow smelt conservation.  First, patterns are very similar at full watershed and 
riparian buffer scales, indicating that land use in the broader watershed exerts 
a similar influence on water quality as land use immediately adjacent to the 
receiving stream.  Second, the percent of development and forest in the water-
shed show the strongest associations with water quality, with the direction of 
influence occurring in opposition to one another.  For example, higher percent-
ages of developed areas are associated with higher stream dissolved (available) 
nitrogen and heavy metals concentrations; conversely, highly forested water-
sheds are associated with lower concentrations of nitrogen and metals (Craw-
ford and Lenat 1994).  Because periphyton growth is dependent on available 
nutrients (like dissolved nitrogen), and because heavy metals can negatively 
affect embryo development and survival, this pattern suggests that protecting 
forested areas is important for maintaining water quality conditions that are 
beneficial to rainbow smelt.  

Conclusions
When compared to the established EPA thresholds, the water quality data 

collected during 2008-2011 show widespread impairment due to elevated 
TN, TP, and turbidity and more localized impairment from acidification and 
excessive periphyton growth. More work is needed to evaluate existing criteria 
and to establish new thresholds that are specific to smelt spawning habitat. 
For example, the turbidity criterion is likely too low to be relevant for stream 
riffles during spring; conversely, the water temperature and DO criteria may be 
too high, as smelt embryos require a lower temperature than the current EPA 
threshold. The highest median values for TN, conductivity and periphyton 
were associated with urban sites. Most sites with few identified impairment 
were at the northern end of the study area. 

These results provide a range of water quality conditions that affect  
successful embryonic survival.  From high impairment in urban settings to suit-
able water quality in rural settings, these sites are examples of both conditions 
requiring remediation and demonstrating restoration targets. We encourage 
resource managers to use these baseline conditions to consider potential reme-
diation measures (e.g., riparian buffers, stormwater improvements, point source 
reductions) to improve impairments and to plan for protecting locations with 
suitable conditions for supporting smelt spawning success.      
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Table 2.2.1.   Water chemistry 
criteria related to smelt spawn-

ing habitat. The water chemistry 
parameters were adopted to 

protect Aquatic Life at Class B 
Inland Waters (MassDEP 2007), 

and US EPA reference conditions 
(25th percentile) for the Northeast 

Coastal Zone sub-Ecoregion (US 
EPA 2000). Potential criteria are 

presented based on 25th and 
50th percentiles from 2008-2011 
project data. Blank cells indicate 

either that no criterion exists or 
the derived percentile has limited 

relevance for smelt habitat.

	                                Existing Water Quality Criteria                                           

		  Suitable	 Minimally 	 Minimally	 Moderately
			   Impacted	  Impacted	 Impacted

			   25th Percentile	 25th Percentile	 50th Percentile
	 Parameters	 (MassDEP 2007)	 (US EPA 2000)	 (2008-2011 data)	 (2008-2011 data)     
                                                                                                                                                                                     
	 Temperature (ºC )	 ≤ 28.3	 	 	
	Sp. Conductivity (mS/cm)	 	 	 ≤ 0.131	
	 pH	 ≥ 6.5 to ≤ 8.3	 	 	
	 DO (mg/L)	 ≥ 6.0	 	 	
	 Turbidity (NTU)	 	 ≤ 1.7	 ≤ 1.9	 ≤ 2.1
	 TN (mg/L)	 	 ≤ 0.570	 ≤ 0.340	 ≤ 0.452
	 TP (ug/L)	 	 ≤ 23.75	 ≤ 17.56	 ≤ 20.43
	Periphyton Biomass (g/m2/d)	  	  	 ≤ 0.0143	 ≤ 0.0533

Table 2.2.2. Basic water chemistry 
measured at 19 smelt fyke net 

index stations in the U. S. Gulf of 
Maine and Buzzards Bay, Mas-

sachusetts. Median values were 
calculated from all available data 

from 2008-2011. The percent-
age of samples at each station 

that exceed the QAPP (Chase 
2010) thresholds are presented 

in shaded cells, indicating an 
Impaired classification for the pa-
rameter. No water quality criteria 

are available for conductivity or 
DO saturation.
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Table 2.2.3. Nutrient and periphy-
ton measurements for all index 
stations in the U. S. Gulf of Maine 
and Buzzards Bay, Massachu-
setts. The percentage of samples 
at each station that exceed the 
QAPP (Chase 2010) thresholds 
are presented in shaded cells, 
indicating an Impaired classifica-
tion for the parameter. No criteria 
are available for the N:P ratio or 
periphyton.

Table 2.2.4. Analytes measured in 
water samples taken at baseflow 
at smelt spawning index sites 
2010-2011. Detection limits and 
mean, low, and high concentra-
tions are shown for each analyte. 
BDL = below detection limit.

Analyte	 Unit	 2010 	 2011      	 2010-2011	 2010-2011	 2010-2011
		  Detection 	 Detection	 Mean	 Low	 High
		  Limit	 Limit	 Value	 Value	 Value
                                                                                                                                                                                  
Aluminum	 mg/L	 0.005	 0.01	 0.1347	 0.0059	 1.0000
Arsenic	 ug/L	 0.5	 0.5	 1.30	 0.51	 4.00
Cadmium	 ug/L	 0.5	 0.5	 BDL	 BDL	 BDL
Calcium	 mg/L	 0.05	 0.05	 13.78	 0.55	 52.00
Chromium	 mg/L	 0.002	 0.002	 0.003	 0.003	 0.003
Alkalinity 	 mg/L	 1	 1	 29.14	 3.26	 100.00
Copper	 mg/L	 0.0005	 0.0005	 0.0013	 0.0005	 0.0077
Iron	 mg/L	 0.05	 0.05	 0.62	 0.16	 2.70
Lead	 ug/L	 0.5	 0.5	 1.05	 0.38	 3.10
Magnesium	 mg/L	 0.05	 0.05	 4.27	 0.27	 39.00
Nickel	 mg/L	 0.0005	 0.0005	 0.0016	 0.0005	 0.0050
Silver	 mg/L	 0.002	 0.0005	 BDL	 BDL	 BDL
Zinc	 mg/L	 0.002	 0.002	 0.006	 0.002	 0.021
Total Hardness	 mg/L	 0.35	 0.33	 54.6	 2.5	 430.0
			   Not Sampled
Mercury	 ug/L	 0.5	 in 2011	 BDL	 BDL	 BDL
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Table 2.2.5.  Spearman’s rank 
correlation between water quality 

metrics and land cover at two 
spatial scales (e.g., full water-

shed and riparian buffer zone).  
Correlation coefficients in bold 

type indicate significance at the 
p=0.05 level.

Figure 2.2.1.   Annual median 
periphyton growth (ash-free dry 
weight, g/m2/day) displayed by 

sample station with 50th per-
centile of station median values 

marked by green line. Refer to 
Table 2.2.2 for river codes.
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Figure 2.2.2. Principal compo-
nents analysis (PCA) performed 
on 2010-2011 average metal 
and mineral concentrations (log 
transformed). The first compo-
nent is driven most by hardness 
(a variable which represents the 
total mineral concentration of 
water, driven by calcium and mag-
nesium), magnesium, calcium, 
alkalinity, and nickel. The second 
component is driven most in the 
positive direction by aluminum 
and arsenic and less so by iron, 
and in the negative direction by 
zinc, copper, and lead.

2.3 – Threats to Smelt in Marine Coastal Waters
Smelt spend at least half the year in marine coastal waters during the 

summer and fall months. As adults and juveniles they are a schooling fish that 
attract a wide range of predators.  While monitoring this life phase can be more 
difficult than monitoring discrete spawning runs, it is no less important when 
considering the species decline. During this period, smelt are susceptible to 
environmental influences on survival, shifts in natural mortality and to capture  
in small mesh fisheries targeting other species. These topics are discussed below, 
using the best available information to discuss how each issue may be affecting 
smelt populations; however, to fully understand the implications, each requires 
further study. 

Fish Health
Improving understanding of fish health status as well as the abundance, 

geographic distribution, and vectors of areas of study necessary to support the 
development and implementation of conservation strategies designed to protect 
and restore rainbow smelt populations. Pathogens can adversely affect both 
juveniles and adults in both general and acute ways, including organ failure, 
energy loss, interruption of hormonal pathways and reproductive weakness (D. 
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Bouchard, University of Maine, pers. comm., 2011). 

We characterized pathogen presence endemic to smelt at fourteen spawn-
ing index sites spanning the Gulf of Maine over a two-year period, 2009-2010 
(Bouchard 2010). Sampling did not detect bacterial pathogens of regulatory 
concern but did detect endemic parasites that are well documented for similar 
anadromous species. Parasitological results were typical of wild fish populations, 
with various trematodes (e.g., black grub), cestodes, nematodes and protozoa 
observed at all sites.  A microsporidian parasite detected in various tissues of 
many individuals in this study was not identified as to species, but is consis-
tent with (Glugea hertwigi), which was confirmed at one site: the Fore River, 
Massachusetts. This parasite has been documented extensively in freshwater 
smelt can be detrimental to successful spawning because this parasite infests the 
gonads of smelt (Jimenez et al. 1982, Nsembukya-Katuramu et al. 1981). The 
observation of large numbers of (Philometra spp.)-like nematodes in the gonads 
of the majority of female fish in the study is also consistent with reports of this 
parasite as an opportunistic pathogen of spawning female fish in other species 
(Moravec and de Buron 2009). 

Virology results revealed a viral agent from adults from Casco Bay, Maine; 
however, it is difficult to place any significance to this agent at the present time 
because the virus is not similar to currently catalogued agents (IPNV, IHNV, 
ISAV, and VHSV have been ruled out by PCR techniques). More analysis on 
this agent is needed to fully understand the physiological effects it may be hav-
ing. Fish from a majority of the sites spanning the entire Gulf of Maine region 
showed evidence of erythrocytic disease, or degradation of red blood cells, 
leading to anemic effects (Bouchard 2010). This last point may be of specific 
concern and warrants further investigation to understand the extent of disease 
and causal factors. 

Fishing Mortality
Overfishing in historical fisheries
While historical fisheries for rainbow smelt landed thousands (and in 

Maine millions) of pounds annually in the 1800s, because the relative size of 
the entire population was unknown, it is not possible to quantify the effect of 
these targeted fisheries on smelt populations. 

As populations declined in the 20th century, and as regulations limited 
fishing gear and take in response to this decline, targeted fishing effort has also 
been reduced. Today, few targeted commercial fisheries exist: a dip and bow 
net fishery is open to permitted individuals in Great Bay, New Hampshire; and 
a gill and bag net fishery are allowed during a regulated time period to per-
mitted individuals on five rivers in downeast Maine.  Large-scale recreational 
hook-and-line ice fisheries also exist in Great Bay, New Hampshire, and on 
many rivers and embayments in Maine (most notably the Kennebec River and 
Merrymeeting Bay area). While these fisheries are not thought to contribute 
high mortality for the smelt populations they target, the current extraction rates 
are unknown. Studies by the ME DMR in the late 1970s estimated that the ice-
fishery on the Kennebec River extracted less than 5% of the total smelt popula-
tion in the river (Flagg 1983).  In Maine there is also a large recreational dip net 
fishery that targets adult smelt on the spawning grounds during the spring runs. 
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While there is a limit of 2 quarts of smelt per person per day in this spring 
fishery, the contribution to mortality is unknown.

Incidental catch in small mesh fisheries
Five small mesh fisheries operate in the Gulf of Maine, all capable of en-

countering rainbow smelt. Because smelt is not a regulated species for federally 
permitted fisheries, incidental catch (bycatch) is not required to be reported, 
although it is in some cases. Thus, it is difficult to determine the total amount 
of smelt bycatch; however, the relative impact on the species can be assessed 
based on reports from the Northeast Fisheries Science Center Observer (NEF-
SC) Program, which monitors catch from a representative sample of each fleet 
(NEFCS 2012).  The following analyses represent all Gulf of Maine states.

The Northern shrimp fishery operates in nearshore coastal waters during 
the winter and early spring months. Since 1992, the fishery has been required 
to install a finfish excluder device in their nets, the Nordmore grate. Prior to 
1992, total bycatch in this fishery comprised almost two-thirds of the catch 
(Howell and Langan 1992). Subsequent surveys have found that the grate is 
extremely effective in limiting bycatch; Eayrs et al. (2009) observed reductions 
to 4-8% of the total catch over a two-year period. 

Using NEFSC observer records, the effect of the Nordmore grate on reduc-
ing smelt bycatch can specifically be seen. In the period directly preceding the 
requirement of the excluder device (1989-1992), there were 197 observed trips 
on vessels targeting Northern shrimp, and smelt were caught on 38 (19%) of 
these trips. A total of 201 lbs of smelt were caught during these trips combined, 
for an average of 5.3 lbs per trip. The highest was 46 lbs of smelt bycatch, 
although 87% of these trips caught less than 10 lbs. In the period directly 
following the excluder panel requirement (1993-2006), the amount of smelt 
bycatch on observed trips decreased, although not significantly (Wilcoxon 
ranked sum test: p = 0.129 > 0.05). During this period, smelt were observed on 
74 (24%) out of 303 observed trips. A total of 289 lbs of smelt bycatch were 
caught during these trips, with an average weight per trip of 3.1 lbs. The high-
est smelt catch was 31 lbs, and 92% of these trips had less than 10 lbs. Recent 
data (2007-2011) show that smelt bycatch has decreased significantly from the 
last two time periods (Wilcoxon ranked sum test: p < 0.0001 < 0.05). During 
this most recent period, smelt bycatch was observed on only 22 162 (14%) 
observed trips, all of which saw less than 10 lbs. The average smelt bycatch for 
this recent period was 0.5 lbs, with a maximum catch of 2 lbs.  

Vessel Trip Reports (VTRs) were implemented in 1996, at which point it 
became mandatory for vessels to report all catch. From the VTR reports, smelt 
were only reported in the shrimp fishery post-2006, but reported annually 
since then. From 2006-2011, smelt were reported in 35 trips out of 14,339 
trips (0.2%). Of the trips that did report smelt, the average catch was 5.3 lbs, 
the highest 100 lbs (one occurrence), and 94% of trips reported less than 10 
lbs. Further work is needed to estimate the total amount of smelt taken in the 
shrimp fishery using both observer and VTR data.

The mackerel, whiting (silver hake), Atlantic herring, and loligo squid 
fisheries are all also capable of encountering smelt as bycatch. These fisher-
ies operate on multiple scales with various gear types, including pound (trap) 
nets at fixed locations close to shore, offshore trawling, and bag netting. Smelt 
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bycatch has been reported on VTRs in the Atlantic herring and whiting fisher-
ies, however too few reports have been given from the mackerel fishery to draw 
any inferences, and no smelt bycatch has been reported from the loligo squid 
fishery.

In the Atlantic herring fishery, some smelt bycatch was reported in each 
year 1996-2011, although was reported on fewer than five reports in 1997, 
2002, and 2008-2011. For the total period, smelt were reported in 135 trips 
out of 5463 total Atlantic herring trips (2.4%). The average reported catch 
was 5.1 lbs, the highest was 100 lbs (one occurrence), and 84% of these trips 
reported less than 10 lbs. 

In the whiting (silver hake) fishery, smelt bycatch was reported for 71 trips 
out of a total of 20,204 trips (0.3%) for 1996-2011. In seven of these years, 
fewer than 5 VTRs reported smelt (1999, 2004, 2005, 2008-2011). The aver-
age reported catch was 6.4 lbs, the highest was 42 lbs, and 73% of these trips 
reported less than 10lbs.

If these data are representative of smelt bycatch in these fisheries, it is likely 
that they are not having a large effect on smelt populations at this time.  
However, because we do not have a population estimate for smelt, it is not  
possible to ascertain the mortality rate due to bycatch in these fisheries. Further, 
the effect of small-mesh fisheries in the past cannot be determined. To fully  
understand the effect of small-mesh fisheries on smelt populations, more work 
is necessary to ensure that the observer and VTR programs are accurately  
capturing the extent of smelt bycatch.

Predator-prey relationships
Prey Availability
Rainbow smelt are voracious feeders on amhipods, euphausiids, mysids, 

shrimps, marine worms, and any available small fishes (e.g., silverside, mummi-
chog, herring) (Scott and Scott 1988).  We do not know of existing broad-scale 
data to evaluate changes in the prey of rainbow smelt over time, however, the 
prey base was likely affected by changes in primary production and zooplank-
ton community composition during the 1990s (Greene et al. 2012), and such 
variability should be expected as a result of oceanographic and climate variabil-
ity.  In addition,  the balance between small prey species and larger fishes may 
shift as a result of ocean acidification (Wootton et al. 2008), which will likely 
affect calcifying organisms such as zooplankton and shrimp.

Predator Population Shifts 
Predators of rainbow smelt include a variety of aquatic birds (e.g.,  

mergansers, cormorants, gulls, terns), fish (e.g., Atlantic cod, Atlantic salmon, 
striped bass, bluefish), and seals (Collette and Klein-MacPhee 2002).   While 
the abundance of some of these predators has declined since the 1990s, others 
have increased. For example, striped bass populations have increased dramati-
cally over the past 20 years, although the recovery has not been seen consis-
tently along the coast.  Maine striped bass populations have actually declined 
or remained at low levels compared to other regions (ASMFC 2011). Striped 
bass predation has been shown to have a significant impact on blueback herring 
populations in Connecticut River, and has been attributed as one of the factors 
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limiting blueback herring restoration in this river (Davis et al. 2009). Similarly, 
populations of grey seals in the Gulf of Maine have increased dramatically over 
the past few decades (NEFSC 2010).  Like striped bass, grey seals are capable 
of ingesting large amounts of forage fish, and are found feeding in nearshore 
coastal waters in late spring when smelt are present in large schools. Although 
not as closely documented, cormorant populations have also sharply increased 
in recent years and are known to prey heavily on smelt. Striped bass, cormo-
rants, and grey seals have received protections as managed species that have 
increased their populations sharply in short periods of time. Although these 
are natural predators that smelt have coexisted with while adapting to Gulf of 
Maine environments, it is possible that the impact of increasing predation on 
declining smelt populations results in proportionally higher natural mortality 
than in the past.   

Recent shifts in predator range may also increase the exposure of smelt 
to predators. Friedland et al. (2012) suggested that the survival post-smolt 
Atlantic salmon may be affected by increasing predator abundance in the Gulf 
of Maine; increasing predator abundance that is due not necessarily to increas-
ing population size, but to northward shifts in range due to recent changes 
in climatic and oceanic conditions. Because many of these species prey on a 
wide range of forage fish, this increasing predator abundance may affect smelt 
populations as well, although more research would be necessary to assess this 
relationship. 

Community shifts  
Dramatic declines of diadromous fish populations have been observed 

across North America (Limburg and Waldman 2009; Hall et al. 2012).   
Saunders et al. (2006) proposed that coherent declines within a co-evolved 
diadromous community could negatively affect individual species.  While 
Saunders et al. (2006) focused on benefits that may have been lost for Atlantic 
salmon through community-level shifts, several of these could also affect rain-
bow smelt.  In particular, the decline of species such as alewives, blueback her-
ring, and American shad—which are present in rivers and estuaries as juveniles  
during the same time as rainbow smelt—could have resulted in the loss of a 
prey buffer for rainbow smelt juveniles, making them more vulnerable to  
predation.  

Climate-driven environmental change
It is anticipated that climate change will influence temperature and pre-

cipitation patterns in New England, and some of these effects may already be 
evident in recent environmental trends.  Surface water temperature has been 
monitored monthly nearly continuously since 1905 (ME DMR 2011).  This 
temperature series shows periods of warming during the 1940s-1950s and again 
from the 1990s to mid-2000s, with the warmest water on record observed in 
2006 (Figure 2.3.1). Because smelt are a cold water species, their geographic 
distribution shift northward may be influenced by the trend in warmer waters.

In addition to warmer coastal waters, freshwater conditions have changed 
in recent years as well.  During the 1980s and 1990s, the Northeast experi-
enced an increase in heavy precipitation events, and warmer temperatures have 
reduced ice cover and prompted earlier spring flows (Hodgkins et al. 2003, 
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Frumhoff et al. 2007).  On New England streams that are substantially affected 
by snowmelt, the winter/spring center of volume dates and peak flow dates 
advanced by 1-2 weeks between 1970 and 2000 (Hodgkins et al. 2003).  Water 
temperature and flow changes may affect spawning migration timing (Juanes 
et al. 2004, Ellis and Vokoun 2009), development rates, and early life stage 
survival in rainbow smelt.  More research is needed to understand how climate-
related environmental changes influence smelt abundance and distribution 
changes and to anticipate future implications for rainbow smelt.    

With concern to species communities and shifts that are due to climate 
change, evidence suggests that the balance between small prey species and larger 
fishes may shift as a result of ocean acidification (Wootton et al. 2008). As the 
amount of atmospheric carbon increases, the amount of dissolved carbon in 
oceanic water also increases, in turn decreasing the pH of seawater.  At lower 
pH values, the development and survival of calcifying marine organisms like 
coralline algae and phytoplankton are inhibited. Because these organisms are 
the base of the marine food chain and the direct diet of many of smelts’ prey 
species, a decline in these organisms may also negatively affect smelts’ prey base. 
This hypothesis has been examined on the Pacific coast, but with no conclu-
sive results, and has only begun to be considered in the Gulf of Maine. More 
research is needed to fully understand the effect of climate change on species 
composition changes in this region.

Figure 2.3.1.  Mean annual 
surface water temperature at 

Boothbay Harbor, Maine, from 
1905-2010.
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3 – Conservation Strategies
We recommend that rainbow smelt remain federally listed as a Species of 

Concern. Populations have disappeared from their southern range in a short 
period of time and are also declining in their present distribution in the Gulf of 
Maine. The species should continue to be monitored, and factors contributing 
to its decline should continue to be assessed.

3.1 – Regional Conservation Strategies

Recommendation 1: Continue monitoring programs
Each state within the present distribution of rainbow smelt in the Gulf of 

Maine currently monitors populations through inshore trawl, juvenile abun-
dance, fyke net, and/or creel surveys.   

In states at the extreme southern limit of the range where spawning 
populations have not been documented within the past ten years, inshore trawl 
surveys are likely the most effective way to monitor the remnant populations. 
In the Gulf of Maine states, trawl surveys provide the only source of data on 
the marine life phase of smelt. It is necessary that these surveys continue to 
document smelt presence and quantify abundance, and it is recommended that 
biological information is collected from a sub-sample of catches. 

The regionally standardized fyke net survey developed for this study should 
be continued in the Gulf of Maine.  A standardized survey is necessary to 
provide long-term data that can track inter-annual variability across distinct 
spawning stocks.  This information is critical for detecting whether populations 
are declining or showing signs of stress, as may be characterized by truncated 
age distributions, decreases in length at age, and decreases in CPUE over time. 
The juvenile abundance surveys should also be continued in New Hampshire 
and Maine as the only surveys targeting this life stage. Further, creel surveys 
should be maintained at recreational fishing sites to provide a measure of the 
impact of the fishery as well as information about changes in population size 
and biological characteristics over time.

Because some pathological concerns were found as part of this project (see 
section 2.3 – Threats to Smelt in Marine Coastal Waters), Gulf of Maine states 
should periodically monitor rainbow smelt from multiple spawning stocks 
for pathology, including parasite occurrence, viral agents, and systemic physi-
ological problems. Further, states should cooperate with Canadian provinces to 
compare parasite and disease prevalence in the entirety of the species’ range.

We recommend that  

rainbow smelt remain  

federally listed as a  

Species of Concern and 

that current population 
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Maine.
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Recommendation 2: Restore historical or degraded spawning habitat
Spawning habitat degradation and obstructions to access have been identi-

fied as two important factors that have reduced successful spawning. Restoring 
in-stream habitat (e. g. substrate, water volume and velocity, pool and riffle 
areas), riparian buffer, improving and preserving watershed functions, and 
restoring access are important management strategies to improve local smelt 
populations. 

Where possible, head-of-tide dams should be removed. Eggs deposited be-
low dams are subject to periods of salinity during high tide and may be exposed 
to air at low tide if freshwater flows coming over the dam are low.  Perched 
culverts and small water control barriers can also have this effect. When these 
obstructions are removed, smelt are able to ascend into freshwater, where water 
chemistry is more stable over time and water level is relatively constant. While 
undersized culverts (less than 1.2x bank-full width) may not completely block 
access, they can limit the number of smelt that reach the spawning grounds by 
creating velocity barriers. Restoration projects to improve road-stream cross-
ings should design replacement culverts that target minimum water depth of 6 
inches with average velocities in the culvert of 0.5 m/s or less, and flood veloci-
ties below 1.5 m/s (see section 2.1 – Threats to Spawning Habitat Conditions 
and Adult Spawning).

Additionally, water quality at the spawning grounds must support healthy 
embryonic development and survival. We found that diminished rainbow smelt 
spawning runs existed in rivers surrounded by urbanized watersheds, while 
rivers draining forested watersheds supported strong smelt spawning popula-
tions. Comparing watershed conditions to water quality, higher concentrations 
of nutrients and toxic contaminants were associated with developed areas, 
while highly forested watersheds were associated with lower concentrations 
of nutrients and metals.  This pattern suggests that protecting forested areas 
is important for maintaining water quality conditions that are beneficial to 
rainbow smelt.  Furthermore, regional efforts to purchase conservation lands 
should consider parcels in watersheds that support smelt spawning habitats. 
When development does occur in watersheds with smelt spawning habitat, the 
amount of impervious surface should be minimized, and stormwater mitigation 
techniques should be implemented to curtail the impacts on water quality (e. g. 
riparian buffers, vegetated stormwater retention pools, underground filtration 
systems, etc.).  

Recommendation 3:  Smelt Fishery Management Actions
The results of the present study documented evidence of high population 

mortality (truncated age distribution) and poor recruitment (low abundance) 
in smelt populations in the southern portion of the study area.  The time series 
of population data collected among the fishery dependent and independent 
surveys is too brief to determine the causes of these stressors on smelt popula-
tions. However, overfishing was consistently identified as a significant concern 
in the latter half of the 19th century and the early 20th century in the southern 
portion of smelt’s distribution. 

The sustainability of current smelt fisheries, both recreational and commer-
cial, will require management strategies to quantify natural mortality and fish-
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ing mortality. We recommend that each state in the study area review current 
smelt fishery regulations and identify locations where present management may 
not be sufficient to protect distinct populations that display evidence of stress. 
We recommend that states estimate fishing mortality from all targeted smelt 
fisheries and review bag limits on both commercial and recreational fisheries 
that target smelt. 

Recommendation 4: Expand research to estimate population size 
and assess the potential impacts of ecosystem and climate changes

The surveys carried out as part of this project did not enable us to develop 
a population estimate for rainbow smelt. However, the standardized fyke net 
survey established by the study should be continued with additional research 
in order to assess smelt population status in the region, understand the im-
pact of targeted fishing and incidental bycatch, and to understand the relative 
contributions of each spawning stock to the regional population. This may be 
accomplished through a large-scale mark and recapture effort that targets each 
genetic stock (Kovach et al., in press; section 1.1 – Basic Biology). Tagging 
studies carried out as part of this project to understand habitat use and within-
season repeat spawning behavior documented few inter-annual returns (less 
than 1%), although approximately 200 smelt per year were tagged (assumed to 
be less than 10% of the entire run based on estimated fyke net catch efficien-
cies). Future tagging studies should tag a representatively larger sample of the 
spawning population to effectively monitor inter-annual repeat spawning and 
estimate population size. Additionally, improved and validated age structure 
data are needed to support future estimates of population size. Efforts should 
be made to maintain sufficient age structure sample sizes in each state.

Further research is needed to understand how changes in prey availability 
and predator abundance affect smelt populations. Other studies have found 
connections between increasing predator populations and depressed forage fish 
populations (see section 2.3 – Threats to Smelt in Marine Coastal Waters). 
Because these studies looked at predators that also feed on anadromous smelt, 
the impact on smelt populations should also be examined. 

Species that are important prey of rainbow smelt may be particularly af-
fected by changes in the chemistry of marine waters. Increases in the amount of 
carbon in the atmosphere are associated with increases in the amount of carbon 
in salt water, which leads to a reduction in oceanic pH that may negatively im-
pact small prey species, such as calcareous plankton (Wooton et al. 2008). This 
relationship needs to be better quantified to understand the effect of a smaller 
prey base on smelt populations. Conversely, predator populations that have 
shifted in their range in response to climate conditions may be preying upon 
forage fish populations more than in previous times (Friedland et al. 2012). 
Further studies are necessary to understand how rainbow smelt will be affected 
by changes to their prey and predators as a consequence of climate change. 

Climate change may also impact smelt populations by changing the extent 
of available spawning areas. Smelt spawn directly above the head of tide, and 
the upstream extent of the freshwater spawning area is typically either a natu-
ral barrier or road crossing. Thus, a rise in sea level that extends the tidal limit 
to these barriers may greatly reduce the number of spawning sites or the area 
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within sites that is suitable for spawning. Conversely, a rise in sea level could 
increase habitat by raising tidewater above natural barriers allowing access to 
new reaches.  Future research should model the potential effects for various sea 
level rise projections.

Expanded research to understand reasons for systemic health issues and 
reduced survival is needed to effectively guide management actions.  While it is 
helpful to understand overall relationships such as watershed composition and 
smelt population responses, it is only a starting point.  For example, research 
into dose responses to specific water quality constituents at all life stages would 
enable managers to develop smelt specific water quality criteria. These criteria 
may then be used to guide water treatment goals around which non-point or 
point source controls can be designed.  This would be especially important in 
those already developed watersheds that are impractical to restore to forest.  
Controlled studies in both laboratory and field settings are critical to improve 
our understanding of cause and effect, not just correlations, and to develop 
measureable relationships.  Lastly, post-restoration monitoring is necessary to 
evaluate the success of any prescribed restoration technique.   

Recommendation 5: Implement stocking of marked larvae, with 
continued monitoring and genetic considerations

Rainbow smelt are currently extirpated or have severely declined in many 
coastal rivers and streams that once supported robust spawning populations. 
Historical fishing pressure at the spawning grounds and degraded habitat and 
water quality may be causal factors. When improvements are made to water 
quality and habitat in these streams, restoration practices, such as stocking, may 
be appropriate to re-establish rainbow smelt runs at these sites.

Successful stocking efforts must include marking and subsequent recapture 
of hatchery stocked smelt to quantify effectiveness of restoration efforts. Utiliz-
ing recent advances in smelt culture techniques, Ayer et al. (2012) developed 
methods for marking otoliths in larval rainbow smelt with oxytetracycline 
(OTC) for monitoring returns. Using these methods, the Massachusetts Divi-
sion of Marine Fisheries began a pilot program to stock OTC-marked smelt 
larvae in the Crane River, MA, after water quality suitability was confirmed and 
passage improvements were made to upstream spawning habitat (Chase et al 
2008). Over 10 million marked smelt larvae have been stocked into the Crane 
River since 2007, and spawning adult smelt with OTC-marked otoliths have 
been recaptured, providing a positive response for the project to continue stock-
ing and monitoring. 

New restoration sites for rainbow smelt are being examined in both Mas-
sachusetts and Maine. In many situations, the protection and enhancement 
of existing habitat and water quality at both donor smelt runs and potential 
stocking sites will be preferential to initiating a stocking effort. Before any 
stocking begins, these sites will be sampled for baseline population data, and a 
site suitability assessment will be conducted, which will include water quality 
monitoring, streambed characterization, and flow measurements. Further, the 
genetic information presented in this plan (section 1.1 – Basic Biology) must be 
used in determining the appropriate parent stock. Managing at too fine a scale 
can lead to reduced allelic diversity and ignores the natural occurrence of gene 
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flow, while managing at too large a scale can reduce genetic diversity and ignore 
local adaptations. Another important consideration is the status of donor popu-
lations to support stocking efforts. Careful planning should be made to remove 
a minimal proportion of a donor smelt run’s productivity for stocking. Finally, 
long-term post-stocking monitoring should be performed to demonstrate 
stocking success.

3.2 – State Management Recommendations

Massachusetts
Massachusetts has a long history of implementing management measures 

to ensure sustainable smelt fisheries.  Concern over the capability of net fisher-
ies during smelt spawning runs to negatively impact the long-term viability of 
smelt runs was documented in the 1860s (Kendall 1926). In 1874, the Massa-
chusetts state legislature banned harvest using nets during the spawning period 
and limited harvest to hook and line for most coastal rivers in Massachusetts.  
By the start of the 20th century, nearly all smelt runs had this protection, and 
local smelt fisheries continued mainly as sportfisheries with little change until 
recent decades. 

The only location in Massachusetts that presently allows net fishing for 
smelt during the spawning run is the Weweantic River in Wareham. This fish-
ery is conducted under authority of M.G.L 67 of 1931 that gives the Town of 
Wareham the responsibility to manage a smelt fishery from March 1 to March 
31. This recreational fishery continues today with a 36 smelt/day bag limit for 
each permitted fisherman and limits the net size to 5 square feet. This location 
was monitored as a smelt fyke net station during the present study. The smelt 
catch at the Weweantic River station had low CPUE for Massachusetts rivers 
and a size composition dominated by the age-1 mode. MA DMF intends to 
initiate cooperative efforts with the Town of Wareham to ensure this unique 
southern smelt run can be sustained.  

Following the net bans of the 19th and early 20th centuries, no smelt laws 
or regulations were made in Massachusetts until 1941 when three provisions 
were added to M.G.L. Chapter 130 that focused specifically on smelt fisher-
ies. Section 34 of Chapter 130 standardized the spawning run ban for harvest 
during March 15 to June 16.  Section 35 standardized the method of harvest to 
hook and line only in Massachusetts.  Section 36 gave the Division of Ma-
rine Fisheries authority to close smelt spawning river beds to entry during the 
spawning season. Following these three laws, no changes to smelt regulations 
were made until 2009 when a daily bag limit of 50 smelt per angler was adopt-
ed.  Unlike Maine and New Hampshire that drafted smelt management plans 
in the 1970s and 1980s, no such plan has been prepared in Massachusetts.

Declining recreational smelt catches in the 1980s prompted a review of the 
status of smelt fisheries and spawning runs by the MA DMF. A survey of all 
coastal drainages on the Gulf of Maine coast of Massachusetts was conducted 
from 1988-1995, during which 45 smelt spawning locations were documented 
and mapped in 30 coastal rivers (Chase 2006). The report for this survey in-
cluded specific habitat and water quality recommendations for each smelt run. 
Following the survey, effort was directed toward acquiring smelt population 
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data. A grant was received from NOAA’s Office of Protected Resources to de-
velop fyke net indices at six smelt runs during 2004-2005 (Chase et al. 2006). 
This approach and the six fyke net stations were adopted for the present study.  
These contemporary efforts, when compared to the historical records and fish-
ery accounts from the 1960s and 1970s, present evidence of a sharp decline in 
Massachusetts smelt populations in the past 2-3 decades.  Locations that once 
supported popular winter ice fisheries for smelt no longer have fisheries, and 
some known spawning runs have had no recent evidence of spawning activity.

Smelt Stocking Efforts  
The transfer of smelt eggs from larger donor smelt runs to smaller runs or 

rivers with no smelt spawning was a common practice late in the 19th century 
in Massachusetts, followed by a large dedicated effort during 1910 to 1920 
(Kendall 1926). The ease with which smelt eggs could be collected and the 
appearance of large numbers of excess eggs in some settings contributed to the 
zeal behind decades of stocking.  Unfortunately, documentation of responses 
to stocking is essentially absent, other than brief narratives in annual agency re-
ports. Short-term increases in smelt spawning run size appear to have occurred 
in some systems, especially for coastal to inland lake transfers.  However, no 
evidence can be found of long-term benefits of coastal to coastal river transfers. 
Smelt egg transfers continued periodically through the 1980s with strong sport-
fishing constituency support. Recent requests to stock smelt eggs led to a MA 
DMF evaluation that attempted to quantify the number of eggs transferred, 
egg survival and returning adult smelt (Chase et al. 2008). Returning spawning 
adults were documented in a pilot river with no smelt run during the first year 
of possible returns, but low egg survival and expected low recruitment conclud-
ed with MA DMF discouraging the use of smelt egg transfers and prioritizing 
passage, water quality, and habitat quality improvements over stocking as meth-
ods for restoring smelt populations.  MA DMF presently does not support the 
use of egg transfers but is conducting a pilot study on the stocking of oxytetra-
cycline marked larvae as a potential substitute for egg stocking in specific cases 
where population enhancement can be coupled with habitat improvements and 
monitoring. 

Habitat Restoration  
The survey of smelt spawning habitat provided recommendations for 

specific habitat improvement projects (Chase 2006), four of which have since 
been conducted. Each of these projects has focused on improving spawning 
substrate. Two of these projects were able to take advantage of planned culvert 
replacements to add substrate improvements as part of the scope of work, while 
the other projects specifically targeted grant and mitigation funds to augment 
spawning substrate. The experience gained from these projects will assist future 
efforts in the region.

Recommendations
1)	 Apply the information gained from the present study and recent smelt 

habitat improvement projects to identify potential restoration sites and design 
smelt spawning habitat improvements that meet the life history requirements 
of smelt. Projects that can remove barriers and extend habitat connectivity for 
smelt and other diadromous fish should be prioritized
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2)	 Continue monitoring smelt fyke net stations from the present study 
that have been identified as having promise to support long-term indices of 
abundance (i.e., Weweantic River, Jones River, Fore River and Parker River). 
Improve and maintain data collection at fyke net stations to support future 
development of biological population benchmarks

3)	 Develop water quality criteria that relate to designated uses within the 
Massachusetts Wetlands Protection Act in order to protect the specific habitats 
of anadromous fish, including smelt spawning habitat

4)	 Conduct a smelt habitat survey of the Buzzards Bay region of  
Massachusetts that was not mapped during the previous Gulf of Maine survey 
in Massachusetts

5)  Develop a state smelt conservation plan similar those completed for 
Maine (1976) and New Hampshire (1981)

New Hampshire
The recreational smelt fishery in New Hampshire has been monitored and 

regulated for decades, and current fishing pressure is not believed to pose a ma-
jor threat to the smelt population in the state.  Ensuring that fishing pressure is 
compatible with a sustainable smelt population requires continuing monitoring 
efforts that are already underway, including creel surveys, spring spawning run 
surveys, and biological sampling during the ice fishery and young-of-the-year 
seine surveys.  Current monitoring of the fishery does not capture recreational 
fishing for smelt that occurs in the fall prior to the onset of ice.  There is also 
a limited hook and line commercial fishery for smelt in New Hampshire with 
local markets that is not well recorded. Developing surveys that obtain data 
from these portions of the fishery would be helpful for appropriately charac-
terizing fishing related mortality.  Currently, the daily limit for recreational 
smelt fishing is 10 liquid quarts, which is approximately equivalent to half of a 
5 gallon bucket.  Given that smelt is a species of concern, this limit would be 
re-evaluated if in the future fishing pressure is believed to pose a major threat 
to the population.  Neighboring states of Maine and Massachusetts, which have 
larger smelt runs, have a daily limit of 2 quarts and 50 fish, respectively.  

Population monitoring
The most current statewide fisheries management plan for rainbow smelt 

was written in 1981, but it predominately focuses on lake smelt populations. 
The objectives for smelt management were to maintain or increase the popula-
tion of smelt and to provide for commercial and recreational fisheries.  Man-
agement measures implemented following development of the plan included 
closure of the fishery to net or weir fishermen from March 1 to December 15, 
a 10 quart daily possession limit, and implementation of a smelt egg transfer 
program that occurred intermittently until 1991.  

To evaluate the effectiveness of the management measures and detect 
trends in smelt abundance, an annual creel survey of the recreational ice fishery 
was implemented, and a smelt egg deposition index was developed.  Data have 
been collected for the smelt egg index from 1979-2006.  The intent of the 
index was to provide a fisheries independent relative measurement of spawning 
stock abundance.  Validation of the index was attempted in 1993 by regressing 
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it with catch per unit effort of the winter fishery, but results showed very poor 
correlation between the two. The Department also compared data from the 
creel survey with the abundance of young of the year (YOY) rainbow smelt col-
lected via a seine survey that was initiated in 1997.  This comparison resulted in 
a much stronger correlation with age-2 smelt CPUE from the creel survey. The 
Department discontinued egg deposition surveys in 2006 as a result of poor 
data correlation with other surveys, but will continue to monitor rainbow smelt 
through juvenile abundance surveys, creel surveys, as well as spawning surveys 
at the fyke net index stations that were implemented for this project.

Habitat Restoration
Improving water quality in the Great Bay Estuary is expected to benefit 

smelt using New Hampshire waters.  An increase in the concentration of dis-
solved nutrients and substantial increases in nutrient loading have been de-
tected in the estuary in recent years.  These observations prompted the New 
Hampshire Department of Environmental Services (NH DES) and the U. S. 
Environmental Protection Agency to develop nutrient criteria for the estuary.  
Applying these criteria will result in water quality being classified as impaired in 
the entire estuary, including all of its tributaries.  These noted nutrient increases 
have the potential to spur periphyton growth, which may reduce the viability 
and hatching of smelt eggs, as discussed in section 2.2 – Threats to Embryonic 
Survival and Development.  The current nutrient criteria assessment is motivat-
ing local action to reduce nutrient loading, which should result in improved 
water quality and reduced periphyton during the smelt spawning season.

Habitat assessment and restoration are key conservation strategies that 
will be pursued in New Hampshire to enhance spawning conditions for smelt.  
While main stem spawning habitats are well known in the major tributaries to 
Great Bay, a comprehensive assessment of other potential spawning locations 
in smaller tributaries would be beneficial.  Habitat improvement projects that 
would benefit smelt include mitigating siltation and removing head-of-tide 
dams to increase the amount of freshwater area available for spawning.  Cur-
rently most spawning in New Hampshire occurs in intertidal areas.  Intertidal 
bars have developed in some tributaries following recent flood events; smelt 
eggs are deposited on these rocky bars and are then exposed to air at low tide.  
Grading of these bars to minimize their intertidal exposure would reduce egg 
mortality.

In addition, head-of-tide dams currently block smelt migration on most of 
the major tributary rivers to Great Bay.  One of these obstructions has recently 
been removed; the dam in place for 55 years on the Winnicut River in Green-
land, NH, was recently demolished, restoring spawning habitat for smelt.  
Following the dam’s construction in 1957, there was a steady decline of a once 
well-known large smelt run.  Other head-of-tide dams in the Great Bay Estuary 
are under consideration for removal.  The potential benefits to smelt will be a 
key factor in deliberations about the future options for these dams.

Finally, siltation in some rivers has reduced smelt spawning habitat.  Dam 
removal should increase stream flows and help remove accumulated sediments, 
and actions to reduce nutrient inputs will also reduce sediment inputs to the 
Great Bay Estuary and its tributaries.  These actions should improve smelt 
spawning habitat conditions in the tributaries.
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Recommendations:
1)	 Continue monitoring efforts in place including: winter creel survey,  

juvenile abundance seine survey, spring spawning run fyke net sampling

2)	 Improve water quality and support NH DES in developing nutrient  
criteria for Great Bay Estuary

3)	 Identify habitat restoration projects to enhance smelt spawning conditions.

4)	 Continue to support dam removal projects to connect smelt to historical 
spawning habitats

5)	 Conduct a smelt spawning habitat assessment of coastal areas in New 
Hampshire.

Maine
Through this project, we have found that while rainbow smelt populations 

are contracting rapidly in range, there are still strong populations in Maine.  
However, our surveys have also shown that smelt populations in the state are 
not as strong as previous Department studies have found. Comparing the num-
ber and strength of spawning runs currently to that of the late 1970’s, we have 
found that many runs have declined, while others are extirpated (see section 
1.3 – Population Status). Data collected during our fyke net survey and creel 
surveys has also shown that length at age has declined compared to historical 
records in upper Casco Bay and Kennebec River populations. Because smelt 
continue to support an economically important and sizable recreational fishery 
in Maine, as well as a locally economically important commercial fishery in 
Washington County, it is imperative to pursue management measures that will 
sustain and restore this species.

Continue monitoring smelt populations at multiple life stages
The state surveys that are currently in place target four important life 

history stages for rainbow smelt.  The annual fyke net survey, which began in 
2008, monitors the adult spawning runs at six index sites spanning the Maine 
coast. From this survey, we collect information about the inter-annual variabil-
ity of the spawning stock, the strength of age classes, and mortality rates. The 
genetic information combined with movement and habitat studies show that 
while adult smelt may not home to the same stream each year, they do show 
fidelity to larger bay and estuary areas. Thus, by monitoring adult smelt during 
the spawning season, we can observe changes in a specific stock over time. The 
other surveys do not have this ability. While the inshore trawl survey can track 
relative population abundance over time, it likely catches mixed genetic stocks 
and annual CPUEs may be skewed by stock variability.

The creel survey that targeted the Kennebec River and Merrymeeting 
Bay beginning in 2009 was expanded with the help of the Downeast Salmon 
Federation in 2010 to survey anglers on the Pleasant and Narraguagus rivers. 
Flagg (1984) estimated an extraction rate of less than 5% on the Kennebec 
River in the late 1970s. However, the population during that time period was 
likely larger than at present (see section 1.3 – Population Status in the Gulf of 
Maine); the fishery may have a more significant effect when population levels 
are low. Given the cultural and economic value of these fisheries, the creel 
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survey should be expanded to target aggregations of fishing camps in other 
locations (e.g., Great Salt Bay on the Damariscotta River), and efforts should be 
made to repeat the mark-recapture survey performed by Flagg (1984) to deter-
mine a current extraction rate.

The juvenile abundance survey is extremely important in understanding 
the reproductive success and early life stage survival in the Kennebec River and 
Merrymeeting Bay. Because we also monitor adult populations in this river 
system through creel surveys, it may be possible to compare data from the 
two surveys to quantitatively link adult winter catches to late summer juvenile 
abundance as NHF&G has been able to do. Additionally, by further under-
standing how juvenile abundance varies between river segments, we may be able 
to identify important juvenile habitat.  

Improving connectivity and access to spawning grounds
In many locations where smelt runs have historically declined or disap-

peared on the Maine coast, the decline is due to the inability of smelt to reach 
the spawning grounds. Road crossings on small coastal streams are often 
provided by undersized or hanging culverts or by small historic water control 
dams that no longer have purpose. Undersized culverts present problems when 
velocities increase during rain events because the water is constricted to a width 
smaller than the natural streambed. Because smelt are not strong swimmers, 
high water velocities can impede their ability to swim through the culvert, 
and thus to reach their spawning grounds. Hanging culverts (those where the 
downstream water level is lower than the culvert height) and dams that are 
downstream of the spawning grounds completely block access. Unlike other 
anadromous fishes (e.g., alewife and salmon) that can ascend fish ladders or 
jump vertical obstructions, smelt are unable to pass vertical obstructions over 
six inches. 

State agencies in Maine, including ME DMR, are currently working to 
catalogue such obstructions and prioritize which should be removed or rede-
signed to allow for anadromous fish passage. As part of this effort, a web-based 
tool will be publicly available so that municipalities and land trust organizations 
can identify road crossings in their area where improvements could re-establish 
smelt habitat access. In many cases, removing these barriers can have immedi-
ate effects in opening smelt spawning passage into a stream when strong runs 
exist nearby. If this is not the case, stock enhancement may be considered in 
the absence of other habitat degradation. The ME DMR will continue to work 
with other state agencies, municipalities, and non-governmental organizations 
to identify barriers to historical smelt habitat and restore access.

Assessing causes for local decline
Some smelt populations in Maine have declined or become extirpated, 

while others remain strong. In some cases, local declines can be attributed to 
historical overfishing; however, habitat degradation, access problems, and cur-
rent fishing practices may also be impacting smelt populations in the state.

Effective stormwater management techniques can reduce the impact of de-
velopment on water quality in urbanized watersheds in the state. As an exam-
ple, the Maine Department of Environmental Protection has worked with the 
South Portland Water District and businesses within the Long Creek watershed 

Local smelt runs may be 

affected by a combina-

tion of factors, including 

habitat degradation,  

access problems, and  

current fishing practices.
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to build stormwater retention areas that reduce the amount of nutrients and 
contaminants flowing directly into the stream. While the stream quality still 
shows the effects of development, impairment is reduced and the stream is able 
to support a limited smelt spawning run. Because this regional smelt project 
has found that development within a watershed can impact water quality to 
the point where smelt embryonic health and survival are impaired, watershed 
management efforts that reduce runoff into receiving streams are recommended 
in urbanized or developing watersheds. 

Current fishing regulations regarding anadromous rainbow smelt limit take 
by season and location. Recreational fishing is allowed July 1 through March 
14; there is no catch limit, but the gear is restricted to hook and line or dip 
net. During the spawning season (March 15 through June 30), take is limited 
to two quarts per person per day, and it is predominantly a dip net fishery. 
While the state Marine Patrol does actively enforce this regulation regarding 
gear and catch limitations, the number of violations that go without reprimand 
is unknown. Further, it is currently unknown what impact the recreational 
fishery may have on smelt populations. With the creel survey of the ice fishery 
beginning again in 2009, the ME DMR now has the opportunity to assess the 
extraction rate of the winter fishery and determine if a limit on take is neces-
sary. However, at this point there is no survey of the spring dip net fishery; the 
effect of fishing mortality during the spawning season and the subsequent loss 
of possible embryos is unknown. Future work should include an effort to quan-
tify fishing mortality due to both the recreational winter and spring fishery. In 
locations where there is evidence of stressed smelt runs, management action 
should be considered to limit mortality during spawning runs. 

Commercial fishing for smelt is allowed in only six tidal rivers in the state, 
all in Washington County: the East Machias, Pleasant, and Narraguagus rivers 
from January 1 through April 10, without any limit on quantity; and the Indi-
an, Harrington, and Chandler rivers with no limit on quantity or time period. 
Anyone fishing commercially for smelt must possess a Pelagic License from the 
ME DMR. With possession of this license, the fisherman is required to submit 
landings data to the ME DMR. The ME DMR is working with Downeast 
Salmon Federation to survey the biological composition of the catches to 
determine if the fishery may be impacting life history or age structure. This 
collaboration is necessary to monitor the fishery, and should continue in the fu-
ture. If over time there is evidence of smelt population decline in this region or 
evidence that the commercial fishery may be contributing to a high mortality, 
management actions should address the fishing effort possibly by limiting take 
or further gear restrictions.

Marked larval stocking at monitored sites
As part of this project, the ME DMR revisited historical spawning runs 

to document their current status and found that many sites no longer support 
spawning or support only limited runs (see section 1.3 – Population Status 
in the Gulf of Maine). When the decline at these sites can be attributed to 
historical fishing pressure that no longer exists or to habitat degradation or pas-
sage constraints that have been addressed, larval stocking may be an option to 
reintroduce smelt.

Adapting methods by Ayer et al. (2012), the ME DMR began a project 
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to restore rainbow smelt populations to North Haven, Maine, an island in the 
center of Penobscot Bay that supported robust smelt populations up until the 
1950s. After visits by ME DMR to identify the most appropriate stream for the 
project, the North Haven Community School completed pre-monitoring and 
found no water quality impairments that would affect smelt embryo survival. 
In spring 2012, the ME DMR and school worked together to mark larvae with 
oxytetracycline (OTC) for release at the stream. The school and ME DMR will 
continue to monitor adult returns in subsequent years to determine the suc-
cess of the project. Following this model, the ME DMR hopes to continue to 
re-establish smelt populations at sites where restoration projects have improved 
habitat quality or connectivity. However, habitat restoration must always pre-
cede any stocking efforts. 

Recommendations
With continued population monitoring and threat assessment in collabora-

tion with fisheries managers, university scientists, recreational and commercial 
fishermen, and interested citizens, the rainbow smelt populations in Maine 
could be maintained or possibly expanded. To this end, the ME DMR has 
begun to implement restoration efforts, including a stocking project in North 
Haven and assessment of culvert replacements that would provide access to 
historical habitat. Future work in the state of Maine to protect this species of 
concern should include:

1)	 Continuing monitoring of smelt populations through fyke net sampling, 
creel surveys, the inshore trawl survey, and the juvenile abundance survey

2)	 Developing a mark-recapture study to estimate the current extraction rate 
of recreational ice fishing on the Kennebec River and Merrymeeting Bay 
and other rivers and embayments that support recreational ice fishing

3)	 Restoring stream connectivity and access to historical spawning grounds 
with monitoring to assess pre- and post-construction conditions and smelt 
populations

4)	 Assessing threats to smelt habitat and evaluating connections between  
degraded habitat and local smelt population decline

5)	 Stocking rainbow smelt larvae marked with oxytetracycline into  
historical smelt spawning streams that maintain good habitat, while 
maintaining the genetic structure as identified by this project and annually 
monitoring stocking success.

With continued  

population monitoring 

and threat assessment in 

collaboration with  

fisheries managers,  

university scientists,  

recreational and  
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Appendix

Figure A.1.1.  Catch-per-unit-effort 
(number of smelt per haul) at 
selected Massachusetts fyke net 
stations, 2008-2011.
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Figure A.1.2.  Catch-per-unit-effort 
(number of smelt per haul) at 

New Hampshire fyke net stations, 
2008-2011.
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Figure A.1.3.  Catch-per-unit-effort 
(number of smelt per haul) at 
selected Maine fyke net stations,  
2008-2011.
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Figure A.1.4.  Length frequency 
of rainbow smelt caught in the 
Weweantic River, MA, fyke net, 

2008-2011.

Figure A.1.5.  Length frequency of 
rainbow smelt caught in the Jones 

River, MA, fyke net, 2008-2011.

Figure A.1.6  Length frequency of 
rainbow smelt caught in the Fore 
River, MA, fyke net, 2008-2011.
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Figure A.1.7.  Length frequency 
of rainbow smelt caught at the 
Oyster River, NH, fyke net, 2010-
2011.

Figure A.1.8.  Length frequency of 
rainbow smelt caught at the Lam-
prey River, NH, fyke net, 2008.

Figure A.1.9.  Length frequency 
of rainbow smelt caught at the 
Squamscott River, NH, fyke net, 
2011
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Figure A.1.10.  Length frequency 
of rainbow smelt caught at Mast 

Landing, ME, fyke net, 2008-2011.

Figure A.1.11.  Length frequency 
of rainbow smelt caught at Deer 

Meadow Brook, ME, fyke net, 
2008-2011.
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Figure A.1.12.  Length frequency of 
rainbow smelt caught at Tannery 
Brook, ME, fyke net, 2008-2011.

Figure A.1.13.  Length frequency of 
rainbow smelt caught at Schoppee 
Brook, ME, fyke net, 2010-2011.

Figure A.1.14.  Length frequency of 
rainbow smelt caught at East Bay 
Brook, ME, fyke net, 2008-2011.
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Figure A.2.1.  Water temperature 
data distributions for 19 smelt 

sampling stations in study area. 
The top of the box plots is the 

75th percentile and the bottom 
is the 25th percentile. The line 

within the box is the median and 
the error bars represent the 10th 

and 90th percentiles. The stations 
are arranged on the x-axis from 
the southernmost MA station to 

the northernmost ME station. 
Station medians were found to 

be significantly different with 
Kruskal-Wallis test (KW = 93.21, 

df = 18, p < 0.001).

Figure A.2.2.  Specific conductiv-
ity data distributions for 18 smelt 

sampling stations in study area. 
The top of the box plots is the 

75th percentile and the bottom 
is the 25th percentile. The line 

within the box is the median and 
the error bars represent the 10th 

and 90th percentiles. The stations 
are arranged on the x-axis from 
the southernmost MA station to 

the northernmost ME station. 
Station medians were found to 

be significantly different with 
Kruskal-Wallis test (KW =1374.4, 

df = 17, p < 0.001).
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16 Figure A.2.3.  Dissolved oxygen 
(mg/L) data distributions for 19 
smelt sampling stations in study 
area. The top of the box plots is 
the 75th percentile and the bot-
tom is the 25th percentile. The 
line within the box is the median 
and the error bars represent the 
10th and 90th percentiles. The 
stations are arranged on the x-axis 
from the southernmost MA station 
to the northernmost ME station. 
Station medians were found to 
be significantly different with 
Kruskal-Wallis test (KW = 439.51, 
df = 18, p < 0.001). The green line 
marks the MassDEP DO criterion 
(6.0 mg/L) for protecting Aquatic 
Life.

Figure A.2.4.  Dissolved oxygen 
(% saturation) data distributions 
for 19 smelt sampling stations 
in study area. The top of the box 
plots is the 75th percentile and 
the bottom is the 25th percentile. 
The line within the box is the me-
dian and the error bars represent 
the 10th and 90th percentiles. The 
stations are arranged on the x-axis 
from the southernmost MA station 
to the northernmost ME station. 
Station medians were found to 
be significantly different with 
Kruskal-Wallis test (KW = 439.51, 
df = 18, p < 0.001).

River

WP WW JR FR SG NR CN ER PR SQ WR OY LC ML DM TB SB CR EB

D
O

 %

60

80

100

120

140



94 • anadromous rainbow smelt regional conservation plan

Figure A.2.5.  Water pH data 
distributions for 19 smelt sam-

pling stations in study area. The 
top of the box plots is the 75th 

percentile and the bottom is the 
25th percentile. The line within 

the box is the median and the 
error bars represent the 10th and 
90th percentiles. The stations are 

arranged on the x-axis from the 
southernmost MA station to the 

northernmost ME station. Station 
medians were found to be sig-

nificantly different with Kruskal-
Wallis test (KW = 1041.3, df = 18, 
p < 0.001).  The green lines mark 

the lower MassDEP pH criterion 
(≥6.5 and ≤ 8.3) for protecting 

Aquatic Life.

Figure A.2.6.  Turbidity (NTU) 
data distributions for 19 smelt 

sampling stations in study area. 
The top of the box plots is the 

75th percentile and the bottom 
is the 25th percentile. The line 

within the box is the median and 
the error bars represent the 10th 

and 90th percentiles. The stations 
are arranged on the x-axis from 
the southernmost MA station to 

the northernmost ME station. 
Station medians were found to 

be significantly different with 
Kruskal-Wallis test (KW = 660.8, 

df = 18, p < 0.001). The green line 
marks the EPA turbidity criterion 

for minimally impacted water 
quality (≤ 1.7 NTU).
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2.5 Figure A.2.7.  Total nitrogen (TN) 
data distributions for 20 smelt 
sampling stations in study area. 
The top of the box plots is the 75th 
percentile and the bottom is the 
25th percentile. The line within 
the box is the median and the 
error bars represent the 10th and 
90th percentiles. The stations are 
arranged on the x-axis from the 
southernmost MA station to the 
northernmost ME station. Station 
medians were found to be sig-
nificantly different with Kruskal-
Wallis test (KW = 408.4, df = 19, 
p < 0.001). The green line marks 
the EPA total nitrogen criterion for 
minimally impacted water quality 
(≤ 0.57 mg/L).

Figure A.2.8.  Total phosphorus 
(TP) data distributions for 20 
smelt sampling stations in study 
area. The top of the box plots is 
the 75th percentile and the bot-
tom is the 25th percentile. The 
line within the box is the median 
and the error bars represent the 
10th and 90th percentiles. The 
stations are arranged on the x-axis 
from the southernmost MA station 
to the northernmost ME station. 
Station medians were found to 
be significantly different with 
Kruskal-Wallis test (KW = 174.7, 
df = 19, p < 0.001). The green line 
marks the EPA total phosphorus 
criterion for minimally impacted 
water quality (≤ 23.75 ug/L).
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	 New Hampshire Fish and Game Department
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	 Maine Department of Marine Resources
		  Website: http://www.maine.gov/dmr/index.htm
		  Sea Run Fisheries Division: (207) 287-9972
		  Bureau of Marine Sciences: (207) 633-9500





Rainbow Smelt
An Imperiled Fish in a Changing World

In a springtime ritual, adults and children went to their local 
streams and caught great quantities of the small fish. Prized as one 
of the best-tasting fried fish, smelt were brought home for dinner, 
sold locally, and shipped to distant markets. Many animals—seals, 
striped bass, codfish, great blue herons, and others—feasted on 
rainbow smelt during the springtime bonanza. Although small in 
size, this fish played a big role in the ecosystem and economy. 

Now rainbow smelt are declining, even in streams that once 
hosted abundant runs each spring. The diminishing numbers 
have become evident in the Gulf of Maine. Recognizing the plight 
of the rainbow smelt, the U.S. government listed it in 2004 as a 
federal Species of Concern. 

The state governments of Maine, Massachusetts, and New 
Hampshire are working together to understand the rainbow 
smelt’s status and threats, and to plan a regional conservation 
effort for the species. Scientific research by the three-state collab-
orative focuses on the status of the smelt population and the 
condition of spawning areas in streams, which may be a key factor 
in the rainbow smelt’s decline. 

A century ago, streams in coastal New England teemed 
each spring with small silvery fish called rainbow smelt. 
By the millions, rainbow smelt swam from the 
ocean into rivers and brooks, spawned, and 
then returned to sea. 

Rainbow smelt
Osmerus mordax 

State and local governments, community groups, and individual citizens can take immediate action  
to resolve some of the threats and to restore the rainbow smelt as an icon of spring in New England.

Ice-fishing shacks (above) are evidence of 
New England’s long tradition of fishing for 
rainbow smelt. Scientists (below) from three 
states are studying causes of the smelt’s 
recent decline, including loss of suitable 
stream habitats (bottom) for spawning.

To
m

 W
at

so
n

Jo
yc

e 
G

ro
nd

in
; M

ik
e 

Ti
m

be
rla

ke
 (t

op
)



“Second cousin to the grayling and trout, and one of the neatest, most graceful, and delicate  
of all our food fishes, is that universal favorite, the smelt.”   Samuels (1904)

Red dots indicate streams 
where rainbow smelt are 
known to spawn.

•	 Native to coastal waters of 
northeastern United States and 
Canadian Maritimes. 

•	 Eats shrimp, marine worms, 
amphipods, euphausiids, mysids, 
and smaller fish.

•	 Eaten by porpoises, seals, 
salmon, trout, bluefish, striped 
bass, Atlantic cod, and birds.

•	 Slender fish averaging 6 to 8 
inches long. 

•	 Can live up to 6 years, but more 
typically lives 3 or 4 years.

•	 Lives in estuaries, harbors, and 
offshore waters during summer, 
fall, and winter.

•	 Migrates into rivers and streams 
to spawn beginning in late 
winter (Massachusetts) to late 
spring (eastern Maine).

Rainbow Smelt
at a Glance

Historically, people in New England valued rainbow smelt as an 
easy-to-catch, abundant source of fresh protein after the long winter. 
The commercial fishery for rainbow smelt is one of the oldest in 
New England, and for many years it was among the most valuable. 
More recently, the catch along the Gulf of Maine coast has dwindled, 
although parts of eastern Maine still have strong commercial fisher-
ies. Recreational fishing for rainbow smelt continues to be a popular 
pastime in Massachusetts, New Hampshire, and Maine.

A New England Tradition

Fish in Peril
Rainbow smelt were so plentiful a hundred years ago that farmers 
caught them by the barrelful and had enough to eat, use as bait, and 
even spread on their fields as fertilizer. In many places now, it would 
be difficult to fill a single barrel with rainbow smelt. The species has 
largely disappeared from the southern part of its geographic range, 
and its numbers along the coast of the Gulf of Maine have dropped 
dramatically. In general, rainbow smelt are least abundant in Massa-
chusetts and increase slightly toward eastern Maine. Reliable data on 
population size are not available, but Maine fishery data show that 
rainbow smelt landings have dropped tremendously since the 1800s. 
While a decrease in fishing effort may contribute to the drop in land-
ings, the overall trend is clear: rainbow smelt are in trouble.

Shrinking 
Range

At present,  
rainbow smelt 
live only north  

of Long Island Sound 
(green area). 

A few decades ago,  
they lived as far south as  

Chesapeake Bay (pink area). 
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A clear explanation for the rainbow smelt’s 
decline is not yet known, but the species  
faces three broad types of potential threats:

1.	 	Loss of suitable spawning habitat
2.	 	Unfavorable changes in ocean conditions,  

such as water temperature or predation
3.	 	Fishing pressure

Many Potential Threats

People have degraded many of the rainbow smelt’s spawning sites in Massachusetts, New Hampshire, and Maine.

Some Human Activities Harm Spawning Areas

Scientists from the state govern-
ments of Massachusetts, Maine, and 
New Hampshire are collaborating 
on a study of threats to rainbow 
smelt, particularly spawning habitat 
alteration. The states are using 
the scientific findings to develop a 
regional solution.

Science for Solutions

What Makes a Good Spawning Place?
Rainbow smelt tend to deposit their eggs in shallow riffles 
just upstream from the meeting of salt and fresh water. 

A team of scientists uses a fyke 
net to catch rainbow smelt in a 
channelized river.

Sediment from construction 
sites, road maintenance, and 
other sources smothers eggs. 

Dams and poorly designed 
culverts block rainbow smelt 
from spawning grounds.

Fertilizers and faulty septic 
systems encourage growth of 
algae on smelt eggs.

Pavement and other impervi-
ous surfaces promote runoff of 
pollutant-laden rainwater. 

Trees and shrubs trap pollutants 
and sediment before they enter 
the stream.

A canopy of trees shades the water, 
keeping it cool for the fish.
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Pools provide refuge  
and resting areas  
during spawning runs.

Swift-flowing riffles attract 
spawning smelt and  
support egg survival.



Individual citizens and towns can take important steps to help the rainbow smelt recover. 
Local efforts are essential and can make a big difference in the survival of the species.

What Can You Do?

For more information, please visit: 
www.nmfs.noaa.gov/pr/species/fish/rainbowsmelt.htm 

Support for this publication was provided by the Maine Department of Marine 
Resources, Massachusetts Division of Marine Fisheries, New Hampshire Depart-
ment of Fish and Game, and National Oceanic and Atmospheric Administration.

Editorial Advisory Team:  Bradford Chase (MA DMF), 
Claire Enterline (ME DMR), Katherine Mills (NH DF&G)

Writing and Design:  Waterview Consulting

	 3. Plant shrubs and trees along stream banks and  
refrain 	from clearing existing vegetation. 
Vegetated buffers help to filter out pollutants, sediment,  
and excess nutrients before they enter the waterway. Shrubs 
 and trees also shade streams, keeping the water cool for fish.  

4. Maintain natural stream channels and substrate; restore 
those altered with concrete walls or other structures. 
Faster-flowing water in altered streams can lead to scouring or 
crowding of smelt eggs. Low water velocity and unnatural substrates 
can reduce egg attachment and incubation success.

1. Use less fertilizer on your property. 
Water carries fertilizer into streams, where the nutrients 
promote growth of algae on smelt eggs.

6. Clean storm drains annually. 
Debris and infrequent maintenance can clog storm drains, 
forcing water to flow over ground. The water carries sediment 
into streams, which smothers smelt eggs.

5. Use less road salt and sand near streams. 
When salt and sand are washed into streams,  
they can kill smelt eggs. 

Before After

2. Fix dams and culverts blocking smelt from spawning areas. 
Many dams and culverts prevent rainbow smelt and other fish  
from swimming upstream and downstream. In collaboration  
with owners and government agencies, dams can be removed,  
culverts reconfigured, and culverts replaced with bridges. 

7.  Get to know your smelt runs. 
Find out where smelt spawn in your town and insist that 
local officials protect these valuable habitats. 
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Multi-State Collaborative to Develop and Implement 
a Conservation Program for Rainbow Smelt

In 2004, the National Oceanic and Atmospheric 
Administration listed the rainbow smelt as a federal 
Species of Concern. The rainbow smelt is a small fish 
that lives in estuaries and offshore waters, and spawns in 
shallow freshwater streams each spring. Its numbers have 
dropped dramatically during the last fifteen to twenty 
years for reasons that are not well understood. 

The state governments of Maine, Massachusetts, and 
New Hampshire are collaborating on a scientific program 
to investigate the rainbow smelt’s status and threats, and 
to plan a regional conservation effort for the species. 
Because loss and degradation of spawning habitat 
appears to be a major factor in the population decline, 
scientists from state agencies are studying human 
impacts on rivers and streams where rainbow smelt 
currently spawn or may have in the past. Based on the 
scientific findings, the states will develop a conservation 
plan to address the impacts and promote recovery of this 
imperiled species.

The rainbow smelt (above) is a small fish that lives in coastal waters of New 
England and migrates into rivers and streams during the spring to spawn. 
Scientists are conducting research (below) to understand why the rainbow 
smelt has declined in abundance over the last 15 to 20 years. 

State and local governments, community groups, and individual citizens can take immediate action  
to resolve some of the threats and to restore the rainbow smelt as an icon of spring in New England.

Maine, Massachusetts, and New Hampshire are collaborating 
to collect scientific information and create a regional plan

Historical Data
How abundant were rainbow smelt in the past, and  
where did they spawn?
We are compiling historical datasets on smelt abundance and 
spawning locations. We are analyzing the datasets to under-
stand long-term changes in the rainbow smelt population.

Spawning Locations
Which rivers and streams are used presently by  
rainbow smelt for spawning?
State agencies in Maine, Massachusetts, and New Hampshire 
have surveyed streams to identify potential spawning sites and 
assess which of those are currently used by rainbow smelt. We 
combine and map the data to show where rainbow smelt are 
currently known to spawn.

Scientific Research Program

Movement
How often do rainbow smelt enter and leave streams  
and rivers?
Using small radio tags and an antenna system, we track the 
movements of rainbow smelt in estuaries. We are finding that 
many of them return to spawning areas each night on the 
incoming tides.

Lead Partners
Maine Department of Marine Resources

Massachusetts Division of Marine Fisheries
New Hampshire Department of Fish and Game 

National Oceanic and Atmospheric Administration

Lead Partners
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Long-term Index Stations
What are the environmental conditions at spawning sites? What are the demographic, genetic, 
and disease characteristics of rainbow smelt at these sites?
At 15 rivers and streams (see map at left) known to support spawning by rainbow smelt, we monitor:
•	 water temperature, dissolved oxygen, nutrients, pH, salinity, and turbidity,
•	 algae (periphyton) that could smother smelt eggs, 
•	 heavy metals that could lead to egg mortality and impair development of young smelt, and
•	 abundance and diversity of mussels, insect larvae, and other macroinvertebrates as an indicator  

of stream health.
At these Long-Term Index Stations, we use large fyke nets to catch rainbow smelt during the spawning 
season. We count, measure, and identify the sex of the fish; take samples of their scales, which we later 
use to determine age; and collect samples of their fins for genetic analysis. The size and age data will be 
used to develop indices of population abundance. The University of Maine Animal Health Laboratory 
screens the fish for diseases caused by bacteria, viruses, and parasites. 

Using scientific information from our collaborative efforts, 
the state agencies of  Massachusetts, New Hampshire, and 
Maine are developing a regional conservation and restoration 
plan for rainbow smelt. Each state is determining the most 
important threats from water quality, fishing pressure, or habi-
tat alteration facing smelt populations in their area. We are also 
identifying regional threats, potentially including rising ocean 
temperature and marine bycatch, and site-specific threats and 
management recommendations, such as redesigning stream 
culverts to allow fish passage

When completed, the conservation and restoration plan 
will present a comprehensive, regional strategy to address the 
threats and to restore populations of rainbow smelt in the Gulf 
of Maine. The plan will identify habitat restoration projects and 
management actions to be pursued as immediate priorities, and 
it will propose future projects and collaborations. 

Conservation and Restoration Plan

For more information about rainbow smelt and the NOAA National Marine Fisheries Service (NMFS) 
Species of Concern Program, visit www.nmfs.noaa.gov/pr/species/fish/rainbowsmelt.htm 

The regional conservation plan for rainbow smelt may 
include some or all of the following strategies:
•	 Replacement of culverts that block fish passage
•	 Dam removal
•	 Stock enhancement
•	 Remediation of stormwater pollution by using pervious 

pavement, redesigned sewage treatment systems, and  
other approaches

•	 Reduction of nutrient inputs to streams
•	 Mitigation of siltation
•	 Restoration of spawning habitat, including stream channels, 

substrates, and stream flow
•	 Reduction of mortality in fisheries

Harraseeket River

Winnicut River

Long Creek

Squamscott River

Parker River
Crane River

North River
Saugus River

Fore River

Jones
River

Weweantic River

East Bay Brook

Chandler River

Deer Meadow Brook

Tannery Brook

Before After

Fishing Pressure
How many rainbow smelt 
are caught by fishermen? 
Each year, state agencies 
in New Hampshire and 
Maine conduct surveys of 
the recreational fishery, 
collecting information 
from anglers about the 
amount of time they spent 
fishing for rainbow smelt 
and how many fish they 
caught. We analyze the 
data to understand trends in total catch and catch 
per unit effort (CPUE) for rainbow smelt.

Predictive GIS Model
Based on scientific analysis, where could we expect to find 
suitable spawning habitat for rainbow smelt?
We are analyzing characteristics of coastal watersheds of the 
Gulf of Maine, such as their proportion of forested land, human 
population density, and percentage of area covered by pave-
ment and other impervious surfaces. Based on this analysis, 
we are determining thresholds for urban and agricultural land 
use, impervious surface, and population density for watersheds 
that can support rainbow smelt spawning habitat. With this 
information, we are building a mapping tool to identify other 
streams that are potentially suitable as spawning habitat for 
rainbow smelt.

Replacement of culvert that blocked smelt from spawning habitat.

Restoration of spawning habitat in a New England stream.
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CHAPTER 40 - SMELT 
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40.12 Taking of smelts from the coastal waters of Maine 
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DEPARTMENT OF MARINE RESOURCES 
 
Chapter 40 - Smelt Regulations 
 
40.12 Taking of smelts from the coastal waters of Maine 

 
A. Restrictions 

 
1. It shall be unlawful to fish for or take smelts from the coastal waters by any means other than 

a dip net or by hook and line as defined by 12 M.R.S. §6001(20).  
 
2. During the period March 15 to June 30, both days inclusive, it shall be illegal to take more 

than 2 quarts per day of smelts from the coastal waters of the State. Possession of over 2 
quarts per day of smelts during this period on any coastal river, brook, or stream shall be 
prima facie evidence that the smelts were taken in violation of this regulation.   

 
3. It shall be unlawful to stand in the water of any coastal river, brook, or stream while fishing for 

smelts.  
 

B. Exceptions 
 

1. Any wholesale seafood or retail seafood dealer licensed pursuant to 12 M.R.S. §6851 or 
§6852; bait dealer licensed pursuant to 12 M.R.S. §7172; or grocery, restaurant or fish store 
may possess more than 2 quarts per day in his/her place of business.   

 
2. Taking of smelts in Washington County 
 

(a)  January 1 through April 1, both days inclusive, without any limit on quantity, the use of gill 
nets and bag nets in addition to dip net or hook and line are allowed in the following tidal 
waters: 
East Machias River in the Town of East Machias following the town line; 
Pleasant River in the Towns of Columbia Falls, Addison, and Harrington within 44º 
31.18’N, 67º 47.60’ W (end of Ripley Neck) to 44º 29.92’N, 67º 44.64’W (end of Cape 
Split) 
Narraguagus River in the Towns of Milbridge and Cherryfield within 44º 31.23’N, 67º 
51.63’W (Long Point) to 44º 31.61’N, 67º 51.46’W (Fickett Point).  
 

(b)  January 1 through April 10, both days inclusive, without any limit on quantity, the use of 
gill nets and bag nets in addition to dip net or hook and line are allowed in the following 
tidal waters:Town of Steuben; 
Indian River in the towns of Addison, Jonesport, and Jonesboro within 44º 29.87’N, 67º 
42.74’W (the end point of Moose Neck), and 44º 31.60’N, 67º 38.34’W (end of Hopkins 
Point); 
Harrington River and Mill River in the towns of Harrington and Milbridge within 44º 
32.51’N, 67º 49.09’W (end of Ray Point) and 44º 32.67’N, 67º 48.23’W (end of Town 
Landing Road); 
Chandler River in the town of Jonesboro within 44º 37.85’N, 67º 32.61’W (end of Look 
Point) and 44º 38.40’N, 67º 32.62’W (end of Deep Hole Point). 

 
Outside these dates and coordinates the restrictions in Chapter 40.12(A) apply. 
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DEPARTMENT OF MARINE RESOURCES 
 

CHAPTER 40 - SMELT 
 

INDEX 
 
 
EFFECTIVE DATE: 

May 2, 1982 - Section 9(B) 
May 10, 1982 - Chapter 40 with reprints of Private and Special Laws filed - Sections 1-13 
 

AMENDED: 
April 3, 1988 - Section 9 & 12 
April 3, 1988 - Section 8 & 12 
March 27, 1989 - Section 11 
December 21, 2009 – Sections 1-13 
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Workshop Summary 
 
The 4th North American Workshop on 

Rainbow Smelt was held in Portland, Maine on 
January 24-25, 2011.  This symposium was 
hosted by the Maine Department of Marine 
Resources, Massachusetts Division of Marine 
Fisheries, and the New Hampshire Department 
of Fish and Game, with major funding provided 
by a grant through the National Marine Fisheries 
Service Office of Protected Resources. 

Building off of the success of past rainbow 
smelt workshops, this meeting provided a forum 
for attendees from universities, government 
agencies, and conservation organizations to 
exchange information about current research and 
management efforts directed towards both inland 
and anadromous rainbow smelt.  This 
information was conveyed through more than 28 
presentations that focused on the population 
status, biological distinctions, ecological 
interactions, and restoration approaches for 
rainbow smelt.   

Abstracts from each of these presentations 
are compiled in this technical report, and we 
provide a brief summary of the work presented 
by theme below. The abstracts were reviewed 
and edited by the technical report authors and by 
the MarineFisheries Technical Report series 
editors.   

Anadromous Spawning Strategies and 
Population Assessments 

Understanding spawning strategies and 
population structure is necessary to effectively 
manage a species. Lecomte (p. 26) explored 
spawning strategies of the Osmeridae family, 
focusing on anadromous rainbow smelt, using a 
synopsis of scientific literature and a case study 
of smelt life history in the St. Lawrence estuary 
in Quebec. Two sympatric smelt populations co-
exist within the St. Lawrence Middle Estuary; 
one population uses the commonly 

acknowledged streambed spawning grounds and 
another uses shoal habitats.  Legault and 
Lecomte (p. 36) quantified the use of the 
shallow shoals for spawning, a strategy 
previously not described. Their work aimed to 
determine the scale of shoal spawning and to 
genetically identify the origin of the eggs.  They 
found that alternative spawning strategies may 
be more important than previously thought, and 
that they may be used in concert with streambed 
spawning strategies.  Further examining the 
population composition in the St. Lawrence 
River, Fortin et al. (p.76) used otolith 
microchemistry to distinguish the origin of 
larval smelt in the mainstem river, examining 
the contribution of each known tributary river 
spawning location to the overall population. 

As anadromous rainbow smelt populations 
appear to have been extirpated in the southern 
portion of their range and to have declined in 
many extant spawning rivers, documenting their 
population status and life history information is 
critical for developing effective management 
and conservation efforts.  Multi-party 
collaborative research efforts require 
standardized methods to ensure the 
comparability of data collected by different 
parties.  Enterline et al. (p. 79) described 
standardized ageing methods that have been 
developed and applied by Maine, New 
Hampshire, and Massachusetts to characterize 
spawning runs of anadromous rainbow smelt.  
These region-wide efforts have been supported 
by the use of digital imaging technology that 
makes it possible to share reference collections, 
train staff, and compare results across different 
labs.  Chase et al. (p. 12) discussed the 
population monitoring program being 
implemented by this same three-state 
collaborative.  Spanning 15 rainbow smelt 
spawning runs in the Gulf of Maine region, this 
survey indicates latitudinal influences on run 
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timing and duration.  A comparison to historical 
studies indicates that the age structure and 
survival rate of smelt spawning populations have 
changed over time, shifting towards a younger 
age distribution and lower survival rates.  In an 
effort to characterize spawning season 
movements and improve smelt population data, 
Enterline et al. (p. 23) report on Passive 
Integrated Transponder (PIT) tagging at a Maine 
spawning run.  Preliminary results indicate that 
males return to the spawning grounds at a 
significantly higher rate than females. This 
finding will enable managers to tune annual 
monitoring data and adjust frequency-at-age 
tables and mortality estimates. 

Efforts are also underway to collect 
information about rainbow smelt populations on 
the Penobscot River, Maine’s largest river, 
before the removal of dams that block access to 
original spawning grounds. The Penobscot River 
Restoration Project will be restoring nearly 
1,000 miles of sea-run fish habitat by removing 
two hydroelectric dams and improving fish 
passage at a third dam. Arter and Dietert (p. 84) 
described collaborative research projects being 
conducted by members of the Diadromous 
Species Restoration Research Network that 
study how the opening of this sea-run fish 
habitat may affect sturgeon, bird assemblages, 
sea lamprey, water quality, alewives, salmon, 
and rainbow smelt populations and movement. 
As part of this effort, Stevens et al. (p. 70) 
initiated a multi-gear survey of the fish 
community in the Penobscot estuarine system.  
This survey will describe the spatial and 
temporal distribution of fish in the estuary and 
may be particularly useful for quantifying runs 
of diadromous species.   

Inland Smelt Populations, Trophic 
Interactions and Management 

Landlocked smelt populations are found in 
the Northeastern US, Canada, and Great Lakes. 

With concerns about populations in Lake Huron 
at historic low levels, O’Brien et al. (p. 47) 
studied densities of larval stages of smelt and 
modeled stock recruitment based on bottom 
trawl survey data.  These results indicate that 
variable growth rates and survival of early 
hatching cohorts strongly influence year class 
formation. In Lake Saint-Jean in Québec, 
Canada, sub-adult rainbow smelt are both large 
consumers of zooplankton and a plentiful prey 
source for larger species. Plourde et al. (p. 43) 
examined ingestion rates by young-of-the-year 
and yearling smelt in Lake Saint-Jean using a 
mercury mass balance model to better 
understand zooplankton uptake and growth 
during this important life phase.  In an effort to 
increase smelt production in Lake Saint-Jean, 
Sirois et al (p. 46) quantified smelt carrying 
capacity by describing smelt diet and comparing 
it to the rate of production of the four main prey 
groups in the lake. From their findings, it was 
determined that the zooplankton production in 
Lake Saint-Jean could support higher biomass of 
smelt.  In inland Maine, smelt have been stocked 
in many lakes as a prey species for popular sport 
fish such as landlocked Atlantic salmon. 
Halliwell and Boucher (p. 48) described efforts 
by the state to selectively stock certain lakes, 
and to control or eradicate smelt from lakes 
where they were illegally stocked and upsetting 
the natural species composition.  

Worldwide, smelt species are important 
forage fishes.  Common smelt (Retropinna 
retropinna) are an important prey species for 
rainbow trout (Oncorhynchus mykiss) in Lake 
Rotoiti in New Zealand.  There is interest in 
increasing stocking of rainbow trout, but the 
possible impact on the smelt population is 
unknown.  Blair et al. (p. 83) assessed smelt 
abundance and concluded that smelt reproduce 
locally and appear to provide a sustainable food 
source for brook trout.  
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Fisheries: Historical and Current 
Once supporting major commercial and 

subsistence fisheries, rainbow smelt have 
declined along the eastern seaboard of the 
United States. Wood et al. (p. 66) summarized 
information about the once prominent 
commercial fisheries in states from New Jersey 
to Maine, described their subsequent decline, 
and offered explanations for this drastic 
contraction in range. The Pleasant River in 
eastern coastal Maine remains one of the last 
successful commercial smelt fisheries in the 
United States; Shaw (p. 54) discussed how 
fishermen and multiple agencies have 
collaborated to collect data that quantify and 
protect the fishery.  Despite the decline in 
commercial fishing for smelt in the United 
States, recreational fishing remains a popular 
and long standing tradition. State agencies in 
New Hampshire and Maine survey these 
fisheries to estimate annual population trends 
and gather population data.  Enterline and 
Uraneck (p. 75) compared survey data collected 
on the Kennebec River, ME from 2009-2011 to 
survey data from 1979-1982 and found that 
catch rates have declined slightly.   

Laboratory Culture 
Laboratory culture of rainbow smelt provides 

a controlled environment for testing the effects 
of certain conditions on various life stages. The 
results of such studies are valuable for 
aquaculture ventures, can lead to inferences 
about environmental impacts on wild 
populations, or may generate new methods that 
can be adapted for species management. 
Berlinksy et al. (p. 26) conducted a series of 
experiments to evaluate growth and survival of 
juvenile rainbow smelt reared in recirculating 
systems under different environmental 
conditions.  Water temperature, salinity and 
dietary protein levels were varied and 
physiological responses were recorded.  Smelt 

fed the highest percent protein diet and 
maintained at the lowest temperature had a 
significantly higher growth rate compared to the 
other treatment groups.  Ayer et al. (p. 62) 
compared methods to mark the otoliths of reared 
smelt using oxytetracycline hydrochloride 
(OTC) and found marking to be most effective 
when exposing the chemical to larval fish, as 
opposed to embryos. As part of an effort to 
restore smelt populations in Massachusetts, 
larvae were marked and released into a coastal 
stream.  In subsequent years, adult smelt with 
the OTC mark on their otoliths were captured 
from the stream, providing evidence of the 
utility of using OTC to document population 
responses to smelt stocking. 

Genetic Research and Management 
Implications 

Understanding genetic structure, variation, 
and gene flow can lead to conclusions about the 
evolutionary history of species, draw attention to 
unique or isolated populations, and inform 
management strategies. In the keynote address 
of the workshop, Dr. Julian Dodson from Laval 
University, Québec, described work to 
determine how genetic composition and 
contemporary environmental factors may affect 
population-specific morphology of rainbow 
smelt on the St. Lawrence River (p. 8).  In order 
to quantify nuclear gene flow among smelt 
populations of the St. Lawrence estuary 
complex, Colbeck et al. (p. 41) utilized 
Amplified fragment length polymorphism 
(AFLP) technology to compare smelt 
populations from sites throughout the estuary.  
Results show that while two distinct genetic 
populations are evident, genetic intermediates 
were also found, suggesting gene flow between 
the clusters. 

Along the American coast of the Gulf of 
Maine, Kovach et al. (p. 14) distinguished four 
to six genetic groups of rainbow smelt between 
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Buzzards Bay, Massachusetts and Downeast 
Maine.  These results can be used to inform the 
designation of genetically distinct management 
units, which may guide restoration and 
restocking efforts. Within Maine, Van Gorden 
and Zegers (p. 79) sought to determine whether 
population structure existed among rainbow 
smelt in four rivers of the Pleasant Bay 
watershed.  They found that microsatellites 
indicated polymorphism among their samples, 
but analyses using a major histocompatibility 
complex (MHC) marker suggested that the 
samples were monomorphic.  Also in Maine, 
following five years of transferring anadromous 
smelt eggs from Casco Bay to Sebago Lake, 
Campbell et al. (p. 78) estimated gene flow 
between these locations.  Gene diversity indices 
showed limited gene flow, and analyses 
indicated that the direction of flow was from 
Casco Bay to Sebago Lake. 

 
Threat Identification  

Anadromous rainbow smelt face a variety of 
potential threats that arise from conditions and 
activities both within and beyond the streams 
they use for spawning.  Because anadromous 
rainbow smelt may spawn immediately above 
the head of tide of coastal rivers and streams and 
are not strong swimmers, they are often blocked 
from spawning grounds by road crossings, dams, 
and fishways that are designed for other species. 
Clément et al. (p. 56) quantified smelt passage 
success through an alternative nature-like 
fishway utilizing Passive Integrated Transponder 
technology.  They found that smelt were indeed 
able to move up through the fishway, but 
movement was limited during high flows. 

Chase et al. (p. 49) investigated how water 
and habitat quality varied across 18 smelt 
spawning sites in Massachusetts, New 
Hampshire, and Maine and classified sites as 
“suitable” or “impaired” based on the 
relationship of observed conditions to water 
quality criteria.  They documented that in-stream 
pH, turbidity, total nitrogen, total phosphorus, 
and periphyton growth exceeded proposed 
thresholds and could degrade conditions for 
rainbow smelt spawning.  Mills and Enterline (p. 
15) looked at watershed conditions adjacent to 
smelt spawning sites in Maine.  They did not 
detect a strong direct relationship between land 
cover and smelt spawning abundance, but these 
influences may be translated indirectly through 
changes in water quality and streambed features.  

Restoration Initiatives 
In response to notable population declines, 

attention has increasingly focused on restoring 
rainbow smelt and other diadromous species in 
recent years.  Verreault et al. (p. 64) described a 
successful restoration effort on the St. Lawrence 
River.  Following water quality improvements 
and fishing mortality reductions, rainbow smelt 
have returned to previously abandoned spawning 
tributaries, and adult abundance and mean 
spawning age have increased.  Restoration 
efforts are also underway in rivers along the US 
portion of the Gulf of Maine coast.  Arter and 
Dietert (p. 83) explained the role of the 
Diadromous Species Restoration Research 
Network (DSRRN) in advancing the science 
needed to guide these restoration efforts and 
enhance their potential for success.       
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Past and present influences shaping intraspecific morphological divergence in 
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Frédéric Lecomte. 

Université Laval and Ministère des Ressources Naturelles et Faune, Québec 
 

Introduction 

Intra-specific phenotypic variation may be 
the result of divergence involving the 
partitioning of restricted resources among 
specialists adapted to different ecological niches. 
In freshwater fishes, there is no shortage of 
examples of limnetic ecotypes filtering plankton 
in the water column and benthic ecotypes 
feeding on macroinvertebrates. Such ecological 
divergence has often resulted in reproductive 
isolation, opening the door to eventual 
speciation. However, there are also many 
examples of species that are composed of 
morphologically distinct phylogenetic lineages 
that have been isolated at some time in the past 
and have developed more or less independently 
over long periods of time, particularly during the 
last or previous Pleistocene glaciations. Such 
vicariant differentiation may have arisen through 
genetic drift and-or adaptation to distinct 
environments in historical refugia. Thus, when 
studying species today, we are faced with the 
problem of disentangling to what extent 
variation in morphological traits in 
contemporary populations is attributable to 
adaptation to the current environment or the 
result of occupying some past, unknown 
environment.  

Native to northeastern North America, 
rainbow smelt is composed of two mitochondrial 
clades (Bernatchez & Martin, 1996; Bernatchez, 
1997). Given the enormous error associated with 
molecular clocks, the clades may have diverged  

anytime between a million to 35 thousand years 
ago. However, it is most probable that they 
diverged as recently as the last glaciation. A 
geographical dichotomy exists in the distribution 
of the two clades, with the so-called B-clade 
occurring to the northwest of the Appalachian 
mountains, and the A-clade to the east in 
primarily Atlantic drainages. In addition, 
contemporary smelt populations show 
considerable phenotypic variation and at least 3 
morphotypes are recognized: estuarine 
anadromous, microphageous freshwater, and 
macrophageous freshwater. Other morphological 
variants have been found in estuaries, including 
the superficially pelagic vs. benthic 
morphotypes of the St. Lawrence (Lecomte & 
Dodson, 2004, 2005) and the microphageous 
estuarine dwarf smelt found in Newfoundland. 

Principal question. To what extent is 
variation in morphological traits among 
contemporary populations attributable to 
adaptation to the current environment or to 
previous history? In short, how important is the 
past in structuring the present? To answer this 
question, we evaluate the extent to which 
intraspecific history (as indicated by clade 
identity) influences morphological divergence 
within historical lineage when exposed to 
alternative selective pressures in lakes and 
estuaries (as indicated by morphotype identity).  

 

Results 

We start with a morphological analysis of 13 
lake populations, including allopatric and 
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sympatric micro- and macrophageous smelt 
derived from both historical lineages, located 
throughout the range of smelt in NE North 
America (Barrette et al. 2009). A discriminant 
function analysis, based on 37 morphometric 
and 9 meristic traits, was used to isolate the 
relative importance of ancestral (A vs. B clade) 
and contemporary (macro- vs. microphageous 
forms) influences.  First and foremost, smelt 
ecotypes in lakes are more similar within 
lineages than between lineages. In fact, within 
the B lineage, there is no difference between 
macro- and microphageous smelt other than the 
overall gill raker counts and body length that we 
used to initially classify the ecotypes. The B-
phenotype is characterized by big jaws, big eyes, 
and a generally deeper head and longer gill 
arches. In contrast, all of these traits are smaller 
in the A-phenotype, which is also characterized 
by a greater number of dorsal gill rakers and 
bigger fins. These tendencies are significantly 
more pronounced for the A-microphageous 
smelt than the A-macrophageous smelt. 
Historical morphological features thus appear to 
dominate contemporary trophic adaptations 
(macro- vs. microphagy). 

To a lesser degree, the larger jaw structures 
and longer gill arches (and hence lower raker 
density) we associate with the B lineage 
characterizes macrophageous smelt of both A 
and B lineages, whereas greater gill raker counts 
and fin sizes characterize the microphageous 
smelt.  

To summarize. 
• Smelt ecotypes (micro- and 

macrophageous) are morphologically 
more similar within their historical 
lineages than between lineages (more so 
in the case of the B lineage) 

• Both lineages have experienced 
parallel morphological changes in 
producing alternative ecotypes (big 
jawed macrophageous ecotypes, higher 

gill raker density microphageous 
ecotypes).  

Now we ask if similar tendencies occur 
within the estuarine environment. However, in 
estuaries there appears to be very little evidence 
for feeding specialists, although different 
morphotypes have been observed. Rather, we 
exploit the observation that many estuarine 
populations are in fact mixes of A and B 
haplotypes, indicating some degree of 
introgression between ancestral lineages. We 
used 14 estuarine populations: 3 pure A 
populations, 2 pure B populations, 6 populations 
predominantly A with some B haplotypes, 3 
populations predominantly B with some A 
haplotypes. We excluded a sample from the 
north shore of the St. Lawrence, as its 
morphology is so distinct that we did not want to 
risk biasing the comparisons (Lecomte and 
Dodson 2004). We aimed at seeing how the 
introgressed estuarine populations compared 
morphologically with the pure (A or B) estuarine 
populations. 

Two quite surprising results emerged from 
this analysis. The major source of phenotypic 
variation was generated by the Ba introgressed 
populations that significantly diverged from all 
other groups. In these introgressed populations, 
we see characteristics of the typical B 
morphology greatly amplified: big jaws, big 
eyes, big heads, long gill arches. This is the 
morphology Lecomte & Dodson (2004) defined 
as the St. Lawrence North shore morphotype. It 
thus appears that this morphology is typical of 
populations dominated by the B lineage and 
introgressed with the A lineage. In opposition on 
this discriminant function, these same traits are 
reduced in size and accompanied by those traits 
typically associated with the A morphology: 
bigger fins and fin bases, deeper and somewhat 
larger body proportions forming a less 
streamlined shape. These latter characteristics 
define the “chunky” body morphology of the St. 
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Lawrence south shore morphotype (Lecomte and 
Dodson 2004), but it appears common to the 
introgressed populations dominated by the A 
lineage.  

The second source of phenotypic variation 
was generated by Ab introgressed populations 
that significantly diverged from all other groups. 
We see a typical A morphology characterized by 
deeper and bigger body proportions (the 
“chunky” morphology). In opposition, these 
traits are smaller and define a more streamlined 
morphology. 

To summarize. 
• Populations dominated by or 

composed purely of either clade A or B 
retain an ancestral morphology whether 
they live in lakes or estuaries.  

• Lacustrine smelt ecotypes are 
morphologically more similar within 
their historical lineages than between 
lineages (more so in the case of the B 
lineage) 

• The analysis of estuarine 
populations showing evidence of 
introgression between the two historical 
lineages relative to pure lineages reveals 
an even greater divergence in clade-
specific morphological traits. 

This leads to the speculation that if 
introgression increases genetic variance, and in 
particular additive genetic variance, then 
selection may be acting on the increased 
phenotypic variance within contemporary 
ecological settings to generate estuarine 
morphotypes. Is there really any evidence for 
strong selection in these settings? To answer this 
question, we used AFLP nuclear markers to 
document the level of genetic variation among 
sites in the Saint Lawrence estuary where the 
two mtDNA lineages occur sympatrically. In 
particular, we looked for outlier loci: those that 
differ more than expected under neutral models 
of divergence, and are thus potentially 

associated with divergent selection. We have 
analyzed to date 100 polymorphic loci of which 
4 loci are far more divergent than expected 
under neutral models of divergence. They thus 
serve as markers of divergent selection. Using 
these 4 markers, we defined 4 genetically 
distinct populations in the St Lawrence estuary 
associated with divergent selection: south shore 
downstream, south shore upstream, Saguenay, 
and north shore. Thus, local selection along the 
south shore, in the Saguenay and on the north 
shore, could be contributing to limited gene flow 
among populations. These results provide 
preliminary evidence that contemporary 
selection is acting on historical morphologies 
along the north and south shores. 

 

Conclusion 

• Variation in morphological traits in smelt is 
largely attributable to historical lineages. 

• In both lakes and estuaries, smelt 
descended from the B lineage are 
characterized by big jaws and big eyes 
whereas smelt descended from the A 
lineage are characterized by smaller heads 
and eyes, bigger fins and less streamlined 
bodies. 

• In lakes, both lineages have experienced 
parallel morphological changes in 
producing alternative ecotypes (big jawed 
macrophageous ecotypes, higher gill raker 
density microphageous ecotypes).  

• Morphological differences characterizing 
the St. Lawrence morphotypes probably 
evolved long before the post-glacial 
colonization of the estuary by the two 
founding lineages. 

• Their continued divergence appears related 
to introgression of the two historical 
lineages and divergent selection acting on 
contemporary populations. 
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• Divergent selection contributes to limiting 
gene flow among populations and 
maintaining the differential distribution of 
the mtDNA clades along the two coasts. 
 

Future Directions. The next step in this 
investigation is to fully document the genetic 
divergence of the estuarine populations to 
confirm the preliminary evidence supporting the 
hypothesis that divergent selection contributes to 
limiting gene flow among contemporary 
populations. Once the true population genetic 
structure is defined, an important objective will 
be to breed and raise smelt of different 
morphologies from different genetic populations 
to see if morphological differences persist under 
common environmental conditions. If this 
proves to be the case, we may then expose 
different genetic populations to a gradient of 
environmental conditions to document if 
reaction norms (the phenotypic expression of a 
genetic population under different 
environmental conditions) differ among 
populations, a first step in demonstrating local 
adaptation. Considerable development in the 
culture of rainbow smelt to reproductive age is 
an absolute prerequisite to achieving these goals. 
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Anadromous rainbow smelt have 

traditionally supported popular recreational 
fisheries and small-scale commercial fisheries 
along the Northeast coast of the United States. 
However, concerns have grown over the health 
of smelt populations throughout much of their 
range.  Rainbow smelt appear to have been 
extirpated from the southern extent of their 
range (Chesapeake Bay to Southern New 
England), and fisheries in the northern part of 
their US range along the Gulf of Maine coast 
have declined.  The states of Maine, New 
Hampshire and Massachusetts received a grant 
from the National Marine Fisheries Service’s 
Office of Protected Resources to investigate the 
status of smelt and to develop a conservation 
plan for New England.  Information on the 
present status of smelt in New England is 
limited. One component of the investigation was 
to record biological data from spring spawning 
runs that can be developed into fishery 
independent indices of population abundance.  
Analyses will be conducted on size and age 
composition, catch per unit effort, and mortality; 
and comparisons of smelt population 
demographics will be made among rivers and to 
previous studies.  Preliminary results of the 
smelt population monitoring were presented at 
the workshop and are briefly summarized here.     

Rivers and fyke net stations were selected in 
each state for monitoring during 2008-2010. 

Eight fyke net stations were monitored in 
Massachusetts using a box-frame net (4’x4’ 
entrance, 4’x4’ wings, and ¼ inch delta mesh) 
with a hoop-framed cod end. The fyke was set 
on rebar poles at mid-channel in the intertidal 
zone below the downstream limit of smelt egg 
deposition. The fykes were deployed on Monday 
each week, hauled for the next three days and 
removed until the next week. The sampling 
period targeted 11 weeks from the first week of 
March to the third week of May to coincide with 
the smelt spawning period.  Two fyke stations 
were monitored in New Hampshire and five in 
Maine:  both states deployed a similar net design 
with extended wings at sites with wider 
channels.  The sampling duration in New 
Hampshire and Maine also varied due to a later 
ice-out and spawning season that occurs later 
with increasing latitude.  With each haul, smelt 
were counted, sexed, measured (total length) and 
released.  Weekly scale subsamples were 
recorded at some stations for aging.  Smelt were 
captured at all fyke stations except the Westport 
River in Massachusetts during 2008-2010.  
Smelt catches among stations displayed distinct 
characteristics of run peak, run duration, and 
size composition.  

Seasonality.   Spatial and annual variability 
were noted in the duration and peak of 
spawning. The onset of smelt spawning 
consistently occurred in the first three weeks of 
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March in Massachusetts and New Hampshire.  
Spawning was delayed with increasing latitude 
in Maine, starting in late April and early May at 
the easternmost stations. Stations in southern 
Massachusetts had unique spawning seasonality 
with spawning peaks near mid-April and longer 
run duration. In contrast, smelt runs in northern 
Massachusetts and New Hampshire had late-
March to early April peaks with sharply 
declining catches after the peaks and shorter run 
duration. Smelt run duration declined 
progressively from northern Massachusetts to 
Maine, a pattern that may continue with 
increasing latitude as evident by very brief 
spawning runs at the northern end of their range 
(McKenzie 1964).  

Catch Per Unit Effort (CPUE).   Fyke net 
catch rates varied widely among rivers and 
years. Analyses to date have focused on 
Massachusetts stations with consistently higher 
catches. The geometric mean of peak season 
catch-per-haul was estimated with 95% 
confidence intervals. Nominal and transformed 
CPUE data had high variance that could obscure 
the detection of population changes. The catch 
data did detect and track stronger than average 
cohorts in several rivers. Additional years of 
CPUE data are needed in order to demonstrate 
the value of fyke net catch data as abundance 
indices.   

Length and Age Composition.  Smelt are fast 
growing fish that mature at small size and are 
fully recruited to the spawning stock at age-2 in 
the study area.  Smelt length data at most fyke 
stations displayed two age modes: one 
comprised of age-1 smelt and an age-2+ mode 
that was mainly age-2 smelt, with limited 
presence of older smelt.  In Massachusetts, the 
age-1 mode was prominent in most years at most 
stations and comprised a majority of the length 
frequency at some rivers.  This observation 
differs from the smelt population studies during 
the 1970s in Massachusetts, in which age-1 

participation in smelt runs was intermittent and 
occurred at a lower frequency (Murawski and 
Cole 1978; Lawton et al. 1990).  Overall, 
catches in southern Gulf of Maine showed 
evidence of reduced presence of older smelt and 
higher occurrence of age-1 smelt.   

Mortality.  Limited work has been done on 
population metrics for anadromous rainbow 
smelt throughout their range.  A few studies 
have calculated population mortality and 
survival rates based on age structure (Murawski 
and Cole 1978; and Pouliot 2002).  Annual 
survival rates (S) and instantaneous total 
mortality (Z) were calculated using the 
Chapman and Robson equation (Chapman and 
Robson 1960) for this study. This analysis has 
biases that may limit the accuracy of mortality 
estimates.  Few age cohorts are available for the 
assessment: the age-1 cohort is excluded from 
mortality estimates because these fish are 
partially recruited to the spawning run, and age-
4 smelt are presently uncommon.  Secondly, the 
sampling method cannot distinguish the 
occurrence of repeated spawning movements of 
individual smelt. This behavior, as demonstrated 
by Murawski et al. (1980), could bias 
measurements of population mortality and 
survival. Under the assumption that these biases 
were consistent among studies, we calculated 
mortality and survival estimates and compared 
them to previous studies. These preliminary 
analyses found higher survival in Jones River 
and Parker River smelt populations in 
Massachusetts in the 1970s (Murawski and Cole 
1978, Lawton et al. 1990) than in 2008-2010. In 
addition to having lower survival than the 
previous estimates in Massachusetts, the average 
survival of the smelt in the present study is 
lower than found in earlier studies in the 
Miramichi River (McKenzie 1964) and the 
Fouquette River in Quebec (Pouliot 2002).   
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Understanding the genetic structure of 

marine and anadromous fish populations is 
important for their successful management and 
conservation. This objective is germane to the 
rainbow smelt (Osmerus mordax), a Species of 
Concern in the Northeast U.S. due to their close 
association with estuarine habitats and the 
potential for estuarine retention of larvae, 
anadromous smelt are expected to exhibit 
population structuring at the scale of estuaries or 
retention areas. The goal of this study was to 
determine the genetic variation among rainbow 
smelt from multiple river systems in New 
England. Smelt were sampled during the spring 
spawning season in 2006-2010 from 18 river 

systems: the Weweantic, Jones, Fore, Saugus, 
and Parker rivers in Massachusetts, the Salmon 
Falls, Bellamy, Oyster, Lamprey, and 
Squamscott rivers in New Hampshire, and Long 
Creek, the Harraseeket, Kennebec, Sheepscot, 
Penobscot, Pleasant, and Chandler rivers, and 
Cobscook Bay in Maine. Genetic analysis was 
conducted using 11 microsatellite markers.  We 
found a temporally stable genetic structure, with 
weak but significant genetic differentiation 
among smelt from most river systems (FST = 
0.017), with the exception of the ones in closest 
geographic proximity (e.g. the five rivers of the 
Great Bay estuary in New Hampshire). Genetic 
structure followed an isolation-by-distance 
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model, as smelt from the most distant locations 
displayed the highest levels of differentiation, 
and genetic connectivity was highest within 
regional river groupings. Bayesian clustering 
approaches identified 4-6 population groupings, 
with genetic discontinuities coinciding with 
topographic features, such as capes and enclosed 

bays that might promote larval retention. 
Genetic diversity was slightly reduced in the 
most northern (Cobscook) and southern 
(Weweantic) rivers. These results can be used to 
inform the designation of genetically distinct 
management units, which may guide restoration 
and restocking efforts.  
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Introduction 

Changes in land cover in a watershed can 
affect receiving waters in ways that alter habitat 
conditions, water quality, and biological 
communities (Burcher et al. 2007, Allan 2004).  
Urbanization and agricultural activities 
contribute to erratic flow levels, warmer water 
temperatures, channel alterations, sedimentation, 
chemical and bacterial pollution, and nutrient 
loading (Wang et al. 2001, Allan 2004).  These 
physical and chemical changes can secondarily 
induce biological responses that affect fish and 
invertebrate populations and communities 
(Wang et al. 2001, Burcher et al. 2007).   

Anadromous fish are susceptible to impacts 
from landscape alterations in the watersheds of 
rivers they use for spawning and rearing.  
Limburg and Schmidt (1990) found that the 
density of alewife eggs and larvae was inversely 
related to the proportion of urban land use in a 
watershed.  Chinook salmon recruitment in the 
Columbia River also declined as the percentage 
of urban land in the watershed increased (Regetz 
2003).  Further, median densities of spawning 

coho salmon in forest-dominated areas were 1.5-
3.5 times greater than in urban or agricultural 
areas (Pess et al. 2002).  These examples 
indicate that anadromous species can be 
influenced by land cover, but these linkages 
have not yet been investigated for rainbow 
smelt.     

Rainbow smelt spawn at the head of tide of 
streams and rivers, an area likely to be affected 
by the characteristics of the contributing 
watershed.  Changes in flow, temperature, 
nutrients, and chemical loadings to estuaries and 
rivers could affect smelt spawning location and 
success.  Some of these effects could accrue 
directly; for example, increased flows may 
inhibit upstream spawning migrations.  Others 
are likely to act through indirect pathways; as an 
example, increased nutrient loading may 
enhance periphyton growth and reduce smelt 
egg survival (Chase 2006; Wyatt et al. 2010).    

In this study, we investigate relationships 
between watershed land cover and rainbow 
smelt spawning habitat use along the coast of 
Maine.  We seek to understand land cover 
characteristics that inhibit as well as support 
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rainbow smelt spawning.  Our ultimate objective 
is to evaluate whether land cover characteristics 
can be used to prioritize conservation areas for 
rainbow smelt. 

 

Methods 

Field Methods.

Patrol officers visited streams during the 
nighttime high tide to confirm the presence or 
absence of spawning adults and the daytime low 
tide to confirm the presence or absence of eggs. 
Smelt eggs can be easily identified because they 
are adhesive, demersal, and no other species’ 
eggs are present in the same habitat in early 
spring. Officers visited the streams one to three 
times a week for the duration of the spawning 
run – March 1 to mid-May west of the 
Penobscot River and late April to mid-June to 
the east. At each visit, officers recorded the date, 
time, approximate number of adult smelt (0, 10s, 
100s, 1,000s, 10,000s, 100,000s), and the 
approximate egg abundance in one square foot 
(0, 10s, 100s, 1,000s, 10,000s, millions). 

  The Maine coast has 
historically supported over 250 unique rainbow 
smelt spawning sites. In 2005 and again in 2007-
2009, the Maine Department of Marine 
Resources worked with the Maine Marine Patrol 
to survey each historically documented rainbow 
smelt spawning site to confirm the current status 
of spawning.   

The data for each site were compiled for the 
four survey years. Each site was assigned a rank 
(0-5) based on the absence or relative strength of 
spawning activity:  
 

0 – no eggs or adults observed  
1 – 10s of eggs and/or adults 
2 – 100s of eggs and/or adults 
3 – 1,000s of eggs and/or adults 
4 – 10,000s of eggs and/or adults 
5 – millions of eggs and/or 100,000s of adults 

Within each year, the observation with the 
largest amount of eggs and/or adults was used to 
assign the rank. The final rank for each site was 
the average integer rank over the four survey 
years. While many sites were surveyed in more 
than one year, the rank for some sites was 
assigned using only one year of data. Sites that 
were visited infrequently or not at all were not 
assigned a rank and were excluded from further 
analysis.  

Watershed Characteristics.  Using the 
geographic information system (GIS) program 
ArcGIS 9.3, watershed characteristics for each 
ranked spawning site were determined. The 
National Hydrographic Dataset was used in 
conjunction with the Network Analyst extension 
to delineate the upstream flow network for each 
site. This network was then overlaid on the 
MaineGIS small watershed layer, and the entire 
drainage area for each site was delineated. 

We used widely available land cover layers 
to describe watershed characteristics that may 
impact rainbow smelt spawning habitat.  Land 
cover data (2005, 30-meter resolution) from 
NOAA’s Coastal Change Analysis Program 
were used to determine percent forest, developed 
area, open space development, agriculture, and 
wetland for each watershed (NOAA 2008).  
Developed low, medium, and high were 
reclassified as a single “developed” class; 
deciduous, mixed, and evergreen forests as 
“forest”; palustrine forested wetland, palustrine 
shrub/scrub wetland, palustrine emergent 
wetland, estuarine forested wetland, estuarine 
shrub/scrub wetland, and estuarine emergent 
wetland as “wetland”; and pasture/hay and 
cultivated crops as “agriculture”.  Developed 
open space was left as an independent category 
that may indicate the amount of heavily 
fertilized land (e.g., golf courses) within a 
watershed. 

Statistical Analysis.  The full data set was 
first reduced to include only watersheds up to 
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the 75th quartile in size.  This eliminated the 
influence of a few very large watersheds so that 
more localized watershed relationships to smelt 
spawning activity could be captured.  From this 
reduced data set, outliers were evaluated and 
two sites that were affected by high numbers of 
upstream crossings were removed.   

Land cover characteristics in the watersheds 
were first described using a principal 
components analysis (PCA).  Our intent in this 
analysis was not to reduce the variables used in 
subsequent analyses but to understand the 
relationships among the variables and their 
relative contributions towards explaining 
variance in land cover among watersheds.  This 
analysis was conducted in JMP (version 9.0.0) 
using the correlation matrix and a restricted 
maximum likelihood estimation procedure to 
compute the eigenvectors. 

A cluster analysis was used to group the 
sampled spawning sites based on their land use 
characteristics.  This analysis was also 
conducted in JMP (version 9.0.0).  We applied 
hierarchical clustering using a complete linkage 
method to the Euclidean distances derived from 
the standardized land cover data.  We interpreted 
five clusters from this analysis and used those 
clusters to graphically depict relationships 
among three land cover types and the ranked 
smelt spawning index.   

Finally, we explored relationships between 
the land use variables and the ranked prevalence 
of smelt spawning using an ordered logistic 
regression.  The developed open space land 
cover category was not used in the analysis due 
to a high collinearity with the developed 
category.  Land cover data for the developed, 
agricultural, and wetland categories were log-
transformed to stabilize the variance; forest was 
not transformed prior to inclusion in the 
analysis.  The model was run using the lrm 
function from the Design package in R 
(version 2.12.1).         

Results 

Of 218 historical spawning sites that were 
surveyed during the 2000s, 67% (146 sites) 
showed signs of current use by rainbow smelt.  
However, spawning activity was fairly low at 
most of these recently confirmed active sites; 
62% received a ranking of 1 or 2 using the 
scheme outlined above, 37% were ranked as 3 or 
4, and only two sites scored a ranking of 5.   

The small watersheds used for detailed 
analyses represented a broad range of forest and 
wetland conditions, with each category ranging 
from 0% to nearly 100% coverage among the 
watersheds.  Developed land cover ranged from 
0% to 85%, whereas developed open space and 
agriculture showed smaller ranges of variability 
(0% to 25%) among the watersheds.   

A principal components analysis showed that 
93% of the variance in land cover could be 
explained by three axes.  The first axis 
accounted for 47% of the variance, and it 
separated watersheds based on forest cover and 
development, with the developed and developed 
open space variables loading strongly with one 
another (Figure 1).  The second axis (26% of 
variance) reflected differences in the watersheds 
based on the portion of wetlands and agriculture 
(positive weights on axis) and forest (negative 
weights).  The third axis explained 19% of the 
variance and captured distinctions between 
wetland and agricultural land cover.   

A cluster analysis using the same five land 
cover types grouped the watersheds into 
dominant categories.  These clusters represented 
watersheds with: 1) high development and low 
agriculture, forest, and wetlands; 2) moderate 
development and agriculture but low forest and 
wetlands; 3) high forest and low to moderate 
levels of other land covers; 4) low development, 
moderate forest, and moderate to high wetlands; 
and 5) moderate development, low forest, and 
high agriculture and wetlands (Figure 2).  
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Further interpretation of the cluster analysis 
was supported by a trellis plot that relates ranked 
spawning prevalence to developed, agricultural, 
and forest land covers, with unique symbols 
representing each of the five clusters (Figure 3).  
The dominant pattern detectable in the trellis 
plot showed that highly developed watersheds 
did not support rainbow smelt spawning.  The 
plot also indicated that sites that support higher 
levels of smelt spawning (ranks 3 and 4) 
generally had higher forest cover than those 
ranked lower (ranks 1 and 2).       

Land cover variables that were associated 
with the prevalence of rainbow smelt spawning 
at a site were identified more formally using an 
ordered logistic regression.  When all four land 
cover variables (developed, agriculture, forest, 
wetland) were included in the model, only 
agriculture showed a significant relationship 
with the prevalence of smelt spawning 
(p=0.006).  Since the land cover variables were 
log-transformed, the interpretation of the 
regression output suggests that for every 2.7 unit 
increase in the proportion of agricultural land 
cover, we expect a 0.19 unit increase in the 
ranked prevalence of rainbow smelt spawning at 
a site on the ordered logit scale when other 
variables in the model are held constant.  The 
model has a likelihood ratio chi-square of 14.16 
with four degrees of freedom and is statistically 
significant (p=0.0068), but its predictive 
capacity is weak (pseudo R2=0.088, C=0.6).   

 

Discussion 

Rainbow smelt currently spawn in many 
rivers along the coast of Maine, and watersheds 
adjacent to these rivers represent a wide variety 
of land cover types.  Rainbow smelt spawning 
was observed at 67% of the historical spawning 
sites surveyed, but the level of activity was low 
at most of these sites.  Watersheds with high 

percentages of developed land appear to no 
longer support spawning activity.  Although 
some of the small watersheds analyzed as part of 
this study were over 85% developed, evidence 
of rainbow smelt spawning was not observed in 
streams draining watersheds that were over 41% 
developed.   

It is important to recognize, however, that 
lower levels of watershed development may 
influence rainbow smelt spawning.  Highly 
ranked rainbow smelt spawning sites (i.e., ranks 
equal to 4 or 5) only existed in watersheds with 
less than 10% developed cover.  This 10% 
development threshold is consistent with 
observations of curtailed spawning activity of 
alewife in the Hudson River (Limburg and 
Schmidt 1990).  It is likely that watersheds with 
higher percentages of developed land are less 
able to support spawning runs of anadromous 
fish; however, other factors influencing habitat 
(e.g., discharge, stream gradient, drainage size) 
may be as or more important in determining the 
strength of a spawning run at a given site. 

Although graphical interpretations of the data 
indicated that high levels of development were 
associated with a lack of rainbow smelt 
spawning, a statistical analysis also detected a 
relationship between smelt spawning prevalence 
and the portion of agricultural land cover in the 
watershed.  Positive associations between 
agricultural land cover and fish habitat quality, 
community structure, and biotic integrity have 
been reported for freshwater streams (Wang et 
al. 2002).  However, other studies have found 
agricultural land cover to be detrimental to 
spawning populations of anadromous species, 
including rainbow smelt (Pess et al. 2002, 
Regetz 2003, Trencia et al. 2005).  

The relationship between agricultural land 
cover and rainbow smelt spawning in Maine 
coastal rivers requires further study.  It is 
possible that an interaction between 
development and agriculture exists such that the 
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positive influence of agricultural land cover may 
be driven by an association with lower levels of 
development.  However, it may also be possible 
that agricultural land cover in the watershed 
benefits rainbow smelt; the effect of agricultural 
activities may be buffered by streamside 
vegetation, or the use of best management 
practices may enhance the quality of streams in 
other ways during the rainbow smelt spawning 
season.     

The results of these analyses do not find a 
strong relationship between rainbow smelt 
spawning abundance and land cover for small 
watersheds along the coast of Maine.  Further 
analyses will be conducted to investigate the 
importance of land cover within a narrow buffer 
along the stream corridor, as other studies have 
shown near-stream land cover to have a stronger 
influence on aquatic ecosystems than land cover 
at the watershed scale (Wang et al. 2002).  In 
addition, the qualitative nature of the rainbow 
smelt spawning data (i.e., ranked summaries of 
various numbers of point-in-time observations) 
used in this study may have affected our ability 
to discern relationships to land cover.  Land 
cover influences on spawning rainbow smelt 
will be further assessed using quantitative 
observations over the full spawning season of 
the numbers returning to spawn at index stations 
from Massachusetts to Maine.   
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Figure 1.  Loadings of land cover types in small surveyed watersheds as defined by the first three axes of a principal 
components analysis.  
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Figure 2.  Hierarchical clusters of small surveyed watersheds based on land cover types. 
The proportion of land cover of each type (e.g., developed, developed open space, agriculture, forest, wetland) is 
indicated by the colored bars on the left, with red identifying a high proportion of a certain land cover and dark 
purples associated with low proportions.  Five clusters used for further interpretation are shown in unique colors on 
the dendogram. 
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Figure 3.  Trellis graph of sites with their smelt spawning rank plotted against development, forest, and agriculture 
in the watershed.  Points are coded so that the marker color corresponds to the cluster to which they were assigned in 
Figure 2. 
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Rainbow smelt (Osmerus mordax) are 

small anadromous fish that live in near-
shore coastal waters and spawn in the spring 
in coastal rivers immediately above the head 
of tide in freshwater. During the spawning 
run, a skewed sex ratio is observed with 
more males visiting the spawning grounds 
compared to females (Marcotte and 
Tremblay 1948; Murawski at al. 1980, a 
behavior which has been found to increase 
fertilization success (Purchase et al. 2007).  
Sampling large groups of smelt during non-
breeding seasons has found a balanced sex 
ratio; on the Parker River, Massachusetts, 
age-2+ females composed only 11.4% of the 
sample during one spawning survey 
compared to 47.4% of the winter fishery 
catch within the same year (Murawski et al. 
1980).  

While repeat spawning behavior has been 
described, the frequency of recurrence 
according to sex and age has not been 
quantified.  Because most population 
surveys are conducted during the spawning 
season, the catch data are biased by 
repeatedly counting the same males; 
mortality rates calculated by tracking age 
classes through time also carry the bias.  
Previous mortality estimates have been 
based on total catch during the spawning 
season.  Murawski and Cole (1978) 
estimated a higher mortality rate for males 
compared to females in the Parker River, 

Massachusetts using a frequency at age 
model based on spawning survey catches.  
Because a larger number of age-2 males 
may repeatedly visit the spawning grounds 
compared to older males, the data would 
falsely indicate that age-2 males compose a 
larger proportion of the population, leading 
to a higher mortality rate calculation.  
Quantifying the rate of repeat spawning by 
age and sex allows the frequency at age to 
be corrected and accurate morality estimates 
calculated.   

This study was aimed at characterizing 
smelt movement patterns during the 
spawning season using PIT tags in concert 
with RFID systems to improve population 
statistics generated from spawning run 
monitoring. Small passive integrated 
transponder (PIT) tags can be placed 
internally in small fish with little mortality 
and tag loss (Bruyndocx et al. 2002) and be 
detected using continuously running in-
stream radio frequency identification (RFID) 
systems. The methods and results are 
reported from the first two years of a four 
year study to quantify within-season 
spawning behavior. The results are 
preliminary and will be compared to data 
collected in the last two years of the study 
and will also be compared to results from a 
similar study in the Fore River, 
Massachusetts.  
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Methods 

Within-season spawning behavior by 
rainbow smelt was examined on Mill Creek 
at the head of tide of the Harraseeket River 
in Freeport, Maine. A historically known 
strong spawning run, the site continues to 
support annual spawning comparable with 
the larger spawning runs in the state. Smelt 
were collected using fyke nets during annual 
spring spawning runs (March to June) in 
2009 and 2010.  No more than 60 smelt 
were tagged each week for ten weeks with 
23mm PIT tags and monitored with in-
stream continuously running RFID systems 
(Figure 1). Tagging was based on sex and 
age class as determined by length. 

In addition to the field study, a laboratory 
retention and mortality study was completed 
at the Annisquam River Marine Fisheries 
Field Station in Gloucester, MA. In 2010, 90 
smelt were tagged according to sex and 
length. Daily mortalities were removed and 
sex, length, and PIT tag number recorded. 
The holding tank was monitored daily for 
any expelled tags. The laboratory study will 
be repeated in 2011. 
 

Results 

In 2009, 143 smelt were tagged (95 male; 
48 female) and in 2010, 111 smelt were 
tagged (70 male; 41 female). The average 
size for both genders remained similar 
between the years, however, a wider range 
of sizes for both genders was tagged in 
2010. A proportion of both males and 
females were never detected by the system. 
While mortality due to tagging may be 
responsible, it is also possible that the 
system failed to detect the downstream 
movement of these fish. All females either 
exited the spawning area immediately after 
tagging or returned once, however, males 

returned to the spawning area up to eight 
times within a season. In both years and 
combining 2009 and 2010 data, males 
returned significantly more times than 
females (Pearson Chi Square; α = 0.05; 2009 
= 0.0230; 2010 = 0.0004; 2009 + 2010 < 
0.0001). When comparing the number of 
returns by males to length, a bimodal pattern 
results with one peak in returns at 13-14cm 
and another peak at 17-19cm.  

 

Discussion 

Quantifying repeat spawning behavior by 
sex and age will enable us to tune annual 
smelt fyke net monitoring data to reflect the 
number of individual smelt visiting the 
spawning grounds. Because mortality 
estimates are based on the size of age 
cohorts over time, previous estimates using 
spawning survey data have overestimated 
mortality.  Preliminary results show that 
males return to the spawning grounds at a 
significantly higher rate than females. 
Comparing the number of returns to length, 
we found a peak in the number of returns 
lengths corresponding to age-1 and age-2 
males. Individual ages will be confirmed 
before final conclusions are made. The 
results of this study and a similar study at 
the Fore River, MA will be used to adjust 
frequency at age tables and mortality 
estimates. 
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Figure 1. A half duplex (HDX) radio frequency identification (RFID) system was used to monitor repeat spawning 
behavior of rainbow smelt in the Harraseeket River, Maine for the duration of the spawning season (March to early 
June) in 2009 and 2010.  Two sets of antennas (downstream set: Antenna 1 and Antenna 2: upstream set Antenna 3 
and Antenna 4) were placed downstream of the spawning grounds but close to the head of tide.  Smelt were captured 
using a large fyke net placed directly above the antenna arrays. 
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A series of experiments were conducted to 

evaluate the growth and survival of juvenile 
rainbow smelt reared in recirculating systems 
under different environmental conditions (16, 20 
and 24°C; 0, 5 and 15 mg/L salinity) and fed 3 
dietary protein levels (35, 42 and 50%).  Larval 
smelt were initially fed live prey (rotifers and 
Artemia) and gradually weaned to commercial 
formulated diets over a 2 or 3-day period.  
Growth was significantly greater in juveniles fed 

the highest protein diet (50%) and reared at the 
lowest temperature (16 °C), although survival 
did not differ among treatment groups.  Growth 
and survival were high and did not differ among 
salinity treatment groups.  While smelt are 
highly adaptable to culture in recirculating 
systems, high levels of cannibalism will need to 
be addressed before commercial-scale 
production can be realized.    

 
 

Spawning strategies and dynamics among anadromous smelts, are we aware 
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Introduction 

While diadromy is known among less than 
1% of fish species (≈227 species; including 15 
Anguilliforms, 28 Salmoniforms and 35 
Osmeriforms: Nelson, 2006; McDowall, 1987), 
the phenomenon is nevertheless well 
documented thanks to the relative importance of 
such fishes. However, the many studies based on 
salmons and eels suggest the prevalence of strict 
models for the anadromy and catadromy that are 
not necessarily representative of the variability 
known amongst diadromous species (See 
Dodson et al. 2009; McDowall, 1987). The latter 
case is typified by smelts (family Osmeridea) 
which exhibit nearly the entire range of 

spawning strategies known for diadromous 
species (Dodson et al., 2009; McDowall, 2010). 

Recent studies recognize 13 families of 
Osmeriforms (Dodson et al., 2009; Iles & Taylor 
2009; Waters et al., 2002; Froese & Pauly, 
2011) that include southern smelts 
(Retropinnids: 6 sp), northern smelts (Osmerids; 
13-15 sp), plecoglossids (1 sp) and galaxiids (40 
sp). The present study is primarily aimed at 
describing spawning strategies of the rainbow 
smelt (Osmerus mordax), for which a wider 
perspective reveals the hidden part of the 
iceberg! From truly marine to pure freshwater 
species, a symphony of variation has been 
composed upon the basic diadromous life-
history strategy (Table 1). 
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Variability in spawning dynamics among 
Osmerus.  Although the genus Osmerus includes 
only 3 species, their combined distribution range 
covers much of the temperate region of the 
northern hemisphere; O. mordax is native to 
coastal Northeast North America, O. eperlanus 
is found in Europe, and O. dentex exploits the 
Arctic basin and the North Pacific Rim (Kottelat 
& Freyhof, 2007; Nellbring, 1989; Scott & 
Crossman, 1973). Throughout these areas 
Osmerus appears highly adaptable, both in terms 
of genetic origins and their capacity to 
recolonize post-glaciated habitat (e.g. glacial 
races) or biological entities (e.g. dwarfs, giants, 
anadromous, landlocked, planktivorous, 
benthivorous, etc.). Again, the plasticity typical 
of this group pertains to most aspects of their 
history and biology.  

For anadromous populations of Osmerus 
spp., the “typical” spawning strategy may be 
simply illustrated as follows: adults gather early 
in spring in tributary streams, spawning occurs 
at night at the margin of the tidal influence, and 
the sex-ratio is skewed in favour of males, 
except during the peak of spawning activities 
when sex-ratio is more equal and large females 
are present. After 10-14 days of incubation (or 
more when water temperature remains low, a 
total of 164°C*days is required for hatching: 
McKenzie, 1964; Akielaszek et al., 1985; see 
Bouchard 1993 for an extensive discussion on 
the topic) eggs hatch and buoyant larvae drift 
toward the sea (Ouellet & Dodson, 1985a,b; 
Chase, 2006). The only identified differences 
among anadromous populations are related to 
the duration of spawning activities: about 1-2 
weeks in the northernmost part of the range 
(Pettigrew, 1997; Trencia & Langevin, 2008) 
and nearly 2 months in the south (Chase, 2009). 

Surprisingly, while such typical behaviour is 
assumed for anadromous populations, the 
landlocked forms of Osmerus spp. exhibit a 
wide variety of strategies. Among these 

populations, alternative spawning habitats are 
documented and, even for a specific population, 
the spawning strategy may change year to year. 
There are also some cases where the 
anadromous populations are exploiting the 
brackish estuarine environment as a replacement 
of the sea (Table 2).  

What constrains spawning in Osmerus? 
Many factors are known to influence the 
survival of eggs (oxygen, pH, salinity, etc.), or 
simply affect the capacity for adults to use a 
tributary for spawning (e.g. water velocity, 
obstacles, etc.) (Rupp, 1959a/b; McKenzie, 
1964; and Chase, 2006). Few studies are 
available that quantify the relative importance of 
each factor (Brassard & Verreault, 1997; Fuda et 
al., 2007). We present in Table 3 some values 
typically reported, and corresponding references, 
it must be noted that theses values are only 
indicative and should not be used as definitive 
references. Among all factors known (Table 3), 
the values for salinity appear somewhat 
surprising considering that all spawning runs 
studied to date are located within the freshwater 
portion of rivers.  

Thus, the presumption that salinity may 
hinder spawning success appears somewhat 
exaggerated when considering laboratory studies 
showing that O. mordax egg survival is nearly 
100% in brackish water of 15 ‰ (Fuda et al., 
2007); survival declines only when salinity 
increases to 20 ‰ (Ayer et al., 2005; Fuda et al., 
2007) in laboratory experiments. The spawning 
of rainbow smelt in semi-diurnal estuarine 
systems may thus be far less constrained by 
salinity than previously suspected. This latter 
observation must be further put in the context of 
the spring freshet that is likely to push further 
downstream the saline front creating a 
freshwater plume outside the river itself.  

The St. Lawrence Middle Estuary smelt 
populations as a case study.  Early work within 
the St. Lawrence estuary suggested the existence 
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of a single smelt population spawning in 
tributary streams along the south shore of the 
Middle Estuary, while larvae were advected in 
the deep channels of the estuary where they 
recruited to the adult population. The 
exploitation of smelt in the whole region was 
based upon this supposition of a single stock. 
The single stock hypothesis and other notions of 
smelt life history in the region had to be 
abandoned in 1996 when smelt in the St. 
Lawrence estuary was found to be composed of 
two genetically-distinct “cryptic” sympatric 
populations (Bernatchez & Martin, 1996). The 
two populations identified were named 
according to the location of the adults during the 
summer: the North Shore Population (NSP) and 
the South Shore Population (SSP). With this 
realization, it appeared that all known spawning 
sites belonged to the SSP. Only larvae of the 
NSP were collected in the deep waters of the 
estuary. Following several studies aimed at 
quantifying the degree of isolation between 
these two populations, it appeared that many 
aspects of their biology were distinct: they 
originated from two distinct glacial races, they 
are ecologically distinct, they exploit distinct 
feeding habitats, they possess distinct 
morphological features, their larvae exploit 
different nursery grounds, and they spawn in 
distinct habitats (Bernatchez & Martin 1996; 
Lecomte & Dodson 2004; Lecomte & Dodson 
2005; Lecomte 2005).  

The quest for the identification of the 
spawning sites.  Among the many aspects of the 
biology that required clarification, the 
undiscovered location of the spawning sites of 
the NSP was the most intriguing. The middle 
estuary harbors high densities of larvae 
belonging to the NSP population (Pigeon et al., 
1997, Lecomte & Dodson, 2004); however, 
surveys aimed at the various tributaries of the St. 
Lawrence never found smelt spawning grounds 
other than those exploited by the SSP (Pigeon et 

al., 1997; Bernatchez & Martin, 1996). At that 
moment, it was hypothesized that the NSP 
spawning ground may be located upstream of 
the Middle Estuary, as young larvae belonging 
to the NSP were collected around the Orleans 
Island. (larvae aged less than 4-7 days). 

To better localize the spawning area, 
ichthyoplankton surveys were conducted in early 
May between the Middle Estuary (Orleans Is.) 
and Trois-Rivières, located nearly 260 km 
upstream of the Middle Estuary. From these 
surveys it was possible to infer that the NSP was 
exploiting shallow shoals nearly 90 km upstream 
of the Middle Estuary (Lecomte & Dodson, 
2004). In this area, called Neuville Shoals, no 
important tributaries were known and no eggs 
were found in the small brooks and rivers, 
despite the very large number of larvae found 
nearby in the St. Lawrence mainstem (Lecomte 
& Dodson, 2004). The larvae were found to be 
less than 1 day old in the vicinity of Neuville 
and 4-5 days old in the vicinity of Québec City. 
Moreover, drifting eggs were also observed.  

Based on the pattern of drifting larvae, we 
determined the exploitation of the Neuville shoal 
as a spawning ground, but we were unable to 
define the precise location of the spawning run 
or to delimit the zone exploited. In the following 
years (2005-2006), studies aimed at quantifying 
the contribution of the smelt egg incubator 
located on the de l’Église Brook (to supplement 
the SSP; Fig.1) revealed that larvae belonging to 
the SSP were quite rare (all larvae from the 
incubator were marked using Alizarin-red) 
(Cleary et al., 2007). The percentage was 
estimated to be 4.5% and 1% for 2005 and 2006 
respectively; however, more than 80% of all 
larvae collected in the vicinity of the incubator 
were aged of 0-1 day, implying that they could 
not have originated from the Neuville shoals 
(Cleary et al., 2007). The following year (2007), 
a more exhaustive survey stretching from 
Neuville to the vicinity of de l’Église Br. 
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confirmed that larvae belonging to the NSP 
found nearby the incubator were originating 
from another NSP spawning site located 
downstream of Québec City (Martin, 2008; for 
the genetic identification see Côté & Bernatchez 
2009).  

As we were aware of the potential use of 
shoal areas as spawning habitat for smelt, the 
quantification of the use of such spawning 
habitat became an essential investigation related 
to smelt fisheries exploitation in the region. 
Research was undertaken to identify other 
shallow areas exploited by smelt as spawning 
habitat. As was observed during spring 2007 and 
2008 by the private consultant firm GENIVAR 
(2007, 2008) and further confirmed in 2010 and 
2011 by our own survey (see Legault & 
Lecomte this volume), large numbers of eggs 
were found on a shallow shoal close to 
Beaumont (See Fig.1; Legault & Lecomte, this 
volume). The genetic identification revealed that 
they belong to the SSP (see Legault & Lecomte, 
this volume). Although we still did not succeed 
in identifying NSP spawning sites, we 
nevertheless realized that both the NSP and SSP 
populations exploited shallow shoals to spawn. 
The extent of the previously unknown shallow 
shoal spawning areas in the main stem St. 
Lawrence River in close proximity of de l’Église 
Brook suggest that spawning activities 
previously observed within the little brook may 
be in fact only the tip of the ‘reproductive’ 
iceberg!  

 

Conclusions 

We suggest that such alternative spawning 
strategies (tributary vs. coastal) must be 
common in rivers with large freshwater plumes 
or in the low salinity zones of estuaries. 
Although it is difficult to locate and retrieve 
eggs laid in such habitat because of 
environmental conditions, the egg collectors (see 

Legault and Lecomte, this volume) are relatively 
easy to build and can apply to study designs in 
watersheds where questions remain over the 
location of spawning habitat.  For the SSP, such 
findings clearly helped us to better understand 
several conflicting observations and helped us to 
redirect future research.  

With this information we now can see that 
past surveys based on the stereotypical tributary-
spawning strategy for the de l’Église Brook run 
provided an incomplete evaluation of spawning, 
as it was based on the proverbial tip of the 
iceberg. The alternative, shoal-spawning 
dynamic is rarely documented among 
anadromous smelt populations, but we do not 
know whether this is because it is truly rare, or 
due to the difficulty of detection. We suggest 
that this alternative spawning strategy may be 
more widespread than acknowledged and the 
phenomenon should be quantified, particularly 
as the strategy may become increasingly 
important when habitat quality in spawning 
tributaries declines. I will conclude by 
presenting a phrase Rupp wrote more than 60 
years ago (1959a): “Studies in Maine indicate 
that shore spawning may be considerably more 
important in the biology of smelts than has 
previously been recognized.” 
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Table 1. Example of species and their life-history strategies relative to spawning dynamics  
 
 

Species Group Location of 
spawning 

Larval 
nursery 

Juveniles Adults Landlocked 
populations 

Plecoglossus 
altivelis 

Plecoglossidae -    
Amphidromous 

River Sea River -
Estuaries 

Estuaries- 
Sea 

Yes 

Mallotus 
villosus 

Osmeridae –  
Marine 

Marine 
(Beach or 

Deep-water) 

Sea Sea Sea No 

Osmerus 
mordax 

Osmeridae – 
Anadromous 

River Sea 
(Estuaries) 

Sea 
(Estuaries) 

Sea 
(Estuaries) 

Yes 

Retropinna 
retropinna 

Retropinnidae – 
Anadromous 

River Sea Sea Sea Yes 

Galaxias 
olidus 

Galaxiidae –  
Freshwater 

River River River River --- 

Hypomesus 
olidus 

Osmeridae - 
Anadromous 

River Sea 
(Estuaries) 

Sea 
(Estuaries) 

Sea 
(Estuaries) 

Yes 

Galaxias 
maculatus 

Galaxiidae - 
Amphidromous 

Estuaries Sea Sea, after 
River 

River Yes 

Lovettia sealii Galaxiidae- 
Anadromous 

River Sea Sea Sea  
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Table 2. Example of alternate spawning dynamics among Osmerus spp. 
 
    Species   Spawning site         Location      References 

La
cu

st
ri

ne
  O. mordax Shoreline Some lakes in Maine Rupp, 1959a,b 

O. mordax Deepwater Lake Heney, Quebec Legault & Delisle, 1968 
O. mordax Shoreline Crystal lake, Michigan Lievense, 1954 
O. mordax Shoreline Lake Michigan Lievense, 1954 
O. mordax Deepwater Lake Champlain Plosila, 1984 

     

Es
tu

ar
in

e 
 / 

Br
ac

ki
sh

 

O. eperlanus Estuarine portion Gulf of Bothnia Hudd & Urho, 1985 
O. eperlanus Coastal lagoon Various sites in the Baltic Shpilev et al., 2005 
O. mordax Shallow shoal, upstream 

of the middle estuary 
(freshwater) 

St-Lawrence, Québec 
 

Lecomte & Dodson, 
2004 

 
O. mordax Shallow area, upstream 

of the saline intrusion 
Saguenay Fjord 

 
Lesueur, 1998 

 
 O. mordax Extended migration 

(>10 km) above tide to 
riffle 

Charles River, Mass. Chase, 2006 

 
Table 3.  Factors affecting the spawning dynamics and hatching success.  

 
Variable Min. value Optimal value Max. value References 
Salinity (‰) 0 0-15 < 20 Ayer et al., 2005 

Fuda et al., 2007 
Oxygen (%) 20 100 100 Fuda et al., 2007 
pH > 5 6.5-9.0 n/a Fuda et al., 2007 

Geffen, 1990 
Brassard & Verreault, 1997 

Suspended material 
(mg/l) 

0 n/a 20-25 Brassard & Verreault, 1997 

Nitrates (mg/l) 0 0-29.2*  Fuda et al., 2007 
Phosphates (mg/l) 0 0-4.2*  Fuda et al., 2007 
T (°C) 4-5 10-15 n/a Ayer et al., 2005 

Chase, 2006 (average start) 
Water velocities (m/s) 

 
<0.3 0.3-1 < 2 Brassard & Verreault, 1997 

Chase, 2006 
* = Theses values were the most elevated tested and allowed nearly 100% hatching success 
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Figure 1. Study site. Tributaries sustaining smelt spawning runs are illustrated. The Boyer River population is 
actually extirpated. The isohalines indicate average positions measured at high tide (‰).
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Introduction 

Within the St. Lawrence Middle Estuary, two 
sympatric smelt populations are known to co-
exist (Bernatchez & Martin 1996; Lecomte & 
Dodson 2004). The two populations are known 
to be ecologically distinct and to utilize distinct 
feeding habitats. They possess distinct 
morphological features, their larvae exploit 
different nursery grounds and they spawn in 
distinct habitats (Bernatchez & Martin 1996; 
Lecomte & Dodson 2004; Lecomte & Dodson 
2005; Lecomte 2005).  

The existence of an alternative spawning 
strategy among St. Lawrence Middle Estuary 
sympatric smelt populations was first detected in 
the late 1990s (Lecomte & Dodson 2004; 
Lecomte 2005). The South Shore Population 
(SSP) spawns in “traditional” tributary streams 
close to the nursery habitat (shallow shoals and 
embayments along the south shore). Previously, 
nothing was known about the NSP spawning 
activities.  We found that the NSP was 
exploiting the shallow shoals located in 
Neuville, which is located 90 km upstream of 
the population’s estuarine nursery habitat 
(Lecomte & Dodson 2004).   

The observation of recently hatched larvae 
(1-2 days) belonging to the NSP in the vicinity 
of Orleans Is. (Fig.1), 70-80 km downstream of 
the Neuville area, suggested that major 

spawning sites used by the NSP were to be 
found downstream of the site identified in the 
late 90s (Cleary et al. 2007; Martin 2008; 
Legault et al. 2009). As pointed out by Lecomte 
(this volume), many studies (Pigeon et al. 1998; 
Lecomte & Dodson 2004; Côté & Bernatchez 
2009, 2010) provided observations relative to 
the contribution of SSP larvae in this area, 
despite the elevated number of SSP larvae 
produced by the incubator (spawning facility) 
located nearby in the village of Beaumont (de 
l’Église Brook) (Trencia & Langevin 2006, 
2007, 2008): despite the production of 20-40 
millions larvae of the SSP in the incubator, they 
went almost totally undetected in surveys (e.g. 
larvae contribution <1% SSP; Pigeon et al., 
1998; Lecomte & Dodson, 2004; Côté & 
Bernatchez, 2009, 2010; Lecomte et al., In 
press) because of the abundance of NSP larvae 
found in the St. Lawrence directly in front of the 
de l’Église brook.  

During a study aimed at evaluating the use of 
shallow shoals by smelt in the vicinity of the 
Beaumont shoals (Fig. 1), GENIVAR, a 
consulting firm, found egg deposition during 
two consecutive years (GENIVAR 2007, 2008). 
The origin of the eggs was a matter of debate as 
they were not genetically identified. We 
proceeded to quantify the smelt spawning 
habitat in the shallow shoals near Orleans Island. 
This became a research priority and a 
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prerequisite for an environmental evaluation 
required for future development of this region.  

The objectives of the present study were to 
(1) assess the importance of egg deposition in 
this area and (2) genetically identify the origin 
of eggs.  

 

Materials and Methods 

Egg deposition surveys were conducted in 
2010 during the St. Lawrence middle estuary 
smelt spawning season, which corresponds 
roughly to the time when water temperature 
warms from 4°C to 6°C (Trencia et al. 2005). As 
water velocities in the St. Lawrence may reach 
up to 3.0 m/s in this area due to the combined 
effect of freshwater outflows and tidal currents, 
traditional egg collectors cannot be used (e.g., 
ceramic plates). Thus, we modified the 
technique initially developed by GENIVAR 
some years ago. Rows of ten 1/8” (3.2 mm) 
“satin” steel plates of 30 cm x 30 cm (12” x 12”) 
linked together with wires were used (Photo 1). 
The “satin” steel is a grade between true 
galvanized steel and raw steel; it is not as rough 
as the raw type but it does show greater rust 
resistance and is less expensive than galvanized 
steel. We used a combination of 10 plates spaced 
by approximately 6’ (2 m) of wire. Two anchors 
were used to maintain the rows on the riverbed. 
Buoys attached to each anchor were used to 
locate and recover the plates. 

Since smelt eggs are adhesive, plates could 
be left underwater for several days. Because we 
wanted to quantify the chronology of the 
spawning activities, and because elevated 
sedimentation coupled with the strong currents 
in the area could displace and/or bury the plates, 
we limited the time span between sampling to 
every 2-3 days when weather condition allowed. 
On each occasion, we removed the plate lines 
and collected all attached eggs. The number of 

plates on which eggs were found was recorded.  
Eggs were kept in 95% ethanol.  

The genetic identification technique used 
followed the technique developed by Pigeon et 
al. (1998) and updated by Lecomte et al. (In 
press) to reflect the recent studies specifying 
population genetic structure (Lecomte & Dodson 
2004; Côté & Bernatchez 2009, 2010).  

The NSP is composed of 79% allele “B” and 
21% allele “A” whereas the SSP is composed of 
81 % allele “A” and 19% allele “B” (see 
Lecomte and Dodson 2004, Lecomte et al. in 
press). Thus, alleles are not diagnostic, requiring 
the use of a mixed-stock technique analysis. The 
egg contribution (%) of each population for each 
plate row was calculated using the mixed-stock 
analysis of Lane et al. (1990) for a two 
population – two allele setup. The use of a 
mitochondrial marker implies that only 
matriarchal lineages are detected. Technically, 
eggs will bear exactly the same genetic signature 
as that of their mother. Moreover, as females lay 
several eggs (clutch) during each spawning act, 
the analysis of eggs attached physically close to 
each other may over-represent the contribution 
of a population as they may belong to the same 
female. Thus, we limited the number of eggs 
analyzed per row by fixing a limit of an 
equivalent of 5 eggs per plate. As plates are 
spaced by 2 m, distinct plates are unlikely to be 
covered by eggs deposited by the same female. 
By this procedure, we thus restrained 
theoretically the over-representation of an 
individual female (e.g. if 55 eggs are retrieved in 
a string where only 1 plate was covered by eggs, 
only 5 eggs will be analyzed).  In addition to the 
eggs collected in 2010, a sample of eggs 
collected in 2008 was kindly provided by 
GENIVAR (see GENIVAR 2008). 

The egg densities were calculated using the 
number of eggs deposited over the surface area 
of plates used within each area sampled. The 
number of eggs deposited on each row was 
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summed as they represent a physical location 
where normally the eggs would accumulate 
following individual spawning acts. Error 
estimates were calculated using bootstrap 
resampling to represent the variability associated 
with individual rows (e.g. if a female did spawn 
directly over one plate). The egg deposition 
areas were calculated using georeferenced 
bathymetry maps.  

 

Results 

The use of metal plates to locate spawning 
grounds proved an efficient method, as it was 
possible to retrieve eggs despite harsh 
conditions. Although the plates were anchored 
some rows moved several meters from their 
initial position. Moreover, in some areas, plates 
were rapidly covered by sediment (less than 2 
days). Thus, all estimates of egg deposition 
probably underestimate the true egg deposition. 
Nevertheless, large numbers of eggs were 
detected, indicating that the area sampled in 
2010 is an important spawning area.  

The broad distribution of eggs (Fig. 1) 
reveals that smelt utilize large expenses of 
shallow shoals. The distribution also indicates 
that eggs are not only restricted to the 
downstream river plume, but also are not 
influenced by any neighboring rivers.  

For the 2010 season, the genetic 
identification shows that egg depositions all 
belonged to the SSP (Table 1). Contribution 
above 100% of a population is an artifact created 
by the method used to calculate the contribution 
(see Lane et al. 1990). This artifact is 
accentuated for samples of small size. The over-
representation does, however, fall always within 
the 95% error estimates (1.96 SD). 

Samples of the 2008 season revealed that the 
three sites analyzed were dominated by SSP 
eggs: two in the “Hot-Spot”, H53 (ngenetic=22; 
64.9% SSP; SD=15.2%) + H58 (ngenetic=26; 

102.1% SSP; SD=11.3%), and one in the de 
l’Église Brook (H66) freshwater plume 
(ngenetic=9; 129.4% SSP; SD=19.6%). In the case 
of the 2008 samples, it was impossible to correct 
for over-representation of individual females, 
hence the elevated estimates for H53 (i.e. too 
many eggs from the same female bearing the 
same allele). 

Assuming that the average egg densities 
estimated for the three areas surveyed in 2010 
(75.7 eggs / m2) are representative of the whole 
shallow area (<2 m depth at low tide along 2.5 
km of coastline; 5.5 km2) where egg depositions 
were reported either on the shallow areas 
(GENIVAR 2008, 2007) or in some brooks 
(Trencia & Fournier 1999; Trencia 1991), a total 
of 417 (SE= 251) million eggs may be spawned 
in this region.  
 

Discussion 

The exploitation of shallow shoal was 
already known for several populations (see 
Lecomte, this volume), including the NSP 
(Lecomte & Dodson 2004). We showed that the 
SSP did also exploit spawning sites located on 
shallow shoals. The present study revealed that 
this alternative spawning strategy may be more 
important than previously thought and is 
currently used in concert with the “traditional” 
strategy of spawning in tributaries. For the SSP, 
the extent and importance of the egg deposition 
on these shoals needs to be documented to 
protect the spawning area exploited by the SSP. 
As the area surveyed was relatively limited in 
2010, a more extensive study must be conducted 
in the near future to better quantify the 
contribution of this “alternative” spawning 
strategy. The density of egg deposition appears 
quite variable in space and time (Fig. 1, Table 
1), but considering the limited area sampled by 
our plates (0.9 m2 per string) and all limitations 
associated with the method (i.e. plates buried 
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under the sand, problems related to the fixation 
of eggs on iron) the number of eggs sampled 
represents high densities.  

We suggest that such an alternative spawning 
strategy may be beneficial in rivers with large 
plumes of low salinity. Although it is difficult to 
monitor egg deposition in such habitat because 
of environmental conditions, the egg collectors 
are relatively easy to build and should be 
considered in such environmental situations.  

 
Brief update on the 2011 south shore egg 

deposition survey. During spring 2011, we 
extended our survey (see Fig. 1). Eggs were 
found outside the area surveyed in 2010, nearly 
2.5 km downstream of the de l’Église Brook, 
validating the hypothesis that smelt were 
exploiting the large stretch of shallow habitat < 
2m (at low tide). Moreover, a few eggs were 
found 12.2 km downstream of the de l’Église 
Brook, on shallow shoals located adjacent to the 
Boyer River where an important smelt run was 
extirpated in the 1980’s (Fig.1). The genetic 
identification has not been completed, but it is 
likely that they belong to the SSP. However see 
Dodson et al. (this proceeding) for a more 
precise figure of the genetic definition of the 
SSP and the populations utilizing the Middle 
Estuary. 
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Figure 1. Study site and features are discussed in the text; the shaded area represents the area of egg deposition 
(Beaumont shoals). Symbols show where eggs were found. 

 
 

 
Photo 1. Steel plates and close up to show eggs attached to a plate.
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Table 1. Densities and genetic identification of eggs collected on the shallow shoals in 2010. 
 

         Estimates for the Areas of interest5 
 Line

1
 Date

2
 Eggs

3
 Density  Gen. 4 SSP NSP SD Eggs Surface 

6
 Mean Total  SSP NSP SD 

   n (# plates) /100m2 n % % % n (# plates) Area (m2) Density 

eggs/m
2 

eggs 

deposits 

% % % 

   
Cl

au
de

 B
r. 

P11 06/04/2010 71 (2) 12.2 10 129.4 -29.4 18.0 
72 (3) 6 000 26.7 160 000 116.5 -16.5 8.5 

P11 19/04/2010 1 (1) 1.1 1 -12.5 112.5 43.1 

 

               

Ho
t-

Sp
ot

 

P01 14/04/2010 1 (1) 1.1 1 129.4 -29.4 59.5 

193 (7) 20 200 42.9 868 000 107.5 -7.5 8.0 

P02 14/04/2010 177 (1) 6.7 5 72.6 27.4 31.1 

P03 14/04/2010 1 (1) 1.1 0    

P03 22/04/2010 2 (2) 2.2 1 129.4 -29.4 59.5 

P04 14/04/2010 11 (1) 5.6 5 129.4 -29.4 26.0 

P04 19/04/2010 1 (1) 1.1 1 129.4 -29.4 59.5 

 

               

de
 l'

Ég
lis

e 
Br

. 
 

P21 16/04/2010 9 (3) 10.0 9 82.1 17.9 22.2 

553 (33) 15 900 153.6 2 445 000 103.4 -3.4 2.6 

P22 06/04/2010 1 (1) 1.1 1 129.4 -29.4 59.5 

P22 16/04/2010 442 (10) 27.8 25 101.0 -1.0 11.0 

P22 19/04/2010 46 (9) 28.9 25 97.1 2.9 12.5 

P23 16/04/2010 1 (1) 1.1 1 129.4 -29.4 59.5 

P23 19/04/2010 51 (6) 27.8 25 122.9 -22.9 12.5 

P23 22/04/2010 1 (1) 1.1 0    

P25 16/04/2010 2 (2) 2.2 2 58.4 41.6 50.3 

1 the line correspond to the sites indicated on Fig.1 

2 the date indicate the moment when the lines were installed  

3 the # plates refers to the number of plates on which eggs were found 

4 the number of eggs analyzed according to the methodology indicated in the text 

5 The areas of interest are either the Claude br., the Hot-Spot, the de l’Église br.  

6 the surface area are the minimal area covered by the lines installed in the various areas (see Fig.1) 
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In order to better understand nuclear gene 

flow amongst contemporary populations of the 
St. Lawrence estuary smelt complex, we 
employed AFLPs on 16 sample sites (N=315) 
across the estuary, with multiple sites 
representing each of the two historical lineages. 
In preliminary results, 4 primer combinations 
yielded 154 loci, 67 (43%) of which were 
polymorphic. We find two distinct genetic 
clusters, but they do not conform to the classic 
north/south dichotomy. One cluster is found 
primarily upstream on the south shore, while a 
second cluster is found on the north shore, as 
well as in downstream populations of the south 
shore (i.e. from Riviere Ouelle to Rimouski). 

While most individuals are distinctly one genetic 
population or the other, genetic intermediates 
(i.e., hybrids) exist, suggesting gene flow 
between the clusters. In terms of the historical 
lineages, these results suggest nuclear 
introgression from the north shore ecotype to the 
south shore ecotype in populations from Ouelle 
to Rimouski, since these sites putatively have 
'south shore' mtDNA (further mtDNA 
sequencing results pending). On the other hand, 
upstream south shore ecotype populations 
appear to remain relatively distinct. Firm 
conclusions await additional samples and 
analyses.  
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Introduction 

Consumption rates have seldom been directly 
estimated in the field for larval and juvenile fish. 
However, assessing food ingestion rates for 
early life stages may be as important as adult 
stages. Because bioenergetics models developed 

for adult fish are not applicable to early life 
stages (Karjalainen et al. 1997), and given that it 
is difficult to directly assess food ingestion rates 
by larvae and juvenile planktivorous fish 
because they feed on small particles (Wuenschel 
and Werner 2004), mercury mass balance 
models appear to be an appropriate method to 
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assess food ingestion rates during early life 
stages of fishes.  

Rainbow smelt (Osmerus mordax) is an 
important prey for piscivore species in many 
lakes (Lantry and Stewart 2000) including Lake 
Saint-Jean. Lake Saint-Jean is a large reservoir 
(1053 km2) located in the Canadian boreal zone. 
This lake supports 28 freshwater species 
including walleye (Sander vitreum), northern 
pike (Esox lucius) and the most important sport 
fish in this region, landlocked Atlantic salmon 
(Salmo salar ouananiche).  

In this lake, landlocked Atlantic salmon feed 
almost exclusively on rainbow smelt. The aim of 
this study is to assess food ingestion rates by 
young rainbow smelt in Lake Saint-Jean, 
Quebec, Canada, using a mass balance model 
with mercury.  

Materials and methods 
Larval, juvenile rainbow smelts and 

zooplankton were collected seven times during 
the ice-free season in 2009 from June to 
October. Determination of mercury in the 
sample was made for at least five larval fish and 
five juvenile fish on each date. We used a 
mercury mass balance model developed by       
Trudel et al. (2000) to assess food ingestion rate: 
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tGEeCCI
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where I is the food ingestion rate (g·g-1·day-1 or 
day-1), Ct and Ct+Δt are the concentration of Hg 
in fish at time t and t + Δt (ng·g-1), respectively, 
Δt is the time interval (days) between sampling 
dates, E is the elimination rate of Hg by the fish 
(day-1), G is the specific growth rate (day-1), α is 
the assimilation efficiency of Hg from food and, 
Cd is the concentration of Hg in the prey (ng·g1). 

Results 

Based on stomach content analysis, young 
rainbow smelt fed almost exclusively on three 

groups of planktonic prey: Bosmina spp., 
Daphnia spp. and calanoid copepods (primarily 
Epischura lacustris and Leptodiaptomus 
aschlandi). The cyclopoid copepod Diacyclops 
bicuspidatus thomasi was also important for 
first-feeding larvae. MeHg concentrations in fish 
increased during the ice-free season in the two 
age classes. MeHg concentrations were between 
2 to 5 fold higher in yearling than in young-of-
the-year. 

Food ingestion rates were expressed as body 
weight percentage (Table 1). In early summer, 
young-of-the-year smelt ingested nearly 70% of 
their body weight per day and then this value 
decreased to reach less than 25 % per day for the 
rest of the season. In fall, ingestion rate was at 
its lowest with less than 5% of body weight per 
day. On the other hand, yearling consumption 
was at its highest in early summer with nearly 
30% of body weight per day, and declined until 
the end of October to reach between 0 and 5% of 
body weight per day.  

Discussion 

Food ingestion rates were assessed for early 
life stages of rainbow smelt using a Hg mass 
balance model. These fish fed almost 
exclusively on pelagic zooplankton. Food 
ingestion rates were closely linked with growth 
and were variable depending of the age of the 
fish and the time of the season. Our results 
suggest that young-of-the-year rainbow smelt 
had a high energetic demand during their larval 
stage as measured by food ingestion rates which 
declined as the summer progressed and 
remained nearly constant into the fall. The same 
pattern was observed for young-of-the-year 
yellow perch, beginning with a high 
consumption in early summer and declining to 
roughly 20% of their body weight per day later 
in the season (Post 1990).  

Yearling rainbow smelt food ingestion rates 
in Lake Saint-Jean were at their highest in June 
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and July. This generally coincides with 
zooplankton peak abundance in the lake. 
Because water and air temperature and daylight 
duration are at maximum during these two 
months, zooplankton egg development time 
decreases during this period and new cohorts can 
be produced quickly. With high zooplankton 
abundance during the summer months, less 
energy is required to search for prey. Hence, 
rainbow smelt can achieve faster growth in early 
summer compared to fall when there is less 
zooplankton abundance. 

In conclusion, a mass balance model using 
mercury provided food ingestion rates for larval 
and juvenile rainbow smelt in agreement with 
previous studies. These results provided new 
data on zooplankton predation by rainbow smelt 
in Lake Saint-Jean and will contribute to 
evaluate the carrying capacity of the lake for 
future enhancement programs. 
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Table 1. Larval and juvenile rainbow smelt food 
ingestion rates (percent body weight per day) assess 
with a mercury mass balance model during summer 
and fall 2009. 

 

 Rainbow smelt  

 
Larv

al 
Juve

nile 
Early 

summer 
60-

70 % 
25-

30% 

Summer 
20-

25 % 
20-

30 % 
End 

summer 
10-

20 % 
0-15 

% 

Early fall 
5-20 

% 
0-5 

% 



47 
 

Carrying capacity of Lake Saint-Jean for rainbow smelt 
Pascal Sirois1, Alexandra Marion1, Jérôme Plourde1, Stéphane Plourde2 and Michel Legault3 

1Research Chair on exploited aquatic species, Département des sciences fondamentales, Université du 
Québec à Chicoutimi, 555 boulevard de l'Université, Chicoutimi (QC) G7H 2B1, Canada, 

pascal_sirois@uqac.ca, alexandra_marion@uqac.ca, jerome.plourde@uqac.ca 
2Pêches et Océans Canada, Direction des sciences océaniques et de l'environnement, Institut Maurice-

Lamontagne, 850 route de la Mer, CP 1000, Mont-Joli (QC) G5H 3Z4, Canada, stephane.plourde@dfo-
mpo.gc.ca 

3Direction de l’expertise sur la faune et ses habitats, Ministère des Ressources naturelles et de la 
Faune, 880 chemin Sainte-Foy 2e étage, Québec (QC) G1S 4X4, Canada, 

michel.legault@mrnf.gouv.qc.ca 
 
Rainbow smelt (Osmerus mordax) is a key 

forage species in several inland aquatic 
ecosystems such as Lake Saint-Jean, a large 
reservoir located in the Boreal Shield ecozone in 
Quebec, Canada. For instance, it is now well 
established that the production of landlocked 
Atlantic salmon (Salmo salar) is related to 
abundance of its preferred prey, the rainbow 
smelt (Havey & Warner 1970). Hence, in Lake 
Saint-Jean, fishery managers are considering to 
increase the production of smelt population with 
a large scale stocking project of larval smelt 
and/or with the creation of artificial reproduction 
sites. However, it is important to assess the 
feeding demand and the food supply for rainbow 
smelt in Lake Saint-Jean. The general objective 
of this study was to assess the carrying capacity 
of Lake Saint-Jean for rainbow smelt. To reach 
this objective, we first described the diet of 
larval and juvenile rainbow smelt and we used a 
mercury mass-balance model to estimate the 
feeding demand (Plourde et al., in this 
proceedings). Then, we estimated the production 
of the four main prey items to evaluate the food 
supply and we finally compared the latter to the 
total ingestion of larval and juvenile rainbow 
smelt in Lake Saint-Jean during the ice-free 
season (May to October). 

Results showed that larval (0+) and juvenile 
(1+) rainbow smelt fed almost exclusively on 
zooplankton and had almost no other fish 
competitor for this resource in the pelagic zone. 
More specifically, they primarily consumed four 
prey items, the calanoid Leptodiaptomus 
ashlandi, the cyclopoid Diacyclops bicuspidatus 
thomasi and the cladocera Bosmina spp. and 
Daphnia spp. An individual smelt ingested from 
0 to 0.753 g wet of zooplankton per day (Jérôme 
Plourde et al. this issue). Based on a scenario of 
high abundance of rainbow smelt in Lake Saint-
Jean, the total ingestion was 2.48 g wet per m-2 
from June 15th to October 15th. Due to their 
abundance, the consumption of 0+ smelt 
represented 93.9% of the total ingestion. 

To calculate the food supply, zooplankton 
was sampled at 12 stations in Lake Saint-Jean 
every 2-3 weeks from mid-May to early October 
in 2006 and 2007. In the laboratory, zooplankton 
was sorted, enumerated and the developmental 
stage was determined on more than 81,144 
individuals from 228 samples. To estimate the 
secondary productivity of each of the four main 
preys, the increment summation method was 
used. All together, the four main preys produce 
between 32.7g (2007) to 42.8g (2006) wet per 
m-2 from May 17th to October 10th. This 
production is largely sufficient to meet the 
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feeding demand of abundant cohorts of larval 
and juvenile rainbow smelt in Lake Saint-Jean 
(Fig. 1). 
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Figure 1.  Comparison of the zooplankton food 
supply and the feeding demand of rainbow smelt in 
Lake Saint-Jean during the ice-free season. 
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Rainbow smelt are an important prey species 

for native and introduced piscivores in the Great 
Lakes, but also function as a predator on native 
fish and zooplankton species.  Rainbow smelt 
abundance in Lake Huron is currently at historic 
low levels with most of the population 
comprised of age-0 and age-1 fish.  To 
determine sources of recruitment variability and 
understand long term population decline, we 
studied larval stages of rainbow smelt during 
2008-2009 and modeled stock recruitment 
relationships based on bottom trawl catches 
during 1976-2009.  Peak larval rainbow smelt 
densities in 2008 were double densities observed 
in 2009.  Length frequency analysis revealed a 
second cohort of lake spawned larvae appeared 
in late June and early July of both years 

concurrent with an increase in larval density.  
Growth rates of larvae were significantly higher 
during 2009.  Early hatching cohorts during 
2008 suffered high mortality, whereas early and 
late hatching cohorts had relatively high survival 
during 2009.  Stock-recruit models for 1976-
1991 appeared asymptotic and recruitment 
variability was best explained by a combination 
of lake trout abundance, rainbow smelt stock 
size, and Lake Huron water levels.  During 
1994-2009, compensatory processes were 
evident at high stock sizes and recruitment 
variability was explained largely by lake trout 
abundance.  These results indicate that variable 
growth rates and survival of early hatching 
cohorts strongly influence year class formation 
of rainbow smelt in Lake Huron.  Furthermore, 

May        Jun           July         Aug        Sept       Oct
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lake trout abundance had a substantial influence 
on rainbow smelt recruitment dynamics in Lake 

Huron during 1976-2009, presumably through 
predation on larval and/or adult life stages.
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Rainbow smelt are anadromous fish which 

are indigenous to most coastal Maine estuarine 
waters.  They also occur as native and 
introduced landlocked populations in numerous 
fresh water inland lakes and ponds statewide.  
Rainbow smelt are the primary forage fish 
species for landlocked Atlantic salmon in Maine 
and elsewhere, and they are thought to have 
originated in the same four river basins – St. 
Croix (West Grand Lake, Washington Co.), 
Union (Green Lake, Hancock Co.), Penobscot 
(Sebec Lake, Piscataquis Co.) and Presumpscot 
(Sebago Lake, Cumberland Co.) – as well as 
associated free-flowing waters within these river 
basins.  Late 1800’s fishery records indicate that 
landlocked Atlantic salmon were primarily 
found to occur in the presence of landlocked 
populations of rainbow smelt, and the two 
species were widely disseminated for the 

purpose of generating sport fisheries as early as 
1868.  After more than a century of stocking and 
active management, Maine’s Department of 
Inland Fisheries and Wildlife reported in 2006 
that 176 Maine lakes (about 485,000 acres) 
provided a significant fishery for landlocked 
Atlantic salmon (and rainbow smelt) –  nearly 
50% of Maine’s total freshwater acreage.  
Rainbow smelt are also exclusively sold as a 
primary bait fish in Maine for salmonid fisheries 
statewide, particularly during the winter fishing 
season.  Big Reed Pond (a 94-acre pond in the 
St. John River drainage) – home to the 
regionally endemic Arctic char (Salvelinus 
alpinus) and surrounded by old growth forest – 
is currently being reclaimed in an attempt to 
extirpate a population of illegally introduced 
rainbow smelt. 
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Anadromous fish migrate between marine 

and freshwater habitats to complete essential life 
history stages. Widespread reductions have 
occurred in populations of several species of 
anadromous fish in New England in recent 
years. Population trends are not well 
documented, and factors causing the declines are 
subject to speculation. Spawning habitat 
degradation has long been a suspected 
contributor to the declining health of sea-run 
fish. The reproductive strategy of depositing a 
demersal, adhesive egg in freshwater habitats 
may be challenged by the influence of watershed 
alterations, particularly in urban areas. 
Coinciding with declining populations is a 
growing public interest in restoring these 
traditional and popular fish runs. Restoration 
efforts have focused on structural solutions to 
migration impediments, with less guidance 
available on the role of water and habitat quality 
in restoring anadromous fish habitat and 
populations.  

Rainbow smelt populations at the southern 
end of their range have undergone sharp declines 
in recent decades. Evidence of extirpation in 
former runs, low abundance in existing runs, 
northward movement of the southern range 
boundary, and truncated age structure allows the 
supposition that natural mortality, habitat 
alteration and climate change could be 
influential in recent trends. Within the category 

of habitat alteration, passage obstruction and 
channel alteration are obvious negative 
influences.  More recently, concern has been 
raised over water quality and substrate 
degradation caused by eutrophication, 
sedimentation, and water supply management, 
particularly in urban areas (Chase 2006). 
Overall, there is little specific information on 
smelt spawning habitat requirements and casual 
relationships for degradation.  

The states of Maine, New Hampshire, and 
Massachusetts are collaborating to create a 
conservation plan for rainbow smelt in the Gulf 
of Maine. The effort is funded by the NOAA 
Office of Protected Resources in the interest of 
improving knowledge and conservation for 
Species of Concern, an Endangered Species Act 
designation given to smelt in 2004.  The project 
includes the development of a Quality 
Assurance Program Plan (QAPP) for monitoring 
water and habitat quality at smelt spawning 
habitats in coastal rivers on the Gulf of Maine 
coast. The monitoring relates species life history 
requirements to state and federal water quality 
criteria and habitat thresholds.  Project goals 
include developing a standardized process to 
classify the suitability of smelt spawning habitat 
and contributing to water quality and habitat 
restoration efforts in New England. Preliminary 
results and exploratory analyses of smelt 
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spawning habitat monitoring from 2008-2010 
were presented at the workshop.  

The QAPP for monitoring diadromous fish 
habitat includes a Standard Operating Procedure 
(SOP) for rainbow smelt spawning habitat.  The 
QAPP was adopted by the Species of Concern 
project and approved by the Massachusetts 
Department of Environmental Protection 
(MassDEP) in 2009 and finalized by the 
Massachusetts Division of Marine Fisheries as a 
technical report (Chase 2010). The SOP has four 
primary objectives: 

 
   1.  Delineate and document river and stream 

locations where smelt spawning occurs. 
   2.  Measure biotic and abiotic parameters at 

smelt spawning sites. Identify water and 
habitat quality deficiencies at each site 
using physical, chemical and biotic 
criteria.  

   3.  Develop reference condition thresholds and 
relationships between abiotic and biotic 
habitat conditions.   

   4.  Incorporate monitoring results into Clean 
Water Act (CWA) processes for 
protecting designated habitat uses, and 
make recommendations for improving and 
protecting smelt habitats.  

 
Each state selected spawning sites for water 

quality monitoring and for fyke net sampling of 
adult smelt.  The fyke nets were maintained 
during the smelt spawning period (March-May 
and June at northern Maine stations) and hauled 
three times per week for typically 10-11 week 
seasons.  The water quality sampling stations 
were selected to measure freshwater flows near 
the downstream limit of spawning habitat. With 
each haul date, the following parameters were 
measured: water temperature (⁰C), dissolved 
oxygen (DO; mg/L), specific conductivity 
(mS/cm), water pH, and turbidity (NTU).   In 
addition, during the 2008-2009 spawning period 

ceramic tiles were deployed in riffle habitat 
where smelt deposit eggs. Periphyton growth on 
the tiles was collected biweekly to quantify daily 
growth and describe algal species composition. 
The tile deployment sites were also visited 
weekly to collect total phosphorus (TP) and total 
nitrogen (TN) samples and record water depth 
and velocity.  Additional physical and local 
climate data were recorded including air 
temperature, precipitation, continuous water 
temperature, percent open canopy, and 
discharge.   

Summary statistics were generated for 
sampled parameters by site and for the entire 
study area and then classified by SOP thresholds 
assembled from existing water quality criteria 
(Table 1). The U.S. Environmental Protection 
Agency (US EPA) has developed criteria for 
turbidity, TN and TP that are based on the 25th 
percentile of the distribution of observed values 
across a population of rivers in an ecoregion (US 
EPA 2000).  The 25th percentile is adopted as the 
threshold between degraded conditions and 
minimally impacted reference locations. The 
MassDEP has established Surface Water Quality 
Standards (SWQS) for water temperature, pH 
and DO as part of their CWA waterbody 
assessment process (MassDEP 2007).  The 
thresholds are designed to protect designated 
uses for aquatic life which includes fish habitat.  
Other potentially important physical and 
chemical parameters for smelt spawning habitat 
lack water quality criteria established by 
regulatory agencies or the scientific literature.  
For these parameters, the Species of Concern 
project will evaluate the distribution of data 
collected during 2008-2010 to identify potential 
thresholds for water quality and habitat 
impairment.   

Water quality data was collected at eight 
stations in Massachusetts, three stations in New 
Hampshire, and seven stations in Maine during 
2008-2010. The preliminary statistics from 
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2008-2010 sampling were summarized at each 
station, and include the classification of each 
station as Suitable (minimally impacted) or 
Impaired based on established criteria for each 
parameter (Table 2).  Most stations exceeded the 
US EPA thresholds for TN and TP with the 
exceptions mainly at less developed watersheds 
in Maine.  Additional sampling will be 
conducted in 2011 and data distributions will be 
evaluated for the potential of establishing 
thresholds specifically derived from smelt 
spawning habitat measurements.  
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Table 1.   Water chemistry criteria related to smelt spawning habitat. The water chemistry parameters were adopted 
from Massachusetts SWQS for protecting Aquatic Life at Class B Inland Waters (MassDEP 2007), and US EPA 
reference conditions for the Northeast Coastal Zone sub-Ecoregion (US EPA 2000b). Potential criteria are presented 
based on 25th and 50th percentiles from 2008-2010 project data. Blank cells indicate either that no criterion exists or 
the derived percentile has limited relevance for smelt habitat.  

Parameters Suitable 
(MassDEP 2007) 

Minimally 
Impacted 

25th Percentile 
(US EPA 2000b) 

Minimally 
Impacted 

25th Percentile 
(2008-2010 data) 

Moderately 
Impacted 

50th Percentile 
(2008-2010 data) 

Temperature (ºC ) 
 

≤ 28.3    
Sp. Conductivity        

(mS/cm)   ≤ 0.133 ≤ 0.195 

pH 
 

≥ 6.5 to ≤ 8.3  ≤ 6.84  
DO (mg/L) 

 
≥ 6.0    

Turbidity (NTU)  ≤ 1.7 ≤ 2.1 ≤ 2.4 
TN (mg/L) 

 
 ≤ 0.57 ≤ 0.34 ≤ 0.44 

TP (ug/L) 
 

 ≤ 23.75 ≤ 19.1 ≤ 20.8 
Periphyton 

Biomass  (g/m2/d)   ≤ 0.0143 ≤ 0.0605 
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Table 2.  Median water chemistry values from smelt Species of Concern project stations, 2008-2010. The percentage of samples that 
exceed the parameter criteria from Table 1 are reported under Exceedance (%) where rivers shaded in gray are classified as Impaired 
(>10% exceedance) and Suitable (≤ 10% exceedance) are without shading. Rivers are listed from South to North. 

 

 

Sp. Cond. Water Exceed. D.O. Exceed. pH Exceed. Turbidity Exceed. TP Exceed. TN Exceed. AFDW Exceed. 
River State (mS/cm) Temp.  (C o ) (%) (mg/L) (%) (%) (NTU) (%) (ug/L) (%) (mg/L) (%) (g/m 2 /day) (%) 

Westport MA 0.124 9.39 0% 11.0 0% 5.98 99% 1.5 39% 20.8 14% 0.39 29% 
    
Weweantic MA 0.091 11.05 0% 10.5 0% 6.31 89% 2.3 81% 39.3 93% 0.14 20% 
Jones MA 0.195 9.93 0% 11.8 0% 6.48 55% 2.9 94% 17.0 8% 0.59 49% 0.0240 57% 
Fore MA 0.558 10.43 0% 11.9 0% 7.09 1% 2.2 74% 21.5 39% 0.53 27% 0.0154 50% 
Saugus MA 0.664 9.06 0% 11.9 0% 7.28 0% 2.8 89% 
North MA 0.946 9.84 0% 12.5 0% 7.23 0% 2.0 77% 21.4 33% 1.45 100% 0.0828 71% 
Crane MA 0.996 9.54 0% 11.8 0% 7.20 1% 3.4 99% 21.0 38% 1.28 100% 0.1198 88% 
Parker MA 0.256 9.11 0% 11.8 0% 7.02 0% 1.8 66% 22.1 36% 0.67 73% 0.0685 63% 
    
Squamscott NH 0.143 13.22 0% 10.1 0% 6.92 0% 

  17.4 22% 0.44 16% 0.0598 89% 
Oyster NH 0.183 9.41 0% 11.1 0% 7.40 0% 4.3 100% 21.1 25% 0.36 0% 

  
Winnicut NH 0.317 11.55 0% 11.2 0% 7.30 0% 2.7 100% 20.6 36% 0.54 42% 0.0888 100% 
Long Creek ME 0.444 11.35 0% 10.7 0% 7.24 0% 7.0 100% 20.5 24% 0.46 29% 0.0625 100% 
Mast Landing ME 0.133 9.42 0% 11.4 0% 7.14 10% 9.0 100% 19.5 25% 0.27 0% 
Deer Meadow ME 0.031 11.37 0% 11.0 0% 6.84 16% 2.5 92% 19.1 15% 0.28 0% 0.0068 25% 
Tannery  ME 0.142 14.07 0% 10.2 0% 7.68 9% 2.1 54% 21.3 44% 0.35 0% 0.0611 100% 
Schoppee  ME 0.197 11.32 0% 9.9 0% 2.1 73% 21.8 33% 0.50 22% 

    
  

Chandler ME 13.22 0% 9.6 0% 6.73 33% 15.0 0% 0.34 11% 0.0111 25% 
East Bay  ME 0.044 9.88 0% 10.7 0% 7.34 4% 2.0 65% 11.4 4% 0.22 0% 0.0055 25% 
25th percentile 0.133 9.45 10.6 6.84 2.1 19.1 0.34 0.0143 
50th percentile 0.195 10.18 11.1 7.14 2.4 20.8 0.44 0.0605 
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The Pleasant River and other nearby 
estuaries are home to some of the most highly 
productive smelt populations remaining along 
the US Atlantic seaboard. The surrounding 
watersheds are among the least developed in the 
Gulf of Maine.  A small number of commercial 
fishermen continue to harvest smelt and 
tomcod using gill nets and bag nets in a locally 
important and unique heritage fishery: a fishery 
which once extended well beyond the 
region into the southern range of the species.  
Fishermen have worked closely with staff and 

volunteers of the Downeast Salmon Federation 
and with multiple agencies and municipalities to 
protect, study, and maintain this fishery over 
many years.  We have been working to 
document the history of the fishery and also to 
study the status of the population to help us 
better maintain the commercial fishery. Water 
quality and fish health monitoring, habitat 
restoration and protection and other conservation 
measures are underway.  Results of some of the 
past efforts and descriptions of the ongoing work 
will be summarized. 

 

Evaluation of rainbow smelt passage in a nature-like fishway 
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Fishways are currently being designed, 
constructed, or modified to remediate habitat 
fragmentation in streams and to accommodate 
flow limitations.  These structures have been 
principally designed to ensure anadromous 
salmonid passage using a conventional 
engineering approach (Larinier 1998).  Recently, 
however, there has been increasing interest in 
multi-species passage (Lucas and Baras 2001, 
Haro et al. 1999).  In many countries, there is 
currently a shift from the more conventional 
fishways conception toward nature-like fishways 
which simulate natural streams (Schmutz et al. 
1998, Katopodis et al. 2001, Santos et al. 2005, 

Calles and Greenberg 2007).  However, the 
efficiency of these structures remains largely 
unknown (Calles and Greenberg 2005). 

To allow multi-species passage, the design 
and hydraulic characteristics of fishways should 
be determined according to the most demanding 
species (Larinier 2002).  Rainbow smelt 
(Osmerus mordax) is an anadromous species 
with reduced swimming capacity (Katopodis and 
Gervais 1991).  It is commonly assumed that 
smelts cannot successfully ascend fishways and 
that even small obstacles (e.g. woody debris, 
cascades) can impede their migration to 
spawning grounds (Moring 2005).  Because of 
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its poor swimming performance, rainbow smelt 
is a good indicator species to determine the 
passage efficiency of fishways.  

In recent years, the ascent of smelts has been 
observed in some fishways in Prince Edward 
Island (Canada).  To confirm these observations, 
we initiated a research project to scientifically 
quantify the efficiency of smelt passage in a 
nature-like fishway (pool-and-weir type) 
constructed in the Pisquid River (Fig. 1a).  The 
fishway was designed for passage of salmonids 
and was composed of five weirs (Fig. 1b), with a 
slope of 2.3%.  The drop in elevation between 
weirs ranged from 0.113 m to 0.258 m (Table 1). 
The length of the fishway was 53.5 m and the 
average bankfull width was 10 m.   

In 2009, a stationary half-duplex Passive 
Integrated Transponder (PIT) system (Prentice et 
al. 1990) composed of four antennas was 
installed in the fishway (Fig. 1b).  These four 
antennas were custom made and tuned 
specifically for the dimensions and flow 
conditions of the fishway (detection range of 
approximately 0.95 m).  Each antenna was laid 
on the riverbed and positioned across the river in 
order to span the entire wetted width.  One 
antenna was located downstream of the fishway 
to record tagged-fish that were approaching the 
fishway (Antenna 1; Fig. 1b).  A second antenna 
was installed upstream of the first weir to 
determine if tagged fish successfully entered the 
fishway.  The third antenna was located 
upstream of the last weir to determine whether 
tagged fish successfully navigated the entire 
fishway length.  The fourth antenna was located 
upstream of a riffle (30 m long) above the 
fishway to determine if the riffle (slope of 1.7%) 
was itself an impassable barrier.  Transponders 
(23 mm, 0.6 g) were surgically implanted in the 
abdominal cavity of 465 smelts (230 males, 235 
females) captured and released downstream of 
the fishway.  To determine if the fishway was 
size selective, these 465 tagged smelts were 

distributed within 3 size categories: 1) small, 
fork length < 155 mm (n = 181); 2) medium, 
155 mm ≤ fork length < 180 mm (n = 164); and 
3) large, fork length ≥ 180 mm (n = 180).  

The smelt migration was initiated when 
water temperature reached 4.5ºC (April 15, 
2009) in the Pisquid River.  The migration was 
bimodal and the second peak occurred when 
water temperature reached 8ºC (April 23, 2009).  
Overall, 74% of smelts randomly sampled 
downstream of the fishway were male and 26% 
were female.  Age was determined on a random 
sub-sample of 138 individuals and was 
composed of four age-groups (age 2 to 5) with 
the majority (86%) of the fish being age 2 and 3 
years.   

During the experiment, 60 smelts were PIT 
tagged and retained in a live-box to estimate tag 
retention and tagging mortality.  Sixty unmarked 
smelts were retained in a similar live-box as a 
control.  From April 15 to April 28, 2009, tag 
retention was 100%.  However, 9 of the 60 
(15%) tagged fish did not survive, whereas no 
mortality was observed in the control group.  At 
least 6 of these mortalities were females.  Due to 
an error in data processing, it was not possible to 
determine the sex of the remaining 3 mortalities.  
We believe that the mortality rate (15%) 
observed in the controlled experiment is of 
concern, but it does not compromise the overall 
reliability of this study as most of the tagged fish 
survived the surgical manipulations. 
Nonetheless, the effects of tagging on swimming 
performance remain unknown. 

A large number of detections (n = 1042) 
were observed on the antennas of the PIT-
system installed on the fishway.  Of these 
detections, some were consecutive detections of 
the same fish at a specific antenna.  After 
removing the consecutives detections, 539 
detections, corresponding to 213 different 
individuals, were recorded between April 16 and 
30.  High spawning activities were observed 
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downstream of the fishway and tagged smelt 
may have spawned downstream of the structure 
without attempting to migrate upstream.  
Therefore, calculations related to the percent of 
fish that navigated the fishway were based on 
the number of fish that approached the fishway 
and were detected at Antenna 1 (i.e., n = 213 
smelts).  Of the smelts that approached the 
fishway, 50% crossed over the first weir and 
entered the structure (detected at Antenna 2).  
Six percent of these smelts successfully 
navigated the entire structure and the riffle 
located upstream of the fishway (detected at 
Antenna 4).  The highest number of detection 
(109 detections) was recorded when water 
discharge decreased to 1.3 m3/s (April 21, 2011; 
Fig. 2).  Smelt movements nearly ceased (6 
detections) when water discharge increased 
above 2.5 m3/s (April 23, 2009).   

Males were the predominant sex that 
approached (60%), entered (69%) and navigated 
the entire fishway (83%; Fig. 3a).  However, 
these results are slightly influenced by the fact 
that females experienced a higher tagging 
mortality.  There was also a tendency for larger 
fish to be detected more often than smaller ones 
on all four antennas (Fig. 3b).  Four of the six 
fish that successfully negotiated the entire 
fishway were from the large size group (≥ 180 
mm).  

Field observations suggested that smelts 
progressed through the fishway by a sequence of 
“sprints” that were followed by resting behind 
large rocks.   When possible, the smelts selected 
slower flow paths located near the river banks.   
Smelt progression within the fishway seemed to 
almost come to a halt downstream from Weir B 
(Fig. 1b).  This observation suggests that Weir B 
was especially difficult to pass for most fish, 
presumably due to the difference in elevation 
(0.258m; Table 1) and higher water velocities.  
In comparison to Weir B, the downstream weir 
(Weir A) offered more slow flowing water paths 

along the stream edge which appeared to 
facilitate smelts passage.  

Contrary to the general belief that smelt 
cannot navigate through fishways, we confirmed 
that a portion of the tagged smelts can 
successfully navigate through a nature-like 
fishway which was designed to accommodate 
stronger swimmers, (i.e. salmonids).  
Considering the large number of fish during the 
migration period, this small percentage still 
represents a significant number of individuals 
able to navigate through the fishway.  Visual 
observations of smelts above the fishway 
suggest that they were able to reach additional 
spawning grounds, which could reduce egg 
mortality due to overcrowding (McKenzie 
1964).   

The effects of tagging on swimming 
performance remain unknown and further 
research is required.  For example, the use of 
smaller PITs (13 mm) will most likely reduce 
potential effects of tagging on migratory 
behaviour of smelts.  Although only a small 
percentage of smelts successfully navigated the 
entire fishway, it is anticipated that conducting 
small modifications to the structure along the 
stream edge would considerably increase smelt 
passage.  Tracking marked smelts with a mobile 
PIT detection unit would allow specific passage 
locations to be determined.  Measuring hydraulic 
conditions at locations of passage is necessary to 
better understand the passage requirements of 
smelts in fishways.    
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Figure 1. a) Location of the fishway constructed in the Pisquid River (Prince Edward Island, Canada); b) plan view 
of the fishway (A to E) and location of the antennas (1 to 4). 
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Table 1. Drop in elevation at each weir of the fishway. 

Weir Drop in elevation (m)

E 0.255

D 0.113

C 0.258

B 0.258

A 0.124
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Figure 2. Temporal variations of the daily number of detections (n = 539) (a) and river discharge in Pisquid River 
(b). 
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Figure 3.  Percent of male and female (a) and size-groups (b) detected at each antenna installed in the Pisquid River.  

 

 

Laboratory marking of anadromous rainbow smelt embryos and larvae and 
the implications for restoration 

Matthew H. Ayer*, Scott P. Elzey, and Bradford C. Chase 
*Corresponding author, Massachusetts Division of Marine Fisheries, Annisquam River Marine 

Station, 30 Emerson Ave, Gloucester, MA 01930  Email: matt.ayer@state.ma.us 
 
The decline of anadromous rainbow smelt 

(Osmerus mordax) in Massachusetts throughout 
the last few decades has increased the need to 
develop practical restoration practices. The 
decrease in populations has been linked to 
declining water quality, overfishing, and habitat 
alteration. Recent improvements to water quality 
and spawning habitat of individual coastal rivers 
and streams have prompted the development of 
restoration practices for rainbow smelt. 
Successful marking and subsequent recapture of 
hatchery stocked smelt is critical to quantifying 
effectiveness of restoration efforts. Utilizing 
recent advances in smelt culture techniques, this 
study developed methods for marking otoliths in 
rainbow smelt. The first experiments examined 
the marking of smelt embryos with buffered 

oxytetracycline hydrochloride (OTC), while 
subsequent experiments examined the use of 
OTC for marking larvae. 

Adult smelt in spawning condition were 
captured from a coastal Massachusetts river and 
transported to a Division of Marine Fisheries 
(DMF) facility and were strip-spawned in the 
laboratory (Ayer et. al 2005). There were two 
experiments in 2006 to mark eyed rainbow smelt 
embryos: the first experiment used 
concentrations of 500 and 1000 mg/L OTC with 
controls while the second used 1500 and 2000 
mg/L OTC with controls. Each experiment used 
a 24 hour immersion of embryos in one of the 
specified treatments.  

In 2007, two experiments were conducted 
using larvae 2-3 days post hatch. The first 
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experiment used concentrations of 250 and 500 
mg/L OTC with controls and the second used 
750 and 1000 mg/L OTC with controls. Each 
experiment used a four hour immersion of larvae 
in one of the specified treatments. Hatched fish 
were enumerated for the embryo experiments, 
and mortality of the larval experiments was 
recorded. Fish were retained and reared in a 
recirculating water system in the laboratory. At 
regular intervals, fish were sampled for up to 12 
months to examine otoliths for the persistence of 
an OTC mark under ultraviolet light.  

The survival of embryos and larvae for all 
experiments was not significantly different for 
all treatments as compared to controls. The 2006 
experiment that examined higher concentrations 
(1500 and 2000 mg/L) of OTC on embryos was 
discontinued after 24 hours, once it was 
observed that some of the OTC came out of 
solution and coated the embryos. Otoliths from 
larvae marked as eyed-embryos with 500 and 
1000 mg/L OTC displayed distinct fluorescent 
marks when compared to controls for up to six 
months after marking. Upon examination one 
year after marking, no discernible marks could 
be found. The otoliths from larvae marked with 
250, 500, 750 and 1,000 mg/L OTC all 
displayed visible fluorescent OTC marks upon 
initial examination. At the six-month 
examination, the 250 mg/L OTC marked otoliths 
had no discernible marks while the 500, 750, 
and 1000 mg/L OTC marked otoliths had clearly 
visible marks. Upon examination of the 500, 
750, and 1000 mg/L OTC marked otoliths after 
one year, all treatments displayed visible 
fluorescent marks. 

After determining the most effective method 
for marking smelt otoliths, batches of 50,000-
200,000 smelt larvae were marked and released 
into the Crane River, Danvers, MA, at a 
documented smelt spawning site during spring 
months from 2007-2011. Returning adult 
rainbow smelt were captured during the 

spawning run in the Crane River during fyke net 
sampling beginning in the spring of 2008. All 
captured adult smelt were retained and their 
otoliths were removed and examined under 
ultraviolet light for the presence of an OTC 
mark. There were 94 adult age-1 smelt captured 
in the spring of 2008, and of those, there were 
14 fish with OTC marked otoliths (~15%). 
During the spring of 2009, there were 52 age-1 
and age-2 fish captured; of those only three were 
marked and all three were age-2 fish. 

Although there has been little success in 
marking finfish embryos, it has been successful 
for both Ayu (Plecoglossus altivelis) 
(Tsukamoto 1987) and coregonid fishes 
(Dabrowski et. al 1986). The possibility of 
marking eyed embryos would allow for a greater 
ease of working with non-motile individuals 
compared to hatched and free-swimming larvae. 
Although larvae hatched from embryos marked 
with OTC retained a fluorescent mark for over 
six months, when the otoliths were examined 
after one year, no marks were discernible. The 
retention and subsequent detection of the OTC 
mark after at least one year is essential for the 
monitoring of restoration practices with rainbow 
smelt.  

The mass marking of larval fish with OTC 
has been successful for many different species 
including striped bass (Morone saxatilis) (Secor 
et. al 1991) and walleye (Sander vitreus) 
(Brooks et. al 1994). These experiments also 
found marking larval smelt with OTC to be 
successful in producing long-term marks on 
otoliths. The decision was made to use the 
lowest concentration of OTC (500 mg/L) that 
produced a clearly visible mark on otoliths after 
one year to keep costs to a minimum and to limit 
exposure of large numbers of smelt larvae to 
higher OTC concentrations.  

The small numbers of returning marked 
smelt were received by DMF as signs of success. 
Recapture of spawning adult smelt with OTC 
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marked otoliths during 2007-2009 spurred DMF  
to continue stocking and monitoring at the river. 
Overall, more than 10 million marked rainbow 
smelt larvae have been stocked into the Crane 
River since 2007. New restoration sites for 
rainbow smelt are being examined and sampled 
for baseline population data before beginning 
any stocking.  Site suitability assessments must 
be completed at any possible restoration site 
before large-scale stocking efforts begin and 
long-term post-stocking monitoring should be 
performed to demonstrate stocking success. 
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In the St. Lawrence estuary (Canada), 

anadromous rainbow smelt (Osmerus mordax) 
colonize almost all coastal salt- and brackish 
waters in the estuary and the gulf. Up to five 
genetically distinct populations have been 
identified so far, and the one restricted to the 
south shore of the estuary was listed as a 
vulnerable population in 2005. This listing 
followed a sharp decline in abundance and 
abandonment of three major spawning 
tributaries. At that time, only three spawning 
tributaries were still active, but water quality and 
river habitat were deteriorating rapidly. 

To reverse the trends, managers and 
stakeholders developed a restoration plan. A 

team composed by governmental agencies, 
universities and non-governmental organizations 
was set up to increase collaboration, share 
information, and coordinate efforts among 
members. To support these objectives and fill 
information gaps, research was first identified as 
a major objective, and research activities were 
implemented to gain specific knowledge on 
smelt ecology, habitat needs and population 
dynamics. A total of 25 actions were identified, 
ranked by priority and order of execution, and 
shared among members of the team. 

Water quality restoration, spawning habitat 
rehabilitation and fishing mortality reduction 
were identified as major objectives. Performance 
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measures for every restoration activity were 
implemented. Specifically, monitoring programs 
were standardized for spawning run sampling on 
one tributary (Fouquette River), egg deposit 
index on all spawning tributaries, larval rainbow 
smelt trawling in two nurseries, creel surveys for 
summer and winter recreational fishery and 
monthly sampling for water quality on every 
active and deserted spawning river. Annual 
assessment for these monitoring activities is 
routinely done during a statutory annual meeting 
where progress towards restoration objectives is 
measured and discussed. 

Protection of remaining active spawning 
rivers and restoration of the ones previously 
used were considered to be the highest priority 
restoration goals, and watershed management 
was implemented on those tributaries to improve 
water quality. Involvement of landowners, 
mainly farmers, was a key issue for decreasing 
nutrient loading. Phosphorus was targeted as the 
main nutrient of concern because it can cause 
rapid periphyton growth during the smelt 
spawning season. New agricultural practices and 
municipal sewage treatment were successfully 
implemented. After 12 years, a 20-fold decrease 
in phosphorous concentration was measured on 
the Fouquette River, and water quality is now 
more conducive to rainbow smelt spawning. 

Spawning run monitoring enables 
measurements of adult stock morphological 
parameters and relative abundance. Standardized 
sampling procedures performed on a spawning 

tributary for 19 years give accurate information 
on one of the most vital stages for recruitment. 
Data gathered from spawners (CPUE, age, 
fecundity) were integrated into a Spawning 
Stock Index (SSI) so that stock composition and 
abundance could be tracked annually (Fig. 1). 
The SSI shows that the stock is composed 
mainly with individuals at their first 
reproduction, with the mean age at maturity 
being 3.1 years.  

An important decrease in abundance was 
noted after 2000. This decline is correlated with 
an increase in popularity of the winter 
recreational fishery on the St. Lawrence south 
shore. Further studies on population dynamics 
estimated that recreational fishing mortality 
(commercial fishing was already closed) 
represented approximately ¾ of total mortality 
(Z= 1.33). In 2007, the daily catch limit was 
reduced by half, from 120 to 60 rainbow 
smelts/fisherman/day. 

All these efforts have begun to pay off.  
Water quality increased on active spawning 
grounds, and two once-deserted spawning 
tributaries have now been active for a few years 
and are contributing to recruitment. Adult 
abundance has increased slightly, and the mean 
age of the stock is increasing. Although these 
encouraging observations remain fragile, it 
proves that restoration objectives can be 
achieved and declining trends reversed with a 
team approach.  
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Figure 1. Spawning Stock Index from 1992 to 2010 for the Fouquette River. 
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Smelt fishing on the Parker River in Newbury, MA (Photo by O. P. Gould in G.O. Shield 1897). 
 
 

Introduction  

The rainbow smelt (Osmerus mordax) is a 
prized table fish that has cultural, ecological, and 
economical importance along its native range 
from Virginia to the Canadian Maritimes. Smelt 
fisheries were prominent in numerous coastal 
communities on the East Coast of the U.S. until 
the latter half of the 20th century.  Populations in 
the Southern range have gradually declined and 
appear to have been recently extirpated. Their 
occurrence between the Hudson River and 
Southern New England has become rare, and the 

southernmost location of a recently documented 
smelt spawning run is the southern coast of 
Massachusetts. 

We reviewed available historical information 
regarding smelt harvests, fishing interest, and 
market demand for smelt throughout the Eastern 
U.S., and have provided a summary of these 
findings by state.  The focus is on the mid-
Atlantic and Northeastern U.S. smelt stocks 
where significant changes have occurred to 
anadromous smelt populations.  The following 
causal factors linked to the historical decline are 
summarized: 1) coastal river dam creation, 2) 
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fishing, and 3) industrial water pollution.  This 
summary offers a historical perspective on this 
important recreational and commercial fish, and 
discusses present threats and challenges. 

 

Historical Fisheries and Present Condition 

Mid-Atlantic States: Once supporting small 
fisheries, now extirpated. Numerous historic 
smelt range estimates include Virginia (Goode 
1884 in Kendall 1927; Bigelow & Schroeder 
1953), Maryland and Delaware (Robins & Ray 
in Collette & Klein-MacPhee 2002), however, 
limited information is available regarding 
fisheries in these states.  In 1833, smelt were 
plentiful in New Jersey with “wagonloads” of 
smelt harvested in Newark Bay (NY Times 1881 
in Fried and Schultz 2006).  Yet by 1849, the 
New Jersey populations were noticeably 
declining.  The last commercial catch of smelt in 
New Jersey was reported in 1921(Fried and 
Schultz 2006).  The once prominent smelt 
fishery of New York was no longer considered 
commercially viable as early as 1887 (NY times 
1881, Mather 1887, Mather 1889; in Fried and 
Schultz 2006); the last reported commercial 
catch of smelt was in 1962 (Fried and Schultz 
2006).  Survey efforts conducted by New York 
State Department of Environmental 
Conservation last detected smelt in the 1980’s 
(C. Hoffman, New York State DEC, pers. 
comm. Sept. 2010). 

New England: Declining populations still 
support a strong cultural heritage and limited 
fisheries. The peak catch of smelt in Connecticut 
was in 1880 with 27,000 lbs; smelt harvest in the 
state steadily declined with limited harvest since 
1930 (Fried and Schultz 2006).  In 2003, Fried 
and Schultz (2006) sampled for smelt in 
Connecticut using weirs, fyke nets, gill nets and 

ichthyoplankton tows with no rainbow smelt 
detected, but a seine survey yielded only nine 
adult smelt in one river system.  Since 2008, 
rainbow smelt have been listed as endangered in 
Connecticut.  Rainbow smelt harvests in Rhode 
Island have also steadily declined since 1880.  
Since 1965, there has been nearly zero harvest 
recorded (Fried and Schultz 2006). 
Massachusetts’ commercial smelt harvests have 
also declined for at least the past 90 years.  Fried 
and Schultz (2006) summarized federal 
commercial catch rates and noted three peaks in 
Massachusetts harvest, 1879 with 35,000 lbs, 
1919 with 39,000 lbs, and 1938 with 25,000 lbs.  
Larger catches were likely during spawning run 
net fisheries prior to the 1870s but were poorly 
documented (Kendall 1927). Today in 
Massachusetts there is limited recreational catch 
and insignificant commercial harvest. 

Peak commercial catch of smelt in New 
Hampshire was between 1940-1945, with an 
estimated 150,000 lbs/yr harvested (Fried and 
Schultz 2006).  Commercial harvests in New 
Hampshire have diminished since 1987 (Fried 
and Schultz 2006), but an active recreational 
smelt fishery remains. Like New Hampshire, 
there was a prominent commercial smelt fishery 
in Maine, but as early as 1869 it was evident that 
the Maine smelt populations were declining 
(Atkins 1869 in Kendall 1927).  In the late 
1800’s annual catch rates for Maine were over a 
million lbs/yr, but after the 1940’s, commercial 
catch for smelt dropped off (Figure 1).  Today 
limited commercial catch is recorded with a total 
of 3,803 lbs harvested over a 4 year period 
(2006-2009) (Maine commercial landings data).  
Recreational smelt fishing remains popular and 
is an important part of the recreational fishing 
economy in Maine. 

 
 



67 
 

 

 
Figure 1.  Maine commercial smelt catch in pounds from 1887-2010 (Squiers et al. 1976 and NOAA Fisheries 
2011). 
 
 

Historical Threats 

Causal relationships to smelt population 
declines have not been easily demonstrated. 
Establishing causal responses is complicated by 
the absence of population data and poor early 
harvest records. The history of land use in the 
region indicates that the following causal factors 
are likely primary influences on the historic 
smelt population decline: dam creation, water 
pollution in river systems, and overfishing 
(Limburg & Waldman 2009).  These causal 
factors are believed to have remained a chronic 

stressor to local populations for at least 100 
years. Alterations to urban watershed hydrology 
and climate change are two potential influences 
that have received less attention than the listed 
causal factors yet could exert significant 
consequences on smelt distribution and 
recruitment.  

Dams.  Historic coastal river dam creation 
was likely the most readily identifiable negative 
impact on smelt migrations to their spawning 
habitat.  Dams built near the head of tide have 
reduced the amount of available spawning 
habitat. Dams may also impact smelt recruitment 
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by reducing embryo survival through crowding 
and the effects of increased salinity (Baird 1967 
in Collette & Klein-MacPhee 2002).  Although 
common in New England, there is limited 
documentation of when, where, and the number 
of dams that were installed. Today, in 
Massachusetts alone there are at least 99 head of 
tide dams in place (pers. comm. A. Bilbo-Miles 
Massachusetts Office of Dam Safety September 
2010). 

Water pollution. Water pollution was another 
chronic stressor on smelt populations across the 
Northeast. As early as 1867, river water 
pollution in Connecticut was noted as the 
“principal cause of declining catches of all fish 
species” (The Connecticut Fish Commissioners 
1867 in Fried and Schultz 2006).  Squiers et. al. 
(1976) noted that after 1945 there was an 
increase in water pollution in rivers which likely 
contributed to declines in smelt populations in 
Maine. Chronic industrial point sources have 
declined in the US in the decades following the 
1972 passage of the Clean Water Act. Recent 
monitoring in Massachusetts has raised concerns 
over non-point impacts, particularly related to 
acidification and eutrophication in urban 
watersheds (Chase 2006).  

Overfishing.

 

 The fishing pressure during 
smelt spawning runs before 1850 may have 
exerted high mortality on smelt populations.  
Seine, dip net, and weir fishing were three 
common highly productive methods of smelt 
harvest.  A single haul of a seine net could yield 
up to 6,700 pounds of smelt (The report for the 
Commissioner of Fisheries in Massachusetts 
1869 in Kendall 1927).  By 1868, dip netting 
and seine netting was prohibited in 
Massachusetts (Kendall 1927).  Limited 
information is available on the role of 
overfishing in the decline of Maine’s 
commercial harvest (Figure 1).  

Conclusion 

Major changes have occurred in anadromous 
populations of smelt throughout the East Coast 
of the U.S.  The southern end of the range 
moved dramatically northward in the 20th 
century.  Total harvests have declined 
substantially in this period.  Overfishing does 
not seem to be a major influence in the spatial 
changes or stock conditions of recent decades.  
The influence of watershed alterations on water 
quality and stream flow at spawning and 
estuarine habitats remains a significant concern. 
Environmental influences on stock recruitment 
could be important stressors exacerbated by the 
impact of climate change and the resulting 
changes in ocean temperature, pH, and 
circulation.  Currently the southernmost viable 
population of anadromous smelt on the East 
Coast appears to be located in Buzzards Bay, 
south of Cape Cod. 
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Introduction 

The Penobscot ecosystem allows for a unique 
opportunity to monitor estuarine responses to 
major upstream river restoration projects 
including main-stem dam removal, active 
diadromous species population enhancement, 
and habitat improvement projects.  There is also 
a growing need for fishery scientists and 
managers to understand interactions between 
freshwater, diadromous, and marine species 
within the complex estuary habitat.  Therefore, 
we are developing the Penobscot Estuarine Fish 
Community Survey, which is part of the wider 
Maine Estuaries Diadromous Survey.  The 
primary aim of the former is to describe the 
spatial and temporal distribution of fish in the 
Penobscot estuary by implementing a 
comprehensive fishery-independent survey.  The 
survey will be developed using a combination of 
fish capture and remote sensing gears with 
collective environmental and habitat monitoring.  
We anticipate rainbow smelt (Osmerus mordax) 
to have an integral presence in the Penobscot 
estuary and that our monitoring will better 

describe population dynamics and life history 
variation that is currently poorly documented. 

 

Methods 

In 2010, we used 18 and 45 m long beach 
seines made of 5 mm nylon delta style mesh. 
The seines were 1.8 m and 2.4 m high 
respectively with a tapered bag of 5 mm mesh in 
the mid-point of the net.  The shorter (1.8 m) 
seines were abandoned early in the sampling 
season due to low capture rates.  Nets were 
made with a weighted footrope and buoyant 
floats on the head rope. Wooden poles were 
lashed to the ends of each seine to aid in net 
retrieval.  Each of 12 sites, (8 upper estuary 
(Figure 1) and 4 lower estuary (Figure 2)), was 
sampled weekly at approximately slack low tide 
from August through November. 

The two sized fyke nets, 1 m and a 2 m 
mouth, were constructed of successively smaller 
square metal tube frames that were surrounded 
with mesh net (0.6 cm for small, 1.9 cm for 
large). Two 9.1 m wings extended from the 
opening of each fyke at an angle of 
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approximately 30° when set and have an 
optional central lead net of 9.1 to 18.2 m.  The 
wings and lead had a weighted footrope with 
buoyant floats on the head-rope and are of the 
same height as the fyke itself (either 0.91 m or 
1.83 m high).  Each net had two throats tapering 
to a semi-rigid opening of 12.7 cm for the small 
net and 45.7 cm for the larger net and emptied 
into a rearward cod-end.  Nets were set in 
conjunction with beach seine sampling and were 
fished at approximately 6 hour intervals 
corresponding with a tidal cycle (flood to ebb or 
ebb to flood). 

 

Results 

We conducted 148 seine hauls and 7 fyke net 
sets from August 3 through November 2, 2010.  
This resulted in the capture of over 19,000 
individuals comprised of 45 fish and 
invertebrate species.  Most numerous in our 
samples were common mummichog (Fundulus 
heteroclitus) and Atlantic silverside (Menidia 
menidia) representing 35% and 30% of the 
catch, respectively. Invertebrates were numerous 
in our catches (25% total catch), represented 
mostly by sand shrimp (Crangon 
septemspinosa).  We captured 290 rainbow 
smelt (Osmerus mordax) young-of-year (YOY) 
and 1 adult, all in the beach seines.  Rainbow 
smelt represented 1.4% of the individuals 
captured during sampling but were present in 
20.9% of beach seine hauls.  Catch per unit 
effort (CPUE) (catch per seine haul) ranged 
from 1 to 8.4 in the lower estuary, and 

abundance was greatest on September 15.  
CPUE ranged from 0 to 18.25 in the upper 
estuary with a peak on October 28 (Figure 3).  
Mean total lengths for YOY ranged from 48 to 
68 mm in the lower estuary and 46 to 60 mm in 
the upper estuary (Figure 4). 

 

Conclusions – Future work 

In 2011, we plan to continue sampling with 
beach seines at our established index site, 
expand our fyke net sampling, and add new 
gears such as pelagic trawls and hydroacoustics.  
Our 2011 goals are to sample using the various 
gears from April through November to 
encompass as much of the diadromous migration 
season as possible.  The 2010 and 2011 scoping 
effort will allow for the refinement of sampling 
design to be implemented in 2012 and beyond.  
We anticipate main-stem fyke net and trawling 
efforts will document relative abundance and 
timing of adult rainbow smelt during their 
spawning migration.  Similarly, beach seining 
efforts will document relative recruitment 
success and juvenile emigration timing.  We 
envision our efforts to be refined over time in 
order to create a long-term and robust data set.  
We also foresee substantial opportunities for 
collaboration with state and academic entities in 
continuing efforts to understand diadromous fish 
populations and their link to the estuarine 
environment.  
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Figure 1.  Map of beach seine sites sampled within the upper Penobscot estuary during surveys conducted in 
fall 2010.  Markers represent maximum relative smelt abundance observed. 
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Figure 2. Map of beach seine sites sampled within the lower Penobscot estuary during surveys conducted in fall 
2010. Markers represent maximum relative smelt abundance observed. 
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Figure 3.  Catch per unit effort for Rainbow smelt (Osmerus mordax) in the upper and lower Penobscot estuary 
during preliminary beach seine surveys conducted in Fall 2010. Note sampling did not take place in lower 
estuary until 8/27/2010 and smelt were not detected in upper estuary until 9/14/2010. 

 
 

 
Figure 4.  Mean total length (mm) +/- SE for rainbow smelt (Osmerus mordax) in the upper and lower Penobscot 
estuary during preliminary beach seine surveys conducted in fall 2010. 
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Ice fishing on frozen tidal rivers is a long 

standing tradition in New England. In Maine, 
industrious entrepreneurs have made a seasonal 
business by setting up and renting out hundreds 
of small ice-fishing shacks for recreational smelt 
fishing on the Kennebec River and 
Merrymeeting Bay. These groups of shacks 
(camps) make up a large proportion of fishing 
pressure on the river during winter months. 
Although camps must acquire a state license 
each season, fishermen and camp owners are not 
required to report any of their catch information.   

While small ice fishing shacks appear on 
most frozen rivers and streams in the state from 
late December to March, only the Kennebec 
River and Merrymeeting Bay have commercially 
operated camps (Figure 1). A smelt camp may 
manage anywhere from 15 to 100 shacks each 
year.  At these camps, anglers can rent a shack 
with all equipment included for one or more 
tides. Because of the popularity and ease of 
fishing a single tide, people are fishing for smelt 
out of the Kennebec River and Merrymeeting 
Bay waters twenty-four hours a day during the 
winter months. 

Adopting sampling methods currently used 
by the New Hampshire Fish and Game 
Department (NHFG; NHFG Progress Report 
2009) and methods used in a 1979-1982 study 
conducted by the Maine Department of Marine 
Resources (DMR; Flagg 1983), DMR again 
began conducting creel surveys in 2009. As part 
of this survey, DMR staff visited participating 
camps two or three times per week on a rotating 
basis to collect biological information about the 

recreational catch.  All anglers at the camp who 
were fishing during a specific tide were 
interviewed, although some anglers declined the 
interview. Staff measured smelt to the nearest 
millimeter, determined sex, and collected scale 
and fin clip samples from all retained fish.  A 
sub-sample of adult smelt was collected for toxic 
contaminants analysis to update intake and 
health advisories. The number of anglers, fishing 
hours, and the number of fishing lines used was 
also recorded. 

Comparing data from the Maine DMR 1979-
1982 study (Flagg 1983) to preliminary data 
collected 2009-2011, the recent survey found a 
slightly lower catch-per-unit-effort (CPUE), 
however with higher inter-annual variability 
(Table 1). CPUE was calculated as total number 
of smelt caught per line-hour of fishing.  Annual 
fluctuations in CPUE occurred in both surveys, 
but the recent survey had the lowest CPUE 
recorded (0.1662) during the two time series.  

The mean length differed significantly 
between males and females within each year of 
the 2009-2011 survey (t-test p < 0.0001 < 0.05 
in all cases) as well as between the years for 
each sex (ANOVA p < 0.0001 < 0.05 in all 
cases) (Figure 2). Mean length increased more 
than 10 cm for both males and females from 
2009 to 2010 while the CPUE decreased from 
0.7278 to 0.1662. This indicated a potential 
problem with a younger age class in 2010.  In all 
years, the mean sex ratio (M:F) was fairly even 
and did not differ significantly between years 
(2009=1.61; 2010=1.53; 2011=1.52).   
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Catch card boxes were also posted at each 
camp for fishermen to voluntarily report 
information about their total smelt catch and any 
bycatch; responses varied widely between sites 
and between years. There were 122 responses in 
2009, 6 in 2010, and 37 in 2011 from catch 
cards for all camps combined. The low response 
in 2010 could be attributed to negative response 
by anglers to the impending recreational Salt 
Water Fishing License, which was undergoing 
state public hearings during the fishing season. It 
is our hope that with continued interaction with 
anglers and camp owners that the number of 
responses will increase. Despite the low number 
of responses in 2010, the catch cards still 
reflected a decline in catch from 2009 to 2010, 
and increase again in 2011 (mean catch 2009 = 
116; 2010 = 45; 2011 = 139).  This trend was 
also evident in the creel survey data.  

 

An age-at-length key is currently being 
developed to compare the age composition of 
the current population to that of the 1979-1982 
survey and the NHFG surveys. Monitoring will 
continue at the smelt camps to develop a long-
term dataset to understand more about inter-
annual variability and changes in the population. 
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Figure 1. Commercial ice fishing camps sampled during the winter smelt creel survey on the Kennebec River 
and Merrymeeting Bay, Maine (2009-2011). 
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Table 1. Catch per unit effort (CPUE) observed during the rainbow smelt winter creel survey in Maine (1979-
1982, 2009-2011). 

  

 

  

 

Figure 2. Frequency at length in centimeters of males and females observed during the rainbow smelt winter 
creel survey in Maine (2009-2011). Plots show the frequency at length in centimeters by year. Frequency by sex 
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is separated in each year plot, males are shown by a solid line and females by a gray dashed line. The mean 
length differed significantly by sex within each year as well as between years.   
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The St. Lawrence south shore population of 

rainbow smelt (Osmerus mordax) spawn in four 
known locations (Rivière du Loup, Rivière 
Fouquette, Rivière Ouelle and Ruisseau de 
l’Église). It is important to distinguish the origin 
of larval smelt in order to evaluate the 
contribution of each river to the natural 
population in the St. Lawrence estuary. The 
general objective of this study was to evaluate 
the use of the otolith microchemistry method for 

distinguishing the origin of rainbow smelt larvae 
from different natal rivers. The otolith core from 
rainbow smelt larvae from four spawning sites 
were analysed with a solution-based inductively 
coupled plasma-mass spectrometry (ICP-MS). A 
discriminant function analysis based on the 
concentrations of the most important trace 
elements in the otolith will be used to separate 
the larval smelt into their natal river. 
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Five microsatellite loci were used to estimate 

gene flow between anadromous rainbow smelt 
(Osmerus mordax) from Casco Bay, Maine and 
Sebago Lake, Maine. Sebago Lake is drained by 
the Presumpscot River which flows into Casco 
Bay. The river has been dammed since the early 
18th century. A stock enhancement project 
transferred 10,000,000 anadromous smelt eggs 
taken from Casco Bay fish into Sebago Lake 

over a five year period from 2002 to 2006. Gene 
diversity indices calculated using Fstat software 
are consistent with limited gene flow between 
populations ( Fst = 0.035, Gst= 0.017, Rst  = 
0.079). Cluster analysis indicates that the 
direction of gene flow was from Casco Bay to 
Sebago Lake. 
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Rainbow smelt, Osmerus mordax, is an 

economically important fish for the Downeast 
fishing industry as well as being a major food 
source for many other species in the area, 
including Salmo salar.  We will use 
microsatellites and other genetic markers to 
determine if population structure exists in the 
Pleasant River watershed.  We will use the 
tetranucleotide microsatellite primers that were 
found in existing literature.   Samples were 
collected from four rivers during the 2010 

season: Pleasant River (47 individuals), 
Narraguagus River (54 individuals), Harrington 
River (30 individuals), and East Machias River 
(2 individuals). Although microsatellites are 
polymorphic among our samples, a preliminary 
survey using a major histocombatibility complex 
(MHC) marker suggests that our samples are 
monomorhphic.  In contrast, a sample of 24 
Atlantic salmon from the Pleasant River had 
four alleles at (we believe) the same locus.   

 
 
 

Improving methods to accurately age rainbow smelt (Osmerus mordax) 
Claire Enterline*1, Anne Simpson,1 Scott Elzey,2 Jessica Fischer3 

1Maine Department of Marine Resources 
2Massachusetts Division of Marine Fisheries 

3New Hampshire Department of Fish and Game 
*Corresponding author: Claire.Enterline@maine.gov 

 

Introduction 

Regional collaborations to study the decline 
of anadromous rainbow smelt (Osmerus 
mordax) have prompted state fisheries managers 
in Massachusetts, New Hampshire, and Maine to 
standardize ageing methods. The development 
of digital imaging using video-mounted 
dissecting microscopes enables us to archive 
images, share reference collections, cross-train 
staff, and compare ages. We compared scales, 
otoliths, and finrays and refined cleaning 
methods to develop a standard protocol. We also 

began to test validation methods that can be 
easily transferred between states. 

 
Rainbow smelt have large scales that can be 
easily collected with little known mortality. 
Smelt have a relatively short life span, living up 
to six years but more commonly to three years. 
Annuli on smelt scales are visible as bright scars 
and can be easily differentiated from inter-
annual circuli (McKenzie 1958). Previous 
efforts to age anadromous rainbow smelt and 
develop mortality estimates have exclusively 
used scales (Bailey 1964, Ivanova 1982, 
McKenzie 1958). A study of freshwater smelt 
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found higher ageing precision using finrays 
compared to otoliths (Walsh et al. 2008).  

Protocol methods 

We sample anadromous rainbow smelt 
annually as part of two studies to monitor the 
species in the Gulf of Maine. In Massachusetts, 
New Hampshire, and Maine, we collect smelt at 
18 spawning sites annually. In New Hampshire 
and Maine, we also collect scale samples 1-3 
times a week as part of annual creel surveys of 
the winter recreational fisheries. All smelt 
caught are sexed and measured to the nearest 
millimeter and the total catch recorded. We 
collect scales from up to 20 fish per sex per 
centimeter size bin (10cm, 11cm, 12cm, etc.) 
over the course of the season. Because the age at 
length may change over the run, we typically 
collect 5 scale samples per sex per size bin per 
week. Scales are taken from the side of the fish 
midway between the lateral line and the base of 
the dorsal fin.  

When collected, scales are covered by a 
partly-transparent mucous membrane that can 
obscure annuli and lead to erroneous age 
assignments, particularly for higher ages. 
Although the annuli on smelt scales can 
sometimes be easily visible through this 
mucous, it can make false annuli and older ages 
difficult to distinguish. To remove the mucous 
membrane, scales are first placed in small brass 
or stainless steel screen baskets and then 
immersed in a solution of pancreatin and 
agitated. Whaley (1991) found cleaning scales in 
5.0% pancreatin solution using a high-frequency 
sonicator for 15 minutes yielded the highest 
percentage of usable scales compared to 
agitation in water alone for 15 minutes or in 
5.0% pancreatin solution for 48 minutes.  We 
have found that 2.0% pancreatin solution 
adequately cleans smelt scales. A higher 
pancreatin concentration removes too much of 
the surface and causes scales to curl under cover 

slips. A mounting medium can keep the scales 
flush, but because we mount a large number of 
scales, we prefer the lowest cost and most 
efficient method. Simply reducing the 
concentration of pancreatin negates the need for 
a mounting medium. The cleaned scales are then 
placed on individually labeled microscope slides 
with a drop of water and covered with a thin 
glass slip. 

Otoliths and fin rays are collected from a 
subset of fish from which scales were taken 
during the spawning run surveys. These are 
embedded in a two part epoxy. Transverse 
sections encompassing the core of the feature are 
cut on a low speed saw equipped with two 
diamond blades separated with a 0.4 mm spacer. 
These sections are affixed to slides using Flo-
texx mounting medium. 

Scales, otoliths, and fin rays are viewed using 
the image analysis program Image Pro (V6.2) 
which drives a digital video camera mounted 
atop a dissecting microscope with transmitted 
lighting. Image Pro software and transmitted 
lighting improves image quality, which 
emphasizes true and false annuli. Two 
individuals with no prior information about the 
length or sex of the fish age each structure, and 
there is no communication between readers. If 
there is a discrepancy, age is assigned by a third 
more experienced reader or by consensus.  
 

Results 

We compared ageing precision between 
scales and otoliths. There was no significant 
difference between ages given by two readers 
using scales (Chi Square p = 0.34; α = 0.05), but 
there was a significant difference using otoliths 
(p = 0.025). We also compared ages given using 
scales and otoliths from the fish where the 
reader had no prior knowledge about which 
scales and otoliths belonged to the same fish; 
there was a significant difference between ages 
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(2 trials by 2 readers, Chi Square p = 0.00001 
and p = 0.0001) (Figure 1). Age assignments 
using otoliths overestimated especially young 
ages because smelt otoliths repeatedly have a 
large number of sub-annual checks, a finding 
that is consistent with other studies (Walsh et al. 
2008). 

We have not yet collected enough fin rays to 
make a valid conclusion about ageing precision 
using this structure. However, we have found 
that collecting fin rays requires more training 
and time in the field compared to scale 
collection.  

Age Validation.  We are currently refining 
methods to validate ages given using scales. We 
use oxytetracycline hydrochloride (OTC) to 
mark yolk-sac larvae reared in the lab. The OTC 
leaves a small permanent mark on the otolith. 
Larvae are released at an annually sampled 
spawning site.  A subset of the catch in 
following years is taken and each otolith 
examined for an OTC mark. The scale is then 
independently aged. Each release year can be 
differentiated by varying the number of times 
larvae are exposed to OTC. In 2010 we 
recaptured 14 OTC marked smelt that had been 
released as larvae in 2009; all readers 
independently correctly assigned scales from 
these fish age 1 with no prior knowledge.  

The ability to take high resolution digital 
images of consistent quality enables us to build 
reference collections that can be used between 

multiple agencies. Reference collections of scale 
images are being developed to determine 
accurate age-length keys for the species, as 
existing keys have been applicable only to small 
geographic areas or short time periods.  
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Figure 1. Rainbow smelt age bias plots between readers using scales and otoliths (top panel) and between structures 
(bottom panel). The solid line in each plot indicates the 1:1 age line. Dashed lines show the mean age (95% CI) 
estimated on the y-axis for each age on the x-axis. The intercept and CV are given for each comparison. 
 

 



82 
 

Are common smelt (Retropinna retropinna) a sustainable food source for 
rainbow trout (Oncorhynchus mykiss) in Lake Rotoiti, New Zealand? 

Jennifer M. Blair*1, Brendan J. Hicks1, Nicholas Ling1, and Rob Pitkethley2 
1University of Waikato, Hamilton, New Zealand 

2Eastern Region Fish and Game, Rotorua, New Zealand 
*Corresponding author. Email: jmb90@students.waikato.ac.nz 

 
Lake Rotoiti is a warm, monomictic, 

eutrophic lake in the North Island of New 
Zealand. It is home to a popular rainbow trout 
fishery (Oncorhynchus mykiss), which is 
supplemented by hatchery-raised yearlings. 
Native common smelt (Retropinna retropinna) 
constitute 83% of the diet of rainbow trout over 
200 mm long. Despite their importance as a prey 
species, the life history of smelt in Lake Rotoiti 
is poorly understood, and the capacity of the 
smelt population to support increased levels of 
trout stocking is unknown.  

In 2008, the Ohau Channel Diversion Wall 
was installed to improve water quality in Lake 
Rotoiti. The effect of this wall is to divert 
nutrient rich water from Lake Rotorua directly 
down the Kaituna River, rather than into Lake 
Rotoiti. It is possible that the diversion wall has 
had a negative impact on spawning migrations 
of common smelt between Lake Rotorua and 

Rotoiti, which could in turn affect food supply 
for rainbow trout.   

Sampling is currently being carried out in 
order to assess abundance and dynamics of smelt 
in Lake Rotoiti. In the past year, littoral catch 
rates of smelt varied diurnally and seasonally, 
with highest catches of up to 2,000 smelt in an 
800 m2 electric fishing transect in autumn, 
which was likely due to a migration of smelt into 
the littoral zone to spawn. Semi-quantitative 
sampling of smelt eggs, coupled with 
monitoring of reproductive maturity of spawning 
adults, has shown that spawning is most 
prevalent at the lake’s more exposed eastern 
beaches. In addition, numbers of larvae were 
highest in this area. This suggests that smelt are 
reproducing locally, providing a sustainable 
food source for rainbow trout. This study also 
indicates the importance of exposed beach 
habitat for sustaining smelt populations.  

 
 

Diadromous Species Restoration Research Network:  
A five-year collaborative research effort 

Barbara Arter* and Matthew Dietert 
Senator George J. Mitchell Center, University of Maine, Orono, Maine, 

*Corresponding author: barbara.s.arter@umit.maine.edu 
 
The goal of the Diadromous Species 

Restoration Research Network (DSRRN) is to 
advance the science of diadromous fish 
restoration and promote state-of-the-art 
scientific approaches to multiple-species 

restoration at the ecosystem level. DSRRN 
integrates many diverse activities that improve 
the understanding of ecosystems and enhance 
restoration outcomes, facilitates the study of 
questions fundamental to diadromous fish 
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ecology and restoration through scientific 
meetings, workshops and local networking, and 
enhances coordination of diadromous species 
restoration efforts of academic, government, and 
watershed stakeholders. The Network, which is 
funded through the National Science 
Foundation, provides information and 
networking on research and restoration funding 
opportunities, research, and restoration project 

partnerships, conferences and meetings, the 
Penobscot Science Exchange, fisheries and 
restoration links, and the Gulf of Maine 
Knowledge Base which provides access to 
spatially referenced bibliographic information so 
that users can locate information using text-
based and map-based searches by state/province 
and by watershed. 

 
 

Penobscot River Science Exchange:  A consortium for dam removal and 
diadromous fish restoration research 

Barbara Arter* and Matthew Dietert 
Senator George J. Mitchell Center, University of Maine, Orono, Maine, 

*Corresponding author: barbara.s.arter@umit.maine.edu 
 
Covering 8,570 square miles, the Penobscot 

River is Maine's largest and New England's 
second largest watershed. Unfortunately, 
centuries of dam construction have blocked the 
migration of diadromous fish to their upstream 
spawning and juvenile-rearing habitats.  The 
Penobscot River Restoration Project will  restore 
nearly 1,000 miles of sea-run fish habitat by 
removing  two large hydroelectric dams in the 
lower part of the river and providing improved 
fish passage at a third dam upstream.  In 2008, 
the Penobscot River Restoration Trust and 
agency and academic researchers began 
conducting studies and environmental 
monitoring on the river in order to establish pre-
dam removal conditions that will allow 
managers to document restoration outcomes. 
This group of approximately 30 researchers 

makes up the Penobscot Science Exchange, 
which is a collaboration with the Diadromous 
Species Restoration Research Network 
(DSRRN), a five-year, NSF-funded 
collaborative research effort to advance the 
science of diadromous fish restoration.   

This poster provides descriptions and 
photographs of research projects currently being 
conducted on the Penobscot in conjunction with 
the dam removals and the Penobscot Science 
Exchange.  Projects include shortnose sturgeon 
movement and spawning, bird assemblages, sea 
lamprey movement in tributaries, iron-drainage 
impacts to water quality, alewife population 
structure and migration, marine-freshwater food 
web linkages, sea lamprey and Atlantic salmon 
interactions, and dam removal impacts on fish 
assemblages.
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 INTRODUCTION 
 

This quality assurance program plan (QAPP) 
addresses water quality measurements and analysis 
for monitoring projects conducted by the 
Massachusetts Division of Marine Fisheries 
(MarineFisheries) and program partners. Standard 
Operating Procedures (SOP) are provided for 
routine measurements and multi-project 
applications for water temperature and chemistry 
loggers, and also for diadromous fish habitat 
assessments. The document serves two primary 
purposes for MarineFisheries and program partners. 
The first objective is to provide standardized and 
consistent sampling protocols to improve the 
traceability and reliability of water quality data. The 
second objective is to guide sampling efforts to 
produce data that is acceptable for Waterbody 
Assessments [Clean Water Act (CWA), Section 305 
(b)] conducted by the Division of Water 
Management, Massachusetts Department of 
Environmental Protection (MassDEP). 

 
 The MarineFisheries water quality monitoring 
for diadromous fish habitat QAPP adopts the 
standardized approach recommended by the U.S. 
Environmental Protection Agency (US EPA) and 
MassDEP and described in Godrey et al. (2001).  
This approach contains 24 elements necessary to 
construct a successful and consistent QAPP.  These 
24 elements are listed below and follow the 
formatting and terminology  described in Godfrey et 
al. (2001) and MassDEP (2005). The remainder of 
this QAPP is comprised of four SOPs that provide 
specific direction for water quality monitoring 
related to Water Temperature Loggers (Section 
1.0), YSI 6-Series Probe Sondes, (Section 2.0), 

Rainbow Smelt Spawning Habitat Assessment 
(Section 3.0), and River Herring Spawning and 
Nursery Habitat Assessment (Section 4.0). The 24 
elements in this Introduction provide common and 
consistent structure to data collections and 
management for each SOP. 
 
 1. QAPP Version.  The present QAPP version 
1.0 was developed during 2006-2009 while 
recording data using draft SOPs. These pilot efforts 
facilitated the development of data forms, quality 
assurance and quality control (QA/QC) protocols 
and criteria. SOP 3.0 protocols originated from a 
rainbow smelt eutrophication study conducted by 
Marine Fisheries in 2002-2003. It is expected that 
QAPP versions will need to be updated every 3-5 
years depending on changes to methodologies and 
applications, program objectives, and principal 
staff.  

   
 2. Equipment Disclaimer. References to 
commercial products and manufacturers do not 
indicate the endorsement of any products or 
companies by the Massachusetts Division of Marine 
Fisheries or program partners. It is necessary to 
specifically name each piece of equipment so that 
QA/QC protocols can be developed around each 
product’s specifications. SOP 2.0 on water 
chemistry loggers is directed to the use of Yellow 
Springs Incorporated (YSI) water quality sondes 
because all participating MarineFisheries projects 
use this equipment. However, the 24 elements of 
the Introduction are not dependent on specific 
sampling instruments. The SOPs can be readily 
modified by program participants in appendices to 
match the equipment specifications of items not 
listed in this version to water quality criteria.    

Abstract:  Diadromous fish migrate between freshwater and marine habitats to complete essential life history stages.  
New England diadromous species include anadromous fish such as river herring that mature in the ocean and spawn in 
freshwater, and a single catadromous fish, the American eel, which spawns at sea and its young migrate to freshwater 
habitat for juvenile growth and maturation.  Most anadromous species possess a demersal egg that requires clean sub-
strate for incubation and survival.  The success of the anadromous reproductive strategy is dependent on elevated flows 
and suitable water and habitat quality occurring after the spring freshet.  Diadromous fish populations on the Atlantic 
coast of North America have declined in recent decades, with watershed alterations, harvest mortality, and passage im-
pediments known to be negative influences in some regions.  Interest in diadromous fish restoration has increased re-
cently among constituents and government agencies; however, the majority of restoration efforts have focused on migra-
tory impediments with less attention on water and habitat quality.  In order to improve the traceability and reliability of 
water quality data collected during diadromous fish monitoring and to provide guidance to diadromous fish restoration 
efforts, the Massachusetts Division of Marine Fisheries (MarineFisheries) developed a quality assurance program plan 
(QAPP) of standardized water and habitat sampling protocols.  Standard Operating Procedures (SOP) are provided for 
routine measurements and multi-project applications for water temperature and chemistry loggers and for river herring 
and rainbow smelt habitat assessments.  The QAPP was designed to also coordinate sampling efforts to produce data 
that is acceptable for Waterbody Assessments (Clean Water Act , Section 305 (b)) conducted by the Massachusetts De-
partment of Environmental Protection (MassDEP), and to relate species life history to habitat criteria. 
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3. Distribution List. 
 
 Massachusetts Division of Marine Fisheries 
Project Staff: 
 
Program Manager -- Michael Armstrong  
Monitoring Coordinator --  Bradford Chase  
Project QA/QC Analyst --   Bradford Chase 
Project Field Coordinator --  Matthew Ayer 
Project Database Manager --  Scott Elzey 
 
 MassDEP Reviewers: 
 
Richard Chase, MassDEP QA Officer  
627 Main St., 2nd floor, Worcester, MA 01608  
508-767-2859 Fax: 508-791-4131  
richard.f.chase@state.ma.us  
 
Arthur Screpetis, MassDEP Technical Reviewers  
627 Main Street, 2nd floor, Worcester, MA 01608  
508-767-2875, Fax: 508-791-4131  
Arthur.Screpetis@state.ma.us  
 

Program Participants:  
 

The following agency staff may utilize one or 
more of the SOPs under this QAPP. Additional staff 
and seasonal employees may be added following 
training. 
 
MA Division of Fish & Wildlife      Caleb Slater 
MA Division of Fish & Wildlife      Steve Hurley  
MA MarineFisheries         Phillips Brady 
MA MarineFisheries        John Boardman  
MA MarineFisheries      Katie L’Heureux  
MA MarineFisheries         John Sheppard  
NH Dept. Fish and Game                 Kathy Mills 
NH Dept. Fish and Game            Jessica Fischer 
ME Dept. Marine Resources      Claire Enterline 
 
 4.  Project Organization.  The MarineFisheries 
project staff that will administer this document are 
within the Recreational and Diadromous Fisheries 
Program. It is anticipated that future QAPP versions 
will  include participants from other 
MarineFisheries  programs and partner 
organizations. Program participants from the Maine 
Department of Marine Resources and the New 
Hampshire Department of Fish and Game will 
apply SOP Sections 1.0-3.0 during 2008-2011 as 
part of a National Oceanic and Atmospheric 
Administration (NOAA) grant to develop a 
conservation plan for rainbow smelt for the three 
states. SOP 4.0 will be used by watershed 

organizations in partnership with MarineFisheries 
to assess river herring habitat. 
 
 5.  Program Background.  The Massachusetts 
Division of Marine Fisheries is responsible for 
managing diadromous fish resources in the coastal 
waters of Massachusetts and shares this 

 
Project Organization  

Program Manager:  Michael Armstrong,                            
Marine Fisheries.  Reviews and approves all project 
proposals and project reports using the QAPP. 
Monitoring Coordinator:  Bradford Chase, Marine 
Fisheries.  Developed the four SOPs and will continue 
to provide oversight for the projects and share regional 
instrument calibration and maintenance responsibilities 
with the Field Coordinator. Will evaluate field, labora-
tory and data management activities and maintain re-
lated communications with the Field Coordinator and 
Database Manager. 

QA/QC Analyst:  Bradford Chase, Marine Fisheries.  
Will review data collected under the QAPP and assign 
data status criteria.  Will train other MarineFisheries 
staff to serve as future QA/QC analysts for specific 
projects. 

Field Coordinator:  Matthew Ayer, Marine Fisheries.  
Will coordinate the deployment of temperature loggers 
and YSI sondes on the North Shore. Will share re-
gional instrument calibration and maintenance respon-
sibilities with the Monitoring Coordinator.  Will be 
responsible for data processing for Onset temperature 
loggers, and will be trained to collect data for all SOPs. 

Database Manager:  Scott Elzey, Marine Fisheries. 
Will maintain databases for the QAPP and be trained 
to collect data for all SOPs.  Will be responsible for 
processing data from YSI sondes. 

Project Participant:  John Sheppard, Marine Fisher-
ies.  Will collect and process data under SOP Sections 
1.0 and 2.0. 

Project Participant:  Kathy Mills, NH Dept. Fish and 
Game.  Will lead NH DFG efforts to collect and proc-
ess data under SOP Sections 1.0, 2.0, and 3.0. 

Project Participant:  Claire Enterline, ME Dept. of 
Mar. Resources.  Will lead ME DMR efforts to collect 
and process data under SOP Sections 1.0, 2.0, and 3.0. 
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responsibility with the Division of Fisheries and 
Wildlife in inland waters. There is long history of 
MarineFisheries recording water quality data to 
accompany fisheries monitoring and research 
projects. Data management for past projects has 
been done on a project-specific basis potentially 
reducing the comparability of the data for intra- and 
inter-agency uses. Improved electronic logger 
technology during the last two decades allows the 
attainment of high accuracy and precision during 
water chemistry sampling if consistent QA/QC 
procedures are applied. The projects outlined in this 
QAPP and future efforts will benefit from the 
application of standardized water quality sampling 
and data processing protocols. In addition, 
MassDEP’s Waterbody Assessments are a powerful 
tool to identify and initiate remediation for water 
quality problems that influence the health of aquatic 
life. A MassDEP-approved QAPP will allow 
MarineFisheries data to contribute to the 
Waterbody Assessment process.  
 

The effort to adopt standard protocols originated 
from MarineFisheries efforts in 2002 and 2003 to 
relate water quality and watershed influences to 
rainbow smelt spawning habitat. This project 
deployed continuous water temperature loggers in 
rivers with smelt spawning habitat and collected 
water quality data related to eutrophication impacts 
on spawning habitat. This project and the increasing 
utility of the electronic loggers for aquatic habitat 
monitoring prompted the interest in standardized 
sampling and QAPP protocols. Interest also came 
from the NOAA grant partnership between the 
states of Massachusetts, New Hampshire and Maine 
tasked with developing a conservation plan for 
rainbow smelt. The partnership conducts smelt 
habitat monitoring that will also benefit from QAPP 
guidance.         
 
 6. Program Objectives.  The primary program 
objective is to develop standardized data collection 
and processing protocols for water quality 
monitoring related to specific diadromous fish 
monitoring projects.  The following four SOPs will 
serve ongoing projects that were developed with the 
objective of producing comparable and reliable 
water quality data: 
 

Section 1.0-- Water Temperature Logger 
Section 2.0-- YSI 6-Series Multi-Probe Sondes   
Section 3.0--Rainbow Smelt Spawning Habitat 
Assessment 

Section 4.0--River Herring Spawning and 
Nursery Habitat Assessment 

 
It is expected that Sections 1.0 and 2.0 will 

become templates for a wider range of users within 
DMF. Section 3.0 will focus on nutrient and 
periphyton measurements at smelt spawning habitat 
and will be used by the MA/NH/ME smelt 
conservation partnership. Section 4.0 will produce a 
tool for assisting the assessment and prioritization 
of diadromous fish restoration projects. More 
specific details on project objectives and the target 
watersheds are presented in the individual SOPs. 
An important secondary objective is to provide data 
that can contribute to MassDEP’s programmatic 
objectives of assessing the ability of water bodies to 
support designated uses  (CWA, Section 305(b)) 
and remediating pollutant loads (CWA, Section 303
(d) under their Watershed Assessment process 
(MassDEP 2005).   
 
 7. Data Quality Objectives.  Parameter-specific 
data quality objectives will be provided in each 
SOP. The QAPP’s basis for data quality control and 
assurance will be criteria established for the data 
quality indicators of precision, accuracy, 
completeness, comparability and representativeness 
(MassDEP 2005).  
 

Precision.  Precision is a measure of the 
proportion of agreement among replicate 
measurements. For most parameters in the four 
SOPs, precision will be sampled and evaluated by 
criteria established for the relative percent 
difference (RPD) of duplicate samples. Acceptable 
RPDs will be typically 5-10% for laboratory and 
multi-probe water chemistry sonde measurements 
and ≤35% for nutrient and productivity 
measurements.   
 

Accuracy.  Accuracy is the degree to which a 
recorded measurement varies from a true or 
expected value. Accuracy for multi-probe water 
chemistry sonde measurements will be assessed 
comparing pre and post-calibration results to 
specifications established for standard solutions. 
Accuracy for temperature sensors will be checked 
against NIST-certified thermometers (National 
Institute of Standards and Technology). Where 
appropriate, the SOPs will outline the use of 
laboratory and trip blanks to contribute to 
assessments of accuracy. Accuracy warning and 
control limits will be established using standard 
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deviation criteria on the departure from seasonal 
and station means for specific parameters.  
 

Representativeness.  Data representativeness 
refers to the extent to which measurements actually 
represent the true environmental condition. This 
attribute is addressed through site selection criteria 
in “Station Selection” sections for each SOP. For 
example, rainbow smelt spawning habitat stations 
are selected from a state-wide list of known smelt 
spawning riffles where river flow is well-mixed and 
does not routinely receive saline water from the salt 
wedge.  
 

Completeness.  Data completeness refers to the 
amount of valid data collected as a proportion to the 
targeted sampling frequency. Weather, instrument 
failure and other conditions can result in incomplete 
or failed measurements in the course of a sampling 
season. The range of acceptable completeness for 
targeted measurements will be 75-100% for all 
SOPs.   
 

Comparability.  Data comparability refers to the 
extent to which data from one study are comparable 
to data collected for similar parameters during 
previous studies or from other areas.  The 
documentation of sampling methods, data 
processing and QA/QC reviews will be used to 
determine data comparability over time. It is an 
important objective of the QAPP to improve and 
document data comparability for future surveys and 
resource management decisions.    
 
 8. Training Requirements.  Program 
participants must become familiar with all aspects 
of the QAPP, SOPs and instrument manuals that 
guide sampling. Training sessions will be conducted 
by the Monitoring Coordinator under each SOP for 
program participants. SOP 4.0 may include 
unsupervised volunteer efforts in the future. In these 
cases, the Monitoring Coordinator will conduct 
training sessions and initial trips with SOP 4.0 
partners. It is expected that most SOP 4.0 trips will 
be lead by agency staff trained as program 
participants. Following training in 2008-2009, the 
Field Coordinators will be prepared to conduct 
training for program participants to collect field 
data for all SOPs.     
 
 9. Documentation and Records.  Standardized 
field and laboratory calibration forms will be used 
for all data collection covered within the QAPP. 
Templates of data forms are provided in each SOP 

and electronic templates are available for 
distribution from the Monitoring Coordinator 
(brad.chase@state.ma.us). Field forms are 
constructed from Excel spreadsheets and are 
relational to spreadsheets where data will be entered 
and stored. Program participants will be trained to 
use field forms, calibration forms and enter data to 
spreadsheets. The Program Field Coordinator and 
Database Manager will process field and calibration 
data, and the program QA/QC Analyst will review 
and classify data files. Following review and final 
data classification, annual data files will be saved as 
read-only files in a common server folder that all 
participants can access. Back-up annual files will be 
saved in a different server by the Database Manager 
and QA/QC Analyst. Sampling stations will be 
documented with photographs and by recording the 
GPS location. The station documentation will be 
stored in an adjoining common server folder.    
 
 10. Sampling Process.  
  
 Sampling Safety.  Sampling under Sections 1.0-
3.0 will occur in coastal rivers during spring. These 
conditions can be challenging, dangerous, and may 
compromise sampling methods when river flows 
are elevated. Field coordinators should monitor 
precipitation forecasts, stream flow gauge stations 
(when available) and use their best professional 
judgment (BPJ) when making decisions on river 
deployments. Field trips should be made with at 
least two staff.  Exceptions can occur in small 
streams, primarily under SOP 1.0. Field staff should 
notify their supervisors of their plans before each 
field trip.  Waders should be used for most in-
stream work, although hip boots or knee boots are 
suitable for smaller streams and during the summer 
when low flows are prevalent.  Waders should be 
worn with a chest belt to reduce inadvertent 
flooding of water into the waders. SOP 4.0 will be 
conducted from small boats in most cases. Staff 
should wear Coast Guard-approved life vests during 
boat trips.  All boat deployments should be 
accompanied with an extra life vest, paddle, anchor, 
and cell phone or VHF radio.  
 

 Design Considerations.  Water quality sampling 
under this program targets specific river and lake 
locations used by diadromous fish for spawning, 
nursery and migratory habitat.  Therefore, the 
approach to monitoring under Sections 1.0-4.0 is to 
select fixed stations that can be monitored by 
MarineFisheries during critical life-stage periods on 
an annual basis.  Probability based designs which 
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are most suitable for watershed basin or state-wide 
water quality assessments (MassDEP 2005; and 
DeSimone et al. 2001) were judged impractical for 
retrieving detailed information on specific habitats 
used by individual diadromous fish runs.    
 

The four SOPs have independent features that 
reduce the utility of using a uniform sampling 
design. For QAPP Version 1.0, SOP 1.0 and 2.0 are 
related to river sampling of smelt spawning habitat 
and lake sampling of river herring habitat. Site 
selection for the smelt spawning habitat stations 
depended on a previous MarineFisheries spawning 
habitat survey (Chase 2006).  Six of the smelt 
habitat monitoring stations also serves as fyke net 
locations where spring smelt catches are recorded 
for annual population monitoring. These stations 
were selected to provide ranges of smelt population 
size, watershed drainage area, and watershed usage. 
In these rivers, temperature logger and YSI sonde 
deployments will be made upstream of the fyke net 
location in the freshwater zone.  The water quality 
data collected in the smelt runs will be associated 
with fyke net catches and used to categorize the 
river systems in relation to MassDEP surface water 
quality standards.    
 

SOP 3.0 will provide guidelines for delineating 
smelt spawning habitat and monitoring biotic and 
abiotic characteristics of the spawning habitat. SOP 
4.0 sampling will be conducted in the spring and 
summer at river herring spawning and nursery 
habitats. Unlike the previous sections, SOP 4.0 will 
focus on lake sampling; however, water quality data 
processing and quality assurance will be similar. 
Site selection and sampling designs will depend on 
previous MarineFisheries river herring surveys 
(Belding 1921; Reback and DiCarlo 1972; and 
Reback et al. 2004). The river herring habitat SOP 
is designed to provide status assessments on the 
suitability of water bodies to support river herring 
migrations, spawning, and juvenile rearing. Site 
selection for SOP 4.0 projects will be made on a 
case-by-case basis to provide information needed 
for resource management, habitat restoration, and 
population restoration. It is expected that future 
MarineFisheries applications for SOP 1.0 and 2.0 
will be developed independently of the present 
smelt and river herring monitoring projects.   
 
 11. Sampling Method Requirements.  
Sampling methods for each program project are 
described in the corresponding SOP sections. 
 

 12. Sample Handling and Custody 
Requirements.  Laboratory analyses for SOP 
Sections 1.0, 2.0 and 4.0 are limited to instrument 
calibration. Calibration procedures are outlined in 
each SOP. SOP 3.0 will involve the field collection 
and laboratory analysis of surface water nutrient 
samples and periphyton biomass parameters.  These 
handling procedures will be described and a chain 
of custody form will be supplied in SOP 3.0. For all 
field and laboratory processes, the date and names 
of the sampling crew must be recorded on data 
forms.  Sample labeling and numbering will be 
synchronized among the program participants. Both 
water quality and biological data samples will be 
assigned an alphanumeric label that denotes, in 
order:  State (text, 2 letters), year (2 numbers), 
sample week (2 numbers), location (text, 2-4 
letters), sample type (text, 1-3 letters), replicate 
(numbers, 1-3).  For example, a single total 
phosphorus sample collected in the Parker River, 
MA during the second week of 2008 sampling 
would appear as:  MA0802PR-TP1.    
 
 13. Analytical Methods Requirements.  The 
reporting of laboratory analytical methods applies 
to SOP 3.0. The analytical methods, holding times 
and parameter specifications for the analytical 
laboratory are described with citations in SOP 3.0.  
 
 14. Quality Control Procedures.  Quality 
control procedures will be outlined in each SOP 
section. The following three main components of 
quality control will be applied in each SOP where 
applicable: pre and post-deployment instrument 
calibrations with accuracy and precision checks, 
analysis on the similarity of replicates, and outlier 
review using specified flags related to deviations 
from seasonal and station mean data. For projects 
where different crews are applying the same 
methods (primarily SOP 3.0), an annual QA/QC 
meeting should be held to discuss sampling 
methods and review quality control results. At these 
meetings, side-by-side measurements of the same 
model instruments can be made, if QA/QC reviews 
identified questions for a sensor or parameter.  The 
comparability of these measurements can help 
isolate quality control problems.  

  
 15. Instrumentation/Equipment Inspection 
and Testing.  Instrument testing and maintenance 
will be outlined in each SOP section and recorded 
on sampling forms during each calibration. 
Laboratory balances used for supporting wet and 
dry chemistry applications are inspected and 
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calibrated annually at MarineFisheries’  Annisquam 
River Marine Fisheries Station and New Bedford 
bacteriological laboratory by a certified vendor, 
with test documents maintained on file at the 
laboratories.    
 
 16. Instrumentation Calibration and 
Frequency.  Instrument calibration information is 
outlined in each SOP section.  With a few 
exceptions, the YSI water chemistry sonde will be 
the only instrument calibrated for QAPP 
applications.  The YSI sonde calibration procedures 
are provided in SOP 2.0.  Specific project 
applications for water chemistry sondes are outlined 
in SOP’s 3.0 and 4.0. 
 
 17. Inspection of Supplies.  Field and 
laboratory data forms were designed by the 
Monitoring Coordinator and will be consistently 
used by all program participants.  The data forms 
will be inspected at the start of each field season for 
completeness and applicability.  Program 
participants will inspect all calibration solution 
standards to ensure they have not expired.  Expired 
standards may be used for calibrations for up to six 
months after the expiration date, after which they 
can only be used as a pre-calibration wash solution.  
Coolers and other carrying containers for field 
instruments and samples will be thoroughly cleaned 
at the start or end of each week during the sampling 
season. Specific procedures for handling supplies 
for nutrient and biomass sampling will be outlined 
in SOP 3.0.   
 
 18. Data Acquisition Requirements.  Annual 
requests will be made to the U.S. Geological Survey 
(USGS) for discharge data from sampled rivers with 
stream flow gage stations. Secondly, annual 
requests will be made to the National Climatic Data 
Center (NCDC) for air temperature and 
precipitation data from weather stations near river 
sampling stations.  In both cases, real-time values of 
some parameters are available on the agency’s web 
sites.  The real-time data should not be used for this 
QAPP.  USGS and NCDC data undergo a QA/QC 
review and classification by each agency.  This 
could result in changes to real-time data.  It is 
presently more efficient and prudent to wait until 
the sampling season is over and retrieve all data 
needs for the calendar year following agency 
classification.  These data will be processed and 
included in water chemistry data files as daily 
records for each sampling season.  
 

 19. Data Management.  All laboratory 
calibrations and field data collections will be 
recorded on approved forms listed in Table I.  All 
form templates are stored in the MarineFisheries 
shared computer drives (W:\) under the “QAPP” 
folder.  Field and calibration forms should be filled 
out on the day that project activity occurred and 
stored in individual hard copy files by the program 
participant during the sampling season.  All forms 
should be inspected for completeness, initialed and 
dated by the project participant.  At the end of a 
sampling season, all forms for a given project 
should be inspected by the Field Coordinator or 
QA/QC Analyst to flag errors or missing fields.  
Any identified problems should be discussed with 
the field collector and corrections should be 
documented. Following this activity, the data will 
be ready for entry into Excel datasheets.   
 

Following data entry, the QA/QC Analyst or 
Database Manager (if the Database Manager did not 
enter data) will audit the Excel data files by visual 
comparison with field forms.  The audit will cover 
100% of entered data.  Discovered errors will be 
corrected and a tally of field sheet, keypunch, and 
other errors will be recorded in a QA/QC review 
worksheet in each annual data file. Once the audit is 
complete, the auditor will indicate the QA/QC 
status on the data file and enter his/her name and 
the month/year.  
 

The QA/QC Analyst should review the data and 
classify the QA/QC status and data status using the 
classes listed below.  The QA/QC status refers to 
the review stage for the entire data file.  When all 
QA is finished the QA/QC Analyst will mark the 
QA status box as Complete and enter the month and 
year. The data status classes refer to the status of 
data when the QA review is completed.  Data will 
be stored in the MarineFisheries shared computer 
drives (W:\) with back-ups in the personal (P:\) 
drives of the Database Manager or QA/QC Analyst.  
Once a data file has been validated by the QA/QC 
Analyst it will be saved as a read-only file in the 
W:\ drive and backed up in the P:\ drive. 

 
QA/QC Status  
 
1. Draft. Data processing is in progress, and  

     QA/QC has not been conducted. 
 
 2.  Preliminary. Data processing is complete,  

but QA/QC is not complete. Data can be used 
for internal project summaries. 
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 3.  Complete. All data processing and QA/QC  
 review is completed. 
 

Data Status 
 
 1.  Preliminary. Data have been entered from 
 field sheets or downloaded but QA/QC review is 
 not complete. 
 
 2.  Censored. Data are eliminated because of  
 instrument failure or QA/QC performance. 
 
 3.  Conditional.  Data are fully audited and QA 
 is complete, but have deficiencies that are 
 documented and may limit use. 
 
 4.  Final. Data are fully audited, checked and  
 acceptable. 
 
 Censored data cells will be shaded with a red 
color code in the Preliminary datasheets and empty 
in Final Worksheets. Conditional data cells will be 
shaded with a yellow color code in both Preliminary 
and Final datasheets.                                                                                                             
 20. Assessment and Response Actions.  The 
evaluation of field, laboratory and data management 
activities for all SOP sections will be overseen by 
the QA/QC Analyst and will involve in-season and 

post-season communication with program 
participants and a series of validation checks at key 
junctions during data collection and processing.  
The MarineFisheries field activities for SOPs 1.0-
3.0 will involve only a few trained staff. In-season 
and post-season communication among project staff 
will be a routine process to ensure project protocols 
are being followed and project objectives are met. 
Raw data form checks and data file audits are 
important validation steps that will identify minor 
errors and result in corrective action for systematic 
errors.  The data file audit will include a tally of 
errors by type and data entry staff.  A meeting will 
be held at the conclusion of each annual project 
audit to discuss data quality and identify recurring 
errors.  We have experienced consistently low 
frequency of data entry error of typically <3% (No. 
of errors per 100 keypunched cells) for similar 
water quality data files.  Error rates above 3% will 
prompt specific discussions on correcting the data 
entry errors. All QA/QC decisions and corrections 
will be recorded in the QA/QC Review worksheet 
adjoined to each annual data file.  
 
 
 21. Reports.  Project reports will be written for 
each specific project conducted under SOP 3.0 and 
4.0 and include a discussion on QA/QC. Data 
collected under SOP 1.0 and 2.0 will be used in the 

 
List of Data Forms  

(Contact the author for Forms 3.1 through 3.5) 
 
    Title                       Type                               SOP                              Purpose 

 

Form 1.1 Water Temperature Logger  1.0 Temperature logger deployment and QA  
Form 2.1 YSI Sonde Calibration  2.0 YSI sonde calibration: long-term  
Form 2.2 YSI Sonde Calibration Review  2.0 Compare calibration to SOP specifications  
Form 2.3 YSI Sonde QA/QC  2.0 QA/QC review and data status  
Form 2.4 YSI Sonde Calibration  2.0 YSI sonde calibration: grab samples  
Form 3.1 Field Water Chemistry and Flow  3.0 Periphyton field station water data  
Form 3.2 Nutrient Data  3.0 Periphyton field station nutrient data  
Form 3.3 Periphyton Tile Collection  3.0 Periphyton tile collection records  
Form 3.4 AFDW Biomass Measurements  3.0 Periphyton Ash-Free-Dry-weight  
Form 3.5 Periphyton Identification  3.0 Taxonomic identification of periphyton  
Form 4.1 River Herring Habitat Assessment  4.0 Documentation of field habitat assessments  
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project reports on smelt and river herring habitat 
assessments, and smelt population monitoring. In 
addition, all validated data files will be shared with 
program partners and available as public property to 
any interested party. The schedule and detail of 
written summary reports will depend on the 
objective of each SOP and in response to varied 
requests to meet MarineFisheries management 
needs, to assist environmental permit review, to 
meet environmental permit enforcement requests 
and other external requests.  Deviations from the 
QAPP and SOPs will be documented in the project 
reports.  
 
 22. Data Review.  Common methods and 
terminology will be used for documenting the QA/
QC review and data status in each SOP Section of 
this QAPP (see No. 19. Data Management).   
 
 23. Validation and Verification Procedures & 
Requirements.  Specific processes for validating 
data are provided in each SOP, including parameter 
specific validation criteria tables.  Following entry 
of field data into the corresponding data files, each 
annual data file will be reviewed by the following 
four steps (where applicable): 
 

1.  Data Audit.  Data are compared to field 
sheets (100% visual audit for keypunched 
data) to identify entry errors, remove pre- 
and post-deployment data and flag potential 
outliers.   

 
2.  Calibration Review.  For YSI sondes 
and a few other applications, the pre- and 
post-deployment calibration data will be 
evaluated following specific performance 
criteria on accuracy related to standard 
solutions and manufacturer’s specifications.  

 
3.  Replicate Analysis.  The similarity of 
replicates will be reviewed in relation to 
performance criteria on sampling precision.  

 
4.  Outlier Review.  Outliers flagged during 
auditing shall be graphed and compared to 
deviations from the parameter means and 
medians for both seasonal and station data 
series. Outliers that exceed warning (±2 
SD) and control (±3 SD) limits will be 
subject to classification responses outlined 
in each SOP.   

 

 24. Reconciliation with Data Quality 
Objectives.  The final status of sampled data will 
depend on the data classification criteria described 
in Data Management (see No. 19 Data 
Management). Decisions on data classification are 
dependent on the calibration performance of each 
sensor as assessed by accuracy and precision tests. 
For the water quality data, corrective actions will be 
made on units of data from individual deployments 
(or between calibrations). Within deployments, 
classifications and corrective actions will be 
specific for each sensor or parameter. For example, 
it will be possible for an entire annual (or seasonal) 
column of specific conductivity data to be classified 
as Final while the DO data in the same file carries 
classifications of Final, Conditional or Censored 
for different deployments in the same data file.  
Parameter specifications and validation criteria are 
provided in each SOP along with direction for 
corrective actions and guidance for data 
classification.  
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NOTES AND UPDATES 
 

Optional Methods.  Included in the methods 
sections for each SOP are options for field methods, 
QA/QC, and data processing. The options are 
suggestions for different approaches to an operating 
procedure or to troubleshoot problems. In all cases, 
the options are not requirements of this QAPP and 

the required procedures should be first attempted 
and documented.  It is expected that technologies 
and methodologies for using these electronic 
instruments will be periodically updated. These 
changes will result in modifications to some current 
standard operating procedures. The application of 
the optional methods may help identify better 
approaches for water quality monitoring and will 
assist the improvement of future versions of this 
QAPP.   

 
 

ACRONYMS 
 
AFDW Ash Free Dry Weight 
BPJ  best professional judgment 
cfs   cubic feet per second 
CWA  Clean Water Act 
DDW  deionized-distilled water 
DEP  Department of Environmental Protection 
DFG  Mass. Department of Fish and Game 
DO  dissolved oxygen 
GPS  Global Positioning System 
MA  Massachusetts 
MassDEP Mass. Department of Environmental  
    Protection 
MarineFisheries Mass. Division of Marine   
      Fisheries 
MassWildlife Mass. Division of Fish and Wildlife 
ME  Maine 
NCDC National Climatic Data Center 
NH  New Hampshire 
NIST   National Institute of Standards and    
   Technology 
NMFS  National Marine Fisheries Service 
NOAA National Oceanic and Atmospheric    
   Administration. 
NTU  Nephelometric Turbidity Units 
QAPP  quality assurance program plan 
QA/QC  quality assurance/quality control 
RPD  relative percent difference 
RSD  relative standard deviation 
SD   standard deviation 
SOP  standard operating procedures 
SWQS surface water quality standards-MassDEP 
TN total nitrogen 
TP total phosphorus 
UNH University of New Hampshire 
US EPA United States Environmental Protection  
 Agency 
USGS United States Geological Survey 
YSI   Yellow Springs Incorporated 
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                                                                              CONVERSIONS 
 
 

 
 
 
 
 

EQUATIONS 
 
 

 
 
 

 
 Multiply U.S. Customary Units                      By                                To Obtain Metric Units 
 
    inch (in.)            2.54           centimeters (cm) 
 
    foot (ft.)            0.3048           meters (m) 
 
    mile (mi)            1.609           kilometers (km) 
 
    square miles (mi2)         2.590          square kilometers (km2)  
 
    acre (A)            0.004047          square kilometers (km2) 
 
    cubic feet (ft3)          0.02832           cubic meters (m3) 
    
    Gallons (gal)           3.785          liters (L) 
 
  Temperature Conversion 

     Celsius degrees (oC)                                    1.80*(oC) +32               Fahrenheit degrees (oF)   
 
     Fahrenheit degrees (oF)       0.5556*(oF-32)        Celsius degrees (oC) 
 

  
Relative Percent Difference (RPD) 
  
      A measure of precision for duplicate samples (X1 and X2) 
  
      RPD = [ (X1 – X2)/ ((X1 + X2)/2) ] * 100 
  
  
Relative Standard Deviation (RSD) 
  
      A measure of precision for three or more replicates (X1, X2, and X3) 
  
       RSD =  [ SD/ ((X1 + X2 + X3)/3) ] * 100 
  

  
  
  

  
Relative Percent Difference (RPD) 
  
      A measure of precision for duplicate samples (X1 and X2) 
  
      RPD = [ (X1 – X2)/ ((X1 + X2)/2) ] * 100 
  
  
Relative Standard Deviation (RSD) 
  
      A measure of precision for three or more replicates (X1, X2, and X3) 
  
       RSD =  [ SD/ ((X1 + X2 + X3)/3) ] * 100 
  

  
  
  

 
 Multiply U.S. Customary Units                      By                                To Obtain Metric Units 
 
    inch (in.)            2.54           centimeters (cm) 
 
    foot (ft.)            0.3048           meters (m) 
 
    mile (mi)            1.609           kilometers (km) 
 
    square miles (mi2)         2.590          square kilometers (km2)  
 
    acre (A)            0.004047          square kilometers (km2) 
 
    cubic feet (ft3)          0.02832           cubic meters (m3) 
    
    Gallons (gal)           3.785          liters (L) 
 
  Temperature Conversion 

     Celsius degrees (oC)                                    1.80*(oC) +32               Fahrenheit degrees (oF)   
 
     Fahrenheit degrees (oF)       0.5556*(oF-32)        Celsius degrees (oC) 
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STANDARD OPERATING PROCEDURES 

 
Section 1.0     Water Temperature Loggers 
 

Scope and Application 
 
Monitoring Objective.  Metabolic and 

reproductive processes in ectothermic fish have 
evolved in response to natural temperature patterns. 
Natural and anthropogenic disruptions to water 
temperature can have acute and chronic 
consequences to individual fish and fish 
populations. Water temperature is an important 
environmental cue for different stages of river 
herring life history (Loesch 1987). Electronic data 
loggers will be deployed to record high quality, 
continuous water temperature data. The water 
temperature data will provide seasonal and annual 
trends that can be related to diadromous fish life 
history and habitat requirements.   
 

Data Quality Objective. The accuracy of data 
loggers must be ± 0.3 ºC of the true temperature 
value and must be confirmed with the accuracy 
checks described below. The precision of the data 
loggers must be at least 95% (≤5 % relative percent 
difference, RPD) as determined from duplicate 
recordings at the same time and space. 

 
Instruments 

 
A variety of instruments are available to 

accurately record continuous water temperature for 
river and marine deployments. The loggers with a 
listed accuracy of ±0.3 ºC over the range of 0 to 25 
ºC and battery capacity to conduct annual 
deployments are preferred. Table 1.1 lists the 
loggers approved and presently used for this 
program with specifications (in water). 

Deployment 
 

Pre-Deployment Procedures 
 

Time Check.  Compare instrument time and date 
to PC or cell phone time and date. Adjust if needed 
using the logger’s launch/readout software.   
 

Battery Check.  Record battery strength; annual 
deployments should not have less than 90% 
capacity, and shorter term (spring) deployments 
should not have less than 80%.   
 

Accuracy Check.  Two acceptable methods are 
available to check logger accuracy. The preferred 
method is to compare the logger to a thermometer 
traceable to National Institute of Standards and 
Technology (NIST) standards and accurate to ±0.2 
ºC.  Fill a bucket of water and allow the bucket to 
sit ≥2 hours at constant room temperature (20 °C ±5 
°C). Record logger and NIST-traceable 
thermometer temperatures at the same bucket depth. 
The logger tested will be acceptable if its 
measurement is within ± 0.3 ºC of the NIST-
traceable thermometer.   
 

If a certified thermometer is not available, use a 
bucket of crushed ice with distilled water to check 
logger accuracy.  Allow the ice and water to 
acclimate for 20 minutes and immerse logger. The 
logger is acceptable if the measurement is 0 ºC ±0.3 
ºC.  Loggers that fail these tests should be tested 
again and not be deployed following two failures.  
If accuracy check results cannot be reviewed until 
logger retrieval (as with all Ryan and some Onset 
applications), then evaluate both the pre-and post-
deployment accuracy checks during the post-
deployment review.  
 

Precision Check.  Test the logger precision by 
recording duplicate temperature measurements 
separated by two minutes at the same time as the 
bucket accuracy check.  Calculate the RPD of the 
two samples. Back-up Logger Option: when 
deploying a back-up logger, simultaneous 
measurements from each logger placed side-by-side 
in the water bath can be used to check precision and 
comparability among loggers. Loggers with RPD 
≤5% are acceptable for deployment.  Loggers that 
exceed this level of precision should be tested again 
in the water bath at two temperature ranges in order 
to isolate possible causes for lower precision.  
Loggers with RPD ≤5% at both temperature ranges 

Logger Ryan 
Tempmen-
tor 

Onset 
Water 
Pro 

Onset 
Water 
Temp Pro 
V2 

Resolution 0.10 ºC 0.02 ºC 0.02 ºC 

Accuracy 
(at 0 to 50 °
C) 

  
±0.3 ºC 

  
±0.2 ºC 

  
±0.2 ºC 

Range -32 ºC to 
70 ºC 

-20 ºC to 
70 ºC 

-20 ºC to 
70 ºC 

Table 1.1.  Temperature loggers approved for use in  
     Standard Operating Procedure 1.0.   
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are acceptable and those with RPD >5% should not 
be deployed.  
 

Ryan TempMentor.  Ryan TempMentor loggers 
have o-rings that should be carefully cleaned with 
each deployment and receive a thin coating of 
silicone grease.  A thin-width, tie-wrap should be 
attached as a lock to the o-ring clamp to provide 
extra security.  
 

Deployment Procedures 
 
Logger Set-up.  Back-up loggers should be 

activated to begin logging at the same time and date 
as the primary loggers. If practical, use a common 
time stamp for loggers at multiple sites.    
 

Location Selection.  Pick river locations that 
have noticeable landmarks and shelter from full 
sunlight and visibility. The flow at the site should 
have good mixing and provide at least 0.2 m of 
depth over the logger. Record GPS coordinates and 
landmarks. Loggers used in diadromous fish runs 
should be deployed upstream of the salt wedge 
(determined by existing salinity data, or the 
presence of barnacles and shellfish) in order to 
record freshwater temperature. Marine locations 
accessed by scuba diving should be associated with 
visible underwater landmarks and not be subject to 
disruption from fishing gear or other scuba divers.   
 

Schedule.  The minimum deployment period for 
loggers in diadromous fish runs is March 1st –June 
30th.  For this deployment period loggers should go 
out by the end of February. Marine loggers are 
deployed and retrieved on one date per year. 
Therefore, scheduling can be flexible as long as 
battery life is considered. Scheduling scuba visits 
during warmer months is usually preferred. For 
most river projects, the loggers will be deployed 
annually. In these cases, the deployment period can 
also be flexible allowing for a midseason check 
(Recovery Procedures).    
 

Record Keeping.  Record logger serial number, 
deployment history, location, and all other fields 
listed on Water Temperature Logger Deployment 
Form 1.1.       
 

Recovery Procedures 
Schedule.  Loggers used for spring diadromous 

fish runs should be recovered or checked after June 
30th.  This allows a complete record for March 1st – 
June 30th fish runs. Consideration should be given 

to checking loggers following large rain events (>2 
in.). River stations designated for annual coverage 
to capture juvenile emigration periods should be 
visited for a midseason check (after June 30th) to 
download data and check battery.  Marine stations 
visited only by scuba diving will have single, 
annual recovery/deployment visits.   
 

Post-Deployment Procedures 
 

Quality Assurance.  Repeat instructions listed 
under “Pre-deployment Procedures”.  Loggers that 
fail accuracy tests should be tested again. Data from 
loggers that had an acceptable pre-deployment 
quality control checks yet failed two post-
deployment accuracy tests (and the difference from 
NIST-traceable thermometer is <1.0 ºC) should be 
classified as Conditional, and the loggers should be 
returned to manufacturer for service before 
deploying again. Data from loggers that fail two 
post-calibration checks by >1.0 ºC should be 
Censored, as this level of error is considered 
unacceptable and associated with logger failure. 
Transfer logger data to an Excel data file and check 
start and end times to confirm the accuracy of 
transcription. No additional visual audit of logger 
data is needed for loggers that had acceptable pre 
and post-deployment quality control checks. The 
user should complete all fields on Logger 
Deployment Form 1.1.      
 

Calculation of Daily Mean Temperature.  Daily 
mean water temperature will be calculated in the 
Excel spreadsheet from the raw data. The 
measurements included in a calculation of a daily 
mean should begin after midnight (≥0001) and end 
at 2400 for a given calendar day. In the case of 
Ryan loggers set at two hour intervals, daily mean 
calculations will include 12 measurements starting 
at 0200 and ending at 2400.    
 

Data Calculations (Option).  Users can select to 
process daily mean temperature data into annual 
tables that calculate monthly mean, minimum and 
maximum temperature, and histograms that 
illustrate the number of days that the daily mean 
temperature occurred within 1 ºC bins. When 
information is available on thermal requirements for 
specific fish, data can be processed as daily maxima 
to compare to acute thermal criteria and weekly 
average maxima for comparisons to chronic criteria 
(Todd et al. 2008). Daily maximum temperature is 
the highest 2-hour average temperature during a 24-
hour period. Weekly average maximum temperature 
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is evaluated by comparing the 7-day means of daily 
mean temperatures to chronic thermal requirements 
for each fish species.   
 

Logger Cleaning.  Loggers should be soaked in 
soapy water to loosen dirt and attached marine life. 
Onset loggers deployed in freshwater require only 
moderate scrubbing with a scour pad, except the 
optical port should only be cleaned with a sponge. 
Ryan loggers deployed in marine waters require 
cleaning with a scour pad to remove attached 
organisms. The o-ring should be cleaned with water 
and a sponge. A single annual cleaning when 
loggers are retrieved from the field has been 
sufficient to maintain Ryan and Onset temperature 
loggers for ongoing projects.    
 

Data Classification. Use the Excel temperature 
logger template to review raw data and quality 
control checks. The final Excel data file should 
have three attached worksheets labeled: Raw, Mean, 
and Form 1.1. The QA/QC Analyst should review 
the data and classify the QA/QC review status and 
data status using the classes listed below. The QA/
QC status refers to the review stage for the entire 
data file. When all QA/QC is finished the QA/QC 
Analyst will check the QA/QC status box as 
Complete and enter the month and year. The data 
status refers to the status of data when the QA/QC 
review is completed.      

 
QA/QC Status 

 
1.  Draft. Data processing is in progress, and  
     QA/QC has not been conducted. 
 
2.  Preliminary. Data processing is complete,  

but QA/QC is not complete. Data can be used for 
internal project summaries. 

 
3.  Complete. All data processing and QA/QC  
 review is completed.   

 
Data Status 

 
1.  Preliminary. Data have been entered from  

field sheets or downloaded but QA/QC review  
is not complete. 

 
2.  Censored. Data are eliminated because of  
 instrument failure or QA/QC performance. 
 
3.  Conditional.  Data are fully audited and QA is  

complete, but have deficiencies that are documented 
and may limit use. 

 

4.  Final. Data are fully audited, checked and  
 acceptable. 
 

Data Storage.  Each location will have an annual 
Excel data file that is named by river and year (ex. 
Parker River-2005). All Excel approved data files 
should be stored as read-only files on the 
MarineFisheries shared drive (W:\) with back-ups 
saved in the Database Managers’ personal drive 
(P:\). Logger stations with five years or more of 
Complete data should also be posted on the 
MarineFisheries web site.    
 

Back-up Loggers. Back-up loggers should be 
deployed at marine stations with over five years of 
records. Back-up loggers are not required for river 
stations where annual loggers receive mid-season 
checks. The start times should be synchronized for 
the primary and back-up loggers. Back-up loggers 
should be subject to the same quality assurance as 
primary loggers, although documentation can be 
included on the same logger Excel data file by 
adding a Back-up worksheet. The records of two 
deployed loggers can be compared by evaluating 
the percent agreement of daily mean temperatures. 
Given the high accuracy of these instruments, 
agreements near 100% are expected and have been 
observed to date. Data from back-up loggers should 
be stored as a worksheet in the same Excel file 
holding data from the primary logger. Option:  the 
user can elect to process data from the logger with 
the best performance during the post-deployment 
accuracy check. This approach is acceptable if the 
primary and back-up loggers had common time and 
date stamps and the RPD of daily mean 
temperatures is ≤5%. 
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 MASSACHUSETTS DIVISION OF MARINE FISHERIES

Water Temperature Logger Deployment and QA/QC. Form 1.1

Location:   (place, Town)      GPS Position: (Latitude/Longitude)

     Logger: (model/serial number)

Start:   (date, time)      Instrument Accuracy: (± ºC at specified range)

Deployment:     (date, time)      Deployment History: (purchase date and No.)

Recovery:      (date, time)      QA/QC Analyst: (name)

     QA Status: (Draft, Preliminary, Final )

Pre-Deployment Check

  ACCURACY           PRECISION

Logger Logger Cert.  Deviation
Date Time (SE#) (ºC) Therm. (ºC) (ºC) RPD (1) RPD (2) RPD (%) Notes

(Accept, Reject, Cond. )

Primary Logger Battery: (% or V)

Back-up Logger Battery: (% or V) Back-up Logger: (model/serial no.)

Internal Clock:  (check with cellphone and note adjustment or mark "correct")

Post-Deployment Check

  ACCURACY           PRECISION

Logger Logger Cert.  Deviation
Date Time (SE#) (ºC) Therm. (ºC) (ºC) RPD (1) RPD (2) RPD (%) Notes

Primary Logger Battery: (% or V)     Internal Clock:  (note adjustment or mark "correct")

Back-up Logger Battery: (% or V)     Daylight Savings Time:    (note if adjusted for DST)

Record of Deployment Start: (compare time data to deployment notes)

Record of Deployment End: (compare time data to deployment notes)

Back-up Comparison: (comment on timing agreement and certified thermometer check)  

Back-up Daily Mean: (comment on % agreement)

Data Status: (QA reviewer approves QA records and assigns data status)

Notes: (general)
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Section 2.0    YSI 6-Series Multi-Probe Sondes 
 

Scope and Application 
 
 Section 2.0 of the QAPP’s Standard Operating 
Procedures (SOP) is intended to standardize 
instrument handling, calibration, deployment, post-
deployment procedures and maintenance for multi-
probe water chemistry sondes. Standardized 
protocols are necessary to improve the traceability 
and reliability of the data. These procedures are 
required for all deployments of YSI 6-Series (6920, 
6820, and 6600) sondes. Separate protocols are 
provided for unattended logging and grab samples. 
The SOP was developed using YSI 6-Series 
Operations Manual (YSI 2006) and the 2005 YSI 
technical note, “Deployment and Data Quality 
Assurance”, and over 10 years of experience using 
YSI products. The SOP should be revisited and 
updated periodically to account for changing 
technologies and improving application knowledge. 
This document does not cover all aspects of 
instrument calibration and operation. It is important 
that users of YSI 6-Series sondes become familiar 
with the YSI operations manual and follow the 
manual’s instructions. The SOP protocols offer 
additional points of clarification on YSI manual 
instructions and quality control and assurance 
procedures specific to our applications monitoring 
diadromous fish habitat. 
 
 Monitoring Objectives.  Electronic multi-probe 
sondes will be deployed to record both grab 
samples and continuous water chemistry data within 

coastal river systems monitored for diadromous fish 
resources.  The recorded data will assist ongoing 
fisheries sampling programs and interagency efforts 
to manage aquatic resources.   
 

Instruments 
 
 Section 2.0 applies only to YSI 6-Series multi-
probe sondes that are presently used for diadromous 
fish and marine waters monitoring. Program 
participants with other instruments can use the 
SOP’s QA/QC guidelines while modifying the SOP 
with an attachment to account for different sondes 
or sensors.  Table 2.1 should contain the current 
roster of instruments available for deployment for 
each program participant.  
 

Specifications 
 
 Sensor resolution, range, and accuracy are 
provided by the manufacturer for each measured 
parameter Table 2.2.  These specifications represent 
a baseline of expected performance and criteria for 
evaluating calibration results. It is our experience 
that properly functioning and calibrated sondes will 
provide results within these specifications, with few 
exceptions.  
 

Data Quality Objectives.  Water quality data 
within the accuracy range specified by YSI for each 
parameter probe should be attainable with accurate 
and consistent calibration. The acceptable SOP 
accuracy differs slightly from YSI specifications for 
temperature, dissolved oxygen (DO), and specific 

 
Table 2.1.   Roster of instruments used by program participants.  

Program Participant: Massachusetts Division of Marine Fisheries 
MAKE 
  

MODEL SERIAL 
NO. 

YEAR STATION SENSORS 

  YSI 6820 97AO362AB 1997 Gloucester Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 02EO838AD 2002 New Bedford Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 02EO838AA 2002 Gloucester Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 V2 06E1965AA 2006 Gloucester Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 V2 07B11200AA 2007 Gloucester Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 V2 07B11200AD 2007 New Bedford Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 V2 08A100952 2008 New Bedford Temp., Sp. Cond., DO, pH, Turbidity 

  YSI 6920 V2 08A100953 2008 Gloucester Temp., Sp. Cond., DO, pH, Turbidity 
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conductivity. It is our experience that the YSI 
accuracy listed for these parameters provides little 
margin for slight deviations. Therefore, we have 
adopted higher criteria for acceptable accuracy. 
These accuracy objectives can be monitored by 
conducting and reviewing pre-deployment and post-
deployment calibrations. The precision of sensor 
measurements is monitored in the laboratory during 
each calibration by recording the relative percent 
difference (RPD = (difference of two consecutive 
readings/ average of two consecutive readings) 
x100).   
 
 Precision Check.  Allow a bucket of tap water to 
acclimate to room temperature (minimum of 2 
hours). Place the sonde in the bucket and allow 
sensors to equilibrate to water temperature for at 
least 10 minutes. Once the sonde has equilibrated, 
record water chemistry on Form 2.1 and repeat 
measurements after two minutes. At this time, also 
check the temperature probe against a National 
Institute of Standards and Technology (NIST) 
traceable thermometer.     
 

Long-Term Deployments 
   
 Site Selection. 
 
 Rainbow Smelt.  Sondes should be deployed to 
record freshwater chemistry data in close proximity 
to smelt spawning habitat.  The presence of the salt 
wedge is not desired because it will confound the 
interpretation of the freshwater chemistry that 
influences adult fish attraction and egg survival. 
Ideally, a site above the influence of tide at an 
active spawning riffle should be selected.  The site 
should have well-mixed flow and adequate depth to 
cover the sonde at all times and conceal the sonde 
from detection. Depths greater than 1 m should be 
avoided because retrieval can be difficult with high 
flows.  Sites near the fresh and saltwater interface 
that experience the backing up of freshwater during 
high tide can be selected, but may require enhanced 
data management to account for the salt wedge. 
Avoid high pedestrian traffic locations where the 
risk of vandalism increases. Record location in 
latitude and longitude with GPS unit.    
 

Table 2.2.  Sensor resolution, range and accuracy are provided by the manufacturer for each measured parameter.  
These specifications represent a baseline of expected performance and criteria for evaluating calibration results. 
An asterisk (*) in the ACCURACY columns denotes “whichever is greatest” relative to the concentration of calibration 
standard.  

PARAMETER 
  
(Units apply to columns 1-4) 

RESOLUTION   
and 

RANGE 

YSI   ACCURACY    
(±) 

SOP ACCURACY   
CRITERIA (±) 

SOP PRECISION  
CRITERIA 

(RPD) 
Temperature   (ºC)  0.01 

  
 -5 to 45 

 0.15 0.3 5% 

Depth   (m)  0.001 
  
 0 to 61 

 0.12 0.12 5% 

pH  (standard units)  0.01 
  
 0 to 14 

 0.2 0.2 5% 

DO   (mg/l)  0.01 
  
 0 to 50 

 0.2 or 2% of stan-
dard* 

0.5 or 5% of standard* 5% 

DO   (% saturation)  0.1 
  
 0 to 500 

 2% of standard 5% of standard 5% 

Specific conductance  (mS/cm)  0.001 
  
 0 to 100 

 0.5% of standard 
 (+0.001 mS/cm) 

2% of standard 5% 

Salinity   (ppt, derived)  0.01 
  
 0 to 70 

 0.1 or 1.0% of 
 standard* 

0.5 or 2% of 
standard* 

5% 

Turbidity   (NTU)  0.1 
  
 0 to 1000 

 2.0 or 5% of 
 standard* 

2.0 or 5% of 
 standard* 

5% 
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 River Herring.  See Section 4.0 on river herring 
spawning and nursery habitat.  
 
 Pre-Deployment Procedures.  
 
 Calibration.  Calibrations should be done in the 
laboratory at room temperature using a PC or laptop 
with EcoWatch software or with a YSI 650 MDS 
Display. The depth sensor is the one exception that 
can be calibrated in the field or laboratory.  The 
calibration should occur within 24 hours of the 
deployment. Begin the calibration process with DO 
and continue with each parameter as described in 
the YSI manual. Record the calibration process on 
Calibration Form 2.1.   
 
 Calibration Rinses.  Clean unexpired calibration 
standards should be used for each calibration.  
Previously used standards should be used to rinse 
probes, but cannot be used for calibration. Before 
each calibration step with a standard solution, the 
probes should be rinsed once with deionized-
distilled water (DDW) followed by a rinse with a 
previously used standard. A second rinse of DDW 
should be made prior to 0.0 NTU turbidity and 
specific conductivity calibrations. The sonde should 
be shaken lightly prior to using the final standard to 
remove excess liquid from the probes.  The 
previously used standards should be discarded after 
one rinse.       
 
 DO Calibration (6562 sensor). 
 
 Sensor Membrane.  Our long-term sonde 
deployments are routinely for 2-4 weeks. Because 
the DO membranes are unstable following 
installation, the membrane should be changed the 
day before or at least 6 hours before each 
deployment. If this is not possible, conduct a 
membrane “burn-in” in Discrete Run mode. Set the 
sonde to record DO at 4-second intervals in 
Discrete Mode. Allow sonde to run in this mode for 
15 minutes to electrically stabilize membrane and 
probe. After 15 minutes, confirm that the 4-second 
measurements have stabilized and check DO charge 
and gain to confirm they are within the acceptable 
ranges (see DO Troubleshooting). Because the KCL 
electrolyte is corrosive to connectors and o-rings all 
sensors and sonde ports should be protected from 
the KCL electrolyte with paper towels.     
 
 Calibration Cup.  Use YSI calibration cup with 
1 inch of water.  Do not let the DO probe membrane 
rest in water. Screw the calibration cup to the sonde 

for only 1-2 threads: air space is needed to vent 
with the atmosphere. Allow sonde to rest on its side 
for at least 10 minutes.   
 
 Pre-Calibration Test.  Turn on sonde in Discrete 
mode after sonde has acclimated with calibration 
cup.  After 10 minutes, record % saturation (pre-
calibration value for Calibration Form 2.1) and DO 
charge.  Percent saturation should be near 100% and 
DO charge should be in range of 25-75.  Proceed to 
calibrate if correct or to troubleshooting if not (see 
Technical Notes for an alternative DO calibration).     
 
 Calibrate DO.  In the Advanced Menu set the 
Auto Sleep RS-232 option to “ON” for unattended 
logging and “OFF” for grab sampling. Conduct DO 
calibration in % saturation mode. If using a YSI 650 
display or computer without barometer, enter 
barometric pressure (mm Hg) from laboratory 
barometer.  If a barometer is not available available, 
refer to YSI manual for using uncorrected 
barometer pressure measurements.   
 
 DO Optical Sensor 6150.  The new optical DO 
sensor 6150 may soon replace 6562.  The optical 
sensor has no Teflon membrane and requires less 
maintenance. The water-saturated air calibration for 
the 6150 sensor follows the same process as the 
6562 sensor. YSI recommends that calibration error 
can be reduced by calibrating the 6150 sensor in 
saturated water using a bucket and air pump. 
Saturated water calibration is not recommended for 
QAPP Version 1.0 because of concerns over 
consistency among program participants. Refer to 
the YSI manual for optional calibration instructions 
and further technical comments on the optical DO 
sensor.   
 
 DO Troubleshooting (#6562).   DO charge and 
gain readings are diagnostic tools for evaluating DO 
probe performance. The gain of a properly 
calibrated DO probe should be in the range of -0.7 
to +1.4. This can be checked under “Cal Constants” 
in the sonde’s Advanced Menu if there is doubt 
over probe performance or the acceptability of a 
calibration. DO charge should be in the range of 25-
75. Values below this range can be caused by low 
concentration electrolyte or a tear in the membrane. 
Values above this range may be caused by anode 
oxidation or a failed probe. If DO gain or charge is 
out of range, inspect the integrity of the membrane. 
Secondly, inspect the probe anodes for oxidation. If 
the anode is tarnished or gray, recondition with YSI 
kit 6035. Thirdly, remove the DO probe from sonde 
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and check the DO charge: a reading of -0.8 to 1.2 
indicates that the sonde is functioning correctly and 
the problem is likely a failed probe.  
 
 Temperature Check.  The 6560 temperature 
probe is reported to not require calibration and there 
is no mechanism available to calibrate or adjust 
temperature performance. Our experience has found 
the probe to be reliable for many years of service. 
Despite this, confirming temperature probe 
performance is essential because all other probe 
measurements are temperature compensated. Pre 
and post-deployment checks should be made with a 
NIST traceable thermometer (accurate to ±0.2 ºC). 
Fill a bucket of water in the laboratory and allow 
the bucket to sit for at least 2 hours. Record 
temperature with the YSI probe and certified 
thermometer at the same bucket depth. The YSI 
probe is acceptable if the measurement is within ± 
0.3 ºC of the certified thermometer. If a certified 
thermometer is not available, use a bucket of 
crushed ice in distilled water to check temperature 
accuracy. Allow the ice and water to acclimate for 
20 minutes and immerse sonde. The probe is 
acceptable if the measurement is 0 ºC ±0.3.     
 
 Temperature Troubleshooting.  Contamination 
(typically grit or water) on the temperature port 
connector can cause poor temperature sensor 
performance. This has been observed when dirt on 
the connector causes an unusually high temperature 
reading. This error can be confirmed by removing 
the probe from the sonde and checking the 
temperature display. Any reading other than -9.99 °
C indicates that connector contamination or a circuit 
failure has occurred.  
 
 
 Pressure/Depth Calibration.  The sonde should 
be set on laboratory bench (not immersed in water), 
or held at the river surface at the field deployment 
site, and placed at the expected deployment 
orientation. Enter a calibration value of 0.00 m and 
calibrate. No additional calibration procedures are 
needed for the depth sensor module used in 
freshwater applications. See the YSI manual for 
barometric pressure and salinity considerations 
when seeking high accuracy depth measurements 
for marine applications.    
 
 
 pH Calibration. 
 Calibration.   Conduct a two-point calibration 
using pH buffer standards that are certified 

traceable to NIST with an accuracy of ± 0.05 pH.  
Always use 7.00 pH for the first standard during 
calibration and select 4.00 or 10.00 depending on 
the expected pH range of water at your station.  
Allow at least one minute of temperature 
equilibration for each buffer. Record pre and post 
calibration values for both buffers and pH mV at 
7.00 pH.  The YSI recommended mV range for YSI 
6561 pH probes in 7.00 buffer is ±50.   
 
 pH Troubleshooting.   It is not uncommon to see 
the YSI 6565 pH probe produce mV readings >50 
mV in 7.00 pH while maintaining calibration within 
specified data quality objectives. New probes tend 
to track near 0 mV and with age they range higher. 
With each calibration, record mV at 7.00 pH and 
watch for unstable readings. When mV 
measurements first exceed ±50 at 7.00 pH, or when 
fluctuations are first noticed, calculate the sensor’s 
slope by also recording pH mV in the 4.00 or 10.00 
buffers. The difference (absolute value) between the 
two mV readings is the sensor slope and the 
acceptable range is 165-180. Sensors that are out-of
-range for pH 7.00 mV or slope can be 
reconditioned by soaking the probe overnight in 2 
M KCL solution or 1 hr in 1M HCL followed by 1 
hr in tap water. Probes that are stable, maintain 
calibration and are within diagnostic ranges can 
continue to be used. Probes that do not respond to 
cleaning and continue to have an unacceptable slope  
should be retired.     
  
Specific Conductivity 
 
 Calibration.  The conductivity probe is reported 
by YSI to be linear for the specified range of 0-100 
mS/cm. Therefore, only a single point calibration is 
needed with a standard in the range of the sampling 
station’s specific conductivity. Standard solutions 
should be traceable to NIST standards and have a 
stated accuracy of ≤1% of the standard 
concentration. An acceptable alternative to 
commercial standards is to prepare your own 
standard starting with a stock 1.0 M KCL solution. 
If preparing a KCL standard, the user should follow 
instructions from MassDEP’s SOP on Water 
Quality Multi-probes (MassDEP 2005) and must 
have access to high quality deionized water. 
Acceptable standards for freshwater sampling range 
from 1.0 mS/cm for freshwater to 50 mS/cm for 
marine waters. However, due to high linearity, YSI 
has recently recommended a single mid-point 
standard (10 mS/cm) for all calibrations.    
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 Conductivity Troubleshooting.   The YSI 
conductivity probe has proven to be reliable and 
consistently holds calibration for long deployments. 
To minimize temperature compensation error, 
calibrations should be conducted at stable room 
temperature near 25 ºC. Be aware of incorrect 
readings during calibration caused by air bubbles 
trapped in the conductivity cell or from having too 
little standard solution to cover the entire cell. Add 
more solution or gently move the probes up and 
down to remove the bubbles. If calibration or field 
measurement errors are suspected, the conductivity 
cell constant can be checked in the Advanced Menu 
under “Cal Constants”.  The acceptable range is 5 ± 
0.45. Values outside this range point towards a 
problem with the probe or calibration solution. The 
probe can be further checked by removing it from 
the sonde and reviewing the conductivity reading. 
Values of 0.00 ± 3 uS/cm are acceptable and values 
outside this range indicate that probe or port 
connectors are contaminated and must be cleaned. 
Soapy warm water is used to clean the probe and 
connectors. For severe contamination, soak the 
probe in hot, soapy tap water for one hour; followed 
by DDW rinses and air drying.  
 
 Salinity.  Salinity readings are derived from the 
YSI’s measurements of conductivity and 
temperature.  No calibration is required for salinity 
measurements. However, the user should recognize 
that the algorithm for deriving salinity is linear for 
all measurements of conductivity. Therefore, 
salinity concentrations will be assigned for low 
levels of conductivity even when sampling is 
conducted in freshwater with no saline water 
present.  This feature may require the attention of 
users when deployments are near the salt and 
freshwater interface.  The response in these cases 
could be to require data corrections for false low 
salinity readings or to ignore the parameter in 
freshwater.     
 
 Turbidity. 
 
 Calibration Standard.  A two-point calibration is 
recommended by YSI using DDW as the 0.0 NTU 
standard and 123.0 NTU polymer-based standard 
manufactured by YSI (Item 6073). Other 
commercial turbidity standards are available, but 
not recommended at this time.  The DDW should 
come from a high quality laboratory system 
documented in Section 2.0 Technical Notes.  
Turbidity standards should be stored away from 
direct light in a constant temperature setting.  

Option:  although 123.0 NTU is preferred and 
recommended as the second standard, because of 
the high cost, 123 NTU standard can be reduce 
volumetrically the 123 NTU standard to a 10 NTU 
or 20 NTU standard using DDW water. 
  
 Calibration.  First, run a wiper cleaning cycle to 
be sure the wiper does not park on the optic port.  
Next, the two-point calibration should be conducted 
using the black bottomed, extended calibration cup 
with the cup resting on the laboratory bench and the 
sonde clamped to a laboratory stand with the probes 
pointing downward into the cup.  The sonde 
bulkhead should rest on the top thread of the 
calibration cup.  If the probe is less than three 
inches from the bottom of the cup (as with a 
standard calibration cup), field readings of turbidity 
can be slightly negative (about -0.5 NTU) from 
actual reading.  Start the calibration with the 0.0 
NTU standard and be sure to make an extra rinse 
with DI water before and after this calibration.  Be 
aware of bubbles or the wiper blocking the turbidity 
sensor and causing an erroneously high reading 
during calibration. Conduct the second point of 
calibration with 123.0 NTU. 
 
 The recent transition from the 6026 turbidity 
sensor to the more accurate 6136 sensor and from 
single optical port sondes to the dual optical port 
6920 V2 has created calibration concerns.  The 
problem may only become evident when the 
sampling of clear water produces negative turbidity 
measurements.  However, this error must be 
addressed for all 6920 V2 applications.  There are 
two processes that introduce error into 0.0 NTU 
calibrations. First, the new optical sensor is better at 
detecting low levels of contamination that are 
introduced to the 0.0 NTU standard from the 
calibration cup and sensors.  Secondly, the change 
from a single, centered optical sensors to two off-
centered optical sensors in the 6920 V2 contributes 
interference from the bottom of the calibration cup.  
These sources of error will create a positive offset 
of about 0.2 to 0.8 NTU.  YSI recommends (Mike 
Lizzote, YSI, pers. comm. Nov. 2008) two methods 
for correcting the offset at 0.0 NTU for 6920 V2s 
following the two-point calibration.   
 
 1.)  Place the sonde with sensor guard attached 
into a 3-5 g bucket of DDW that has settled for two 
hours. Once the turbidity value has settled (it may 
be slightly negative), conduct a one-point 
calibration for 0.0 NTU. This process accounts for 
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both the calibration cup and contamination error 
and is the preferred offset method. 
 
 2.)  Repeat the 0.0 NTU calibration in the 
calibration cup as a one-point calibration. Assign 
the YSI recommended value of +0.5 NTU to offset 
the positive error. This process is less time 
consuming than the first but less accurate. It is  
recommended that the first offset method be 
conducted at least once per season.    
 
 Turbidity Troubleshooting.   The YSI turbidity 
probes have not demonstrated longevity within our 
applications. Probe failure during the second season 
of use has been common. Probe failure is usually 
first indicated by poor or failed post-calibration 
performance.  There are few diagnostic checks 
available to the user to evaluate the turbidity probe.  
You can cover the turbidity sensor with your finger 
and should see a reading of 1000-1400 NTU. If the 
sensor does not respond to your finger, the probe 
has failed and must be returned to YSI for 
reconditioning or discarded.  The 1000-1400 NTU 
range is also a signal during post-deployment QA/
QC that the sensor was probably blocked by debris 
while recording data. Option:  if available, a 
laboratory bench-top turbidity meter can be used to 
check YSI probe performance with standard 
solutions.           
   
 When using 6136 turbidity sensors with 6920 
sondes, be sure to that the sonde and 650 display 
firmware are upgrades to Version 3.06.  For 
unattended sampling, the turbidity time constant 
should be increased from the factory setting of 12 
seconds to 30 seconds (menu: Advanced/Data 
Filter/Time Constant). This will improve the 
sensor’s stability at low turbidity measurements. 
For all uses of 6136 sensors, be sure to use black-
colored turbidity wiper mounts or blacken white 
wipers with paint or markers. Users of 6600 sondes 
should consult with the YSI manual to account for 
the different calibration cup size from the 6920 
sonde.  
 
 Deployment Procedures. 
 
 Initiate Unattended Logging.  Once calibration 
is complete, follow YSI manual instructions to 
initiate unattended logging.  Logging sampling 
frequency is dependent on project, and typically 15, 
30, or 60 minutes. Specific projects should select a 
consistent sampling frequency.  The logging 
interval is dependent on battery capacity, sampling 

frequency and sensor performance.  Deployments of 
3-4 weeks are suitable for most projects.  Intervals 
that exceed 5-6 weeks run the risk of losing power 
or DO membrane failure.  Assign a file name for 
each deployment that has a three-digit year/
deployment code (ex. Jones071).  Verify correct 
date and local standard time, parameter setup, and 
start logging. Be sure to activate pH mV and DO 
charge in Report Set-up.  In Advanced Set-up, 
activate Auto sleep RS232 and SDI-12 functions 
with a 60 second interval for DO warm-up.   
 
 Sonde Preparation and Deployment.  The sonde 
anchor should be streamline and allow the sonde to 
sit parallel to flow without high visibility.  The 
anchor should allow the sensors to sit at least two 
inches above the substrate to avoid interactions with 
sediment. A 20-40 lb. section of railroad track is a 
good platform to use as an anchor.  The sonde can 
be attached to the anchor with black tie-wraps and 
duct tape to reduce visibility.  Wrap the sonde with 
a cloth rag before applying duct tape. Insert a 
business card or agency ID in waterproof sleeve 
into the exterior wraps of duct tape.  The sonde and 
anchor should have low visibility once sitting on the 
stream bed.  Orient the sonde so the sensors face 
downstream to avoid catching debris on the sensor 
guard.     
 
 Post-Deployment Procedures. Following every 
retrieval of sondes, QA/QC checks and post-
deployment calibration must be conducted in the 
laboratory with the sonde acclimated to room 
temperature.  If the sonde will be redeployed and 
has a 6562 DO sensor, then planning must allow for 
a DO membrane change.  In this case, the best 
approach to avoid losing chemistry readings for a 
calendar day is to retrieve the sonde in the afternoon 
and conduct the precision checks, DO and turbidity 
post-deployment checks, and membrane change that 
afternoon.  The remaining post-deployment 
calibration can be conducted the next morning 
before redeployment.   
 
 Download Data.  Download data to YSI 650 
display or PC.  Briefly view field data to confirm a 
successful deployment and to flag compromised 
data or probes that have potentially failed.     
 
 DO Post-Deployment Check.  The DO 6562 
probe performance should be checked before 
cleaning or changing the membrane. Repeat the pre-
deployment test for DO.  This reading will serve as 
the post-deployment check for DO.  Following the 
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test, the DO membrane should be changed.  The 
following morning the DO probe should be 
calibrated again to set the calibration for the new 
membrane.  For sondes with the optical DO probe, 
only a single calibration is needed and can be done 
in sequence with the other parameters.    
 
 Turbidity Post-Calibration Check.  Inspect the 
sensor face to identify and record any evidence of 
biological fouling near the optics.  Remove wiper 
and thoroughly clean all sensors.  Reinstall the 
wiper and verify that it is parking correctly. Prior to 
the two-point calibration, conduct an “after 
cleaning” check with DDW.  This value will be 
recorded as an indicator of sensor drift.    
 
 Post-Deployment Calibration.  This step is 
crucial because it will provide the information 
needed to evaluate the quality of the logged data 
and serve as the pre-deployment calibration for the 
next deployment.  Proceed with the calibration 
using the same protocols as during pre-deployment.  
Conduct additional sensor and sonde bulkhead 
cleaning if there is evidence that the sensors are not 
residue-free following the initial cleaning and two 
DI rinses. 
 
 Battery Changes.  In most cases, batteries will 
be replaced with each deployment.  Batteries can be 
redeployed if voltage is >11.5 V for deployments in 
warmer weather.  Decisions on changing batteries 
should consider temperature, sampling frequency 
and deployment duration.    
 

Quality Control and Assurance 
 
 There are two processes for reviewing and 
validating YSI multi-probe water chemistry data. 
The first process is to export YSI EcoWatch data to 
Excel and review the raw data to flag potential 
outliers and trim “out-of-water” data.  Secondly, the 
pre and post-deployment calibration data are 
reviewed to identify if the data are within 
acceptable ranges of accuracy and precision.  Once 
these protocols are completed, the data can be 
adjusted where needed and classified.  
 
 Data Documentation.  Raw water chemistry data 
are saved in an annual Excel data file that is named 
after the river sampled and year (e.g., Parker River-
2005).  The following three worksheets in this file 
contain water chemistry data: raw data, final data, 
and daily mean.  The Excel data file also contains 
three additional worksheets used for calibration and 

QA/QC review.  The first form, Calibration Form 
2.1 will be a printed form used in the laboratory 
while conducting calibrations.  The user can keep a 
paper file for Form 2.1 or elect to enter data into the 
worksheet Form 2.1.  Data from Form 2.1 is next 
transcribed to Form 2.2 which is used to review all 
calibrations for that season. The third form is Form 
2.3, which summarizes all calibration and QA/QC 
procedures for the sampling season and classifies 
the data. Forms 2.2 and 2.3 will be maintained as 
electronic files.    
 
 Database Management.  Data files will be saved 
on the common server (W:\) and back-up files will 
be saved on the primary server (P:\) of the Database 
Manager. The data classification will be updated by 
the QA/QC Analyst and care should be made to 
ensure the back-ups are consistent with the primary 
files. Once all possible review is completed and 
data has received the final classification, the annual 
river data file will be saved as read-only files in 
both the common and primary servers.  
 
 Data file Review. 
 
 Deployment Schedule.  The raw data worksheet 
in the annual Excel data file should be reviewed to 
confirm that deployment time, retrieval time, and 
the sondes internal clock are consistent with Form 
2.1 records.  Make notes in the raw data worksheet 
to indicate the start and end of each deployment.  
Copy raw data to the worksheet named final data 
and trim data that were recorded before or after the 
sonde was placed in the river.   
 
 Outlier Review.  Scan the data for each 
deployment in the raw data worksheet for outliers 
and evidence of failed probes. Make notes on 
obvious problems.  The most common errors we 
have found are failing DO probes (usually 
membrane damage) and debris blocking the 
turbidity sensor.  Highlight potential outliers and 
return to these questionable data once you have 
summarized the calibration.  With the exception of 
salt wedge influence on conductivity, and debris 
blocking turbidity optics, most outliers are caused 
by probe failure and will be flagged during post-
deployment calibration.   
 
 Turbidity Outlier Troubleshooting.  Some data 
outliers are easily flagged and others are 
measurements that could occur naturally without 
clear indication that these marginal values should be 
censored.  Debris covering the turbidity sensor will 
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produce a high turbidity reading near the sensor 
maximum (1000-1400 NTU). If a single reading in 
that high range occurs with base flow turbidity on 
either side of the measurement, this outlier should 
be eliminated (Censored) from the final data 
worksheet. The difficulty comes with random 
spikes over 100 NTU during rain events.  Some of 
these higher readings could be a partially blocked 
sensor. It is recommended that turbidity data from 
all annual deployments in a river are reviewed at the 
same time to develop an understanding of base flow 
conditions. A calculation should be made of each 
river’s mean turbidity during base flow (no 
precipitation) for each season. Base flow values that 
are 3x the value of the nearest value and ≥3 SD of 
the mean base flow should be classified as 
Conditional and scrutinized as potential outliers. 
This approach can be confounded by low turbidity 
water and poor resolution of precipitation data. It is 
acknowledged that the QA/QC response to turbidity 
outliers has limitations in this SOP and more 
experience is needed to refine appropriate 
validation criteria.  
 
 DO Outlier Troubleshooting. In the case of DO, 
a breached membrane will cause a slow, but 
apparent reduction of DO charge and  
concentration. The post-deployment calibration will 
confirm the membrane has failed. The QA/QC 
Analyst must then review the data stream to decide 
at what time the membrane failed and strike these 
data.     
 
 Calibration Review. The QA/QC Analyst should 
complete the Calibration Review Form 2.2 and 
assign a preliminary status for each parameter on 
the basis of the calibration results. Calibration 
results for each parameter in Form 2.2 will be 
classified as Accept, Conditional, or Censor. 
Following a review of the raw data worksheet, the 
QA/QC Analyst summarizes calibration results and 
other deployment checks on Form 2.3 in order to 
classify all river data for the season.      
 
If a probe passed the pre-deployment and post-
deployment calibration (allowable deviations for 
accuracy and precision) and outliers were resolved, 
then the data can be accepted as Final. Data that 
exceed the allowable deviations up to twice the 
specification should be reviewed further to confirm 
the raw data are within expected baseline conditions 
for that river. Any potential causes for reduced 
accuracy or precision should be noted and the data 
should be classified as Conditional (shade cells 

yellow in final data). Calibration data that exceed 
the allowable deviation by more than twice the 
specification should be evaluated as a candidate to 
be Censored. Form 2.3 should document causal 
factors for deviations and outliers and provide 
concluding comments on the decision to Censor the 
data or keep it as Conditional. Censored data should 
be shaded red in the final data worksheet and not 
transferred to the daily mean worksheet. Future 
SOP versions will include warning and control 
limits based on parameter deviations from seasonal 
mean values. Overall, with the exception of the 
turbidity sensor, Censored data will most often be 
associated with a failed probe. Violations of 
turbidity accuracy specifications are not uncommon 
and the turbidity measurements will have a higher 
proportion of outliers than other parameters.  
  
 Data file Classification.  The QA/QC Analyst 
should review the data and classify the QA/QC 
review status and data status using the classes listed 
below. The QA/QC status classes refer to the 
review stage for the entire data file. The data status 
classes refer to the status of data under the QA/QC 
review. This data file classification is consistent for 
all four SOPs in this QAPP.     
 

QA/QC Status 
 

1.  Draft. Data processing is in progress, and  
     QA/QC has not been conducted. 
 
2.  Preliminary. Data processing is complete,  

but QA/QC is not complete. Data can be used 
for internal project summaries. 

 
3.  Complete. All data processing and QA/QC  
 review is completed.   

 
Data Status 

 
1.  Preliminary. Data have been entered from  

field sheets or downloaded but QA/QC review  
is not complete. 

 
2.  Censored. Data are eliminated because of  
 instrument failure or QA/QC performance. 
 
3.  Conditional.  Data are fully audited and QA is  

complete, but have deficiencies that are 
documented and may limit use. 

 
4.  Final. Data are fully audited, checked and  
 acceptable. 
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 Linear Adjustment of Data.  The YSI operation 
manual does not offer suggestions for adjusting data 
following the identification of QA/QC problems.  In 
some cases, you will not be able to identify a causal 
factor for a probe failing calibration or for outliers. 
When a successful pre-deployment calibration is 
followed with poor post-deployment calibration 
there may be evidence of an error in post-
calibration procedures or steady directional drift in 
measurements. For example, during post-
deployment calibration the turbidity sensor could 
measure 4.0 NTU lower than the 0.0 NTU standard 
and the raw data consistently has base flow values 
lower than expected and some negative values. In 
this situation, linear adjustment may be appropriate 
if a calibration error can be identified. These data 
would remain Conditional but could be used for 
daily mean data.  For this SOP version, linear 
adjustment will only be permissible when a clearly 
identified calibration error influenced a probe’s 
performance in a linear manner for an entire 
deployment. More review and guidance is needed 
on the use of linear adjustment for YSI data in 
future QAPP versions.   
 
 Field Precision Measurements.  For QAPP 
Version 1.0, there will be no requirements to assess 
the precision of replicate measurements in the field 
for long-term deployments. Parameter precision 
will be measured with each pre-deployment and 
post-deployment calibration in the laboratory. This 
decision has been made because of the very high 
precision observed to date with program laboratory 
measurements and because sondes are programmed 
at 15-60 minute intervals and attached to anchors 
before heading out in the field. Option: if questions 
develop over the precision of field measurements, 
the sonde can be activated for long-term 
deployment after recording 2-3 replicate measures 
at two minute intervals at the sampling station. 
Another option is to record replicate measurements 
for two or more program sondes placed side-by-side 
at the sampling station before and/or after each 
deployment. The acceptable RPD and RSD for 
these replicates is ≤ 5%.   
 

Single Point Measurements 
 

 The YSI sondes are also used to collect 
individual, single point measurements or grab 
samples at various river, lake and marine sampling 
stations. The collection of grab samples requires the 
user to follow all sampling and calibration protocols 
applicable from the YSI operations manual. The 

user should also follow all calibration, deployment 
and storage procedures from the Long-Term 
Deployment section of this SOP with the following 
single point exceptions. 
 
 Calibration.  
 
 Calibration Frequency.  When possible, 
calibrate the sonde on the day of sampling. This is 
not always practical or necessary for some 
applications. At a minimum, calibration should be 
conducted on the first day of sampling during a 
given work week and continue during the sampling 
season on a weekly basis. We have calibrated YSI 
sondes on a daily basis for many years and found 
this high calibration frequency was not necessary to 
maintain probe performance specifications. Option: 
if post-deployment calibrations identify concerns 
with weekly calibrations, program participants can 
increase the calibration frequency. This approach 
has been recommended in past YSI manuals for DO 
measurements.     
 
 DO Sensor.  Make sure the AutoSleep RS-232 
function has been turned off for grab sampling.  
This function is found by following the sonde’s 
Setup Menu to Advanced Menu. Option: YSI 
presently recommends conducting an on-site pre-
deployment check for DO #6562 probes by 
wrapping the sonde in a wet towel soaked in tap 
water. In this condition the sonde is run for 10 
minutes to confirm that the DO value is within 
specifications. If the reading is out of tolerance, 
then simply recalibrate on site. This check is an 
option for the #6562 probe and not needed for the 
optical sensor because vibrations and temperature 
swings can affect the Teflon membrane and cause 
sensor drift. This is only an option and not a 
recommendation because with careful treatment of 
the instrument, we have not experienced frequent 
post-calibration drift while grab sampling with 
weekly calibrations.   
 
 Temperature Check.  The accuracy check on the 
temperature sensor should be conducted at least 
monthly during laboratory bucket precision checks.  
Weekly checks are not necessary.  
 
 Sample Collection. 
 
 Sample Location.  A sample location should be 
designated and recorded in GPS at each river 
station, and consistently used.  The location should 
have an identifiable landmark and receive mixed 
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flow from the stream channel.  Most sampling 
under this SOP will be in the spring. It is possible 
that the sampling location within a river will need a 
slight adjustment when sampling in the summer at 
lower flows.   
 
 Water Column.  The water column depth where 
measurements are recorded should be standardized 
for each monitoring project.  Surface measurements 
for rivers and lakes should be recorded at a depth 
that exposes the sonde cable connector to air and 
places the probes at a depth of approximately 0.3 m.  
In shallow streams (<0.3 m) the sonde can be rested 
horizontally on the bottom when hard substrate is 
present or tilted at an angle with the probe guard on 
the bottom and the cable connector resting on the 
sampler’s boots or a designated rock. 
  
 Acclimation Time.  The acclimation time for 
probes to settle to accurate values is primarily 
dependent on temperature. To be consistent, for the 
first sample at a given station, allow at least 10 
minutes of acclimation time for all grab 
measurements when water temperature ≥5 °C. 
Changes in water pH and DO between stations can 
also influence response time for those probes, 
especially in cold water.  The acclimation time 
should be increased to 15 minutes for water 
temperature <5 °C.  A 10-minute acclimation time 
may appear too conservative for summer sampling; 
however, stratification in lakes can slow probe 
response while changing sample depth.  Additional 
measurements at a station (primarily water column 
sampling in lakes) can be taken after a 5-minute 
acclimation period, providing that the sonde did not 
pass through the thermocline to reach the next 
sample.  In all cases, monitor the display to 
determine when the probes have stabilized.  Sondes 
that rested in a warm car for a long drive may need 
a few extra minutes to acclimate in cold water.           
 
 Multiple Samples.  For QA/QC purposes, 
replicate measurements will be made to assess 
sampling precision.  All river station measurements 
should be made in triplicate at two minute intervals.  
For lakes, where multiple water column 
measurements are made, a duplicate measurement is 
sufficient to check field sampling precision.  The 
duplicate should be made of a surface sample at a 
two minute interval only for one station per lake.   
 
 Quality Assurance.  The review of sonde 
calibrations and precision checks will follow the 
same process as for unattended logging.  Deviations 

from accuracy specifications and parameter RPDs 
>5% will result in classifying sensor data as 
Conditional.  The warning limit for turbidity RPD is 
set higher at 25% because of the common 
occurrence of deviations from equilibrium for low 
turbidity concentrations in a flowing stream.   
 
 Data Recording.  Field data should be recorded 
to the YSI 650 display to a file designated for the 
given river and year.  The file can be downloaded at 
the end of the season to Ecowatch.  It is an option 
for each participant and user to also transcribe the 
data to a field sampling sheet (not supplied in 
QAPP) as a safeguard against data loss.  With 
experience and careful attention, we have found that 
paper records as back-ups have not been necessary. 
Secondly, the advent of replicate sampling to assess 
precision created an onerous transcription effort. 
 
 Data Documentation.   Raw data should be 
transcribed or downloaded to an annual Excel data 
file that contains data for all river stations.  Grab 
sample calibrations are documented on Form 2.4 
and QA/QC is evaluated by transcribing weekly 
calibration data to Form 2.2. Form 2.3 will not be 
necessary for grab sample data.    
 
 Database Management.  Use the same 
procedures as with Long-Term Deployments.   
 

Storage and Transportation 
 
 During the sampling season, instruments should 
be transported and stored in a carrying case. The 
case should be cushioned to prevent movement of 
the sonde during transport. The calibration cup 
should cover the probes with a third volume of tap 
water. After each use, the sonde (with calibration 
cup on) and display unit should be allowed to air-
dry.  After each marine deployment, all components 
should be cleaned with tap water. The carrying case 
should be set to dry out on a weekly basis. 
 

Maintenance 
 
 With-in Season.  It should not typically be 
necessary to remove probes from sonde during with
-in season maintenance for freshwater deployments. 
A test-tube brush or toothbrush is suitable for 
dislodging sediment and organic deposits. The 
probes can be soaked briefly in warm, soapy water 
or white vinegar prior to cleaning.  With each 
cleaning between long-term deployments inspect 
conductivity ports, DO anodes, and the glass bubble 
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of pH probe and refer to YSI operational manual for 
specific cleaning instructions. The turbidity wiper 
pad should be removed and cleaned (or replaced) 
following each long-term deployment.   
 
 Sonde, Probe, and Cable Connectors.  Be careful 
not to drop the disconnected cable connectors into 
dirt or hard surfaces. With careful use, the cables 
will perform well for many years. The problems 
associated with small amounts of contamination on 
the connectors are easily avoided. Very high or low 
readings can often be associated with dirt or water 
on the connections. If this occurs, the connectors 
can be cleaned with warm soapy water applied from 
a squirt bottle. Following cleaning, dry the 
connectors thoroughly with air pressure or a hair 
dryer.   
 
 Annual Maintenance.  At the end of the 
sampling season, remove all probes and clean o-
rings. Probes should be cleaned and stored dry, 
except the DO probe should be fitted with a new 
membrane and stored in tap water, and the pH 
probe is stored in 2 M KCL. The pH probes can be 
stored for a month or less in tap water, but never in 
distilled water and should not be allowed to dry out. 
Replace any o-ring that shows the slightest sign of 
wear. When probes are re-installed for the start of 
the sampling season, lubricate all o-rings with a 
light application of silicon grease. 
 

Technical Notes 
 
 YSI Calibration Tips.  Mike Lizotte of YSI 
produced a document in 2009 with up-to-date tips 
on calibrating YSI 6-Series sondes (Lizotte 2009). 
This document is a valuable supplement to YSI 
manuals. Users of this QAPP should obtain a copy 
and become familiar with the tips. It is expected 
that Mike will upgrade the document periodically 
and make it available soon on the YSI website. The 
document provides valuable support for 
troubleshooting under this QAPP.  
 
 Distilled Water.  Distilled water can be used for 
standard preparations if the laboratory distiller 
provides high grade distilled deionized water. The 
distiller and deionizer should be listed in the SOP 
with specifications for resistivity and annual 
maintenance. If high grade DDW can be achieved 
and maintained, then the DDW can be used to 
prepare pH buffers, 0.0 NTU standard, and to 
prepare turbidity standard dilutions. The 

conductivity of DDW water should be recorded 
during each laboratory precision check.    
 
 Anniquam River Marine Fisheries Station 
Distiller and Deionizer.  At the MarineFisheries 
Gloucester facility we have Barnstead Fistreem 
Glass Still (Model# A56220-857) purchased in 
1999. The deionizer is a Barnstead Mega-Pure 
Automatic Deionizer (Model# D440046) purchased 
in 1996.  The deionizer has been preset to a 
resistivity of 50K ohm-cm with a signal light 
prompt to indicate that resistivity is greater than 
50K ohm-cm and the water is properly deionized.  
Both systems are serviced annually by a 
commercial vendor and as of 2009 have not failed 
to meet factory specifications.  
 
 Specific Conductivity.  The conductivity 
accuracy specifications stated for YSI probes (2002 
and 2005 manuals) are ± 0.5% plus 0.001 mS/cm of 
reading when properly calibrated.  Our experience 
has found this probe to be one of the most 
consistent and durable YSI probes; however, a 
quality control problem exists since slight 
deviations from low concentration standard 
solutions will exceed the accuracy level.  Post-
deployment calibration violations are more likely 
for freshwater applications than marine.  These 
specifications have changed over time, as evident 
from the 1997 YSI 6820 manual that reported a 
sensor accuracy of ±5% from standard solutions.  
For this project, we will adopt a ±2% deviation 
from standard solutions as acceptable accuracy for 
Final Data.  Deviations from ±2-5% will result in a 
Conditional classification for data, and data that 
exceed ±5% will be Censored unless a calibration 
error provides justification for linear adjustment. 
 
 The remaining three categories in Technical 
Notes are not SOP recommendations.  They are 
references on evolving alternative methods that can 
be applied by project partners in a troubleshooting 
mode or considered for future QAPP versions.  
 
 Dissolved Oxygen. The YSI protocols for 
calibrating DO probe #6562 have been tuned over 
the years with increasing experience.  Recent 
suggestions allow for pre and post-deployment 
calibration of the DO probe while the sonde is in 
logging mode with a sample frequency of 15 
minutes or less.  This option is an acceptable 
alternative to the protocols in the Long Term 
Deployments section under DO Calibration (6562 
sensor).  To calibrate while logging, allow the 
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sonde to record data for 2 hours before deployment 
with the calibration cup set for DO calibration.  
After 2 hours, calibrate the DO probe.  With this 
process, you will have water-saturated air data 
recorded.  The post-deployment check is done in the 
same manner while the sonde is still logging.  This 
approach provides a longer record of data to 
evaluate DO sensor drift which may benefit some 
applications.  Recent YSI suggestions have also 
reduced the waiting time from 3 to 6 hours 
following membrane change to calibrate.  In most 
cases, this will still equate to waiting overnight after 
the membrane change.  
 
 Air-Saturated Water.  Recently YSI 
recommended using air-saturated water as an 
alternative method for calibrating DO sensors.  
Allow a 5 g bucket of water to aerate for at least 1 
hour with an aquarium air pump and air stone.  
Place the sonde with sensor guard attached into the 
bucket to acclimate for 10-minutes and calibrate to 
100% saturation. The air-saturated water calibration 
requires more time than the water-saturated air 
calibration but is reported to create less opportunity 
for error.  Both methods can produce the same 
results if done correctly.  This method is not 
recommended as the primary approach for DO 
calibration for this SOP due to of concerns over 
consistency among program participants that could 
result in calibration saturation values that are under 
or over 100%.     
 
 Zero DO Standard. MassDEP recommends the 
application of zero DO standard checks when low 
DO values are expected in the field (MassDEP 
2005).  MassDEP began using the zero DO standard 
prepared with DI water and sodium sulfate in 2006.     
 
 Low Ionic Standard.  MassDEP recommends a 
protocol for using a quality control standard for pH 
and conductivity when sampling low ionic waters 
(MassDEP 2005). A low-ionic phosphate standard 
stock solution can be prepared to confirm sensor 
performance.   
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                          YSI 6-Series Sonde  --  Calibration Form 2.1

STEP 1:   PRE-CLEANING CHECK LOCATION:
SONDE ID:

DATE: TIME: INITIALS:

Parameter Pre-Cal Reading Post-Cal Reading
DO Sat%        Time (in):
DO Charge (6562 only) Time (out):
Turbidity (0.0 NTU) Clock Check:  

    (correct/DST)
STEP 2:   PRE (or POST)-DEPLOYMENT CALIBRATION

DATE: TIME:

Parameter Pre-Cal Reading Standard Used Post-Cal Reading RPD (1) RPD (2) RPD (%)
Temperature (ºC)  
Sp. Cond. (mS/cm)
DO Sat% (new mem.)
pH (1)
pH (2)
Turb. (1) (NTU)
Turb. (2) (NTU)
Depth (m)
pH mV (for pH7) Battery Charge (V) pre/post change:
DO Charge (new mem.) Wiper Service:
mmHg New Filename:

STEP 1:   PRE-CLEANING CHECK LOCATION:
SONDE ID:

DATE: TIME: INITIALS:

Parameter Pre-Cal Reading Post-Cal Reading
DO Sat%        Time (in):
DO Charge (6562 only) Time (out):
Turbidity (0.0 NTU) Clock Check:  

   (correct?/DST)
STEP 2:   POST-DEPLOYMENT CALIBRATION

DATE: TIME:

Parameter Pre-Cal Reading Standard Used Post-Cal Reading RPD (1) RPD (2) RPD (%)
Temperature (ºC)
Sp. Cond. (mS/cm)
DO Sat% (new mem.)
pH (1)
pH (2)
Turb. (1) (NTU)
Turb. (2) (NTU)
Depth (m)
pH mV (for pH7) Battery Charge (V) pre/post change:
DO Charge (new mem.) Wiper Service:
mmHg New Filename:

NOTES:

NOTES:
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MASSACHUSETTS DIVISION OF MARINE FISHERIES

YSI 6920 Deployment: River: File Type: Calibration Form 2.2
Year: Data Status:

QA/QC Analyst:
Sonde ID:
QA Status:

Pre-Deployment  

SOP Specs. Pre- Standard Post-
Parameter Units (±) Calibration Calibration Notes

   
Date   

(1)
Temp. (ºC) 0.3  
DO (% sat.) 5%  
Sp. Cond. (mS/cm) 2%  
pH   (1) 0.2  
pH   (2) 0.2
Turbidity (1) (NTU) 2.0 or 5%  
Turbidity (2) (NTU) 2.0 or 5%  
7.0 pH mV  (-30 to +30)
DO charge <75
  
Summary:   

Post-Calibration  
 Allowable

SOP Specs. Pre- Standard Post- Deviation Deviation Status
Parameter Units (±) Calibration Calibration from Spec. (±)

(1) Date

Temp. (ºC) 0.3 (Accept/Cond./Reject)
 DO (pre) (% sat.) 5%  
 DO (post) (% sat.) 5%  

Sp. Cond. (mS/cm) 2%  
pH   (1) 0.2  
pH   (2) 0.2  
Turbidity (1) (NTU) 2.0 or 5%  
Turbidity (2) (NTU) 2.0 or 5%  
7.0 pH mV  (-30 to +30)  
DO charge <75  

Summary:   
 

Notes: 1.)  Add extra tables for each post-calibration.
2.)  Remove "DO (post)" and "DO charge" rows for calibrations with optical DO probe (no probe membrane).
3.)  Classify each parameter as Accept, Conditional  or Reject .  This is a preliminary status for each 
      parameter based only on the calibration results.
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MASSACHUSETTS DIVISION OF MARINE FISHERIES

YSI 6920 Deployment: River: File Type: QA/QC Form 2.3
Dates: Sonde ID:

QA/QC Analyst:
Deployment History:  QA Status:
Maintenance:  
Review Note:   
  
PRE-DEPLOYMENT

Calibration
Status Notes

WaterTemp. 
DO 
Sp. Cond.
pH (1)
pH (2)  
Turb. (1)
Turb. (2)
7.0 pH mv
DO charge
Battery (V)  
Internal Clock   
Summary:

 
POST-DEPLOYMENT

            Time and Battery Check
   Calibration No. 1   Calibration No. 2   Calibration No. 3

Deployment Time:
Retrieval Time:
Internal Clock Time:
Battery (pre/post V):
Notes:

                Pre-Deployment 
QA Review                    Calibration             Calibration No. 1             Calibration No. 2

Accuracy Precision Data Accuracy Precision Data Accuracy Precision Data
Spec. Dev. RPD (%) Status Spec. Dev. RPD (%) Status Spec. Dev. RPD (%) Status

Temp. (ºC)
DO (% sat.)
Sp. Cond. (mS/cm)

pH (1)
pH (2)
Turb. (1) (NTU)
Turb. (2) (NTU)

7.0 pH mv
DO charge

Outlier Review   
 

Data  
Adjustments  

Data Completeness:
Summary:  
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                            YSI 6-Series Sonde -- Calibration Form 2.4

DATE: TIME: INITIALS:

PROJECT: QA STATUS:

Relative Percent Difference
Variable Pre-Cal Reading Standard Used Post-Cal Reading RPD (1) RPD (2) RPD (%)
Temperature (ºC) NA
Sp. Cond. (mS/cm)
DO Sat.%
pH (1)
pH (2)
Turb. (1) (NTU)
Turb. (2) (NTU)
pH mV (for pH7)
DO Charge Sonde ID:
mmHg:

     DO Membrane Change? (Y/N):

DATE: TIME: INITIALS:

PROJECT: QA STATUS:

Relative Percent Difference
Variable Pre-Cal Reading Standard Used Post-Cal Reading RPD (1) RPD (2) RPD (%)
Temperature (ºC) NA
Sp. Cond. (mS/cm)
DO Sat.%
pH (1)
pH (2)
Turb. (1) (NTU)
Turb. (2) (NTU)
pH mV (for pH7)
DO Charge Sonde ID:
mmHg:

     DO Membrane Change? (Y/N):

NOTES:

NOTES:
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Section 3.0     Rainbow Smelt Spawning Habitat 
Assessment 
 

Scope and Application 
 
 Rainbow smelt (Osmerus mordax) are an 
anadromous fish native to the Atlantic coast of 
North America. Smelt are an important forage fish 
for many species of wildlife and supported 
traditional commercial and recreational fisheries in 
New England that have declined in recent decades. 
The declining fisheries trend and reduced presence 
in Southern New England prompted the National 
Marine Fisheries Service (NMFS) to designate 
smelt a “Species of Concern” in 2004 under their 
review process for the Endangered Species Act. 
Currently, the states of Maine, Massachusetts, and 
New Hampshire are working cooperatively under a 
grant from the NMFS Protected Species Division to 
develop a conservation plan to prevent further 
reductions in New England smelt populations.  
 
 Smelt spawning in New England occurs during 
the spring freshet in March-June. Spawning habitat 
is typically found at gravel and cobble riffles 
upstream of the tidal interface. Smelt deposit 
demersal, adhesive eggs that incubate in spawning 
riffles for 1-3 weeks, depending on water 
temperature. The reproductive strategy of 
depositing an adhesive egg for a long incubation is 
susceptible to reduced success if the spawning 
habitat is degraded. Land use and hydrology 
alterations in urban areas have left streams 
vulnerable to impacts from nutrient enrichment, 
reduced, shading and riparian buffer, and non-point 
source pollutants. Watershed alterations in 
Massachusetts have contributed to spawning habitat 
degradation from physical alterations, reduced flow, 
sedimentation, eutrophication, and acidification 
(Chase 2006). Eutrophication may be the primary 
source of degradation in urban watersheds by 
causing excessive periphyton growth in spawning 
riffles. These concerns have also been raised for 
smelt runs in tributaries to the St. Lawrence River 
in less urban regions of Quebec (Lapierre et al. 
1999). Field observations in Massachusetts indicate 
that high periphyton growth at spawning riffles 
causes reduced smelt egg survival (Chase 2006). 
However, relationships between water quality, 
smelt spawning habitat degradation, and smelt 
populations have not been assessed. More 
information is needed on the condition of smelt 
spawning habitat in New England and influences on 
habitat quality.  

 
 The influence of nutrient pollution on water and 
habitat quality in rivers and lakes is a growing 
concern in the United States (US EPA 1998; 
Mitchell et al. 2003). The trophic state of a river is 
influenced most by light, carbon sources, nutrients, 
hydrology and food web structure (Dodds 2007). 
Among these influences in developed watersheds, 
nutrient enrichment is most dependent on human 
activity and may be most amenable to remediation 
efforts. The US EPA recommends that States 
develop nutrient water quality criteria that can be 
used to protect specific designated uses of aquatic 
habitat under Clean Water Act (CWA) assessment 
and remediation processes (US EPA 2000a). This 
approach depends on setting criteria or reference 
conditions for causal and response variables that 
can act as thresholds for protecting designated uses. 
The reference conditions will represent minimally 
impaired water quality and are based on the lower 
25th percentile of a statistical distribution of causal 
and response variables. Section 3.0 adopts the US 
EPA recommended approach for developing water 
quality criteria for smelt spawning habitat with the 
goal of producing an assessment tool that can 
contribute to Clean Water Act processes and protect 
smelt spawning habitat throughout the species 
range. Smelt spawning habitat will be assessed with 
three approaches in Section 3.0: spawning habitat 
delineation, field measurements of water quality 
and primary productivity, and the application of 
water quality criteria. 
   
 Monitoring Objectives.  The main purpose of 
Section 3.0 is to provide standardized protocols for 
delineating and assessing smelt spawning habitat 
and to develop habitat assessment tools within the 
framework of US EPA and MassDEP CWA 
guidelines. The following objectives should 
improve our understanding of the negative and 
positive influences on water and habitat quality at 
smelt spawning habitat and provide valuable 
information for the resource management goals of 
protecting and restoring anadromous fish habitat 
and enhancing smelt populations.     
 

1.  Delineate and document river and stream 
locations where smelt spawning occurs.  

 
2.  Select fixed sampling stations at smelt 

spawning habitat where biotic and abiotic 
parameters related to spawning habitat will be 
measured. Identify water and habitat quality 
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deficiencies at each station using physical, chemical 
and biotic criteria.   
 

3.  Develop reference condition thresholds and 
relationships between abiotic conditions and 
measures of primary productivity.   
 

4.  Incorporate monitoring results into CWA 
processes for protecting designated habitat uses and 
make recommendations for improving and 
protecting specific habitat locations.   
 
 Reference Conditions. 
 

Nutrients.  The US EPA’s Nutrient Criteria 
Technical Guidance Manual for rivers and streams 
(US EPA 2000a) recommends several statistical 
approaches for developing nutrient criteria for total 
phosphorus (TP), total nitrogen (TN) and 
chlorophyll a (chl a).  In the absence of data on 
reference conditions for protecting designated uses, 
US EPA recommends using the 25th percentile of 
the distribution of measured variables from a 
population of rivers within a region. The 25th 
percentile serves as a threshold between degraded 
locations and minimally impacted reference 
locations. The US EPA has generated reference 
conditions using the median of the four seasonal 
25th percentiles for all rivers sampled in the 
Northeastern Coastal Zone (Ecoregion 14, sub-
region 59; US EPA 2000b). Nutrient data collected 
under this SOP will be compared to these thresholds 
during the assessment of the trophic status of each 
sampling station. In addition, independent reference 
conditions will be calculated from the 25th 
percentile of data collected during the smelt 
spawning season for TN and TP. These data will 
contribute to habitat assessments and the 
development of designated use criteria for smelt 
spawning habitat.    
 

P h y s i c o - C h e m i c a l .  T h e  U S  E P A 
recommendations for nutrient criteria do not include 
criteria for water chemistry response variables such 
as dissolved oxygen and pH. Thresholds for 
designations of suitable spawning habitat will be 
adopted from MassDEP’s Surface Water Quality 
Standards (SWQS) for temperature, DO, and pH. 
These thresholds along with physical thresholds for 
spawning habitat will be refined as the smelt 
Species of Concern project is implemented by the 
ME/NH/MA partnership. All reference criteria are 
presented in Table 3.1. 
 

Algal Biomass.  Periphyton (also referred to as 
benthic algae) biomass is a useful indicator of water 
quality because it is sessile, fast growing and relies 
on the water column for uptake of nutrients and 
minerals. The US EPA nutrient recommendations 
include reference conditions for phytoplankton chl 
a but not for algal biomass in the stream bed. 
Although there is less guidance for algal biomass, 
the percentile distribution approach used for 
nutrients can also be applied to algal biomass. 
Riskin et al. (2003) used a median concentration for 
periphyton biomass of 21 mg/m2 as a mesotrophic 
(moderately enriched) threshold for New England 
streams. The value was derived from a summary of 
published studies on nutrient and periphyton 
relations (Biggs 1996). The 50th percentile of algal 
biomass data collected under this SOP can be 
evaluated as the mesotrophic threshold.  
Furthermore, the 25th percentile can be evaluated as 
a threshold for reference streams and the 75th 
percentile can be evaluated as a threshold for 
impaired streams.  
 

Hypothesis. Smelt spawning habitat monitoring 
in Massachusetts resulted in a hypothesis that states 
a primary threat to smelt populations is the 
degradation of spawning habitat from watershed 
pollution (nutrient, sediments, contaminants) and 
alterations (flood control and transportation 
structures, land development, and dams) (Chase 
2006). Specific to eutrophication, it is hypothesized 
that elevated nutrient concentrations have degraded 
spawning habitats by enhancing periphyton growth 
and reducing the suitability of spawning substrate 
for egg survival. 
 
 Watershed Classification.  All sampling stations 
are located in coastal watershed basins on the Gulf 
of Maine coast in the subecoregion 59 of the 
Northeastern Coastal Zone (US EPA 2000a). The 
stations should be initially classified by the 
following three watershed categories (US EPA 
(2000a).   
 
 1.  Non-assigned streams (not assessed by State 
waterbody assessments). 
 2.  Impacted streams (on States 303(d) list or 
designated as impaired in 305(b) reports). 
 3. Reference stream that area minimally 
impacted; with the following three conditions:  a.) 
watersheds with <5% impervious surface cover;  b.) 
watersheds with <5% agricultural use and <5% of 
disturbed riparian buffer; c.) watersheds with 
population densities <20 people per square mile. 
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 Artificial Substrates. Artificial substrates have 
been used extensively in water quality monitoring 
to relate periphyton growth and species composition 
to ambient water quality, although concerns remain 
over the reliability of measurements (Weitzel 1979; 
and Lowe and Pan 1996). When using artificial 
substrate to collect periphyton for this application, 
three assumptions are made: (1) all substrates 
deployed have equal colonization and development 
of periphyton, (2)  sample replicates are exposed to 
identical conditions, (3)  changing water chemistry 
is the only variable influencing periphyton growth 

and species composition at the different sampling 
locations. If these conditions can be met, substrata 
can be sampled for indirect measures of periphyton 
productivity (ash-free dry weight (AFDW), 
biovolume, and chlorophyll) and species 
community. Clearly, natural variations in the 
conditions of water velocity, depth, shading, 
grazing, scouring and solar incidence can challenge 
these assumptions. The careful development of 
sampling design, site selection, and application of 
QA/QC procedures are essential to successfully 
relate periphyton sampling to water and habitat 
quality.  

 
Table 3.1   Physical, Chemical, and Biotic Criteria for Smelt Spawning Habitat.  The water chemistry parameters relate 
to Massachusetts SWQS for protecting aquatic life at Class B Inland Waters (MassDEP 2007), and US EPA reference 
conditions for the Northeast Coastal Zone sub-Ecoregion (US EPA 2000b). Additional criteria will be developed during 
the application of smelt spawning habitat monitoring under Section 3.0. 

  
Variables 

  

  
Suitable 

(SWQC or BPJ) 

  
Minimally Impacted 

(25th percentile) 

  
Notes/Source 

  
CHEMICAL       
Temperature (ºC ) 
  

≤ 28.3   Maximum limit (MassDEP 
2007) 

Temperature (ºC ) 
  

≤ 20.0   7-day mean of daily max. 
(MassDEP 2007) 

pH 
  

≥ 6.5 to ≤ 8.3   (MassDEP 2007) 

DO (mg/L) 
  

≥ 6.0   (MassDEP 2007) 

Turbidity (NTU) 
  

  ≤ 1.7 EPA Ecoregion 14, sub-59 
(US EPA 2000b) 

TN (mg/L) 
  

  ≤ 0.57 EPA Ecoregion 14, sub-59 
(US EPA 2000b) 

TP (ug/L) 
  

  ≤ 23.75 EPA Ecoregion 14, sub-59 
(US EPA 2000b) 

PHYSICAL       
Substrate Size 
(Ave. mm) 

>2.0  Chase (2006) 

Water Velocity 
(Ave. m/s) 

>0.3   Chase (2006) 

Slope (%) 
 

0.5 to 1.0   Chase (Pers. obsv.) 

Riffle 
  

Presence/Absence   Best Professional Judgment 
(BPJ) 

Canopy 
  

    BPJ based on percent open 
canopy 

BIOTIC       
Aquatic Moss 
  

Presence/Absence   BPJ 

Periphyton Biomass  (g/
m2/d) 

    Current project will  establish 
thresholds 

Phytoplankton 
Chlorophyll (ug/L) 

  ≤ 0.44 EPA Ecoregion 14, sub-59 
(US EPA 2000b) 
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 Data Quality Objectives.  Parameter-specific 
data quality objectives are presented in Table 3.2. 
For water chemistry parameters measured with YSI 
sondes, these objectives are provided and discussed 
in SOP Section 2.0 and adopted for all projects 
under the QAPP. The primary data quality 
objectives are based on accuracy and precision. 
Accuracy objectives are derived from the 
manufacturer’s sensor specifications and are 
monitored by conducting and reviewing pre-
deployment and post-deployment calibrations. The 
precision of sensor measurements is monitored in 
the field and laboratory by recording the relative 
percent difference (RPD) of two consecutive 
readings or relative standard deviation (RSD) of 
three or more consecutive readings.    
 
 Nutrient and periphyton biomass data objectives 
are specific to SOP Section 3.0. Additional details, 

including laboratory specifications for each 
parameter are provided in the QA/QC section of 
this SOP. In addition to specific warning limits for 
accuracy and precision, data quality objectives are 
provided for reviewing outliers in the QA/QC 
section. Several biotic and physical parameters 
listed in Table 3.1 are not included in Table 3.2 
because the existing information on smelt spawning 
habitat is too limited for defining numeric criteria. 
The present application of Section 3.0 will provide 
more information on this topic for future QAPP 
versions.     

Materials 
 
 Artificial Substrate.  Unglazed ceramic tiles will 
be used as artificial substrate for periphyton 
collection. We have had success using the 
“Mayflower Red” flat quarry tile and recommend 
this type. The tiles are purchased as 6x6 inch 
squares (15x15 cm or 0.0225 m2). When cut into 

 
Table 3.2.  Data Quality Objectives for Water Quality Monitoring under SOP Section 2.0.  The values in the Accuracy 
column are the acceptable deviation from a certified standard or instrument. An asterisk (*) denotes “whichever is great-
est” relative to the reading of calibration standards.    

  
Analyte 

  

  
Units 

  
Resolution 

  
Range 

  
Accuracy 

(±) 

  
Precision 

(RPD / RSD) 

Achievable 
Laboratory 

MDL 

Achievable 
Laboratory 

RDL 
Temperature 
  

ºC  0.01 
  
 

-5 to 
45 

0.3 5% NA NA 

DO 
  

mg/l  0.01 
  
  

0 to 50 0.5 or 5%* 5% NA NA 

pH SU  0.01 
  
  

0 to 14 0.2 5% NA NA 

Specific conduc-
tance 
  

mS/cm  0.001 
  
 

0 to 
100 

2% 5% NA NA 

Turbidity 
  
  

NTU  0.1 
  
 

0 to 
1000 

2.0 or 5%* 25% NA NA 

Total Nitrogen 
  

mg/l 0.01 
  
  

0 to 
200 

85-115% re-
covery of lab. 
fortified sample 
matrix 

35% field 
15% lab. 

0.01 0.05 

Total Phosphorus 
  

ug/l 0.1 
  

0 to 
500 

85-115% re-
covery of lab. 
fortified sample 
matrix 

35% field 
15% lab. 

0.8 2.0 

Periphyton 
Biomass 
  

AFDW 
(g/m2/
d) 

0.001 NA 0.0005 g ave. 
for sample 
blanks 

35% NA NA 
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four squares, the tile area is 7.4x7.4 cm (0.00548 
m2). A copper wire ring will be attached with 
marine epoxy to the bottom of each tile to hold a 
hooked metal rod as a substrate anchor. 
 
 Drying Ovens.  A laboratory drying oven 
capable of maintaining a constant temperature of  
105 ºC is needed for drying periphyton samples and 
a muffle furnace capable of constant temperatures 
≥500 ºC is needed to ash periphyton samples. 
 
 Analytical Balance.  A high quality balance is 
needed to weigh AFDW samples. The balance 
should be readable to 0.0001 g and calibrated 
annually to maintain an accuracy of ±0.0005 g.   
 
 Aluminum Weigh Boats.  Aluminum weigh 
boats should be used for holding the periphyton 
samples during the drying process and should be 
specified to tolerate temperatures >500 ºC. 
 
 Desiccator.  A glass desiccator capable of 
holding up to 35 aluminum weight boats will be 
needed for holding periphyton samples prior to 
weighing.    
 
 Water Chemistry Equipment.  A multi-probe 
water chemistry sonde is needed for continuous 
logging or grab samples at the tile stations. The 
sonde should be listed in Section 2.0 and meet the 
SOP specifications. 
 
 Water Velocity Meter.  A stream flow velocity 
meter is needed for weekly flow and depth 
measurements at the tile station. The meter should 
operate over a velocity range of 0.1 to 3.0 m/s and 
have a resolution of 0.01 m/s. A meter stick is 
needed to measure water depth (cm).  
 
 Scraping Tool.  A flexible, synthetic scraping 
tool should be used to remove periphyton from tiles. 
These tools are commonly sold for marine 
fiberglass application. The scraper width should 
cover the tile width (at least 7.4 cm). The scrapers 
should be purchased in bulk for all project partners, 
and be replaced when the blade becomes worn 
(maximum of 50 samples).  
 
 Smelt Egg Scoop.  A stainless steel autoclave 
basket (approximately 12x12 cm) attached with 
hose clamps to a solid wood broom pole. This egg 
scoop is well-suited for checking gravel in riffles 
for the presence of smelt eggs. 
  

 Global Positional System (GPS).  A hand-held, 
battery-operated GPS unit is needed for recording 
smelt spawning habitat and sampling station 
locations.  
 

 
Delineation of Spawning Habitat 

 
 The level of effort needed for delineating smelt 
spawning habitat and selecting spawning habitat 
sampling stations will depend on existing 
knowledge in each region. Observations of 
deposited eggs formed the basis for documenting 
smelt spawning habitat. Smelt migrate during 
evening high tides to freshwater riffle habitat where 
they deposit demersal, adhesive eggs. In relatively 
large smelt runs, deposited smelt eggs are readily 
found at the first freshwater riffle upstream of the 
tidal interface. In rivers where smelt spawning 
habitat has been documented, additional effort on 
mapping spawning habitat may not be necessary 
and the program participant can proceed to site 
selection in the following section on Tile 
Deployment.   
 
 In rivers where information is lacking on the 
spatial extent of smelt spawning habitat, it is 
recommended that the following methods from 
Chase (2006) are used to confirm the presence of 
smelt spawning and to document spatial and 
temporal spawning habitat use. In the target 
watershed, all freshwater drainages should be 
surveyed for potential smelt spawning habitat. 
Locations that contain suitable freshwater riffles 
can be selected for routine monitoring. Smelt 
spawning habitat is defined as the river water and 
substrate where smelt egg deposition was observed. 
Potential smelt spawning habitat is defined as 
habitat that possessed suitable riffles to attract smelt 
spawning but either was not previously know to be 
occupied by spawning smelt or no egg deposition 
was observed during study monitoring. The 
physical and chemical conditions that provide 
suitable spawning habitat are not well documented. 
Table 3.1 contains a list of parameters that are 
important for the attraction of spawning adults and 
smelt egg survival. It is expected that the 
application of this SOP will contribute to better 
definition of the parameters in Table 3.1.  
 
 Each selected monitoring station should be 
visited at least twice a week for the entire duration 
of the smelt spawning period to inspect stream 
substrata for the presence of smelt eggs. Cobble 
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should be inspected by hand to look for smelt eggs 
and a smelt egg scoop can be used to inspect gravel. 
Egg monitoring should initially focus on the first 
riffle found upstream of tidal influence.  
The identification of the first riffle typical requires 
several reconnaissance visits to the location at low 
and high tide stages. Once egg deposition is 
identified, monitoring should expand to nearby 
riffles until the upstream and downstream limits of 
egg deposition is recorded. A monitoring log should 
be maintained with each station visit to record 
qualitative observations and GPS locations on the 
spatial extent of spawning locations. Eggs are 
identified on the basis of size, oil globule, and 
seasonal comparison with other species (Cooper 
1978; Elliot and Jimenez 1981). Depending on the 
smelt run size and spatial extent of spawning 
habitat, the delineation may require 1-3 seasons. 
One season of monitoring should be sufficient to 
allow the selection of a riffle station for habitat 
assessments under this SOP. Customized 
monitoring strategies will be needed for rivers that 
are not safely wadeable. Very few smelt spawning 
runs in Massachusetts are not wadeable. The few 
exceptions were monitored with additional methods 
such as setting ichthyoplankton nets and deploying 
egg collection platforms attached to anchors and 
buoys (Chase 2006).     
 

Tile Deployment 
 
 Site Selection.  Site selection will be critical for 
meaningful comparisons and will take careful 
consideration because of the natural variation found 
in riverine habitats and the common presence of 
tidal influence. All sampling stations should be 
active smelt spawning riffles that were previously 
identified or delineated. Channel width should be 
close to 20 m (± 10 m) to allow wadeable access 
and have similar conditions of depth (0.5 m, ± 0.3 
m), water velocity (0.5 m/s, ± 0.3 m/s) and canopy 
(no vertical cover bank-to-bank March-April). It is 
recommended that all stations be located in the 
freshwater zone in close proximity (<0.5 km) to the 
freshwater/saltwater interface. However, some 
rivers have dams near the tidal interface that cause 
greater fluctuations in depth and velocity and 
prevent smelt from passing further upstream. To 
account for this, each station should be ranked as 
either freshwater zone (no tidal influence during 
spring), tidal interface (moderate changes in depth/
velocity with no salt wedge) or tidal zone 
(substantial changes in depth/velocity and salt 
wedge presence). Samples collected in freshwater 

zones have the highest likelihood of producing 
periphyton growth that can be related to 
environmental and water quality conditions. 
Samples from the tidal zone will be exposed to 
greater changes in physical habitat, but in some 
cases may represent the only viable spawning 
habitat in the river system and water quality will 
still be dominated by freshwater discharge for most 
of the tidal cycle. The presence of USGS stream 
flow gage stations and previous or ongoing water 
chemistry sampling elevate the value of candidate 
stations. Once stations have been selected, the 
station characteristics should be recorded in Table 
3.4 at the end of this section.  
   
 Tile Sampling. 
 
 Tile Placement.  Once a spawning riffle has been 
selected based on physical criteria, the precise 
placement of tiles depends on finding a level 
surface that receives fully mixed river flow.  This 
approach lends towards mid-channel locations and 
avoids the river edge.  All tiles should sit level on 
the river bottom. It is appropriate to groom a patch 
of bottom with a rake to ensure the bottom is level.  
Tiles should be placed in two rows running parallel 
to flow. Adjacent tiles should not influence each 
other.  This can be achieved with level placement 
and a space of 1-2 cm between tiles.  The tiles 
should be inspected during weekly visit between 
deployment and retrieval, and disrupted tiles no 
longer suitable for sampling should be removed.  
 
 Tile Replicates.  The number of tile replicates 
should exceed the total number of needed samples 
by approximately 50%.  The higher number of tiles 
deployed than tiles needed allows the collection of a 
random sample and provides back-ups in case some 
tiles are disrupted.   
 
 Duration and Frequency.   The deployment of 
tiles should coincide with the spawning period of 
smelt. Weitzel (1979) recommends two-week 
durations for tile deployments.  We have had 
successful deployments for both two and three 
weeks.  With three week deployments, the threat of 
scouring and grazing increases.  For smelt habitat 
applications, two weeks is often too brief when low 
growth persists in early spring.  For present 
applications, the target duration will be three weeks 
with the option to pull the tiles after two weeks if an 
impending storm threatens to scour the tiles.  Four 
deployments should be made during the period of 
March through June.  The onset of tile deployments 
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will depend on ice conditions and the spawning 
period of smelt in a given region.  Each 
participant’s schedule should be recorded in Table 
3.5 at the end of this section. 
 
 Tile Retrieval.  The tiles selected for AFDW, 
periphyton identification and benthic chlorophyll 
will be selected randomly before retrieval. Generate 
random numbers to match with numbers marked on 
the tiles and include several alternative numbers in 
case the selected tiles are disrupted.  The tiles must 
be carefully removed from the substrate to avoid 
disruption of periphyton.  In shallow or warm 
waters, retrieval by bare hand is the best approach.  
It may be necessary to use arm-length gloves in 
deep or cold water.  Retrieve all needed tiles and 
place them in a transport tray with a cover to avoid 
sunlight.  Carefully transfer periphyton from the 
tiles to sample containers in the field immediately.    
 
 Periphyton Sample Processing. 
 
 Ash Free Dry Weights.   Five tiles will be sampled 
for AFDW in each river per sampling period.  Tiles 
will be scraped in the field through a funnel into 
plastic storage containers with sealing lids. First, 
discard all periphyton from the tile edge facing the 
container. Next, make three uniform sweeps across the 
tile with the scraper, pushing periphyton from the tile 
surface into the container. Finally, use distilled water 
from a squirt bottle to rinse periphyton from scraper 
and funnel into the container and to clean materials 
between samples.  
 
 The containers will be placed on ice until 
processing later that day. Upon returning to the 
laboratory, the boats will be dried overnight at 105° C 
and weighed to a constant weight (weighed on three 
separate days with storage in desiccators). Once dry 
weights are measured, store samples in a freezer 
until ashing at a later date. Samples will be ashed for 
1 hour at 500° C in a pre-heated muffle furnace and 
then re-wetted with distilled water and dried again 
at 105° C and weighed to a constant weight (APHA 
1989). The analysis units will be AFDW g/m2 and 
g/m2/day. Option: samples can be frozen on the 
sample day for subsequent dry weight processing. 
 
 Periphyton Identification.  One tile will be 
collected in each river per sample period for 
periphyton identification. These samples will be 
transferred from the tiles directly into 125 ml jars 
containing 90 ml of distilled water and 3 ml of 
“M3” preservative (APHA 1989; see Technical 

Notes). Tile samples will be scraped into the jars 
with 10 ml of distilled water from a syringe to assist 
the transfer. Samples will be stored in the dark until 
processed for periphyton identification to the lowest 
possible genera. A single duplicate tile will be 
collected randomly per trip for QA/QC analysis.  
 
 Natural Substrate Sampling. In addition to tile 
sampling, periphyton will be collected from natural 
substrate to identify standing algal communities. 
Select five rocks that are representative of the riffle 
substrate within 10 m of the tile transect. Follow the 
methods of ME DEP for Natural Substrate 
Sampling (Danielson 2006). The rock samples will 
be processed the same as tile samples with the 
exception of using a ½ inch metal scraper and a 1 
inch diameter neoprene washer to outline the 
scraping surface.  
 
 Periphyton Chlorophyll a (Option). Samples of 
benthic chlorophyll growth on tiles provide a 
measurement of photosynthetic periphyton and 
allow the estimate of an autotrophic index when 
related to AFDW. One tile can be collected in each 
river per sample period for chlorophyll a analysis. 
The sample will be scraped directly into 50 ml 
centrifuge tubes with chilled 90% acetone and 
stored in the dark on ice until filtering later that day.  
Filtering should occur in near-dark conditions and 
the filter paper should be rolled into a small glass 
jar, covered with tin foil, and placed in the freezer. 
Chlorophyll samples should be run within three 
weeks of freezing.  
 
 Periphyton Identification. 
 
 Microscope Analysis.  Periphyton samples in 
125 ml jars should be vigorously shaken and an 
aliquot should be drawn immediately with an eye 
dropper. Place a single drop of sample on a glass 
microscope slide and cover with slide cover. Using 
a research grade, light microscope, scan the viewing 
field with necessary magnification (10X, 20X, 40X 
and 100 X objective lenses) to become familiar with 
the taxa present. The sampler should develop an 
understanding of algae identification using the 
guides of Smith (1950), Prescott (1978) and Wehr 
and Sheath (2003). Begin counting diatoms and 
algae cells at the right middle margin of the slide 
cover and record by genera or taxa groups. Follow a 
parallel transect line across the slide until filling the 
targeted number of cells.   
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 Cell Counting.   Each algal filament or diatom 
cell is counted as one. This includes cells that are in 
the process of dividing and strings of colonial 
diatoms. This approach can be applied consistently 
and requires less judgment among samplers. 
Counting each observed cell or filament as one will 
under-represent filamentous algae, but the 
alternative of assessing biovolume is labor 
intensive. Option: more information can be gained 
on filamentous algae by recording average cells per 
filament from a sub-sample of observed filaments.    
 
 Target Number of Cell Counts.  Rarefaction 
curves were plotted by MarineFisheries during pilot 
species identification efforts to determine an 
appropriate number of cell counts (Krebs 1989).  
The “short-count” method of Weitzal et al. (1979) 
was used to count 500 cells from a sample with 
tallies recorded at 50 cell increments.  The 
rarefaction curves plotted from these data identify 
350 as the count when 90% of all genera and groups 
that occur in a 500 count are present.  Based on 
these results, we have selected 350 as the target 
number of cell counts.      
 
 Taxa Grouping.  Most algae and many diatom 
specimens will be seen in sufficient detail to 
identify genera. In some cases, especially for 
diatoms in girdle view, it will not be possible to 
separate genera.  The most common grouping will 
be “unidentified pennate diatom” (Chetelat et al. 
1999). Secondly, colonial diatoms that can have 
rectangular shape in girdle view, such as Eunotia, 
Fragillaria, Tabillaria and Synedra, are often 
difficult to separate, particularly in degraded 
samples.  These diatoms will be grouped as 
“unidentified colonial diatom”.  Option: if 
applicable, pennate-shaped diatoms can be further 
divided into two sub-groups of “Naviculoid-shaped 
diatom” and “girdle view diatom” 
 
 Counting with Image Analysis Pro Software.  
When using Image Analysis software, snap 
photograph frames (10X) along transect line. The 
selection of frames to snap should not be biased by 
visual observations. To avoid this bias, frames 
should be taken from the border of the previous 
frame or selected while moving the objective along 
the slide cover without viewing the PC monitor. 
The number of frames taken will depend on cell 
density. Count cells with the manual count feature 
and export data to a standard Excel file. Once 
reaching the target count of 350, finish counting and 
identifying all remaining cells in the last frame.   

 
 Counting through Microscope.  If imagery 
software is not available, cell counting should be 
done through the microscope by counting all cells 
in the viewing field and proceeding to the next field 
along the transect. Care must be taken to line up 
viewing fields at the border of the previous field.  
Counts will be tallied on a laboratory sheet.  Once 
reaching the target count of 350, finish counting and 
identifying all remaining cells in the last frame. 
     

Environmental Data 
 
 Basic water chemistry, water flow, and nutrient 
data will be collected weekly during tile 
deployments. Because periphyton biomass growth 
will be evaluated in terms of weight/day, the data 
among deployments will be most comparable if the 
same day of the week is selected for sampling 
throughout the season. The sampling schedule for a 
three-week tile deployment would result in 
measurements on the day of tile deployment, the 
day of tile retrieval and twice during the two weeks 
between these events. Table 3.5 provides estimates 
of sample numbers. It is acknowledged that the 
QAPP would benefit from separate field SOPs for 
the sampling of light intensity, water flow, and 
nutrients. The utility of separate field SOPs will be 
addressed in future QAPP versions. Presently, 
detailed instruction on field sampling for the 
following environmental data will be provided 
during annual training sessions for all program 
participants.  
  
 Water Chemistry.  Follow Section 2.0 
procedures for calibration and QA/QC for grab 
samples with YSI 6-Series sondes. Measure the 
following parameters during each weekly visit to 
sample stations: water temperature (°C), DO (mg/l), 
DO saturation (%), specific conductivity (mS/cm), 
pH, and turbidity (NTU). Three measurements will 
be made immediately downstream of the rows of 
periphyton tiles (within 0.5 m) at a depth of 10-20 
cm from the substrate.  The 1st measurement should 
be made between the two-tile rows after a minimum 
of 10 minutes acclimation time.  Dissolved oxygen 
and pH values should be monitored to be sure the 
sensors have stabilized after 10 minutes.  The 2nd 
and 3rd measurements should be taken at two-
minute intervals on both sides of a 0.5 m wide 
transect in which the 1st measurement marks the 
middle.  The three measurements will be used for 
QA/QC evaluations and averaged for reporting.  
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 Light Intensity.  Nutrient concentrations and 
light availability can be the most important factors 
influencing primary production in shallow streams. 
Site selection protocols were designed to provide a 
standard canopy among stations. The approach 
supports the assumption that tiles at all stations 
receive similar solar incidence. However, variations 
in riparian tree canopy and water depth and color 
could cause differences in the amount of light 
reaching the tiles. Therefore, each station must 
record light intensity at the tile transect. Hobo 
Pendant light loggers are a suitable option for 
acquiring light data (lumens/m2). Hobo Pendants 
should be activated at 15-minute intervals for 
monthly deployments and anchored to the substrate 
within 1 m upstream or downstream of the tile 
station. Periphyton will grow on the deployed 
Pendants and obscure the light measurements. The 
Pendants should be wiped clean of algae during 
each weekly visit. In addition, the percentage of 
open canopy can provide a second measure to 
compare light at each tile station. At each tile 
retrieval date, measure the left and right canopy 
angles with a handheld clinometer at the tile station 
to calculate the percentage of open canopy.       
 
 Water Velocity.  A measurement of water 
velocity (m/s) over the tiles should be made with a 
professional grade current meter. Current meters are 
factory calibrated and cannot be readily recalibrated 
during field use. The current meter selected should 
have manufacturer’s specifications for confirming 
acceptable operation and these steps should be 
stated in the following QA/QC section. Water 
velocity should be measured at the same sampling 
frequency as water chemistry and at the same 
location relative to tiles. Three water velocity 
measurements should be made 10-20 cm from the 
bottom along with total depth (cm) at the same tile 
transect used for water chemistry sampling. Do not 
use automatic readings for instantaneous 
measurements of flow; instead record average 
velocity over a 40 second interval.  
 
 Discharge (Option).  Discharge measurements 
(m3/s) are recommended when no USGS gauge 
station is present near the tile station. Discharge will 
be measured at a flow transect with uniform 
dimensions in close proximity to the sample station. 
The midsection method of the USGS (Buchanan 
and Somers 1969) should be followed. Under this 
method a minimum of 20 vertical measurements (40 
seconds each) will be made along the cross-section 
at six-tenths of water depth. Conducting discharge 

measurements with each site visit will be time-
consuming and may not be compatible with all river 
stations. An alternative method is to relate water 
stage height to discharge by developing a depth 
rating curve at a river station. The rating curve is 
made by taking 6-8 discharge measurements across 
a range of flows and recording a relative staff gage 
height. Once the rating curve is established, the 
staff gage height or depth can be recorded with each 
station visit and related to discharge.  
 
 Water Nutrient Measurements.  Water samples 
for TN and TP will be collected at the same 
sampling frequency as flow and water chemistry. 
Nutrient samples will be collected at the tile 
deployment stations when no tidal influence is 
present. Collect samples in 60 ml HPDE collection 
bottles. The bottles should be dipped downstream of 
the tiles at the mid-transect point and draw water at 
10-20 cm from the bottom. The bottles should be 
half-filled, shaken vigorously and rinsed three times 
before drawing a sample of 50 ml. The samples 
should be stored on ice in the dark until freezing 
later that day (<8 hours after collection).  
 
 All sample bottles and associated glassware used 
for nutrient sampling should be first washed with 
phosphorus-free detergent (ex. Liqui-Nox) and 
rinsed with tap water before sitting overnight in a 
10% HCL bath. Upon removal from the acid bath, 
glassware should be rinsed five times with DDW 
water. Option-- the collection of water column 
chlorophyll a would be a valuable addition to 
nutrient sampling. Chlorophyll a samples will 
require shorter holding times and specific handing 
procedures. If Chlorophyll a is collected, the 
sampling specifications must be outlined in an 
appendix to Section 3.0.   
 
 Nutrient Analytical Procedures.    
 
 Total Nitrogen.  Total nitrogen will be analyzed 
under contract with the Water Quality Analysis 
Laboratory of the Department of Natural Resources, 
University of New Hampshire, Durham, NH.  Total 
nitrogen is measured by alkaline-persulfate 
digestion followed by colormetric analysis on a 
Smartchem autoanalyzer using methods from the 
USGS Water-Resources Investigations Report 03-
4174 (USGS 2003). The WQ Analysis Laboratory 
does not have a holding time specification for TN 
because of its long-term stability when frozen. 
Projects should synchronize TN sample holding and 
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laboratory delivery with TP samples. Nutrient QA/
QC is reported in the following section. 
 
 Total Phosphorus.  Total phosphorus will be 
analyzed under contract with the Lakes Lay 
Monitoring Laboratory of the University of New 
Hampshire, Durham NH. Total phosphorus is 
measured using the manual ascorbic acid method 
(Standard Method, 4500-P.E.; APHA 1989) with a 
Milton Roy Spectronic spectrophotometer. The 
maximum holding time (collection date to 
laboratory analysis while frozen) for TP at the 
Lakes Lay Monitoring Program is 90 days.  
 
 Expression of Data Concentrations.  Water 
chemistry data should be expressed to the decimal 
place indicated by the parameter resolution under 
Specifications in Section 2.0. Velocity and flow 
measurements should be expressed as 0.001 m/s 
and 0.001 m3/s, respectively, or to two decimal 
places when using US customary units. Nutrient 
measurements will be expressed to the significant 
figures specified by laboratory method detection 
limits. Nutrient analyte concentrations will be 
reported as mg/L or ug/L. Reporting data files will 
contain conversion tables for uM concentrations.   
 
 USGS Discharge Data.  No instream discharge 
measurements are needed for tile stations with 
nearby USGS stream flow gage stations. Discharge 
data can be retrieved from USGS at their website 
(http://waterdata.usgs.go). The daily discharge 
values used for analyses will be the average of all 
daily mean discharge measurements for each day 
the tiles were deployed. Water velocity must still be 
measured in the field because gage stations do not 
provide velocity data.   
  
 Weather Data.  After the conclusion of the field 
season, average daily air temperature and total daily 
precipitation should be recorded from a nearby 
weather station reported by the NOAA’s National 
Climatic Data Center  (http://www.ncdc.noaa.gov/
oa/ncdc.htm). 
 
 Weather Classification. Sample collection dates 
will not be random or target designated weather. This 
is because weekly sampling depends on the tile 
deployment schedule and occurs during the specific 
spawning season of smelt. It is assumed that weekly 
measurements will capture typical weather and run-off 
conditions experienced during the smelt spawning 
season. We will characterize all sample dates by the 
amount of recent precipitation using criteria for dry 

(<0.125 in), wet, (≥ 0.125 to 2.0 in) and flood (>2.0 
in) weather for intervals of both 1-day (day of 
sampling) and 3-days (including the day of sampling). 
Record the presence of rain on Form 3.1 at the time of 
station visits to assist subsequent adjustments for cases 
when rain begins after the time of sampling.    
 

Quality Assurance and Control  
 
 Quality assurance and control protocols will be 
applied for each of the following data collections: 
basic water chemistry, water flow, water nutrients, 
and periphyton. The QA/QC review depends on 
three main components of performance criteria that 
target data quality indicators of accuracy and 
precision. The analysis of pre and post-deployment 
calibration data is used to evaluate accuracy, but 
only pertains to basic water chemistry 
measurements. The analysis of the similarity of 
replicates (laboratory, field and blanks), and outlier 
review will be conducted on each of the data 
collections outlined below.    
 
 Water Chemistry. 
 
 Basic Water Chemistry. All instrument handling, 
calibration, and calibration data review procedures 
are outlined in Section 2.0. Once the calibration 
analysis has been conducted, the following criteria 
can be applied to classify field data. When the field 
season is complete, RSD will be calculated for all 
triplicate parameter measurements. All triplicates 
that have a RSD ≤5% will be accepted and the 
triplicate average will be used for the daily 
parameter measurement. A seasonal mean will be 
calculated for each river from all parameter 
measurements with RSD ≤5% . A warning limit of 
±3 SD from the seasonal mean will be used to flag 
potential outliers. All triplicates with RSD >5% will 
be classified as Conditional data and reviewed for 
outliers. Individual replicates should be Censored 
when they are identified graphically as outliers by  
exceeding the seasonal mean by 3 SD and when 
removed from their corresponding triplicates cause 
the remaining duplicates to have a RPD of ≤5%.  
The seasonal mean data for each river should be 
cumulative when multiple sampling seasons are 
available.    
 
 Turbidity Exception.  Turbidity measurements 
are subject to interference from suspended objects, 
will show natural variation in stream flow, and base 
flows often have low NTU values. Minor 
differences of low values can cause high RSDs. 
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This is a function of proportional statistics and not 
necessarily related to precision. Therefore, turbidity 
quality control will follow different warning and 
control criteria. The warning criterion for turbidity 
is raised to 25% RSD. Triplicates with RSD ≥25% 
will be classified as Conditional data. Individual 
replicates will be Censored if they are identified as 
outliers by exceeding the seasonal mean by 3 SD 
and are also ±3x the closest replicate.  
 
 Temperature Exception.  The same condition 
found for turbidity when minor differences at low 
values cause high RSDs also occurs for water 
temperature data when the temperature is close to 
zero. For water temperatures <0.5 °C, the RSD 
warning criterion of 5% will be relaxed and the 
replicates will be accepted if they do not vary by 
more than the sensor’s accuracy (±0.15 °C). 
 
 Conductivity Exception. Conductivity values 
close to zero also exceed the 5% RSD with minor 
differences among replicates. When specific 
conductivity values are ≤0.050 mS/cm the RSD 
threshold is raised from 5% to 25%.   
  
 Stream Flow Data.  Stream flow data collected 
from the three flow cells along a 0.5 m transect 
downstream of the tiles are not considered 
replicates. This is because true differences in water 
depth and velocity can be expected in turbulent 
riffles. The three measurements are taken to 
produce an average condition experienced by the 
tiles. Although the data are not replicates, the RSD 
should be calculated for flow and depth 
measurements and RSD ≥25% should trigger a 
review of the field data to see if a transcription error 
occurred or if one of the three measurements 
routinely had a strong negative or positive influence 
on the average values at a given river station. No 
data corrections are necessary following data 
review, although routinely high RSDs may be 
indicative of an unsuitable tile station.       
 
 Flow Meter Check.  Each flow meter used 
should have quality control checks specified by the 
manufacturer to confirm suitable performance. 
Flow meter calibration is not an option for most 
meters. All meters should be cleaned with warm 
water after each use and allowed to air dry before 
storing in carrying cases. MA MarineFisheries 
primarily uses Price “bucket wheel” current meters 
made by Teledyne Gurley. A weekly spin test 
should be conducted with the time recorded on 
Form 3.1. For Price meters, the bucket wheel must 

spin freely for at least 1.75 min. If the meter fails a 
spin test, the meter should be disassembled, 
lubricated, and tested again. If it fails a second spin 
test, the pivot should be replaced, followed by 
another round of spin tests. Other types of current 
meters should be tested weekly according to 
manufacturer specifications.   
 
 Nutrients. 
 
 Field Sampling.  Each program participant will 
collect one field duplicate for TN and TP weekly or 
at a rate to meet a target of 10% of the total 
seasonal sample number. The selection of rivers for 
duplicate sampling will be made randomly.  
Duplicates will be used only for quality control 
purposes and not averaged for reported values. The 
first sample collected will be used as the parameter 
measurement unless rejected by QA/QC protocols. 
Monthly trip blanks (N = 3) comprised of 
laboratory DDW water treated the same as actual 
samples should be processed each season by each 
program participant.  
  
 Total Nitrogen Laboratory Analysis.  The Water 
Quality Analysis Laboratory at UNH uses an EPA 
approved QAPP to guide all aspects of their water 
quality analyses (UNH 2008). The TN analysis 
follows the methods of USGS (2003). Quality 
control samples from standards are run every 10-15 
samples with a minimum of two per batch (typically 
40-55 samples). Instrument calibrations are 
performed at the beginning of each batch using 
standards made from reagent grade chemicals. 
Calibration curves are generally linear and made of 
4-7 points. A laboratory reagent blank, laboratory 
fortified blank, and laboratory duplicate are run 
every 10-15 samples during each batch. The USGS 
(2003) TN analysis reference is available at: 
http://nwql.usgs.gov/Public/pubs/WRIR03-4174/
WRIR03-4174.pd 
 
 Total Phosphorus Laboratory Analysis.  The 
Lakes Lay Monitoring Laboratory of the University 
of New Hampshire uses an EPA approved QAPP to 
guide all aspects of their water quality analyses 
(UNH 2007). Quality control samples from 
standards are run every 10-15 samples with a 
minimum of two per batch (typically 40-55 
samples). Instrument calibrations are performed at 
the beginning of each batch using standards made 
from reagent grade chemicals.  Calibration curves 
are generally linear, and made of 4-7 points. A 
laboratory reagent blank, laboratory fortified blank, 
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and laboratory duplicate are run every 10-15 
samples during each batch (Table 3.3).  The total 
phosphorus SOP is located in the appendix of the 
Newfound Lake Watershed Assessment at the 
following website:  http://des.nh.gov/organization/
divisions/water /wmb/was/qapp/documents/
newfound_appendices.pd . 
 
 Nutrient Quality Control Acceptance Limits.  A 
seasonal mean for all rivers will be calculated from 
duplicate parameter measurements with RSD 
<35%.  Field nutrient duplicates with a RPD <35% 
and both measurements <2 SD from the season 
parameter mean (SPM) will be accepted.  A higher 
warning limit of 50% will be used for low nutrient 
concentrations (≤ 10MDL).  Low concentrations 
duplicates with an RPD <50% and with both 
measurements <2 SD from the SPM will be 
accepted.  For duplicates that exceed the warning 
limit with one replicate >2 SD from the SPM, the 
duplicate <2 SD from the SPM will be used for the 
parameter measurement.  Field duplicates with an 
RPD of ≥35% will be evaluated for handling errors 
and graphically to identify outliers.  If no problems 
are identified and both duplicates are <3 SD from 
the SPM, the duplicates will be accepted as 
Conditional data. All values ≥3 SD from the SPM 
will be identified as outliers. All information on 
outliers will be evaluated and documented for final 
classification.    
 

 Periphyton Biomass. 
 
 Tile Rejection.  Some randomly selected tiles 
may be disrupted and should not be used to process 
samples. This can happen from river flow shifting 
tiles, debris scraping the tile surface, high flows 
causing scouring, relatively high invertebrate 
grazing, and mishandling during retrieval. The 
sampler should anticipate these occurrences and 
look for these negative biases. All project samplers 
will receive field training for tile sampling that 
includes examples of disrupted tiles. With evidence 
of these biases, the tile should be rejected from 
sampling and substituted with a tile randomly 
selected prior to the trip as an alternative.   
 
 AFDW Adjustments.  Organic materials other 
than periphyton can settle on the tile causing a 
positive bias to AFDW.  Non-organic materials are 
not a concern since they are deducted from dry 
weights during AFDW processing. Adhesive smelt 
eggs and larval insects have been observed to settle 
on tiles and positively increase periphyton biomass 
estimates. Low numbers of smelt eggs and insect 
larvae should be removed with fine forceps from 
the sample before the first drying cycle. Large 
numbers of eggs or insects are more problematic 
and must be deducted from the sample weight if a 
suitable alternative tile is not available. Egg and 
insect weights can be measured by running 
subsamples of these organic materials through the 

Table 3.3.   QA/QC and Analytical Specifications for Nutrient Parameters. 

 

Laboratory Quality  
Control 

        TOTAL NITROGEN       TOTAL PHOSPHORUS 

Units mg/L   ug/L   
MDL 0.01 mg/L   0.8 ug/L   

RDL 0.05 mg/L   2.0 ug/L   

  (Frequency) (Control Limit) (Frequency) (Control Limit) 

Field Duplicate 1/week <35% RPD 1/week <35% RPD 

Lab. Duplicate 1/10-15 ≤15% RPD 1/10-15 ≤15% RPD 

Quality Control Sample 1/10-15 ≤15% from control 1/10-15 ≤15% from con-
trol 

Lab. Reagent Blank 1/10-15 MDL 1/10-15 MDL 

Lab. Fortified Blank 1/10-15 MDL 1/10-15 MDL 

Lab. Fortified Sample Matrix 1/batch <85% or >115% 
recovery 

1/batch <85% or >115% 
recovery 
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AFDW process. Random samples of at least 10 
eggs or larvae should be placed in four subsample 
weigh boats and included in a batch run of AFDW 
samples. From the subsamples, a mean weight per 
egg or larva should be calculated and used to deduct 
weight from AFDW samples that were run without 
removing large numbers of eggs or larvae.           
 
 Weigh Boat Blanks.  Four aluminum weigh boats 
should be run as blanks with each batch of AFDW 
samples. A negligible reduction in boat weight 
(0.0005 g) was recorded during one trial during 
MarineFisheries pilot efforts. 
 
 Periphyton Acceptance Limits.  Large variation 
among periphyton replicates is expected and may 
represent fine-scale differences in natural controls on 
periphyton growth (Weitzel et al. 1979; APHA 1989; 
Morin and Catteneo 1992; and Lowe and Pan 1996). 
A warning limit of 35% RSD is set for AFDW 
replicates. Replicates with ≥35% RSD should be 
scrutinized for individual samples that may have been 
disrupted during the collection or drying process. Field 
notes and all drying weights should be evaluated. 
Replicates with ≥35% RSD with no evidence of 
disruption or outliers should be classified as 
Conditional. All samples that exceed seasonal mean of 
all periphyton replicates by ≥3 SD will be classified as 
outliers. The outliers should be evaluated graphically 
and by reviewing the field and laboratory data sheets. 
Marginal outliers with no evidence of handling 
disruption can be accepted as Conditional data and all 
others should be Censored.  
 
 Periphyton Identification. Quality control 
measures will be conducted to evaluate the 
precision of periphyton species identification 
among tile samples and within-sample jars. Data 
from each sample will be recorded by cell counts 
and relative percent abundance by genera or taxa 
group. The Bray-Curtis diversity index and 
Pinkham-Pearson coefficient of similarity (Weitzel 
et al. 1979) will be calculated for each sample to 
evaluate the similarity of samples. Each program 
participant will select weekly random tiles for 
duplicate periphyton identification or at a rate to 
meet a duplicate target of 10% of the total seasonal 
sample number. Periphyton identification will be 
done on single aliquots from the duplicate samples 
and a RPD of <35% for each index will be 
accepted. If either RPD is ≥35%, a third replicate 
should be identified. All triplicate samples with 
RSD of <35% will be accepted and all samples with 
an RSD ≥35% will be classified as Conditional data 

and reviewed by QA/QC Analyst for taxonomic 
errors. Option: precision among samplers can be 
assessed by drawing random triplicate samples from 
10% of sample jars. Two samplers will identify 
periphyton from the same triplicate sample. 
Combined RSDs of <35% will be accepted for 
triplicate samples. Combined samples or individual 
sample RSDs ≥35% will be classified as 
Conditional data and trigger a review by the QA/
QC Analyst for taxonomic errors.  
 
 Reference Conditions and Habitat Assessment.  
 
 Percentile Distribution.  Smelt spawning 
stations are sampled during the spawning period in 
March-May. A median value for water chemistry 
and nutrient parameters should be calculated for 
each river for each sampling season. The reference 
condition for the ME/NH/MA smelt Species of 
Concern project will be calculated by grouping all 
median values from rivers in the three states and 
calculating the 25th percentile from this distribution. 
The data should also be summarized for each river 
annually by the following statistics: minimum, 
maximum, mean, standard error, and 25th, 50th, and 
75th percentile.    
 
 Habitat Assessment.  The spawning habitat 
station in each river will be classified as Suitable or 
Impaired based on the performance specification in 
the Table 3.1. The sources of these designations 
will be MassDEP Surface Water Quality Criteria 
(temp., DO, and pH), US EPA’s nutrient 
recommendations for Sub-Region 59 (TN, TP, 
turbidity and chlorophyll a), and BPJ for the 
physical habitat characteristics. For this SOP 
version, MassDEP’s Suitable designation will have 
equal standing as US EPA’s Minimally Impacted 
criteria. The BPJ designations will utilize all 
available observations and data to assess a 
classification of Suitable or Impaired for the 
physical variables. Any classifications of Impaired 
will result in the documentation of the river reach 
where spawning habitat is present as Impaired with 
a list of the impaired variables (ex. the smelt 
spawning habitat in the Stony River is Impaired due 
to pH and DO criteria violations). 
      
 Data Management. 
 
 Chain of Custody. The Field Coordinator will be 
responsible for collection and processing of nutrient 
samples from the field to freezer storage at UNH, 
and will maintain a sample list (Form 3.2) that 



44 

includes date of collection and date of analysis and 
will serve as a chain of custody form.  Samples will 
be placed in zip-lock bags and in coolers with ice 
and driven to the contract laboratory.    
 
 Data Documentation.  Specific data forms will 
be used for each data collection task.  Water 
chemistry and flow data will be recorded on Form 
3.1 manually in the field or downloaded directly to 
an annual water chemistry Excel data file, 
depending on the data logging capabilities of field 
instruments.  Nutrient data will be received from the 
analytical laboratory on Form 3.2 as an electronic 
file and downloaded to an annual nutrient Excel 
data file.  Field notes on tile collections will be 
recorded on Form 3.3.  Periphyton biomass 
(AFDW) data will be manually entered to Form 3.4 
and transcribed to an annual periphyton biomass 
Excel data file.  Periphyton identification data will 
be entered directly into a periphyton identification 
Excel data file. It is recommended that each 
sampling trip is assigned a common trip label that 
accounts for state, year and sampling trip (Ex. 
MA08-01).  The sampling trip label will have a two
-letter river code and a 1-3 letter code for sample 
type (ex. MA08-01-FR-TN).  A separate column 
will record the type of sample (sample =1, duplicate 
= 2, triplicate = 3, blank = B).  All quality  
assurance and control review will be conducted 
within the individual annual Excel files.  When data 
have been classified and accepted by the QA/QC 
Analyst the annual files will be combined to a 
single Excel or Access database.  The final database 
will only contain accepted data for use in 
subsequent analyses (no Censored, replicate, blank, 
or spike data).         
 
 Database Management.  Data files will be saved 
on the common server (W:\) and back-up files will 
be saved on primary server (P:\) of the Database 
Manager.  The data classification will be updated by 
the QA/QC Analyst and care should be made to 
ensure the back-ups are consistent with the primary 
files. Once all possible review is completed and 
data has received the Final classification, the annual 
data file will be saved as read-only files in both the 
primary and common server.  
 
 Data file Classification.  The QA/QC Analyst 
should review the data and classify the QA/QC 
review status and data status using the classes listed 
below. The QA/QC status classes refer to the 
review stage for the entire data file. The data status 
classes refer to the status of data under the QA/QC 

review. This data file classification is consistent for 
all four SOPs in this QAPP.     
 

QA/QC Status 
 

1.  Draft. Data processing is in progress, and  
     QA/QC has not been conducted. 
 
2.  Preliminary. Data processing is complete,  

but QA/QC is not complete. Data can be used 
for internal project summaries. 

 
3.  Complete. All data processing and QA/QC  
 review is completed.   

 
Data Status 

 
1.  Preliminary. Data have been entered from  

field sheets or downloaded but QA/QC review  
is not complete. 

 
2.  Censored. Data are eliminated because of  
 instrument failure or QA/QC performance. 
 
3.  Conditional.  Data are fully audited and QA is  

complete, but have deficiencies that are 
documented and may limit use. 

 
4.  Final. Data are fully audited, checked and  
 acceptable. 
 
 

Technical Notes 
 
 The first four technical notes are not 
recommendations for optional SOP methods. The 
topics presented are commonly acknowledged 
limitations related to periphyton sampling that 
should be understood by program participants for 
this SOP and considered for future revisions.  
 
 Filamentous Algae.  Two or three-week 
deployments may not well represent slow-growing 
filamentous algae. Secondly, cell counts during 
periphyton identification may not capture the 
contribution of filamentous algae. This limitation 
should be acknowledged within program 
applications. Most MA periphyton communities 
appear to be diatom dominated during the spring. 
However, if needed, program participants should 
consider additional procedures to gain more 
information on filamentous algae (longer 
deployments, sample natural substrata, measure 
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algae biovolume, % cover or subsample cell counts 
of filamentous algae strands) for future projects.    
 
 Tile Growth vs. Natural Substrate.  Tile growth 
is beneficial in providing productivity estimates that 
can help characterize the status of eutrophication in 
rivers. However, the periphyton growth on tiles will 
represent first-growth, colonizing cells and may not 
depict all species that influence smelt egg survival. 
Similar to filamentous algae, this limitation should 
be acknowledged within program applications. The 
methods of ME DEP (Danielson 2006) for sampling 
natural rocks in wadeable streams has been adopted 
as a supplement to tile sampling for this SOP. 
Natural rock samples provide information on the 
standing algae community but are not controlled 
samples or measures of growth rates. Future efforts 
should evaluate the differences in methods and 
sampling results from these two periphyton sample 
sources when this SOP is revised.  
 
 Percent Cover of Periphyton.  Another 
alternative or supplement to tile sampling is the 
estimation of percent cover of periphyton on 
substrata. MassDEP considers a percent macroalgae 
(ex. green filamentous algae) cover of >50% to 
indicate degraded habitat and organic enrichment 
and provide an approach for estimating percent 
cover in streams (Beskenis 2002). Three samples 
are recorded at each of three transects crossing riffle 
habitat. MassDEP is currently developing draft 
nutrient criteria for streams for aesthetics and 
aquatic life use using biological indicators, such as 
benthic algal biomass and % cover of macroalgae. 
 
 Species Identification.  A large number of 
methods have been used to identify and enumerate 
periphyton taxa. Cell counts can easily be applied 
and provide information on relative percent 
abundance and dominance. Cell counts alone can 
over-estimate detrital diatoms and under-estimate 
the contribution of filamentous algae. Diatom 
treatments and biovolume estimates are options to 
improve data quality, but have not been selected 
because our desired level of taxonomic resolution 
does not justify the added cost and labor        
 
 M3 Preservative.  Add 5 g potassium iodide, 50 
ml glacial acetic acid and 250 ml formalin and bring 
to 1 liter with distilled water.  The recommended 
dose for algal preservation is 2 ml of M3 per 100 ml 
of sample. We will use 3 ml of M3 per sample jar to 
ensure that samples from tiles with high growth are 
well preserved. This preservative should be 

dispensed in a well-ventilated area and kept in 
laboratory storage designated for acids and 
preservatives. Dilutions of 3 ml per 100 ml of 
sample can be discarded down laboratory sink 
drains.     
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Table 3.4.  Smelt sampling stations for tile deployment in Massachusetts, 2009.    
 
River                    Landmark             Town                  Latitude             Longitude 

  
 
 
 
 
 
 
 
 

 
 
Table 3.5.   Sampling schedule for smelt sampling stations in Massachusetts, 2009.  
 
   Date                                              Activity 

 
 
 
 
Table 3.6.  Smelt spawning habitat sampling parameter list for Massachusetts, 2009.  Based on sampling four tile de-
ployments in five rivers during 14 weeks. 
    
                                    Samples/            Field                 Field                                     Total         Laboratory                                   
  Parameter            River/Trip     Samples               Duplicates       Blanks        Samples             Analysis 

 
 

February 23rd Deploy tiles, deploy YSI 6920, record water chemistry, flow, and nutrients. 

March 16th 1st tile retrieval, deploy 2nd batch of tiles, record abiotic field data. 

April 6th 2nd tile retrieval, deploy 3rd batch of tiles, record abiotic field data. 

April 27th 3rd tile retrieval, deploy 4th batch of tiles, record abiotic field data. 

May 18th 4th tile retrieval, record abiotic field data. Field study is completed. 

AFDW 5 100     0 100 UNH 

Chl a (tile) 0           

TN/TP 1   70   14   6   90 UNH 

YSI (chem.) 1   70 140   0 210 MA DMF 

Flow 1   70 140   0 210 MA DMF 

February 23rd Deploy tiles, deploy YSI 6920, record water chemistry, flow, and nutrients. 

March 16th 1st tile retrieval, deploy 2nd batch of tiles, record abiotic field data. 

April 6th 2nd tile retrieval, deploy 3rd batch of tiles, record abiotic field data. 

April 27th 3rd tile retrieval, deploy 4th batch of tiles, record abiotic field data. 

May 18th 4th tile retrieval, record abiotic field data. Field study is completed. 

Mill River Route 1 Newbury 42º 44.63 70º 53.83 

North River Howley Street Peabody 42º 31.28 70º 55.06 

Crane River Ash Street Danvers 42º 33.28 70º 56.14 

Fore River MBTA RR Bridge Braintree 42º 13.29 70º 58.55 

Jones River Elm Street Kingston 42º 59.45 70º 44.07 
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Section 4.0 River Herring Spawning and 
Nursery Habitat Assessment 
 

Scope and Application 
 

River herring is the common name used for two 
anadromous fish, the blueback herring (Alosa 
aestivalis) and the alewife (Alosa pseudoharengus) 
that are similar in appearance and sympatric for 
most of their range. River herring make spring 
spawning runs from marine waters into freshwater 
rivers, lakes and ponds where eggs are deposited 
and juveniles grow for typically 3-4 months before 
emigrating to the ocean. River herring use a wide 
range of habitats for spawning and juvenile rearing 
across their native range from South Carolina to 
Newfoundland (Greene et al. 2009). In New 
England coastal rivers, alewife spawning runs tend 
to target headwater lakes and ponds and blueback 
herring utilize main stem rivers. The spawning runs 
were important sources of commerce in New 
England coastal towns until the latter half of the 20th 
century, and are valued today as forage to many 
species of wildlife and by citizens that harvest river 
herring for food and bait and appreciate the 
spawning runs as symbols of spring and healthy 
rivers. River herring populations in Massachusetts 
have declined in recent years, prompting 
MarineFisheries to ban all harvest in 2006 and 
extended the ban in 2009 through 2011.   
 
 An important component of river herring 
population restoration is the assessment of the 
suitability of spawning and nursery habitat in 
freshwater rivers, lakes and ponds. Section 4.0 
outlines the target parameters and techniques 
needed to make habitat assessments and to identify 
water quality and habitat deficiencies. In many 
cases it is advantageous for volunteer organizations 
to assist with data collection and restoration efforts. 
The first step is to consult with state fisheries 
biologists for an update on the status of river 
herring in a river system based on existing 
knowledge and previous surveys (Reback et al. 
2004a-d). If additional data are needed to confirm 
or update habitat status, the following guidelines 
can be applied.         
 
 The criteria presented in Section 4.0 were 
selected to allow rapid assessments of water bodies 
to assist resource management decisions.  An 
important secondary goal of this SOP is to develop 
criteria that can be incorporated into water quality 
standards under Section 304(a) of the Clean Water 

Act (CWA).  The CWA is administered at the 
Federal level by the US EPA and in Massachusetts 
by MassDEP and is one of the most significant 
regulatory processes related to aquatic restoration.  
Minimum water quality criteria associated with 
river herring life history and habitat requirements 
could become a valuable tool for protecting and 
restoring water bodies.  This SOP also adopts 
EPA’s nutrient criteria recommendations for 
Ecoregion 14 to assess the influence of 
eutrophication on water quality (US EPA 2001).    
 
 Relationships between river herring life history 
and habitat performance standards are not well 
developed. Efforts to establish water quality 
standards for Pacific salmon habitat had difficulty 
determining biotic responses to human-induced 
stressors with adequate reliability and precision 
(Bauer and Ralph 2001). Pardue (1983) developed a 
habitat suitability index model for river herring that 
depended on variables for spawning substrate, 
spawning water temperature, zooplankton 
abundance, salinity and nursery water temperature.  
This version of Section 4.0 will not attempt to 
generate a numeric habitat score such as Pardue’s 
index. Section 4.0 will use existing data, scientific 
literature and field measurements to relate river 
herring life history to relevant water quality criteria 
(Mass. SWQS, 314 CMR 4.00, MassDEP 2007; and 
US EPA 2001) and develop best professional 
judgment (BPJ) criteria for other important habitat 
influences such as passage barriers, stream flow, 
and spawning substrate.   
 
 Monitoring Objectives.  The primary objective 
of Section 4.0 monitoring is to determine if water 
quality is suitable to support river herring egg 
incubation and juvenile rearing, and to relate 
conditions of passage impediments and flow 
conditions to migratory requirements.   

 
LAKES AND PONDS 

 
 Water Quality Monitoring. 
 
 Sample Stations.  A review of the Massachusetts 
Division of Fish and Wildlife’s (MassWildlife) 
bathymetric maps can assist project planning and 
site selection as can regional monitoring programs 
such as the Cape Cod Pond and Lake Atlas (Eichner 
et al. 2003) and the collaborative PALS sampling 
program (http://www.mass.gov/dfwele/dfw/habitat/ 
m a p s / p o n d s / p o n d _ m a p s . h t ) ,  ( h t t p : / /
www.capecodgroundwater.org/pals.htm). The 
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preferred format is to select a shoal station (<3 m 
depth), a mid-depth (3-10 m) and deep (>10 m) 
station on a transect line towards the center of the 
pond. A minimum of two sampling stations should 
be established in each impoundment. Small, 
shallow ponds (<10 acres) may have just two shoal 
stations to represents spawning and nursery habitat. 
Large impoundments (>100 acres) may require 
additional stations. Project resources and the size, 
shape and bathymetry of the waterbody will 
influence station selection. Shallow stations (<3 m 
depth) should be sampled at 0.3 m from the surface 
and 0.5 m from the bottom. Stations with depths of 
3 to 10 m should have an additional mid-water 
column sample. Stations with depths >10 m should 
have a fourth water column sample. The additional 
water column samples should follow intervals of 
3.0 m (3, 6, 9, 12 m) depending on water depth and 
be sampled consistently once established. The 
added measurements in deeper lakes should allow 
the characterization of the thermocline.  
 
 Sampling Period and Frequency.  Water 
chemistry measurements should be made at the 
targeted lake or pond during the months when adult 
spawning and juvenile growth occurs. The period of 
May-September should be sampled to capture worst 
case water quality during the spawning and nursery 
season. Water quality is typically not a concern for 
May but it is an important month for spawning 
activity and passage limitations could exist. A 
monthly sample should be targeted for the second 
or third week of the month during May-September.  
 
 Water Quality Parameters.  Basic water 
chemistry parameters will be compared to 
MassDEP’s SWQS and river herring biological 
requirements (see Reference Conditions) to 
determine if the waterbody is suitable for 
supporting spawning and juvenile growth. The 
following parameters should be recorded: water 
temperature, specific conductivity, pH, dissolved 
oxygen (DO), turbidity, depth, and secchi disc. 
Water chemistry sampling should follow SOP 
Section 2.0 for YSI sondes. If other instruments are 
used, differences in protocols should be 
documented in SOP appendices. See Lakes and 
Ponds (Optional) for discussion on sampling 
nutrients and other parameters.  
 
 Passage Impediments.  River herring depend on 
adequate upstream passage for spring spawning 
runs and downstream passage for juveniles 
migrating to marine waters later in the season. In 

most MA rivers the migration path for adult river 
herring during their spring spawning run is 
documented (Reback et al. 2004a-d) and spring 
flows are not a limiting factor to migration success. 
The focus for passage assessment for a majority of 
projects will be the emigration of juveniles in the 
summer and fall. The onset of juvenile emigration is 
usually the early summer, although juveniles will 
exit with much variability until late fall (Kosa and 
Mather 2001; Yako et al. 2002; Iafrate and Oliveria 
2008). The point of spawning habitat entry/exit 
(outlet) should be inspected with each site visit to 
assess passage potential. The migration path 
downstream of the outlet should be reviewed 
(Reback et al. 2004a-d) and surveyed by foot or 
boat if the reach is unfamiliar to program 
participants.  Obstructions that impede passage 
downstream of the outlet should be identified and 
added as sampling stations as necessary.  
 
 A sampling transect should be designated at the 
outlet (top fishway step or structure that acts as a 
hydraulic control).  Water surface width (± 5 cm) 
and depth (± 1 cm) should be measured at the 
transect. Depth should be recorded at a minimum of 
three locations (25, 50 and 75% of stream width) on 
the transect with additional measurements every 
meter of channel width for wider channels (> 5 m).  
The exit flow and water level of the impoundment 
should be assessed with each visit.  Discharge data 
from a nearby USGS streamflow gage should be 
recorded if available.  A location should be selected 
next to the upstream side of the outlet to measure 
relative staff height (± 1 cm) from the water 
surface.  If water flow is exiting the impoundment, 
measure flow depth (± 1 cm) over the control 
structure and minimum mid-channel water depth (± 
1 cm) in the reach below the outlet. The minimum 
water depth recommended by MarineFisheries for 
adult river herring is 6 inches (15.2 cm).  Water 
velocity is an important measurement for river 
herring passage at restrictions; however, due to 
limited instrument availability it is an optional 
feature of this SOP.   
 
 In addition to physical measurements, BPJ 
observations should be recorded on the potential for 
successful passage in Form 4.1.  The Fish Passage 
and Stream Flow observations listed in Form 4.1 are 
designed to indicate if it is possible for adult river 
herring to safely migrate upstream to spawning 
habitat and juvenile river herring safely migrate 
downstream from nursery habitat.  The BPJ 
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classifications are further described in this section 
under Assessment Criteria.   
 
 Spawning Substrate.  A wide range of spawning 
substrate is used by river herring for depositing 
eggs (Pardue 1983; Bozeman and Van Den Avyle 
1989; O’Connell and Angermeier 1997).  Fertilized 
eggs are demersal and adhesive for 24 hours and 
will stick to any surface encountered.  After 24 
hours the eggs become non-adhesive and hatching 
typically occurs within 3-4 days.  Depending on the 
river system, there can be spatial overlap or 
isolation in spawning habitat use for the two 
species.  Generally, blueback herring spawn in 
swifter flow than alewife where hard bottom or 
larger sediments are found (Loesch and Lund 1977; 
Loesch 1987). Although preferences are not well 
documented, in New England coastal streams, 
alewife appear to target shallow fringes of 
headwater ponds where coarse sediment and gravel 
substrate may be more suitable substrate for egg 
incubation than fine sediments or dense periphyton.  
The percentage of substrate type should be visually 
estimated to the nearest 10% at each shoal water 
quality station.  The substrate observation shall be 
made at the station and can extend beyond the 
station as needed to determine a representative 
percentage of bottom cover.  The smelt egg scoop 
used in SOP 2.0 is useful for raising substrate 
samples from the bottom.  Percentages should be 
assigned on Form 4.1 for the following substrate 
types: silt (<0.06 mm diameter), sand (0.06-2.0 
mm), gravel (2-64 mm), cobble (64-256 mm), 
boulder (>256 mm), detritus, periphyton, aquatic 
moss, and vascular plants.  Because of the variety of 
spawning substrates used by river herring and the 
lack of consensus in the literature over optimal 
habitat, no substrate criteria will be selected for this 
QAPP version.  Observations on the presence of 
invasive plants and the influence of beach 
nourishment and streambank erosion should be 
recorded.  
 
 Lakes and Ponds (Optional). 
 
 Spawning Substrate.  If necessary and project 
resources are available, quantitative data can be 
obtained on spawning substrate.  Fifty meter 
transects can be set parallel to shore at shoal 
stations where six random, grab samples can be 
collected along the transect. The transect location 
should represent the typical substrate type along the 
shore next to the shoal station and will target 1-2 m 
of depth in most cases. A small bottom dredge 

should be used that collects approximately 100-200 
cm2 of substrate material.  The collected sediments 
can be measured following Wentworth’s 
classification of sediments (Nielson and Johnson 
1983) and all substrata types can be assigned a 
percentage based on volumetric measurements. This 
includes macrophytes and periphyton identified to 
the lowest possible taxa and classified as native or 
invasive.  
 
 Velocity and Discharge Measurements.  Stream 
flow data should be recorded if gages are located 
close to sampling stations in order to relate 
discharge to water depth. In the absence of gage 
stations, consideration should be given to measuring 
discharge at the outlet transect, or depending on 
available resources, recording water velocity and 
relative stage height.  Measuring velocity at the 
outlet station will be useful in cases where a 
suspected velocity barrier exists or swift flow is 
present at a fishway entrance. Water velocity at 
outlet stations should be measured at the same 
transects and locations as depth measurements.  The 
current meter should be positioned at six-tenths of 
the water depth.  Do not use automatic readings for 
instantaneous measurements of flow; instead record 
average velocity over a 40 second interval.  
Discharge measurements should follow the USGS 
midsection method described in Buchanan and 
Somers (1969).  See Section 3.0 for instructions and 
QA/QC for discharge measurements. This option is 
most applicable when all flows exit through a 
natural outlet, a single sluice or fishway and will be 
less feasible when flows are divided between outlets 
or pass over irregular spillways.  
 
 Sampling Frequency. It is acknowledged that the 
SOP 4.0 sampling design produces relatively low 
spatial and temporal coverage. If resources are 
available, consideration should be given to 
increasing the sampling frequency to two samples 
per month or deploying multi-probe water quality 
sondes to continuously log data.  These instruments 
are costly and require intensive QA/QC review (see 
Section 2.0). However, extended deployments 
during the warmest period of summer will better 
characterize water quality than five grab samples. 
Deploying these instruments at shoal stations will 
also capture daily DO cycles and the influence of 
stormwater events. Water quality is not often 
limiting to river herring life history in April and 
October; however, these months could be sampled 
if more information is needed on the onset of 
spawning or late migration. Additional water 
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column depth intervals (every m) can be sampled if 
more information on stratification is needed.   
  
 Eutrophication. Water bodies that display 
evidence of eutrophication (low DO, low water 
clarity, and high plant growth) should be sampled 
for nutrient concentrations.  Nutrient sampling is a 
high priority for this SOP, although it must be 
recognized that not all assessments will have funds 
to conduct high quality nutrient analyses.  Total 
nitrogen and total phosphorus should be sampled at 
the same stations and frequency as other water 
chemistry parameters.  If available, existing nutrient 
data from other projects in the watershed can be 
adopted to assist the habitat assessment.  The 
preferred approach would be to sample inorganic 
and organic constituents of nitrogen and phosphorus 
at locations of stream inflow and outflow and a 
shoal water quality station for each waterbody. 
These data can contribute to assessments on trophic 
status and nutrient loading. Refer to SOP Section 
3.0 for methods and QA/QC on nutrient sampling.   
 
 Food Supply.  Juvenile river herring feed on a 
variety of aquatic invertebrates, including copepods, 
dipterian midges, and cladocerns (Pardue 1983). 
Although food supply is important for nursery 
habitat, in most cases, zooplankton sampling is 
beyond the scope of the SOP. 
 
 Temperature Loggers. Continuous temperature 
loggers are a useful option in water bodies that have 
warm water approaching the water temperature 
criterion and for assessing the 7-day mean of daily 
maximum temperature. Temperature loggers can 
also provide data on fish migration influences. See 
SOP Section 1.0 for logger deployment instructions. 
Site selection in lakes and ponds will take careful 
consideration to account for inlets and outlets.  
 

Rivers 
 
 A large majority of cases where spawning 
habitat assessments are needed will involve lentic 
habitat in lakes and ponds. In some Massachusetts 
river systems, particularly with substantial passage 
alterations, there appears to be little spatial 
segregation in spawning habitat use by the two 
species. However, there is a general understanding 
that blueback herring can use spawning habitat with 
stronger currents than alewives and that alewives 
tend to spawn in lakes and ponds (Loesch and Lund 
1977; Pardue 1983; Bozeman and Van Den Avyle 
1989; Collette and Klein-MacPhee 2002). Some 

assessments may be needed where river herring 
spawn in the lotic flow of river channels. The 
monitoring objectives to assess water quality, 
passage impediments, and substrate in rivers are the 
same as with lakes and ponds. However, sample 
station selection and depth measurements will differ 
and require a case-by-case evaluation that is 
supplemented by reviewing existing knowledge and 
data on the river. River sampling will use SOP 
Sections 2.0 and 3.0 for guidance and the additional 
methods should be described in the resulting 
assessment reports.       
 

Assessment Criteria 
 
 The objective of assessing the suitability of river 
herring spawning and nursery habitat will be met by 
comparing monitoring data to quantitative criteria 
for water temperature, pH, and DO, secchi disc, and 
turbidity; and qualitative criteria on eutrophication, 
passage barriers, and stream flow. The assessment 
criteria are derived from a synthesis of the available 
scientific literature, MassDEP’s Surface Water 
Quality Standards (SWQS), US EPA nutrient 
criteria and BPJ. For most criteria, existing 
knowledge is insufficient to clearly establish 
thresholds for both blueback herring and alewife 
survival at all critical life stages. Such thresholds 
have been provided for anadromous striped bass 
(Morone saxatillis) (Hall 1991) and may be adopted 
in future versions of Section 4.0 as information 
becomes available.  
 

Reference Conditions: for Quantitative 
Classifications. 

 
 Nutrients.  The US EPA’s Nutrient Criteria 
Technical Guidance Manual for Lakes and 
Reservoirs (US EPA 2000c) recommends several 
statistical approaches for developing nutrient 
criteria for total phosphorus (TP), total nitrogen 
(TN), chlorophyll a (chl a), and secchi disc. In the 
absence of data on minimally impacted (reference) 
conditions for protecting designated uses, US EPA 
recommends using the lower 25th percentile of the 
distribution of measured variables from a 
population of lakes and ponds within a region. The 
25th percentile serves as a threshold between 
minimally impacted and degraded locations. The 
US EPA has generated reference conditions using 
the median of the four seasonal 25th percentiles for 
all lakes and ponds sampled in the Northeastern 
Coastal Zone (Ecoregion 14, sub-region 59; US 
EPA 2001). When available, nutrient data will be 
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compared to these thresholds (Table 4.1) to assist 
habitat assessments. In addition, independent 
reference conditions will be calculated using field 
data from all ponds (25th percentile) once an 
adequate number of Section 4.0 assessments have 
been conducted. These data will also contribute to 
the development of designated use criteria related to 
river herring spawning and nursery habitat.    
 
 P h y s i c o - C h e m i c a l .  T h e  U S  E P A 
recommendations for nutrient criteria do not include 
criteria for water chemistry response variables such 
as DO and pH. For this QAPP version, thresholds 
for habitat designations will be adopted using the 
scientific literature on river herring and guidelines 
from MassDEP’s SWQS on temperature, DO, and 
pH (Class B Warm Water Fishery). These 
thresholds along with other variables related to 
migratory, spawning, and nursery habitat will be 
refined in future versions as the state of knowledge 
on this topic improves. Reference criteria are 
presented in Table 4.1 and discussed in the 
following paragraphs. 
 
 Water Temperature.  Reported critical 
temperatures for river herring are inconsistent and 
do not fully describe all early life history concerns. 
Optimal spawning temperatures were assumed to be 
15-20 ºC for alewife and 20-24 ºC for blueback 
herring (Pardue 1983). Kellog (1982) reported that 
hatching success for alewife eggs declines sharply 
at 26.7-26.8 ºC and that larval and juvenile survival 
is supported at higher temperatures. Alewife 
temperature preferences have been reported as 26.3 
ºC for larvae (Kellog 1982) and 19-25 °C for 
juveniles (Otto et al. 1976).  A more recent study on 
the survival of embryonic alewife (24 hours post-
fertilization) found maximum survival of alewife 
eggs occurred from 13-15 °C and that mortality 
increased significantly above 18 °C (O’Keefe and 
Skomal 2005).  
 
 The application of water temperature criteria for 
river herring is difficult because four life history 
stages of two species occur during a wide range of 
temperatures. For example, Kellog’s (1982) optimal 
temperature for alewife larvae growth is >10 ºC 
warmer than peak spawning periods.  This SOP will 
adopt three temperature criteria to account for 
different life stages and the uncertain status of the 
available information on this topic. The 
Massachusetts SWQS water temperature criterion 
(Class B) of ≤28.3 ºC for support aquatic life in 
warm water fisheries will be used for the nursery 

period of July-October.  The cold water fishery 
SWQS of ≤20 ºC for the seven-day mean of daily 
maxima will be used for the spawning months of 
May and June when temperature logger data are 
available. Lastly, 26 ºC was identified as an upper 
threshold for suitable temperature ranges for 
alewife egg hatching (Kellog 1982) and for 
blueback herring prolarva (Klauda et al. 1991). 
Based on these scientific citations and a review by 
Greene et al. (2009), ≤26 ºC will be adopted as 
suitable for river herring early life history during 
May-June.       
 
 Water pH.  The acidification of surface waters is 
a recognized ecological concern for aquatic 
resources and fish populations (Haines 1981). 
Environmental acidification has been linked to the 
elimination of anadromous populations and chronic 
poor recruitment of anadromous fish in North 
America. The disruption of ionoregulation in gill 
tissues is a primary cause of death related to low pH 
levels. Studies on blueback herring from 
Chesapeake Bay tributaries provide survival data 
that can be used to establish thresholds (Klauda and 
Palmer 1985; Klauda et al. 1987). Fertilized 
blueback eggs were more tolerant of acidity than 
yolk-sac larvae and had the following mortality 
rates during static pH treatments with no aluminum: 
69% at 5.0 pH, 7% at 5.7 pH, 7% at 6.5 pH, and 6% 
at 7.8 pH. The same treatment for yolk-sac larvae 
resulted in the following mortality rates: 99% at 5.0 
pH, 89% at 5.7 pH, 38% at 6.5 pH, and 16% at 7.8 
pH. Mortality increased with higher concentrations 
of aluminum and increasing duration of exposure. 
The overall trend for yolk-sac larvae was rapidly 
improving survival at ≥6.5 pH and declining 
survival below 6.5 pH. The SWQS for pH in Class 
B waters is within the range of 6.5 – 8.3 pH. High 
pH values are associated with eutrophication and 
can be related to ammonia toxicity to aquatic life. 
The SWQS pH range is adopted as suitable  for 
river herring spawning and nursery habitat. Values 
outside the range will be assessed as impaired.   
 
 The adverse effect on fish health of increasing 
hydrogen ions can be augmented by the 
mobilization of metal ions (Haines 1981). 
Increasing aluminum concentrations will increase 
fish egg and larvae mortality in low pH water. 
Klauda and Palmer (1985) also demonstrated higher 
tolerance of blueback eggs and larvae to episodic 
exposure to low pH and rapidly increasing mortality 
when exposure duration exceeded 24 hours. In most 
cases, the analysis of metals in surface waters and 
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continuous pH measurements will be beyond the 
SOP scope. In addition to taking discrete pH 
measurements, existing information for each 
waterbody should be reviewed for data trends in pH 
and metal ion concentrations.       
 
 Dissolved Oxygen.  Dissolved oxygen 
concentrations in water are highly influenced by 
temperature and biological processes, resulting in 
seasonal and diurnal cycles. Eutrophied water 
bodies can display DO fluctuations that become a 
threat to aquatic organisms. Plants produce DO 
during daylight photosynthesis. At night, they 
consume DO and produce carbon dioxide. 
Therefore, the lowest DO occurs just before sunrise 
and supersaturation can occur later in the day. 
Critical swings in DO concentration can occur 
during the warmest summer days when high algal 
growth reduces DO at night to low levels that may 
remain suppressed during hazy or cloudy days. 
Seasonal and daily depression of DO is a major 
concern for degrading river herring habitat; as 
severe conditions can result in widespread fish 
mortality.    
 
 Specific tolerances of different life stages of 
river herring to DO concentrations are not well 
described. Water temperature is critically linked to 
the influence of DO on river herring survival. 
Rising temperature reduces the capability of water 
to maintain DO concentrations. Bozeman and Van 
Den Avyle (1989) reported experiments of river 
herring exposed to hypoxic conditions: mass 
mortalities of juvenile blueback herring were 
documented with DO at 3.6 mg/L at 27.6 °C; 
however, limited survival was observed with short-
term exposure below 3.0 mg/L. The Massachusetts 
SWQS for DO is ≥5.0 mg/L for Class B waters. A 
habitat requirement of 5.0 mg/L was adopted for 
striped bass larvae and juveniles following findings 
that egg survival could occur with DO <5.0 mg/L; 
however, the incidence of deformed larvae and egg 
mortality increased with hatching <4.0 mg/L (Hall 
1991). Given the available references, DO <5.0 mg/
L will be designated as impaired and DO levels 
above will be designated as suitable.  
 
 Dissolved oxygen concentrations in a given 
waterbody can have substantial variability due to 
changes in temperature, precipitation and wind 
direction. Changes in environmental conditions can 
diminish the capability of monthly monitoring to 
assess the suitability of DO concentrations for 
supporting aquatic life. Another condition to 

consider is the effect of thermal stratification that 
naturally occurs in deeper lakes and ponds during 
the summer. Deeper lakes begin to stratify in the 
early summer. The upper layer (epilimnion) 
becomes separated from the lower layer 
(hypolimnion) by a thermocline often near 4-6 m. 
The epilimnion continues to warm as summer 
progresses and remains oxygenated due to surface 
disruption and photosynthesis. The hypolimnion 
becomes hypoxic or anoxic as bacteria in bottom 
sediments consume oxygen. This zone becomes 
poor habitat for fish until the stratification breaks 
down with increased wind in autumn. The presence 
of hypolimnetic anoxia is problematic for DO 
classifications because it is a natural and common 
occurrence in productive lakes and ponds.  
 
 DO Criterion Exception. MassDEP provides DO 
guidance on designations for Aquatic Life when 
excursions from the criterion are infrequent or for 
the presence of a hypoliminion in stratified lakes. 
For rivers or shallow lakes DO exceedances up to 
10% of the representative samples will allow a 
Support classification. The MassDEP guidance for 
deep lakes with a hypolimnion is dependent on the 
surface areas of stratified lake layers. For this 
QAPP version, the exceedance allowance of ≤10% 
will be used for all DO measurements at all depths 
excluding the bottom measurement in stratified 
lakes. Hypolimnetic anoxia naturally occurs in 
deeper lakes and should not trigger an impaired 
classification without additional criteria violations. 
In assessment reports for stratified lakes, the depth 
of the epilimnion boundary shall be identified and 
the bottom DO measurements will be reported with 
discussion on the influences of seasonal climate 
variations and stratification.     
 
 Secchi Disc.  Secchi disc is an easily retrieved 
measurement of water clarity and indicator of water 
quality that has been used around the world for 
decades. The measurement is most influenced by 
suspended plankton and inorganic particles. Of the 
parameters that presently have US EPA 
recommended criteria, only secchi disc is set to the 
75th percentile of the data distribution. This is 
because secchi disc measurements increase with 
greater water clarity. The US EPA secchi disc 
criterion for subecoregion 59 is 4.9 m, representing 
the 75th percentile of all sampled lakes. This high 
water clarity is not likely for many small 
Massachusetts lakes and ponds during the river 
herring spawning and nursery season. The secchi 
disc criterion for subecoregion 84 (including Cape 
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Cod) is 2.0 m; a value that represents a more likely 
threshold for degraded water quality. MassDEP has 
a SWQS threshold of 1.2 m secchi disk 
transparency under the designated use of Primary 
Contact Recreation. Until river herring assessment 
data can be accumulated to develop an independent 
reference for secchi disc, the subecoregion 84 
criterion will be adopted for this SOP, and the 
subecoregion 59 and MassDEP criteria will be used 
as a comparative range of water clarity.     
 

Best Professional Judgment: for Qualitative 
Classifications. 

 
 Eutrophication.  Eutrophication is the response 
to excessive nutrients that a waterbody undergoes as 
it moves towards a highly productive trophic state. 
Relationships between causal factors of 
eutrophication and biotic and abiotic responses are 
not well defined. Consequently, quantitative criteria 
on eutrophic thresholds are not well developed and 
receiving much research interest presently. A 
detailed analysis of the trophic state of freshwater 
habitats is beyond the scope of Section 4.0. Instead, 
river herring assessments will use the US EPA 
Ecoregion recommendations for TN and TP when 
those measurements are available and otherwise 
record qualitative symptoms of eutrophication using 
BPJ. Presently, the Massachusetts SWQS do not 
contain nutrient criteria, although it encourages the 
development of site-specific criteria.   
  
 Common symptoms of chronic nutrient 
enrichment include: reduced DO, reduced water 
clarity, and increased phytoplankton, periphyton 
and macroalgae growth. Seasonal hypolimnetic 
anoxia can enhance eutrophication as anoxic 
sediment can release ammonia and orthophosphate. 
Severe eutrophic conditions can cause fish kills and 
alterations in natural communities of flora and 
fauna. A BPJ assessment will be made with each 
site visit using the following indicators: high 
nutrients, low DO, high pH, high turbidity, low 
secchi disc depth, and high periphyton or 
macrophyte growth. Plant growth on substrata and 
water column will be assigned a percent coverage to 
the nearest 10%. Plant growth coverage of ≥50% in 
combination with one or more violations of 
quantitative criteria (high pH, low DO, low clarity) 
will result in an impaired classification. Plant 
growth coverage of <50 to ≥25% in combinations 
with at least two criteria violations will also result 
in an impaired classification for that visit. Habitat 
assessments that lack these violations will be 

classified as suitable. For assessments with TN and 
TP data, the seasonal median will be compared to 
US EPA eutrophication criteria. Independent of BPJ 
observations, an impaired classification will be 
applied if the seasonal median exceeds the Table 
4.1 criteria for nutrients.  
 
 Trophic Index (Option).  Water quality indices 
can be a useful tool for assessing the trophic status 
of a waterbody. Carlson’s Trophic State Index 
(Carlson 1977) uses measures of TP, chl a and 
secchi disc to classify the trophic state of lakes and 
ponds. Eichner et al. (2003) recently applied 
Carlson’s index to assess Cape Cod ponds. In lakes 
and ponds where data from previous or ongoing 
assessments are available, it is recommended that 
Carlson’s index be generated and used to classify 
lakes and ponds by trophic status as adopted in US 
EPA (2000c)  
    
 Passage Impediments.  With each visit, an 
assessment should be made of the condition of the 
spawning/nursery habitat outlet and any 
downstream barriers. The physical dimensions of 
flow over the outlet should be recorded. Field staff 
should classify the outlet type (dam, culvert, 
natural, fishway, flume, sluiceway, other) and 
record the presence (Yes/No) of impediments to 
upstream or downstream passage on Form 4.1. If 
“Yes is recorded, then the type of impediment 
should be recorded from the list below:  
 

1.  Excess vertical rise at outlet. 
2.  Excess water velocity at outlet. 
3.  High turbulence or irregular flow at outlet. 
4.  No flow at outlet. 
5.  Shallow water depth for passage (<6”). 
6.  Debris blocking passage. 
7.  Beaver dam blocking passage. 
8   Vegetation blocking passage. 
9.  Attraction flow for passage is inadequate. 

 
 These observations should be recorded on Form 
4.1.  The table for Fish Passage in Form 4.1 
accounts for upstream (adult river herring) and 
downstream (passive emigration of adults and 
juveniles) passage.  Once these observations have 
been recorded, BPJ should be used to assign one of 
the following designations for immigration and 
emigration for each visit: impaired, suitable, 
optimal and unsuitable.  
 
 The basis for optimal (no barriers or 
impediments) and unsuitable (passage is not 
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possible) classifications will be readily apparent.  
The separation of impaired and suitable will require 
professional experience with fish passage and for 
this QAPP version rely on determinations made by 
MarineFisheries staff.  For example, the BPJ 
classification of impaired would be applied in cases 
where upstream migration is limited by high 
fishway entrance velocity or a shallow, craggy 
channel substrate that does not prevent passage, but 
causes inefficient passage and physical damage to 
adult herring (scale loss).  The same would apply 
for cases when low flow and absence of plunge pool 
causes mortality to some but not all emigrating 
juveniles.  For the Fish Passage classification, 
MarineFisheries staff should be providing the 
monthly assessments or be called in by program 

participants to view the impediments and provide a 
seasonal classification. 
  
 Stream Flow.  Decreased stream flow can reduce 
the quality and quantity of both spawning and 
nursery habitat.  Juvenile growth can be impaired 
through negative influences on food sources and 
mortality can increase through increased predation 
and entrapment in dewatered reaches during 
emigration.  In many cases, the assessment of 
stream flow will be linked with passage 
impediments because low flow prevents passage 
over an obstruction. A separate criterion for stream 
flow is needed for cases when habitat impairment or 
suitability resulting from stream flow is 
independent of an obstruction. Additionally, 

 
Table 4.1   Physical, Chemical and Biotic Criteria used for Reference Conditions and Best Professional Judgment Clas-
sifications at River Herring Spawning and Nursery Habitat.    [The water chemistry parameters relate to Massachusetts 
Class B SWQS for protecting Aquatic Life (MassDEP 2007), and US EPA reference conditions for the Northeast 
Coastal Zone sub-ecoregion 59, with the exception of subeco-region 84 (includes Cape Cod) for secchi disc (US EPA 
2000c).  Additional references (75th percentile), variables and criteria (optimal, unsuitable) may be developed following 
the application of projects under Section 4.0.]   

  
Variables 

  

  
Suitable 

(SWQC or BPJ) 

  
Minimally Impacted 

(25th percentile) 

  
Notes/Source 

  
REFERENCE       
Temperature (ºC ) 
  (July-Oct.- nursery) 

≤ 28.3   Maximum limit (MassDEP 2007) 

Temperature (ºC ) 
 (May/June spawning) 

≤ 20.0 (7-day mean)   7-day mean of daily max. from log-
ger data (MassDEP 2007) 

pH 
  

≥ 6.5 to ≤ 8.3   (MassDEP 2007) 

DO (mg/L) 
  

≥ 5.0   (MassDEP 2007) 

Secchi disc (m) 
  

  ≤ 2.0 75th percentile; EPA Ecoregion 14, 
sub-84 (US EPA 2000c) 

Turbidity (NTU) 
  

  ≤ 1.7  (rivers only) EPA Ecoregion 14, sub-59 
(US EPA 2000b) 

TN (mg/L) 
  

  ≤ 0.32 EPA Ecoregion 14, sub-59 
(US EPA 2000c) 

TP (ug/L) 
  

  ≤ 8.0 EPA Ecoregion 14, sub-59 
(US EPA 2000c) 

Chlorophyll a (ug/L) 
 (Fluorometric) 

  ≤ 4.2 EPA Ecoregion 14, sub-59 
(US EPA 2000c) 

QUALITATIVE       
Fish Passage 
  

BPJ  Section 4.0 

Stream Flow 
  

BPJ   Section 4.0 

Eutrophication 
 

BPJ   Section 4.0 

Temperature (ºC ) 
(May/June spawning) 

≤ 26.0   Scientific literature and BPJ  
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documented observations will be useful for cases 
where stream flow would be ample to support 
habitat requirements in the absence of an 
obstruction. Stream flow indicators should be 
recorded in Form 4.1 and BPJ should be used to 
assign one of the following designations for the 
influence of stream flow on spawning, nursery, and 
migratory habitat: impaired, suitable, and 
unsuitable (no flow to support passage). Higher 
flows that contribute to velocity barriers will not be 
considered impaired; however, the structure that 
causes the condition is likely to be flagged as 
impaired under Fish Passage.   
 
 Assessment Reporting. River herring spawning 
and nursery habitat assessments will be drafted by 
MarineFisheries staff following two seasons of 
monitoring.  If sufficient data is collected, the 
waterbody will receive designations based on a 
comparison of the sampling results to reference 
condition and BPJ classifications.  The assessments 
should be brief.  For example, water bodies with 2-3 
monitoring stations and one passage barrier should 
require only 4-5 pages for reporting. All data will 
be available for use by project partners.  
Assessments reports will be posted on the 
MarineFisheries website, http://www.mass.gov/
dfwele/dmf, for any interested party to retrieve.   
 
 Classification Guidance.  The following 
guidance shall be applied for habitat classifications. 
Final classifications will be assigned for each of the 
four reference parameters (water temp., pH, DO, 
and secchi disc), and three BPJ classifications 
(Eutrophication, Fish Passage and Stream Flow). If 
available, the same will apply to optional reference 
conditions (turbidity, chl a, TN, and TP). For 
example, a waterbody can be classified as suitable 
for DO and impaired for Fish Passage. MassDEP 
allows the classification of support for Aquatic Life 
Uses when infrequent excursions occur for some 
parameters. In certain cases, MassDEP allows 10% 
of the representative samples to exceed the criteria 
for water temperature and DO. A similar approach 
will be adopted for this SOP. If ≤ 10% (or ≤1 
exceedance for small sample sizes, N = 5-9) of the 
respective samples at the primary transect stations 
exceed the MassDEP criteria for water temperature, 
pH and DO a suitable classification will be applied. 
Exceedances >10% (or >1 exceedance for small 
sample sizes, N = 5-9) for May-September 
sampling will trigger an impaired classification. 
Nutrient classifications will be made strictly by 
comparing the parameter median value to US EPA 

nutrient criteria. No excursions are allowed for 
Optimal and unsuitable classifications, although for 
this QAPP version, optimal and unsuitable 
conditions for river herring are not well defined by 
existing knowledge and will only be applied for 
Fish Passage and Stream Flow.    
 
 Equipment List. 
 
 1.  Multi-probe water quality instrument (see  
      Section 2.0 of Standard Operating Procedure     
     for YSI 6-Series Multi-Probe Instruments).   
 2.  Secchi disc. 
 3.  Measuring tape. 
 4.  Meter stick. 
 5.  Gravel scoop attached to broom handle or  
     telescoping pole for sediment grab. 
 6.  Handheld GPS unit. 
 7.  Canoe or skiff with anchor and life vests for  
     each passenger.  

8.  Water current meter: either Pygmy style 
meter for low flow and depth or Price style 
meter for flows >0.25 cfs and depths >0.5 ft. 

 9.  Camera (all passage structures and outlets  
     should be photographed).   

 
Quality Control and Assurance 

 
 Quality control and assurance protocols will be 
applied for basic water chemistry and stream flow 
data collections, and if applicable, to water nutrient 
samples. The QA/QC review will depend on 
performance criteria that target indicators of 
accuracy and precision. The analysis of pre and post
-deployment calibration data will evaluate accuracy 
for basic water chemistry measurements. Precision 
will be evaluated with the analysis of the similarity 
of replicates (field samples, laboratory, field and 
blanks) for any water chemistry collections. Each 
data collection will also be subject to an outlier 
review. 
 
 Data Quality Objectives.  Data quality objectives 
will be specified for each water quality parameter 
and evaluated primarily through analysis of data 
accuracy and precision. Water quality data within 
the accuracy range specified by YSI for each 
parameter should be attainable with accurate and 
consistent calibrations. Refer to Table 2.2 of 
Section 2.0 for specifications on resolution, range 
and accuracy for YSI sonde parameters and Table 
3.2 in Section 3.0 for data quality objectives for 
sonde parameters and nutrients. The data quality 
objectives should be monitored by conducting and 
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reviewing pre-deployment and post-deployment 
calibrations. The precision of sensor measurements 
shall be monitored in the field and during laboratory 
calibrations by recording the relative percent 
difference [RPD = (difference of two consecutive 
readings/average of two consecutive readings) 
x100]. Data quality objectives for Eutrophication 
(except when nutrient data are available), Stream 
Flow, and Fish Passage criteria will be undefined 
for this SOP version because these qualitative 
criteria are presently based on BPJ.  
 
 Water Chemistry. 
 
 Basic Water Chemistry. All instrument handling, 
calibration, and calibration data review procedures 
are outlined in Section 2.0. Only procedures 
specific to collecting water chemistry samples for 
Section 4.0 are listed here. One duplicate sample 
will be collected at the surface from one transect 
station at each waterbody during each sampling trip. 
The RPD will be calculated from the duplicate and 
will serve as the field precision measurement for 
that sampling trip. The sonde will be positioned at 
the surface (depth sensor reading approximately 0.3 
m) for the duplicate sample and allowed to 
acclimate for 5-10 minutes. A measurement will be 
saved, followed by the second measurement after 
two minutes. The first measurement will be 
recorded as the sample, and second measurement 
will be used only for QA/QC evaluations. 
 
 All duplicates that have a RPD ≤5% will be 
accepted. A seasonal mean will be calculated for the 
daily parameter measurements with RPD ≤5%. A 
warning limit of ±3 SD from the seasonal mean will 
be used to flag potential outliers. All duplicates with 
RPD >5% will be classified as Conditional data and 
reviewed graphically for outliers. Outliers and 
replicates with that are >3 SD from the seasonal 
mean should be Censored. All calibration data 
should be evaluated to determine if sensor 
performance was responsible for the censorship of 
precision samples.     
 
 Turbidity Exception.  Turbidity measurements 
are subject to interference from suspended objects 
and will show natural variation in stream flow.  
Also, base flows can have low NTU values where 
minor differences of low values can cause high 
RPDs. This is a function of proportional statistics 
and not necessarily related to precision. Therefore, 
turbidity quality control will follow different 
warning and control criteria. The warning criterion 

for turbidity is raised to 25% RPD. Duplicates with 
RPD >25% will be classified as Conditional data 
and reviewed as outliers. Outliers that exceed the 
seasonal mean by >3 SD, will be Censored. 
Individual replicates will also be Censored if they 
vary from their duplicate by 3x while exceeding the 
seasonal mean by >2 SD.  
 
 Depth Measurements.  Depth is the only YSI 
parameter that can be calibrated in the field.  The 
depth sensor can be calibrated by positioning the 
sonde at the water’s surface and entering a 
calibration value of 0.0 m.  Surface measurements 
should target 0.3 m of depth by positioning the 
sonde cable connector at the water’s surface. 
Bottom measurements should be approximately 0.5 
m from the bottom. Using cable tension, the user 
should find the bottom and record the bottom depth 
at each station. The sonde should next be raised up 
0.5 m to avoid suspension of bottom sediments. 
Monitoring turbidity during the 10-minute 
acclimation period will confirm independence from 
the bottom.     
 
 Stream Flow Data.  Price current meters used by 
MarineFisheries do not allow user calibration. An 
accuracy check shall be conducted each week to be 
sure the bucket wheel is operating according to 
manufacturer’s specifications. The bucket wheel 
must spin freely without vibration for at least 1.75 
minutes. If the current meter fails two consecutive 
spin checks, it should be serviced as instructed in 
the operation manual prior to field use. Other types 
of current meters used by project partners should be 
documented in a QAPP appendix and tested weekly 
according to manufacturer specifications to confirm 
proper performance. Similarly, precision checks are 
difficult for a single current meter. This is because 
true differences in water velocity can be expected 
over small spatial and temporal scales in turbulent 
riffles. At each flow transect station a single 
duplicate measurement should be made at one flow 
cell. All duplicates with RPD <10% will be 
accepted.  Values that exceed 10% RPD will be 
classified as Conditional with no further action 
other than diligent maintenance and spin checks.   
 
 Nutrients.  Nutrient sampling is an optional 
component of Section 4.0. It is expected that some 
assessments will not have the resources to sample 
nutrients. However, eutrophication is a substantial 
threat to aquatic habitats that should be evaluated 
when possible at watersheds where baseline 
information is lacking. Nutrient sampling should be 
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conducted at the same stations used for basic water 
chemistry measurements. Refer to Environmental 
Data in Section 3.0 for guidelines on nutrient 
sampling and QA/QC procedures. 
     
 Project and Data Management. 
 
 SOP Training.  At the start of each waterbody 
assessment, the MarineFisheries QA/QC analyst 
will train project partners on all aspect of field data 
collection and accompany project partners on at 
least the first assessment trip to continue hands-on 
training.   
 
 Chain of Custody.  In the absence of nutrient 
analysis at an external laboratory, all data will be 
recorded in the field on Form 4.1. The project 
manager for each assessment is responsible for 
maintaining a file for all field data sheets. Nutrient 
sampling will require a separate chain of custody 
form (Form 3.2).  
 
 Data Documentation.  A separate Form 4.1 will 
be used for each sampling trip.  The project 
manager will maintain a file for each assessment 
project and supervise the entry of the data into an 
annual Excel datafile for each location. Sampling 
stations should be labeled with a unique two or 
three letter/one number code (ex. SL-1) and the 
position should be recorded with GPS.  
 
 Database Management.  Data files will be saved 
on the common server (W:\) and back-up files will 
be saved on primary server (P:\) of the Database 
Manager. The data classification will be updated by 
the QA/QC Analyst and care should be made to 
ensure the back-ups are consistent with the primary 
files. Once all possible review is completed and 
data has received a Final classification, the annual 
river datafile will be saved as read-only files in both 
the primary and common server.  
 
 Datafile Classification.  The QA/QC Analyst 
should review the data and classify the QA review 
status and data status using the classes listed below. 
The QA status classes refer to the review stage for 
the entire datafile. The data status classes refer to 
the status of data under the QA review.      

 
 

QA/QC Status 
 

1.  Draft. Data processing is in progress, and  
     QA/QC has not been conducted. 

 
2.  Preliminary. Data processing is complete,  

but QA/QC is not complete. Data can be used 
for internal project summaries. 

 
3.  Complete. All data processing and QA/QC  
 review is completed.   

 
Data Status 

 
1.  Preliminary. Data have been entered from  

field sheets or downloaded but QA/QC review  
is not complete. 

 
2.  Censored. Data are eliminated because of  
 instrument failure or QA/QC performance. 
 
3.  Conditional.  Data are fully audited and QA is  

complete, but have deficiencies that are 
documented and may limit use. 

 
4.  Final. Data are fully audited, checked and  
 acceptable. 
 

Maintenance 
 
 Storage and Transportation. During the 
sampling season, instruments should be transported 
and stored in a carrying case. The case should be 
cushioned to prevent movement of the sonde during 
transport. The probes should be protected in the 
calibration cup with a third volume of tap water. 
After each use, the sonde (with calibration cup 
attached) and display unit should be allowed to air 
dry on the bench top. After each marine 
deployment, all components should be cleaned with 
tap water. On a weekly basis, the carrying case 
should be dried out and the cable should be dried 
out and re-coiled. Cables should be carefully hand-
coiled to loops no smaller than 1 ft diameter to 
reduce memory and the potential for kinking. 
 
 With-in Season.  It should not typically be 
necessary to remove probes from sonde during with
-in season maintenance for freshwater deployments. 
A test-tube brush or toothbrush is suitable for 
dislodging sediment and organic deposits. The 
probes can be soaked briefly in warm, soapy water 
prior to cleaning.  With each cleaning between long
-term deployments inspect conductivity ports, DO 
anodes, and the glass bubble of pH probe and refer 
to YSI operational manual for specific cleaning 
instructions. Wiper pads should be removed and 
cleaned (or replaced) following each long-term 
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deployment. The membrane for DO sensor #6562 
should be inspected at each weekly calibration to 
ensure it has not been worn or breached and should 
be replaced routinely every 3-4 weeks.    
 
 Annual Maintenance.  At the end of the 
sampling season, remove all probes and clean o-
rings. Probes should be cleaned and stored dry, 
except the DO probes should be stored in tap water, 
and the pH probe stored in 2 M KCL. The pH 
probes can be stored for a month or less in tap 
water, but never in distilled water and should not be 
allowed to dry out. When probes are re-installed for 
the start of the sampling season, replace o-rings if 
needed and lubricate all o-rings with a light 
application of silicon grease. 
 

Technical Notes 
 
 Secchi Disc.  Secchi disc depth is an easily 
measured parameter that has been used for decades 
around the world as a measure of water clarity and a 
relative indicator of waterbody health.  The depth of 
secchi disc measurements can provide information 
on light attenuation, suspended particles, and 
plankton production. When possible, secchi disc 
depth should be recorded on the leeward and shady 
side of the boat or platform used by field staff. It is 
recognized that there will be occasions when it is 
not possible to record the measurement out of direct 
sunlight. These measurements can have increased 
visibility over a cloud cover or shaded condition. 
For these situations there is not much that can be 
done other than make a note on the conditions. The 
measurement recorded will be the average of the 
ascending and descending depths at which the disc 
cannot be seen. Because of varying eyesight among 
users, the same user should take all secchi disc 
measurements on a given sample trip, and if 
possible, for the entire season.   
 
 Dissolved Oxygen.  The users of this QAPP 
should be aware that DO concentrations in water 
can vary dramatically throughout the day due to 
diurnal dynamics involving photosynthesis, 
respiration and temperature changes. Monthly grab 
samples taken at different times of the day can lead 
to biased average DO values for a waterbody. 
Continuous measurements are the only means to 
fully characterize DO trends throughout the warm 
months of the assessment period. It is recognized 
that continuous measurements will not be possible 
for most projects. Consideration should be given to 
deploying continuous water chemistry loggers in 

water bodies where grab samples identify DO 
concerns but result in marginal designations. 
Another DO topic for consideration is the use of 
profile sampling at each meter interval of depth to 
gain better resolution of water column stratification. 
This sampling approach is time consuming and 
won’t be compatible with the present SOP 4.0 
sampling design at lakes and ponds. Profile 
sampling should be considered for specific 
applications that have few sampling stations and for 
future versions of this QAPP.  
  
 Water pH.  Water pH is a measure of hydrogen 
ion concentration in water as an indicator of acidity. 
The negative log of hydrogen ion concentrations are 
reported as standard units (SU).  Water pH at 7.0 is 
neutral, while values below 7.0 are acidic and 
values above 7.0 are basic. The pH of rainwater 
when at equilibrium with carbon dioxide is typically 
5.65. Natural buffering in waterbodies tends to raise 
pH above the acidity contributed from rainfall. 
Aquatic plants take up carbon dioxide and hydrogen 
ions during photosynthesis. This process increases 
pH values in ponds, particularly in ponds with 
elevated productivity.    
 
 Global Positioning Systems Data.  Projects 
should only use GPS units that report on the 
accuracy of measurements and should document the 
spatial accuracy when data are saved. DMF staff 
presently use a Garmin GPSmap76 recording 
decimal degrees under datum NAD83.    
 
 Environmental Data.  Daily and monthly 
precipitation and monthly average air temperature 
should be recorded during the assessment period 
from a nearby weather station accepted by the 
NOAA’s National Climatic Data Center, http://
www.ncdc.noaa.gov/oa/ncdc.htm. Monthly NCDC  
data during assessments should be compared to long
-term station averages and departure of normal for 
precipitation and temperature in the assessment 
report.  
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River Herring Habitat Assessment:   Field Data Sheet (Form 4.1)

Location: Organization:
Date: Field Crew:

STATION
Max. Depth

Name Latitude Longitude Type (m) Notes

EQUIPMENT
Calibration Calibration

Name Type (Y/N) (Date) Notes

WATER CHEMISTRY
  Water Water Water Water Water Water Secchi

Station Time Depth Temp. D.O. D.O. pH Sp. Cond. Turbidity Disc
 (M) (oC) (mg/l) (% sat.) (mS/cm) (NTU) (m)

OUTLET
Width Depth - 1 Depth - 2 Depth - 3 Depth - 4 Discharge

Name Latitude Longitude Type (m) (cm) (cm) (cm) (cm) (cfs)

NOTES
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RAINBOW SMELT SPRING FYKE NET SURVEY 
SAMPLING PLAN 2013 
 
This Sampling Plan broadly outlines the procedures to be followed for the Species of Concern (SOC) Smelt 
Survey.  Please refer to the Quality Assurance Project Plan (QAPP) written by project partners in the 
Massachusetts Department of Marine Fisheries (MA DMF) for procedure details.  All relevant procedures, 
safety protocols, and design considerations described in the QAPP must be followed.  
 
DEPLOYMENT  

In order to sample the entire time period and accurately characterize the peak of the run, the sampling team 
should plan to set the net from the last week of March until the last week in May for southern sites, and from 
mid-April until late June for Penobscot and Downeast sites.  If no smelt are captured after the peak of the run 
for more than one week, sampling may be ended with the agreement of the project manager.  
 
FYKE NET PLACEMENT AND METHODS 

The net has six hoops with 2.5ft diameter attached to a box frame (4x4ft).  Throats are attached to the second 
hoop inside the mouth and fourth hoop.  Box frame wings (4x4ft) are attached to both sides of the box frame 
mouth.  Optional 16ft soft wings with leads and floats may be added to the box wings.  The net should cover 
about 75% of the channel width.  All meshes are ¼ inch.  Wing poles will be set 2.5m apart.  Signs will be 
provided to place on the shore close to the net to describe the project and to warn the public not to disrupt the 
project. 
 
Placement – The fyke net should be placed a narrow width in the river, where the net extends to cover about 
50-75% of the river width.  The net should be placed where the mean high tide line is approximately 4-5ft to 
increase the efficiency of the net.  The net should be placed with the mouth facing downstream with the hoops 
extending upstream to catch all movement upstream.  The net may be secured with four pieces of 8ft (length) 
5/8” to ½” (width) rebar, two will secure the frame, and two will secure the box wings.  Shorter pieces of rebar 
may be more appropriate in rock substrates. 
 
Procedure – The dates that the net will be placed will not be random, but will coincide with the tide, moon 
phase, and team availability. The net will be placed 3 nights a week (for at least 8 weeks), at the evening low 
tide or up to 3 hours before or after low tide if the water level and flow are low enough that the team can work 
safely.  The net will be left in position until the next low tide cycle.  At the morning low tide, teams of three 
people (or at a minimum two people) will haul the net and perform the following procedure: 
 

Empty the cod end and other compartments of the net into buckets or large coolers with aerators.   
All smelt should be randomly distributed in 5-gal buckets or large coolers.  100 males and 100 females 
will be measured to the nearest millimeter, and the length and sex of each fish recorded.  All remaining 
smelt will be counted and sexed.   
 

Scale Samples – Approximately 400 scale samples will be taken over the course of the run at 
each site.  Scales will be taken on the side of the fish directly below the dorsal fin after first 
wiping the area to avoid loose scales from other fish. The scalpel used to take the sample should 
be wiped clean before each new sample is collected.  At least 20 samples will be taken for each 
centimeter size class per sex (10cm to 23cm), and samples taken from size classes above 23cm 
as they occur.  For centimeter classes with high frequency (16-19cm), do not take all 20 scale 
samples in the same week – rather, take 5 samples each week. The record of scale samples and 
fish lengths must be submitted to the project manager each week to ensure that all size classes 
are represented over the sampling period.  Scale samples will be taken at all sites. 
 

After smelt have been processed, count and release all decapods.  Measure eels to nearest cm.  For large catches 
of non-target species, measure a random sample of up to 30 fish, and record the total number caught.  



 

WATER QUALITY SAMPLING 

One YSI 6600 or 6920 V2 sonde will be used to collect individual grab samples at the spawning grounds above 
the fyke net.  Samples will be taken in fresh water, above the salt wedge.  All procedures for calibration, 
deployment, and storage described in the MA DMF QAPP must be followed.  The following water chemistry 
measurements will be taken: temperature, specific conductivity, dissolved oxygen (percent saturation and 
mg/L), pH, and turbidity.  Three samples will be taken 10-30cm from the bottom at two minute intervals.  The 
sonde must be allowed to calibrate for 10 minutes placed in the water before any samples are taken.  If the pH 
continues to decrease after 10 minutes, let the sonde rest longer until the pH stabilizes (this will especially 
happen when the sonde is placed in cold water after sitting in a warm building or car). 
 
Water velocity will be taken daily or weekly depending on access to a Gurley velocity meter.  Velocity 
measurements should be taken in accordance with the MA DMF QAPP.   
 
A staff gage will be placed at each site in a location where the gage can always be read at low tide.  A piece of 
rebar can be hammered into the substrate in the channel, or another fixed point can be used (ex. a bolt or mark 
on a rock). Each sampling day, measure from the top of the rebar (or mark) down to the water level.  Record in 
centimeters. 
 
  



U. S. Gulf of Maine Regional Rainbow Smelt Collection and Ageing Protocol 
Scott Elzey, Massachusetts Division of Marine Fisheries 

January 2010 
 
Sampling Procedure 
Rainbow smelt are collected in fyke nets during the spring spawning run. To create sex specific age keys 300-
400 individuals of each sex are needed. Given an average size range between 10cm and 25cm, twenty five fish 
of each sex should be collected for each centimeter increment. i.e. 50 fish total (25M 25F) between 100mm and 
109mm. See table 1 for field tally sheet. In order to avoid bias caused by potential changes in length at age 
during the season, these samples should be spread out as evenly as possible over the entire spawning run. 
 
Scales should be collected from just ventral of the dorsal fin (figure 1). A blade such as a scalpel should be used 
for the scale collection. The first movement should be from anterior to posterior in order to scrape away any 
debris such as the mucus coating and scales that may have fallen off other fish. The blade should then be 
scraped from posterior to anterior to remove a section of scales. At least 15-20 scales should be removed to be 
sure there are sufficient numbers for ageing. Scales should be stored in a folded strip of paper inside an 
envelope labeled with sample #, capture site, sex, total length and date.  
 
 
Figure 1. Location of scale samples 
 

 
 
 
 
Processing Scales 
Scales should be removed from the paper with a pair of forceps (fine tip jewelers forceps work well) and placed 
into a small vial such as a micro-centrifuge tube with a 5% solution of pancreatin (Whaley, 1991). If enough 
scales are present, some should be left in the envelope in case no acceptable scales are found in the first batch. 
If working with batches of several fish, the vials should be labeled consecutively and corresponding numbers 
should be transferred to the envelopes. The vials are then floated in a sonic bath for 15 minutes. The vials are 
emptied one at a time into a small Petri dish and rinsed with clean water. Sixteen scales are selected, patted dry 
and placed on a glass microscope slide. If possible, lining up the scales and orienting them in the same direction 
will speed ageing. A glass cover slip is then placed over the scales and held down with tape on one end and a 
label on the other. The label should contain the sample number but no information regarding the fish size. To 
avoid bias when reading the scales, slides are stored in a slide box instead of in the envelope with the fish 
information written on it. 
 
Reading Scales 
Scales are viewed using the image analysis program Image Pro (version 6.2) which drives a digital video 
camera mounted atop a lens tube. The computer is calibrated to the zoom selected for reading the scales so that 
measurements of annuli can be made. All scales on a slide should be examined before selecting the individual 
scale to age. When making a selection avoid regenerated scales (figure 2). This is the time to look for 
contamination from other fish as well as to look for the differences between annuli and false annuli (checks). 
Annuli will appear on every scale and will have breakages of circuli on both sides of the scale. You should be 



able to follow an annulus around the entire scale. False annuli often do not show on every scale and may only 
have breakages of circuli on one side (figure 3). Annuli will be accompanied by a “shiny line” scar as described 
by Mckenzie (1958). Fish in Massachusetts should have circuli forming inside the first annulus. Some fish have 
a small false annulus that is very hard to distinguish from the first annulus. This false annulus may or may not 
have circuli inside. Growth rates seen in the rest of the scale can provide information to aid in determining if the 
annulus is real or false. Circuli should appear as though they are crowded as they approach an annulus and then 
spread out after the annulus. The edge of the scale is assumed to be an annulus in fish captured during the 
spawning season. It is presumed that the annulus is being laid down during or just following the spawning 
season. Age three and older fish tend to show little growth between annuli and may have as few as one 
complete circulus between annuli (figure 4). These annuli can still be identified by the “shiny line”. 
 
Once the first reader has chosen a scale to age, a photograph should be taken and saved with the sample 
number. The Image Pro data collector tool should be set to record image name, lengths measured with the 
measurement tool and total feature count. The annuli distances should then be measured with the measurement 
tool as shown in figure 5. Annuli should be measured in the same order each time (i.e. first annulus, second 
annulus, third annulus…). The scale aged should then be marked with a fine point permanent marker. After 
being exported to excel, the data can be rearranged so that one row will accommodate all data from one fish and 
annuli measurements are aligned by column. A series of “if, than” statements and sorts can accomplish this. 
 
A second reader should read all the scales in the same fashion as the first with the exception of measuring 
annuli distances. If the two readers disagree on an age, new annuli measurements can be taken later. The data 
from both readers should be compared using the precision template found on the National Marine Fisheries 
Service, Fishery Biology Program website (http://www.nefsc.noaa.gov/fbi/fbi.html). The two readers, or a 
quality assurance reader, should go over the scales from fish that age was not agreed upon, as well as fish that 
do not fit into the normal length distribution for a its given age. During this read length and sex data are 
available to the readers. If a consensus age is not reached the fish should be removed from the data set. 
 
Future versions of this protocol will include a reference collection which is currently being compiled. 
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Figure 2. Regenerated scale from a 214mm smelt. Note the lack of 

circuli near the origin of the scale. 
 

 
Figure 3. False annulus between the first annulus and the edge of 

the scale in an age 2, 214mm smelt. 
 



 
Figure 4. Age 4, 241mm smelt. Note how little growth there is 

between annuli 2, 3 and 4 as denoted by the black bars.  
 

 
Figure 5. Age 4, 241mm smelt. Annuli measurements are taken 

from the origin of the scale to each annulus as depicted. The 
measurements should be taken along the plain from the origin 
to the farthest point of the scale. Annuli should be measured in 
order. i.e. annulus 1, 2, 3, edge. 

 



Table 1. Field data sheet for keeping track of the number of smelt sampled over the spawning season. 
 
Age Sample Check-Sheet

cm Class

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Male Female
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Atlantic sturgeon GOM Conservation Plan 
 
 

Introduction 
 
Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) once supported a large commercial fishery 

in the United States.  Records of commercial landings from the late 1800s to the late 1900s indicate a 
severe decline from high catches in 1880 (~1361 mt) and 1890 (~3175 mt) to a low of 22 mt in 1920 
(ASMFC 1990; Secor 2002).  From the 1920 to the late 1990s, the catch remained below 140 mt.  In 
Maine, exploitation of Atlantic sturgeon began earlier and declined earlier.  The first documented fishery 
was in 1628 at Pejepscot Falls on the Androscoggin River (Wheeler and Wheeler 1878), and by the early 
1700s the sturgeon fishery in the Province of Maine employed more than 20 vessels in some years 
(Atkins 1887).  In 1849, harvesters took 160 tons of sturgeon from the Kennebec River for roe and oil, 
but the fishery was discontinued after 1851 when sturgeon became scare (Atkins 1887).  A subsequent 
fishery in the Kennebec began in 1872, but within five years sturgeon were scarce, and by 1880 the catch 
was about 150 sturgeon (Atkins 1887).  From 1909 to 1981, harvest typically was <2,000 pounds except 
for 1909-1913, 1933, 1969-1970, 1977, and 1979-1981(Table 11), and three counties accounted for most 
of the landings.  In 1983, Maine closed the tidal waters of the Kennebec and Androscoggin to harvest of 
sturgeon, and instituted a 72-inch minimum size for other areas.  In 1992, the harvest of sturgeon (both 
species) became illegal in Maine’s coastal waters. 

 
Coastwide management of Atlantic sturgeon was initiated in 1988 when the Atlantic States 

Marine Fisheries Commission (ASMFC) began developing a fisheries management plan (FMP) for the 
species, and the National Marine Fisheries Service (NMFS) and the U.S. Fish and Wildlife Service 
(USFWS) first listed Atlantic sturgeon as a “Species of Concern.”  In 1990, the ASMFC FMP was 
officially adopted (ASMFC 1990), and subsequently many of its management recommendations were 
implemented.  In particular, all states either imposed a moratorium on the Atlantic sturgeon fishery in 
their waters or instituted a 7-foot size limit or a size limit that achieved conservation equivalency.  After 
completing a stock assessment, ASMFC instituted a 40-year moratorium on harvest of Atlantic sturgeon 
(ASMFC 1998).  That same year, Atlantic sturgeon were formally retained on the federal Species of 
Concern List.   

 
In 2006, Maine, New Hampshire, and Massachusetts received a grant from NMFS 

(NA06NMF4720249) to conduct research on two species of concern, rainbow smelt and Atlantic 
sturgeon, and develop a conservation plan for each of them.  Studies on Atlantic sturgeon were initiated in 
2009, and were conducted only in Maine.  In 2012, Atlantic sturgeon were listed under the federal 
Endangered Species Act (ESA) with the Gulf of Maine (GoM) distinct population segment (DPS) listed 
as threatened. 

 
In this Conservation Plan we briefly review the basic biology of Atlantic sturgeon, provide 

detailed information from research on Atlantic sturgeon in the GoM for the period 1977-2001 and 2009-
2012, summarize the status of the GoM Atlantic sturgeon, identify threats, and include management 
recommendations. 

  

                                                      
 
1 Data from the Annual Reports of Sea and Shore Fisheries of the State of Maine. 
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Basic Biology 
 
The Atlantic sturgeon is a long-lived, anadromous species that historically ranged from Hamilton 

Inlet on the coast of Labrador to the Saint Johns River in Florida (Murawski and Pacheco 1977; Smith 
and Clugston 1997).  Atlantic sturgeon once occupied 38 large river systems in the United States of which 
35 supported a spawning population (ASSRT 2007).  The species currently is present in 35 rivers, and 
spawning has been documented in at least 20 (ASSRT 2007). 

 
Atlantic sturgeon populations generally display latitudinal variation in biological characteristics 

such as growth rate, maturation, and timing of spawning.  Fish from more southern river systems tend to 
grow faster, mature at an earlier age, and undertake spawning migration earlier in the year.  Atlantic 
sturgeon mature between 5 and 19 years of age in South Carolina (Smith et al. 1982), between 11 and 21 
years in the Hudson River (Young et al. 1988), and between 22 and 34 years in the St. Lawrence River 
(Scott and Crossman 1973).  Individuals do not spawn every year; the spawning interval for males is 1-5 
years (Smith 1985; Collins et al. 2000; Caron et al. 2002) and for 2-5 years for females (Vladykov and 
Greeley 1963; Van Eenennaam et al. 1996; Stevenson and Secor 1999). 

 
Spawning adults migrate upriver in February and March in southern rivers, April and May in 

mid-Atlantic rivers, and May and July in Canadian rivers (Murawski and Pacheco 1977; Bain 1997; 
Smith and Clugston 1997; Caron et al. 2002).  Atlantic sturgeon spawn in flowing waters at water 
temperatures ranging from 13.2-20.5 ºC (Borodin 1925; Huff 1975; Smith 1985), and require solid 
substrate for the eggs, which are adhesive (Vladykov and Greeley 1963; Huff 1975; Smith 1985). 

 
Information on behavior and ecology of the early life stages is limited.  After egg deposition, 

hatching occurs in approximately 140 h at 18ºC and 94 h at 20ºC (Smith et al. 1980).  In the laboratory, 
Atlantic sturgeon were photonegative and sought cover 5-7 days after hatching, left cover and began 
swim-up (active vertical migration) and drift behavior (passive migration) on day 8, and continued 
swimming and drifting until day 19; during this migration period, the free embryos with a yolksac 
developed into exogenous feeding larvae (Kynard and Horgan 2002). 

 
Juveniles remain in their natal river system for 2-6 years, during which time they experience rapid 

growth (Bain 1997).  In the Hudson River, they are widely distributed throughout the river from July to 
September, but form an overwintering aggregation in brackish water (Bain 1997).  After this period of 
residency, Atlantic sturgeon ranging from 76-92-cm (Murawski and Pacheco 1977; Smith 1985) may 
migrate into marine waters, and this transition marks a major change in ecology, growth, and behavior 
(Bain 1997).  Little is known about Atlantic sturgeon in marine waters, except they are often taken as 
bycatch in commercial fishing gear. 

  
Atlantic sturgeon in the Gulf of Maine (1977-2001) 

 
From 1977 to 2001, the Department of Marine Resources (ME DMR) conducted a series of 

studies on shortnose sturgeon and Atlantic sturgeon in the Kennebec, Androscoggin, and Sheepscot 
estuaries in Maine.  The 16 years of research conducted over the 24-year period research has been 
described in detail in Wippelhauser and Squiers (submitted), but information pertinent to Atlantic 
sturgeon is presented here. 
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Study area 
 
The study area for 1977-2001 encompassed seven rivers and two connecting passages (Figure 1).  

Water from the Kennebec and Androscoggin, Maine’s second and third largest rivers, respectively, and 
four small tributaries combine to form Merrymeeting Bay, the largest tidal-freshwater embayment north 
of Chesapeake Bay.  Below the narrow outlet of Merrymeeting Bay, the Kennebec Estuary extends 
approximately 30 km before entering the Gulf of Maine.  The Sheepscot, Maine’s eleventh largest river, 
and the lower Kennebec are connected by the Sasanoa River (oriented NW to SE) and Back River 
(oriented NE to SW).  These passages are narrow to the west, form Hockomock Bay where they cross, 
and each expands into a large embayment (Montsweag Bay to the north and Knubble Bay to the south) 
before joining the Sheepscot. 

 
We identified five ecological zones in the study area on the basis of tidal influence, salinity, and 

geomorphology (Figure 1).  The Lower Kennebec Estuary from its mouth at river kilometer (rkm) 0 to 
Merrymeeting Bay at rkm 30 is narrow and deep with salinity ranging from 0-32‰ depending on location 
and freshwater discharge (Mayer et al. 1996).  The S-B passages (Sasanoa and Back rivers) form a mixing 
zone between the Lower Kennebec Estuary and the Sheepscot Estuary.  Modeled surface salinities during 
simulated high spring flows (1500 m3/sec) from the Kennebec showed the Lower Kennebec Estuary and 
S-B passages west of Hockomock Bay were approximately 5‰ while the S-B passages to the east and 
Sheepscot Estuary were >20‰ (Brooks 2009).  Merrymeeting Bay from rkm 30 to rkm 45 is generally  
<2 m deep at low tide, has extensive intertidal mudflats dominated by Zizania aqutica L. (wild rice), and 
salinity that rarely exceeds 5‰ (Lichter et al. 2006).  The Androscoggin Estuary from rkm 0, which was 
defined as a line connecting the concrete abutments of an abandoned bridge (Figure 1), to Pejepscot Falls 
at rkm 8.4 is tidal fresh water.  It is shallow today, but historically was navigable by large vessels (Lichter 
et al. 2006).  The lower two-thirds of the Androscoggin Estuary (rkm 0-6) is braided channel, while the 
upper 0.5 km is characterized by large outcroppings of rock.  Brunswick Dam is located at rkm 8.4.  The 
Upper Kennebec Estuary is tidal fresh water from rkm 45 to rkm 74, and has a defined channel for much 
of its length.  The substrate is predominantly sand with scattered outcroppings of rock.  In addition to 
being the upstream limit of the tide, rkm 74 was the location of Edwards Dam, which was constructed in 
1837, and removed in 1999. 

 
Methods 

 
Gill net sampling that primarily targeted sturgeon >550-mm total length (TL) was conducted 

between 1977 and 2000 (Table 2) at 65 stations in the Kennebec, Androscoggin, and Sheepscot estuaries 
(Figure 1).  Nets were deployed as early as April 4 and as late as November 29, but most sampling 
occurred from May through October (Table 2).  The majority of Atlantic sturgeon (87%) were captured 
with experimental, multifilament, sinking gill nets that were 90-m long, 2.4-m or 1.8-m deep, and 
consisted of 30-m panels of 152, 178, and 203-mm stretch mesh.  Smaller (30-m or 60-m long) sinking 
and floating gill nets made of 102, 114, 127, 140, or 305-mm stretch mesh also were used depending on 
the area being fished and the study objectives.  All nets were deployed parallel to shore, and surface water 
temperature was measured with a stem thermometer at the beginning of each set. 

 
If the catch was small and sturgeon were healthy, they were removed from the net, weighed, 

measured, tagged, and immediately released; if the catch was large or if fish were stressed, they were 
enumerated and released.  Fish were weighed in a sling with a spring scale to the nearest 0.1 kg.  Total 
length and fork length were measured to the nearest mm, and to confirm species mouth width and 
interorbital width were measured with calipers to the nearest 0.01 mm.  To estimate population 
abundance, unmarked sturgeon were tagged at the base of the dorsal fin with a numbered Carlin tag.  
Beginning in 1998, each sturgeon also was scanned for the presence of a PIT (Passive Integrated 
Transponder) tag with an AVID Power Tracker II scanner, and if none was found, an AVID 14-mm PIT 
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tag was injected into the right-side base of the dorsal fin.  We also weighed and measured 32 Atlantic 
sturgeon caught by commercial harvesters in 1980, and checked them for tags. 

 
Size was used to determine life stage (Bain 1997).  Size intervals for Atlantic sturgeon were: 

early juveniles 30 to 490-mm TL, intermediate juveniles 500 to 700-mm TL, late juveniles >700 to 1,490-
mm TL, female spawners >1,800-mm FL or >2,000-mm TL, and male spawners >1,350 to 1,900-mm FL 
or >1,500 to 2,010-mm. TL.  Both FL and TL were used for spawning Atlantic sturgeon, because only FL 
was measured in one sample.  Box plots of TL for each species were plotted in JMP version 9.  

 
Catch and catch-per-unit-effort (CPUE) were used to identify seasonal and geographical 

concentrations of sturgeon.  Because fishing time varied and different gills net were used, effort for each 
sample was calculated by multiplying soak time (h) by net length (m) divided by 90 m. Effort was highly 
variable among stations, zones, months, and years (Table 2).  CPUE was calculated for each sample 
(CPUE), station (sCPUE), zone-month-year combination (zCPUE), and year (yCPUE), and was defined 
as the number of sturgeon caught in a 90-m net in one hour (a net-h).  Three size classes of sCPUE, based 
on natural breaks in the data (Jenks), were plotted in ARCGIS 9.  

  
Results 

 
In 16 years, we captured 403 Atlantic sturgeon in 472 gill net sets, equal to 7,146 net-h of effort.  

Approximately 67% of the Atlantic sturgeon were tagged with a Carlin tag, PIT tag, or both.  Sampling 
mortality was 4.4% for Atlantic sturgeon, and was highest in 1979-1981.  Atlantic sturgeon, excluding 
eight smaller fish, were 555 to 1,981-mm TL (mean=978; SE=15.9; n=337) and weighed 1.0 to 29.5 kg 
(mean=5.6; SE=0.3; n=270).  Median TL was variable for Atlantic sturgeon (Figure 2). 

 
Large catches of Atlantic sturgeon and above average zCPUEs showed similar trends over the 

study period (Table 3).  Concentrations of Atlantic sturgeon occurred most often in the Upper Kennebec 
Estuary in July (0.02-16.00) , in Merrymeeting Bay from May to November (0.04-0.91), and in the Lower 
Kennebec Estuary from May to October (0.04-1.16).  Concentrations also occurred in the Upper 
Kennebec Estuary in June 1996 and in the S-B passages in June 1979.  Within each zone, the highest 
catches and sCPUEs occurred at stations between rkm 60 and rkm 65 in the Upper Kennebec Estuary, in 
the Lower Kennebec Estuary from rkm 17 to rkm 30, and at two stations in the S-B passages (Figure 3). 

 
When data from all years were combined, 41 Atlantic sturgeon in spawning condition (ripe males 

releasing sperm) or >1,350-mm FL or >1,500-mm TL were caught in seven years in the Upper Kennebec 
Estuary between rkm 52.8 and rkm 74.0 (Figure 3).  Sturgeon were caught in 1977-79, 1994, 1996-1997, 
and 2000 as early as June 13 and as late as July 21.  We caught one ripe male at rkm 57.7 on July 21, 
1978; five at rkm 74.0 on July 13, 1994; six at rkm 62.6 on June 28 and July 10, 1996; and four at rkm 
62.9 and one at rkm 70.2 on July 10-11, 1997.  In 1980, commercial harvesters caught 15 ripe males at 
rkm 58.6 between June 15-29.  A single Atlantic sturgeon caught and tagged at rkm 57.7 on July 21, 1978 
was recaptured by the commercial harvesters at rkm 58.6 on June 21, 1980.  

 
Early, intermediate, and late stage juvenile Atlantic sturgeon were captured primarily from April 

through November in Merrymeeting Bay, the Lower Kennebec Estuary and the S-B passage (Figure 4).  
Just three juveniles were captured in the Upper Kennebec Estuary during the spawning season in June and 
July.  

  
Discussion 

 
A spawning population of Atlantic sturgeon currently inhabits the Kennebec and Androscoggin 

estuaries in Maine, and is the only spawning population that has been documented in Maine waters.  
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Within the Gulf of Maine, spawning Atlantic sturgeon have been documented in just two other rivers 
(Dadswell 2006; ASSRT 2007), the Saint John River (New Brunswick, Canada) and the Annapolis River 
(Nova Scotia, Canada).  Atlantic sturgeon have endured in the Kennebec, Androscoggin, and Sheepscot 
estuaries despite past habitat loss from dam construction, sporadic fisheries that likely targeted spawning 
fish, decades of poor water quality, and habitat degradation.  The attributes of the study area, including 
large volumes of fresh water discharge in spring during spawning, large areas of tidal freshwater habitat 
for juvenile growth, and large interconnected areas of mesohaline and polyhaline habitat for adult 
foraging may have allowed Atlantic sturgeon to persist at low levels.  Treatment of industrial and 
municipal wastewater mandated by the Clean Water Act of 1972, which resulted in increased dissolved 
oxygen levels (Davies et al. 1999), and adoption of a rule in Maine in 1983 that prohibited the catch or 
possession of sturgeon in the Kennebec undoubtedly improved conditions for the species.  

  
The Atlantic sturgeon population in the Kennebec Estuary is genetically distinct and can be 

statistically differentiated from other populations along the east coast (Wirgin et al. 2000; Waldeman et 
al. 2002).  The Kennebec sturgeon apparently spawned in tidal freshwater between rkm 58 and rkm 74 
from approximately mid-June to mid-July, although they may have entered the river as early as May.  The 
spawning season in Maine was similar to that reported for the St. Lawrence (Hatin et al. 2002), but of 
shorter duration than in the Hudson River (Bain 1997). 

 
Atlantic sturgeon spawned in the Upper Kennebec Estuary at least one year after removal of 

Edwards Dam, because fish >1,350-mm FL or >1,500-mm TL were caught  on June 29, 2000 at rkm 63.7  
Historically they may have spawned farther upstream.  Atkins (1887) stated that they spawned primarily 
between Augusta and Waterville (rkm 74-102), because there was a great decrease in their number after 
Edwards Dam was built in Augusta.  Sturgeon have been sighted above rkm 74 since 1999, and in June 
2005 an Atlantic sturgeon was caught at rkm 102 in a gill net set during sampling for American shad (G. 
S. Wippelhauser, unpublished data).  However, during the period from 1977 to 2001, spawning of 
Atlantic sturgeon above Augusta was not studied. 

 
Atlantic sturgeon from the Kennebec undertake coastal migrations as reported for fish from other 

river systems.  Three of 40 juveniles tagged between 1977 and 1981 were captured to the south.  One was 
captured off Newport, Rhode Island in November after being at large for more than two years, and two 
were recaptured near Rye, New Hampshire; one had been at large for >2 years and the other for > 4 years.  
Juvenile Atlantic sturgeon also have been caught sporadically in the Maine-New Hampshire inshore trawl 
survey.  Between 2000 and 2012, 51 Atlantic sturgeon were taken in the trawl survey, 45 of which were 
caught near the mouth of the Kennebec (Sherman et al. 2003; G. S. Wippelhauser, unpublished data ).   

 
 

Atlantic sturgeon in the Gulf of Maine (2006-2010) 
 

Introduction 
 
Beginning in 2006, researchers at the University of Maine (UMaine: G. Zydlewski, M. Kinnison, 

J. Zydlewski, S. Fernandez, P. Dionne, and M. Altenritter), ME DMR (G. Wippelhauser), and University 
of New England (UNE: J. Sulikowski) independently began acoustic telemetry studies of Atlantic 
sturgeon and shortnose sturgeon in Gulf of Maine (GoM) river systems.  The studies had similar 
objectives: to identify habitat use, document seasonal distribution and abundance, elucidate migration 
routes, and characterize genetic makeup.  Manuscripts are in preparation, but information about Atlantic 
sturgeon in the Kennebec and Androscoggin systems is presented here. 
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Study area 
 
The study area, described in detail in Wippelhauser and Squiers (submitted), encompassed the 

Kennebec River and Estuary, Androscoggin Estuary, Sheepscot Estuary and two passages, the Sasanoa 
River and Back River, that connect the Kennebec and Sheepscot (Figure 5).  The Lower Kennebec 
Estuary (rkm 0 to rkm 30) is mesohaline to polyhaline, depending on discharge.  Merrymeeting Bay (rkm 
30 to rkm 45), the Upper Kennebec Estuary (rkm 45-74), and the 8.4-km long Androscoggin Estuary are 
tidal freshwater; Brunswick Dam is located at the tidal limit of the Androscoggin Estuary.  The Kennebec 
River (rkm 74 to rkm 103) was impounded from 1837 when Edwards Dam was built at rkm 74 until 1999 
when the dam was decommissioned and removed; Lockwood Dam is located at rkm 103. 

 
Methods  

 
Acoustic receiver array 

 
An array of 18-20 stationary acoustic receivers (Vemco VR2 in 2007; Vemco VR2W in 2008-

2012) was deployed at 16-20 sites in the study area (Figure 5).  In most instances the receivers were 
deployed in narrow reaches of the channel, and a single receiver was able to monitor the entire width of 
the channel for tagged fish.  Receivers typically were deployed in April, and retrieved between October 
and November, but not all receivers were deployed each year of the study (Table 4).  Mobile tracking was 
conducted occasionally with a portable receiver (Vemco 100) and Vemco directional hydrophone.  
Receiver locations in the Kennebec Estuary and Kennebec River were identified by river kilometer (rkm) 
relative to the estuary mouth.  Receivers in the Androscoggin were denoted rkm 30 and rkm 31 for 
graphing purposes, and those in the Sasanoa and Back rivers were identified by a numeral. 

 
Capture and tagging in the Kennebec 

 
Between 2009 and 2012, Atlantic sturgeon were captured at 25 locations between rkm 0 and rkm 

75 in the Kennebec Estuary, Kennebec River, and Androscoggin Estuary with multifilament, sinking gill 
nets that were 30- or 90-m long, 2.4-m or 1.8-m deep, and consisted of a single panel of 305-mm stretch 
mesh or 30-m panels of 152, 178, and 203-mm stretch mesh.  Nets were deployed parallel to shore for 
0.6-6.5 h as early as June 9 and as late as November 15.  Sturgeon were removed from the gill net and 
placed in a floating net pen in the river.  An individual was removed from the holding pen, weighed in a 
sling, measured (total length (TL), fork length (FL), interorbital width, and mouth width) and scanned for 
the presence of a PIT (Passive Integrated Transponder) tag with an AVID Power Tracker II scanner.  If no 
PIT tag was found, an AVID 14-mm PIT tag was injected into the right-side base of the dorsal fin.  A 
small tissue sample was taken from nearly every fish for genetic analysis.  A subset of fish captured on 
known or suspected spawning grounds was fitted with an external acoustic transmitter (Vemco V16-4H) 
that was attached with wire through holes drilled in two adjacent dorsal scutes; the wire corroded and the 
tag was shed after the fish entered sea water.  A subset of fish captured elsewhere in the river was 
implanted surgically with an acoustic transmitter (Vemco V16-6L) with a 10-year life.  Surgery was 
performed only on fish that appeared to be in excellent health.  The sturgeon was anaesthetized with MS-
222 (tricaine methane sulfonate), a 3-4 cm incision was made on one side of the medial ventral line for 
insertion of the transmitter, and the incision was closed with a single set of individual sutures.  The fish 
was allowed to recover in the floating net pen for approximately 15 min, and was released after it showed 
clear sign of recovery. 

 
Capture and tagging in the Penobscot  

 
Capture and tagging methods in the Penobscot Estuary have been described in detail in Fernandez 

et al. (2010) and Dionne (2012).  Briefly, shortnose and Atlantic sturgeon were captured in multifilament 
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gill nets fished between rkm 4 and rkm 36 in the Penobscot River from May to November, 2006-2009.  
Fish were identified to species, weighed, measured, and PIT tagged if not previously tagged.  A subset of 
captured fish were implanted with a coded (Vemco V9P-2L, Vemco V13TP-1L, or V13TP1H) and/or a 
continuous noncoded (V16-1H) acoustic transmitter (Fernandez et al. 20010; Dionne 2012) designed to 
transmit a signal for approximately two years.  

 
Ichthyoplankton sampling 

 
To confirm spawning, we attempted to capture sturgeon eggs and larvae with D-nets that were 

constructed of 800-µ mesh or 1600-µ mesh, had a 1-m diameter opening, and were 4.3-m long.  The 
mouth of the net was attached to a half-circle stainless steel frame 1-m across by 0.5 m high.  The net was 
set on the bottom downstream of spawning fish.  Organisms were rinsed from the nets, and immediately 
preserved in 5% formalin.  They were sorted in the laboratory under a dissecting microscope, and 
sturgeon eggs and larvae were transferred to 75% ethanol for subsequent enumeration and identification 
according to Jones et al. (1978). 

 
Environmental data 

 
Mean daily discharge for the Androscoggin River was obtained for USGS gauge 01059000, 

located approximately 27 km above the Brunswick Dam.  Similar data for the Kennebec River were 
obtained for USGS gauge 01049265, located at rkm 87.  These data were not adjusted for freshwater 
entering below the gauge.  Beginning in 2009, water temperature was recorded every 8 h at rkm 30, rkm 
42, rkm 67, and rkm 102 by a datalogger (HOBO U10-001) in a waterproof container.  The temperature 
logger was attached approximately 1 m from the bottom to a line between a receiver and its anchor.  
Mean daily temperature was calculated for each datalogger site.  

 
Telemetry data 

 
Receivers were downloaded throughout the deployment period and for a final time when they 

were retrieved for the year.  Data were sorted by transmitter number, date, and time.  Fish position in rkm 
was plotted against date and time for each tagged fish.  Transmitters detected for less than a day were 
excluded from further analysis. 

 
Results 

 
We captured 114 Atlantic sturgeon in the Kennebec and Androscoggin estuaries at 25 sites that 

were sampled on 79 dates (350 h soak time) between 2007 and 2012.  Most sturgeon were PIT tagged 
(n=106), 19 were tagged externally with an acoustic transmitter, and 20 were implanted internally with an 
acoustic transmitter.  Tissue samples were taken from 64 fish, but to date genetic analysis has been 
conducted only for samples taken from 2009 to 2011. 

 
Spawning areas 

 
Between 2009 and 2011, 39 Atlantic sturgeon >1500-mm TL or in spawning condition (ripe 

males releasing milt) were caught in June and July in the Upper Kennebec Estuary, Kennebec River, and 
Androscoggin Estuary.  Twenty-seven fish, including five ripe males, were caught in the Upper Kennebec 
Estuary between rkm 70 and rkm 74 (Table 5; Figure 5).  Four fish, including one ripe male, were caught 
in the Kennebec River at rkm 75, and eight, including one ripe male, were caught in the Androscoggin 
Estuary at rkm 30 (Table 5; Figure 5).  Two of the latter, including the ripe male, had been PIT tagged in 
the Saco Estuary in 2010; we implanted the male with an acoustic transmitter before discovering the PIT 
tag. 
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The 19 Atlantic sturgeon tagged on the spawning grounds either dropped downstream < 1.5 d 

after being tagged (n=4), remained in the area where they were tagged (n=12) for 3-25 d, or spent time at 
two areas (n=2) for 1-14 d (Figure 6; Figure 7; Figure 8).  Tagged fish were on the spawning ground 
when freshwater discharge was < 400 cms and water temperature 1 m from the bottom was 19.9-21.8ºC 
in 2009, 18.5-26.1ºC in 2010, and 18.9-25.6ºC in 2011 (Figure 9, Figure 10, Figure 11).  Sturgeon in the 
Upper Kennebec Estuary typically made repeated trips between rkm 48 and rkm 75 where there were 
multiple receivers.  In 2009, we were unable to fish during the last half of June and first half of July due 
to high discharge (Figure 9). 

 
Spawning was confirmed in the Kennebec River and Upper Kennebec Estuary by the capture of 

three Atlantic sturgeon larvae in 2011.  We caught two larvae at rkm 75, one (15-mm TL) on July 11 and 
one (10-mm TL) on July 12.  We also caught one larva (15-mm TL) on July 11 at rkm 72.  Bottom water 
temperature was 23-24ºC when the larvae were caught (Figure 11).  Species identification of two of the 
larvae (one was released alive) was confirmed by mitochondrial DNA (Wirgin pers. comm.).  

 
Two of 30 (7%) Atlantic sturgeon tagged in the Penobscot River between 2007 and 2009 and 

three of 45 (7%) tagged in the Saco River between 2009 and 2011 were detected in the Upper Kennebec 
Estuary, Kennebec River, or Androscoggin Estuary in June and July.  The sturgeon tagged in the 
Penobscot were located in the Upper Kennebec Estuary (rkm 58 to 74) between June 15 and July 10, 
2010 (Figure 10).  In 2011, one sturgeon tagged in the Saco was located in the Upper Kennebec Estuary 
(rkm 58-74 and rkm 87) between June 18 and July 13, and two sturgeon were located in the 
Androscoggin Estuary (rkm 30), one from June 7 to July 10 and the other from May 31 to June 22 (Figure 
11).  None of the Atlantic sturgeon tagged in the Kennebec or Androscoggin have been detected in the 
Penobscot or Saco to date.  

 
Activity patterns 
 

Tagged fish showed a bimodal pattern of activity.  Fish tagged on the spawning ground in the 
Upper Kennebec Estuary were active from 0100-0200 h and at 1500 h in 2009 and at 0300 h and 1500 h 
in 2010.  Fish tagged on the Androscoggin spawning ground were most active at 0300 h and 1200 h.  Fish 
tagged in Merrymeeting Bay or fish that moved there after spawning in 2011 were detected most often at 
2100 h and 1200 h. 

 
Non-spawning habitat 

 
Merrymeeting Bay, the Lower Kennebec Estuary, and one cove located near the mouth of the 

river were used by post-spawn adults and other life stages of Atlantic sturgeon.  Gill net sampling in 
Merrymeeting Bay from July through September and in Sagadahoc Bay in July produced the greatest 
catches and highest CPUEs (Table 5).  Atlantic sturgeon tagged in the Kennebec appeared in subsequent 
years as early as May, and some post-spawn adults remained in Merrymeeting Bay or the Lower 
Kennebec Estuary as late as November.   

 
Twenty (67%) Atlantic sturgeon tagged the Penobscot River between 2007 and 2009 and 16 

(35%) tagged in the Saco River migrated into the Kennebec Estuary at least once during the period 
between 2007 and 2011.  These non-spawning fish typically remained in Merrymeeting Bay and the 
Lower Kennebec Estuary.  
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Wintering habitat 
 
Some juvenile and later stage Atlantic sturgeon may spend the winter in Merrymeeting Bay at 

rkm 42 where shortnose sturgeon have been documented to winter (Wippelhauser and Squiers, 
submitted).  In 2011, we captured one juvenile (462-mm TL) Atlantic sturgeon at rkm 42 on November 
14.  In 2008, an Atlantic sturgeon tagged in the Penobscot was detected at rkm 42 from October 19 
through November 12.  It was detected the following spring at rkm 34 on April 19, and subsequently 
moved downstream.  In 2009, another Atlantic sturgeon tagged in the Penobscot was detected at rkm 42 
between November 2 and December 2 and again on March 13, 2010. 

 
Discussion 

 
Two new spawning areas were confirmed for Atlantic sturgeon in the Gulf of Maine, one in the 

Androscoggin Estuary below Brunswick Dam, which has always been accessible, and one in the 
Kennebec River, which only became accessible when Edwards Dam was removed in 1999.  Atlantic 
sturgeon >1500-mm TL were caught in flowing water at each site in June and July when water 
temperature was 18.9-25.6º, somewhat higher than the range (13.2-20.5 ºC) reported by Borodin (1925), 
Huff (1975), and Smith (1985).  Interestingly, some Atlantic sturgeon tagged in the Saco and Penobscot 
also spawned in the Kennebec; however, the opposite was not observed.  The capture of two Atlantic 
sturgeon larvae in the Kennebec River, 1 km above the former location of Edwards Dam, and one in the 
Upper Kennebec Estuary, approximately 1.6 km below the former dam, confirmed spawning in the tidal 
and newly accessible riverine portions of the Kennebec. 

 
Substrate in the Kennebec River is appropriate for Atlantic sturgeon spawning and nursery 

habitat.  A sediment-characterization survey of the entire Edwards Dam impoundment in 1994 found that 
coarse sands, gravel, and mixtures of gravel with cobble were the most common sediment types (Stone & 
Webster 1995).  Several years later, the U.S. Geological Survey classified sediment types and mapped 
their areal extend in the lower Edwards Dam impoundment (rkm 75-87), and reported that approximately 
90% of the area consisted of rock, sand, and gravel or combinations of the three substrates (Dudley 1999). 

 
 

Atlantic sturgeon in the Gulf of Maine – genetic structure 
 

The Atlantic sturgeon population in the Kennebec Estuary is genetically distinct and can be 
statistically differentiated from other populations along the east coast (Wirgin et al. 2000; Waldeman et 
al. 2002).  Wirgin et al. (2000) sequenced mtDNA from 322 Atlantic sturgeon from 11 river system, 19 of 
which were from the Kennebec River system.  When only young-of-year and spawning adults were 
included in the analysis, the Kennebec population was most closely associated with St. John and St. 
Lawrence populations (Wirgin, supplemental data 2006). 

 
More recently, Wirgin et al. (2012) used microsatellite DNA and mitochondrial DNA control 

region sequence analysis to quantify the stock origin of Atlantic sturgeon caught in Minas Bay in the Bay 
of Fundy, Canada.  As part of the analysis, reference collections were made from nine rivers known to 
host contemporary spawning populations of Atlantic sturgeon.  Tissue samples taken in 2009-2011 from 
spawning fish in the Kennebec and Androscoggin were included in the analysis.  Wirgin et al. (2012) 
reported that 34-36% of the fish caught in the Minas Basin were fish originating from the Kennebec River 
(sample size was too small to distinguish the Kennebec from the Androscoggin). 
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Status 
 
At least six river systems in the GoM historically may have supported spawning populations of 

Atlantic sturgeon (ASSRT 2007): the Saint John River (New Brunswick, Canada), Annapolis River 
(Nova Scotia, Canada), St. Croix River (Maine, USA and Nova Scotia, Canada), Penobscot River (Maine, 
USA), Estuarial Complex of the Kennebec, Androscoggin, and Sheepscot Rivers (Maine, USA), and 
Piscataqua River/Great Bay Estuary System (New Hampshire, USA).  However, the ASSRT (2007) 
concluded that only two extant populations existed in the United States (Kennebec and Penobscot) at the 
time of the status review.  The capture of seven Atlantic sturgeon, including one 1450-mm TL fish, in the 
Penobscot from 2006 to January 2007 was cited as evidence of an extant population.  However, our 
ongoing telemetry studies have found that Atlantic sturgeon tagged in the Penobscot utilize the Kennebec 
and Androscoggin, but not the Penobscot, for spawning.  In addition, approximately two-thirds of 
Atlantic sturgeon tagged in the Penobscot spend time in the Lower Kennebec Estuary and Merrymeeting 
Bay, presumably to forage. 

 
Historically, the Kennebec (Kennebec Estuary, Kennebec River, and Androscoggin Estuary) may 

have supported approximately 15,000 spawning adults (Kennebec River Resource Management Plan 
1993).  The current abundance of spawning adults is unknown.  However, the finding that Atlantic 
sturgeon are using concurrently two spawning areas that have always been accessible and a new spawning 
area that became available 13 years ago is encouraging, and may indicate the population is stable or 
expanding rather than declining.  

 
Maine may just now be seeing the results of protecting spawning fish, assuming that the age of 

maturation of Atlantic sturgeon in the GoM is somewhere between that of Hudson River fish (11-21 
years) and St. Lawrence fish (22-34 years).  The ASSRT (2007) estimated that most extant populations of 
Atlantic sturgeon have 300 or fewer spawning adults, and the loss of as few as 10 would impede recovery.  
Prior to 1983, when directed harvest of Atlantic sturgeon in the Kennebec system became illegal, 
commercial harvesters targeted spawning fish.  In 1980, the only year for which we have records, they 
took 32 fish from the Kennebec.  Frequent sightings and increased capture by researchers of Atlantic 
sturgeon began occurring in the Penobscot River in 2006 and in the Saco River in 2009, 23 and 26 years 
respectively after the Kennebec commercial fishery was closed.  During this interval, water quality, 
specifically dissolved oxygen, has greatly improved in all Maine’s rivers (Davies et al. 1999). 

 
Analysis of ESA listing factors 

 
The present or threatened destruction, modification, or curtailment of habitat or range 
 

Dams  
 
The construction of mainstem dams contributed to the decline of Atlantic sturgeon in Maine.  The 

greatest loss of historic habitat probably occurred in the Kennebec watershed when Edwards Dam was 
constructed in 1837, which blocked access to 29 km of free-flowing river.  Despite this loss, 44 km of 
tidal freshwater habitat remained available downstream of the dam.  In the Penobscot watershed, 
construction of Bangor Dam, Veazie Dam, and Great Works Dam blocked access to 20 km of historical 
freshwater habitat, and in summer the amount of tidal freshwater habitat available downstream may be 
limited to 10-14 km.  

 
Within the Kennebec watershed, 100% of Atlantic sturgeon historical habitat currently is 

accessible, and we have documented that it is used by Atlantic sturgeon for spawning.  Removal of 
Edwards Dam in 1999 converted the 29-km impoundment to natural lotic habitat, and within months 
significant changes in water quality, as evidenced by dissolved oxygen and the benthic invertebrate 



  

 12 

community, were observed (D. Courtemanch, DEP, pers. comm.).  Productivity in this reach also appears 
to have increased.  The biomass (not including Alosa spp. and Acipenser spp.) is three to eight times 
larger than that in upstream impoundments (Yoder and Kulik 2003). 

 
A similar change is habitat availability is about to occur on the Penobscot River.  In 2012, the 

second mainstem dam (Great Works) was removed, and removal of the first dam (Veazie) is scheduled to 
begin in the summer of 2013.  When Veazie is removed, 100% of historical habitat for Atlantic sturgeon 
will be accessible.  Improved water quality and increased production similar to that seen in the Kennebec 
is expected to occur.  
 
Water quality 

 
Freshwater habitat available to Atlantic sturgeon is Class A and Class B in the Saco watershed, 

Class B in the in the Kennebec and Penobscot watersheds, and Class C in the Androscoggin watershed.  
The classes are defined in Maine statute as: 

 
Class A waters are the second highest classification and must be of such quality that they are 

suitable for the designated uses of drinking water after disinfection; fishing; agriculture; recreation in and 
on the water; industrial process and cooling water supply; hydroelectric power generation, except as 
prohibited under Title 12, section 403; navigation; and as habitat for fish and other aquatic life. The 
habitat must be characterized as natural.  The dissolved oxygen content of Class A waters shall be not less 
than 7 parts per million or 75% of saturation, whichever is higher. The aquatic life and bacteria content of 
Class A waters shall be as naturally occurs.  

 
Class B waters are the third highest classification and  must be of such quality that they are 

suitable for the designated uses of drinking water supply after treatment; fishing; agriculture; recreation in 
and on the water; industrial process and cooling water supply; hydroelectric power generation, except as 
prohibited under Title 12, section 403; navigation; and as habitat for fish and other aquatic life. The 
habitat must be characterized as unimpaired.  The dissolved oxygen content of Class B waters may not be 
less than 7 parts per million or 75% of saturation, whichever is higher, except that for the period from 
October 1st to May 14th, in order to ensure spawning and egg incubation of indigenous fish species, the 
7-day mean dissolved oxygen concentration may not be less than 9.5 parts per million and the 1-day 
minimum dissolved oxygen concentration may not be less than 8.0 parts per million in identified fish 
spawning areas. 

 
Class C waters are the fourth highest classification and  must be of such quality that they are 

suitable for the designated uses of drinking water supply after treatment; fishing; agriculture; recreation in 
and on the water; industrial process and cooling water supply; hydroelectric power generation, except as 
prohibited under Title 12, section 403; navigation; and as a habitat for fish and other aquatic life.  The 
dissolved oxygen content of Class C water may be not less than 5 parts per million or 60% of saturation, 
whichever is higher, except that in identified salmonid spawning areas where water quality is sufficient to 
ensure spawning, egg incubation and survival of early life stages, that water quality sufficient for these 
purposes must be maintained. In order to provide additional protection for the growth of indigenous fish, 
the following standards apply. 

• The 30-day average dissolved oxygen criterion of a Class C water is 6.5 parts per million using a 
temperature of 22 degrees centigrade or the ambient temperature of the water body, whichever is 
less, if: 

• A license or water quality certificate other than a general permit was issued prior to March 16, 
2004 for the Class C water and was not based on a 6.5 parts per million 30-day average dissolved 
oxygen criterion; or 
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• A discharge or a hydropower project was in existence on March 16, 2005 and required but did not 
have a license or water quality certificate other than a general permit for the Class C water. 

• This criterion for the water body applies to licenses and water quality certificates issued on or 
after March 16, 2004. 

• In Class C waters not governed by subparagraph (1), dissolved oxygen may not be less than 6.5 
parts per million as a 30-day average based upon a temperature of 24 degrees centigrade or the 
ambient temperature of the water body, whichever is less. This criterion for the water body 
applies to licenses and water quality certificates issued on or after March 16, 2004. 

 
Contaminants 

 
Maine’s Surface Water Ambient Toxics (SWAT) monitoring program was established in 1993 to 

determine the nature, scope, and severity of toxic contamination in the surface waters and fisheries of the 
State.  The authorizing statute states that the program must be designed to comprehensively monitor the 
lakes, rivers and stream, and marine and estuarine waters of the State on an ongoing basis.  In the marine 
and estuarine modules, blue mussel and clam tissue is analyzed for metals, mercury, Polycyclic Aromatic 
Hydrocarbons (PAHs), Polychlorinated Biphenyls (PCBs), and organochlorinated pesticides.   

 
In 2011 (MDEP 2012), only lead and mercury (but not silver arsenic, cadmium chromium, 

copper, iron, aluminum, or nickel) in mussel tissue exceeded the National Status and Trends Musselwatch 
85th percentile (NST85) at more than half of the sites tested, resulting in an elevated designation.  PAH 
concentrations in clam and mussel tissue did not exceed the NST85.  PCB concentrations in mussel tissue 
exceeded the Maine Center for Disease Control (MCDC) cancer fish tissue action level (FTAL) at two 
sampling sites (East End Beach, Portland and Crockett Point, Rockland), but PCB concentrations in clams 
were below this level. Organochlorinated pesticide concentrations in mussel and clam tissue were safely 
below the MCDC FTAL values. 

 
The study of contaminant levels in Atlantic sturgeon has received little attention.  While levels for 

most metals and PAH in mussels in Maine coastal waters were below the National Status and Trends 
Musselwatch 85th percentile (NST85), these contaminants bioaccumulate and may be a problem for long-
lived species like Atlantic sturgeon.  The SWAT report indicated that mussels tend to accumulate more 
contaminants and accumulate contaminants at higher levels compared to clams.  Therefore, it is important 
to have a better understanding of the diet of Atlantic sturgeon, which have been reported to consume 
polychaetes, isopods, decapod crustaceans, amphipods, gastropods, and fishes (e.g. sand lance, 
Ammodytes sp.) as well as bivalves (Vladykov and Greeley 1963; Huff 1975; Scott and Crossman 1973; 
Johnson et al. 1997; Savoy 2007).  Salvaged sturgeon might be a source of tissue samples. 

 
Tidal power projects 

 
Because of its extremely large tidal fluctuations, there has been renewed interest in producing 

tidal power in the Gulf of Maine.  In the last six years, the Department of Marine Resources has received 
notices for preliminary permits for 13 tidal power projects, one pump storage project, and two tidal 
barrage projects that have been proposed for Maine’s coastal waters.  Applications for preliminary 
permits in Maine typically have proposed the installation of 50-100 tidal turbines that would be anchored 
to the bottom.  To date, just a single generating unit has been deployed, and is being tested in Cobscook 
Bay.  In addition to projects proposed for Maine, tidal power projects have been proposed for Minas 
Basin in Canada (Wirgin et al. 2012).  Virtually nothing is known about the environmental impacts of 
these types of turbines (Cada 2007).  For large fish like Atlantic sturgeon, the greatest concern if for 
injury or mortality caused by blades strikes.  
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Dredging, blasting, pile driving 
 
ME DMR typically recommends ways to reduce impacts of projects on fisheries resources during 

consultation with private, state, or federal entities.  The recommendations may include in-water work 
windows or sequencing of activities to minimize adverse impacts.  

 
Large projects that involve dredging, blasting, and/or pile driving  are not uncommon in the 

Kennebec River, Kennebec Estuary, and Androscoggin Estuary.  In the past, the entity responsible for a 
project has gone to considerable effort to minimize impacts, typically by conducting studies prior to 
project initiation, and scheduling construction when it would have the least impacts.  For example, a year 
of study on the shortnose sturgeon spawning habitat in the Androscoggin Estuary in 1993 preceded 
construction of the Brunswick Bypass to determine if it was in spawning habitat (it wasn’t).  Prior to the 
expansion of Bath Iron Works (BIW), an extensive study of water quality and fisheries in the vicinity was 
conducted from April 1997-June 1998.  Furthermore, a telemetry study of shortnose and Atlantic sturgeon 
distribution in the Lower Kennebec Estuary was conducted in the fall/winter of 1998 and spring of 1999 
to inform dredging and blasting schedules. 

 
Overutilization for commercial, recreational, scientific, or educational purposes 

 
Directed catch 

 
Atlantic sturgeon are not protected in Canada, and commercial fisheries still occur for subadults 

in the Saint John River, New Brunswick where the total allowable catch is approximately 200 adults 
(Dadswell 2006).  Wirgin et al. (2012) reported that 34-36% of the fish caught farther north in the Minas 
Basin were of Kennebec origin.  It is possible that fishery in the Saint John River is taking Kennebec 
origin fish.  Genetic analysis of Atlantic sturgeon taken in the fishery would determine the origin of the 
fish. 

 
Bycatch 

 
The State of Maine has no active program to monitor bycatch of Atlantic sturgeon in Maine 

waters.  However, we queried the National Marine Fisheries Service Fishery Observer database for the 
period 1991 through 2012 for Statistical Areas 511, 512, and 513, which encompass Maine’s coast.  
Bycatch was reported only in area 513, the area that extends from the Maine-New Hampshire border east 
to Muscongus Bay.  Within area 513, a total of 1,448 pounds of Atlantic sturgeon or sturgeon bycatch 
was reported for the years 1991-2012.  Bycatch was greatest in 2000, and was relatively high from 1991-
1994 (Figure 12).  For all years combined, bycatch was greatest in April and November (Figure 12).  
Sturgeon were taken by sinking fixed or anchored gill net (1,096 pounds) that targeted groundfish (or 
unknown fish species prior to 1995), purse seine (45 pounds) that targeted Atlantic herring, or otter trawl 
that targeted Atlantic cod (100 pounds), unknown fish species (70 pounds), or shrimp (137 pounds). 

 
Competition, predation, disease 

 
Harmful algal blooms (HABs) can pose a threat to sturgeon when they consume shellfish exposed 

to blooms of the dinoflagellate genus Alexandrium and the potentially large amounts of neurotoxins 
accumulated in the shellfish  (Fire et al. 2012).  These toxic compounds, known as saxitoxins, are 
responsible for paralytic shellfish poisoning in humans.  During the summer of 2009, the coast of Maine 
experienced a severe Alexandrium bloom.  On July 10, ME DMR received a call that there were dead 
sturgeon in Sagadahoc Bay, located immediately to the east of the mouth of the Kennebec.  Thirteen 
shortnose sturgeon and one Atlantic sturgeon were found in the bay.  The least decomposed fish, three 
shortnose sturgeon, were frozen and subsequently necropsied.  Saxitoxin-like activity was found in the 
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stomach contents, liver, and gill tissue and fish stomachs contained large number of amethyst gem clams, 
Gemma gemma, (Fire et al. 2012).  

 
Existing regulatory authorities, laws, and policies 

 
Unfortunately, during project and/or permit consultations in the last two years, ME DMR’s 

recommendations often have been ignored.  In 2011, dredging below Bath Iron Works was carried out in 
the summer when both species of sturgeon are known to be in the area.  Consultation on construction of a 
new bridge in Richmond (rkm 45) since April has resulted in no restrictions on pile driving during the 
upstream migration period for all anadromous species (April 1 – mid July).  

 
Conservation and Management Approaches 

 
Identify critical habitat 

 
The Endangered Species Act (ESA) requires the federal government to designate “critical 

habitat” for any species it lists under the ESA.  “Critical habitat” is defined as: (1) specific areas within 
the geographical area occupied by the species at the time of listing, if they contain physical or biological 
features essential to conservation, and those features may require special management considerations or 
protection; and (2) specific areas outside the geographical area occupied by the species if the agency 
determines that the area itself is essential for conservation. 

 
Because the Estuarial Complex of the Kennebec, Androscoggin, and Sheepscot Rivers appears to 

support the only extant population of Atlantic sturgeon within the GoM DPS, the entire complex should 
be designated as critical habitat.  Our studies have demonstrated that the entire complex is used as a 
migratory corridor, and the Kennebec River , Upper Kennebec Estuary, and Androscoggin Estuary are 
used for spawning.  Laboratory studies indicate downstream migration by young-of-year is limited, so 
these areas are also likely used as nursery habitat.  Our studies also have found that subadults and adults 
use Merrymeeting Bay, the Lower Kennebec Estuary, and Sasanoa and Back rivers from April though 
November, probably for foraging.  Most recently (gill net sampling on October 24, 2012) we confirmed 
that juvenile Atlantic sturgeon were located at the same wintering area as shortnose sturgeon in late fall.  
Two wintering areas have been identified to date, one in Merrymeeting Bay, and one in the Upper 
Kennebec Estuary.  

 
Concentrations of Atlantic sturgeon have been documented in Sagadahoc Bay, a portion of the 

Penobscot Estuary in Winterport, and the Saco Estuary.  Anecdotal reports indicate Atlantic sturgeon may 
also be concentrated in Totman Cove, located just west of the mouth of the Kennebec, and in 
Scarborough Marsh, located near the Saco Estuary.  Some or all of these areas should also be designated 
at critical habitat. 

 
Consultation on tidal power projects 

 
ME DMR will continue to request or recommend intensive fisheries assessment and monitoring 

of FERC licensed pilot tidal projects.  At a minimum the relative seasonal abundance and vertical 
distribution should be determined for each species in the area, and behavior before and after installation 
of a turbine unit and multiple units should be examined.   
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Consultation on dredging, blasting, and construction projects 
 
ME DMR will continue to recommend that dredging, blasting, pile driving and related activities 

that could impact Atlantic (and shortnose) sturgeon be restricted to the time period between November 1 
and April 1 when fish are concentrated in wintering areas or are in marine waters. 

 
Directed catch 
 
ME DMR will continue to participate in development by Canada and the U.S. of a Regional Conservation 
Strategy for Atlantic Sturgeon in the GoM.  Determining the stock composition of Atlantic sturgeon 
harvested in the St. John River, Canada, is a priority. 
 
Bycatch 
 
ME DMR will continue to participate in the ASMFC Atlantic Sturgeon Technical Committee, which will 
conduct a new stock assessment for the species, and will continue to investigate ways to reduce bycatch. 

   
Existing regulatory authorities, laws, and policies 
 
Current Maine law makes it unlawful to take, catch, or destroy Atlantic sturgeon and shortnose sturgeon 
in coastal waters.  ME DMR will work with the Maine Department of Inland Fisheries and Wildlife to 
mirror the regulation in the Kennebec from the coastal water/inland water interface upstream to 
Lockwood Dam and Benton Falls Dam and in the Penobscot from the coastal water/inland water interface 
upstream to Milford Dam. 

 
Education and outreach 

 
ME DMR will continue to participate in the ASMFC Atlantic Sturgeon Technical Committee, 

which will conduct a new stock assessment.  Ongoing research will be published in journals widely read  
by other sturgeon researchers (e.g., Transactions of the American Fisheries Society), and presented at 
regional and national meetings (e.g., AFS).  ME DMR researchers will continue to collaborate with other 
researchers working in the GoM and to participate in the Atlantic Coast Telemetry (ACT) Network.  We 
will attend outreach events and speak about our work on Maine’s rivers.  We also will provide data to the 
SCUTES (Students Collaborating to Undertake tracking Efforts for Sturgeon) program.  Finally,  ME 
DMR will post signs at boat launches and popular fishing area describing the status Atlantic sturgeon and 
describing handling protocols if fish are inadvertently caught.  

 
Research needs 

 
The ASSRT (2007) identified long-term population monitoring, spawning population estimates,  

population genetics, bycatch and bycatch mortality estimates, identification of spawning and nursery 
ground, toxic contaminant impacts and thresholds, and develop fish passage devices for sturgeon as 
important research needs.  The list has been refined to address specific research needs for the GoM.   

  
• Estimate the abundance of spawning populations in the Kennebec and Androscoggin systems, 

possibly using hydroacoustics; 
• Determine genetic relatedness between Atlantic sturgeon that spawn in the Kennebec and 

Androscoggin; determine genetic relatedness between Kennebec and Androscoggin spawners and 
Atlantic sturgeon caught in the Penobscot and Saco estuaries; 

• Identify nursery grounds in the Kennebec and Androscoggin; 
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• Identify in-river wintering areas for juveniles and sub-adults;  
• Identify GoM marine wintering area for adults; 
• Determine if spawning occurs in the Penobscot River after removal of Veazie Dam; 
• Monitor impacts of pile driving on migratory behavior of Atlantic sturgeon during construction of 

Richmond Bridge in 2013; and 
• Collect tissue samples from salvaged sturgeon for contaminants analysis. 
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Table 1.  Total harvest of Atlantic sturgeon in Maine and harvest by county,  1909-1981. 
 

Year Total pounds York Cumberland Sagadahoc Lincoln Knox Penobscot Hancock Washington
1909 6,000 6,000
1910 9,000 9,000
1911 7,500 7,500
1912 20,000 12,400 7,600
1913 8,100 600 7,500
1914 200 200
1933 2,308 684 708 749 167
1935 900 600 300
1937 1,200 1,200
1938 500 500
1940 223
1942 39 39
1943 283 283
1945 406 250 125 31
1946 324 324
1947 313 243 70
1948 228 196 32
1949 409 370 39
1950 393 203 190
1951 528 395 133
1952 637 509 27 101
1953 1,165 618 68 55 424
1954 1,440 1,400 40
1955 570 526 19 25
1956 690 580 100 10
1957 819 779 40
1958 730 730
1959 800 522 278
1961 1,213 947 198 56 12
1962 611 563 48
1963 766 478 288
1964 72 72
1965 598 496 102
1966 444 372 72
1967 1,583 485 1,038 60
1969 2,783 174 2,543 66
1970 6,201 585 5,299 317
1971 856 304 384 144 24
1972 1,055 252 108 414 244 37
1973 318 150 126 42
1974 368 168 78 74 48
1975 1,424 552 238 500 134
1976 1,339 485 660 150 44
1977 4,598 2,692 1,442 452 12
1978 1,861 1,027 441 54 26 288 25
1979 3,166 822 755 1,130 92 325 42
1980 3,438 1,499 429 1,272 173 65
1981 3,304 606 794 1,688 216

101,703 9,369 19,826 30,274 1,971 766 37,800 1,384 90 
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Table 2. Total and monthly gill net sampling effort (net-h) in the Upper Kennebec Estuary 
(UKE), Merrymeeting Bay (MMB), Androscoggin Estuary (AE), Lower Kennebec Estuary (LKE), and 
Sasanoa and Back river passages (S-B), 1977-2000. 
 

Zone Year Total Apr May Jun Jul Aug Sep Oct Nov
UKE 1977 360.0 24.0 72.0 96.0 48.0 120.0

1978 408.0 48.0 120.0 96.0 96.0 48.0
1979 112.0 24.0 32.0 56.0
1980 120.0 48.0 72.0
1981 120.0 40.0 32.0 24.0 24.0
1994 7.2 7.2
1996 4.4 2.9 1.0 0.5
1997 83.5 1.6 1.5 80.4
1998 2.4 2.4
1999 22.8 22.8
2000 2.4 2.4

MMB 1977 144.0 48.0 48.0 48.0
1978 312.0 24.0 56.0 88.0 48.0 48.0 48.0
1979 288.0 72.0 96.0 72.0 48.0
1980 48.0 48.0
1981 88.0 56.0 24.0 8.0
1995
1996 28.7 0.0 9.0 19.7
1998 47.4 26.5 20.9
1999 11.9 4.4 7.5
2000 71.0 46.7 24.3

AE 1980 232.0 8.0 168.0 24.0 32.0
1981 144.0 88.0 56.0
1982 288.0 48.0 192.0 48.0
1983 288.0 48.0 192.0 48.0
1993 142.9 72.0 70.2 0.7
1999 78.3 78.3

LKE 1977 336.0 72.0 96.0 24.0 24.0 48.0 48.0 24.0
1978 72.0 24.0 24.0 24.0
1979 336.0 24.0 184.0 56.0 24.0 48.0
1980 152.0 48.0 32.0 24.0 48.0
1981 200.0 56.0 48.0 48.0 48.0
1996 24.4 24.4
1997 7.5 0.0 7.5
1998 186.5 3.3 34.8 2.1 2.0 13.3 36.1 94.9
1999 226.2 33.7 21.8 170.6
2000 504.7 416.9 87.7

S-B 1977 240.0 24.0 48.0 24.0 48.0 24.0 24.0 48.0
1978 336.0 24.0 72.0 96.0 72.0 72.0
1979 264.0 24.0 24.0 24.0 72.0 72.0 48.0
1980 328.0 104.0 56.0 24.0 48.0 96.0
1981 184.0 64.0 48.0 24.0 48.0
1996 38.2 30.9 7.3
1997 0.0 0.0
1998 57.4 7.2 27.2 23.0
1999 105.1 8.1 8.4 88.6
2000 93.0 69.3 23.6 
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Table 3.  Monthly gill net catch of sturgeon from April (A) through November (N) in the Upper 
Kennebec Estuary (UKE), Merrymeeting Bay (MMB), Androscoggin Estuary (AE), Lower Kennebec 
Estuary (LKE), and Sasanoa and Back rivers (S-B), 1977-2000.  Bold numerals indicate that CPUE was 
greater than the annual mean, a – denotes no catch, and a blank denotes no effort was expended. 

 

Zone Year A M J J A S O N Zone Year A M J J A S O N
UKE 1977 - - 1 - - LKE 1977 - 11 - 3 3

1978 - - 2 - - 1978 - 1 -
1979 - - 1 - 1979 - - - 16 -
1980 - - 1980 9
1981 - - - - 1981 - - - 1
1994 7 1996
1996 - 2 8 1997 - -
1997 - - 13 1998 - 19 1 - - 42 61
1998 - 1999 4 10 20
1999 - 2000 67 12
2000 8 S-B 1977 - - - - -

MMB 1977 - - - 1978 - - - - - -
1978 2 - 1 - 2 - 1979 - 1 - - -
1979 - - - 8 1980 - - - - -
1980 8 1981 - - - -
1981 2 1 3 1996 1 -
1996 - 1 - 1997 -
1998 15 1 1998 - 3 -
1999 4 3 1999 3 5 6
2000 11 6 2000 2 1

AE 1980 - - - -
1981 - -
1982 - - -
1983 - - -
1993 - - -
1999 -

Number sturgeon caught Number sturgeon caught
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Table 4.  Location of acoustic telemetry receivers in the Kennebec, Androscoggin, and Sheepscot 
watersheds, Maine, and the years deployed. 

 

Receiver 2007 2008 2009 2010 2011 2012
rkm 102 Y Y Y Y Y lost
rkm 101 Y
rkm 99 Y
rkm 87 Y Y Y Y Y lost
rkm 75 Y Y
rkm 74 Y Y Y
rkm 72 Y Y Y Y Y Y
rkm 68 Y Y Y Y lost lost
rkm 65 Y Y Y Y Y Y
rkm 64 Y Y Y Y
rkm 58 lost Y Y Y Y
rkm 55 Y Y Y Y Y Y
rkm 48 Y Y Y Y Y Y
rkm 42 Y Y Y Y Y Y
rkm 41 Y Y Y Y Y Y
rkm 34 Y Y Y Y Y Y
rkm 31 Y Y Y Y
rkm 30 Y Y Y Y Y Y
rkm 21 Y Y Y Y Y Y
rkm 17 Y
rkm 16 Y Y Y lost Y Y
18 Y
19 Y
20 lost
21 lost

Year deployed 
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Table 5.  Date, capture location in the Kennebec and Androscoggin estuaries, and biological 
characteristics of Atlantic sturgeon tagged with an acoustic transmitter, 2009-2012. 

 
Species RKM Date Acoustic tag TL (cm) Sex

Atlantic sturgeon 72 7/20/09 52185 152.0
Atlantic sturgeon 72 7/21/09 52184 158.0
Atlantic sturgeon 72 7/21/09 52187 152.0
Atlantic sturgeon 72 7/22/09 52186 199.0
Atlantic sturgeon 72 7/22/09 52188 166.0 M
Atlantic sturgeon 70.1 6/17/10 52191 192.0
Atlantic sturgeon 74 6/24/10 52189 161.0
Atlantic sturgeon 74 6/25/10 52172 196.0
Atlantic sturgeon 74 6/25/10 161.0
Atlantic sturgeon 74 6/25/10 171.0
Atlantic sturgeon 74 6/25/10 175.0
Atlantic sturgeon 74 6/25/10 52177 154.0
Atlantic sturgeon 74 6/25/10 52174 M
Atlantic sturgeon 74 6/25/10 52190 164.0
Atlantic sturgeon 74 6/25/10 52173 152.0
Atlantic sturgeon 74 6/25/10 52175 187.0
Atlantic sturgeon 75 6/16/11 52182
Atlantic sturgeon 75 6/17/11 52183 169.2
Atlantic sturgeon 75 6/20/11 52180 184.5
Atlantic sturgeon 75 6/20/11 52181 188.5 M
Atlantic sturgeon 30 6/21/11 157.2
Atlantic sturgeon 30 6/21/11 52176 166.6
Atlantic sturgeon 30 6/21/11 52178 187.2
Atlantic sturgeon 30 6/21/11 52179 181.4 M
Atlantic sturgeon 30 6/21/11 167.2
Atlantic sturgeon 30 6/21/11 181.3
Atlantic sturgeon 30 6/21/11 158.3
Atlantic sturgeon 30 6/21/11 163.5
Atlantic sturgeon 72 6/29/11 164.2
Atlantic sturgeon 72 6/29/11 182.2
Atlantic sturgeon 72 6/29/11 161.7
Atlantic sturgeon 72 6/29/11 180.9
Atlantic sturgeon 72 6/30/11 166.8
Atlantic sturgeon 72 7/5/11 192.7 M
Atlantic sturgeon 72 7/5/11 166.1
Atlantic sturgeon 72 7/8/11 170.2
Atlantic sturgeon 72 7/8/11 176.2 M
Atlantic sturgeon 72 7/11/11 197.4 M
Atlantic sturgeon 72 7/11/11 163.3  



  

 26 

Figure 1. Map of the study area in the Kennebec, Androscoggin, and Sheepscot estuaries, Maine.  
Distances in river kilometers indicated by lines and adjacent numerals.  Gill net sampling stations 
indicated by black circles.  Letters indicate the Sasanoa River (S), Back River (B), Hockomock 
Bay (H), Montsweag Bay (M), and Knubble Bay (K).  
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Figure 2.  Box plots of total lengths of Atlantic sturgeon ( n=337) captured in the Kennebec, 
Androscoggin, and Sheepscot estuaries, 1977-2000.  Box ends = 25th and 75th percentiles of length; line 
within box=median; error bars [whiskers] = ± 1.5(interquartile range); dots = outliers. 
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Figure 3. Distribution of Atlantic sturgeon in the Kennebec, Androscoggin, and Sheepscot 
estuaries, Maine, from 1977-2000.  Circle size is mean CPUE for the station (sCPUE); stations with 
CPUE=0 are not shown.  Distances in river kilometers indicated by lines and adjacent numerals.  Letters 
indicate the Sasanoa River (S), Back River (B), Hockomock Bay (H), Montsweag Bay (M), and Knubble 
Bay (K).  
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Figure 4.  Capture locations (rkm) in the Kennebec Estuary of Atlantic sturgeon measured for 
total length (TL).  Vertical lines delineate approximate TL of life intervals: early juveniles (<500 mm), 
intermediate juveniles (500-700 mm), late juveniles (700-1490 mm), and adults (>1500 mm).  Juvenile 
stages indicated by X and adults by diamond. 
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Figure 5.  Map of the study area in the Kennebec, Androscoggin, and Sheepscot estuaries, Maine.  
Receiver locations are indicated black circles.  Gill net sampling stations indicated by black stars. Letters 
indicate the Sasanoa River (S), Back River (B), Hockomock Bay (H), Montsweag Bay (M), and Knubble 
Bay (K).  Dams are indicated by heavy black lines. 
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Figure 6.  Movements of five Atlantic sturgeon caught and tagged at a known spawning area in 
the Upper Kennebec Estuary in 2009.  Symbols indicate date and location of each detection. 
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Figure 7.  Movements of seven Atlantic sturgeon caught and tagged at a known spawning area in 
the Upper Kennebec Estuary in 2010.  Symbols indicate date and location of each detection. 
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Figure 8.  Movements of three Atlantic sturgeon caught and tagged at a newly identified 
spawning area in the Kennebec River and three caught and tagged at a newly identified spawning area in 
the Androscoggin estuary in 2011.  Symbols indicate date and location of each detection. 
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Figure 9.  Freshwater discharge in the Kennebec River (solid line) and bottom water temperature 
at rkm 68 (triangles) in 2009.  Horizontal double-headed arrow indicates when four Atlantic sturgeon 
caught and tagged by ME DMR (DMR) in 2009 were detected in the Upper Kennebec Estuary (UKE). 
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Figure 10.  Freshwater discharge in the Kennebec River (solid line) and bottom water temperature 
at rkm 68 (triangles) in 2010.  Solid double-headed arrow indicates when seven Atlantic sturgeon caught 
and tagged by ME DMR (DMR) n the Kennebec River were detected in the Upper Kennebec Estuary 
(UKE).  Dashed double-headed arrow indicates when two Atlantic sturgeon caught and tagged by the 
University of Maine (UM) in the Penobscot, one in 2008 and one in 2009, were detected in the UKE. 
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 Figure 11.  Freshwater discharge in the Kennebec River (solid line) and Androscoggin River 
(dotted line), and bottom water temperature at rkm 102 (diamond) and rkm 30 (cross) in 2011.  Solid 
double-headed arrow indicates when three Atlantic sturgeon caught and tagged by ME DMR (DMR) in 
the Kennebec in 2011 were detected at the spawning area at in the Upper Kennebec Estuary (UKE); one 
of the fish also migrated moved upstream to the Kennebec River (DMR KR).  Dashed double-headed 
arrow indicates when three Atlantic sturgeon caught and tagged by UM DMR in the Androscoggin 
Estuary (AE) in 2011 and three caught and tagged by the University of New England (UNE) in the Saco 
were detected in the AE.  Stars indicate when Atlantic sturgeon larvae were caught in the KR and UKE .  
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Figure 12.  Total bycatch by year (top panel) and month (bottom panel) of Atlantic sturgeon or 
sturgeon from the National Marine Fisheries Service Fishery Observer database in areas 511, 512, and 
513 (GoM) for the period 1991-2010. 
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Atlantic sturgeon – 1977-2001 data summary  
 

Introduction 
Populations of Atlantic sturgeon and shortnose sturgeon currently inhabit the Kennebec complex 
in Maine, which encompasses the Kennebec River, Androscoggin River, Sheepscot River, 
Sasanoa River, Back River, Hockomock Bay, Montsweag Bay, and Knubble Bay (Figure 1).  
Freshwater from the Kennebec and Androscoggin, Maine’ s second and third largest rivers, 
respectively, and three small tributaries, unite to form a large tidal-freshwater embayment 
(Merrymeeting Bay), below which the Kennebec become increasingly saline as it travels to the 
Gulf of Maine.   

Commercial harvesting of sturgeon (species not distinguished) began early in the Kennebec 
complex, and continued for over 300 years.  By 1673, the English had established a commercial 
fishing operation at Pejepscot Falls on the Androscoggin River, and caught ninety kegs of 
sturgeon in just three weeks (http://www.bethelhistorical.org/A_River's_Journey.html).  Maine’s 
Commissioners of Fisheries (1867) reported that “in 1849 a Mr. N.K. Lombard, representing a 
Boston firm, came down to the Kennebec... and undertook to put up the roe of sturgeon for 
caviar, and at the same time boil down the bodies for oil....The first year were obtained 160 tons 
of sturgeon”.  In the 1900s sturgeon were being processed near the outlet of Merrymeeting Bay 
(Figure 2).  Atlantic sturgeon were still commercially harvested in the Kennebec complex in 
1980 in a fishery that targeted spawning sturgeon.  Sturgeon harvest was finally closed by DMR 
rule on November 9, 1983 

Atlantic sturgeon have been taken as bycatch in five major scientific studies in the Kennebec 
complex that primarily targeted shortnose sturgeon.  From 1977 to 1983, gillnet sampling and 
conventional Carlin tagging were used to determine the distribution and abundance of the 
shortnose sturgeon population.  In 1993, acoustic telemetry and various types of net sampling 
were used to assess the potential impacts of a proposed bridge construction on shortnose 
sturgeon reproduction in the Androscoggin River. From 1996 through 1998, acoustic telemetry 
and gill net sampling were used to identify shortnose sturgeon overwintering habitat.  From 1996 
to 1998 Normandeau Associates Inc1. used acoustic telemetry and various types of net sampling 
to assess the potential impacts of proposed dredging and construction in the City of Bath on both 
shortnose and Atlantic sturgeon populations in the Kennebec River.  From 1998 to 2001, gillnet 
sampling and PIT tagging  were used to estimate the abundance of shortnose sturgeon in the 
Kennebec complex for a second time.  In addition, DMR attempted to use radio telemetry in 
1995 and 1996 to document the migratory movements and distribution of Atlantic sturgeon in the 
Kennebec complex. 

 

                                                 

 
1 Study funded by Bath Iron Works. 

http://www.bethelhistorical.org/A_River's_Journey.html
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Methods 
Scientific sampling was conducted at sites throughout the Kennebec complex from the last week 
in April at the earliest to the first week in November at the latest.  Three major gear types were 
used (sinking gill net, floating gill net, and otter trawl), although a small number of sturgeon 
were taken by beach seine, eel pot, and a commercial gill net.  Gill nets ranged from 30-m to 90-
m in length, 1.8-m to 3.7-m in depth, and 11.2-cm to 33-cm  stretch mesh size.  DMR’s otter 
trawl was 4.88-m long with an estimated 3.05-m mouth opening; Normandeau’s trawl had a 14-ft 
headrope, 18-ft footrope, body of 2-in #15 nylon, and codend of 1 1/2-in with 1/4-in liner. 

In all the studies, healthy and dead sturgeon typically were measured and weighed in a sling.  
Measurements included total length (TL), fork length (FL), and head length (HL), measured to 
the nearest 1 mm; mouth width (MW) and interorbital width (IOW), measured to the nearest 0.01 
mm; and weight, measured to the nearest quarter pound with a spring scale.  If a large number of 
sturgeon were caught or if fish appeared stressed, they were released without being measured.  

Carlin tags and PIT tags were used to mark individual fish for mark-recapture studies.  Prior to 
1998, fish were marked externally through the fleshy base of the dorsal fin with a Carlin tag 
having a special stainless steel bridle.  Beginning in 1998, fish were marked with a PIT tag that 
was injected into the dorsal musculature. 

Telemetry studies utilized both radio and acoustic tags, and method of attachment was 
determined by the reproductive status of the fish.  Pre-spawning adults were tagged externally 
with an acoustic transmitter (shortnose sturgeon) or a radio transmitter and/or an acoustic 
transmitter (Atlantic sturgeon).   Fish captured in the fall were tagged internally with an acoustic 
transmitter (both species).  Mobile tracking from a boat was conducted at least twice a week to 
locate fish at 103 standard “listening” sites located along the river from Augusta at RKM 74 
(river kilometer) to the mouth of the Back River at RKM 6.4. 

Atlantic sturgeon captured with different gear types were analyzed separately.  Gill net catches 
were converted to catch-per-unit-effort (CPUE) for each sampling event. Because variously sized 
gill nets were used, one unit of effort was defined as a 100-m long gillnet fished for one hour.  
CPUE was not computed for fish captured with an otter trawl or beach seine.  Few of the otter 
trawl samples included a unit of effort (time or distance).  Sampling sites were grouped into 
ecological zones: tidal freshwater riverine (RKM 74-45), tidal freshwater embayment  
(Merrymeeting Bay, RKM 45-30), and tidal saltwater (RKM 30-RKM 0).  

 
Results 
A total of 492 Atlantic sturgeon were captured in the Kennebec complex between 1977 and 
2000.  Of this total 461 were taken as bycatch during scientific sampling primarily for shortnose 
sturgeon, and 31 were taken by a commercial harvester.  Fish captured during scientific sampling 
either were tagged (N=272), were released without being tagged (N=156), were recaptured, 
previously tagged fish (N=10)2, or were mortalities (N=21).  Two of the commercially harvested 
fish had been tagged, and the tags were returned to DMR.  

                                                 

 
2 Database coding changed in the late 1990s, and recapture records are being reviewed for accuracy . 



 4 

Most of the Atlantic sturgeon taken as bycatch (N=386) were captured with gill nets at 27 of the 
70 locations sampled (Figure 3).  Effort data was missing for eight fish, which were excluded 
from further CPUE analysis.  Median CPUE was 0.5, but ranged from 0.04 to 20 (individuals per 
100-m net fished for one hour).  High CPUE values occurred at tidal freshwater sites in June and 
July; in the tidal embayment (Merrymeeting Bay) in July through October; and in tidal saltwater 
in all months except November (Table 1)  The highest CPUE (20.0) was at a Bath Iron Works 
site (T2 in July). 

Seventy five Atlantic sturgeon were captured at 11 sites sampled by MDMR or Normandeau 
Associates Inc. with an otter trawl.  All of the fish caught in tidal salt water were taken in the 
immediate vicinity of Bath Iron Works as part of an environmental assessment (Table 2).   

Captured Atlantic sturgeon that were measured ranged in size from 228 to 22.5-cm TL (N=429) 
with the greatest range of sizes occurring in June, and the largest fish being captured in June and 
July (Figure 4). 

The Kennebec complex clearly supports a spawning population of Atlantic sturgeon. Forty-one 
of the 55 largest Atlantic sturgeon, 130.8 to 223.5-cm TL, were in spawning condition, primarily 
males that were expressing milt.  Thirteen of these spawning fish were taken by the commercial 
harvester.  Fish in spawning condition have been taken in multiple years (1978, 1980, 1994, 
1996, and 1997).   Fish in spawning condition and most fish >130-cm TL were captured in the 
tidal freshwater zone (RKM 52.8 to RKM 74) in June and July (Table 1). 

Tidal saltwater habitat, particularly the area around Bath Iron Works, Pleasant Cove and 
Winnegance Cove (Figure 3; Site 13, Site 33 and BIW), may be important feeding areas.  The 
majority of the 366 sturgeon less than 130-cm TL (or not measured) were found in tidal saltwater 
from April through November (Table 2).  This same pattern of habitat use is also seen in the 
CPUE data. 

To determine the migratory movements and better delineate spawning habitat, Atlantic sturgeon 
(157.5 to 198.1-cm TL)  captured near suspected spawning areas were fitted  with a radio 
transmitter (N=2 in 1996; N=7 in 1997) or both a radio transmitter and an acoustic transmitter 
(N=3 in 1997).  These fish were never detected again. 

To determine the potential environmental impacts of several proposed projects near Bath, 
Normandeau Associates Inc. fitted each of three Atlantic sturgeon with an acoustic transmitter in 
1998.   These fish were detected in the area from 23 April to October 20.  
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Atlantic Sturgeon – 2009-2011 data summary 
 

Summary 
In 2009, MDMR initiated a targeted telemetry study of Atlantic sturgeon to identify critical 
habitats (spawning, overwintering, feeding), and a mark-recapture study to determine the size of 
the population.  In addition tissue samples were taken for genetic analysis.  In 2011 a total of 37 
Atlantic sturgeon were caught, 11 were acoustically tagged (7 external 3-year tags; 4 internal 10-
year tags), and 34 were PIT-tagged and had a tissue sample taken.  Three putative Atlantic 
sturgeon larvae were captured at the spawning site in the Kennebec, and a second spawning area 
was documented in the Androscoggin.  Two of the Androscoggin spawners had been PIT-tagged 
in the Saco River.  Acoustically tagged sturgeon (all years combined) remained on the spawning 
ground for 0.8-28.2 days where they exhibited two or three peaks of activity, and the majority 
did not leave the system after spawning.  During the three years of this study, 51 Atlantic 
sturgeon tissue samples were collected for DNA analysis, more than doubling the extant sample 
size for the Kennebec complex.  Eighteen Atlantic sturgeon tagged in the Saco River and 27 
tagged in the Penobscot River have been detected in the Kennebec complex during this study, 
but only four ventured upstream of rkm 45 for more than a few hours.  In 2012 we propose to use 
side-scan sonar to estimate the number of spawning Atlantic sturgeon. 

 

Introduction 
 

Atlantic sturgeon currently inhabit the Kennebec complex, which encompasses seven rivers and 
two connecting passages (Figure 1).  Maine’ s second (Kennebec) and third (Androscoggin) 
largest rivers and four small tributaries combine to form Merrymeeting Bay, below which the 
Kennebec travels approximately 30 km before entering the Gulf of Maine.  The lower Kennebec 
and the Sheepscot River are connected by the Sasanoa River (oriented NW to SE) and Back 
River (oriented SW to NE).   

The Kennebec complex can be divided into six ecological zones on the basis of salinity and 
geomorphology.  The “lower Kennebec” from its mouth at river kilometer (rkm) 0 to 
Merrymeeting Bay at rkm 30 is relatively narrow and deep with salinity ranging from 0-32 ppt 
depending on location and freshwater discharge.  The “S-B passages” (Sasanoa and Back rivers) 
form a mixing zone between the lower Kennebec and the lower Sheepscot.  “Merrymeeting Bay” 
from rkm 30 to rkm 42 is generally <2 m deep at low tide, has extensive intertidal mudflats 
dominated by Zizania aqutica L. (wild rice), and salinity that rarely exceeds 5 ppt .  The 13-km 
long, tidal portion of the “Androscoggin” between Pejepscot Falls, current location of Brunswick 
Project dam, and Merrymeeting Bay is characterized by large outcroppings of ledge in the upper 
0.5 km, while the lower 9 km is braided channel.  The “middle Kennebec” is tidal from rkm 42 
to rkm 75, has a defined channel for much of its length, and is characterized by a variety of 
substrate types.  The “upper Kennebec” from rkm 75-102 is riverine.    
 
Limited information about the Atlantic sturgeon population in the Kennebec complex has been 
gleaned from commercial catches and studies conducted between 1977 and 2000 by the Maine 
Department of Marine Resources on shortnose sturgeon, which captured 457 Atlantic sturgeon as 
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bycatch.  Captured and harvested Atlantic sturgeon that were measured ranged from 225 to 
2280-mm TL (N=429).  Although 60% of the captured Atlantic sturgeon were marked with an 
external Carlin tag, too few were recaptured to permit a population estimate.  High catch-per-
unit-effort (CPUE) values occurred in the middle Kennebec in June and July, in Merrymeeting 
Bay from July through October, and in the lower Kennebec in all months except November.  
During June and July, Atlantic sturgeon in spawning condition and fish >1500-mm TL were 
captured in the middle Kennebec between rkm 58 and to rkm 74. 
 
In 2009, MDMR initiated a targeted telemetry study of Atlantic sturgeon to identify critical 
habitats (spawning, overwintering, feeding) and a mark-recapture study to determine the size of 
the population.  In addition tissue samples were taken for genetic analysis.  Behavior of Atlantic 
sturgeon observed in this telemetry study was compared to the behavior of Atlantic sturgeon that 
entered the Kennebec River after being tagged in the Penobscot River. 
 

Methods 
 
The study area encompassed approximately 97 kilometers of the Kennebec River from 
Phippsburg boat launch at RKM 16 to the first dam on the mainstem (Lockwood Dam) at RKM 
102, the tidal portion of the Androscoggin River from Butler Head to the Brunswick Dam 
(nominally RKM 30 and 31), and the estuarine complex between the Kennebec River and the 
Sheepscot River.  Since 2008, MDMR has deployed and maintained an array of moored acoustic 
receivers (Vemco model VR2W) at 16-20 sites in the river channel (Figure 3) for approximately 
eight months (the ice-free period).  In 2008 we also placed a receiver in the Sasanoa River (#18), 
the Back River (#20), the Sheepscot River (#21) and Townsend Gut (#19). 
 
From 2009 to 2011, pre-spawn Atlantic sturgeon were captured in the Kennebec complex with 
multifilament gill nets with 30.5-mm stretch mesh.  Healthy fish were anesthetized, measured, 
PIT-tagged, tagged externally with an acoustic transmitter (Vemco V16-4H), and a tissue sample 
was taken.  In 2011, non-spawning or post-spawning Atlantic sturgeon also were captured in the 
Kennebec complex.  Healthy fish were anesthetized, measured, PIT-tagged, and a tissue sample 
was taken.  A subset of the larger individuals were internally tagged with an acoustic transmitter.  
All sampling was conducted following protocols in Moser (2000) and permit conditions. 
 
In all three years we attempted to capture eggs and larvae of Atlantic and shortnose sturgeon 
with D-nets to confirm spawning.  The net was constructed of 1600-μ mesh, had a 1-m diameter 
opening, and was 4.3-m long.  In 2009, 15 sets were made between May 19 and August 13; in 
2010, eight sets were made between May 17 and June 21; and in 2011, 20 sets were made 
between May 3 and July 26. 
 

Results and Discussion 
 
A total of 56 Atlantic sturgeon and seven shortnose sturgeon were captured in 95 gill net sets 
(306.8 h fishing time) between 2009 and 2011 (mean Atlantic sturgeon CPUE=0.18 fish/h).  
Tissue samples were taken from 48 Atlantic sturgeon, 46 were PIT tagged, 20 were tagged 
externally and 4 were tagged internally with an acoustic transmitter (Table 3).  More than half 
(31) were caught on the spawning ground in the middle Kennebec (rkm 72-75) between June 16 
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and July 22.  They ranged in size from 1520-1990-mm TL.  In 2011, eight Atlantic sturgeon 
were captured on June 21 in the Androscoggin at a site where shortnose sturgeon are known to 
spawn.  They were similar in size to the Kennebec spawners (1572-1872-mm TL), and one fish 
was a ripe male.  Twenty of the 31 Kennebec spawners and three of the eight Androscoggin 
spawners were tagged with external acoustic transmitters.  In 2011, nine large Atlantic sturgeon 
(1328-1944-mm TL) were caught in Merrymeeting Bay on August 23, and each of four were 
internally tagged with an acoustic transmitter with a 10-year tag life.   
 

Spawning habitat and behavior  
 
Atlantic sturgeon began spawning in the mainstem Kennebec in mid-June if freshwater discharge 
was approximately <20,000 cfs.  We first captured sturgeon on the spawning ground on June 17 
in 2010 and June 16 in 2011 (Table 3).  Surface water temperature on these dates was > 17º C.  
In both years discharge in June and July was less than 14,000 cfs.  By comparison, discharge in 
2009 was nearly continuously >20,000 cfs from June 20 to July 12, and sturgeon were not caught 
until July 20. 
 
Acoustically tagged Atlantic sturgeon remained on the Kennebec spawning ground for 1.5-21.7 
days before moving below rkm 48.  In 2010 and 2011, sturgeon were detected on the spawning 
ground until July 17, but in 2009 they were detected until August 6.  Atlantic sturgeon showed 
two or three peaks of activity (detections per hour) when on the spawning ground.  In 2009 they 
were most active from 0200-0300 and at 1600 and 2000 h, while in 2010 they were most active 
at 0400 and 1600 h (Figure 5).  In both years they were least active from 0600 to 1300.   
 
Spawning in the Kennebec was confirmed by the capture of three larvae (12-13-mm TL; Figure 
3) that we genetically identified as Atlantic sturgeon (Figure 6).  Two were caught on July 11, 
one each at site D-992 and D-7, and one was caught the following day at site D-992.  The D-nets 
had been deployed overnight, and water temperature was 24-25º C (Table 4).   
 
In 2011 we documented Atlantic sturgeon spawning in the Androscoggin River.  Eight fish, 
including one ripe male, were caught just downstream of the Rt 201 bridge on June 21.  
Acoustically tagged fish remained on the spawning ground for 0.8-28.2 d.  Two of the fish 
previously had been caught and PIT-tagged on the Saco River. 
 

Population estimates 
 
In 2011 we used side-scan sonar (EdgeTech 900kHz) to locate and visualize sturgeon on an 
overwintering area (Figure 7).  The technology allowed us to scan the large concentration of fish 
in several hours, but we were unable to discriminate species.  Most of the fish likely were 
shortnose sturgeon, but juvenile Atlantic sturgeon may have been present.  Side-scan sonar could 
be used to obtain an estimate of the Atlantic sturgeon spawning population, because there should 
be little mixing of the two species or of juveniles and adults of the same species during 
spawning.   
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DNA 
 
During the three years of this study, tissue samples were taken from 51 Atlantic  sturgeon.  
Thirty-seven tissue samples were taken from fish on the spawning grounds,  nine were taken 
from large fish caught in Merrymeeting Bay in August, and two were from juveniles caught in 
Merrymeeting Bay in late fall.  In addition, three larvae that we caught in 2011 and tentatively 
identified as an Atlantic sturgeon were preserved for species verification and DNA testing.  All 
tissue samples and the larvae were sent to Dr. Isaac Wirgin. 
 
Bycatch has been identified as a major threat to Atlantic sturgeon.  Therefore, it is important to 
describe the genetic structure of the Kennebec complex population in order to determine the 
impact of various fisheries that take this species as bycatch.  To date the genetic structure 
(mDNA analysis) of Atlantic sturgeon from the Kennebec complex has been described for a 
sample of just 19 fish (Wirgin et al. 2000).  During the three years of this study we have more 
than doubled the sample size for genetic analysis. 
 

Habitat use by post-spawn and non-spawning sturgeon 
 
The majority of Atlantic sturgeon that were tagged in the Kennebec complex on the spawning 
ground did not immediately leave the system after spawning, but were detected for up to 101 
days.   These fish typically moved into Merrymeeting Bay or the lower Kennebec, but three 
made excursions to the middle Kennebec (rkm 55-65).  
 
Three sturgeon tagged in 2009 (52185, 52187, 52188) on the spawning ground were detected in 
subsequent years.  Tag 52185 was detected for 0.5 d on May 11, 2010 at rkm 16.  Tag 52187 was 
detected on August 4 and 12 at rkm 72.  Tag 52188 was detected on May 25 and 28 at rkm 48. 
 
Eighteen Atlantic sturgeon tagged in the Saco River and 27 tagged in the Penobscot River have 
been detected in the Kennebec since 2007.  The majority have rarely ventured upstream of rkm 
45 for more than a few hours.  In 2009 one fish tagged in the Penobscot was detected at RKM 
102 on four occasion between June 26 and August 9, and in 2010 one fish was detected between 
rkm 55 and 75 for most of June.  In 2010 two fish tagged in the Saco were detected in from rkm 
48-65 in September and early October.  In 2011 three Atlantic sturgeon tagged in the Saco were 
detected at spawning sites; one in the middle Kennebec and two captured in the Androscoggin. 
 

References 
 
Moser, M.L., M. Bain, MR Collins, N Haley, B Kynard, JC O’Herron II, G Rodgers, and TS 
Squiers. 2000. A Protocol for user of shortnose and Atlantic sturgeons. US. Dept. Commerce, 
NOAA Technical Memorandum NMFS-OPR-18. 18 Pages. 
 
Wirgin, I., J.R. Waldeman, J. Rosko, R. Gross. M.R. Collins, S.G. Rogers, and J. Stabile. 2000. 
Genetic structure of Atlantic sturgeon populations based on mitochondrial DNA control region 
sequences.  Trans. Am. Fish. Soc. 129: 476-486. 



Table 1. Catch-per-unit-effort (CPUE) by month and site for Atlantic sturgeon captured in 
scientific gill net sampling between 1977 and 2000.  Stations are arranged from head-of-tide at 
RKM 74 to the mouth of the Kennebec at RKM 0.  

Zone RKM Site May Jun Jul Aug Sep Oct Nov

1Tidal freshwater riverine 74.0 36A 3.61

1Tidal freshwater riverine 63.7 35D 3.37

1Tidal freshwater riverine 62.9 35B 0.83

1Tidal freshwater riverine 62.6 35A 2.00

1Tidal freshwater riverine 61.7 12 0.04

1Tidal freshwater riverine 57.7 11 0.08

1Tidal freshwater riverine 52.8 9 0.04

2Tidal freshwater embayment 41.0 42 1.38 0.35

2Tidal freshwater embayment 40.0 14 0.57

2Tidal freshwater embayment 33.7 4 0.08 0.08 1.24 0.63 0.60

2Tidal freshwater embayment 30.3 1 0.71 2.50

2Tidal freshwater embayment 29.7 1A 0.25

2Tidal freshwater embayment 29.0 8 0.08 0.50 0.17

3Tidal saltwater 26.0 24 1.00 0.79 0.05

3Tidal saltwater 21.5 46 0.33 1.72

3Tidal saltwater 20.9 15A 0.50

3Tidal saltwater 20.9 33 1.00 1.91 0.48 0.10 0.06

3Tidal saltwater 20.9 7 0.04

3Tidal saltwater 20.0 45A 2.82 0.88

3Tidal saltwater 20.0 45B 0.92 0.17

3Tidal saltwater 20.0 45D 0.29

3Tidal saltwater 20.0 46A 0.32 1.67 1.37 0.66

3Tidal saltwater 20.0 T2 20.00

3Tidal saltwater 17.3 13 0.06

3Tidal saltwater 17.3 45T6 0.42

3Tidal saltwater 17.2 13B 0.85 0.65 2.29 1.12 0.05

3Tidal saltwater 13.0 2 0.04 0.04 0.04 0.13 0.13

CPUE

 
 

Table 2. Catch by month and site for Atlantic sturgeon taken by scientific sampling with otter 
trawls between 1977 and 2000.  Stations are arranged from head-of-tide at RKM 74 to the mouth 
of the Kennebec at RKM 0.  All tidal saltwater samples were taken near Bath Iron Works 

Zone RKM Site Total Apr May Jun Jul Aug Sep Oct Nov

2Tidal freshwater embayment 29 8 1 1

2Tidal freshwater embayment 31 51A 5 5

2Tidal freshwater embayment 40 14A 18 18

3Tidal saltwater 20 T1 18 3 4 2 1 4 2 1 1

3Tidal saltwater 20 T2 8 1 1 2 3 1

3Tidal saltwater 20 T3 3 2 1

3Tidal saltwater 20 T4 12 2 4 1 2 2 1

3Tidal saltwater 20 T5 1 1

3Tidal saltwater 20 T6 1 1

3Tidal saltwater 20 T7 2 1 1

3Tidal saltwater 20 T8 6 2 2 1 1

Total 75 9 10 9 5 10 26 4 2

Atlantic sturgeon caught
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Table 3.  Date and sampling location in the Kennebec complex, number of Atlantic sturgeon 
caught, acoustically tagged, PIT tagged, and tissue samples taken for DNA analysis for 2009-
2011.  

Date RKM

Atlantic 

sturgeon

Acoustic 

tag PIT tag

DNA 

sample Date RKM

Atlantic 

sturgeon

Acoustic 

tag PIT tag

DNA 

sample

6/16/09 65.0 6/14/11 75.0

6/17/09 4.6 6/16/11 75.0 1 1 1 1

7/14/09 62.9 6/17/11 75.0 1 1 1 1

7/14/09 63.7 6/17/11 74.0

7/15/09 72.0 6/20/11 75.0 2 2 2 2

7/16/09 72.0 6/20/11 74.0

7/20/09 72.0 1 1 6/21/11 31.0 8 3 6 8

7/20/09 73.0 6/29/11 72.0 4 4 4

7/21/09 72.0 2 2 6/30/11 72.0 1 1

7/22/09 72.0 2 2 7/5/11 72.0 2 2 2

9/2/09 33.7 3 1 3 7/8/11 72.0 2 2 2

9/9/09 33.7 7/11/11 72.0 2 2 2

9/10/09 20.0 8/23/11 36.6 9 4 9 9

9/14/09 29.0 8/24/11 36.6

9/14/09 33.7 8/26/11 36.6

9/6/11 30.3

6/9/10 70.1 9/6/11 36.6

6/9/10 72.0 9/20/11 31.0

6/11/10 72.0 9/23/11 4.6

6/16/10 70.1 9/23/11 17.3

6/17/10 70.1 1 1 1 1 10/7/11 17.3

6/23/10 74.0 10/7/11 20.9

6/24/10 74.0 1 1 1 1 10/25/11 41.0

6/25/10 74.0 9 6 9 9 10/26/11 17.3

6/29/10 74.0 10/31/11 20.9

6/30/10 74.0 11/1/11 17.3

7/1/10 72.8 11/1/11 20.9

7/7/10 73.0 11/4/11 41.5

7/8/10 73.0 11/9/11 41.5 1 1 1

7/9/10 73.0 11/14/11 41.5 2 2 1

10/13/10 29.7 11/15/11 41.5 2 2

10/14/10 17.2

10/29/10 41.0  
 

Table 4.  Location and number of D-net samples taken in the Kennebec complex, 2009-2011.  
RKM 30 is in the Androscoggin, RKM 64.0-72.7 is in the middle Kennebec, and RKM 75-102 is 
in the upper Kennebec. 

Site code RKM May Jun Jul Aug May Jun May Jun Jul

D-13 102.0 2 2

D-20 102.0 2 2 2

D-32 99.0 2

D-34 89.0 2

D-3 87.5 2

D-28 81.0 2

D-992 75.0 2

D-6 72.7 4 1 2

D-7 72.0 1 3 2 2 2

D-36 67.0 1 1

D-11 65.0 2

D-9 64.0 1

D-37 30.0 1

2009 2010 2011
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Figure 1. Map of the Kennebec complex, Maine. 
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 Figure 2. Sturgeon processing in Merrymeeting Bay. 
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Figure 3. Location of gill net sampling site in the Kennebec complex.  The large number of 
sampling locations at Bath Iron Works are not shown individually. 
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Figure 4. Total length of captured Atlantic sturgeon, 1977-2000. 
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Figure 5.  Cumulative plots of time of day of detections for all fish tagged in 2009 (top) and 2010 
(bottom). 
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Figure 6. Photograph of putative Atlantic sturgeon larva caught in the Kennebec complex. 
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Figure 7. Two non-overlapping frames of side-scan sonar imagery of sturgeon from the 
Kennebec River. 

 

 



Available Datasets 
 
A Multi-State Collaborative to Develop & Implement a Conservation Program for 

Three Anadromous Finfish Species of Concern in the Gulf of Maine 
Award #NA06NMF4720249 

August 1, 2006 – October 28, 2012 
 
Project: Regional Spring Fyke Net Survey to Monitor Spawning Rainbow Smelt  

 Rainbow smelt catch, length, and sex ratio data 
Locations: All index sites: Westport River (MA), Weweantic River (MA), Jones River (MA), 

Fore River (MA), Saugus River (MA), North River (MA), Crane River (MA), Parker River 
(MA), Squamscott River (NH), Oyster River (NH), Winnicut River (NH), Long Creek (ME), 
Mast Landing (ME), Deer Meadow Brook (ME), Tannery Brook (ME), Schoppee Brook 
(ME), East Bay Brook (ME) 

Time period: Spring 2008-2012 (most sites) 
 Non-target species catch and length data 

Locations: All index sites 
Time period: Spring 2008-2012 (most sites) 

 Rainbow smelt length at age data 
Locations: Fore River (MA), Oyster River (NH), Squamscott River (NH), Long Creek (ME), 

Mast Landing (ME), Kennebec River (ME), Deer Meadow Brook (ME), Tannery Brook 
(ME), Pleasant River (ME), Schoppee Brook (ME), East Bay Brook (ME) 

Time Period: Spring 2008-2012 (most sites) 
 Within-season repeat spawning rate raw data 

Locations: Fore River (MA), Mast Landing (ME) 
Time Period: Fore River – 2010-2012; Mast Landing – 2009-2011  

 Telemetry Data  
Locations: Great Bay and Piscataqua embayment (NH) 
Time period: Spring – Fall 2011 and 2012 
 

Project: Regional Rainbow Smelt Spawning Habitat Monitoring 

 Water quality weekly “grab sample” data (point measurements of water temperature, dissolved 
oxygen, specific conductivity, pH, turbidity) 

Locations: All index sites  
Time period: Spring 2008-2012 (most sites) 

 Continuous water quality data (temperature, dissolved oxygen, specific conductivity, pH, turbidity) 
Locations: Jones River (MA), Fore River (ME), Winnicut River (NH), and Squamscott River 

(2008-2009 only) 
Time period: Spring 2008-2012 

 Spawning habitat water velocity and discharge measurements 
Locations: All index sites 
Time period: Spring 2008-2009 (MA and NH), 2009-2012 (ME) 

 Nutrient concentration: total nitrogen and total phosphorus weekly water samples 
Locations: All index sites 
Time period: Spring 2008-2009 

 Periphyton daily growth (ash free dry weight in grams per day) 
Locations: All index sites 
Time period: Spring 2008-2009 
 



 Continuous light and temperature data taken at the periphyton tile station 
Locations: All index sites 
Time period: Spring 2008-2009 

 Dissolved heavy metals concentrations, total hardness, and alkalinity water grab samples 
Locations: All index sites 
Time period: Spring 2010-2011 

 Macroinvertebrate community composition 
Locations: All index sites 
Time period: Spring, 2010 – Collection and data analysis; 2011 – Collection, but no analysis, 

samples are held at the ME DMR W. Boothbay Harbor lab 
 
Project: Fish Health Monitoring 

 Fish health and pathology analysis 
Locations: Jones River (MA), Fore River (MA), Crane River (MA), Parker River (MA), Oyster 

River (NH), Squamscott River (NH), Winnicut River (NH), Long Creek (ME), Mast Landing 
(ME), Deer Meadow Brook (ME), Tannery Brook (ME), Pleasant River (ME), Schoppee 
Brook (ME), East Bay Brook (ME) 

Time period: Spring 2009-2010 
 Toxic contaminant analysis, accumulated concentrations in smelt tissues 

Locations: Jones River (MA), Fore River (MA), North River (MA), Parker River (MA), 
Squamscott River (NH), Winnicut River (NH), Long Creek (ME), Mast Landing (ME), 
Kennebec River (ME), Deer Meadow Brook (ME), Tannery Brook (ME), Pleasant River 
(ME), Chandler River (ME), Schoppee Brook (ME), East Bay Brook (ME) 

Time period: Winter 2008 (Kennebec River only), Spring 2009 (all other sites) 
 
Project: Rainbow Smelt Creel Survey 

 Rainbow smelt catch, length, sex ratio, and fishing effort data 
Locations: All commercial smelt camps on the Kennebec River and Merrymeeting Bay waters, 

Pleasant, Mill, Narraguagus, and Chandler rivers, ME. Available but not collected as part of 
this grant: Lamprey, Oyster/Bellamy and Squamscott rivers, and Great Bay, NH 

Time period: Winter 2009-2012 – Kennebec River and Merrymeeting Bay; Winter 2010-2011 – 
Pleasant, Mill, Narraguagus, and Chandler rivers, ME; 1978-2012 – Lamprey, 
Oyster/Bellamy and Squamscott rivers, and Great Bay, NH 

 Rainbow smelt age at length data 
Locations: All commercial smelt camps on the Kennebec River and Merrymeeting Bay waters, 

Pleasant, Mill, Narraguagus, and Chandler rivers, ME. Available but not collected as part of 
this grant: Lamprey, Oyster/Bellamy and Squamscott rivers, and Great Bay, NH 

Time period: Winter 2009-2012 – Kennebec River and Merrymeeting Bay; Winter 2010-2011 – 
Pleasant, Mill, Narraguagus, and Chandler rivers, ME; 1978-2012 – Lamprey, 
Oyster/Bellamy and Squamscott rivers, and Great Bay, NH 

 
Project: Confirming Current Status of Rainbow Smelt Spawning Locations 

 Geo-referenced database of current and potential rainbow smelt spawning sites 
Locations: Massachusetts (current spawning sites only), New Hampshire (current spawning sites 

only), and Maine (current and historical/potential spawning sites, with information about size 
of current run) 

Time period: 2005-2009 
 

 
 



Project: Assessing the Relationship between Watershed Characteristics and Rainbow Smelt Spawning 

 GIS datasets – watershed size, number of downstream and upstream road crossings, population 
density, land cover type, and impervious surface cover 

Locations: Massachusetts (all index sites), New Hampshire (all index sites), and Maine (all 
current and historical/potential spawning sites, and all index sites) 

Time period: 2009  
 

 
Project: Atlantic Sturgeon Gill Net Monitoring and Telemetry Studies 

 Atlantic sturgeon catch and length data 
Locations: Kennebec River and Merrymeeting Bay estuary complex 
Time period: Spring – Fall 2009-2012 

 Telemetry Data  
Locations: Kennebec River and Merrymeeting Bay estuary complex 
Time period: Spring – Fall 2009-2012 

 Ichthyoplankton monitoring 
Locations: Kennebec River and Merrymeeting Bay estuary complex 
Time period: Summer 2011 
 
 

Datasets relating to rainbow smelt and Atlantic sturgeon in the study areas that are not collected as 
part of this project: 

 Atlantic sturgeon catch and length data 
Locations: Kennebec River and Merrymeeting Bay estuary complex 
Time period: Spring – Fall 1978-2001 

 Juvenile Abundance Monitoring  
Locations: Kennebec River and Merrymeeting Bay estuary complex (ME), Great Bay, Piscataqua 

River, and Little Harbor (NH) 
Time period: Spring – Fall 1979-2012 (ME), and 1997-2012 (NH) 

 Near Shore Trawl Survey 
Locations: Massachusetts, New Hampshire, and Maine waters within 3 miles of shore 
Time period: Spring and Fall 1978-2012 (MA), and 2000-2012 (NH and ME) 

 Rainbow smelt egg deposition monitoring 
Locations: New Hampshire spawning sites 
Time period: Spring 1978-2007 
 
 
 

 
 
 

 
 

 
 



Winter Sea-Run Rainbow Smelt Survey on the Kennebec River and in Merrymeeting Bay 
 
SAMPLING PLAN 2013 
 
Objectives:  

1) To estimate the recreational catch of sea-run rainbow smelt during the winter fishery.  
2) To gather information about the population dynamics of rainbow smelt over-wintering to better 

understand the growth, mortality, and sex ratio of the population. 
 
Sampling Plan:  
All sampling data will be collected on a voluntary basis; no angler will be required to participate in this survey.  
Sampling will be conducted at all commercial smelt camps on the Kennebec River and in Merrymeeting Bay 
that agree to participate, including Worthings and Webbs in Randolph, Bakers, Sonnys, and James Eddy in 
Pittson, and Jims, Leightons, and Riverbend in Bowdoinham. 
 
Catch Card boxes will be placed at each camp if the camp agrees to participate in this part of the survey. Boxes 
will be supplied with catch cards and pencils and a slot for anglers to deposit the cards.  An explanatory sign 
will be placed above the box.   
 
Samplers will visit one of the participating sites to collect biological information twice a week, and two 
weekend days a month.  The sites will be visited on a rotating schedule; the frequency and number of times 
each site is visited will be determined by the number of angler fishing at each site from week to week.  
Samplers will ask anglers if their catch can be handled.  If agreed, samplers will count all smelt measure smelt 
to the nearest millimeter up to 100M/100F per day, determine the sex of all smelt, take scale samples and 
complete the angler questionnaire.    
 
Length/Sex/Count Sampling 
For each visit, measure up to 100 male and 100 female smelt between all anglers.  All other smelt will be sexed 
and counted.  All data will be recorded separately for each angler on separate forms.  All other species will be 
identified and counted.  If it is impossible to sex all smelt, the first hundred smelt will be chosen at random and 
will be measured and sexed. 
 
Scale Sampling 

Scale samples will be taken in accordance with the separate Scale Sampling Technique.   
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The BioDiversity Research Institute (BRI) is a 501(c)(3) non-profit organization located in Gorham, Maine. 

Founded in 1998, BRI is dedicated to supporting global health through collaborative ecological research, 

assessment of ecosystem health, improving environmental awareness, and informing science based 

decision making. 
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BioDiversity Research Institute 

19 Flaggy Meadow Rd. 

Gorham, ME  04038 

USA 

(207) 839-7600 

 

Theo.willis@briloon.org 

 www.briloon.org 

 

 

FRONT PHOTO CAPTION: Larval largemouth bass (Micropterus salmoides), 7 mm in length, captured in the 

Androscoggin River near Mustard Island on July 17, 2011. Many identification structures are highlighted 

in this image, including myomeres (chevron shaped muscle tissue), and melanophore pigmentation 

pattern (arrangement of pigment cells on head of sample). Photo credit: Gordon Lane   
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EXECUTIVE SUMMARY 
This document reports on a project to determine best methods, effectiveness and timing of deployment 

for capturing larval and juvenile fish in the Kennebec and Androscoggin Rivers, with specific focus on rainbow 

smelt (Osmerus mordax) and Atlantic sturgeon (Acipenser oxyrinchus). Four locations were targeted for larval 

fish sampling: one in the Androscoggin River near Mustard Island, one 0.25 km upstream of the mouth of the 

Eastern River, a site 0.8 km downstream from the Gardiner boat landing, and a site across the river and 0.1 km 

upstream of the water treatment plant in Bath. Sampling occurred once per week between July 8 and August 17. 

 Four types of gear were used to sample for larval fish in the Kennebec River: D-nets, surface tows, 

stationary plankton nets at 1 m and 2 m above the bottom, and light traps. We captured no shortnose sturgeon 

(Acipenser brevirostrum), Atlantic sturgeon (A. oxyrhynchus) or rainbow smelt (Osmerus mordax) larvae between 

July 8 and Aug. 17. It was more than likely that the time of sampling was too late to capture rainbow smelt or 

shortnose sturgeon. Larval Atlantic sturgeon may have been present in the sample areas but none were 

captured. Alosa spp., or river herring including shad, were the most abundant diadromous larval fish species 

found during the course of the study. The highest catches came from the Eastern River site, particularly in early 

July. Gardner also had an appreciable density of Alosa larvae in the water column during early to mid July and a 

few specimens were captured in the Androscoggin.  White catfish (Ameiurus catus) were the most abundant fish 

captured, occurring at the Gardner, Eastern and Androscoggin sites, and light traps at the Androscoggin site 

caught large numbers in late July and early August. As an apparently widespread invasive species, white catfish 

have the potential to affect the Androscoggin and Kennebec River food webs. 

Rating the four gear types used in effectiveness and efficiency, tow nets had the highest catch per unit 

effort (CPUE -fish per hour) across all sites and all sets, however, there was considerable variation by site. Most 

towed larval fish were caught in the Eastern River on one date, July 11. Conversely, stationary plankton nets 

caught larval fish at all locations where they were deployed. Considering total catch alone, D-nets were the most 

effective gear, catching an order of magnitude (100s vs. 10s) more larval and juvenile fish from the Androscoggin 

and Gardiner sites. D-nets also had the most diverse catches from the Androscoggin site. At the Eastern and 

Gardiner sites the stationary plankton net caught the widest diversity of larval fish by a narrow margin. D-nets 

were more labor intensive as far as separating specimens from detrital material, in many cases requiring eight 

hours or more to pick a quarter of the volume that filled the 2 L cod end. However, sorting was took half as long 

at the Gardiner site where there was less detritus in the water column. D-net sets also required returning to a 

site the next day. Catch per unit effort for D-nets was much lower because of the overnight sets, however fishing 

through the dark hours was also an advantage. Stationary plankton nets were effective, generally had higher 

CPUE than D-nets and processing times of two to four hours per sample, sometimes less. Tow nets were the 

fastest and easiest gear to deploy and pick. They also were not particularly effective, catching a low number and 

diversity of specimens. Light traps were generally ineffective at capturing larval fish, though this may have been 

due to deploying the traps on the bottom rather than suspending them from the water surface, as they are used 

in some applications.      
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Introduction 
This document reports on a project to determine best methods, effectiveness and timing of deployment for 

capturing larval and juvenile fish in the Kennebec and Androscoggin Rivers, with specific focus on rainbow smelt 

(Osmerus mordax) and Atlantic sturgeon (Acipenser oxyrinchus). The sampling contracted to BRI augmented 

concurrent sampling executed by Maine DMR Bureau of Searun Fisheries in summer 2011.  

Methods 
 Four locations were targeted for larval fish sampling: one in the Androscoggin River near Mustard Island, 

one 0.25 km upstream of the mouth of the Eastern River, a site 0.8 km downstream from the Gardiner boat 

landing, and a site across the river and 0.1 km upstream of the water treatment plant in Bath (Fig. 1). Sampling 

occurred once per week between July 8 and August 17. Just after daytime high tide was considered the optimal 

sampling period, however, with two sites sampled per day actual sample times varied. Salinity and water 

temperature were recorded for each sampling event.  
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Figure 1. Map of sample sites. From top to bottom, counter-clockwise: Gardiner 19T 0438200 4878500, Eastern 

19T 0438200 4878500, Bath 19T 0438200 4878500, Androscoggin 19T 0438200 4878500. 

 Four types of gear were used to sample for larval fish in the Kennebec River. D-nets had an opening of 

0.3 m x 1.0 m, an overall length of 3 m and consisted of two mesh sizes, 600 and 1000 µ mesh netting (Fig. 2). 

One D-net was used per site in an overnight set ranging from 15 to 29 hrs. Modifications included two angle iron 

"feet" attached to the bottom bar of the net, 1 m in length. Support lines were run from the fore and aft ends of 

the feet to the curved top bar to prevent the net from tipping during tide changes. A net extender was used to 

prevent tangling during tide changes; this consisted of a 1/2" PVC pole long enough to stretch from the back of 

the cod end to the bottom bar of the frame, where it was connected with a PVC t-connector. Tow nets and 

stationary plankton nets were 0.52 m in diameter, 2 m long and made of 800µ mesh. Both tow nets and 

stationary plankton nets were deployed with a General Oceanics flow counter mounted in the net mouth to 

facilitate calculation of volume sampled. Tow nets were towed 33 m behind the boat at approximately 2.5 knots, 

15 cm below the water surface for approximately 10 minutes. Replicate upstream and downstream tows were 
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made back-to-back. Stationary plankton nets were set at either 1 m or 2 m above the bottom. Nets were 

suspended between a 50 lb mooring anchor and a 7.5 in x 20 in Go Deep Bouy with 3/8" aircraft cable; lobster 

bouy swivels were used to allow the nets to adjust for changes in tide and currents (Fig. 3). Sets were 40 min to 

90 min in duration. Light traps consisted of transparent plastic minnow traps weighted with two red 

construction bricks with a 6" cylume light stick inside. Traps were set overnight in strings of five, 1.5 m apart. 

 
Figure 2: Setting a D-net in the Kennebec River near Gardiner.  

 Various modifications to the sampling methodology were added over the course of the project. Only 

tows were used in Bath after the second week of sampling due to strong currents and suspended matter that 

tended to clog and sink the nets. The net extenders and feet, described above, were added to the D-nets after 

the first week to prevent laying over during tide changes or fouling of the net cod end. D-nets were tried in a 

variety of locations at each site until locations were found that 

reduced the amount of debris collected in the net. When the 2 L cod 

end filled with debris (e.g., leaves, twigs, sediment) a subsample 

(~250 ml) of the material was taken from the top and bottom of the 

cod end for sorting.  

 Material collected in the nets was fixed in either Glyofixx or 

an 80% alcohol, 15% ethylene glycol preservative. The net contents 

were sorted through within seven days. The nets used often 

collected significant amounts of debris, including sand and detritus. 

Almost all samples had large quantities of Ephemeroptera exuviae. 

Samples were examined under a dissecting microscope and all fish 

specimens transferred to new vials. 

  

Figure 3: Setting a stationary plankton net in the Androscoggin River. 
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Specimen identification began with observations and counts of general characteristics. This included 

location and density of melanophores, as well as counts of fin-rays and pre-anal and post-anal myomeres.  The 

key, Larval fish of the Great Lakes Basin was used as the primary key for determining the order and family of the 

specimens. Auer (1982) contained significant details of the most common species found in Maine’s rivers, 

including keys for both larval and yolk-sac life-stages; if a specimen’s yolk-sac was partially absorbed, both keys 

were consulted. In most cases, the primary features determining order were myomere counts. After 

determining the likely order of the specimens, a list of species documented in Maine was consulted (PEARL, 

2011; note this site was decommissioned on 12/31/2011, and replaced by KnowledgeBase at 

http://www.gulfofmaine.org/kb/2.0/search.html) to guide additional family and species descriptions. Additional 

characteristics of the specimens were then recorded, including length of maxillae, shape of melanophores, form 

of urostyle, mouth shape, caudal fin shape, and morphometrics as percentages of total length. Not all 

characteristics were available for all species and life stages.  

 Potential species identifications were compared by creating a table of characteristics taken from the 

literature and comparing those to descriptions of the same features in the unknown specimen. Species were 

systematically eliminated based on notable characteristics not shared with the specimen. Positive identification 

was made based on the specimen sharing multiple notable characteristics with the described species.      

Results 
 Conditions were most similar at the three upstream sampling sites, particularly in terms of temperature 

and salinity. Bath had the lowest range of water temperature over the course of the study, ranging from 20.3 to 

24.7 oC (68.5 to 76.5oF) (Table 1). The other three sites had a maximum water temperature near 26.1 oC (79oF) in 

late July and a minimum near 21.7 oC (71oF) when the study ended in late August. Salinities were highest at the 

Bath sample site, ranging from 4 ppt to 15 ppt. The salinity at the Androscogin site was as high as 7 ppt on the 

first day of sampling, after which salinities at all upstream sites was less than 4 ppt.  

Table 1: Water temperature and salinity by sample date for the four sample sites. 

 Water Temp (°F) Salinity (ppt) 

Set Date ANDO BATH EAST GARD ANDO BATH EAST GARD 

7/8 74.1 68.5   7 12   

7/11   75.5 75.9   2 0 

7/12    78     

7/17 78.5 76.5       

7/18 78.9 73.9 77.6  2 6   

7/19  73.9 79.1 77.6  6 2 0 

7/25  73.4 79.4 78.6  10 4 1 

7/26 77.1  76.7 74.9 1  1 1 

7/27 75    1    

8/1  71.4 77.3 77.2  12 2 1 

8/2   75.9 76.4   2 3 

8/3 75.2    1    

8/8  69 74.8 75.2  15 3 1 
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8/9 76.8  76.3 75.8 0  1 1 

8/10 73    1    

8/15   72.8 73.4   3 0 

8/16 71. 5  71.6 71.3 0  0 0 

8/17 70.6 70.6   0 4   

 

 One of the goals of this study was to determine if diadromous fish species, particularly shortnose 

sturgeon (Acipenser brevirostrum), Atlantic sturgeon (A. oxyrhynchus), or rainbow smelt (Osmerus mordax), 

were present in any of the sample areas. We found no larvae of these species between July 8 and Aug. 17 in the 

areas sampled. A second goal was to evaluate a diversity of larval fish gear for effectiveness and efficiency. 

Overall, tow nets had the highest catch per unit effort (CPUE) across all sites and all sets (Fig. 4). However, there 

was considerable variation by site. Most towed larval fish were caught in the Eastern River on one date, July 11 

(Table. 2). Stationary plankton nets were the second most efficient gear, catching larval fish at all locations 

where they were deployed (Fig. 5 & 6). (Stationary plankton nets, D-nets and light traps were deployed in Bath 

in the first two weeks of the study only because of strong currents and the possibility of losing the gear.) Like the 

tow nets, the stationary plankton nets were most effective at the Eastern River site.   

 Summarizing the data as raw numbers of larval fish captured, the D-net was the most effective gear by 

far. At the Androscoggin and Gardiner sites D-net catches were an order of magnitude higher than those of the 

other gear (Table 2). White catfish were particularly vulnerable to capture in D-nets and were found in 

abundance during the last week of July (App. 1). Shad were also prevalent in the D-net catch from the 

Androscoggin during the last week of July. 

 

 

Figure 4: Combined catch per unit effort 

(fish per hour) of larval fish for each gear 

type across Androscoggin, East and 

Gardner sites. Error bars are 95% CI. 
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Figure 5: Catch per unit effort of larval fish for 

each gear type deployed in Androscoggin and 

Eastern sites. Error bars are 95% CI. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Catch per unit effort of larval fish for 

each gear type deployed in Gardener and Bath 

sites. Error bars are 95% CI. 

 

 

 

 

 

 

Table 2: Number of larval fish captured by date and gear, separated by site. 

Location Set Date D-Net Light Trap Plankton Net Tow Net Grand Total 

ANDO 7/8 4  9  13 

 7/17 12 10   22 

 7/18      

 7/26 57 2   59 

 7/27      

 8/2 29 2   31 

 8/3      

 8/9 4 1   5 

 8/10      

 8/16 1    1 

 8/17      

ANDO Total  107 15 9  131 
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BATH 7/8   1  1 

 7/17      

 7/18      

 7/19      

 7/25      

 8/1      

 8/8    1 1 

 8/17      

BATH Total    1 1 2 

EAST 7/11   25 10 35 

 7/18 5    5 

 7/19      

 7/25 12    12 

 7/26   1  1 

 8/1 2 1   3 

 8/2    1 1 

 8/8      

 8/9      

 8/15  1   1 

 8/16      

EAST Total  19 2 26 11 58 

GARD 7/11  1   1 

 7/12   3  3 

 7/19 3  4  7 

 7/25 33    33 

 7/26      

 8/1 9 2   11 

 8/2      

 8/8      

 8/9 1    1 

 8/15  1   1 

 8/16   1  1 

GARD Total  46 4 8  58 

Grand Total  172 21 44 12 249 

 

 Alosa spp., or river herring including shad, were the most abundant diadromous larval fish species found 

during the course of the study. The highest density of larval river herring production was found in the Eastern 

River site, particularly in early July (Table 3). Gardner also had an appreciable density of Alosa larvae in the water 

column during early to mid July and a few specimens were captured in the Androscoggin. For all three sites the 

highest Alosa concentrations were deeper than 1 m from the surface and above 1 m off the bottom, based on 

lower catches in the D-net and tow net than the stationary plankton net. Confirmed specimens of Alosa 

sapidissima were captured in plankton or tow net gear at the Androscoggin site on July 9, and at the Gardiner 
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site on July 19. Confirmed specimens of A. pseudoharengus were captured in plankton or tow gear at the 

Eastern site on July 11 and the Gardiner site on July 12 and Aug. 16. A. aestivalis may have been present also 

with A. pseudoharengus, but the state of decomposition of some samples prevented their positive identification 

(App. 3). Confirmed specimens of A. sapidissima were captured in D-net sets from the Androscoggin sites on July 

8, July 17 and July 26.  

Table 3: Average density of Alosa spp in one m3 of water, by site and date. All Net gear is the average of 

plankton and tow gear.  

Location Set Date Plankton Net Tow Net All Net gear 

ANDO 7/8 0.002 0 0.001 

 7/18 0 0 0 

 7/27 0 0 0 

 8/3 0 0 0 

 8/10 0 0 0 

 8/17 0 0 0 

EAST 7/11 14.459 0.027 7.243 

 7/19 0 0 0 

 7/26 0 0 0 

 8/2 0 0.003 0.002 

 8/9 0 0 0 

 8/16 0 0 0 

GARD 7/12 2.379 0 1.189 

 7/19 0.029 0 0.014 

 7/26 0 0 0 

 8/2 0 0 0 

 8/9 0 0 0 

 8/16 0.002 0 0.001 

 

Discussion 
 No diadromous fish of the Acipenser of Osmerus genera were found during the sampling in 2011. This is 

not to say that these species were not present or that natal or spawning habitat were not sampled. Indeed, we 

observed many sturgeon jumping in our sample areas, particularly in the Androscoggin, and with less frequency 

near Gardiner. Our conclusions may be a reflection of timing of the study. Rainbow smelt spawn shortly after ice 

out, which would have placed any individuals captured by this study at approximately two months old. The gear 

used relies on larval fish behaving essentially like plankton, moving with the tides and current. By July it was 

possible that smelt were no longer vulnerable to the gear used. Rainbow smelt peak spawning occurs between 

April and May at temperatures of 4 - 9oC (Buckley 1989). The sampling occurred at temperatures well beyond 

this. In fact, the upper lethal temperature for rainbow smelt is 18oC, 6oC lower than the coolest temperatures we 

recorded at the Androscoggin, Eastern or Gardiner sites at the start of the study. In summary, Rainbow Smelt 

were likely no longer in the area, if they frequented these sites at all.  
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The same may be true of shortnose and Atlantic Sturgeon. Shortnose sturgeon are early spring 

spawners, migrating upstream into freshwater tidal river reaches in April, or around water temperatures of 8 – 

9oC, whereas Atlantic sturgeon have a June to July spawning season and tend to remain in oligohaline sections 

(Gilbert 1989). Consequently, it was much more likely that the sampling would have encountered Atlantic 

sturgeon larvae rather than shortnose sturgeon. Observations from Maine DMR estimates that there may be 

shortnose sturgeon spawning habitat near Waterville or Augusta in the Kennebec. There is less information 

available regarding Atlantic sturgeon spawning habitat. Preferred spawning habitat for both sturgeon species is 

described as usually rock, rubble or hard clay with little sand or silt, in relatively fast flowing sections (Gilbert 

1989). The Eastern River site would not contain appropriate spawning habitat because of the silty nature of 

substrates there. The Gardner site would have appropriate habitat, as well as sections of river upstream from 

the Androscoggin site. Bath may not have had appropriate spawning habitat based on the brackish and relatively 

deep waters at that sampling location. Larval behavior may also have affected our chances of capturing sturgeon 

larvae. Yolk-sac sturgeon actively swim, rising up into the current, presumably for dispersal purposes, for the 

first nine to ten days after hatching, then settle into a more benthic life style, making more extensive use of 

crevices and cover (Gilbert 1989). In conclusion, Atlantic sturgeon were the more likely of the three target 

species to be captured, and then within a relatively short two week window after hatching. The Androscoggin 

and Gardner sites were most likely to harbor Atlantic sturgeon larvae.   

Anadromous fish in the genera Alosa were caught in numbers at three of four sites and in three of four 

gear deployed. Alosa were identifiable based on a characteristic melanophore pattern that appeared on the 

venter (ventral area between the operculum). A. spadissima had a characteristic bottleneck pattern, whereas A. 

pseudoharengus and A. aestivalis were more tapered. With the combination of myomere counts and 

melanophore pattern alewife were distinguishable from blueback herring, but with damaged specimens (e.g., 

headless, decayed, broken, curled) the ID could only be resolved to river herring. 

The Androscoggin River site produced the most A. sapidissima. A remnant run of American shad exists in 

the Androscoggin. These fish will not use the Brunswick fish ladder so it is logical that if any spawning were 

taking place, it would occur in the river reaches below the dam. Our findings confirm that shad are spawning in 

the Androscoggin, though our results do not provide insight into survival of those larvae. One American shad 

was caught at the Gardner site. Alewife and river herring were also captured in numbers at the Androscoggin, 

Eastern and Gardner sites. All three locations have significant river herring runs. All river herring headed to 

Brunswick Dam fishway had to pass through the Androscoggin site. It is very likely that many river herring, 

especially blueback herring, spawn below the dam, as blueback herring are rarely caught in the fish ladder. Mill 

stream in Dresden is an actively harvested site that collects circa 600 bushel (~ 72,000) river herring annually. 

Mill stream has at least two significant falls of 1 m height or more, both within the tributary’s first km. 

Consequently, some spawning probably occurs in the Eastern River and some larvae are likely washed into the 

Eastern shortly after hatching, if not during the egg stage. The Gardner site is a half km downstream from Togus 

Stream, which leads to Togus Pond. Although alewife do not currently have access to the lake, DMR has stocked 

the lake with alewife since 2009.  

It may be noteworthy that Alosa were caught in large batches rather than an evenly distributed catch 

over time. This could indicate that shad and river herring were demonstrating coordinated movement or drift 

downstream, possibly in schools or in en mass. Many of the specimens were in poor shape once picked from the 
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net contents. The warm water temperatures at or above 25oC may have accelerated decomposition once fish 

were caught in the nets. Middle and late July temperatures were above the preferred temperature envelope for 

river herring and shad (Weiss-Glanz et al. 1986, Bozeman & VanDen Avyle 1989, Taylor 2009), which may have 

triggered downstream migration in search of a more preferable temperature regime.  

White catfish (Ameiurus catus) were the most abundant fish captured during the study. D-net sets at 

Gardner, Eastern and Androscoggin sites, and light traps at the Androscoggin site caught large numbers in late 

July and early August. White catfish spawning appeared to have occurred throughout the Kennebec watershed 

and at least up to Brunswick Dam. As an apparently widespread invasive species, white catfish have the 

potential to affect the Androscoggin and Kennebec River food webs. 

Another objective of the study was to compare the effectiveness of different larval fish gear. D-nets 

caught the most fish during the six weeks of sampling by a large margin. At the Androscoggin site the D-net 

catch was also the most diverse. At the Eastern and Gardiner sites the stationary plankton net caught the widest 

diversity of larval fish by a narrow margin. Two additional considerations when comparing gear is how much 

time was required to process the sampled material and resources (fuel & time) used to set and pull the gear. D-

nets were extremely labor intensive as far as separating specimens from detrital material that also ends up in 

the nets. In many cases, a complete sample was not collected from the D-nets because the amount of material 

required sub-sampling the top and bottom of the 2L cod end cup. Two 475 ml (16 oz) jars, i.e., the top and 

bottom subsamples, required eight hours or more to fully pick through. Also, D-net sets required returning to a 

site the next day. Catch per unit effort was much lower because of the overnight sets. D-nets did have the 

advantage of sampling overnight compared to the other gear. In locations where detritus collection was 

minimal, i.e., Gardiner, D-nets were arguably the most effective gear.  

Stationary plankton nets were effective, generally had higher CPUE than D-nets and processing times of 

two to four hours per sample, sometimes less. Sets right at slack tide or in eddies could result in the net turning 

knife-edge to the current and failing to collect any material. In high current locations the stationary plankton 

nets could fill up with detrital matter. In one case this weighted a net down and dragged the buoy underwater. 

For this reason setting stationary plankton nets overnight may not be advisable; however mid-water column sets 

may work, as the majority of detritus seemed to be closer to the river bottom.  

Tow nets were the fastest and easiest gear to deploy and pick. They also were not particularly effective 

and caught a low number and diversity of specimens. Light traps were generally ineffective at capturing larval 

fish, though this may have been due to deploying the traps on the bottom rather than suspending them from 

the water surface, as they are used in some applications. However, because all of the sites were in flowing river 

habitat surface sets may not have been possible.  

There were subtle differences in either the gear or how the gear was set during the study. There were 

two types of D-nets, a multi-filament woven 1 mm mesh net and a woven monofilament net with a slightly 

smaller mesh size. The larger mesh, multi-filament net caught more larval fish. Stationary plankton nets were set 

within 1 m of the bottom and at 2 m above the river bed. The net suspended at 1 m caught more larval fish than 

the 2 m net. Tows were made in the upstream and downstream direction. Towing against the flow of water 

caught marginally more larval fish.    
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Appendix 1: Fish captured, sorted by gear and location.  

Location Common_Name D-Net Light Trap Plankton Net Tow Net Grand Total 

ANDO alosid 2    2 

 American eel 2    2 

 American shad 27  1  28 

 brown bullhead 1    1 

 common carp   2  2 

 largemouth bass 1    1 

 mummichog   1  1 

 redbreasted sunfish  1 1  2 

 river herring 1    1 

 spottail shiner   2  2 

 three-spine stickleback   1  1 

 unk 8    8 

 unk killifish   1  1 

 white catfish 57 14   71 

 yellow bullhead 6    6 

ANDO Total  105 15 9  129 

BATH fourbeard rockling   1 1 2 

BATH Total    1 1 2 

EAST alewife   1 6 7 

 alosid 2  6  8 

 common carp   2 1 3 

 mummichog  1   1 

 river herring 1  9 3 13 

 spottail shiner  1  1 2 

 unk   2  2 

 unk catfish   1  1 

 unk perch   1  1 

 white catfish 6    6 

 white perch 3  4  7 

 yellow bullhead 7    7 

EAST Total  19 2 26 11 58 

GARD alewife  1 4  5 

 American shad   1  1 

 pumpkinseed 2    2 

 redbreasted sunfish 2 2 1  5 

 sea lamprey  1 1  2 

 unk 1    1 

 unk shiner   1  1 
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 white catfish 41    41 

GARD Total  46 4 8  58 
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Appendix 2: General categories of specimens sampled sorted by location and gear. 

Location Specimen D-Net Light Trap Plankton Net Tow Net Grand Total 

ANDO Amphipod 7 5 6 7 25 

 Clam 6 1   7 

 Eel 2    2 

 Egg 5 1 4 5 15 

 Elver 2    2 

 Fish Lice 2  3 3 8 

 Fragment 5    5 

 Insects 8 5 6 6 25 

 Juvenile fish 75 15 4  94 

 Larval Fish 3  1  4 

 Leech 5 1   6 

 Mite 1 1  2 4 

 Mysid   1  1 

 none   3 3 6 

 Snail 1   1 2 

 
Unknown 
specimen 2   2 4 

 Yolk-sac larvae   4  4 

ANDO Total  124 29 32 29 214 

BATH Amphipod 4 2 5 6 17 

 Crab  1   1 

 Crayfish 2 1 2  5 

 Egg  1   1 

 Fish Lice  1  5 6 

 Insects  1  2 3 

 Larval Fish   1 1 2 

 Mysid 3 2 5 6 16 

 none    1 1 

 Snail  1 2  3 

 Spider    2 2 

 
Unknown 
specimen 1 1 1  3 

BATH Total  10 11 16 23 60 

EAST Amphipod 9 6 9 3 27 

 Clam 2    2 

 Crayfish 3 1 1  5 

 Egg 3    3 

 Fish Lice 2  3 4 9 

 Fragment   1  1 

 Insects 4 6 7 3 20 
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 Juvenile fish 16  1  17 

 Larval Fish 3  17 10 30 

 Leech 1    1 

 Mysid  1 3 7 11 

 none   4 1 5 

 Snail 1    1 

 
Unknown 
specimen 3   1 4 

 Adult fish  1   1 

 Yolk-sac larvae  1 2 1 4 

EAST Total  47 16 48 30 141 

GARD Ameocyte  1 1  2 

 Amphipod 5 6 2 4 17 

 Clam 2    2 

 Eel  1   1 

 Egg 1  4 1 6 

 Fish Lice   5 2 7 

 Insects 5 6 8 7 26 

 Juvenile fish 33 2   35 

 Larval Fish 3  5  8 

 Leech 4  1  5 

 Mite   1 2 3 

 Mysid   1 1 2 

 none   1 2 3 

 Snail 2   2 4 

 Spider 1    1 

 Yolk-sac larvae  1 2  3 

GARD Total  56 17 31 21 125 
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Appendix 3: Density of Alosa spp. in the water column at three sites per m3. Alewife corresponds to specimens 

that were positively identified to A. pseudoharengus. The river herring category consists of specimens that could 

not be positively identified to either A. pseudoharengus or A. aestivalis, but were not A. sapidissima larvae. The 

shad category consists of specimens that were positively identified to A. sapidissima.   

  alewife river herring shad 

Location Set Date Plankton Tow Plankton Tow Plankton Tow 

ANDO 7/8 0 0 0 0 0.002 0 

 7/18 0 0 0 0 0 0 

 7/27 0 0 0 0 0 0 

 8/3 0 0 0 0 0 0 

 8/10 0 0 0 0 0 0 

 8/17 0 0 0 0 0 0 

EAST 7/11 0.904 0.021 8.133 0.006 0 0 

 7/19 0 0 0 0 0 0 

 7/26 0 0 0 0 0 0 

 8/2 0 0 0 0.003 0 0 

 8/9 0 0 0 0 0 0 

 8/16 0 0 0 0 0 0 

GARD 7/12 2.379 0 0 0 0 0 

 7/19 0 0 0 0 0.029 0 

 7/26 0 0 0 0 0 0 

 8/2 0 0 0 0 0 0 

 8/9 0 0 0 0 0 0 

 8/16 0.002 0 0 0 0 0 
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Appendix 4: Set date and time, gear, hours (hr:min) after last tide change before set, and total soak time for the 

four sampling locations.  

Location Gear Set Date Set Time 
Time 

since tide Duration 

ANDO D-Net 7/8/2011 22:12 2:06 20:13 

  
7/17/2011 20:14 3:59 22:51 

  
7/26/2011 17:15 6:30 16:39 

  
8/2/2011 17:05 0:49 15:00 

  
8/9/2011 18:51 0:14 17:30 

  
8/16/2011 18:18 2:06 14:47 

 
Plankton Net 7/8/2011 23:00 2:54 1:17 

   
23:10 3:04 1:20 

  
7/18/2011 18:21 1:35 1:37 

  
7/27/2011 9:22 1:52 0:53 

   
10:25 2:55 0:45 

  
8/3/2011 7:36 3:03 1:01 

   
8:49 4:16 0:54 

  
8/10/2011 11:36 4:05 1:03 

   
12:53 1:08 0:55 

  
8/17/2011 8:38 4:12 1:20 

   
10:14 5:48 0:55 

 
Tow Net 7/8/2011 23:20 3:14 0:10 

   
23:48 3:42 0:10 

  
7/18/2011 18:30 1:44 0:10 

   
18:45 1:59 0:10 

  
7/27/2011 9:28 1:58 0:10 

   
10:28 2:58 0:10 

  
8/3/2011 7:42 3:09 0:10 

   
8:52 4:19 0:10 

  
8/10/2011 11:42 4:11 0:10 

   
12:56 1:11 0:10 

  
8/17/2011 8:43 4:17 0:10 

   
10:17 5:51 0:10 

BATH D-Net 7/8/2011 19:00 0:28 0:56 

  
7/17/2011 22:58 2:16 17:32 

 
Plankton Net 7/8/2011 19:38 1:06 0:42 

  
7/19/2011 15:00 5:15 1:50 

 
Tow Net 7/8/2011 19:48 1:16 0:10 

  
7/18/2011 15:20 0:08 1:00 

   
15:40 0:28 0:10 

  
7/25/2011 9:38 1:24 0:10 
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9:59 1:45 0:10 

  
8/1/2011 15:01 1:05 0:10 

   
15:23 1:27 0:10 

  
8/8/2011 8:59 1:00 0:10 

   
9:20 1:21 0:10 

  
8/17/2011 12:19 3:01 0:10 

   
12:44 3:26 0:10 

EAST D-Net 7/11/2011 11:25 0:25 4:45 

  
7/18/2011 23:45 0:38 0:14 

  
7/25/2011 11:56 1:52 22:53 

  
8/1/2011 17:30 1:40 15:37 

  
8/8/2011 10:58 1:19 0:45 

  
8/15/2011 16:55 1:13 21:33 

 
Plankton Net 7/11/2011 12:02 1:02 0:58 

   
12:17 1:17 0:57 

  
7/19/2011 17:10 5:33 0:50 

   
18:08 0:29 0:40 

  
7/26/2011 10:22 5:16 0:52 

   
11:26 0:27 0:56 

  
8/2/2011 8:42 4:31 0:53 

   
9:53 5:42 0:50 

  
8/9/2011 11:16 0:33 0:57 

   
12:26 1:43 1:04 

  
8/16/2011 12:29 2:06 1:20 

   
13:57 3:34 1:14 

 
Tow Net 7/11/2011 12:24 1:24 0:10 

   
12:42 1:42 0:10 

  
7/19/2011 17:15 5:38 0:10 

   
18:13 0:34 0:10 

  
7/26/2011 10:29 5:23 0:10 

   
11:36 0:37 0:10 

  
8/2/2011 8:47 4:36 0:10 

   
9:56 5:45 0:10 

  
8/9/2011 11:21 0:38 0:10 

   
12:29 1:46 0:10 

  
8/16/2011 12:37 2:14 0:10 

   
14:03 3:40 0:10 

GARD D-Net 7/19/2011 2:07 2:02 18:27 

  
7/25/2011 13:57 3:19 0:11 

  
8/1/2011 19:10 2:40 21:40 

  
8/8/2011 12:39 2:27 2:42 
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8/15/2011 15:08 4:29 18:23 

 
Plankton Net 7/12/2011 18:39 6:07 1:23 

   
18:44 6:12 1:29 

  
7/19/2011 0:09 0:04 0:50 

   
20:10 1:56 0:47 

  
7/26/2011 13:41 2:08 0:49 

   
14:42 3:09 0:44 

  
8/2/2011 13:21 1:44 0:56 

   
14:28 2:51 0:52 

  
8/9/2011 14:54 3:41 0:58 

   
16:00 4:47 0:55 

  
8/16/2011 9:09 4:34 0:52 

   
10:10 5:35 0:54 

 
Tow Net 7/12/2011 18:52 6:20 0:10 

   
19:10 0:05 0:10 

  
7/19/2011 20:17 2:03 0:10 

   
21:13 2:59 0:10 

  
7/26/2011 13:48 2:15 0:10 

   
14:46 3:13 0:10 

  
8/2/2011 13:28 1:51 0:10 

   
14:32 2:55 0:10 

  
8/9/2011 14:59 3:46 0:10 

   
16:04 4:51 0:10 

  
8/16/2011 9:13 4:38 0:10 

   
10:16 5:41 0:10 
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Appendix 5: Alosa specimens highlighting diagnostic pigmentation pattern on the venter (ventral surface between the gill 
arch), and along the abdomen. Numbers on each photo corresponds to an ID code in the database. 
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Objectives: 
1) Determine the relative amount of periphyton in spawning habitat for anadromous rainbow smelt in 

selected coastal rivers in Maine, NH, and Massachusetts 
2) Determine potential impacts of periphyton growth and sediment deposition on smelt egg hatch 
3) Identify dominant species of organisms in the periphyton community associated with rainbow smelt 

spawning substrate in the gulf of Maine Region 
4) Determine the amount of genetic variation in Rainbow smelt within and among various New England 

estuaries. 
 
 
Objective 1. Determine the relative amount of periphyton in spawning habitat for anadromous rainbow smelt in 
selected coastal rivers in Maine, NH, and Massachusetts 
 
Periphyton samples were collected by biologists during the spring of 2009 in Maine, NH, and Massachusetts 
and transferred to UNH.  In the laboratory, periphyton samples were transferred to pre-weighed aluminum 
weigh boats (using distilled water) to determine dry weight (DW), ash dry weight (ADW), and ash free dry 
weight (AFDW) by the methods of American Public Health Association, APHA, (1992).  To determine DW 
(g/m2/day), the samples were dried at 105ºC, cooled in a desiccator, and then weighed to the nearest 0.0001 g 
(Mettler Toledo AB54-S) multiple days in succession until the weights differed by no more than 0.0008 g.  
Samples were then ignited for 1 hr in a muffle furnace at 500ºC, re-hydrated (~5 mL) and re-dried at 105ºC, 
cooled in a desiccator, and again weighed to determine the ADW (g/m2/day).  The DW represents both 
inorganic and organic material ADW, represents only inorganic material.  The AFDW (ADW subtracted from 
the DW) represents the organic portion and is also expressed as g/m2/day.  
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Table 1.  Dry weight, ash dry weight and ash-free dry weight of periphyton samples collected from smelt 
spawning Rivers. 

 
 

 

Sample ID AFDW (g/m2/day) Comments
4-15 LC Rock1 0.0239
4-15 LC Rock2 0.0406
4-15 LC Rock3 0.012
4-15 LC Rock4 0.0418
4-15 LC Rock5 0.0095

4-15 LC T1 0.0074
4-15 LC T2 0.0056
4-15 LC T3 0.0048
4-15 LC T4 0.0034
4-15-LC T5 0.0049

5-29-09 EB Rock 1 0 No detectable difference in DW & ADW
5-29-09 EB Rock 2 0.0032
5-29-09 EB Rock 3 0.0013
5-29-09 EB Rock 4 0 No detectable difference in DW & ADW
5-29-09 EB Rock 5 0 No detectable difference in DW & ADW
5-29-09 EB Tile 1 0.0004
5-29-09 EB Tile 2 0 No detectable difference in DW & ADW
5-29-09 EB Tile 3 0.0008
5-29-09 EB Tile 4 0 No detectable difference in DW & ADW
5-29-09 EB Tile 5 0 No detectable difference in DW & ADW
5-9-09 Chan T ile 1 0.002
5-9-09 Chan T ile 2 0.0008
5-9-09 Chan T ile 3 0 No detectable difference in DW & ADW
5-9-09 Chan T ile 4 0.0007

5-9-09 Chandler Rock 1 0.0045
5-9-09 Chandler Rock 2 0.0107
5-9-09 Chandler Rock 3 0.0087
5-9-09 Chandler Rock 4 0.0077
5-9-09 Chandler Rock 5 0.0147
5-9-09 East Bay Rock 5 0 No detectable difference in DW & ADW

5-9-09 EB Rock 1 0 No detectable difference in DW & ADW
5-9-09 EB Rock 2 0 No detectable difference in DW & ADW
5-9-09 EB Rock 3 0 No detectable difference in DW & ADW
5-9-09 EB Rock 4 0 No detectable difference in DW & ADW
5-9-09 EB Tile 1 0 No detectable difference in DW & ADW
5-909 EB Tile 2 0 No detectable difference in DW & ADW
5-9-09 EB Tile 3 0.0002
5-9-09 EB Tile 4 0.0034
6/25/09 DM R1 0.003
6/25/09 DM R2 0.0001
6/25/09 DM R3 0 No detectable difference in DW & ADW
6/25/09 DM R4 0.0003
6/25/09 DM R5 0.0002
6/25/09 DM T2 0.0005
6/25/09 DM T3 0.0002
6-12-09 LC R2 0.0141
6-12-09 LC R3 0.0163
6-12-09 LC R4 0.0197
6-12-09 LC R5 0.0251

6-12-09 LC Rock1 0.0398
6-12-09 LC T4 0.0372
6-12-09 LC T5 0.0175

6-12-09 LC Tile 1 0.0575
6-18-09 East Bay Rock 1 0 No detectable difference in DW & ADW
6-18-09 East Bay Rock 2 0 No detectable difference in DW & ADW
6-18-09 East Bay Rock 3 0 No detectable difference in DW & ADW
6-18-09 East Bay Rock 4 0 No detectable difference in DW & ADW
6-18-09 East Bay Rock 5 0 No detectable difference in DW & ADW

Sample ID AFDW (g/m2/day) Comments
6-18-09 East Bay T ile 1 0 No detectable difference in DW & ADW
6-18-09 East Bay T ile 2 0.0009
6-18-09 East Bay T ile 3 0 No detectable difference in DW & ADW
6-18-09 East Bay T ile 4 0.0007
6-18-09 East Bay T ile 5 0.0005

6-25-09  Chandler Rock 2 0.0106
6-25-09 Chandler Rock 1 0.0136
6-25-09 Chandler Rock 3 0.0115
6-25-09 Chandler Rock 4 0.0074
6-25-09 Chandler Rock 5 0.0189
6-25-09 Chandler T ile 1 0.0166
6-25-09 Chandler T ile 2 0.0049
6-25-09 Chandler T ile 3 0.0113
6-25-09 Chandler T ile 4 0.0059
6-25-09 Chandler T ile 5 0.0086
6-4-09 Chandler Rock 1 0.0089
6-4-09 Chandler Rock 2 0.0052
6-4-09 Chandler Rock 3 0.0124
6-4-09 Chandler Rock 4 0.0056
6-4-09 Chandler Rock 5 0.012

DM 4-27-09 Rock1 0.0007
DM 4-27-09 Rock2 0.001
DM 4-27-09 Rock3 0.0013
DM 4-27-09 Rock4 0 No detectable difference in DW & ADW
DM 4-27-09 Rock5 0 No detectable difference in DW & ADW

DM 6-1-09 R5 0.0014
DM 6-1-09 Rock1 0.0011
DM 6-1-09 Rock2 0.0056
DM 6-1-09 Rock3 0.003
DM 6-1-09 Rock4 0.0009

DM 6-1-09 T1 0.0005
DM 6-1-09 T2 0.0005
DM 6-1-09 T3 0.0002
DM 6-1-09 T4 0 No detectable difference in DW & ADW
DM 6-1-09 T5 0.0023

DMB-Rock1-5/11/09 0.0178
DMB-Rock2-5/11/09 0.0159
DMB-Rock3-5/11/09 0.0185
DMB-Rock4-5/11/09 0 No detectable difference in DW & ADW
DMB-Rock5-5/11/09 0 No detectable difference in DW & ADW

DM-T4-6/25/09 0.0003
DM-T5-6/25/09 0.0004

DM-Tile1-6/25/09 0.0008
FR 0609 - 2 0.0006
FR 0609 - 5 0 No detectable difference in DW & ADW

FR 091-3 0.0002
FR0609-1 0 No detectable difference in DW & ADW
FR0609-1 0 No detectable difference in DW & ADW
FR0609-3 0.0004
FR0609-4 0 No detectable difference in DW & ADW
FR0609-5 0 No detectable difference in DW & ADW

FR0609-R1 0.0007
FR0609-R2 0.0038
FR0609-R3 0.001
FR0609-R3 0 No detectable difference in DW & ADW
FR0609-R4 0.0047
FR0609-R5 0.0007

FR091-1 0 No detectable difference in DW & ADW
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Sample ID AFDW (g/m2/day) Comments
FR091-10 0.0087
FR091-2 0 No detectable difference in DW & ADW
FR091-2 0 No detectable difference in DW & ADW
FR091-4 0 No detectable difference in DW & ADW
FR091-5 0 No detectable difference in DW & ADW
FR091-6 0.0109
FR091-7 0 No detectable difference in DW & ADW
FR091-8 0.0061
FR091-9 0.006
JF1009-2 0 No detectable difference in DW & ADW
JR0609-2 0 No detectable difference in DW & ADW
JR0609-3 0 No detectable difference in DW & ADW
JR0609-4 0 No detectable difference in DW & ADW

JR0609-R1 0 No detectable difference in DW & ADW
JR0609-R2 0.0012
JR0609-R4 0.0045
JR0609-R5 0.0105
JR091-01 0 No detectable difference in DW & ADW
JR091-10 0.0034
JR091-3 0.0012

JR0913-1 0.0135
JR0913-2 0.0128
JR0913-3 0.0114
JR0913-4 0.0025
JR0913-5 0.0092

JR0913-R1 0.0069
JR0913-R2 0.0029
JR0913-R3 0.0143
JR0913-R4 0.0202
JR0913-R5 0.0681

JR091-4 0.0004
JR091-5 0.0006
JR091-6 0.0385
JR091-7 0 No detectable difference in DW & ADW

JR1009-1 0.0012
JR1009-3 0 No detectable difference in DW & ADW
JR1009-4 0.0022
JR1009-5 0.0021

JR1009-R1 0.0027
JR1009-R2 0.0053
JR1009-R3 0.0015
JR1009-R4 0.0014
JR1009-R5 0 No detectable difference in DW & ADW

LC 5-19-09 Rock1 0.0206
LC 5-19-09 Rock2 0.0479
LC 5-19-09 Rock3 0.0266
LC 5-19-09 Rock4 0.0358
LC 5-19-09 Rock5 0.0109
LC 5-19-09 T ile1 0.0065
LC 5-19-09 T ile2 0.0079
LC 5-19-09 T ile3 0.007
LC 5-19-09 T ile4 0.0082
LC 5-19-09 T ile5 0.008

LC-ROCK1-4-29-09 0.0258
LC-ROCK2-4-29-09 0.0244
LC-ROCK3-4-29-09 0.0412
LC-ROCK4-4-29-09 0.0035
LC-ROCK5-4-29-09 0.0196

Sample ID AFDW (g/m2/day) Comments
LC-T1-4-29-09 0.0026
LC-T2-4-29-09 0.003
LC-T2-6/12/09 0.0099
LC-T3-4-29-09 0.0096
LC-T3-6/12/09 0.0773
LC-T4-4-29-09 0.0021
LC-T5-4-29-09 0.0055

MA-CR-03-R1-09 0.0267
MA-CR-03-R2-09 0.0183
MA-CR-03-R3-09 0.0212
MA-CR-03-R4-09 0.0101
MA-CR-03-R5-09 0.0208
MA-CR-03-T1-09 0.0028
MA-CR-03-T2-09 0.0086
MA-CR-03-T3-09 0.0028
MA-CR-03-T4-09 0.0034
MA-CR-03-T5-09 0.0072
MA-CR-06-R1-09 0.0159
MA-CR-06-R2-09 0.0046
MA-CR-06-R3-09 0.0168
MA-CR-06-R4-09 0.0241
MA-CR-06-R5-09 0.0025
MA-CR-06-T1-09 0.0135
MA-CR-06-T2-09 0.0587
MA-CR-06-T3-09 0.0079
MA-CR-06-T4-09 0.0058
MA-CR-06-T5-09 0.0055
MA-CR-09-R1-09 0.0274
MA-CR-09-R2-09 0.0123
MA-CR-09-R3-09 0.0244
MA-CR-09-R4-09 0.0161
MA-CR-09-R5-09 0.0252
MA-CR-09-T1-09 0.0326
MA-CR-09-T2-09 0.0309
MA-CR-09-T3-09 0.0263
MA-CR-09-T4-09 0.0248
MA-CR-09-T5-09 0.033
MA-CR-12-R1-09 0.0324
MA-CR-12-R2-09 0.0347
MA-CR-12-R3-09 0.0069
MA-CR-12-R4-09 0.013
MA-CR-12-R5-09 0.0111
MA-CR-12-T1-09 0.0137
MA-CR-12-T2-09 0.017
MA-CR-12-T3-09 0.014
MA-CR-12-T4-09 0.0009
MA-CR-12-T5-09 0.0175
MA-FR-09-R1-09 0.0137
MA-FR-09-R2-09 0.0099
MA-FR-09-R4-09 0.0111
MA-FR-09-R5-09 0.0032
MA-FR-09-T1-09 0.008
MA-FR-09-T2-09 0.019
MA-FR-09-T3-09 0.0093
MA-FR-09-T4-09 0.0118
MA-FR-09-T5-09 0.0045
MA-FR-12-R1-09 0.0284
MA-FR-12-R2-09 0 No detectable difference in DW & ADW
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Sample ID AFDW (g/m2/day) Comments
MA-FR-12-R3-09 0.0038
MA-FR-12-R4-09 0 No detectable difference in DW & ADW
MA-FR-12-R5-09 0.0158
MA-FR-12-T1-09 0.0094
MA-FR-12-T2-09 0.0011
MA-FR-12-T3-09 0 No detectable difference in DW & ADW
MA-FR-12-T4-09 0.0081
MA-FR-12-T5-09 0.0025
MA-MR-03-R1-09 0.0247
MA-MR-03-R2-09 0.0219
MA-MR-03-R3-09 0.0323
MA-MR-03-R4-09 0.0343
MA-MR-03-R5-09 0.0304
MA-MR-03-T1-09 0.0018
MA-MR-03-T2-09 0.0018
MA-MR-03-T3-09 0.001
MA-MR-03-T4-09 0 No detectable difference in DW & ADW
MA-MR-03-T5-09 0 No detectable difference in DW & ADW
MA-MR-06-R1-09 0.0132
MA-MR-06-R2-09 0.0349
MA-MR-06-R3-09 0.0188
MA-MR-06-R4-09 0.0061
MA-MR-06-R5-09 0.0299
MA-MR-06-T1-09 0.0206
MA-MR-06-T2-09 0.0286
MA-MR-06-T3-09 0.0398
MA-MR-06-T4-09 0.0222
MA-MR-06-T5-09 0.0328
MA-MR-09-R1-09 0.0151
MA-MR-09-R2-09 0.0008
MA-MR-09-R3-09 0.0126
MA-MR-09-R4-09 0.0525
MA-MR-09-R5-09 0.0375
MA-MR-09-T1-09 0.0798
MA-MR-09-T2-09 0.0549
MA-MR-09-T3-09 0.0413
MA-MR-09-T4-09 0.0507
MA-MR-09-T5-09 0.0411
MA-MR-12-R1-09 0.0113
MA-MR-12-R2-09 0.0037
MA-MR-12-R3-09 0.005
MA-MR-12-R4-09 0.0051
MA-MR-12-R5-09 0.0013
MA-MR-12-T1-09 0.0041
MA-MR-12-T2-09 0.0062
MA-MR-12-T3-09 0.0045
MA-MR-12-T4-09 0.0013
MA-MR-12-T5-09 0.0062
MA-NR-03-R1-09 0.0756
MA-NR-03-R2-09 0.0335
MA-NR-03-R3-09 0.0508
MA-NR-03-R4-09 0.0286
MA-NR-03-R5-09 0.0239
MA-NR-03-T1-09 0.0087
MA-NR-03-T2-09 0.0126
MA-NR-03-T3-09 0.0042
MA-NR-03-T4-09 0.0049
MA-NR-03-T5-09 0.0089

Sample ID AFDW (g/m2/day) Comments
MA-NR-06-R1-09 0.0296
MA-NR-06-R2-09 0.0491
MA-NR-06-R3-09 0.034
MA-NR-06-R4-09 0.044
MA-NR-06-R5-09 0.0439
MA-NR-06-T1-09 0 No detectable difference in DW & ADW
MA-NR-06-T2-09 0 No detectable difference in DW & ADW
MA-NR-06-T3-09 0 No detectable difference in DW & ADW
MA-NR-06-T4-09 0 No detectable difference in DW & ADW
MA-NR-06-T5-09 0 No detectable difference in DW & ADW
MA-NR-09-R1-09 0.0681 MA-NR-09-R1-09
MA-NR-09-R2-09 0.049
MA-NR-09-R3-09 0.021
MA-NR-09-R4-09 0.019
MA-NR-09-R5-O9 0.0249
MA-NR-09-T1-09 0.0133
MA-NR-09-T2-09 0.0114
MA-NR-09-T3-09 0.0078
MA-NR-09-T4-09 0.0044
MA-NR-09-T5-09 0.0192
MA-NR-12-R1-09 0 No detectable difference in DW & ADW
MA-NR-12-R2-09 0 No detectable difference in DW & ADW
MA-NR-12-R3-09 0.0041
MA-NR-12-R4-09 0 No detectable difference in DW & ADW
MA-NR-12-R5-09 0.0112

MA-RF-09-R3 0.0077
ML 5/19/09 Rock1 0 No detectable difference in DW & ADW
ML 5/19/09 Rock2 0 No detectable difference in DW & ADW
ML 5/19/09 Rock3 0 No detectable difference in DW & ADW
ML 5/19/09 Rock4 0 No detectable difference in DW & ADW
ML 5/19/09 Rock5 0.0011
ML-Rock1-4/29/09 0.0002
ML-Rock2-4/29/09 0 No detectable difference in DW & ADW
ML-Rock3-4/29/09 0.0009
ML-Rock4-4/29/09 0.0005
ML-Rock5-4/29/09 0 No detectable difference in DW & ADW

SQ 01 0.0078
SQ 02 0.0045
SQ 03 0.0043
SQ 04 0.0037
SQ 05 0.0057
SQ 06 0.0146
SQ 07 0.0193
SQ 08 0.0126
SQ 09 0.0138
SQ 10 0.0158
SQ 12 0.0035
SQ 13 0.0026
SQ 14 0.0034
SQ 15 0.0051
SQ 16 0.0076
SQ 17 0.0026
SQ 17 0.0053
SQ 18 0.009
SQ 19 0.004
SQ 20 0.0043

SQROCK 01 0.0032
SQROCK 02 0.0114
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Sample ID AFDW (g/m2/day) Comments
SQROCK 04 0.0573
SQROCK 05 0.0087
SQROCK 06 0.0016
SQROCK 07 0.0063
SQROCK 08 0.0021
SQROCK 09 0.0091
SQROCK 10 0.0099
SQROCK 11 0.0089
SQROCK 12 0.003
SQROCK 13 0.0055
SQROCK 14 0.0049
SQROCK 15 0.0073
SQROCK 16 0.0157
SQROCK 17 0.0022
SQROCK 18 0.0095
SQROCK 19 0.0053
SQROCK 20 0.0118

TB 4-26-09 Rock1 0.0093
TB 4-26-09 Rock2 0.0337
TB 4-26-09 Rock3 0.0056
TB 4-26-09 Rock4 0.0034
TB 4-26-09 Rock5 0.0079

TB 4-26-09 T1 0.0149
TB 4-26-09 T2 0.0054
TB 4-26-09 T3 0.006
TB 4-26-09 T4 0.0058
TB 4-26-09 T5 0.0031
TB 6-10-09 R2 0.001
TB 6-10-09 R3 0.0029
TB 6-10-09 R5 0 No detectable difference in DW & ADW
TB 6-10-09 T1 0.0091
TB 6-10-09 T2 0.007
TB 6-10-09 T3 0.0165
TB 6-10-09 T4 0.0084
TB 6-10-09 T5 0.0035
TB-R1-5-15-09 0.0076
TB-R1-6/10/09 0.0021
TB-R1-7-6-09 0.0011

TB-R2-5-19-09 5/15? 0.0046
TB-R2-7-6-09 0.0007

TB-R3-5-12-09 5/15? 0.0021
TB-R3-5-15-09 0.0039
TB-R3-7-6-09 0.0017

TB-R4-6-10-09 0.0073
TB-R4-7-6-09 0.0049

TB-R5-5-15-09 0.0018
TB-R5-7-6-09 0.0024
TB-T1-7-6-09 0 No detectable difference in DW & ADW

TB-T2-5-15-09 0.0067
TB-T3-5-15-09 0.0023
TB-T5-5-15-09 0.0039

TB-Tile4-5-15-09 0.0024
WIN 01 0.0036
WIN 02 0.0031
WIN 03 0.0047
WIN 04 0.0054
WIN 05 0.0042
WIN 06 0.0167

Sample ID AFDW (g/m2/day) Comments
WIN 07 0.0062
WIN 08 0.005
WIN 09 0.0047
WIN 10 0.0204
WIN 11 0.0206
WIN 12 0.0137
WIN 13 0.0166
WIN 14 0.0142
WIN 15 0.0113
WIN 16 0.0024
WIN 17 0.0084
WIN 18 0.0028
WIN 19 0.0215
WIN 20 0.1725

WINROCK 01 0.0049
WINROCK 02 0.0107
WINROCK 03 0.007
WINROCK 04 0.0093
WINROCK 05 0.0062
WINROCK 06 0.0028
WINROCK 07 0.0166
WINROCK 08 0.0039
WINROCK 09 0.0026
WINROCK 10 0.0115
WINROCK 11 0.0177
WINROCK 12 0.0062
WINROCK 13 0.0197
WINROCK 14 0.0149
WINROCK 15 0.0111
WINROCK 16 0.0091
WINROCK 17 0.0289
WINROCK 18 0.0063
WINROCK 19 0.0053
WINROCK 20 0.0087
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Objectives 2 and 3.  
1) Determine potential impacts of periphyton growth and sediment deposition on smelt egg hatch 
2) Identify dominant species of organisms in the periphyton community associated with rainbow smelt 

spawning substrate in the gulf of Maine Region 
 
 
The following text was included in a manuscript published in the journal “Aquatic Sciences”.   
 
Abstract 
The decline in anadromous rainbow smelt (Osmerus mordax) populations may be due to anthropogenic causes 
including spawning habitat degradation.  The purpose of this study was to assess the survival of rainbow smelt 
embryos incubated under sediment layers of different depths (0.00, 0.25, 1.00, and 6.00 g/45.6 cm2) and in 
contact with periphyton communities of different biomass.  Embryo survival was also assessed when cultured 
on periphyton in combination with sterilized sediment or eutrophying compounds (nitrates and phosphates).  
Oxygen consumption was monitored from embryos cultured alone, on periphyton layers, and under a sediment 
layer.  Survival was significantly reduced under the highest sediment treatment and attributed to low oxygen 
availability to the embryos. Embryonic survival was also significantly reduced when incubated on the highest 
periphyton biomass. Embryos under the sediment layer consumed oxygen at a significantly greater rate than the 
controls, and the dissolved oxygen concentration below the sediment-water interface decreased to near anoxic.  
These results suggest that embryonic survival could be impacted in rivers with heavy sedimentation or a high 
standing biomass of periphyton. 
 
 
Introduction 

The rainbow smelt, Osmerus mordax (Mitchill), is a small anadromous fish found along the Northwest 
Atlantic and Northeast Pacific coasts of North America that is enjoyed as a food fish, and has supported 
important commercial and recreational fisheries (Buckley, 1989; Klein-MacPhee, 2002).  Smelt also serve as an 
important prey item for many piscivorous fish and bird species.  On the Atlantic coast, the southern-most 
portion of its range has contracted, such that spawning populations are only found in rivers north of Cape Cod, 
and significant population declines have also been reported in specific rivers within their extant range (Chase 
and Childs, 2001; Klein-MacPhee, 2002).  In response to declining Atlantic populations, rainbow smelt were 
listed as a “species of concern” by the US National Marine Fisheries Service in 2004 (NOAA, 2004).  

The reasons for these population declines are not entirely clear, but human activities in the coastal zone 
have been implicated in the decline of many anadromous species, including smelt (Murawski and Cole, 1978).  
Declines in smelt abundance in Massachusetts have been linked to declining water quality from industrial 
pollution, loss of eelgrass beds, and obstructions in rivers that may prevent upstream migrations (Chase and 
Childs, 2001; Klein-MacPhee, 2002).  As smelt are weak swimmers and are unable to traverse fish ladders, dam 
construction may also be detrimental to smelt populations, as they prevent spawning smelt from reaching 
desirable spawning habitats and may expose embryos and larvae to saline environments prematurely (Crestin, 
1973).  Additionally, as smelt spawn in the spring, the demersal eggs are exposed to runoff from snow melt and 
spring storms, which may be acidic and/or contain silt and contaminants from anthropogenic activities, such as 
urbanization (Geffen, 1990; Walling, 1995; Lapierre et al., 1999).  

The developing embryos and larval stages of the teleost life cycle are considered to be the most sensitive 
to environmental stressors (Geffen, 1990; Swanson, 1996) and concern has been raised about the possible 
effects that degraded water quality has had on rainbow smelt populations.  In a previous study, Fuda et al. 
(2007) demonstrated that smelt are tolerant to a wide range of abiotic environmental factors including salinity, 
ultraviolet radiation, dissolved oxygen (DO), nitrates, phosphates, and pH during their early developmental 
stages.  In that study, however, smelt embryos incubated in natural spawning rivers became covered with silt, 
debris, and fungi that impacted hatching success.  The purpose of the present study was to investigate the effects 
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of silt, periphyton communities, and eutrophying compounds on oxygen availability and embryonic smelt 
survival in controlled laboratory conditions (Fig. 1). 
 
Materials and methods 
 
Egg collection  

During their annual spawning migration (March-May 2007-2008), adult rainbow smelt were captured 
with fyke nets in New Hampshire (NH) rivers that are tributaries of the Great Bay estuary.  The smelt were 
transported to the University of New Hampshire (UNH), Durham, NH, anesthetized with tricaine 
methanesulfonate (100 mg L-1 Tricaine-S; Western Chemicals, Ferndale, WA) and manually spawned (Ayer et 
al., 2005) using multiple males and females (n > 6).  While no agents were used to remove egg adhesiveness, 
the degree of egg adhesion was variable among spawning events.  In all studies except Experiments 1 and 3, the 
eggs were less adhesive and were incubated in 3 L polyethylene hatching jars, with vigorous aeration (5 or 10  ± 
1ºC, salinity 0) for 2-4 days, prior to assessing fertilization success.  Only viable embryos were used in those 
studies.  Embryonic development can be observed using a dissecting microscope because viable embryos are 
translucent while non-viable embryos are opaque.  In Experiment 1, the eggs were very adhesive and were 
transferred directly to slate tiles after manual spawning.  Fertilized and unfertilized eggs on each tile were 
enumerated 8 days post fertilization (DPF).  In Experiment 3, the adhesive eggs were directly transferred to clay 
bricks and fertilization was assessed 2 DPF.  Directly pouring the embryos onto the tiles and bricks introduced 
some variability in the numbers among replicates, but variation among treatments was not significant as 
determined by ANOVA.  

 
 
Sediment collection 

Sediment was collected from the intertidal zone of the Oyster River, Durham, NH, at low tide, and 
sieved through a 300 μm nylon mesh.  Sediment was dried at 70ºC, sieved again, and sterilized by autoclaving 
at 123ºC for 15 min. 

 
Experiment 1. The effect of sedimentation on embryo survival 

Following fertilization, embryos were gently poured to form a uniform monolayer (129 - 640 embryos) 
on 16 slate tiles (~104 cm2) and were held in 40 L aquaria (10 ± 1ºC, salinity 0), with supplemental aeration.  
After determining fertilization success (8 DPF), the embryos were covered with low, medium, and high 
sediment levels (0.25, 1.00 and 6.00 g dry weight; DW, n = 4/treatment).  A piece of polyvinyl chloride (PVC) 
tube (diameter = 7.6 cm) was used to direct a slurry of sediment over the eggs (area = 45.6 cm2).  Well-water 
alone was added to the control treatment (n = 4).  Sediment was allowed to settle for one hour before the tube 
was removed.  Embryos were distinguishable in the low and medium treatments (< 1 mm cover) but not in the 
high treatment (~1 mm cover).  Following sediment settlement, water was circulated over the covered embryos 
with small aquarium pumps (~250 L hr-1), that were placed ~26.7 cm vertically and ~22.3 cm horizontally away 
from the embryos.  Prior to hatching (14 DPF), a stream of freshwater was used to gently remove the sediment, 
and live and dead embryos were enumerated.  Survival was assessed as the number of live embryos remaining 
from the initial number of live plated.  
 
Experiment 2. The effect of sedimentation on embryonic respiration 

Oxygen consumption by sediment-covered embryos was measured with a Unisense Clark-type OX50 
dissolved oxygen (DO) glass micro-electrodes with guard cathode (50 μm diameter, Unisense, Aarhus, 
Denmark), connected to a Unisense PA2000 picoammeter (Unisense, Denmark).  The electrodes (stirring 
sensitivity < 2%; response time, t90 < 5 s) were calibrated linearly at experimental temperature and salinity 
using air-saturated water (atmospheric O2) and oxygen-free water (gaseous N2).  

Ten embryos were transferred to each of two 5 ml borosilicate glass, aluminum foil-covered beakers, 
with a transfer pipette and maintained at 10 ± 1ºC.  The oxygen probe and a slurry of sediment were introduced 
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through two holes (~3 mm diameter) made in the foil.  The micro-oxygen electrodes were then lowered to the 
bottom of the beakers, and positioned < 1 mm from the embryos.  Sterilized sediment (0.45 g, equivalent on a 
g/cm2 basis to the 6.00 g treatment described above; Expt. 1) that was aerated for 24 hr to remove a portion of 
the chemical oxygen demand was added to one beaker using a pasture pipette.  Well-water was then added to 
fill both beakers.  

Oxygen concentration profiles were recorded (Unisense Profix 3.10; Unisense, Denmark) for 15-26 hr 
periods, after which embryos, water, and aerated sediment were replaced.  Following each experiment (21-36 
hr), the embryos were rinsed and examined to confirm viability.  Electrodes were re-calibrated prior to each 
profile.  DO concentrations were measured every 8.31 s, and recorded measurements were averages of 100 
consecutive readings.  Across a range of high DO concentrations, the linear portions of the oxygen consumption 
regressions were estimated visually from each profile and the slopes of these lines were used to calculate the 
routine metabolic rates (Cech, 1990; Torrans, 2007).   

To determine the oxygen demand of the sterilized sediment alone, DO profiles were recorded in beakers 
containing sediment but no embryos (n = 2).  The oxygen consumption rate between embryos covered and not 
covered with sediment were compared after correcting for oxygen consumed by the sediment alone.  The slopes 
of the two regressions were compared using a Student’s t-test for each day tested (Zar, 1999).   

To obtain a vertical oxygen concentration profile, oxygen measurements were taken 72 hr after the 
addition of the sediment (n = 2) at various depths above and below the sediment.  Measurements in increments 
of 0.05 mm were taken from under the sediment to 5.50 mm above the sediment, and increments of 1.00 mm 
were measured from 5.50-19.07 mm above the sediment.  
 
Conditions for periphyton experiments 3-4. 

Embryos were transferred to terracotta clay bricks (n = 4/treatment; area = ~0.0206 m2) with 
polypropylene transfer pipettes 2-4 DPF.  The treatment (periphyton cover) and control (no periphyton) bricks 
were held in 9.5 L glass aquaria, submerged under 5 cm of well-water held at 10 ± 1ºC, salinity 0, with 
supplemental aeration, and a 12 Light:12 Dark photoperiod (~1200 lx light; Milwaukee Instruments, SM700, 
Rockymount, NC, USA).  Periphyton biomass and composition were determined as described below.  Viability 
was assessed (10-12 DPF) by enumerating the live and dead embryos and hatching success was determined 18-
20 DPF.  

 
Experiment 3. The effects of periphyton and sedimentation on embryo survival 

Embryos (36-89/treatment, ~80% fertilization; 2 DPF) were distributed to bricks without periphyton, or 
to bricks with natural periphyton collected from the Squamscott and Crane (Danvers, MA) Rivers.  The Crane 
River was selected because high periphyton loads were observed on submerged substrate.  Additionally, the 
periphyton-covered bricks collected from the Squamscott River were covered with sediment (0.00, 0.25, and 
1.00 g DW) as described in Experiment 1 above.  Viability was assed at 12 DPF and successful hatching at 20 
DPF.  
 
Experiment 4. The effects of periphyton and eutrophying compounds on embryo survival 

Embryos (64-126/treatment; 2 DPF) were plated on periphyton-covered bricks collected from the Crane 
River as described above.  Eggs were reared under one of four conditions: (1) background levels of nitrates (0.4 
mg L-1 NO3

-, sodium nitrate, Fisher Scientific, Fair Lawn, NJ, USA) and phosphates (0.04 mg L-1, Sigma-
Aldrich, St. Louis, MO, USA), (2) elevated nitrates (10.0 mg L-1 and background phosphate), (3) elevated 
phosphates (0.10 mg L-1; background nitrate), and (4) elevated nitrate and phosphate. Well-water was used in 
all treatments and embryos plated on bricks with no periphyton and background levels of nitrates and 
phosphates served as controls.  Daily water changes (2/3 volume) with the target nutrient levels began 6 DPF.  
Viability was assessed at 10 DPF and hatching success at 18 DPF.  
 
Experiment 5. Oxygen concentrations in the embryo micro-environment  

Embryos (~20) were plated on bricks with natural periphyton (Squamscott River) as described in 
Experiment 3 above, and on control bricks without periphyton.  Bricks were maintained in 9.5 L glass aquaria 
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with well-water at 10 ± 1ºC and salinity 0.  Slight aeration was added to the system to simulate an oxygenated 
river.  Oxygen concentrations were recorded continuously in the micro-environment of a single embryo (< 1 
mm) from 4 DPF until hatch was observed (10-12 DPF) using the micro-oxygen probes and recording device 
described above.  Readings were made ~20 cm from aeration source (Tetratec AP100).  A reading was taken 
every 8.31 s and recorded oxygen measurements were averages of 100 consecutive readings.  
 
Sediment and periphyton organic content  

The dry weight, ash dry weight (ADW), and ash free dry weight (AFDW) of sediment and periphyton 
samples from each experiment (n = 4) were determined using the methods of the American Public Health 
Association (APHA, 1992).  Periphyton samples were collected from rocks or bricks from 12 smelt-spawning 
rivers in Massachusetts, New Hampshire, and Maine between March and May 2008 and processed to estimate 
the standing periphyton biomass (Table 2).  DW represents both inorganic and organic material, while ADW 
represents inorganic material only.  To determine the DW (g m-2), scraped periphyton samples from measured 
areas (0.006-0.013 m2) were transferred to pre-weighed aluminum weigh boats, dried at 105ºC, cooled in a 
desiccator, and weighed to the nearest 0.0001 g (Mettler Toledo AB54-S) over multiple days (3-4 days) in 
succession until the weights differed by no more than 0.0008 g.  Samples were then ignited for 1 hr in a muffle 
furnace at 500ºC, re-hydrated (~5 ml), dried at 105ºC, cooled in a desiccator, and weighed to determine the 
ADW (g m-2).  The AFDW (DW-ADW) represents the organic portion and is also expressed as g m-2.  Relative 
organic (AFDW/DW x 100) and inorganic (ADW/DW x 100) matter content was also calculated (Thomas et al., 
2006).  
 
Periphyton Taxonomic Composition 

A measured area of periphyton from each experiment (0.006-0.011 m2) was scraped and preserved in 
2% “M3” fixative (5 g potassium iodide, 10 g iodine, 50 ml glacial acetic acid, 250 ml formalin in 1 L distilled 
water) to determine taxonomic composition to the genus level (APHA, 1992).  Using a light microscope 
(Olympus CH-2 Melville, New York, 40X, 100X, and 400X magnification) at least 300 algal cells were counted 
in triplicate from a preserved sample to determine a relative abundance estimate, where each algal or diatom 
filament was recorded as a single cell (Smith, 1950; Prescott, 1978; Weitzel et al., 1979; Wehr and Sheath, 
2003).  
 
Statistical analysis 

Percentage data were arcsine transformed.  ANOVA at a significance level of p < 0.05 was performed 
using SYSTAT 10 (Systat Software, Inc., San Jose, California, USA).  A Tukey-Kramer test was used to 
determine differences between treatments when significant effects were observed.  A Student’s t-test (Zar, 
1999) was used to determine differences between oxygen consumption using SigmaPlot 11 and SYSTAT 10 
(Systat Software, Inc., San Jose, California, USA). 
 
Results 
 
Experiment 1. The effect of sedimentation on embryo survival 

There were no significant differences in survival among the control (83%) and 0.25 and 1.00 g sediment 
treatments (75-76%, p > 0.678; Table 1).  The highest sediment treatment (6.00 g) had a significantly lower 
survival (53%, p = 0.018; Table 1) than that of the controls.  The sediment was primarily composed of inorganic 
material (~96%).  The average DW, ADW, and AFDW for the sediment treatments are presented in Table 1.  
 
Experiment 2. The effect of sedimentation on embryonic respiration 

Embryos under the sediment layer consumed oxygen at a significantly greater rate than the controls at 
22, 25, 27, and 29 DPF (p < 0.001; Figs. 2b-e).  Consumption under the sediment treatment increased with age 
(Fig. 2f), and DO concentrations fell below 5 µmol O2 in 12.1, 4.7, 3.5, and 2.1 hr for embryos at 22, 25, 27, 
and 29 DPF, respectively. All embryos removed from the sediment and examined after the completion of the 
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experiment were viable.  DO levels below the sediment without embryos fell below 5 µmol in 34.9 hr.  The 
vertical profile indicated levels of unchanging DO concentration (45 µmol O2), 3-7 mm above the sediment-
water interface (Fig. 3).  Above this area, the DO concentrations increased, while below the sediment-water 
interface the DO concentration decreased to near anoxia (Fig. 3).  
 
Experiment 3. The effects of periphyton and sedimentation on embryo survival 

Embryos incubated on periphyton from the Squamscott River, with or without additional sediment, had 
survival (49-55%) that was not different from the control (61%, p ≥ 0.306; Table 1), while those incubated on 
periphyton from the Crane River had significantly lower survival (17%, p < 0.001; Table 1).  Hatching success 
did not differ among treatments (p = 0.117; Table 1).  The periphyton from both rivers was primarily composed 
of inorganic material (>91%) but the periphyton from the Crane River had a significantly higher (p < 0.001) 
biomass (AFDW) than that from all other sources (Table 1).  Periphyton from both rivers were primarily 
composed of diatom genera (96%), specifically the genus Synedra comprised over 67% of the total.  Diatoms 
were observed adhering to the chorions of live embryos from all periphyton treatments.  This was especially 
true of those from the Crane River, some of which were completely covered by diatoms (predominately 
Cymbella sp).  
 
Experiment 4. The effects of periphyton and eutrophying compounds on embryo survival 

No significant differences in survival (p = 0.967) or hatch (p = 0.909) were found among embryos 
grown in the presence of periphyton, with or without nutrient enrichment, compared to controls (Table 1).  
Periphyton was primarily composed of inorganic material (> 82%) and had a biomass (DW, ADW) that was 
significantly lower (p < 0.001) than the sample from the Crane River collected a week earlier (Experiment 3).  
Periphyton was primarily composed of diatoms (93%), especially Synedra (57%).  As in Experiment 3, diatoms, 
predominately Cymbella sp., were found adhering to the embryos from the Crane River treatments.  
 
Experiment 5. Oxygen concentrations in the micro-environment of embryos 

Embryos incubated on natural periphyton experienced DO concentrations that cycled during the periods 
of light and darkness.  DO levels dropped below saturation (251 µmol O2) during darkness but rose 
considerably during simulated daylight.  Embryos in the control treatment remained at or above saturation 
throughout the experiment.  DO in the natural periphyton treatment ranged from 393-556 µmol and 0-243 µmol 
during the light and dark phases, respectively (Fig. 4).  Some embryos were observed hatching following 
culture on both periphyton communities. 
 
Standing periphyton biomass 

Periphyton biomass (DW, ADW, and AFDW) was variable among rivers in the three states and within 
rivers sampled temporally (Table 2).  The highest periphyton biomass was recorded from the Crane River 
(MA), while low levels were present in Mast Landing (ME) and Deer Meadow Brook (ME) Rivers (Table 2). 
 
Discussion 

The importance of sufficient oxygen levels for normal development and embryonic survival has been 
demonstrated for a number of fish species, including Walleye (Stizostedion vitreum; Oseid and Smith, 1971), 
lake herring (Coregonus artedii; Brooke and Colby, 1980), and steelhead trout (Oncorhynchus mykiss; 
Rombough, 1988).  The effects of low DO levels are often most evident during the more advanced stages of 
embryonic development, when oxygen demands are highest (Rombough, 1988; Louhi et al., 2008).  The 
developing embryo acts as an “oxygen sink” so that even at relatively high water velocities, the partial pressure 
of oxygen at the embryo surface may be much less than that of the surrounding water (Daykin, 1965).  In 
pristine settings, the cold, fast moving, river water in which smelt spawn would be fully oxygen-saturated, but 
the presence of dams or other obstructions to water flow, as well as sediment, periphyton, and detritus 
accumulation, may limit oxygen availability.  Although the effects of low DO on embryonic smelt survival have 
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not been investigated in natural settings, long-term exposure to poorly oxygenated water was shown to reduce 
hatching in laboratory studies (Fuda et al., 2007). 

In the present study, a sediment covering (~1 mm) over a 6 day period significantly reduced embryo 
survival.  These results are similar to those reported in several other teleost species, such as Atlantic salmon 
(Salmo salar) and whitefish (Coregonus sp.) where fine sediment deposits reduced embryo survival by 
restricting oxygen exchange from the macro-environment (Venting-Schwank and Livingstone, 1994; Greig et 
al., 2005).  Significant mortality was also observed in Atlantic herring (Clupea harengus) embryos following a 
precipitating phytoplankton bloom (Morrison et al., 1991).  In laboratory and field studies with several salmonid 
species such as Atlantic salmon (Lapointe et al., 2004), fall-chinook (Oncorhynchus tshawytscha; Shelton and 
Pollock, 1966), and Coho salmon (Oncorhynchus kisutch; Meyer, 2003), fine sediment was shown to reduce 
embryo survival by restricting gravel permeability and oxygen delivery to the redds.  Sediment adhesion can 
also impact embryonic development by restricting oxygen exchange through the micropores of the chorion 
(Louhi et al., 2008).  

In addition to restricting oxygen delivery through advection, respiration, and oxygen uptake by 
particulate organic carbon (POC), sediment can deplete DO in riverine systems and generate near anoxic levels 
at the substrate water interface (Jorgensen and Revsbech, 1985).  Reduced embryonic survival may result if 
developing embryos are deposited on, or covered by, a layer of this respiring material, as oxygen transport to 
the embryo will be diminished by the low DO concentration gradient in the microenvironment.  Both advection 
and sediment respiration are believed to be responsible for low oxygen conditions experienced by whitefish 
embryos in eutrophic lakes (Lahti et al., 1979; Wilkonska and Zuromska, 1982; Venting-Schwank and 
Livingstone, 1994).  The sediment used in the present study, although dried, sterilized, and aerated, depleted 
oxygen in the micro-environment directly above the sediment.  In natural settings, smelt embryo survival may 
be impacted under thinner sediment layers than found in the present studies because un-sterilized sediment 
would likely harbor respiring microbes that would further deplete oxygen availability.   

Periphyton communities can also affect the DO concentration in an embryo’s micro-environment, as the 
assemblage of microorganisms that comprise the periphyton (algae, protozoans, and bacteria) can act as both a 
source and sink for oxygen (McIntire, 1966; Carlton and Wetzel, 1987).  Due to photosynthesis, water can be 
supersaturated with oxygen during the daylight hours, but approach anoxia in the dark from net respiration 
(McIntire, 1966; Carlton and Wetzel, 1987).  Diurnal DO fluctuations were found in the present study, but it is 
unlikely this would affect embryo survival because 36 hr periods of anoxia were not shown to affect embryonic 
smelt survival in this study.   

The standing biomass of periphyton among and within smelt-spawning rivers in New England appears 
to be highly variable and temporally unstable.  Periphyton distribution can be affected by light intensity, 
substrate type, temperature, nutrient levels, and grazing invertebrates (Trainor, 1978).  Although no organized 
sampling protocol was followed in the present study, periphyton samples collected 7 days apart from the same 
general location in the Crane River differed greatly in biomass.  The high biomass from the Crane River 
samples was comprised primarily of inorganic matter but it is not known if this was from silica comprising the 
diatom walls or sediment and detrital matter trapped by mucilage and mucilaginous stalks secreted by the 
diatoms (Karlström, 1978; Hoagland et al., 1982; Roemer et al., 1984).  Embryo survival was significantly 
lower only when incubated on periphyton with the highest biomass, but was unaffected by the presence of lower 
amounts of similar periphyton, or samples to which sediment or eutrophying compounds (nitrates, phosphate) 
were added.  The reasons for the increased embryo mortality are unknown and representative periphyton 
availability prohibited direct comparisons among these samples.  Additional studies are required to examine the 
quantity and composition of periphyton communities in smelt spawning rivers and to determine their possible 
impacts on smelt survival. 

In summary, survival of rainbow smelt embryos was lower when cultured with sediment cover or 
periphyton of high biomass.  Reduced survival may have been due to prolonged exposure to low oxygen 
conditions resulting from compromised advection and substrate respiration.  
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Figure Legends 
 
Figure 1 Summary of Experiments 
 
Figure 2 Regressions of decreasing mean (± S.E., n = 100) oxygen concentration (μmol O2) over time from 10 
rainbow smelt embryos with no sediment (○, control) and covered with 0.45 g sediment (●, treatment), a) 20, 
b) 22, c) 25, d) 27, and e) 29 days post fertilization (DPF).  Linear portions of the regressions were estimated 
visually and regression equations are indicated.  Asterisks (*) indicate a statistical difference (p < 0.0001) in 
slope (oxygen consumption) between the control and corrected sediment treatment on days specified post-
fertilization.  f) Uncorrected consumption regressions of embryos (only) covered with sediment 22 (), 25 (□), 
27 (x), and 29 (○) (DPF) and sediment (only) (●, ± S.E., n = 2) 
 
Figure 3 Mean (± S.E., n = 2) vertical oxygen profile (μmol O2) above and below a sediment layer (0.45 g 
sediment) with no embryos present (Experiment 2).  Shaded area indicates sediment layer. 
 
Figure 4 Mean (± S.E., n = 100) dissolved oxygen concentrations (μmol O2) measured next to an embryo on a 
brick covered with (●) or without (○) “natural” periphyton (Experiment 5) during a 12 light (L):12 dark (D) 
light cycle.  Time during L (900 lx) and D (0 lx) phases represented by unshaded and shaded backgrounds, 
respectively.  Dashed line indicates 100% saturation, 251 μmol O2. 
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Table 1 Mean (± S.E., n = 4) embryonic survival (%) and hatch (%).  Mean (± S.E., n = 4) DW, ADW, and AFDW of sediment (Experiment 1) and 
periphyton (Experiments 3 and 4) treatments, expressed as g m-2 and % of DW.  Significant differences (ANOVA, Tukey’s test: p < 0.05) between 
treatments within an experiment are indicated by different superscript letters within a column and comparisons between periphyton biomass among 
experiments by different superscript numbers within a column. 
Experiment Treatment % Survival % Hatch DW ADW (%) AFDW (%) 

1 Control 82.4 ± 5.9a ND - - - 
 0.25 g 76.2 ± 4.6a,b ND 54.3 ± 0.2 51.9 ± 0.3 (97.5) 2.4 ± 0.0 (4.3) 
 1.00 g 75.5 ± 5.8a,b ND 216.4 ± 0.4 208.1 ± 0.7 (96.2) 8.3 ± 0.3  (3.8) 
 6.00 g 53.6 ± 4.1b ND 1296.5 ± 3.7 1261.2 ± 5.4 (97.3) 35.3 ± 2.7 (2.7) 
       
3 Control 61.5 ± 6.5a 92.4 ± 4.8a    
 Squamscott - Natural 55.6 ± 4.2a 68.3 ± 6.7a 35.3 ± 4.811a 32.3 ± 5.011a (91.1) 2.9 ± 0.211a (8.9) 
 Crane - Natural 17.8 ± 2.9b 74.3 ± 8.1a 251.5 ± 22.532b 235.8 ±1 8.232b (94.1) 15.7 ± 5.022b (5.9) 
 Squamscott + 0.25 g 49.5 ± 3.3a 75.3 ± 8.2a    
 Squamscott + 1.00 g 50.4 ± 2.3a 77.4 ± 6.5a    
       
4 Control 81.1 ± 5.8a 95.5 ± 1.8a    
 Crane - Natural 77.5 ± 5.4a 89.9 ± 2.8a 124.6 ± 17.523 103.5 ± 17.523 (82.1) 21.0 ± 1.822 (17.9) 
 Crane + N 82.1 ± 3.6a 92.5 ± 1.7a    
 Crane + P 80.0 ± 4.6a 93.2 ± 1.9a    
  Crane + N + P 81.4 ± 4.8a 88.6 ± 2.5a       

ND = no data.
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Table 2 Mean (± S.E, n = 4). DW, ADW, and AFDW of standing periphyton biomass taken 
during the 2008 smelt spawning season from Massachusetts (MA), New Hampshire (NH), and 
Maine (ME) expressed as g m-2 and % of DW.   
State River Date DW ADW (%) AFDW (%) 
ME Tannery Brook 6 May 58.8 ± 14.8 41.0 ± 8.7 (72.5) 17.7 ± 7.2 (27.5) 
ME Mast Landing* 9 April 0.5 ± 0.4 0.4 ± 0.4 (85.7) 0.1 ± 0.1 (14.3) 

ME 
Deer Meadow 

Brook* 9 April 0.2 ± 0.0 0.1 ± 0.0 (44.4) 0.1 ± 0.0 (55.6) 
      

NH Squamscott 24 Mar 15.3 ± 3.4 13.9 ± 3.3 (90.3) 1.4 ± 0.2 (9.7) 
NH Squamscott 5 April 35.3 ± 4.8 32.3 ± 5.0 (91.1) 2.9 ± 0.3 (8.9) 
NH Winnicut* 5 May 7.0 ± 4.8 4.3 ± 2.4 (73.3) 2.7 ± 2.3 (26.7) 
NH Lampery 5 May 1.8 ± 1.2 1.5 ± 1.1 (68.5) 0.3 ± 0.1 (31.5) 
NH Bellamy 6 May 8.2 ± 4.0 7.1 ± 3.8 (86.3) 1.1 ± 0.6 (13.7) 
NH Oyster 6 May 72.0 ± 14.8 64.3 ± 13.9 (89.2) 7.6 ± 1.6 (10.8) 
NH Squamscott 7 May 75.7 ± 21.9 69.4 ± 22.5 (88.4) 6.3 ± 0.7 (11.6) 
NH Salmon Falls  7 May 179.5 ± 111.2 114.2 ± 50.9 (83.3) 65.2 ± 61.3 (16.7) 

      
MA Crane 5 April 251.5 ± 22.5 235.8 ± 18.2 (94.1) 15.8 ± 5.0 (5.9) 
MA Crane 18 April 124.6 ± 17.5 103.5 ± 17.5 (82.1) 21.1 ± 1.8 (17.9) 
MA Saugus  11 May 169.7 ± 34.3 163.2 ± 33.8 (96.5) 6.5 ± 0.7 (3.5) 
MA Crane 11 May 120.2 ± 60.1 107.3 ± 25.7 (89.1) 12.9 ± 3.0 (10.9) 
MA Mill 11 May 101.5 ± 40.2 86.5 ± 37.0 (79.8) 15.0 ± 3.9 (20.2) 
MA Parker 11 May 27.1 ± 9.8 24.5 ± 9.1 (89.1) 2.6 ± 0.7 (10.9) 
MA Little 11 May 165.4 ± 57.5 158.9 ± 56.1 (95.2) 6.5 ± 1.4 (4.8) 

Asterisk (*) indicates n = 3. 
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Figure 1. 

 

1) Effect of Sedimentation 

Embryonic Survival 

(Expt. 1) 

Embryonic Respiration 

(Expt. 2) 

2) Effect of Periphyton 

Embryonic Survival 

With Sedimentation 

(Expt. 3) 

With Eutrophying compounds 

(Expt. 4) 

Oxygen Concentration in 

embryonic micro-environment 

(Expt. 5) 
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Figure 2. 
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Figure 3.  
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Objective 4:  To determine the genetic variation among rainbow smelt (Osmerus mordax) from 
multiple river systems in New England.   
 
 

Purpose   
In response to the Species of Concern status of rainbow smelt in the Northeast, a collaborative 

Proactive Species Conservation Program was launched with grant funding by NMFS. Program 

goals included increasing our understanding of the population status, ecology and structure of 

smelt in river systems in the Northeast. Prior to this effort, no studies had been conducted on the 

population genetic structure of rainbow smelt in this region. Knowledge of population genetic 

structure is critical for informing conservation management.  

 

The objective of this project was to determine the genetic variation among rainbow smelt 

(Osmerus mordax) from multiple river systems in New England. 

 

Methods 

Fin clip samples of adult smelt were obtained from New Hampshire Fish & Game, Maine 

Division of Inland Fisheries & Wildlife, and Massachusetts Division of Marine Fisheries, 

collected during spawning runs.  A total of 2748 samples were collected from 18 rivers during 

2006-2010 (Table 1).  Four additional small collections from the Winnicut River and Cascade 

Brook were not used in analyses due to insufficient sample size (<30 individuals).     

 

DNA was extracted from fin clips using the Qiagen DNeasy Blood and Tissue kit (Qiagen, 

Valencia, California). Genotyping was performed using a suite of 11 microsatellite loci (Coulson 

et al. 2006), following published protocols optimized for 3 sets of multiplex PCR amplifications.  

PCR products were electrophoresed using an automated DNA sequencer (ABI 3130; Applied 

Biosystems) and alleles were scored manually using PEAKSCANNER software (ABI).  Two 

loci, Omo3 and Omo16 were found to be linked in all populations and were dropped from further 

analyses. Multilocus genotypes for the remaining 10 loci were compiled for individuals and 

population genetic analyses were performed using multiple individual and population-level 

analyses.   

 

Descriptive statistics, including observed and expected heterozygosties, allelic richness (a 

measure of within population genetic diversity), and tests of Hardy Weinberg equilibrium and 

linkage disequilibrium were conducted in GENEPOP (Raymond and Rousset 1995) and FSTAT 

(Goudet 1995). Population differentiation was evaluated by analysis of pair-wise population 

FST, calculated in FSTAT, and chord distances (Cavalli-Sforza and Edwards 1967). We tested 

for temporal stability in the population genetic structure by AMOVA, using the program 

ARLEQUIN (Schneider et al. 2000).  We further evaluated the level of population structuring 

and connectivity among rivers using individual-based Bayesian clustering methods of 

STRUCTURE (Pritchard et al. 2000) and BAPS (Corander et al. 2008). We ran STRUCTURE 

using the LOCPRIOR model (Hubisz et al. 2009), which is suited to perform for systems with 

weak genetic structure. We ran BAPS using the group clustering algorithm. We also used the 

predefined clustering algorithm in BAPS to evaluate evidence of structuring at the river level. 

This analysis was followed by an assignment test approach, in which we used the genotype data 

to assign individuals back to their most likely population of origin.  We report the percentage of 
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correct self-assignments (percent of individuals correctly assigned to the river in which they 

were sampled), as a measure of river-level structuring (following Waples and Gaggiotti 2006).  

Lastly, we evaluated the spatial extent of the observed genetic structure using spatial 

autocorrelation analysis in GENALEX (Peakall and Smouse 2006).  

 
Table 1. Rainbow smelt fin clip samples collected from 18 rivers in Maine, New Hampshire and 

Massachusetts 2006-2010.  

 

Collection by river and year Sample size 

Cobscook Bay 2008 91 

Cobscook Bay 2009 95 

Chandler River 2009 36 

Chandler River 2010 96 

Pleasant River 2010 96 

Penobscot River 2008 95 

Penobscot River 2009 95 

Marsh River 2008 79 

Marsh River 2009 96 

Kennebec River 2009 82 

Harraseeket River 2008 90 

Harraseeket River 2009 96 

Long Creek 2009 96 

Salmon Falls 2008 51 

Oyster River 2007 95 

Bellamy River 2007 67 

Bellamy River 2008 76 

Lamprey River 2008 95 

Squamscott River 2007 48 

Squamscott River 2008 94 

Squamscott River 2009 96 

Parker River 2008 99 

Parker River 2009 96 

Saugus River 2006 37 

Saugus River 2007 81 

Saugus River 2008 82 

Fore River 2006 94 

Fore River 2008 100 

Jones River 2008 108 

Jones River 2009 96 

Weweantic River 2008 95 

Total: 2748 

 

Results & Interpretation 

Multilocus genotypes with no more than 4 missing loci were obtained for 2572 samples. 

Observed heterozygosities were similarly high for all rivers (mean Ho = 0.859), except the 

Weweantic, in which they were slightly reduced (Ho = 0.765).  Observed and expected 

heterozygosities did not deviate from Hardy-Weinberg expectations. Allelic richness (the 

sample-sized adjusted number of alleles per locus) was significantly reduced in the Weweantic 

samples relative to all other rivers, except the Cobscook, which was only significantly reduced 

relative to the Squamscott River collection (ANOVA blocked by locus; Figure 1).  These 

findings suggest that smelt populations in the Weweantic have slightly lower genetic diversity 
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relative to smelt in the other rivers, which may be consistent with the status of these populations 

at the most southern extent of the current range of the species. Populations at the edges of 

species’ ranges often have reductions in population size or diversity.  

 

 

 
 
Figure 1. Mean allelic richness across 10 loci for rainbow smelt from 18 rivers in Maine, New Hampshire and 

Massachusetts. Bars with different letters are significantly different (P<0.05, ANOVA).  

 

 

To follow up on our findings of reduced genetic diversity in Weweantic, we tested for signatures 

of population bottlenecks (severe reductions in population size in the recent past) using two 

complementary approaches, BOTTLENECK (Piry et al. 1999) and M-RATIO (Williamson-

Nateson 2005).  We found no evidence, with either approach, that any of the smelt populations 

had experienced a genetic bottleneck, suggesting that either the observed reductions in genetic 

diversity were not associated with a severe population decline, or that a population reduction was 

very recent or potentially ongoing (these 2 approaches are not designed to detect slow or 

currently ongoing population reductions).   

 

For population genetic structure to be meaningful, it must be demonstrated that the differences 

among rivers/sites are significantly greater than the differences between years within the same 

rivers/sites (Waples 1998).  To evaluate the annual variability in population genetic structure, we 

conducted an AMOVA (molecular analysis of variance, which partitions genetic variation 

hierarchically, similar to an ANOVA) using 10 rivers that were sampled in >1 year.  We found 

no significant variation among annual samples from individual rivers, but highly significant 

differences among different rivers (P<0.001), suggesting that the genetic variation we observed 

among rivers was very stable over time. Therefore, yearly samples from the same rivers were 

pooled for further analyses.  

 

We found highly significant differentiation among the 18 rivers overall, with a global FST of 

0.015. This level of differentiation is very similar to that found for other anadromous fish in the 

region, including salmon in Maine (King et al. 2001, Spidle et al. 2003) and smelt in New 

Brunswick, Nova Scotia and Prince Edward Island (Bradbury et al. 2006). Interestingly, 

Bradbury et al. (2006), found an order of magnitude higher differentiation (FST = 0.11) for smelt 
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in Newfoundland, with structuring on the scale of estuaries and bays. The higher divergence in 

this system is likely a function of the topography of the Newfoundland coastline, which is much 

more structured with geographically distinct bays, relative to the more uniform coastline of the 

Northeast US.  

 

Many pairs of individual rivers were also differentiated, with pair-wise FST s ranging from 0 (for 

geographically proximate rivers that shared the same estuary in Great Bay, NH) to 0.08 (for the 

most geographically separated rivers of Cobscook Bay in ME and Weweantic in MA.  The 

Weweantic River, followed by the Cobscook Bay collection, showed the strongest divergence 

and both were significantly differentiated from all other rivers.  Overall, genetic variation 

followed an isolation by distance pattern, such that were was a significant correlation between 

genetic and geographic distance (Mantel test, r
2
 = 0.467, p<0.0001).  Spatial autocorrelation 

analyses indicated significant fine-scale spatial genetic structure extended to approximately 180 

km. Similarly, Bradbury et al. (2006) found the spatial extent of genetic structure in 

Newfoundland was approximately 150 km, although an order of magnitude greater.  

 

Despite these trends for isolation by distance and large and fine-scales, genetic differentiation 

was not consistent across geographic distances for the whole study area, and several rivers from 

northern Massachusetts to coastal Maine were genetically quite similar. To evaluate the genetic 

similarities among rivers, we used the results of Bayesian clustering analyses from 

STRUCTURE and BAPS.  These analyses use the genetic data to cluster the populations (rivers) 

together into genetically similar groupings.  Results of STRUCTURE suggested strongest 

support for the presence of 5 genetically distinct groups (top bar graph in Figure 2), consisting of 

1) Cobscook, 2) Penobscot, 3) Chandler, Pleasant, Marsh, Kennebec, Harraseeket, Long Creek, 

the NH rivers of the Great Bay estuary, and Parker River, 4) Saugus Fore and Jones, and 5) 

Weweantic (top bar graph in Figure 2).  Within these groupings, Parker River is a mixture of the 

NH-ME grouping and the Saugus-Fore grouping, and Jones is a mixture of the Saugus-Fore and 

Weweantic groupings. There was also some evidence to support 6 groups, similar to the 5 above, 

but with some differentiation of Harraseeket and Long Creek (bottom bar graph in Figure 2). The 

6 groupings showed higher admixture than the 5 groupings, especially within the ME and NH 

rivers.  Analyses with BAPS yielded similar results, but did not suggest as fine-scale structuring, 

with only 4 genetically similar groups detected:  1) Cobscook, 2) Chandler River south to Parker 

River, 3) Saugus, Fore and Jones Rivers, and 4) Weweantic River (Figure 3).  A synthesis of 

these results is presented in Figure 4, which depicts on a map the geographic composition of 

each of the genetically distinct groupings.  Assignment test results supported the 5 STRUCTURE 

groupings with 60-85% correct self-assignments (highest for Cobscook and Weweantic and 

lowest for Penobscot).  

  



 24 

 
  COB    CH   PL  PEN  MAR KEN HAR LON       GREAT BAY         PAR    SAU      FOR       JON    WE 

  
 

Figure 2.  Results of genetic clustering analysis with STRUCTURE for smelt from 18 rivers, with k=5 

genetically similar groupings in the top panel and k = 6 in the bottom panel.  Colors depict the genetic cluster 

membership; rivers that are comprised of >1 color are admixed between groups.  

 

 

 

 
 
Figure 3.  Results of genetic clustering analysis by group (river) with BAPS for smelt from 18 rivers. K= 4 

(shown) was the most likely number of genetic groupings.  

 

 

 

We also found evidence of finer-scale genetic structure at the scale of individual rivers, although 

much weaker than at the level of the groups described above.  The predefined clustering method 

of BAPS partitioned the samples by river or estuary (in the case of the Great Bay, NH samples), 

although admixture among rivers was evident (Figure 4).  Results of the assignment tests 

supported the river level structuring, but indicated it was highly variable among rivers, with 10% 

- 84% of individuals per river assigned correctly to the river in which they were sampled (Table 

2). With 16 rivers, only 6% of individuals would be expected to be correctly assigned by random 

chance alone. Nonetheless, self-assignments in the 10-20% range suggest only a weak river-

specific genetic signal.  
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Table 2.  Percentage correct self-assignments for smelt from 18 rivers (the 5 NH rivers from the Great Bay 

estuary were combined for this analysis).  

 

River  

% 
correctly 
assigned  

Cobscook  73 

Chandler 22 

Pleasant 10 

Penobscot 41 

Marsh  20 

Kennebec  16 

Harraseeket  27 

Long Creek 18 

Great Bay, NH 15 

Parker  23 

Saugus  31 

Fore 36 

Jones  57 

Weweantic 82 

 

 

 
 
Figure 4.  Map depicting the genetic groupings of smelt from 16 rivers, based on a synthesis of genetic 

clustering analyses from STRUCTURE and BAPS. Black circles indicate the 4 most genetically distinct 

groupings, with red circles indicating two additional weakly differentiated groups. Overlapping circles 

(around Parker River and Jones) indicate admixture between 2 groups.  
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Figure 5. Results of predefined clustering analyses in BAPS, indicating fine-scale structure at the level of 

individual rivers or estuary (in the case of Great Bay, NH rivers).   

 

 

Summary and Conclusion 

Genetic diversity was high for smelt from the 18 rivers overall, with a reduction in Weweantic 

and a slight reduction in Cobscook. There was no evidence that the populations had undergone a 

recent population bottleneck, although an ongoing bottleneck could not be ruled out.  Smelt from 

most rivers were significantly differentiated from each other, with the exception of the most 

geographically proximate ones. Smelt from the 5 rivers in the Great Bay estuary were genetically 

homogenous, suggesting smelt did not home strongly to individual rivers. Straying among rivers 

beyond the level of the estuary was also evident, as gene flow was relatively high among many 

rivers in the NH- coastal ME region.  Overall, genetic differentiation was highly correlated with 

geographic differentiation, supporting an isolation by distance model. The level of differentiation 

in the system (global FST = 0.015) was similar to that of other anadromous fish in the region. 

Genetic structuring was not apparent on an estuarine or bay-scale level, but rather was explained 

by 4-6 genetic groupings, which differentiated the Weweantic and Cobscook rivers most 

strongly, and combined the Saugus, Fore and Jones rivers into one grouping, and the remaining 

rivers from Parker River, MA to Chandler River, ME into another grouping. Weaker divergence 

was evident in the Penobscot River and a grouping of the Harraseeket and Long Creek samples.  

On a finer-scale, we found evidence for weak river-level structuring, suggesting widespread 

straying among most adjacent rivers. We attribute the observed patterns of genetic structuring to 

the topographic features of the coastline. The most differentiated rivers were located near 

topographically distinct features, such as capes (Cape Cod, Cape Ann) or enclosed bays, 

(Cobscook and Penobscot), which may serve as barriers to dispersal or function in larval 

retention.  Areas of highest gene flow corresponded to a stretch of the NH-ME coastline that is 

topographically unstructured. Our findings give important new insight into the population 

structure of smelt in US waters.  

 

Recommendations for Future Study 
Based on the findings of this study, we recommend additional sampling be conducted in rivers 

located in and near the enclosed bays (Penobscot, Cobscook) and surrounding the Harraseeket 

and Long Creek sampling areas.  A finer-scale sampling effort focused around the 

topographically structured areas will increase our understanding of the scale of larval retention 

and the influence of topography on gene flow and straying among rivers.  
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Assessment of Benthic Macroinvertebrate Communities in Coastal New 
England Streams______________________________________________ 
 
Prepared for the Maine Department of Marine Resources 
 
Introduction 
 
Lotic Inc. was retained by the Maine Department of Marine Resources (DMR) to sort, identify and 
analyze benthic macroinvertebrate samples from tidally influenced streams along the coast of New 
England.  These samples were collected with rock baskets, using Maine Department of Environmental 
Protection (DEP) protocols.  Sorting and Identification were performed by Lotic. 
 
The Maine DEP will use a computer model and best professional judgment to determine a water 
classification based on the macroinvertebrate communities.  An official classification can only be 
provided by DEP personnel.  For the purposes of this report, Lotic has provided an estimate of the DEP 
water classification, based on a number of macroinvertebrate metrics.  Lotic has been estimating DEP 
classification results with > 90% accuracy for over 10 years. 
 
Maine DEP Classification 
 
Maine statute M.R.S.A. 38, Chapter 465 establishes a four category water classification system.  Within 
each water class, an aquatic life standard is described in narrative form.  The narrative aquatic life 
standards for the four water classes are as follows: 
 

 Class  Biological Standard  

 AA  Aquatic life as naturally occurs.   

 A  Aquatic life as naturally occurs. 

 B  Water quality sufficient to support all indigenous aquatic species.  Only   
   non-detrimental changes in the resident biological community are allowed. 
 
 C  Water quality sufficient to support all indigenous fish species. Changes to  
   aquatic life may occur but structure and function of the resident biological  
   community must be maintained. 
 
The communities referred to in the statutes are the benthic macroinvertebrate communities residing within 
the designated stream or river reach of unimpeded free-flowing waters. 
 
The intended use of the aquatic life standard in the water classification system is to perform community 
analysis evaluations of benthic samples collected in a standardized fashion by comparing each community 
to baseline communities in each water quality class. The results of the comparison demonstrate which 
community type the collected sample most resembles, and thereby determine a water class.  If the 
collected benthic community does not resemble any of the biological standard communities, the water 
class determination, by default, is classified “non-attainment.” 
 
In preparation for the aquatic life standards, MEDEP biological personnel reviewed eight years of 
macroinvertebrate data from collections made throughout the state. From these data, MEDEP established 



a baseline data set of 145 samples collected by standardized rock basket samplers (introduced substrates) 
throughout the months of July, August and September during the eight year period. 
 
The MEDEP’s data base is comprised of a wide range of water qualities.  Many of the collections were 
made from pristine sites, or sites with little anthropogenic influence. A number of collections in the 
MEDEP’s data base were made from streams or rivers in which the resident biological communities were 
severely altered from their original state. These sites were used as worst-case scenarios, and were 
therefore determined to be in “non-attainment” of the aquatic life standards. 
 
MEDEP personnel then rated these sites a priori according to the biological narratives for Class A, B and 
C, as well as for the category of non-attainment (NA). A minimum of 25 sites were evaluated in each 
determination category. 
 
Results 
 
Table 1 summarizes the metrics used by Lotic and the estimated DEP water classification. 
 

Table 1. Metric results and estimated Maine DEP Water Quality Classification 
   

  
Plecoptera 
Richness 

Taxa 
Ratio 

(E/T) x 
P 

Indicator 
Taxa 

EPT 
Richness 

Total 
Richness Dominant Taxon 

Trichoptera 
Richness 

Ephemeroptera 
Richness 

Estimated 
MEDEP 

Classification 

Westport River 5 2.2 2 18 41 
Cricotopus 

bicinctus 15.5% 9 4 A/B 
Dear Meadow 

Brook 3 1.5 0 15 28 
Ephemerella 

24.4% 8 4 B 

Mast Landing* 3 1.5 0 12 36 
Orthocladius 

79.0% 6 3 B 
East Bay 0 0 0 7 21 Stenacron 17.0% 3 4 C 

Jones River* 2 1.2 0 10 39 Cricotopus 25.0% 5 3 B/C 
Mill River 1 0.5 1 7 30 Nais 57.9% 4 2 C 

Wewentic River 3 6 1 6 22 
Tvetenia vitracies 

57.0% 1 2 C 
Crane River 0 0 0 4 27 Gammarus 35.0% 4 0 NA 
Fore River* 1 1 0 3 15 Nais 86.0% 1 1 NA 
Long Creek* 0 0 0 2 9 Gammarus 36.0% 2 0 NA 

North River* 0 0 0 2 23 
Cricotopus 

bicinctus 42.4% 2 0 NA 

Oyster River* 0 0 0 0 8 
Orthocladius 

54.4% 0 0 NA 
Sougas River 0 0 0 3 34 Gammarus 48.0% 3 0 NA 
Squamscott 

River 0 0 0 4 16 Gammarus 43.0% 4 0 NA 

Tannery Brook 0 0 0 3 18 
Rheotanytarsus 

37.0% 3 0 NA 
Winnicut 

River* 0 0 0 3 16 
Orthocladius 

68.0% 2 1 NA 
*Samples with marine organisms 
 
 
 



Metric Definitions 
EPT Richness  The orders Ephemeroptera, Plectoptera and Trichoptera (mayflies, stoneflies and 
caddisflies, respectively) are generally considered to be indicators of good water quality.  The richness 
(number of taxa) usually increases with an increase in water quality and habitat, although type of habitat 
is also important.   
 
EPT richness is also noted for each individual group.  Plecoptera are particularly sensitive to low levels of 
dissolved oxygen, and react negatively to increasing amounts of organic material.  Ephemeroptera and 
Trichoptera are somewhat less sensitive to organic pollution, but are good indicators of the variability of 
habitat.  Both orders are found in a variety of habitats (e.g. riffles, pools, sediment, rocky substrate, etc.) 
and will increase in richness as habitat variability within the stream increases. 
 
Taxa Ratio  The taxa ratio is a measure of the Ephemeroptera/Trichoptera ratio, and its relationship with 
the plecoptera richness.  The taxa ratio will increase with increasing water and habitat quality. 
 
Indicator Taxa  The Maine DEP publishes a list of macroinvertebrate taxa that are considered to be 
indicators of good water quality.  This list is based on several years of data, and includes taxa that are 
only found in Class A or Class B waters, based on DEP’s model. 
 
Total Richness  The total richness usually increases with water and habitat quality.  However, some 
Class B sites will have higher richness, due to a positive response to organic pollution.  Severe pollution 
will usually result in a much lower richness value. 
 
Dominant Taxon  Two variables are considered with this metric.  As water and habitat quality increase, 
the percentage of the dominant taxon will usually decrease, and is more likely to be an EPT taxon.  
Samples from very poor water will often have a Dipteran or non-insect as the dominant Taxon. 
 
 
Analysis 
 
There is a direct correlation between EPT richness, total richness, and the estimated water classifications.  
EPT richness, and Plecoptera richness in particular, are important to DEP’s determinations, and the 
presence of these taxa are important in the estimates of the first 7 sites in Table 1.   
 
The sites that are estimated to be NA are more problematic.  The lower numbers of EPT taxa could 
indicate water quality problems, but could also indicate an influx of salt water at the sample site during 
high tide.  Ephemeroptera and Plecoptera taxa in general are more sensitive to salt than the other taxa 
found in these samples, especially Diptera. 
 
The dominant taxon metric supports the conclusion that the benthic communities are affected by 
incoming tides.  Four of the 9 sites estimated to be NA are dominated by Gammarus sp., a genus of 
amphipod that is commonly found in marine, estuarine and freshwater habitats.  Four are dominated by 
Chironomidae, a common Dipteran family that is primarily freshwater, but is also found in estuaries and 
tide pools.  Five of the NA sites also had exclusively marine or estuarine organisms: Rhithropanopeus sp., 
Edotea sp., Idotea sp., Corophium sp., and Pontopereia sp.   
 
When taken in the context of habitat type and location, it is our conclusion that these are normal benthic 
communities. 
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State of Maine Department of Marine Resources 
Cooperative Agreement # CT-13A-20090126*4283 

August 2010 Executive Summary  
 

Objective: The primary objective of the cooperative agreement was to perform fish 
health screening in order to characterize pathogen presence endemic to sea-run rainbow 
smelt (Osemerus mordax) and Atlantic sturgeon (Acipenser oxyrinchus) in the Gulf of 
Maine (GOM). Improving understanding of fish health status, abundance, geographic 
distribution, and vectors of pathogens of sea-run rainbow smelt and Atlantic sturgeon is 
one of several areas of study necessary to develop and implement conservation strategies 
designed to protect and restore the two fish species listed in this project. 
 
Deliverables: The University of Maine Animal Health Laboratory (UMAHL) was 
responsible for executing the following activities and tasks: 
 

a) Participate in regular planning projects 
b) Assist in the development and implementation of fish health monitoring protocols 
c) Perform fish health services on coastal fish species for infectious and non-

infectious diseases and parasites 
d) Train principal investigators in field sample collection techniques as required 
e) By June 30, 2010, submit a final report that includes relevant information, 

including an itemized list of infectious and non-infectious diseases and parasites 
to host species and frequency of occurrence – Report completed in August 2010 

 
Fish Health Screening Design and Application:  
 
The fish health screening for each species was designed very differently based on species 
population availability. The opportunity to work with Atlantic sturgeon was based on 
opportunity. Because of the UMAHL’s willingness to participate, samples of collected 
sturgeon mortalities were submitted to the lab for necropsy through a federal program. 
These samples were submitted by Gayle Wippelhauser, DMR. The UMAHL was 
required to obtain a permit through the Department of Commerce, NOAA in order to be 
able to work with submitted sturgeon and distribute samples to federal and state agencies. 
The UMAHL is now recognized as a cooperating laboratory for endangered sturgeon 
(Permit no. 1614-01). Included with this report is the diagnostic case work-up performed. 
 
The remainder of this report will serve as the results of the second year of health 
screening on rainbow smelt.  Sampling took place March 2010 through May 2010.  
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Overview of rainbow smelt screening:  As with most disease surveillance strategies, 
focus was placed on screening the specified species population for known documented 
pathogens of the particular species, pathogens of regulatory concern (state and national) 
affecting many species possibly carried by the specified species, as well as, general 
observable gross pathology. A literature search was performed in order to determine 
pathogens that have been documented in rainbow smelt. With this information and 
considering pathogens of regulatory concern for the state of Maine, screening protocols 
and diagnostic assays were performed according to the OIE and Blue Book (1,2)  for the 
following bacterial, viral, and parasitic pathogens: 
 
Bacterial: 
Bacterial selective screening included all general aerobic bacteria, such as Aeromonas 
(ie: Aeromonas salmonicida), Vibrio (fresh and saltwater), Pseudomonas, Edwardsiella, 
Flavobacterium, and many others. 
 
Viral:  
Cell lines selected and temperature ranges of incubation allowed for screening for a wide 
variety of viral agents. The following list includes specific viruses that could be detected 
or ruled out as not detected by the screening procedures employed: 
 
IPNV, infectious pancreatic necrosis virus 
IHNV, infectious hematopoietic necrosis virus 
ISAV, infectious salmon anemia virus 
VHSV, viral hemorrhagic septicemia virus 
VEN, viral erythrocytic necrosis virus (blood smear was performed for VEN) 
Aquareovirus 
Herpesviruses 
Other nonspecific CPE producing agents 
 
Parasites: 
General necropsy allowed for gross observation and classification of various parasites 
such as nematodes, trematodes, cestodes and protozoa. 10 % of  rainbow smelt submitted 
had skin and gill examined by microscopic exam for parasites. 
 
Sampling: 
In 2010, samples of rainbow smelt were collected from 14 population survey sites 
throughout the GOM. These geographical sites were spawning areas where rainbow smelt 
congregate.  These sites were considered to represent subset populations of the target 
species. It is assumed that this subset population increases the ability to detect pathogen 
presence due to congregation of fish into larger groups, and the physiological stress 
experienced during spawning.  
 
The project goal was to collect 60 rainbow smelt for fish health screening at each of the 
14 sites. Each site was considered a distinct point of sampling. The testing level at each 
site was based on an unknown overall population number but assumed a large population 
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(>1,000) at each site. Sampling was then performed at an assumed 5% pathogen 
prevalence level with 95% probability of detecting a pathogen.   
 
The 14 sites and numbers of rainbow smelt tested are presented in Table 1. 
 
 
Table 1:  Rainbow Smelt Index Sites Tested 

Acces-
sion Site  

# 
Fish Site Name Date Sub. 

Water 
Temp 

ºC pH Dis. Ox. Conductivity 

11377 1 60  
Schoppe 
Brook ME 4/30/2010 6.2 n/a 

9.4mg/L 
76%sat n/a 

11405 2 56 
Pleasant 
Brook ME 5/12/2010 n/a n/a n/a n/a 

11311 3  60 

Deer 
Meadow 
ME 

4/8-
5/5/2010 9.83 6.7 

10.98mg/L 
96.6%sat 29 mS/cm 

11353 4 37  

Mast 
Landing 
ME 4/22/2010 8.25 7.13 

11.3mg/L 
97%sat 133 mS/cm 

11417 6 
 6 

histo 
Winnicut 
River ME 5/18/2010         

11418 7 
 2 

histo 
Squamscot
t River 5/18/2010  11.38 7.55  

10.84mg/L 
99.2%sat  0.095 mS/cm  

11320 8 
6 

histo 
Parker 
River 53/27/09 4.95 7.22 

14.2mg/L 
107.2%sat 0.261 mS/cm 

11321 8 
6 

histo  
Parker 
River 3/24/2010 7.96 6.5 

12.5 mg/L 
105.7%sat 0.146 mS/cm 

11371 9 35 
Crane 
River 

4/29 & 
30/2010  9.09 7.12  

11.89mg/L 
104.9%sat  0.967 mS/cm  

11319 12 60 Fore River 4/9/2010 15.2 6.8 
10.1mg/L 
100%sat 

0.345 
mS/cm    

11332 13 60  
Jones 
River 4/14/2010 10.7 6.2 9.4mg/L 0.170 mS/cm 

11334 15 17 
Oyster 
River NH 4/15/2010   7.49 

12.04mg/L 
103.4%sat 0.175 mS/cm 

11350 16 41 
Long Creek 
ME 

4/20&22/ 
5/6/2010 

7.13/ 
12.36 7.13/7.36 

11.57 mg/L 
95.9% sat/ 
10.57mg/L 
99.4%sat 380/247 mS/cm 

11416 17  60 
East Bay 
Brook ME 5/18/2010         

11419 18  60 
Tannery 
Brook 5/19/2010         

 
 
Results of pathogen screening by site were as follows: 
 
Site 1: Schoope Brook ME (Acc# 11377) 
Gross observations:  
Skin and gill microscopic exam revealed low to moderate Black Grub cysts. 
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Bacteriology: No bacterial growth was observed from 54 fish. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 1.  
 
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 1. 
 
Histology: Histology was performed on 10% of the collected fish (6 of 60).  
Moderate post mortem changes were seen at this site.  A few larval cestodes were seen in 
the gut.  The myocardial tissues of some fish appeared to have hemorrhaged, and  focal 
myocardial intrafascial monocytic infiltrates were noted.   The gills showed low numbers 
of Icthyobodo spp. protozoa, epithelial hyperplasia, and a few emboli.  Renal interstitial 
nematode larva were noted in one fish.  The liver showed moderate glycogen, congestion, 
and nuclear heterogeneity/basophilia.   In summary, fish from this site were mildly 
parasitized, and some evidence for erythrocytic disease was present. 
 
 
Site 2: Pleasant Brook ME (Acc# 11405) 
Gross observations: Skin and gill microscopic exam revealed low Black Grub cysts on 
most fins, Trichodina was observed in low numbers, and nematodes were observed in a 
few fish. 
 
Bacteriology: 1 of 50 fish sampled had rare bacterial growth observed. The organism was 
identified as a Pseudomonas  species. This organism is ubiquitous to marine and 
freshwater environments.  
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 2.  
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 2. 
 
Histology: Histology was performed on >10% of the collected fish (6 of 50). 
Moderate post mortem changes were seen at this site.  Two female fish with numerous 
Philometra spp.-like nematodes and rare microsporidia in the ovarian tissue, and 
spawning males were seen.  Coccidia and acanthocephalan parasites were seen in the gut.  
The myocardial tissues of one fish contained a focal granuloma.  Multifocal renal tubular 
luminal mineral deposits were present.  The liver did not appear to contain glycogen, and 
extensive nuclear heterogeneity and basophilia were noted.  The spleen contained some 
microsporidia, and hemosiderin deposition.  In summary, fish from this site were 
relatively heavily parasitized, showed renal mineral deposition, and some evidence for 
erythrocytic disease was present. 
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Site 3: Deer Meadow Brook ME (Acc# 11311) 
Gross observations: Skin and gill microscopic exam revealed moderate Black Grub cysts 
on most fins and Trichodina was observed in rare numbers on 1 of 6 fish gill samples 
screened. 
 
Bacteriology: 4 of 54 fish sampled had rare bacterial growth observed. The organisms 
were identified as Pseudomonas  fluorescens biotype G, Chryseobacterium 
scophthalmum, Micrococcus luteus  and a probable Actinomyces species. These 
organisms are ubiquitous to marine and freshwater environments. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 3.  
Individual fish blood smears were prepared and stained by Giemsa for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 3. 
 
Histology: Histology was performed on 10% of the collected fish (6 of 60). 
Tissues were in relatively good condition.  The cortical tissues of the brain showed 
multifocal lymphocytic aggregates, nematode-like larvae in cross-section, and nematode 
cuticle and melanomacrophage aggregates within ventricles.  In the periocular tissues, 
periocular larval nematodes were seen.  Two females were seen from this site; both had 
large numbers of Philometra spp.-like nematodes in the gonadal tissues.  The rest of the 
fish were spawning males.  There were low numbers of larval cestodes present in the gut.  
The renal interstitium contained high numbers of melanomacrophage aggregates, and 
some microsporidia.  The liver contained moderate amounts of glycogen; 1 fish showed 
focal hepatic necrosis, many melanomacrophage aggregates, and congestion.  The spleen 
was congested, with focal hemorrhage, large hemosiderin deposition, and many 
melanomacrophages.  In summary, a heavy parasite burden (Philometra spp.-like 
nematodes primarily), and some evidence for erythrocytic disease was present. 
 
 
Site 4: Mast Landing,  ME (Acc# 11353) 
Gross observations: Skin and gill microscopic exam revealed moderate Black Grub cysts 
on most fins. 
Bacteriology: 3 of 31 fish sampled had rare bacterial growth that was identified as 
Burkholderia glumae, Aeromonas jandaei DNA group 9,and Vibrio aestuarianus . These 
organisms are ubiquitous to marine and freshwater environments. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 4. 
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Histology: Histology was performed on >10% of the collected fish (6 of 37). 
Tissues were in good condition.  Focal cortical hemorrhage of the brain, and periocular 
hemorrhage was seen.  The gills showed mild postmortem change, some clubbing and 
emboli.  Two of the fish were females and large numbers of Philometra spp.-like 
nematodes were seen in the gonadal tissues.  The rest of the fish at this site were 
spawning males.  A few coccidia were seen in the gut mucosa.  Moderate glycogen was 
seen in the liver, and the spleen appeared red blood cell depleted, with moderate 
hemosiderin deposition.  In summary, fish from this site were moderately parasitized 
(primarily nematodes) and some evidence for erythrocytic disease was present. 
 
Site 6: Winnicutt River, NH  (Acc# 11417) 
Histology:  Samples were submitted for histology only. 
Tissues were in good condition.  Cerebral focal cortical hemorrhage and congestion were 
noted.  Mild epithelial hyperplasia and clubbing of the gills was present.  All sampled 
fish were post-spawn males.  Moderate numbers of intraluminal larval cestodes and 
nematodes were seen in the gut.  Multifocal renal tubular luminal mineral deposits were 
present.  The liver contained moderate glycogen.  The spleen was congested, with mild 
focal necrosis.  In summary, fish from this site were moderately parasitized, gill changes 
suggested water quality problems, and some evidence for erythrocytic disease was 
present. 
 
Site 7: Squamscott River, NH  (Acc# 11418) 
Histology:  Samples were submitted for histology only. 
Tissues were in good condition.  Cerebral focal cortical hemorrhage was noted.  Mild 
epithelial hyperplasia and clubbing of the gills was present.  All sampled fish were post-
spawn males.  A few coccidia, but no other parasites were noted in the gut.  The liver 
contained moderate glycogen and the spleen was congested.   In summary, fish from this 
site were very lightly parasitized, gill changes suggested water quality problems, and 
some evidence for erythrocytic disease was present. 
 
Site 8: Parker River, MA (Acc# 11320 and 11321) 
Histology:  Samples were submitted for histology only. Biologist submitted 6 formalin 
fixed fish from 2010 and 6 formalin fixed fish from 2009 (the previous year). 
11320 [2009]: Moderate postmortem change was present in these tissues.  The gills 
contained a few emboli.  Many larval cestodes and postmortem change (sloughing of 
mucosa) was seen in the gut.  There was mild focal interfascicular hemorrhage of the 
skeletal muscle.  Multifocal hepatic necrosis was seen, consistent with postmortem 
change.  Microsporidia were detected in the pancreas.  The spleen was congested.  In 
summary, moderate parasitism (primarily enteric cestodes) was seen in fish from this site.  
 
11321 [2010]: Tissues were in good condition.  There were encysted nematode larvae in 
the subchondral / episcleral tissues of the eye.  Moderate chronic bronchitis, with 
epithelial bridging, emboli, and melanomacrophage aggregates were present in the gills.  
One fish showed focal myocardial intrafascial monocytic infiltrates.  Hepatic glycogen 
was moderate; one fish showed multifocal hepatic necrosis and perivascular 
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melanization.  The spleen was congested.  In summary, mild parasitism (primarily 
nematode) was seen in fish from this site. 
 
Site 9: Crane River, MA (Acc# 11371) 
Gross observations: Skin and gill microscopic exam revealed low Black Grub cysts on 2 
fish observed. 
 
Bacteriology:  No bacterial growth was observed from 29 fish. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 9.  
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 9. 
 
Histology: Histology was performed on >10% of the collected fish (6 of 35). 
Post mortem changes in the tissues from this site were severe.  Focal cortical hemorrhage 
was seen in the brain.  Three females were seen at this site, and all 3 females gonadal 
tissue was normal.  The males were spawning.  A few larval cestodes were seen in the 
gut.  Multifocal renal tubular luminal mineral deposits were present.  In summary, fish 
from this site were lightly parasitized, and showed renal mineral deposition. 
 
Site 12: Fore River MA (Acc# 11319) 
Gross observations: Skin and gill microscopic exams were not performed on this site. 
  
Bacteriology: 13 of 54 fish had rare/ few mixed bacterial growth observed. The 
organisms were identified as Aeromonas eucrenophila DNA group 6, Aeromonas sobria 
DNA group 7,  Clavibacter michiganensis, Chryseobacterium scophthalmum, 
Curtobacterium citreum, Pseudomonas  fluorescens biotype G and various Micrococcus 
species. These organisms are ubiquitous to marine and freshwater environments. The 
level of bacterial isolation was higher in this group then most but likely can be attributed 
to the fish being held for 12 hours prior to testing. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 12.  
Individual fish blood smears were prepared and stained by Giemsa for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 12. 
 
Histology: Histology was performed on 10% of the collected fish (6 of 60). 
Tissues were in good condition.  The brain showed focal cortical hemorrhage, and larval 
nematodes were seen in the subretinal and periocular tissues.  A few emboli and some 
microsporidia were seen in the gills.  One female was seen; the ovaries were normal.  Of 
the males, all were spawning; 1 showed focal hemorrhage of the testicular tissue.  
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Moderate numbers of luminal nematodes and larval cestodes were seen in the gut.  Two 
fish showed focal myocardial intrafascial monocytic infiltrates.  Some postmortem 
change and congestion was seen in the liver.  The spleen was red blood cell depleted, 
with some microsporidia and many melanomacrophage aggregates.  In summary, fish 
from this site were lightly parasitized; although microsporidia were detected in tissues, no 
xenomas were seen.  Some evidence for erythrocytic disease was present. 
 
Site 13: Jones River, MA (Acc# 11332) 
Gross observations: Skin and gill microscopic exams were not performed on this site. 
 
Bacteriology: 6 of 54 fish sampled had rare bacterial growth observed. The organisms 
were identified as Aeromonas hydrophila-like  DNA group 2, Pseudomonas alcaligenes,  
Micrococcus species and 2 non-enteric species that did not ID by Biolog. These 
organisms are ubiquitous to marine and freshwater environments. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 13.  
Individual fish blood smears were prepared and stained by Giemsa for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 13. 
 
Histology: Histology was performed on 10% of the collected fish (6 of 60). 
Tissues showed severe postmortem change.  Larval cestodes and coccidia were seen in 
the gut tissue.  All fish were mature males.  The spleen was congested.  In summary, 
although tissues were severely affected by postmortem degeneration and interpretation is 
therefore limited, parasitism appeared to be relatively light and evidence for disease was 
not seen.    
 
Site 15: Oyster River, NH (Acc# 11334) 
 
Gross observations: Skin and gill microscopic exams were not performed on this site. 
 
Bacteriology:  No bacterial growth was observed from 11 fish. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 15.  
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 15. 
 
Histology:  Histology was performed on >10% of the collected fish (6 of 17). 
Tissues showed mild to moderate postmortem change.  An intraocular nematode was 
detected.  The gills showed many emboli, and moderate postmortem change.  Both 
coccidia and larval cestodes were seen in the gut.  Multifocal renal tubular luminal 
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mineral deposits were present. The liver contained moderate glycogen and multifocal 
melanomacrophage aggregates.  The spleen was congested.  In summary, fish from this 
site were mildly parasitized, and showed renal mineral deposition. 
 
Site 16: Long Creek, ME (Acc# 11350) 
 
Gross observations: Skin and gill microscopic exams were not performed on this site. 
 
Bacteriology: 5 of 35 fish sampled had rare bacterial growth that was identified as 
Burkholderia glumae. Pseudomonas species, Vibrio aestuarianus,and  Vibrio species, . 
These organisms are ubiquitous to marine and freshwater environments.   
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
A CPE producing agent was detected in 3 of 8 five-fish pools from Site 16. The CPE 
producing agent is filterable at 0.22 µm. Two attempts at TEM microscopy have come 
back negative for observable virion particles.  IPNV, IHNV, ISAV,  and VHSV have 
been ruled out by PCR techniques. This CPE producing agent is frozen and archived in 
the UMAHL repository. 
Individual fish blood smears were prepared and stained by Giemsa for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 16. 
 
Histology: Histology was performed on >10% of the collected fish (6 of 41) 
Tissues were in good condition.  Congestion was noted in brain tissues.  Epithelial fusion 
and emboli were noted in gills.  Two females in the study had Philometra spp.-like 
nematodes in the gonadal tissues.  The remainder of the fish from the site were spawning 
males.  Larval cestodes were noted in the gut.  Moderate hepatic glycogen was seen.  The 
spleen was red blood cell depleted.  In summary, fish from this site were moderately 
parasitized, and gill changes suggested water quality problems. 
 
Site 17: East Bay Brook ME (Acc# 11416) 
Gross observations: Skin and gill microscopic exam revealed rare Trichodina spp. and 
one  nematode was observed. 
 
Bacteriology: 4 of 54 fish sampled had rare bacterial growth that were identified as 
Arthrobacter species(3 fish) and Acidovorax species. These organisms are ubiquitous to 
marine and freshwater environments. 
 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 17.  
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 17. 
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Histology: Histology was performed on 10% of the collected fish (6 of 60). 
Moderate post mortem changes were seen at this site.  The gills contained microsporidia, 
and showed clubbing and melanomacrophage aggregates.  All were spawning males.  The 
gut contained larval cestodes.  Myocardial tissues of one fish contained a focal 
granuloma.  The liver contained moderate glycogen, was mildly congested, and showed 
moderate nuclear heterogeneity and basophilia.  The pancreas was congested, and 
contained microsporidia.  The spleen contained hemosiderin deposition.  In summary, 
fish at this site were moderately parasitized and some evidence for erythrocytic disease 
was present. 
 
Site 18: Tannery Brook ME (Acc# 11419) 
Gross observations: Skin and gill microscopic exam revealed low Black Grub cysts on 
most fins and Trichodina was observed in moderate numbers on 1 of 6 fish gill samples 
screened. 
Bacteriology: 4 of 54 fish sampled had rare bacterial growth observed. The organisms 
were identified as Pseudomonas putida and Micrococcus species. These organisms are 
ubiquitous to marine and freshwater environments. 
Virology: Virology was performed in five fish pools of selected tissues and plated on two 
cell lines with a broad range of viral susceptibility. Cell lines inoculated with samples 
were incubated at 15C and monitored for 21 days for any visible cytopathic effect (CPE). 
No viral agents were detected in fish from Site 18.  
Individual fish blood smears were prepared and stained by Giemsa  for VEN screening. 
Observations consistent with VEN were not detected in fish from Site 18. 
 
Histology: Histology was performed on 10% of the collected fish (6 of 60). 
Moderate post mortem changes were present in these tissues.  Microsporidia were seen in 
the gills.  The one female had normal gonadal tissue; the remainder of the fish were 
spawning males.  Intraluminal nematodes were seen in the gut.  The liver contained 
moderate glycogen and was congested.  In summary, fish from this site were very lightly 
parasitized. 
 
Conclusion: The 2010 spring rainbow smelt sampling consisted of screening 14 defined 
sites (Gulf of Maine Index Sites) for a total of 566 fish. Seven of these sites were in 
Maine, 3 from New Hampshire and 4 from Massachusetts. The target number of fish for 
each site was 60, most Maine sites achieved this number but NH and MA testing was far 
below the target number with many sites submitting for histology only. 
 
 
General conclusion for the 2010 pathogen screening and are as follows: 
 

1) No pathogens of regulatory concern (State of Maine DMR Chapter 24, USDA 
APHIS OIE) were detected at the 14 sites screened. 

2) No bacterial pathogens were detected at the 11 sites screened (4 sites submitted 
histology only). Bacteria isolated were most likely extraneous to the testing and 
ubiquitous in nature. 



 11 

3) Virology results did reveal a CPE producing agent in Maine waters at one site, 
Long Creek.  This is one of two sites that were positive last year for this CPE 
producing agent. Attempts at performing TEM electron microscopy have not 
revealed viral particles (this is not an uncommon result). The CPE is filterable 
through a 0.22 µm filter suggesting a viral agent. There is a slight probability of 
this CPE producing agent fitting into the class Mollicutes (mycoplasma).  It is 
difficult to place any significance to this agent at this point in time but levels 
detected are reflective of carrier states in the rainbow smelt population at this site 
and in particular with the repeated year detection. IPNV, IHNV, ISAV,  and 
VHSV have been ruled out by PCR techniques. 

4) Parasitological results are typical to wild fish populations with various 
trematodes, cestodes, nematodes and protozoa observed at all sites.  Black Grub is 
a very common parasitic infection in many finfish species.  The microsporidian 
parasite detected in various tissues of many individuals in this study was not 
identified as to species, but is consistent with Glugea hertwigi  that has been 
confirmed from Site 12,  the Fore River in Massachusetts. This parasite has been 
documented extensively and can be detrimental to spawning populations.  The 
observation of large numbers of Philometra spp.-like nematodes in the gonads of 
the majority of female fish in the study is also consistent with reports of this 
parasite as an opportunistic pathogen of spawning female fish of other species (3). 

 
In conclusion, the two year sampling did not detect pathogens of regulatory concern but 
did detect endemic parasites well documented in literature for these species. Testing 
numbers in Maine offer a good deal more confidence in the overall results based on 
sample numbers then from NH and MA where numbers are much lower.  The two year 
testing can be used as a baseline for Rainbow smelt in regards to microbial health. The 
histology slides and tissue blocks are archived and can be used for future analyses if 
desired. 
 
 
References: 
 
1. USFWS and AFS-FHS (U.S. Fish and Wildlife Service and American Fisheries 

Society-Fish Health Section) 2007. Standard procedures for aquatic animal health 
inspections. In AFS-FHS. FHS blue book: suggested procedures for the detection and 
identification of certain finfish and shellfish pathogens, 2007 edition. AFS-FHS, 
Bethesda, Maryland. 

 
2. OIE, Manual of Diagnostic Tests for Aquatic Animals, 5th Edition, 2006 
 
3. Moravec1 F., de Buron I. New data on three gonad-infecting species of Philometra 

(Nematoda, Philometridae)  from estuarine fishes in South Carolina, USA.  Acta 
Parasitologica, 2009, 54(3), 244–252; ISSN 1230-2821 

 
 
 



 

  

 

 
3958 6th Ave NW  •  Seattle, WA 98107  •  T: 206-632-6206  •  F: 206-632-6017  •  www.brooksrand.com  •  brl@brooksrand.com 

 

 
December 23, 2009 
 
 
AXYS Analytical Services 
ATTN: Angelica Whetung 
2045 Mills Road West 
Sidney BC  V8L 5X2 
awhetung@axys.com 
 
 
RE: Work Order: 0939019         Project: AXS018 
 Client Contract No: 4574    Purchase Order: 13691-A 
 
Dear Ms. Whetung, 

On September 24, 2009, Brooks Rand Labs (BRL) received twenty-five (25) homogenized fish 
tissue samples. Samples were logged-in for the contracted analyses of mercury (Hg), silver 
(Ag), aluminum (Al), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb, nickel (Ni), 
selenium (Se), zinc (Zn), and total solids determination. All samples were received, prepared, 
analyzed, and stored according to BRL SOPs and EPA methodology. 

BRL observed CRM recoveries for both Al and Pb analyses that did not met the lower 
acceptance criteria limit (70 – 130%). CRMs DORM-3 (fish protein) was certified Al and Pb 
analysis, while CRM IAEA-407 (fish homogenate) was certified for Pb analysis and provided an 
information value for Al analysis. All samples were re-analyzed and the results confirmed the 
initial recoveries. Samples were then re-prepared and re-analyzed; CRM recoveries did not 
demonstrate an improvement in the extraction of either element.  

A nitric acid digestion procedure was used to prepare all samples and has been the standard 
digestion method for all biota samples. Since the consistently low CRM recoveries were 
observed (October 2009), BRL has been performing various digestion techniques and will report 
all quality assurance data and sample results for the analysis of Al and Pb in a separate report 
addendum.  

Sample results have been reported on a wet and dry-weight basis in both the hard copy report 
and electronic data deliverables. The reporting units of all batch quality control samples in which 
client samples were utilized have been reported on a dry-weight basis. All other quality control 
samples (i.e. CRMs, BLKs) have been reported on a wet-weight basis. This was due to a 
limitation of BRL’s laboratory information management system. 

In instances when the native sample result was below the sample-specific MDL the RPD was 
not calculated between the DUP result and the native sample result, as the RPD would not be 
considered a valid indication of duplicate precision.  
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Sequence 0900842, Batch B091376 – Total Hg 
The analysis of the first BLK produced a result that was omitted as a Grubb’s outlier and the –
BLK1 result was not included in the blank-correction calculations. Consequently, the sample 
results were blank corrected using the average of the three remaining BLK samples. 

Due to unknown historical sample concentrations, all MS/MSD sets were spiked at 
concentrations greater than 5 times the native sample results. Recoveries have been reported 
to demonstrate duplicate precision only. All other quality control sample results met the 
acceptance criteria. 

Sequence 0900876, Batch B091422 – Ag, Cd, Cr, Cu, Ni, Se, Zn 
Both reported CRMs (DORM-3 and IAEA-407) were certified for Ag analysis at levels less than 
the MRL (0.100 mg/kg) and were not reported. 

The Cr and Ni analyses of CRM IAEA 407 Fish Homogenate produced recoveries below the 
acceptance criteria at 63% and 70%. However, the results and the respective certified values 
were less than five times the MRLs for both Cr and Ni, and the difference between the results 
were less than two times their respective MRLs. Therefore the secondary respective criterion 
was met and no qualification of the data was necessary. 

The Zn analysis of the –DUP1, performed on sample L13452-3 / Winnicut- 10 Males (0939019-
03), produced an RPD exceeding the limit at 51%. The sample result was qualified M for 
duplicate imprecision. As two other DUP quality control samples produced acceptable RPDs no 
additional qualification of the results was required. 

All MS/MSD sets analyzed for Ag and Cd were spiked at concentrations greater than five times 
the native sample results. The last two MS/MSD sets for Ni analysis and the –MS/MSD3 set for 
Cr and Cu analyses were spiked at concentrations too much greater than the native sample 
results. Conversely, -MS/MSD1 for Cr analysis were spiked at concentrations less than the 
native sample result. Recoveries have been reported to demonstrate duplicate precision only. 
All other quality control sample results met the acceptance criteria. 

Sequence 0900885, Batch B091502 – Fe 
The analysis of –DUP1 and –DUP3 and the corresponding sample results [L13452-3 / Winnicut-
10 Males (0939019-03) & L13452-21 / Deer Meadow BK- 20 Females (0939019-21)] produced 
RPDs which exceeded the control limit at 45% and 117%. The native sample result and –DUP1 
result were less than five times the MRL and the difference between the results was less two 
times the MRL; satisfying the secondary acceptance criteria. However, sample L13452-21 / 
Deer Meadow BK- 20 Females (0939019-21) was qualified M for duplicate imprecision. No 
further qualification of the data was required on the basis of the one additional passing –DUP2 
RPD. 

 All MS/MSD sets were spiked at concentration greater than five times the native sample 
results. The recoveries have been reported to demonstrate duplicate precision only. 

The results were method blank corrected as described in the calculations section of the relevant 
BRL SOP(s) and may have been evaluated using reporting limits that have been adjusted to 
account for sample aliquot size. Please refer to the Sample Results page for sample-specific 
MDLs, MRLs, and other details. All data was reported without further qualification and other all 
associated quality control sample results meet the acceptance criteria. 
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BRL, an accredited laboratory, certifies that the reported results of all analyses for which BRL is 
NELAP accredited meet all NELAP requirements. For more information please see the Report 
Information page in your report. Please feel free to contact us if you have any questions 
regarding this report. 
 
Sincerely, 
 
 
  
Tiffany Stilwater       Misty Kennard-Mayer 
Project Manager       Project Manager 
tiffany@brooksrand.com       misty@brooksrand.com 
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Definition of Data Qualifiers
(Effective 9/23/09)

Laboratory Accreditation
BRL is accredited by the National Environmental Laboratory Accreditation Program (NELAP) through the State of Florida 

Department of Health, Bureau of Laboratories (E87982) and is certified to perform many environmental analyses. BRL is 

also certified by many other states to perform environmental analyses. For a current list of our 

accreditations/certifications, please visit our website at <http://www.brooksrand.com/default.asp?contentID=586>. Results 

reported relate only to the samples listed in the report.

Report Information

BLK

BRL

BS

CAL

CCV

CRM

D

DUP

ICV

MSD

ND

NR

PS

REC

RPD

RSD

SCV

SOP

method blank 

Brooks Rand Labs

laboratory fortified blank

calibration standard

continuing calibration verification

certified reference material

dissolved fraction

duplicate

initial calibration verification

matrix spike duplicate

non-detect

non-reportable

post preparation spike

percent recovery

relative percent difference

relative standard deviation

secondary calibration verification

standard operating procedure

MDL

MRL

MS

method detection limit

method reporting limit

matrix spike

SRM

T

COC

standard reference material

total recoverable fraction

chain of custody record 

Common Abbreviations

These qualifiers are based on those previously utilized by Brooks Rand, Ltd., those found in the EPA SOW ILM03.0, 

Exhibit B, Section III, pg. B-18, and the USEPA Laboratory Data Validation Functional Guidelines for Evaluating Inorganic 

Analyses; USEPA; July 2002. These supersede all previous qualifiers ever employed by BRL.

Detected by the instrument, the result is > the MDL but ≤ the MRL. Result is reported and considered an estimate.B

E An estimated value due to the presence of interferences. A full explanation is presented in the narrative.

H Holding time and/or preservation requirements not met. Result is estimated.

J Estimated value. A full explanation is presented in the narrative.

J-M Duplicate precision (RPD) for associated QC sample was not within acceptance criteria. Result is estimated.

J-N Spike recovery for associated QC sample was not within acceptance criteria. Result is estimated.

M Duplicate precision (RPD) was not within acceptance criteria. Result is estimated.

N Spike recovery was not within acceptance criteria. Result is estimated.

R Rejected, unusable value. A full explanation is presented in the narrative.

U Result is ≤ the MDL or client requested reporting limit (CRRL). Result reported as the MDL or CRRL.

X Result is not BLK-corrected and is within 10x the absolute value of the highest detectable BLK in the batch. 

Result is estimated.

Field Quality Control Samples
Please be notified that certain EPA methods require the collection of field quality control samples of an appropriate type 

and frequency; failure to do so is considered a deviation from some methods and for compliance purposes should only be 

done with the approval of regulatory authorities. Please see the specific EPA methods for details regarding required field 

quality control samples.
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Sample Information

 Report Matrix Type ReceivedSampledSample Lab ID

0939019-01L13452-1 / Chandler River- 6 Females 09/24/2009SampleTissue unknown
0939019-02L13452-2 / East Bay- 9 Females 09/24/2009SampleTissue unknown
0939019-03L13452-3 / Winnicut- 10 Males 09/24/2009SampleTissue unknown
0939019-04L13452-4 / Tannery Brook- 10 Males 09/24/2009SampleTissue unknown
0939019-05L13452-5 / Fore River- 6 Females 09/24/2009SampleTissue unknown
0939019-06L13452-6 / Parker River- 10 Females 09/24/2009SampleTissue unknown
0939019-07L13452-7 / Deer Meadow Bk- 20 Males 09/24/2009SampleTissue unknown
0939019-08L13452-8 / North River- 3 Males 09/24/2009SampleTissue unknown
0939019-09L13452-9 / North River- 2 Females 09/24/2009SampleTissue unknown
0939019-10L13452-10 / Crane River -10 Females 09/24/2009SampleTissue unknown
0939019-11L13452-11 / Squamscott R. -11 Females 09/24/2009SampleTissue unknown
0939019-12L13452-12 / Squamscott R. - 10 Males 09/24/2009SampleTissue unknown
0939019-13L13452-13 / Long Creek - 12 Males 09/24/2009SampleTissue unknown
0939019-14L13452-14 / Jones River- 10 Males 09/24/2009SampleTissue unknown
0939019-15L13452-15 / Jones River- 10 Females 09/24/2009SampleTissue unknown
0939019-16L13452-16 / Mast Landing -10 Males 09/24/2009SampleTissue unknown
0939019-17L13452-17 / Tannery Brook - 10 Females 09/24/2009SampleTissue unknown
0939019-18L13452-18 / East Bay - 10 Males 09/24/2009SampleTissue unknown
0939019-19L13452-19 / Mast Landing - 10 Females 09/24/2009SampleTissue unknown
0939019-20L13452-20 / Chandler River - 7 Males 09/24/2009SampleTissue unknown
0939019-21L13452-21 / Deer Meadow Bk- 20 Females 09/24/2009SampleTissue unknown
0939019-22L13452-22 / Long Creek- 7 Females 09/24/2009SampleTissue unknown
0939019-23L13452-23 / Crane River- 10 Males 09/24/2009SampleTissue unknown
0939019-24L13452-24 / Parker River- 10 Males 09/24/2009SampleTissue unknown
0939019-25L13452-25 / Fore River - 10 Males 09/24/2009SampleTissue unknown
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Batch Summary

Analyte Prepared Analyzed SequenceBatchLab Matrix Method

B09137710/09/2009 10/14/2009 N/ABiota%TS SM 2540G

B09142210/21/2009 10/22/2009 0900876BiotaAg EPA Method 1638 mod.

B09142210/21/2009 10/22/2009 0900876BiotaCd EPA Method 1638 mod.

B09142210/21/2009 10/22/2009 0900876BiotaCr EPA Method 1638 mod.

B09142210/21/2009 10/22/2009 0900876BiotaCu EPA Method 1638 mod.

B09150210/21/2009 10/23/2009 0900885BiotaFe EPA Method 1638 mod.

B09137610/09/2009 10/13/2009 0900842BiotaHg EPA Method 1631, Appendix

B09142210/21/2009 10/22/2009 0900876BiotaNi EPA Method 1638 mod.

B09142210/21/2009 10/22/2009 0900876BiotaSe EPA Method 1638 mod.

B09142210/21/2009 10/22/2009 0900876BiotaZn EPA Method 1638 mod.
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-1 / Chandler River- 6 Females
%21.72N/A N/A%TS B091377Tissue 0.330.100939019-01

mg/kg dry0.046N/A U 0900876Ag B091422Tissue 0.4560.0460939019-01

N/A 0900876Ag B091422Tissue 0.010 0.010 0.099 mg/kgU0939019-01

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0460.0140939019-01

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-01

mg/kg dry0.48N/A B 0900876Cr B091422Tissue 0.680.230939019-01

N/A 0900876Cr B091422Tissue 0.10 0.05 0.15 mg/kgB0939019-01

mg/kg dry1.94N/A 0900876Cu B091422Tissue 0.730.140939019-01

N/A 0900876Cu B091422Tissue 0.42 0.03 0.16 mg/kg0939019-01

mg/kg dry18.6N/A B 0900885Fe B091502Tissue 22.85.50939019-01

N/A 0900885Fe B091502Tissue 4.0 1.2 5.0 mg/kgB0939019-01

µg/kg dry338N/A 0900842Hg B091376Tissue 18.17.240939019-01

N/A 0900842Hg B091376Tissue 73.5 1.57 3.93 µg/kg0939019-01

mg/kg dry0.23N/A U 0900876Ni B091422Tissue 0.910.230939019-01

N/A 0900876Ni B091422Tissue 0.05 0.05 0.20 mg/kgU0939019-01

mg/kg dry1.38N/A 0900876Se B091422Tissue 0.680.230939019-01

N/A 0900876Se B091422Tissue 0.30 0.05 0.15 mg/kg0939019-01

mg/kg dry60.4N/A 0900876Zn B091422Tissue 4.561.280939019-01

N/A 0900876Zn B091422Tissue 13.1 0.28 0.99 mg/kg0939019-01

L13452-10 / Crane River -10 Females
%21.57N/A N/A%TS B091377Tissue 0.330.100939019-10

mg/kg dry0.046N/A U 0900876Ag B091422Tissue 0.4550.0460939019-10

N/A 0900876Ag B091422Tissue 0.010 0.010 0.098 mg/kgU0939019-10

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0460.0140939019-10

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-10

mg/kg dry0.23N/A U 0900876Cr B091422Tissue 0.680.230939019-10

N/A 0900876Cr B091422Tissue 0.05 0.05 0.15 mg/kgU0939019-10

mg/kg dry1.72N/A 0900876Cu B091422Tissue 0.730.140939019-10

N/A 0900876Cu B091422Tissue 0.37 0.03 0.16 mg/kg0939019-10

mg/kg dry15.7N/A B 0900885Fe B091502Tissue 22.85.50939019-10

N/A 0900885Fe B091502Tissue 3.4 1.2 4.9 mg/kgB0939019-10

µg/kg dry375N/A 0900842Hg B091376Tissue 17.87.120939019-10

N/A 0900842Hg B091376Tissue 80.9 1.54 3.84 µg/kg0939019-10

mg/kg dry0.23N/A U 0900876Ni B091422Tissue 0.910.230939019-10

N/A 0900876Ni B091422Tissue 0.05 0.05 0.20 mg/kgU0939019-10

mg/kg dry0.90N/A 0900876Se B091422Tissue 0.680.230939019-10

N/A 0900876Se B091422Tissue 0.19 0.05 0.15 mg/kg0939019-10

mg/kg dry62.2N/A 0900876Zn B091422Tissue 4.551.270939019-10

N/A 0900876Zn B091422Tissue 13.4 0.28 0.98 mg/kg0939019-10
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-11 / Squamscott R. -11 Females
%20.39N/A N/A%TS B091377Tissue 0.330.100939019-11

mg/kg dry0.047N/A U 0900876Ag B091422Tissue 0.4730.0470939019-11

N/A 0900876Ag B091422Tissue 0.010 0.010 0.097 mg/kgU0939019-11

mg/kg dry0.018N/A B 0900876Cd B091422Tissue 0.0470.0140939019-11

N/A 0900876Cd B091422Tissue 0.004 0.003 0.010 mg/kgB0939019-11

mg/kg dry0.52N/A B 0900876Cr B091422Tissue 0.710.240939019-11

N/A 0900876Cr B091422Tissue 0.11 0.05 0.14 mg/kgB0939019-11

mg/kg dry2.28N/A 0900876Cu B091422Tissue 0.760.140939019-11

N/A 0900876Cu B091422Tissue 0.46 0.03 0.15 mg/kg0939019-11

mg/kg dry17.4N/A B 0900885Fe B091502Tissue 23.75.70939019-11

N/A 0900885Fe B091502Tissue 3.5 1.2 4.8 mg/kgB0939019-11

µg/kg dry419N/A 0900842Hg B091376Tissue 19.27.680939019-11

N/A 0900842Hg B091376Tissue 85.4 1.57 3.91 µg/kg0939019-11

mg/kg dry0.24N/A U 0900876Ni B091422Tissue 0.950.240939019-11

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-11

mg/kg dry1.06N/A 0900876Se B091422Tissue 0.710.240939019-11

N/A 0900876Se B091422Tissue 0.22 0.05 0.14 mg/kg0939019-11

mg/kg dry74.5N/A 0900876Zn B091422Tissue 4.731.330939019-11

N/A 0900876Zn B091422Tissue 15.2 0.27 0.97 mg/kg0939019-11

L13452-12 / Squamscott R. - 10 Males
%20.76N/A N/A%TS B091377Tissue 0.330.100939019-12

mg/kg dry0.046N/A U 0900876Ag B091422Tissue 0.4580.0460939019-12

N/A 0900876Ag B091422Tissue 0.010 0.010 0.095 mg/kgU0939019-12

mg/kg dry0.019N/A B 0900876Cd B091422Tissue 0.0460.0140939019-12

N/A 0900876Cd B091422Tissue 0.004 0.003 0.010 mg/kgB0939019-12

mg/kg dry0.23N/A U 0900876Cr B091422Tissue 0.690.230939019-12

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-12

mg/kg dry6.46N/A 0900876Cu B091422Tissue 0.730.140939019-12

N/A 0900876Cu B091422Tissue 1.34 0.03 0.15 mg/kg0939019-12

mg/kg dry22.1N/A B 0900885Fe B091502Tissue 22.95.50939019-12

N/A 0900885Fe B091502Tissue 4.6 1.1 4.8 mg/kgB0939019-12

µg/kg dry407N/A 0900842Hg B091376Tissue 18.47.370939019-12

N/A 0900842Hg B091376Tissue 84.5 1.53 3.82 µg/kg0939019-12

mg/kg dry0.91N/A B 0900876Ni B091422Tissue 0.920.230939019-12

N/A 0900876Ni B091422Tissue 0.19 0.05 0.19 mg/kgB0939019-12

mg/kg dry0.98N/A 0900876Se B091422Tissue 0.690.230939019-12

N/A 0900876Se B091422Tissue 0.20 0.05 0.14 mg/kg0939019-12

mg/kg dry51.2N/A 0900876Zn B091422Tissue 4.581.280939019-12

N/A 0900876Zn B091422Tissue 10.6 0.27 0.95 mg/kg0939019-12
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-13 / Long Creek - 12 Males
%22.06N/A N/A%TS B091377Tissue 0.330.100939019-13

mg/kg dry0.044N/A U 0900876Ag B091422Tissue 0.4370.0440939019-13

N/A 0900876Ag B091422Tissue 0.010 0.010 0.096 mg/kgU0939019-13

mg/kg dry0.019N/A B 0900876Cd B091422Tissue 0.0440.0130939019-13

N/A 0900876Cd B091422Tissue 0.004 0.003 0.010 mg/kgB0939019-13

mg/kg dry0.35N/A B 0900876Cr B091422Tissue 0.660.220939019-13

N/A 0900876Cr B091422Tissue 0.08 0.05 0.14 mg/kgB0939019-13

mg/kg dry2.69N/A 0900876Cu B091422Tissue 0.700.130939019-13

N/A 0900876Cu B091422Tissue 0.59 0.03 0.15 mg/kg0939019-13

mg/kg dry19.1N/A B 0900885Fe B091502Tissue 21.85.20939019-13

N/A 0900885Fe B091502Tissue 4.2 1.2 4.8 mg/kgB0939019-13

µg/kg dry382N/A 0900842Hg B091376Tissue 18.07.200939019-13

N/A 0900842Hg B091376Tissue 84.2 1.59 3.97 µg/kg0939019-13

mg/kg dry0.22N/A U 0900876Ni B091422Tissue 0.870.220939019-13

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-13

mg/kg dry1.31N/A 0900876Se B091422Tissue 0.660.220939019-13

N/A 0900876Se B091422Tissue 0.29 0.05 0.14 mg/kg0939019-13

mg/kg dry58.0N/A 0900876Zn B091422Tissue 4.371.220939019-13

N/A 0900876Zn B091422Tissue 12.8 0.27 0.96 mg/kg0939019-13

L13452-14 / Jones River- 10 Males
%21.06N/A N/A%TS B091377Tissue 0.330.100939019-14

mg/kg dry0.041N/A U 0900876Ag B091422Tissue 0.4050.0410939019-14

N/A 0900876Ag B091422Tissue 0.009 0.009 0.085 mg/kgU0939019-14

mg/kg dry0.012N/A U 0900876Cd B091422Tissue 0.0410.0120939019-14

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-14

mg/kg dry0.20N/A U 0900876Cr B091422Tissue 0.610.200939019-14

N/A 0900876Cr B091422Tissue 0.04 0.04 0.13 mg/kgU0939019-14

mg/kg dry7.06N/A 0900876Cu B091422Tissue 0.650.120939019-14

N/A 0900876Cu B091422Tissue 1.49 0.03 0.14 mg/kg0939019-14

mg/kg dry29.0N/A 0900885Fe B091502Tissue 20.34.90939019-14

N/A 0900885Fe B091502Tissue 6.1 1.0 4.3 mg/kg0939019-14

µg/kg dry322N/A 0900842Hg B091376Tissue 17.56.980939019-14

N/A 0900842Hg B091376Tissue 67.8 1.47 3.68 µg/kg0939019-14

mg/kg dry0.94N/A 0900876Ni B091422Tissue 0.810.200939019-14

N/A 0900876Ni B091422Tissue 0.20 0.04 0.17 mg/kg0939019-14

mg/kg dry1.06N/A 0900876Se B091422Tissue 0.610.200939019-14

N/A 0900876Se B091422Tissue 0.22 0.04 0.13 mg/kg0939019-14

mg/kg dry66.4N/A 0900876Zn B091422Tissue 4.051.130939019-14

N/A 0900876Zn B091422Tissue 14.0 0.24 0.85 mg/kg0939019-14
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-15 / Jones River- 10 Females
%20.96N/A N/A%TS B091377Tissue 0.330.100939019-15

mg/kg dry0.044N/A U 0900876Ag B091422Tissue 0.4370.0440939019-15

N/A 0900876Ag B091422Tissue 0.009 0.009 0.092 mg/kgU0939019-15

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0440.0130939019-15

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-15

mg/kg dry2.00N/A 0900876Cr B091422Tissue 0.660.220939019-15

N/A 0900876Cr B091422Tissue 0.42 0.05 0.14 mg/kg0939019-15

mg/kg dry1.96N/A 0900876Cu B091422Tissue 0.700.130939019-15

N/A 0900876Cu B091422Tissue 0.41 0.03 0.15 mg/kg0939019-15

mg/kg dry16.7N/A B 0900885Fe B091502Tissue 21.85.20939019-15

N/A 0900885Fe B091502Tissue 3.5 1.1 4.6 mg/kgB0939019-15

µg/kg dry380N/A 0900842Hg B091376Tissue 18.27.300939019-15

N/A 0900842Hg B091376Tissue 79.6 1.53 3.82 µg/kg0939019-15

mg/kg dry0.84N/A B 0900876Ni B091422Tissue 0.870.220939019-15

N/A 0900876Ni B091422Tissue 0.18 0.05 0.18 mg/kgB0939019-15

mg/kg dry0.82N/A 0900876Se B091422Tissue 0.660.220939019-15

N/A 0900876Se B091422Tissue 0.17 0.05 0.14 mg/kg0939019-15

mg/kg dry765N/A 0900876Zn B091422Tissue 4.371.220939019-15

N/A 0900876Zn B091422Tissue 160 0.26 0.92 mg/kg0939019-15

L13452-16 / Mast Landing -10 Males
%22.00N/A N/A%TS B091377Tissue 0.330.100939019-16

mg/kg dry0.041N/A U 0900876Ag B091422Tissue 0.4100.0410939019-16

N/A 0900876Ag B091422Tissue 0.009 0.009 0.090 mg/kgU0939019-16

mg/kg dry0.018N/A B 0900876Cd B091422Tissue 0.0410.0120939019-16

N/A 0900876Cd B091422Tissue 0.004 0.003 0.009 mg/kgB0939019-16

mg/kg dry0.36N/A B 0900876Cr B091422Tissue 0.610.200939019-16

N/A 0900876Cr B091422Tissue 0.08 0.05 0.14 mg/kgB0939019-16

mg/kg dry2.39N/A 0900876Cu B091422Tissue 0.660.120939019-16

N/A 0900876Cu B091422Tissue 0.53 0.03 0.14 mg/kg0939019-16

mg/kg dry15.8N/A B 0900885Fe B091502Tissue 20.54.90939019-16

N/A 0900885Fe B091502Tissue 3.5 1.1 4.5 mg/kgB0939019-16

µg/kg dry279N/A 0900842Hg B091376Tissue 18.17.250939019-16

N/A 0900842Hg B091376Tissue 61.4 1.60 3.99 µg/kg0939019-16

mg/kg dry0.20N/A U 0900876Ni B091422Tissue 0.820.200939019-16

N/A 0900876Ni B091422Tissue 0.05 0.05 0.18 mg/kgU0939019-16

mg/kg dry1.12N/A 0900876Se B091422Tissue 0.610.200939019-16

N/A 0900876Se B091422Tissue 0.25 0.05 0.14 mg/kg0939019-16

mg/kg dry59.4N/A 0900876Zn B091422Tissue 4.101.150939019-16

N/A 0900876Zn B091422Tissue 13.1 0.25 0.90 mg/kg0939019-16
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-17 / Tannery Brook - 10 Females
%20.12N/A N/A%TS B091377Tissue 0.330.100939019-17

mg/kg dry0.048N/A U 0900876Ag B091422Tissue 0.4750.0480939019-17

N/A 0900876Ag B091422Tissue 0.010 0.010 0.096 mg/kgU0939019-17

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0480.0140939019-17

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-17

mg/kg dry0.24N/A U 0900876Cr B091422Tissue 0.710.240939019-17

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-17

mg/kg dry1.58N/A 0900876Cu B091422Tissue 0.760.140939019-17

N/A 0900876Cu B091422Tissue 0.32 0.03 0.15 mg/kg0939019-17

mg/kg dry7.6N/A B 0900885Fe B091502Tissue 23.85.70939019-17

N/A 0900885Fe B091502Tissue 1.5 1.1 4.8 mg/kgB0939019-17

µg/kg dry520N/A 0900842Hg B091376Tissue 18.87.530939019-17

N/A 0900842Hg B091376Tissue 105 1.52 3.79 µg/kg0939019-17

mg/kg dry0.24N/A U 0900876Ni B091422Tissue 0.950.240939019-17

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-17

mg/kg dry1.02N/A 0900876Se B091422Tissue 0.710.240939019-17

N/A 0900876Se B091422Tissue 0.21 0.05 0.14 mg/kg0939019-17

mg/kg dry69.2N/A 0900876Zn B091422Tissue 4.751.330939019-17

N/A 0900876Zn B091422Tissue 13.9 0.27 0.96 mg/kg0939019-17

L13452-18 / East Bay - 10 Males
%23.30N/A N/A%TS B091377Tissue 0.330.100939019-18

mg/kg dry0.043N/A U 0900876Ag B091422Tissue 0.4280.0430939019-18

N/A 0900876Ag B091422Tissue 0.010 0.010 0.100 mg/kgU0939019-18

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0430.0130939019-18

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-18

mg/kg dry0.21N/A U 0900876Cr B091422Tissue 0.640.210939019-18

N/A 0900876Cr B091422Tissue 0.05 0.05 0.15 mg/kgU0939019-18

mg/kg dry2.61N/A 0900876Cu B091422Tissue 0.680.130939019-18

N/A 0900876Cu B091422Tissue 0.61 0.03 0.16 mg/kg0939019-18

mg/kg dry26.4N/A 0900885Fe B091502Tissue 21.45.10939019-18

N/A 0900885Fe B091502Tissue 6.2 1.2 5.0 mg/kg0939019-18

µg/kg dry197N/A 0900842Hg B091376Tissue 15.86.300939019-18

N/A 0900842Hg B091376Tissue 45.9 1.47 3.67 µg/kg0939019-18

mg/kg dry0.21N/A U 0900876Ni B091422Tissue 0.860.210939019-18

N/A 0900876Ni B091422Tissue 0.05 0.05 0.20 mg/kgU0939019-18

mg/kg dry1.10N/A 0900876Se B091422Tissue 0.640.210939019-18

N/A 0900876Se B091422Tissue 0.26 0.05 0.15 mg/kg0939019-18

mg/kg dry54.7N/A 0900876Zn B091422Tissue 4.281.200939019-18

N/A 0900876Zn B091422Tissue 12.7 0.28 1.00 mg/kg0939019-18
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-19 / Mast Landing - 10 Females
%19.03N/A N/A%TS B091377Tissue 0.330.100939019-19

mg/kg dry0.048N/A U 0900876Ag B091422Tissue 0.4780.0480939019-19

N/A 0900876Ag B091422Tissue 0.009 0.009 0.091 mg/kgU0939019-19

mg/kg dry0.020N/A B 0900876Cd B091422Tissue 0.0480.0140939019-19

N/A 0900876Cd B091422Tissue 0.004 0.003 0.009 mg/kgB0939019-19

mg/kg dry0.24N/A U 0900876Cr B091422Tissue 0.720.240939019-19

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-19

mg/kg dry1.93N/A 0900876Cu B091422Tissue 0.760.140939019-19

N/A 0900876Cu B091422Tissue 0.37 0.03 0.15 mg/kg0939019-19

mg/kg dry6.0N/A B 0900885Fe B091502Tissue 23.95.70939019-19

N/A 0900885Fe B091502Tissue 1.1 1.1 4.5 mg/kgB0939019-19

µg/kg dry385N/A 0900842Hg B091376Tissue 20.48.170939019-19

N/A 0900842Hg B091376Tissue 73.3 1.55 3.89 µg/kg0939019-19

mg/kg dry0.24N/A U 0900876Ni B091422Tissue 0.960.240939019-19

N/A 0900876Ni B091422Tissue 0.05 0.05 0.18 mg/kgU0939019-19

mg/kg dry1.06N/A 0900876Se B091422Tissue 0.720.240939019-19

N/A 0900876Se B091422Tissue 0.20 0.05 0.14 mg/kg0939019-19

mg/kg dry67.8N/A 0900876Zn B091422Tissue 4.781.340939019-19

N/A 0900876Zn B091422Tissue 12.9 0.25 0.91 mg/kg0939019-19

L13452-2 / East Bay- 9 Females
%21.25N/A N/A%TS B091377Tissue 0.330.100939019-02

mg/kg dry0.045N/A U 0900876Ag B091422Tissue 0.4500.0450939019-02

N/A 0900876Ag B091422Tissue 0.010 0.010 0.096 mg/kgU0939019-02

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0450.0130939019-02

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-02

mg/kg dry0.30N/A B 0900876Cr B091422Tissue 0.670.220939019-02

N/A 0900876Cr B091422Tissue 0.06 0.05 0.14 mg/kgB0939019-02

mg/kg dry2.48N/A 0900876Cu B091422Tissue 0.720.130939019-02

N/A 0900876Cu B091422Tissue 0.53 0.03 0.15 mg/kg0939019-02

mg/kg dry11.8N/A B 0900885Fe B091502Tissue 22.55.40939019-02

N/A 0900885Fe B091502Tissue 2.5 1.1 4.8 mg/kgB0939019-02

µg/kg dry313N/A 0900842Hg B091376Tissue 18.07.190939019-02

N/A 0900842Hg B091376Tissue 66.6 1.53 3.82 µg/kg0939019-02

mg/kg dry0.22N/A U 0900876Ni B091422Tissue 0.900.220939019-02

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-02

mg/kg dry1.38N/A 0900876Se B091422Tissue 0.670.220939019-02

N/A 0900876Se B091422Tissue 0.29 0.05 0.14 mg/kg0939019-02

mg/kg dry70.3N/A 0900876Zn B091422Tissue 4.501.260939019-02

N/A 0900876Zn B091422Tissue 14.9 0.27 0.96 mg/kg0939019-02
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-20 / Chandler River - 7 Males
%21.70N/A N/A%TS B091377Tissue 0.330.100939019-20

mg/kg dry0.042N/A U 0900876Ag B091422Tissue 0.4170.0420939019-20

N/A 0900876Ag B091422Tissue 0.009 0.009 0.091 mg/kgU0939019-20

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0420.0130939019-20

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-20

mg/kg dry1.13N/A 0900876Cr B091422Tissue 0.630.210939019-20

N/A 0900876Cr B091422Tissue 0.25 0.05 0.14 mg/kg0939019-20

mg/kg dry3.52N/A 0900876Cu B091422Tissue 0.670.130939019-20

N/A 0900876Cu B091422Tissue 0.76 0.03 0.14 mg/kg0939019-20

mg/kg dry39.9N/A 0900885Fe B091502Tissue 20.95.00939019-20

N/A 0900885Fe B091502Tissue 8.7 1.1 4.5 mg/kg0939019-20

µg/kg dry235N/A 0900842Hg B091376Tissue 17.67.050939019-20

N/A 0900842Hg B091376Tissue 51.0 1.53 3.83 µg/kg0939019-20

mg/kg dry0.68N/A B 0900876Ni B091422Tissue 0.830.210939019-20

N/A 0900876Ni B091422Tissue 0.15 0.05 0.18 mg/kgB0939019-20

mg/kg dry1.13N/A 0900876Se B091422Tissue 0.630.210939019-20

N/A 0900876Se B091422Tissue 0.25 0.05 0.14 mg/kg0939019-20

mg/kg dry62.2N/A 0900876Zn B091422Tissue 4.171.170939019-20

N/A 0900876Zn B091422Tissue 13.5 0.25 0.91 mg/kg0939019-20

L13452-21 / Deer Meadow Bk- 20 Females
%20.61N/A N/A%TS B091377Tissue 0.330.100939019-21

mg/kg dry0.047N/A U 0900876Ag B091422Tissue 0.4720.0470939019-21

N/A 0900876Ag B091422Tissue 0.010 0.010 0.097 mg/kgU0939019-21

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0470.0140939019-21

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-21

mg/kg dry0.29N/A B 0900876Cr B091422Tissue 0.710.240939019-21

N/A 0900876Cr B091422Tissue 0.06 0.05 0.15 mg/kgB0939019-21

mg/kg dry1.64N/A 0900876Cu B091422Tissue 0.760.140939019-21

N/A 0900876Cu B091422Tissue 0.34 0.03 0.16 mg/kg0939019-21

mg/kg dry29.4N/A M 0900885Fe B091502Tissue 23.65.70939019-21

N/A 0900885Fe B091502Tissue 6.1 1.2 4.9 mg/kgM0939019-21

µg/kg dry348N/A 0900842Hg B091376Tissue 18.67.430939019-21

N/A 0900842Hg B091376Tissue 71.8 1.53 3.83 µg/kg0939019-21

mg/kg dry0.24N/A U 0900876Ni B091422Tissue 0.940.240939019-21

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-21

mg/kg dry0.81N/A 0900876Se B091422Tissue 0.710.240939019-21

N/A 0900876Se B091422Tissue 0.17 0.05 0.15 mg/kg0939019-21

mg/kg dry59.6N/A 0900876Zn B091422Tissue 4.721.320939019-21

N/A 0900876Zn B091422Tissue 12.3 0.27 0.97 mg/kg0939019-21
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-22 / Long Creek- 7 Females
%21.74N/A N/A%TS B091377Tissue 0.330.100939019-22

mg/kg dry0.041N/A U 0900876Ag B091422Tissue 0.4100.0410939019-22

N/A 0900876Ag B091422Tissue 0.009 0.009 0.089 mg/kgU0939019-22

mg/kg dry0.012N/A U 0900876Cd B091422Tissue 0.0410.0120939019-22

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-22

mg/kg dry0.58N/A B 0900876Cr B091422Tissue 0.610.200939019-22

N/A 0900876Cr B091422Tissue 0.13 0.04 0.13 mg/kgB0939019-22

mg/kg dry2.14N/A 0900876Cu B091422Tissue 0.660.120939019-22

N/A 0900876Cu B091422Tissue 0.47 0.03 0.14 mg/kg0939019-22

mg/kg dry12.3N/A B 0900885Fe B091502Tissue 20.54.90939019-22

N/A 0900885Fe B091502Tissue 2.7 1.1 4.5 mg/kgB0939019-22

µg/kg dry323N/A 0900842Hg B091376Tissue 17.77.080939019-22

N/A 0900842Hg B091376Tissue 70.3 1.54 3.85 µg/kg0939019-22

mg/kg dry0.20N/A U 0900876Ni B091422Tissue 0.820.200939019-22

N/A 0900876Ni B091422Tissue 0.04 0.04 0.18 mg/kgU0939019-22

mg/kg dry1.07N/A 0900876Se B091422Tissue 0.610.200939019-22

N/A 0900876Se B091422Tissue 0.23 0.04 0.13 mg/kg0939019-22

mg/kg dry58.5N/A 0900876Zn B091422Tissue 4.101.150939019-22

N/A 0900876Zn B091422Tissue 12.7 0.25 0.89 mg/kg0939019-22

L13452-23 / Crane River- 10 Males
%20.64N/A N/A%TS B091377Tissue 0.330.100939019-23

mg/kg dry0.047N/A U 0900876Ag B091422Tissue 0.4710.0470939019-23

N/A 0900876Ag B091422Tissue 0.010 0.010 0.097 mg/kgU0939019-23

mg/kg dry0.015N/A B 0900876Cd B091422Tissue 0.0470.0140939019-23

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgB0939019-23

mg/kg dry0.24N/A U 0900876Cr B091422Tissue 0.710.240939019-23

N/A 0900876Cr B091422Tissue 0.05 0.05 0.15 mg/kgU0939019-23

mg/kg dry4.85N/A 0900876Cu B091422Tissue 0.750.140939019-23

N/A 0900876Cu B091422Tissue 1.00 0.03 0.16 mg/kg0939019-23

mg/kg dry5.7N/A U 0900885Fe B091502Tissue 23.65.70939019-23

N/A 0900885Fe B091502Tissue 1.2 1.2 4.9 mg/kgU0939019-23

µg/kg dry329N/A 0900842Hg B091376Tissue 18.37.340939019-23

N/A 0900842Hg B091376Tissue 68.0 1.52 3.79 µg/kg0939019-23

mg/kg dry0.67N/A B 0900876Ni B091422Tissue 0.940.240939019-23

N/A 0900876Ni B091422Tissue 0.14 0.05 0.19 mg/kgB0939019-23

mg/kg dry1.08N/A 0900876Se B091422Tissue 0.710.240939019-23

N/A 0900876Se B091422Tissue 0.22 0.05 0.15 mg/kg0939019-23

mg/kg dry75.9N/A 0900876Zn B091422Tissue 4.711.320939019-23

N/A 0900876Zn B091422Tissue 15.7 0.27 0.97 mg/kg0939019-23
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-24 / Parker River- 10 Males
%21.94N/A N/A%TS B091377Tissue 0.330.100939019-24

mg/kg dry0.042N/A U 0900876Ag B091422Tissue 0.4240.0420939019-24

N/A 0900876Ag B091422Tissue 0.009 0.009 0.093 mg/kgU0939019-24

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0420.0130939019-24

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-24

mg/kg dry0.21N/A U 0900876Cr B091422Tissue 0.640.210939019-24

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-24

mg/kg dry2.17N/A 0900876Cu B091422Tissue 0.680.130939019-24

N/A 0900876Cu B091422Tissue 0.48 0.03 0.15 mg/kg0939019-24

mg/kg dry6.3N/A B 0900885Fe B091502Tissue 21.25.10939019-24

N/A 0900885Fe B091502Tissue 1.4 1.1 4.6 mg/kgB0939019-24

µg/kg dry292N/A 0900842Hg B091376Tissue 16.86.700939019-24

N/A 0900842Hg B091376Tissue 64.0 1.47 3.68 µg/kg0939019-24

mg/kg dry0.21N/A U 0900876Ni B091422Tissue 0.850.210939019-24

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-24

mg/kg dry0.89N/A 0900876Se B091422Tissue 0.640.210939019-24

N/A 0900876Se B091422Tissue 0.20 0.05 0.14 mg/kg0939019-24

mg/kg dry56.1N/A 0900876Zn B091422Tissue 4.241.190939019-24

N/A 0900876Zn B091422Tissue 12.3 0.26 0.93 mg/kg0939019-24

L13452-25 / Fore River - 10 Males
%21.13N/A N/A%TS B091377Tissue 0.330.100939019-25

mg/kg dry0.043N/A U 0900876Ag B091422Tissue 0.4320.0430939019-25

N/A 0900876Ag B091422Tissue 0.009 0.009 0.091 mg/kgU0939019-25

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0430.0130939019-25

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-25

mg/kg dry0.22N/A U 0900876Cr B091422Tissue 0.650.220939019-25

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-25

mg/kg dry5.75N/A 0900876Cu B091422Tissue 0.690.130939019-25

N/A 0900876Cu B091422Tissue 1.22 0.03 0.15 mg/kg0939019-25

mg/kg dry21.5N/A B 0900885Fe B091502Tissue 21.65.20939019-25

N/A 0900885Fe B091502Tissue 4.5 1.1 4.6 mg/kgB0939019-25

µg/kg dry436N/A 0900842Hg B091376Tissue 18.47.340939019-25

N/A 0900842Hg B091376Tissue 92.2 1.55 3.88 µg/kg0939019-25

mg/kg dry0.86N/A B 0900876Ni B091422Tissue 0.860.220939019-25

N/A 0900876Ni B091422Tissue 0.18 0.05 0.18 mg/kgB0939019-25

mg/kg dry1.03N/A 0900876Se B091422Tissue 0.650.220939019-25

N/A 0900876Se B091422Tissue 0.22 0.05 0.14 mg/kg0939019-25

mg/kg dry58.0N/A 0900876Zn B091422Tissue 4.321.210939019-25

N/A 0900876Zn B091422Tissue 12.3 0.26 0.91 mg/kg0939019-25

3958 6th Avenue NW Seattle WA 98107 · P(206) 632-6206 · F(206) 632-6017 · brl@brooksrand.com · www.brooksrand.com

15 of 35



Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-3 / Winnicut- 10 Males
%21.18N/A N/A%TS B091377Tissue 0.330.100939019-03

mg/kg dry0.045N/A U 0900876Ag B091422Tissue 0.4480.0450939019-03

N/A 0900876Ag B091422Tissue 0.009 0.009 0.095 mg/kgU0939019-03

mg/kg dry0.042N/A B 0900876Cd B091422Tissue 0.0450.0130939019-03

N/A 0900876Cd B091422Tissue 0.009 0.003 0.009 mg/kgB0939019-03

mg/kg dry5.61N/A 0900876Cr B091422Tissue 0.670.220939019-03

N/A 0900876Cr B091422Tissue 1.19 0.05 0.14 mg/kg0939019-03

mg/kg dry3.19N/A 0900876Cu B091422Tissue 0.720.130939019-03

N/A 0900876Cu B091422Tissue 0.68 0.03 0.15 mg/kg0939019-03

mg/kg dry38.4N/A 0900885Fe B091502Tissue 22.45.40939019-03

N/A 0900885Fe B091502Tissue 8.1 1.1 4.7 mg/kg0939019-03

µg/kg dry225N/A 0900842Hg B091376Tissue 18.37.340939019-03

N/A 0900842Hg B091376Tissue 47.7 1.55 3.89 µg/kg0939019-03

mg/kg dry2.76N/A 0900876Ni B091422Tissue 0.900.220939019-03

N/A 0900876Ni B091422Tissue 0.58 0.05 0.19 mg/kg0939019-03

mg/kg dry1.10N/A 0900876Se B091422Tissue 0.670.220939019-03

N/A 0900876Se B091422Tissue 0.23 0.05 0.14 mg/kg0939019-03

mg/kg dry58.6N/A M 0900876Zn B091422Tissue 4.481.250939019-03

N/A 0900876Zn B091422Tissue 12.4 0.27 0.95 mg/kgM0939019-03

L13452-4 / Tannery Brook- 10 Males
%21.54N/A N/A%TS B091377Tissue 0.330.100939019-04

mg/kg dry0.046N/A U 0900876Ag B091422Tissue 0.4560.0460939019-04

N/A 0900876Ag B091422Tissue 0.010 0.010 0.098 mg/kgU0939019-04

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0460.0140939019-04

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-04

mg/kg dry0.26N/A B 0900876Cr B091422Tissue 0.680.230939019-04

N/A 0900876Cr B091422Tissue 0.06 0.05 0.15 mg/kgB0939019-04

mg/kg dry1.71N/A 0900876Cu B091422Tissue 0.730.140939019-04

N/A 0900876Cu B091422Tissue 0.37 0.03 0.16 mg/kg0939019-04

mg/kg dry20.9N/A B 0900885Fe B091502Tissue 22.85.50939019-04

N/A 0900885Fe B091502Tissue 4.5 1.2 4.9 mg/kgB0939019-04

µg/kg dry324N/A 0900842Hg B091376Tissue 18.07.220939019-04

N/A 0900842Hg B091376Tissue 69.7 1.55 3.89 µg/kg0939019-04

mg/kg dry0.23N/A U 0900876Ni B091422Tissue 0.910.230939019-04

N/A 0900876Ni B091422Tissue 0.05 0.05 0.20 mg/kgU0939019-04

mg/kg dry1.08N/A 0900876Se B091422Tissue 0.680.230939019-04

N/A 0900876Se B091422Tissue 0.23 0.05 0.15 mg/kg0939019-04

mg/kg dry48.4N/A 0900876Zn B091422Tissue 4.561.280939019-04

N/A 0900876Zn B091422Tissue 10.4 0.28 0.98 mg/kg0939019-04
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-5 / Fore River- 6 Females
%20.40N/A N/A%TS B091377Tissue 0.330.100939019-05

mg/kg dry0.042N/A U 0900876Ag B091422Tissue 0.4180.0420939019-05

N/A 0900876Ag B091422Tissue 0.009 0.009 0.085 mg/kgU0939019-05

mg/kg dry0.013N/A U 0900876Cd B091422Tissue 0.0420.0130939019-05

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-05

mg/kg dry0.21N/A U 0900876Cr B091422Tissue 0.630.210939019-05

N/A 0900876Cr B091422Tissue 0.04 0.04 0.13 mg/kgU0939019-05

mg/kg dry1.89N/A 0900876Cu B091422Tissue 0.670.130939019-05

N/A 0900876Cu B091422Tissue 0.39 0.03 0.14 mg/kg0939019-05

mg/kg dry17.1N/A B 0900885Fe B091502Tissue 20.95.00939019-05

N/A 0900885Fe B091502Tissue 3.5 1.0 4.3 mg/kgB0939019-05

µg/kg dry398N/A 0900842Hg B091376Tissue 19.17.630939019-05

N/A 0900842Hg B091376Tissue 81.2 1.56 3.89 µg/kg0939019-05

mg/kg dry0.21N/A U 0900876Ni B091422Tissue 0.840.210939019-05

N/A 0900876Ni B091422Tissue 0.04 0.04 0.17 mg/kgU0939019-05

mg/kg dry1.15N/A 0900876Se B091422Tissue 0.630.210939019-05

N/A 0900876Se B091422Tissue 0.23 0.04 0.13 mg/kg0939019-05

mg/kg dry47.8N/A 0900876Zn B091422Tissue 4.181.170939019-05

N/A 0900876Zn B091422Tissue 9.76 0.24 0.85 mg/kg0939019-05

L13452-6 / Parker River- 10 Females
%20.07N/A N/A%TS B091377Tissue 0.330.100939019-06

mg/kg dry0.046N/A U 0900876Ag B091422Tissue 0.4590.0460939019-06

N/A 0900876Ag B091422Tissue 0.009 0.009 0.092 mg/kgU0939019-06

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0460.0140939019-06

N/A 0900876Cd B091422Tissue 0.003 0.003 0.009 mg/kgU0939019-06

mg/kg dry0.23N/A U 0900876Cr B091422Tissue 0.690.230939019-06

N/A 0900876Cr B091422Tissue 0.05 0.05 0.14 mg/kgU0939019-06

mg/kg dry2.48N/A 0900876Cu B091422Tissue 0.730.140939019-06

N/A 0900876Cu B091422Tissue 0.50 0.03 0.15 mg/kg0939019-06

mg/kg dry12.3N/A B 0900885Fe B091502Tissue 22.95.50939019-06

N/A 0900885Fe B091502Tissue 2.5 1.1 4.6 mg/kgB0939019-06

µg/kg dry327N/A 0900842Hg B091376Tissue 19.47.740939019-06

N/A 0900842Hg B091376Tissue 65.6 1.55 3.88 µg/kg0939019-06

mg/kg dry0.23N/A U 0900876Ni B091422Tissue 0.920.230939019-06

N/A 0900876Ni B091422Tissue 0.05 0.05 0.18 mg/kgU0939019-06

mg/kg dry1.15N/A 0900876Se B091422Tissue 0.690.230939019-06

N/A 0900876Se B091422Tissue 0.23 0.05 0.14 mg/kg0939019-06

mg/kg dry65.5N/A 0900876Zn B091422Tissue 4.591.280939019-06

N/A 0900876Zn B091422Tissue 13.1 0.26 0.92 mg/kg0939019-06
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-7 / Deer Meadow Bk- 20 Males
%20.31N/A N/A%TS B091377Tissue 0.330.100939019-07

mg/kg dry0.048N/A U 0900876Ag B091422Tissue 0.4750.0480939019-07

N/A 0900876Ag B091422Tissue 0.010 0.010 0.097 mg/kgU0939019-07

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0480.0140939019-07

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-07

mg/kg dry0.44N/A B 0900876Cr B091422Tissue 0.710.240939019-07

N/A 0900876Cr B091422Tissue 0.09 0.05 0.14 mg/kgB0939019-07

mg/kg dry2.39N/A 0900876Cu B091422Tissue 0.760.140939019-07

N/A 0900876Cu B091422Tissue 0.49 0.03 0.15 mg/kg0939019-07

mg/kg dry16.5N/A B 0900885Fe B091502Tissue 23.85.70939019-07

N/A 0900885Fe B091502Tissue 3.4 1.2 4.8 mg/kgB0939019-07

µg/kg dry310N/A 0900842Hg B091376Tissue 19.57.790939019-07

N/A 0900842Hg B091376Tissue 63.0 1.58 3.96 µg/kg0939019-07

mg/kg dry0.24N/A U 0900876Ni B091422Tissue 0.950.240939019-07

N/A 0900876Ni B091422Tissue 0.05 0.05 0.19 mg/kgU0939019-07

mg/kg dry1.19N/A 0900876Se B091422Tissue 0.710.240939019-07

N/A 0900876Se B091422Tissue 0.24 0.05 0.14 mg/kg0939019-07

mg/kg dry74.3N/A 0900876Zn B091422Tissue 4.751.330939019-07

N/A 0900876Zn B091422Tissue 15.1 0.27 0.97 mg/kg0939019-07

L13452-8 / North River- 3 Males
%23.31N/A N/A%TS B091377Tissue 0.330.100939019-08

mg/kg dry0.041N/A U 0900876Ag B091422Tissue 0.4100.0410939019-08

N/A 0900876Ag B091422Tissue 0.010 0.010 0.096 mg/kgU0939019-08

mg/kg dry0.012N/A U 0900876Cd B091422Tissue 0.0410.0120939019-08

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-08

mg/kg dry18.4N/A 0900876Cr B091422Tissue 0.620.210939019-08

N/A 0900876Cr B091422Tissue 4.29 0.05 0.14 mg/kg0939019-08

mg/kg dry2.16N/A 0900876Cu B091422Tissue 0.660.120939019-08

N/A 0900876Cu B091422Tissue 0.50 0.03 0.15 mg/kg0939019-08

mg/kg dry183N/A 0900885Fe B091502Tissue 20.54.90939019-08

N/A 0900885Fe B091502Tissue 42.6 1.1 4.8 mg/kg0939019-08

µg/kg dry496N/A 0900842Hg B091376Tissue 16.56.590939019-08

N/A 0900842Hg B091376Tissue 116 1.54 3.84 µg/kg0939019-08

mg/kg dry0.29N/A B 0900876Ni B091422Tissue 0.820.210939019-08

N/A 0900876Ni B091422Tissue 0.07 0.05 0.19 mg/kgB0939019-08

mg/kg dry1.02N/A 0900876Se B091422Tissue 0.620.210939019-08

N/A 0900876Se B091422Tissue 0.24 0.05 0.14 mg/kg0939019-08

mg/kg dry53.8N/A 0900876Zn B091422Tissue 4.101.150939019-08

N/A 0900876Zn B091422Tissue 12.5 0.27 0.96 mg/kg0939019-08
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

 Result MDL MRL Unit Batch SequenceQualifier

Sample Results

Sample Analyte  FractionReport Matrix

L13452-9 / North River- 2 Females
%22.06N/A N/A%TS B091377Tissue 0.330.100939019-09

mg/kg dry0.045N/A U 0900876Ag B091422Tissue 0.4510.0450939019-09

N/A 0900876Ag B091422Tissue 0.010 0.010 0.099 mg/kgU0939019-09

mg/kg dry0.014N/A U 0900876Cd B091422Tissue 0.0450.0140939019-09

N/A 0900876Cd B091422Tissue 0.003 0.003 0.010 mg/kgU0939019-09

mg/kg dry8.44N/A 0900876Cr B091422Tissue 0.680.230939019-09

N/A 0900876Cr B091422Tissue 1.86 0.05 0.15 mg/kg0939019-09

mg/kg dry1.87N/A 0900876Cu B091422Tissue 0.720.140939019-09

N/A 0900876Cu B091422Tissue 0.41 0.03 0.16 mg/kg0939019-09

mg/kg dry83.9N/A 0900885Fe B091502Tissue 22.55.40939019-09

N/A 0900885Fe B091502Tissue 18.5 1.2 5.0 mg/kg0939019-09

µg/kg dry376N/A 0900842Hg B091376Tissue 18.17.240939019-09

N/A 0900842Hg B091376Tissue 82.9 1.60 3.99 µg/kg0939019-09

mg/kg dry0.23N/A U 0900876Ni B091422Tissue 0.900.230939019-09

N/A 0900876Ni B091422Tissue 0.05 0.05 0.20 mg/kgU0939019-09

mg/kg dry0.97N/A 0900876Se B091422Tissue 0.680.230939019-09

N/A 0900876Se B091422Tissue 0.21 0.05 0.15 mg/kg0939019-09

mg/kg dry46.6N/A 0900876Zn B091422Tissue 4.511.260939019-09

N/A 0900876Zn B091422Tissue 10.3 0.28 0.99 mg/kg0939019-09
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091376

Method: EPA Method 1631, Appendix

Lab Matrix: Biota

Sample

Certified Reference Material (0902044, DORM-3)B091376-SRM1

382.0 113%µg/kg431.1Hg 75-125

Certified Reference Material (0902044, DORM-3)B091376-SRM2

382.0 114%µg/kg435.4Hg 75-125

Duplicate (0939019-01)B091376-DUP6

µg/kg296.8Hg 3013%338.0

Matrix Spike (0939019-01)B091376-MS6

4323 101%µg/kg4721Hg 70-130338.0

Matrix Spike Duplicate (0939019-01)B091376-MSD6

4554 110%µg/kg5339Hg 70-130 3012%338.0

Duplicate (0939019-11)B091376-DUP5

µg/kg434.4Hg 304%419.0

Matrix Spike (0939019-11)B091376-MS5

4842 108%µg/kg5628Hg 70-130419.0

Matrix Spike Duplicate (0939019-11)B091376-MSD5

4790 110%µg/kg5696Hg 70-130 301%419.0

Duplicate (0939019-21)B091376-DUP3

µg/kg332.6Hg 305%348.0

Matrix Spike (0939019-21)B091376-MS3

4734 111%µg/kg5590Hg 70-130348.0

Matrix Spike Duplicate (0939019-21)B091376-MSD3

4804 112%µg/kg5712Hg 70-130 302%348.0
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091377

Method: SM 2540G

Lab Matrix: Biota

Sample

Duplicate (0939019-03)B091377-DUP1

%21.16%TS 150.1%21.18

Duplicate (0939019-04)B091377-DUP2

%21.51%TS 150.1%21.54

Duplicate (0939019-06)B091377-DUP3

%20.42%TS 152%20.07
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091422

Method: EPA Method 1638 mod.

Lab Matrix: Biota

Sample

Laboratory Fortified Blank (0943032)B091422-BS2

0.5000 102%mg/kg0.510Ag 75-125

1.000 89%mg/kg0.891Cd 75-125

0.7600 100%mg/kg0.76Cr 75-125

5.000 108%mg/kg5.42Cu 75-125

1.000 106%mg/kg1.06Ni 75-125

0.7600 87%mg/kg0.66Se 75-125

100.0 93%mg/kg93.41Zn 75-125

Certified Reference Material (0910049, IAEA 407 Fish Homogenate)B091422-SRM1

0.1890 84%mg/kg0.159Cd 75-125

0.7300 63%mg/kg0.46Cr 75-125

3.280 97%mg/kg3.17Cu 75-125

0.6000 70%mg/kg0.42Ni 75-125

2.830 92%mg/kg2.59Se 75-125

67.10 90%mg/kg60.32Zn 75-125

Certified Reference Material (0845005, DORM-3)B091422-SRM2

0.2900 85%mg/kg0.247Cd 75-125

1.890 76%mg/kg1.44Cr 75-125

15.50 92%mg/kg14.32Cu 75-125

1.280 100%mg/kg1.28Ni 75-125

3.300 99%mg/kg3.28Se 75-125

51.30 83%mg/kg42.59Zn 75-125

Duplicate (0939019-03)B091422-DUP1

mg/kgNDAg 30N/CND

mg/kg0.042Cd 300%0.042

mg/kg6.51Cr 3015%5.61

mg/kg3.11Cu 303%3.19

mg/kg3.18Ni 3014%2.76

mg/kg1.13Se 303%1.10

mg/kg98.86Zn 3051%58.60
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091422

Method: EPA Method 1638 mod.

Lab Matrix: Biota

Sample

Matrix Spike (0939019-03)B091422-MS1

2.341 100%mg/kg2.346Ag 70-130ND

4.683 93%mg/kg4.412Cd 70-1300.042

3.559 104%mg/kg9.30Cr 70-1305.61

23.41 105%mg/kg27.86Cu 70-1303.19

4.683 104%mg/kg7.63Ni 70-1302.76

3.559 89%mg/kg4.25Se 70-1301.10

468.3 99%mg/kg523.0Zn 70-13058.60

Matrix Spike Duplicate (0939019-03)B091422-MSD1

2.356 100%mg/kg2.351Ag 70-130 300.2%ND

4.711 86%mg/kg4.117Cd 70-130 307%0.042

3.580 76%mg/kg8.33Cr 70-130 3011%5.61

23.56 102%mg/kg27.22Cu 70-130 302%3.19

4.711 88%mg/kg6.90Ni 70-130 3010%2.76

3.580 83%mg/kg4.08Se 70-130 304%1.10

471.1 98%mg/kg521.3Zn 70-130 300.3%58.60

Duplicate (0939019-11)B091422-DUP2

mg/kgNDAg 30N/CND

mg/kg0.015Cd 3018%0.018

mg/kg0.51Cr 302%0.52

mg/kg2.01Cu 3013%2.28

mg/kgNDNi 30N/CND

mg/kg1.10Se 304%1.06

mg/kg63.71Zn 3016%74.50

Matrix Spike (0939019-11)B091422-MS2

2.453 101%mg/kg2.485Ag 70-130ND

4.905 91%mg/kg4.502Cd 70-1300.018

3.728 97%mg/kg4.14Cr 70-1300.52

24.53 106%mg/kg28.38Cu 70-1302.28

4.905 107%mg/kg5.34Ni 70-130ND

3.728 94%mg/kg4.56Se 70-1301.06

490.5 93%mg/kg532.1Zn 70-13074.50
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091422

Method: EPA Method 1638 mod.

Lab Matrix: Biota

Sample

Matrix Spike Duplicate (0939019-11)B091422-MSD2

2.438 102%mg/kg2.475Ag 70-130 300.4%ND

4.876 90%mg/kg4.409Cd 70-130 302%0.018

3.706 97%mg/kg4.11Cr 70-130 300.7%0.52

24.38 108%mg/kg28.70Cu 70-130 301%2.28

4.876 107%mg/kg5.31Ni 70-130 300.6%ND

3.706 81%mg/kg4.05Se 70-130 3012%1.06

487.6 93%mg/kg530.1Zn 70-130 300.4%74.50

Duplicate (0939019-21)B091422-DUP3

mg/kgNDAg 30N/CND

mg/kg0.017Cd 30N/CND

mg/kg0.27Cr 307%0.29

mg/kg1.67Cu 302%1.64

mg/kgNDNi 30N/CND

mg/kg1.02Se 3023%0.81

mg/kg72.79Zn 3020%59.60

Matrix Spike (0939019-21)B091422-MS3

2.383 99%mg/kg2.369Ag 70-130ND

4.766 89%mg/kg4.267Cd 70-130ND

3.622 97%mg/kg3.79Cr 70-1300.29

23.83 106%mg/kg26.92Cu 70-1301.64

4.766 101%mg/kg4.92Ni 70-130ND

3.622 87%mg/kg3.97Se 70-1300.81

476.6 96%mg/kg518.2Zn 70-13059.60

Matrix Spike Duplicate (0939019-21)B091422-MSD3

2.397 99%mg/kg2.373Ag 70-130 300.2%ND

4.795 89%mg/kg4.292Cd 70-130 300.6%ND

3.644 115%mg/kg4.49Cr 70-130 3017%0.29

23.97 107%mg/kg27.23Cu 70-130 301%1.64

4.795 103%mg/kg5.03Ni 70-130 302%ND

3.644 93%mg/kg4.20Se 70-130 306%0.81

479.5 95%mg/kg516.4Zn 70-130 300.3%59.60
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Accuracy & Precision Summary

Analyte Result UnitsNative Spike REC & Limits RPD & Limits

Batch: B091502

Method: EPA Method 1638 mod.

Lab Matrix: Biota

Sample

Laboratory Fortified Blank (0943032)B091502-BS2

150.0 105%mg/kg157.1Fe 75-125

Certified Reference Material (0910047, IAEA 407)B091502-SRM1

146.0 79%mg/kg115.0Fe 75-125

Certified Reference Material (0902044, DORM-3)B091502-SRM2

347.0 89%mg/kg308.1Fe 75-125

Duplicate (0939019-03)B091502-DUP1

mg/kg24.3Fe 3045%38.4

Matrix Spike (0939019-03)B091502-MS1

702.4 100%mg/kg739.5Fe 70-13038.4

Matrix Spike Duplicate (0939019-03)B091502-MSD1

706.7 94%mg/kg699.5Fe 70-130 306%38.4

Duplicate (0939019-11)B091502-DUP2

mg/kg20.6Fe 3017%17.4

Matrix Spike (0939019-11)B091502-MS2

735.8 103%mg/kg775.6Fe 70-13017.4

Matrix Spike Duplicate (0939019-11)B091502-MSD2

731.4 104%mg/kg775.0Fe 70-130 300.08%17.4

Duplicate (0939019-21)B091502-DUP3

mg/kg7.7Fe 30117%29.4

Matrix Spike (0939019-21)B091502-MS3

715.0 99%mg/kg734.7Fe 70-13029.4

Matrix Spike Duplicate (0939019-21)B091502-MSD3

719.2 99%mg/kg744.5Fe 70-130 301%29.4
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Method Blanks & Reporting Limits

Batch: B091376

Method: EPA Method 1631, Appendix

Matrix: Biota

Analyte: Hg

Result UnitsSample

B091376-BLK2 µg/kg 0.06

B091376-BLK3 µg/kg 0.02

B091376-BLK4 µg/kg 0.02

Standard Deviation: 0.02

Limit: 0.03

Average: 0.03

Limit: 0.08

MDL: 0.04 µg/kg

MRL: 0.10 µg/kg

Batch: B091377

Method: SM 2540G

Matrix: Biota

Analyte: %TS

Result UnitsSample

B091377-BLK1 %-0.05

B091377-BLK2 %-0.05

Average: -0.05

Limit: 0.33

MDL: 0.10 %

MRL: 0.33 %

3958 6th Avenue NW Seattle WA 98107 · P(206) 632-6206 · F(206) 632-6017 · brl@brooksrand.com · www.brooksrand.com

26 of 35



Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Method Blanks & Reporting Limits

Batch: B091422

Method: EPA Method 1638 mod.

Matrix: Biota

Analyte: Ag 107

Result UnitsSample

B091422-BLK1 mg/kg 0.007

B091422-BLK2 mg/kg 0.004

B091422-BLK3 mg/kg 0.004

B091422-BLK4 mg/kg 0.003

Standard Deviation: 0.002

Limit: 0.010

Average: 0.005

Limit: 0.100

MDL: 0.010 mg/kg

MRL: 0.100 mg/kg

Analyte: Cd 111

Result UnitsSample

B091422-BLK1 mg/kg-0.001

B091422-BLK2 mg/kg 0.000

B091422-BLK3 mg/kg-0.002

B091422-BLK4 mg/kg-0.001

Standard Deviation: 0.001

Limit: 0.003

Average: -0.001

Limit: 0.010

MDL: 0.003 mg/kg

MRL: 0.010 mg/kg

Analyte: Cr 52

Result UnitsSample

B091422-BLK1 mg/kg 0.04

B091422-BLK2 mg/kg 0.04

B091422-BLK3 mg/kg 0.04

B091422-BLK4 mg/kg 0.04

Standard Deviation: 0.00

Limit: 0.05

Average: 0.04

Limit: 0.15

MDL: 0.05 mg/kg

MRL: 0.15 mg/kg

Analyte: Cu 63

Result UnitsSample

B091422-BLK1 mg/kg-0.01

B091422-BLK2 mg/kg-0.01

B091422-BLK3 mg/kg-0.01

B091422-BLK4 mg/kg-0.01

Standard Deviation: 0.00

Limit: 0.03

Average: -0.01

Limit: 0.16

MDL: 0.03 mg/kg

MRL: 0.16 mg/kg
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Method Blanks & Reporting Limits

Analyte: Ni 62

Result UnitsSample

B091422-BLK1 mg/kg 0.00

B091422-BLK2 mg/kg 0.00

B091422-BLK3 mg/kg-0.01

B091422-BLK4 mg/kg-0.02

Standard Deviation: 0.01

Limit: 0.05

Average: -0.01

Limit: 0.20

MDL: 0.05 mg/kg

MRL: 0.20 mg/kg

Analyte: Se 82

Result UnitsSample

B091422-BLK1 mg/kg 0.02

B091422-BLK2 mg/kg-0.01

B091422-BLK3 mg/kg-0.01

B091422-BLK4 mg/kg 0.03

Standard Deviation: 0.02

Limit: 0.05

Average: 0.01

Limit: 0.15

MDL: 0.05 mg/kg

MRL: 0.15 mg/kg

Analyte: Zn 66

Result UnitsSample

B091422-BLK1 mg/kg-0.04

B091422-BLK2 mg/kg-0.01

B091422-BLK3 mg/kg-0.04

B091422-BLK4 mg/kg-0.03

Standard Deviation: 0.01

Limit: 0.28

Average: -0.03

Limit: 1.00

MDL: 0.28 mg/kg

MRL: 1.00 mg/kg
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Method Blanks & Reporting Limits

Batch: B091502

Method: EPA Method 1638 mod.

Matrix: Biota

Analyte: Fe 57

Result UnitsSample

B091502-BLK1 mg/kg 0.1

B091502-BLK2 mg/kg 0.2

B091502-BLK3 mg/kg 0.1

B091502-BLK4 mg/kg-0.1

Standard Deviation: 0.1

Limit: 1.2

Average: 0.1

Limit: 5.0

MDL: 1.2 mg/kg

MRL: 5.0 mg/kg

3958 6th Avenue NW Seattle WA 98107 · P(206) 632-6206 · F(206) 632-6017 · brl@brooksrand.com · www.brooksrand.com

29 of 35



Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Sample Containers

Lab ID: 0939019-01 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-1 / Chandler River- 6 Fem

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-02 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-2 / East Bay- 9 Females

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-03 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-3 / Winnicut- 10 Males

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-04 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-4 / Tannery Brook- 10 Ma

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-05 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-5 / Fore River- 6 Females

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-06 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-6 / Parker River- 10 Fema

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-07 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-7 / Deer Meadow Bk- 20 M

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Sample Containers

Lab ID: 0939019-08 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-8 / North River- 3 Males

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-09 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-9 / North River- 2 Females

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-10 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-10 / Crane River -10 Fema

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-11 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-11 / Squamscott R. -11 Fe

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-12 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-12 / Squamscott R. - 10 M

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-13 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-13 / Long Creek - 12 Male

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-14 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-14 / Jones River- 10 Male

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Sample Containers

Lab ID: 0939019-15 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-15 / Jones River- 10 Fema

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-16 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-16 / Mast Landing -10 Ma

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-17 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-17 / Tannery Brook - 10 F

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-18 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-18 / East Bay - 10 Males

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-19 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-19 / Mast Landing - 10 Fe

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-20 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-20 / Chandler River - 7 Ma

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-21 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-21 / Deer Meadow Bk- 20 

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Sample Containers

Lab ID: 0939019-22 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-22 / Long Creek- 7 Femal

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-23 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-23 / Crane River- 10 Male

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-24 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-24 / Parker River- 10 Male

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Lab ID: 0939019-25 Report Matrix: Tissue

Sample Type: Sample

Collected: unknown

Received: 09/24/2009Sample: L13452-25 / Fore River - 10 Males

Ship. Cont. CommentspHP-LotPreservationLotSizeContainerDes
A CoolerNone N/A2-ozJar Glass

Shipping Containers

Cooler

Tracking No: 942757540989 via FedEx

Temperature:  3.6°C

Coolant Type: Blue Ice

Description: Cooler

Damaged in transit?  No

Returned to client?  No

Custody seals present? No

Custody seals intact? No

COC present? Yes

Received: September 24, 2009   9:00
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3958 6th Ave NW  •  Seattle, WA 98107  •  T: 206-632-6206  •  F: 206-632-6017  •  www.brooksrand.com  •  brl@brooksrand.com 

 

 
March 3, 2010 
 
 
AXYS Analytical Services 
ATTN: Angelica Whetung 
2045 Mills Road West 
Sidney, BC  V8L 5X2 
Canada 
awhetung@axys.com 
 
 
RE: Work Order: 0939019, Addendum A, Rev. 1  Project: AXS018 
 Client Contract No: 4574     Purchase Order: 13691-A 
 
Dear Ms. Whetung, 

On September 24, 2009, Brooks Rand Labs (BRL) received twenty-five (25) homogenized fish 
tissue samples. Samples were logged-in for the contracted analyses of mercury (Hg), silver 
(Ag), aluminum (Al), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), nickel (Ni), 
selenium (Se), zinc (Zn), and total solids determination. All samples were received, prepared, 
analyzed, and stored according to BRL SOPs and EPA methodology. 

The report containing results for all analytes except Al and Pb was issued on December 
23, 2009. This report (Addendum A, Rev. 1) includes only the Al and Pb results. 
Furthermore, the original Addendum A report was issued December 31, 2009. 
The analysis of CRMs IAEA-407 and NRCC DORM-3 for Al and Pb produced recoveries below 
BRL’s acceptance criteria range of 75 – 125%. The initial recoveries of both CRMs were 
confirmed by re-analysis, and then again confirmed by re-preparation and re-analysis. The initial 
recovery for Al in CRM IAEA-407 was 45%, and CRM DORM-3 yielded a 60% recovery. The 
recovery for Pb in CRM IAEA-407 was 72%, while DORM-3 yielded a 52% recovery. 
Consequently, all sample results for Al and Pb have been qualified J and should be considered 
estimates. BRL considers the present sample preparation method a “total recoverable” digestion 
procedure for all biota samples analyzed for Al and Pb. All other quality control samples used to 
assess method accuracy (e.g., matrix spikes and laboratory fortified blanks) produced 
recoveries within the control limits; therefore, BRL considers the reported results valid. While it 
is difficult to evaluate the overall accuracy of the sample results from any one quality control 
parameter, a reasonable hypothesis is that the Pb data may be slightly biased low and the Al 
data may be significantly biased low. 

Both of the CRMs referenced above were purchased and analyzed prior to the time of sample 
submittal. However, analysis of biota samples for Al and Pb is performed infrequently at BRL, 
and the DORM-3 CRM is relatively new (a replacement made by the CRM vendor for DORM-2). 
Consequently there was insufficient data to evaluate the recovery trends of both metals in these 
CRMs. It should be noted IAEA-407 (a fish tissue CRM) has certified concentrations for Al and 
Pb; however, DORM-3 (a fish protein CRM) is certified only for Pb (the Al value provided by the 
CRM vendor is only an informational value). 
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A detailed report concerning this issue, along with R&D results, has been provided to Axys 
Analytical Services separately (Addendum A, unrevised). 

Sample results have been reported on a wet and dry-weight basis in both the hard copy report 
and electronic data deliverables. The reporting units of all batch quality control samples in which 
client samples were utilized have been reported on a dry-weight basis. All other quality control 
samples (i.e. CRMs, BLKs) have been reported on a wet-weight basis. This was due to a 
limitation of BRL’s laboratory information management system. Samples results below or equal 
to the MDL were reported at the MDL and qualified U. Sample results above the MDL but below 
or equal to the MRL were reported qualified B and should be considered estimates. 

Sequence 0900876, Batch B091422 – Al and Pb 
The analysis of B091422-DUP1, -DUP2, and -DUP3 and the corresponding native sample 
results [L13452-3 / Winnicut-10 Males (0939019-03), L13452-11 / Squamscott R.-11 Females 
(0939019-11), and L13452-21 / Deer Meadow Bk-20 Females (0939019-21)] produced RPDs 
which exceeded the control limit for Al, Pb, or both elements. The native sample concentrations 
and the DUP1 concentrations for both Al and Pb, in addition to the native sample concentrations 
and the DUP2 and DUP3 concentrations for Pb analysis, were less than five times the MRL and 
the differences between the duplicates were less than two times the MRL, thus satisfying the 
secondary acceptance criteria for method precision. However, the Al result for sample L13452-
11 / Squamscott R.-11 Females (0939019-11) was qualified M for duplicate imprecision and 
should be considered an estimate. No further qualification of the data was required. 

The results were method blank corrected as described in the calculations section of the relevant 
BRL SOP(s) and may have been evaluated using reporting limits that have been adjusted to 
account for sample aliquot size. Please refer to the Sample Results page for sample-specific 
MDLs, MRLs, and other details. All data was reported without further qualification and other all 
associated quality control sample results meet the acceptance criteria. 

BRL, an accredited laboratory, certifies that the reported results of all analyses for which BRL is 
NELAP accredited meet all NELAP requirements. For more information please see the Report 
Information page in your report. Please feel free to contact us if you have any questions 
regarding this report. 
 
Sincerely, 
 
      
  
Tiffany Stilwater     Michelle Briscoe 
Project Manager     VP of Analytical Services 
tiffany@brooksrand.com     michelle@brooksrand.com 
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Work Order: 0939019

Project ID: AXS018

PM: Tiffany Stilwater

Client PM: Angelica Whetung

 Client PO: 13691-A

Definition of Data Qualifiers
(Effective 9/23/09)

Laboratory Accreditation
BRL is accredited by the National Environmental Laboratory Accreditation Program (NELAP) through the State of Florida 

Department of Health, Bureau of Laboratories (E87982) and is certified to perform many environmental analyses. BRL is 

also certified by many other states to perform environmental analyses. For a current list of our accreditations /certifications, 

please visit our website at <http://www.brooksrand.com/default.asp?contentID=586>. Results reported relate only to the 

samples listed in the report.

Report Information

BLK

BRL

BS

CAL

CCV

CRM

D

DUP

ICV

MSD

ND

NR

PS

REC

RPD

RSD

SCV

SOP

method blank 

Brooks Rand Labs

laboratory fortified blank

calibration standard

continuing calibration verification

certified reference material

dissolved fraction

duplicate

initial calibration verification

matrix spike duplicate

non-detect

non-reportable

post preparation spike

percent recovery

relative percent difference

relative standard deviation

secondary calibration verification

standard operating procedure

MDL

MRL

MS

method detection limit

method reporting limit

matrix spike

SRM

T

COC

standard reference material

total recoverable fraction

chain of custody record 

Common Abbreviations

These qualifiers are based on those previously utilized by Brooks Rand, Ltd., those found in the EPA SOW ILM03.0, 

Exhibit B, Section III, pg. B-18, and the USEPA Laboratory Data Validation Functional Guidelines for Evaluating Inorganic 

Analyses; USEPA; July 2002. These supersede all previous qualifiers ever employed by BRL.

Detected by the instrument, the result is > the MDL but ≤ the MRL. Result is reported and considered an estimate.B

E An estimated value due to the presence of interferences. A full explanation is presented in the narrative.

H Holding time and/or preservation requirements not met. Result is estimated.

J Estimated value. A full explanation is presented in the narrative.

J-M Duplicate precision (RPD) for associated QC sample was not within acceptance criteria. Result is estimated.

J-N Spike recovery for associated QC sample was not within acceptance criteria. Result is estimated.

M Duplicate precision (RPD) was not within acceptance criteria. Result is estimated.

N Spike recovery was not within acceptance criteria. Result is estimated.

R Rejected, unusable value. A full explanation is presented in the narrative.

U Result is ≤ the MDL or client requested reporting limit (CRRL). Result reported as the MDL or CRRL.

X Result is not BLK-corrected and is within 10x the absolute value of the highest detectable BLK in the batch. 

Result is estimated.

Field Quality Control Samples
Please be notified that certain EPA methods require the collection of field quality control samples of an appropriate type 

and frequency; failure to do so is considered a deviation from some methods and for compliance purposes should only be 

done with the approval of regulatory authorities. Please see the specific EPA methods for details regarding required field 

quality control samples.
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