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Abstract:  We assess the quantity and quality of sockeye salmon (Oncorhynchus nerka) monitoring in two regions 
in North America (Fraser River, British Columbia and Bristol Bay, Alaska). We classify monitoring into two discrete 
types: that of a “parent” metapopulation (Tier 2), and individual populations (Tier 3).  Effort within the Fraser River 
is focused more intensively at Tier 3, and consists of methods that provide relatively accurate counts of spawners.  
The monitoring in Bristol Bay is comprehensive and robust at Tier 2.  While Tier 3 monitoring occurs throughout 
Bristol Bay, it is mostly in the form of aerial surveys, which provide less accurate estimates of spawner abundance.  
A rich set of data exists from visual ground surveys at Tier 3 in the Wood River, Alaska, drainage, but these data 
have not been analyzed to address population persistence, and there is a clear gap in reliable data on individual 
populations inhabiting the other major drainages in Bristol Bay.  The overall level of monitoring efforts in the Fraser 
River basin, standardized to the amount of salmon spawning habitat, is conservatively four times higher than 
that currently expended in Bristol Bay.  We encourage investments in continued monitoring and assessments of 
individual populations in the Wood River drainage, and recommend expanding efforts to include population scale 
monitoring in other drainages within the Bristol Bay region.
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InTRoduCTIon

 Salmon monitoring often focuses on large, managed 
stock units that may be inappropriate to capture important 
biological phenomena that are critical for sustaining salm-
on productivity.  The risks to small, unproductive stocks 
in mixed-stock fisheries have been known for a long time 
(Ricker 1973), and there has been increasing concern about 
the loss of these smaller populations in both British Colum-
bia and the US (Walters and Cahoon 1985; Nehlsen et al. 
1991).  Loss of individual populations that make up these 
larger, exploited stock units may constitute a threat to sus-
tainable fisheries (Ricker 1973; Hilborn et al. 2003).  
 One of the hallmarks of sustainable fisheries manage-
ment is the establishment of safeguards to avoid overex-
ploitation at the scale of these individual populations.  Such 
individual populations underpin the larger, managed stocks 
that are the focus of modern fisheries management.  Con-
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cerns about conservation, embodied in endangered species 
legislation in both the US and Canada (e.g. see Ford 2004 
for US; Irvine et al. 2005 for Canada), have led to concert-
ed efforts to examine population persistence and extinction 
risk, and the development of approaches to manage fishing 
activities in ways that protect “weak stocks” or populations 
that exhibit low levels of abundance or productivity.  This is 
accomplished through a variety of means, including fishing 
effort reduction, gear restrictions, or time-area closures.   
 Improved monitoring is needed to assess the effects of 
fishing on small or less productive populations.  Augerot 
(2005) concluded there have been disproportionately high 
losses throughout the southern range of salmon on both 
sides of the North Pacific.  While this effort relied on some 
published trend data on certain stocks or populations, the as-
sessment relied extensively on best expert judgment, rather 
than quantitative criteria, to assess extinction risk.  Augerot 
(2005) also highlighted the challenges of conducting range-
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wide assessments given the pervasive problems of limited 
and non-standardized data and difficulties accessing data.
 The State of the Salmon Program was initiated in 2003 
to provide quantitative information to address the limitations 
described above in assessing trends in salmon diversity, to 
more fully characterize salmon population status and viabil-
ity,  and to provide a sound basis for designing and imple-
menting a range-wide Pacific salmon conservation strategy.  
The first step toward reaching the above objectives is the 
creation of a common framework or knowledge system to 
integrate the many facets of multi-party monitoring efforts: 
sample design, field sampling, data standardization and anal-
ysis, and data storage protocols (see www.stateofthesalmon.
org).  This process will help ensure that we reach valid infer-
ences, provide a means to make analyses more transparent, 
and identify important gaps in our knowledge.  This effort 
will provide metrics by which we can measure status and 
trends for salmon across a range of scales (from regional 
management groupings, to metapopulations, to reproduc-
tively isolated populations).  
 For purposes of the present paper, we provide a prelimi-
nary summary of the State of the Salmon Program, with a 
focus on a single species (sockeye salmon, Oncorhynchus 
nerka) in two regions in North America that harbor diverse 
and relatively abundant populations:  the Fraser River ba-
sin in British Columbia, Canada, and the Bristol Bay region 
in western Alaska, USA.  In this paper we characterize our 
overall approach to the Salmon Monitoring Data Inventory 
and investigate salient differences in monitoring approaches 
with regard to understanding status and trends of sockeye 
salmon in both regions.

METHodS

Background and Approach to data Inventory

 The State of the Salmon Program’s North Pacific Rim 
Salmon Monitoring Inventory is underway throughout North 
America, and we expect to extend it to the Russian Far East 
and Japan in the near future.  We have embarked on a range-
wide inventory of anadromous Pacific salmon monitoring to 
(1) provide a consistent framework to describe and assess 
monitoring efforts and (2) identify data of known quality to 
conduct quantitative range-wide salmon status and trend as-
sessments.  
 To make the project tractable, we developed a conceptu-
al framework to identify, describe, and organize monitoring 
activities.  Key to the success of this effort is to standardize 
information to facilitate accurate automated queries of the re-
sulting database, while preserving enough metadata to char-
acterize data quality and utility.  Our approach is designed to 
be transferable and reproducible for all Pacific salmon spe-
cies across their natural range.  It is important to note that al-
though some of the data and similar analyses have appeared 
in previous publications, our emphasis on classifying moni-

toring activities provides a unique perspective.  Further, our 
intent in this paper is to demonstrate to the reader how the 
Salmon Monitoring Inventory framework will accommodate 
a broad array of salmon monitoring activities and facilitate 
comparison for an array of species.
 There are two principle criteria for inclusion of activi-
ties in the inventory: 1) any resulting dataset that contains 
quantitative estimates of the following parameters – abun-
dance, distribution, diversity and productivity, and 2) the 
resulting data are of known quality, typically revealed by an 
adequate description of targeted life stage and methods or 
protocols used in data collection.  For the purposes of the 
present paper, we focus on monitoring activities with the ex-
plicit objectives of documenting intra-specific diversity (at 
the genotypic and phenotypic levels, as revealed by molecu-
lar genetic techniques and standard biological sampling in-
volving age, sex and length determinations), the distribution 
of the species in each region with respect to the migration 
corridor and spawning grounds, and abundance by life-his-
tory stage (juvenile, smolt and migratory adults during the 
spawning period). 
 Each monitoring activity included in our data base was 
geo-referenced and assigned a unique monitoring method, 
and the location and method of monitoring was used to clas-
sify each activity into a Monitoring Tier.  The Monitoring 
Tier classification is a hierarchical schema that addresses 
the fit of a monitoring effort within one of three levels of 
biological organization: regional grouping (Tier 1), meta-
population (Tier 2) and population (Tier 3).  While Tier 1 
monitoring is still a common approach in regions throughout 
the North Pacific, this level of monitoring is not used for the 
post-season assessment of status for sockeye in our two focal 
regions.  Tier 2 is meant to represent a group of populations 
that have likely undergone some degree of regional adapta-
tion, or have a shared, unique ancestry.  For the purposes of 
this paper, we relied on location and method of monitoring 
for Tier classification.  In general, Tier 2 monitoring for sock-
eye salmon occurs in the lower river, using gear intended to 
enumerate fish across a larger river channel where it is likely 
that individuals from different populations are encountered.  
Conversely, those monitoring activities conducted in smaller 
river systems or lake beach areas that are in close proxim-
ity to the spawning grounds were considered Tier 3.  Tier 3 
monitoring activities are intended to assess more discrete, 
reproductively isolated populations.  While fisheries agen-
cies strive to define managed “stocks” that represent a natu-
ral grouping, these definitions are not universal.  Our Tier 
schema is intended to overcome this problem and impose a 
common classification that is based on more fundamental, 
biological criteria.  In this paper, we will refer to our Tier 
classes by number, and assess coverage or intensity of moni-
toring at the scale of drainages.
 Sockeye are managed differently in Bristol Bay than in 
the Fraser.  Drainages in Bristol Bay correspond to discrete 
management units.  Within the Fraser River watershed four 
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run-timing groups constitute separate Management Units 
(Early Stuart, Early Summer, Summer, and Late).  Within 
each Management Unit are 30–50 individual “stocks” or 
“populations” (Schubert 1998).  Under Canada’s Wild Salm-
on Policy (DFO 2005), biological status will be assessed and 
categorized for several hundred largely independent lineages 
of wild salmon (Irvine and Riddell 2007).

Acquisition of Metadata and Analysis

 Monitoring activities were identified for inclusion and 
their associated metadata developed from a combination of 
sources, including participants’ knowledge, existing data-
bases or inventories, and public information sources such 
as the published literature, electronic documents, and web 
sites.  Agency staff were contacted for further information on 
appropriate activities and public documentation.  Metadata 
were entered directly into a relational database or a spread-
sheet.  Queries were developed to search for metadata re-
cords, and output was used to develop geodatabases in Arc-
GIS.
 For our analysis, we focused on three common moni-
toring objectives for both regions: genotyping (using DNA 
markers), biological sampling (typically including age, sex 
and length determinations), and abundance (typically fry, 
smolt and adult escapement enumeration activities).  
 For genetic baseline development, we restricted our 
analysis to those baselines established by the lead agency in 
the respective regions (Alaska Department of Fish and Game 
(ADFG), the Gene Conservation Lab for Alaska, the Canada 
Department of Fisheries and Oceans (DFO), and the Mo-
lecular Genetics Laboratory for British Columbia).  These 
baselines consist of both microsatellite DNA and single nu-
cleotide polymorphism (SNP) markers, representing the best 
available techniques for stock identification.  To characterize 
the extent of sampling for the development of a genetic base-
line for the species, we obtained information on sampling 
locations from each lab.  For Bristol Bay, we obtained station 
location data, in the form of latitude and longitude positions, 
from Drs. Jim Seeb and Chris Habicht (ADFG Gene Con-
servation Laboratory, Anchorage, AK).  We classified these 
sampling locations as sites that yielded genetic data that have 
been used in a peer-reviewed publication (19 separate loca-
tions confined to the Kvichak River drainage (Habicht et 
al. 2003), or more recent sampling where data have not yet 
been fully analyzed and published (C. Habicht, ADFG, pers. 
comm.).  Further, we distinguished whether the samples 
were drawn from river spawning populations or lake beach 
spawning populations.  Dr. Terry Beacham of the DFO Pacif-
ic Biological Station, Nanaimo, BC, identified the sockeye 
stocks and/or populations for which genetic data have been 
obtained.  Through consultations with Federal and Provin-
cial biologists, we determined the approximate coordinates 
for the location of each of these units.  With the exception 
of the Cultus Lake population, we assumed all populations 

included in the Fraser River baseline were from river spawn-
ing populations, recognizing there are other beach spawning 
populations.
 We identified the number of monitoring activities in-
volving biological sampling for fry, smolts and adults (typi-
cally involving age determination using either scales or oto-
liths, sex determination and length measurements).  For this 
analysis, we do not consider method of capture for biologi-
cal samples.  Because the quality of the abundance estimates 
for fry, smolt and adult escapement enumerations depend on 
method, we conducted analyses separately for each domi-
nant method used in each region.  For enumerating fry, we 
identified four methods: lake sonar, river fry trap, tow net, 
and beach seine sampling.  The following methods were 
identified for monitoring smolts: traps, river sonar and fyke 
nets.  For adults, the following methods were recognized: 
counting towers, sonar, bank-side visual surveys, mark-re-
capture, fences, and aerial counts.  For the present paper, we 
do not consider monitoring efforts involving test fishing or 
harvest.
 To examine temporal trends in monitoring efforts, we 
executed a query identifying the number of on-going moni-
toring activities by year during 1956–2005 for adult escape-
ment in Bristol Bay (monitoring effort in the Fraser basin 
has been more consistent than in Bristol Bay).  To describe 
monitoring effort in a consistent way over time, we exam-
ined trends separately for two types of activities: the number 
of aerial survey locations and the number of ground, visual 
survey locations.  This provided an estimate of activities by 
year for each monitoring agency (ADFG and the University 
of Washington Alaska Salmon Program (UW).  At present, 
the database identifies those activities that are not continuous 
during the period of record, but missing years for each activ-
ity have not been recorded in a standardized way.  Hence 
the results of our query reflect the total number of activities 
recognized by the lead agency in each region as on-going by 
year, even though certain activities may not be repeated each 
year in the time series.  Therefore the number of sites moni-
tored each year represents a maximum number that may not 
reflect the actual number of sites sampled in any given year.  
For the purposes of this analysis, our intent was to determine 
whether any gross changes have occurred in monitoring ef-
fort throughout the period. 
 Metadata results were exported to ArcGIS.  The first step 
was to create spatial data layers for the drainages that sup-
port ADFG and DFO managed sockeye stocks.  We grouped 
drainages into areas sharing a common stock name associ-
ated with individual monitoring activities.  For this exercise 
we used the BC Watershed Atlas for the Fraser River basin 
and an edited version of Hydro-1K, a dataset from EROS 
Data Center, for Bristol Bay. 
 Fish distribution spatial data layers for both regions 
were obtained and edited to reflect spawning river segments 
for sockeye salmon.  The Bristol Bay data were provided by 
ADFG (reg05swt.shp, January 2005).  This spatial data layer 
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was associated with a point file at a scale of 1:63,360 from 
ADFG’s Fish Distribution Database Atlas and Catalog (Atlas 
and Catalog) indicating life stages that utilized the habitats.  
From these data the sockeye spawning habitats were identi-
fied for each stock in each region.  Some minor editing was 
done to associate the lines with the appropriate stock.  The 
Atlas and Catalog included both the migratory river corridor 
and the segments containing the spawning gravel as impor-
tant for spawning.  For the present analysis, we were inter-
ested only in identifying those segments directly supporting 
reproductive activities.  Through consultation with ADFG 
area managers, we defined the spawning habitat as those seg-
ments above the downstream limit for spawning, which was 
typically waters draining into a nursery lake, excluding the 
river segments downstream of the lake outlet.  Because we 
were not able to identify beach spawning habitat within rear-
ing lakes in Bristol Bay, we simply identified rearing lakes 
in each drainage.  The Fraser River data are represented by 
an ArcInfo spatial data layer called the FISS Sockeye Dis-
tribution Zones at a scale of 1:50,000.  This data set demar-
cates the upper and lower points of stream segments used for 
spawning.  This data set, completed in October 2002, was 
provided by DFO.  It required some additional editing to re-
move overlapping lines.  We also did not have a coverage 
identifying beach spawning areas in the Fraser River basin, 
so we identified those lakes that are thought to support beach 
spawning populations.
 We classified all juvenile and adult monitoring by meth-
od and Monitoring Tier.  Juvenile enumeration and biologi-
cal sampling were typically considered Tier 2.  Fry observed 
in a lake typically originate from more than one spawning 
population.  Exceptions include monitoring of fry and smolts 
from lakes where only one population is known to exist, or 
monitoring efforts focused on collecting fry using traps de-
ployed in a single lake tributary.
 We used the metadata to estimate coverage of adult 
salmon monitoring in each region.  Two different types of 
monitoring were considered separately: 1) genotype sam-
pling representing an assessment of extant salmon diversity, 
and 2) abundance estimation or enumeration, in conjunction 
with non-genetic biological sampling to represent diversity 
with respect to age, sex and size composition.  The develop-
ment of genetic baselines typically focuses on adults on the 
spawning grounds.  We estimated coverage of each baseline 
as the number of sampling locations divided by the number 
of river kilometers designated as spawning habitat within 
each drainage.  For this paper, we assumed all enumeration 
monitoring (with the exception of aerial surveys) was done 
in conjunction with biological sampling.  There were some 
cases where biological sampling is conducted where no enu-
meration activities are carried out.  We did not include these 
cases in our assessment of monitoring coverage.  We esti-
mated monitoring coverage in two different ways.  For Tier 
2 monitoring, we estimated coverage by dividing the total 
amount of spawning habitat (in river km) upstream of the 

monitoring location divided by the total amount of spawning 
habitat within each drainage.  These activities are best de-
scribed as “enroute” monitoring, where fish are intercepted 
and their destination is uncertain.  Monitoring at Tier 3 is 
typically conducted on, or in close proximity to, the spawn-
ing grounds.  To estimate coverage for these activities, we 
estimated the number of monitoring activities divided by 
the total number of river kilometers designated as spawning 
habitat within each drainage.  We estimated coverage sepa-
rately for three general classes of methods: aerial (number 
of river reaches surveyed), ground (which includes number 
of river reaches visually observed and the number of fences 
operated), and mark-recapture (number of reaches for which 
a population estimate is generated).  In the present paper, 
we did not estimate monitoring coverage for beach spawning 
habitat.  For these activities, we simply identified the number 
of lakes that are surveyed routinely for beach spawners.

RESuLTS

Fraser River

 Intensity of sampling for the genetic baseline for the 
species in the Fraser River drainage was somewhat higher 
than that in Bristol Bay.  The number of sites per drainage 
ranged from a high of 12 for the Lower Fraser, to a low of 1 
site for the Bowron drainage (Fig. 1).  The sampling cover-
age, expressed as a ratio of sites sampled to the total river 
km designated for spawning in the drainage, varied from a 
high of 0.14 sites∙km-1 for the Seton-Anderson drainage to a 
low of 0.03 sites∙km-1 for the Bowron drainage (Figs. 1 and 
2 (top)).  This baseline has been well established through 
publications, and plays an integral role in managing mixed 
stock fisheries in this region.
 Because monitoring effort in the Fraser River drainage 
has been relatively constant, we relied on recent monitoring 
activities to depict coverage.  All major populations (with the 
exception of those in the Pitt Lake drainage) are monitored at 
the Tier 2 level by a lower river sonar site located near Mis-
sion, hence the monitoring coverage is close to 100% (with 
the exception of the Lower Fraser stocks that include the Pitt 
Lake drainage, where coverage is estimated to be 91.4%, Fig. 
3).  However, there is much uncertainty associated with this 
monitoring stemming from difficulties in obtaining accurate 
counts on a stock-specific basis due to limitations of the use 
of sonar, particularly during periods when run timing groups 
mix in the lower river, and when significant upstream-down-
stream milling occurs.  
 Tier 3 monitoring of adults in the Fraser River basin 
consists of a combination of fence counts, bank-side visual 
surveys, boat and lake shoreline visual surveys, mark-re-
capture efforts, and aerial surveys (Fig. 3).  These activities 
occur close to the spawning grounds and provide the data 
necessary to reconstruct abundance and are used, in combi-
nation with harvest data, to estimate exploitation rates for the 
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major stock aggregates.  The level of monitoring intensity, 
classified into our three general categories (aerial, ground 
and mark-recapture), varied within each drainage from a 
high of 0.08 to a low of 0.01 sites∙km-1 (Fig. 4), excluding 
beach spawning survey effort.  With the exception of three 
drainages (Chilcotin, North Thompson and Bowron), fences 
are used to enumerate adult escapement in the Fraser River 
basin, ranging from as many as four fence monitoring ac-

tivities ongoing in the Stuart-Takla drainage, to one in the 
Seton-Anderson and Quesnel drainages (Fig. 3).  Bank-side 
visual surveys are routinely conducted in five of the drain-
ages: Lower Fraser (5), North Thompson (4), South Thomp-
son (13), Stuart-Takla (22), and Seton-Anderson (1).  Boat 
and lake shoreline visual surveys targeting beach spawning 
populations are conducted in the Chilcotin drainage (Chilko 
and Taseko lakes), Lower Fraser (Harrison, Chilliwack and 
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South Thompson
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Quesnel

Nechako

Bowron

North Thompson

Seton-Anderson

Legend
Lakes

Sockeye Distribution
Use Type
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0 50 100 15025
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Genetic Baseline -- Fraser Basin

Fig. 1.  Locations of samples contributing to the sockeye salmon genetics baseline within the Fraser River drainage maintained by Department 
of Fisheries and Oceans (DFO), Canada (Beacham et al. 2006).
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Cultus lakes), Quesnel drainage (Quesnel Lake), and the 
South Thompson drainage (Shushwap and Adams lakes).  
Mark-recapture methods are applied to enumerate adult es-
capement in the Chilcotin, Lower Fraser, Quesnel, South 
Thompson, and Stuart-Takla drainages (Fig. 3).  Aerial sur-
veys are conducted in four of the drainages: Stuart-Takla, 
Nechako, Bowron and North Thompson (Fig. 3).
 Juvenile monitoring of sockeye salmon in the Fraser 
River consists of a combination of lake tributary fry trapping, 
sonar and tow netting, and smolt trapping.  Fry trapping is 
conducted routinely on three tributaries (Forfar and Gluske, 
two tributaries of the Middle River in the Stuart-Takla drain-
age, and the Stellako River, a tributary of the Nechako River, 
Fig. 3).  These are classified as Tier 3 monitoring.  Sonar 
sampling of lake fry, and associated tow netting, are con-
ducted routinely in Cultus Lake (Lower Fraser drainage), 
Quesnel Lake (Quesnel drainage) and Chilko Lake (Chilco-

tin drainage) (Fig. 3).  These activities were classified as Tier 
2 monitoring, because individuals observed in these activi-
ties are likely to originate from more than one population.  
Smolt monitoring is conducted on the Chilko River (Chilco-
tin drainage, known to support multiple populations and, 
hence, classified as Tier 2 monitoring) and Sweltzer Creek, 
the outlet of Cultus Lake (Lower Fraser drainage, considered 
a single population and, hence, classified as Tier 3 monitor-
ing (Fig. 3).

Bristol Bay

 The genetic baseline for the species in Bristol Bay is be-
ing developed.  We distinguish the sample locations that ap-
pear in Habicht et al. (2004) in Fig. 5 as published (restricted 
to the Kvichak River drainage) from the sites that have been 
sampled but await full analysis and reporting.  We consider 
river and lake spawning populations separately for this anal-
ysis.  The number of sites sampled for the baseline varied 
by drainage, with the greatest number of sites established 
in the Kvichak drainage (50 river sites and 9 beach sites, in-
cluding both published and unpublished data) to the Togiak 
and Igushik sites, where 3 and 4 river sites were sampled, 
respectively (Fig. 5).  Intensity of sampling at river sites var-
ied from a high of 0.2 sites∙km-1 for the Alagnak drainage 
to a low of 0.004 sites∙km-1 for the Togiak drainage (Fig. 
2 (bottom)).  Beach sites were sampled in the Alagnak (1), 
Kvichak (9), Nushagak (2) and Wood River (1) drainages 
(Fig. 2 (bottom)).
 We found a marked temporal trend in monitoring effort 
within Bristol Bay, indicating a peak in monitoring occurring 
in 1984, followed by a decline during the late 1980s (Fig. 
6).  This trend was driven primarily by a reduction in aerial 
surveys performed during peak escapement periods (Fig. 
7).  Here we examine characteristics of monitoring during 
a recent period (2000–2005), and later examine how effort 
has changed by explicitly contrasting present monitoring 
with an earlier period (1982–1986).  It is important to note 
here that aerial surveys were discontinued by ADFG during 
2001–2004, and were resumed in 2005 through a combined 
effort with UW.  Here we include the amount of aerial sur-
veys that took place during 2000 and 2005 to represent the 
period 2000–2005.  
 Our Tier 2 classification corresponds to the drainages 
recognized by ADFG as supporting separate managed stocks 
within this region, and the extent of coverage for Tier 2 mon-
itoring reflects the interests of ADFG to monitor escapement 
at the metapopulation scale (ranging from 8–100% coverage 
by stock, mean = 76.8%, median = 82.5% (Fig. 8)).  Tier 2 
monitoring consisted mostly of tower counts below the main 
nursery lakes in each drainage in Bristol Bay (Fig. 8).  An 
exception to this is the Nushagak drainage, where ADFG 
maintains a sonar enumeration site in the lower river, in ad-
dition to an upstream tower site.  Coverage by tower counts 
was relatively low (11.7%) for Nushagak given its upstream 

Fig. 2.  Level of intensity of the sockeye salmon genetic baseline 
sampling for Fraser River (top panel) and Bristol Bay (bottom panel).  
The intensity level is measured as the number (#) of sampling loca-
tions divided by the total number of river kilometers for each stock 
designated for spawning use for river spawning populations.  For 
lake spawning populations, the number of beach locations sampled 
per stock is presented.  Grey bars in the figure represent river sites, 
and dark bars represent lake beach spawning locations.
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position in the drainage (Fig. 8).  Coverage at Tier 2 in the 
Togiak drainage was also low (7.7%) relative to the other 
drainages owing to the configuration of the watershed with 
numerous basins, each with separate ocean entry points (Fig. 
8).  An additional tower is maintained on the Newhalen Riv-
er by the United State Geological Survey (USGS) to quantify 
escapement of sockeye to the Lake Clark system (Fig. 8).  

 Tier 2 sampling for juveniles in Bristol Bay consists of 
paired surface trawls in five of the Wood River lakes, provid-
ing estimates of relative abundance (CPUE) and biological 
data (Fig. 8).  There are also a number of stations established 
for monitoring lake fry in the eastern portion of Lake Iliamna 
and in Lake Clark.  Historically, smolt monitoring programs 
consisting of sonar (for enumeration) and fyke nets (for 
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Fig. 3.  Monitoring efforts for sockeye salmon currently considered ongoing in the Fraser River drainage by the Department of Fisheries and 
Oceans.  Distribution of the species is indicated by usage type, migration (in blue) and spawning (in red).  Lakes where beach spawning surveys 
are conducted on adults are highlighted.  Monitoring is broken down by Tier (2 or 3), life stage (juvenile, smolt or adult), and monitoring objec-
tive (biological and enumeration).  The major drainages supporting the managed stock units are depicted by colored polygons and identified by 
name.
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biological monitoring) were active in six of the drainages 
(Wood, Nushagak, Kvichak, Naknek, Egegik and Ugashik).  
These programs were phased out during 1990–2002 (Craw-
ford and Fair 2002).
 We found that the finest resolved sampling effort (Tier 
3, population scale) was performed in seven out of a total of 
nine drainages in Bristol Bay (Tier 3 sampling is lacking in 
Egegik and Naknek basins, Figs. 7 (bottom), 9).  The Tier 3 
sampling was accomplished mostly through aerial surveys in 
the seven drainages, with the exception of the Wood River, 
where monitoring was supplemented through ground, vi-
sual surveys (including biological sampling of age, sex and 
length) in a number of lake tributaries by UW personnel (0.04 
sites∙km-1, Fig. 9).  The Kijik River system, a tributary of 
Lake Clark in the Kvichak drainage, has also been monitored 
by USGS using ground, visual survey methods.  The inten-
sity of aerial surveys, conducted by ADFG, UW and USGS, 
was greatest for the Alagnak stock (0.08 sites∙km-1), fol-
lowed by Togiak (0.02 sites∙km-1), Ugashik (0.02 sites∙km-1), 
Wood (0.014 sites∙km-1), Igushik (0.007 sites∙km-1), Kvichak 
(0.002 sites∙km-1), and Nushagak (0.0004 sites∙km-1) drain-

ages (Fig. 4).  Only two sites were surveyed by air in the 
Kvichak during 2000–2005, representing an order of magni-
tude less effort relative to the other drainages (Fig. 7).   
 The drop in monitoring effort in Bristol Bay between 
the early and later period was driven primarily by a decrease 
in the number of sites surveyed using aerial methods (Fig. 
7).  The decrease was observed most dramatically in three of 
the drainages (Nushagak, Kvichak and Wood rivers, Fig. 7).  
Aerial survey coverage declined from a total of 36 sites (0.02 
sites∙km-1) to one site (0.0004 sites∙km-1) in the Nushagak, 
66 sites (0.08 sites∙km-1) to two sites (0.002 sites∙km-1) in 
the Kvichak, and 15 sites (0.02 sites∙km-1) to nine sites (0.01 
sites∙km-1) in the Wood (Fig. 7).  

dISCuSSIon

 Bristol Bay and the Fraser River represent the most pro-
ductive regions for sockeye salmon in North America.  While 
the total surface area in each of the two basins is similar, the 
rearing lake area in Bristol Bay is over four times greater than 
in the Fraser River drainage.  Total production, described by 
the average number of sockeye returning to each region, cor-
responds to the differences in fry rearing habitat, with Bristol 
Bay receiving over four times the number of returning fish 
relative to the Fraser River in an average year (Table 1).  Re-
turns to many systems in the Fraser are cyclical, but even in 
high return years, Bristol Bay runs are larger.
 In many ways, Bristol Bay and Fraser River sockeye 
monitoring programs represent the best-case scenarios for 
salmon status and trend monitoring anywhere across the 
North Pacific.  These regions and their salmon populations 
have been studied more intensively than many others, largely 
due to their high commercial value.  Fisheries on these pop-
ulations are managed to minimize the risk of significantly 
over-exploiting the major stocks.  However, recent declining 
trends for some stocks is cause for concern (e.g. the Kvichak 
stock in Bristol Bay, and Cultus Lake in the lower Fraser 
River basin).  Clearly we do not want to experience losses 
in salmon diversity that may erode the ability of populations 
to persist over time.  Further, there appears to be significant 
gaps in monitoring, particularly within Bristol Bay, that 
make it difficult to ascertain the true impact of continued 
harvest regimes on the overall viability at the scale of indi-
vidual populations.  The Wood River drainage is an excep-
tion, and recent initiatives by the UW will help assess how 
fishing pressure may have influenced these populations over 
time.
 Our approach examines the spatial extent and data qual-
ity of monitoring implemented for stock assessment and 
conservation.  Our larger goal for these studies is to allow 
a fully comprehensive comparison of status and trends for 
salmon across their natural range, and provide a means to 
gauge objectively the effectiveness of monitoring in each 
region with an eye on providing a safeguard to avoid irre-
versible loss of salmon diversity.  The case study provided in 

Fig. 4.  Level of intensity of the sockeye salmon Tier 3 monitoring for 
adults for Fraser River (top panel) and Bristol Bay (bottom panel).  
The intensity level is measured as the number (#) of monitoring loca-
tions divided by the total number of river kilometers for each stock 
designated for spawning use.  Open bars are aerial surveys, black 
bars are bank-side surveys (combination of bank-side visual surveys 
and fence counts), and grey bars are mark-recapture estimates of 
abundance.
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Fig. 5.  Locations of samples that are included in the sockeye genetics baseline within Bristol Bay maintained by Alaska Department of Fish and 
Game.  Data that have been published are identified with red circles (Habicht et al. 2004).  Genetic data obtained from the other sample locations 
(indicated by green circles) are presently being analyzed (C. Habicht, ADFG, pers. comm.).

resulting from dam construction) and little hatchery intro-
gression.  There is an active hatchery program underway for 
Cultus Lake sockeye in the Fraser however, and there has 
been significant enhancement of sockeye salmon in other 
parts of the basin, mostly in the form of artificial spawning 
channels (Weaver Creek in the Lower Fraser, Gates Creek 
in the Seton-Anderson, Horsefly River in the Quesnel, and 
Nadina Creek in the Nechako).  It appears that the greatest 
risks to sustainable salmon populations in these two regions 
are the mixed stock commercial fisheries targeting these 
stocks, as well as global climate change (Morrison et al. 
2002; Cooke et al. 2004;  Rand et al. 2006).  Canada’s Wild 
Salmon Policy proposes new management and assessment 
approaches in response to concerns about declining diversity 
(DFO 2005).  
 In both of our examples, agencies have identified de-
clining trends in abundance of certain stocks and have imple-

this paper is challenging for a variety of reasons, including 
the overall level of complexity in monitoring and manage-
ment of the fisheries, participation by numerous agencies, 
the complex population structure within the managed sock-
eye salmon stocks, and the inevitable complications associ-
ated with making valid comparisons across two regions that 
differ in fundamental ways.  Despite these challenges, our 
results underscore the value of closely examining the nature 
of monitoring activities that provide the data to conduct as-
sessments of status and trends for stocks targeted by inten-
sive, commercial fisheries.  There has been a long history of 
overexploitation of marine fisheries leading to declines and 
extinctions (Botsford et al. 1997; Myers and Worm 2005).  In 
much of the Bristol Bay and Fraser River drainages, in con-
trast to areas in the US Pacific Northwest, there have been 
relatively limited deleterious anthropogenic impacts on in-
stream habitat (e.g., little or no impediments to migration 
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Fig. 6.  Level of monitoring effort over time (1946–2005) in the Bristol 
Bay drainage, Alaska, by method (top panel: aerial surveys;  bottom 
panel: ground, visual surveys).  Open circles are activities run by the 
University of Washington, and filled circles are activities run by the 
Alaska Department of Fish and Game.

mented changes to reduce harvest (Fair 2003; Irvine et al. 
2005).  Whether these measures will be effective at avoiding 
irreversible losses of salmon diversity remains to be seen.  
The key difference we observe between the two regions is 
that monitoring in the Fraser River is capable of tracking 
dynamics at a more finely resolved scale that approaches a 
population “unit” (our Tier 3 classification) characterized by 
reproductive isolation.  In the context of Bristol Bay fish-
eries management, losses of individual populations could 
be occurring under present harvest regimes, but cannot be 
documented given the paucity of Tier 3 monitoring data.  It 
is possible to examine status and trends at this scale in the 
Wood River system, and we encourage efforts to analyze 
these data to determine how natural and anthropogenic fac-
tors may have influenced population dynamics in this basin.  
Outside of the Wood River drainage, aerial surveys represent 

the majority of Tier 3 monitoring in Bristol Bay, but are pri-
marily used as a means to set overall escapement goals and 
are not explicitly linked with the development of life tables 
used to track current status of either individual populations 
or the overall managed stock.  Further, these aerial survey 
programs have been cut back markedly in recent years.
 A recent effort to examine trends in abundance in the 
Kvichak River drainage using aerial survey data concluded 
that there has not been a discernable loss in individual popu-
lations, or a shift in the relative contribution of individual 
populations to the larger Kvichak stock unit (Stewart et al. 
2003).  An important caveat of the study by Stewart et al. 
(2003), however, is that the data used in the analysis may be 
biased due to the fact that much of the monitoring (particu-
larly those populations that were relatively small) after the 
late 1980s has been discontinued (this is clearly evident in 
our Fig. 7).  It would be expected that these small populations 
would be disproportionately affected by an intensive, mixed-
stock harvest regime.  It appears that the beach spawning 
populations in the region represent the greatest contribution 
to peak cycle production, but these stocks appear to be much 
less productive in recent years.  This argues strongly for 
closely examining shifts in stock structure within these larg-
er managed stocks to help explain temporal trends in abun-
dance.  While we acknowledge difficulties (both financial and 
logistical) in carrying out more comprehensive monitoring, 
particularly in such a remote region, we conclude that this 
effort is extremely important to provide definitive informa-
tion concerning the ability of individual populations to per-
sist given the current harvest regime, and expected changes 
in habitat that may occur from land use and global climate 
change.  We encourage monitoring approaches that balance 
the assessment of biological status with abundance and dis-
tributional trends for individual populations of varying size 
and productivity.  Canada’s Wild Salmon Policy describes 
such an approach (DFO 2005, pp.18–19), and another is the 
probabilistic survey design for coho salmon (O. kisutch) in 
coastal Oregon, USA (Stevens and Olsen 1999).  Monitoring 
should be cost effective and yet provide robust inferences on 
the condition of individual populations that underpin larger 
managed stocks. 
 Our approach relies on a detailed assessment of spawn-
ing habitat in each surveyed region.  We acknowledge a 
problem with our inter-regional comparison stemming from 
the different resolutions of “spawning habitat” identified for 
sockeye within each region by the lead agencies.  The habitat 
for sockeye spawning is more finely resolved in the Fraser 
River drainage compared to Bristol Bay.  Further, we were 
unable to assess monitoring intensity for beach spawning 
populations given the lack of data on the distribution of suit-
able spawning habitat within the main rearing lakes in the 
region.  A more resolved mapping of spawning habitat extant 
in Bristol Bay would result in higher estimates of monitoring 
intensity than that reported in the present analysis.  We rec-
ommend more concerted efforts at resolving spawning habi-

Parameter Bristol Bay Fraser River

Mean January Temperature (°C)1   -9 -7 to 5.7

Mean Annual Precipitation (cm)1   57 27 to 246

Total Watershed Area (1000s km2)2 193 284

Sockeye Watershed Area (1000s km2)2 175 123

Sockeye Lake Area (1000s km2)2   14    3

Mean Sockeye Return (in millions)3   39       7.9

Table 1.  Physical attributes of the drainage basins compared in this 
study, with an estimate of the mean total return (catch plus escape-
ment) of sockeye salmon during 1956–2005.  Ranges provided for 
the Fraser River are intended to represent the physical gradient from 
the coastal rain forest climate to the arid conditions in the interior 
plateau.

1Climate data was sourced from the Alaska Climate Research Center and the Fraser River 
Action Plan.
2Watershed area was obtained from spatial data layers described in text.
3Mean returns (catch and escapement, 1950-2002) was obtained from ADFG and Pacific 
Salmon Commission.
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Fig. 7.  Aerial monitoring activities designated as Tier 3 within the Bristol Bay drainage.  Survey coverage is depicted for a period representing 
peak effort (top 1982–1986) and current effort (bottom 2000–2005).  Note that the latter period included four years (2001–2004) during which 
no aerial surveys were conducted.
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Fig. 8.  Monitoring activities designated at Tier 2 within the Bristol Bay drainage.  Monitoring activities are broken down by monitoring objective 
(biological and enumeration), life stage, and method.  Distribution of the species is indicated by usage type, migration (in blue) and spawning (in 
red).  This figure is meant to represent the total number of monitoring activities during 1982 to the present.

tat in this region.  This may be possible by examining more 
closely the patterns of abundance of spawners through aerial 
surveys.  Having a better understanding of the distribution 
of spawning habitat will be critical in the future as threats to 
spawning habitat are likely to increase.
 The level of effort devoted to conducting a biological 
inventory of populations, accomplished through the devel-
opment of a genetic baseline, were comparable for the two 
regions.  While stock identification protocols are a funda-
mental component of sockeye fisheries management for the 
Fraser River stocks, the development of the genetic base-
line for the species in Bristol Bay, and the protocol for its 
application to fisheries management, is still under develop-
ment.  The challenge of establishing a comprehensive base-
line is much greater for Bristol Bay, considering the sheer 
size of the drainage basin, the difficulties in accessing and 
recovering samples from remote locations, and the complex 

nature of the putative spawning populations in the region.  
Although challenging, we encourage continued development 
of the baseline, along with closer examination of key life-
history traits that help explain differentiation among popula-
tions.  These efforts not only enable more responsible fisher-
ies management through the development of more robust, 
stock identification procedures leading to more effective 
“weak stock” management, but the sampling also provides 
an opportunity to test for genetic bottlenecks and generate 
estimates of effective population sizes that are pertinent to 
salmon conservation (e.g. see Habicht et al. 2004).
 In the context of our larger aim to describe all extant 
monitoring efforts across the natural range for the genus On-
corhynchus, this case study has been a valuable test of our 
approach and helped streamline our method.  We encourage 
broad participation in the completion of the North Pacific 
Salmon Monitoring Inventory and its long-term institution-
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Fig. 9.  Monitoring activities designated at Tier 3 within the Bristol Bay drainage, excluding aerial surveys.  With the exception of some monitoring 
in the Kvichak River drainage, population-specific monitoring on the ground is focused exclusively in the Wood River drainage.

alization, as a fundamental building block for range-wide 
salmon conservation.
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