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PREFACE 
In February of 2008, salmon bycatch in the Bering Sea/Aleutian Islands pollock fishery was once 
again identified as a primary concern by the North Pacific Fishery Management Council 
(Council). At its February meeting, the Council forwarded a problem statement for analysis that 
included the following language: 

“the State of Alaska has been forced to close or greatly reduce some commercial, 
subsistence and sport fisheries in Western Alaska.  Reasons for reductions in the number 
of Chinook salmon returning to spawn in Western Alaska rivers and the Canadian 
portion of the Yukon River drainage are uncertain, but recent increases in Bering Sea 
bycatch may be a contributing factor”. 

The Council recognized that current salmon sampling protocols were not adequate to fully 
understand the effects of Bering Sea bycatch on Pacific Chinook salmon stocks. A more 
thorough understanding of geographic origin and age distribution of salmon bycatch is needed to 
complement management actions focused on reducing bycatch.  

The Alaska Department of Fish and Game (ADF&G), using funds largely provided by the 
Bering Sea pollock industry, requested proposals to design a robust sampling plan to estimate 
bycatch stock of origin using genetic stock identification methods. The specific goal was to 
develop a sampling plan and corresponding statistical estimators of stock composition and stock 
abundance for Chinook and chum salmon caught by vessels in the Bering Sea pollock fishery.  

The paper Sampling Considerations for Estimating Geographic Origins of Chinook Salmon 
Bycatch in the Bering Sea Pollock Fishery completes a contract established with the St. Hubert 
Research Group of Juneau. The report outlines fundamental aspects of a defensible sampling 
program and provides recommendations that may serve as a framework for improved sampling 
protocols in the future. The authors have expertise in scientific sampling and genetic mixture 
analysis. Information provided in the report regarding the North Pacific Groundfish Observer 
Program and Catch Accounting System has not been fully reviewed by the National Marine 
Fisheries Service. 

The authors are not experts on these federal programs. We recognize that designing and 
implementing a robust sampling plan that meshes with the groundfish observer program will 
ultimately rely on the National Marine Fisheries Service’s expertise. We look forward to their 
review and strongly support cooperative efforts between the Council, the National Marine 
Fisheries Service, and ADF&G to achieve the shared goal of obtaining demographic information 
of salmon bycatch. 
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ABSTRACT 
Chinook salmon bycatch in the Bering Sea–Aleutian Islands pollock fishery steadily increased from a low of 5,000 
fish in 2000 to over 121,000 fish in 2007. This led fishery managers to call for improved stock-specific estimates of 
the bycatch. Statistical estimation of stocks of origin of the bycatch will require (1) reliable estimates of the bycatch 
magnitude for temporal and spatial divisions of the pollock fishery; (2) representative collections of Chinook salmon 
tissues from these temporal and spatial divisions, suitable for biochemical genetic analysis; and (3) suitable Chinook 
salmon baseline samples and genetic mixture algorithms. Fortunately, the National Marine Fishery Service has a 
well-developed observer program that can be used as a platform to develop a program for genetic stock mixture 
analysis of Chinook salmon in the bycatch, although this program will need additional resources. Before moving 
forward, we recommend that the National Marine Fisheries Service improve their methods for estimating the 
bycatch magnitude, or at least that they provide improved descriptions of their methods. We also recommend 
developing strict sampling protocols that ensure representative sampling of Chinook salmon in the bycatch, and we 
are especially concerned that sampling not be size selective and that sampling rates be as uniform as possible across 
hauls, deliveries, vessels, and so on. To achieve these objectives, we recommend that the National Marine Fisheries 
Service Groundfish Observer Program systematically sample the Chinook salmon bycatch for tissue samples that are 
used for genetic analysis. Finally, we have detailed recommendations for a Bayesian statistical approach to the 
actual mixture analysis.  

Keywords:  Chinook salmon, bycatch, Bering Sea–Aleutian Islands, pollock, observer program, stock mixture 
analysis. 

EXECUTIVE SUMMARY 
From 2000 to 2007, the bycatch of Chinook salmon in the Bering Sea–Aleutian Islands pollock 
fisheries strongly trended upwards (although the bycatch dropped in 2008). In 2007, the year 
with the highest bycatch, this pollock fishery took 1.32 million metric tons of pollock with a 
bycatch of over 121,000 Chinook salmon. Responding to the bycatch increase, fishery managers 
concluded that they now need an assessment of its effect on the contributing Chinook salmon 
stocks that are already fully allocated. Also, fishery managers concluded that they need a way to 
predict how measures to control the bycatch may affect other commercial, subsistence, and sport 
fisheries for Chinook salmon in Alaska and in Canada. Here we describe a sampling plan and 
associated statistical analysis that will produce stock-specific harvest estimates for Chinook 
salmon in this bycatch. In turn, fishery managers can use these harvest estimates to assess the 
annual effects of the pollock fishery on individual inshore runs of Chinook salmon.  

In the 1970s, the National Marine Fisheries Service and fishing industry together started an 
observer program to monitor the pollock fishery. The current form of the observer program was 
established by 1990, and this program now has several hundred technicians stationed on vessels 
and at onshore processing stations throughout the pollock fishery. Because this is a mature 
sampling program that performs many essential tasks, the importance of enumerating and 
sampling Chinook salmon in the bycatch must be weighed against the other competing 
assignments unless added resources are provided. Even so, this program provides the obvious 
platform from which to build a system of data and specimen collection by which to develop 
stock-of-origin estimates of the Chinook salmon bycatch. 

Complicating the sampling of Chinook salmon bycatch in the pollock fishery, these salmon 
occur throughout catches of the distinct inshore, offshore, mothership, and Community 
Development Quota sectors of the fishery. Further, the bycatch is caught by many individual 
trawl vessels: larger catcher-processor vessels that both fish and process the catch, as well as by 
smaller catcher vessels that fish and deliver catch to processors in any of the sectors. Catcher-
processor vessels, as well as motherships that only process fish delivered from catcher vessels, 
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have observers onboard to monitor most, but not necessarily all of the catch being processed. 
Inshore processing plants that receive fish from catcher vessels have observer coverage that 
depends on the amount of groundfish processed by them each month: plants processing 1,000 
metric tons or more must have an observer present each day of processing, and plants processing 
between 500 metric tons and 1,000 metric tons must have an observer present for 30% of those 
days. Catcher vessels deliver primarily to the inshore sector and are divided into three classes 
based on their lengths, and observer coverage requirements depend on the class. Small catcher 
vessels less than 60′ that deliver groundfish are exempt from observer coverage, sampling 
station, and scale requirements. However, vessels in this size class generally fish in the Gulf of 
Alaska and none currently participate in the Bering Sea pollock fishery. Midsized catcher vessels 
from 60′ to less than 125′ are required to have an observer aboard for at least 30% of fishing 
days each quarter. The captain of each such vessel selects the days to be sampled. Large catcher 
vessels 125′ and greater are required to have an observer aboard 100% of fishing days. The 
upshot of the observer program coverage requirements is that the vast majority of hauls by the 
trawl fleet are monitored directly at sea or at offloading locations aboard motherships or shore-
based processing plants. The practical challenge associated with getting a representative sample 
of tissues for genetic analysis from the Chinook salmon bycatch has to do with physically getting 
access to all of the fish irrespective of sector, haul, vessel, or processing destination.  

If a random sample of Chinook salmon tissues that is representative of the stock composition can 
be collected from some subdivision of the Chinook salmon bycatch, biochemical genetic 
techniques and statistical tools can be used to produce the proportional estimates of stock origins. 
New biochemical techniques are constantly under development, and the existing techniques are 
continuously being improved. Briefly, these techniques all depend on the development of a 
profile of genetic types from a sample of specimens from each of the populations potentially 
contributing to the bycatch mixture. These samples from which the genetic profiles of the 
contributing stocks are derived are collectively called the baseline. Two baselines have been 
developed for Chinook salmon using microsatellites and single nucleotide polymorphisms 
(SNPs) of nuclear DNA, and these could be used separately when their geographical coverage is 
considered adequate, or even in combination for greater stock resolving power. Next, the genetic 
types from a representative bycatch sample are compared statistically to the baseline profiles to 
decide on their probable origins using genetic mixture analysis. Although there are several 
algorithms in use to perform genetic mixture analysis, we recommend a Bayesian method that 
extracts the information from the genetic types seen in the fishery sample to refine the genetic 
profiles from the baseline. Further, we recommend that the genetic mixture analysis be validated 
using simulations run on the genetic baseline. Commonly, so-called 100% mixtures are used in 
these simulation studies. The 100% mixtures in the simulations likely provide an optimistic view 
of performance of mixture analysis. In addition, recent studies of the standard simulation method 
shows that it may overstate the predicted accuracy with profound bias for closely related stocks. 
We recommend cross validation methods and simulation of “worst case” equal-contribution 
mixtures for these validation studies. Once these simulation studies demonstrate the practicality 
of the method and the baseline, the final products of the genetic mixture analysis are estimates of 
the proportional contributions to the bycatch mixture by regional baseline stock groups, and 
possibly even finer stock resolution.  

These proportional estimates of stock origins can be converted into estimates of magnitude (i.e., 
number of fish) by multiplication with the number of Chinook salmon in the corresponding 
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bycatch. Although the National Marine Fisheries Service has estimated the number of Chinook 
salmon in the bycatch for many years, their methods have not been carefully documented. 
Bycatch numbers could, in principle, be ascertained by what is commonly called a census: an 
essentially complete enumeration, or count, of each Chinook salmon in the bycatch. This 
approach is simple, easy to explain, and has the advantage that it is free of sampling error, i.e., 
error that results from examining and counting only a portion of the larger statistical population 
rather than its entirety. Currently, regulations are in place requiring that each Chinook salmon in 
the bycatch be turned into a fishery observer before it is discarded, although the National Marine 
Fisheries Service has not used these regulations to develop a census program. If the National 
Marine Fisheries Service adopts this census approach, simple statistical tests can be used to 
detect and discourage misrepresentation or misreporting of the bycatch in the fleet as a whole. 
However, if this census approach is not acceptable, sound statistical methods by which to 
estimate Chinook salmon bycatch in this pollock fishery, are carefully documented in a PhD 
thesis from the University of Washington. Currently, the National Marine Fisheries Service is 
not using these methods either. We have abstracted key equations from this thesis, and provided 
them in an appendix. If neither of these options is acceptable, we strongly recommend that the 
National Marine Fisheries Service provide detailed descriptions of their methods, and we 
recommend that these methods be peer reviewed and published in the scientific literature.  

Returning to the issue of sample collections of tissues for genetic analysis, a failure to have a 
sample of sufficient size from the bycatch that is also representative of its stock composition will 
have an unpredictable effect on the apparent origins of the bycatch. For that reason, we 
recommend that sampling of Chinook salmon in the bycatch be fully funded, and we strongly 
recommend that all specimens that are analyzed for mixture analysis be collected under strict 
protocols that ensure the Chinook salmon stocks present are represented in proportion to their 
occurrence. Because fish age is almost certainly associated with stock of origin for probably any 
temporal and spatial division in the Bering Sea, the sampling process must be strictly non-
selective for size or age. Because fish could mechanically sort by size within a trawl, protocols 
should be put into place to ensure that the sampling process selects specimens throughout each 
haul or delivery at nearly the same rate. Because stocks may tend to cluster within the harvest, 
the sampling must spread tissue collections broadly among vessels, hauls, and deliveries with the 
sampling rate held constant. While we did not make a recommendation for a specific sample 
size, we do indicate fairly routine statistical methods by which to determine it. Although larger 
sample sizes will result in more precise estimates, the available financial resources will probably 
determine the final sample sizes each year. Even so, under a wide range of assumptions, the 
genetic mixture analysis will require, at a minimum, several hundreds of tissue specimens for 
each time and area domain for which geneticists estimate stock composition of the Chinook 
salmon bycatch.  

To guarantee that the tissue samples are representative of the stock composition of the bycatch, 
we recommend that tissue specimens be obtained through a systematic sampling of the bycatch, 
with the sampling rate fixed across sampling staff. By that we mean that the sampling 
technicians should go through the bycatch, one Chinook salmon at a time, and that a tissue 
specimen be collected from every nth, fish, with n to be determined before the season. By fixing 
this systematic sampling rate (the systematic sampling rate will be 1/n), the individual tissue 
specimens can be flexibly grouped into arbitrary time and area domains of interest, so as to allow 
the most efficient use of laboratory resources. Additionally, this systematic sampling will be 
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operationally simple, efficient, and it will avoid expensive culling of specimens in order to 
standardize sampling rates that might have occurred under alternative sampling schemes.  

We developed this plan assuming that the goal was to estimate the Chinook salmon bycatch by 
its regional geographic origins for the entire Bering Sea–Aleutian Islands trawl fishery. We also 
assumed that the responsible agencies would receive the resources that they need for 
representative sampling of the entire Chinook salmon bycatch. However, if adequate resources 
cannot be secured to collect and process with the best available techniques a fully representative 
sample of sufficient size from the entire Chinook bycatch, then we recommend that the goals of 
this larger effort be scaled back so that more limited targets match the resources that are actually 
available.  

INTRODUCTION AND BACKGROUND 
The term bycatch is typically used to describe those fish caught, whether utilized or not, while 
fishing for some other species. Pacific salmon, steelhead trout, herring, halibut, and other species 
are considered bycatch and prohibited species in the Bering Sea–Aleutian Islands and Gulf of 
Alaska groundfish fisheries. Except for vessels permitted to participate in a program for donation 
to food banks, these species cannot be retained and used by a vessel owner, irrespective of 
whether the prohibited species of fish can be returned to the water alive. Because a large fraction 
of the Chinook salmon in the Bering Sea–Aleutian Islands pollock fishery bycatch apparently 
originate from Western Alaska stocks, including the Yukon River (Myers and Rogers 1988), and 
because these stocks of Chinook salmon are fully allocated and utilized (e.g., United States and 
Canada Yukon River Joint Technical Committee 2007), their incidental harvest is a matter of 
serious concern to the inshore salmon fishers. Also, because many of the people that live along 
the Yukon River have few economic opportunities, the salmon resource takes on a heightened 
significance in the region. Understanding the effects that the groundfish fisheries are having on 
the inshore abundance of fully utilized Pacific salmon stocks has taken on a sense of urgency 
propelled in part by recent major news stories in Alaska and elsewhere about the groundfish 
bycatch. The North Pacific Fishery Management Council has been especially concerned by the 
Chinook salmon bycatch in the Bering Sea for years, and has continued to evolve regulatory 
measures intended to control it to the extent possible while enabling an efficient pollock fishery 
(Anonymous 2008). 

A necessary first step in understanding and responding to this problem is to assess the magnitude 
and geographic sources of the bycatch. Here we outline and describe a plan for estimating the 
annual Chinook salmon bycatch in the entire Bering Sea–Aleutian Islands pollock fishery. 
Naturally, this program will require additional resources to put into operation. Fortunately, a 
well-developed monitoring program of the fishery has been in place for two decades and 
continues to improve. The data from this program are invaluable for determining the magnitude 
of bycatch. Fortunately again, we can now make use of biochemical genotyping and statistical 
tools that permit ever-finer resolution of catch mixtures of Pacific salmon to stocks of origin 
(e.g., Shaklee et al. 1999; Pella and Masuda 2001; and many others). However, no matter how 
refined the laboratory methods, or how complex the statistical algorithms, these tools will not be 
helpful unless they are used as a part of a well-designed study of the issue. Our intent is to first 
examine the fisheries and their history, review the written descriptions of the current National 
Marine Fisheries Service fishery monitoring program and interview staff familiar with its 
operations, cover some pertinent terms and concepts, review the mathematics and sampling 
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models underlying genetic population mixture analysis, and conclude with recommendations for 
data collection and analysis related to estimation of the magnitude of the Chinook salmon 
bycatch and its regional geographic stock composition.  

We will only directly address the bycatch issue for Chinook salmon, but the principles involved 
in estimating the chum salmon bycatch are exactly the same. So without loss of generality, we 
will leave it to the reader concerned with chum salmon bycatch to mentally replace “Chinook” 
with “chum” where appropriate throughout the document. An exception occurs in the section 
“Genetics-Based Information on Stock Origins of the Bycatch” where Chinook salmon and chum 
salmon genetic baselines are described separately.  

THE FISHERIES 
To the uninitiated, these groundfish fisheries in the Bering Sea–Aleutian Islands and the Gulf of 
Alaska constitute a confusing mix of directed fisheries for walleye pollock, yellowfin sole, 
Pacific cod, Atka mackerel, Rock sole, Pacific halibut, and many other species. In trying to 
understand the fishery statistics of the region, sometimes the reporting is for the Bering Sea–
Aleutian Islands fisheries, sometimes these two regions are reported separately, and sometimes 
the statistics include the Gulf of Alaska fisheries (Figure 1). In describing prohibited-species 
bycatch, at times the statistics include just the pollock fisheries, and still other times they include 
all groundfish fisheries together. We mention this as a word of caution when comparing statistics 
from different sources. What seem to be substantial differences in magnitude often represent 
differences in reporting category or fishery description.  

The walleye pollock species (Theragra chalcogramma) currently makes up the most valuable 
resource in these groundfish fisheries (Woodby et al. 2005). Over 95% of the pollock harvest in 
the Bering Sea and Aleutian Islands fisheries are taken with pelagic trawls. Indeed, pelagic 
trawls are the only legal gear for directed pollock fishing in this area. In the Gulf of Alaska 
fishery, 90% of the harvest is taken with trawls (Woodby et al. 2005). The problem of salmon 
bycatch is almost exclusively a problem with the trawl gear type. In the 1990s, over 99% of the 
salmon bycatch was taken in trawl gears. The reported bycatch from the Gulf of Alaska has been 
lower (both for Chinook salmon and for “other” salmon) than it has been for the Bering Sea–
Aleutian Islands area, and the bycatch in the Gulf has drawn less attention (Witherell et al. 
2002). The term “other” salmon refers to the aggregate of chum, coho, sockeye, and pink 
salmon, but most (roughly 95%) individuals in the bycatch are chum salmon. 

Foreign fleets dominated commercial fishing in the Bering Sea from the early 1930s until after 
passage of the Magnuson Fishery Conservation and Management Act in 1976, and, over time, 
these fishing fleets were converted into U.S.-foreign joint ventures, which then finally were 
replaced by the current fleet of U.S. catchers (Megrey and Wespestad 1990; Witherell and 
Pautzke 1997). Under the Magnuson Act, eight regional councils were established to manage 
U.S. fisheries, including the North Pacific Fishery Management Council, whose jurisdiction is 
the 900,000 square mile Exclusive Economic Zone off the Alaska coast. To encourage 
investment in the fishery, the American Fisheries Promotion Act was passed in 1980. Under the 
Promotion Act, fish quotas were given preferentially to nations that aided the development of the 
U.S. fishing industry. By 1991, all foreign commercial fishing within the Exclusive Economic 
Zone had been displaced by domestic fishing. In 1992, vessels under the Western Alaska 
Community Development Quota Program first began fishing pollock from the Bering Sea–
Aleutian Islands area of the Alaska Exclusive Economic Zone. The goal of the program was to 
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promote fisheries-related economic development in Western Alaska. A Community 
Development Quota reserve of 7.5% of the Total Allowable Catch for pollock in the Bering Sea–
Aleutian Islands fishery was allocated to community organizations with an approved plan. The 
fish could be harvested by the organizations themselves, or they could contract a non-
Community Development Quota firm to harvest the fish. The fishing could occur after the open 
access quota had been caught and that fishery closed. The Magnuson Act was re-authorized in 
1996 as the Magnuson-Stevens Fishery Conservation and Management Act, by which the U.S. 
declared management authority over all fish resources within its Exclusive Economic Zone.  

 

 
Figure 1.–Major fishing regions and important river systems of Alaska. 

The American Fisheries Act of 1998 concerned the Bering Sea–Aleutian Islands pollock fishery 
and specified vessel ownership provisions, pollock allocations, vessel retirement and buyout, co-
ops, and so-called sideboards to protect other fisheries from unintended effects of the American 
Fisheries Act. The American Fisheries Act specified an allocation of the directed pollock fishery 
annual Total Allowable Catch: 10% of Total Allowable Catch went to the Community 
Development Quota Program. The remaining Total Allowable Catch was divided among inshore, 
offshore, and mothership components at 50%, 40%, and 10%, respectively. The American 
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Fisheries Act limited the number of vessels targeting Bering Sea–Aleutian Islands pollock and 
allowed the formation of cooperatives. 

Current Federal regulations divide this series of fisheries into various overlapping and non-
overlapping categories and groupings for different purposes. Many of the relevant rules that 
govern these fisheries can be found in Federal Fisheries Regulations, 50 CFR Part 679: Fisheries 
of the Exclusive Economic Zone Off Alaska (http://www.fakr.noaa.gov/regs/default.htm) 
(hereafter, unless otherwise specified, citations with a § symbol will refer to specific sections of 
these Federal regulations). These commercial groundfish fisheries are sometimes described by 
gear used, either trawls, pots, or longlines (Woodby et al. 2005). The commercial fishery is often 
described in terms of sectors, and within the Bering Sea–Aleutian Islands fishery, these sectors 
have traditionally been described as (1) the inshore, (2) the offshore, and (3) the mothership 
sectors of the industry. These terms are repeatedly used in Federal regulations (§679.2). 
Recently, the Community Development Quota fisheries have been described as the fourth sector. 
The inshore sector is comprised of processing facilities that are located on land as well as two 
stationary floating processors, the Arctic Enterprise and the Northern Victor. The inshore sector, 
also commonly referred to as the shoreside sector, relies on catcher vessels that are separated in 
regulation by their length overall into two categories, and these catcher vessels reported the 
highest Chinook-to-pollock catch ratios in 2007 (Table 1). 

The State of Alaska manages groundfish fisheries within state territorial waters (within 0–3 nm), 
while most fisheries within the U.S. Exclusive Economic Zone (3–200 nm offshore) fall under 
Federal management. The management of fisheries in Federal waters is controlled through plans 
approved by the North Pacific Fishery Management Council.  

 
Table 1.–Catch and bycatch statistics from the 2007 Bering Sea pollock fishery, by vessel category. 

Vessel Category 
Number of 

vessels 

Pollock catch 
(thousands of 
metric tons) 

Chinook bycatch 
(thousands of fish) 

Chinook ratio (number 
per metric ton of 

pollock) 
Catcher-processor 16 608 35 0.06 
Mothership 3 141 9 0.06 
Shoreside 83 573 77 0.13 
Total 102 1,322 121  

Source: http://www.fakr.noaa.gov/sustainablefisheries/bycatch/salmon/chinook/bycatchbyseason_sector02_07.xls ,        
last updated 6/2/2008 

The Bering Sea–Aleutian Islands pollock fishery is opened during two seasons of the year, called 
the A Season and the B Season. The A Season runs from January 20th to June 10th. During this 
season, pollock are in spawning condition, and the fish are moving into spawning aggregations. 
Because the fish roe is valuable in Japanese markets, the catch is more valuable per unit weight 
during the A Season. The B Season runs from June 10th to November 1st. During this season, the 
primary product is fish flesh.  

THE BYCATCH 
The notion that certain species were to be prohibited in the groundfish fisheries dates back to the 
1940s and 1950s (Witherell and Pautzke 1997), and the original management plan for the Bering 
Sea–Aleutian Islands groundfish fisheries prohibited the retention of salmon. Recognizing that 
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some level of incidental harvest of prohibited species is necessary to efficiently harvest ground 
fish, in 1982 the level of Chinook salmon bycatch was capped at 55,250 for foreign-owned trawl 
vessels fishing in the Bering Sea–Aleutian Islands fisheries, with the available bycatch 
apportioned to various fishing nations (Witherell and Woodby 2005). In later years, after the 
groundfish fishery was fully Americanized, the incidental harvest of Pacific salmon in the 
combined Bering Sea–Aleutian Islands and Gulf of Alaska groundfish fisheries averaged 38,000 
Chinook salmon and 69,000 “other” (mostly chum) salmon. Between 1990 and 2001, on 
average, slightly more than a third of the Chinook salmon bycatch was taken in the Gulf of 
Alaska (Witherell et al. 2002).  

In 2000, a new system of regulation was put in place to reduce the bycatch of Chinook salmon in 
the Bering Sea–Aleutian Islands trawl fisheries. The allowable Chinook salmon bycatch—
described as a “limit” by Witherell et al. (2002)—was to decrease from 48,000 to 29,000 over a 
4-year period. The 2000 plan created areas called Chinook salmon savings areas that would be 
closed to pollock fishing in years with high bycatch, and the plan also created more restrictive 
closing dates (Witherell et al. 2002). The timing of the closures depended on when the limit was 
reached. If the limit was reached before April 15th, the Chinook salmon savings areas were to 
close immediately, stay closed through April 15th, and then close again from September 1st to 
December 31st. If the limit was reached after April 15th, but before September 1st, the Chinook 
salmon savings areas would close on September 1st through the rest of the year. If the limit was 
reached after September 1st, the area was to close immediately and stay closed through the year.  

Since these changes in 2000, the estimated overall level of Chinook salmon bycatch has strongly 
trended upward (Anonymous 2008), although the bycatch dropped dramatically in 2008. The 
bycatch estimate has either exceeded or else greatly exceeded this level of 29,000 every year 
since 2001, with large catches in both the A Season and B Season (Table 2). Chinook salmon 
bycatches tended to be higher in the A Season, although in some years (e.g., 2006) the bycatch 
level was similar in both seasons. In 2004 and 2005, the bycatch was higher in the B Season. In 
2003, the Chinook salmon bycatch estimate reached 54,000 for the entire Bering Sea–Aleutian 
Islands groundfish fisheries (not just the directed pollock fishery), with this level approaching 
46,000 in the directed pollock fishery in this same year. This level of bycatch in 2003 triggered 
closures of a Chinook salmon savings area for the first time. The bycatch levels further increased 
in 2004, resulting in time and area closures again (Witherell and Woodby 2005).  

Similarly, the estimated bycatch of salmon classified as “other” (mostly chum salmon) has 
strongly trended upward since 2000, with the 2005 peak level of 705,000 salmon in the directed 
Bering Sea–Aleutian Islands pollock fishery bycatch equaling more than 10 times the 2000 level 
of 59,000. The bycatch level has declined since 2005: the 2006 estimate was 310,000 and the 
2007 estimate was 94,000 in the directed pollock fishery—still quite high by historical standards 
(Table 2). For those species classified as “other” salmon, the bycatch is higher in the B Season 
by a factor that is typically between 10 and 100 (Table 2). In the early 1990s, the inshore catch of 
chum salmon in Western Alaskan salmon fisheries sharply declined due to decreased abundance, 
and this coincided with a sharp spike in the bycatch of chum salmon in the directed pollock 
fisheries. Not surprisingly, in the early 1990s there was a great deal of interest in the bycatch of 
the salmon classified as “other” (non-Chinook, mostly chum salmon), but currently most of the 
concern is with the Chinook salmon bycatch. 
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Table 2.–Estimated salmon bycatch in Bering Sea–Aleutian Islands directed pollock fisheries in 
thousands of fish. The estimates include catches in the Community Development Quota sector of the 
fishery.  

 Chinook Salmon “Other” (mostly chum) salmon 
Year Annual A Season B Season Annual A Season B Season
2000 5 3 2 59 <1 58
2001 33 18 15 57 2 55
2002 34 22 13 81 1 79
2003 46 33 13 189 4 185
2004 52 23 29 440 <1 440
2005 67 27 40 705 <1 704
2006 83 58 24 310 1 308
2007 121 69 52 94 9 85

Source: Salmon bycatch was described as “salmon mortality” in the original source. National Marine Fisheries 
Service (http://www.fakr.noaa.gov/sustainablefisheries/inseason/chinook_salmon_mortality.pdf), updated 
3/19/2009. 

As an alternative to the time and area closures to conserve Chinook salmon, representatives of 
the pollock fleets proposed a voluntary system of rolling area closures based on actual measured 
bycatch rates. This system is sometimes called the inter-cooperative agreement (or ICA) or the 
rolling hot spots system. Vessels that participate, and agree to rolling area closures, have been 
exempted from closures in the Chinook salmon savings areas. In 2006, the catcher vessels 
contracted with an independent firm, Sea State Inc., to coordinate this effort, and vessel owners 
participating in this program agreed to let the National Marine Fisheries Service release 
confidential information to Sea State Inc. This firm currently monitors individual vessel bycatch 
rates, and then reports aggregate rates to the vessels in real time. Sea State does not receive 
information for vessels that have not provided clearance. Sea State also published a “Dirty 20” 
list of vessels with highest salmon bycatch rates. In April 2009, the North Pacific Fishery 
Management Council imposed an annual bycatch limit of 60,000 Chinook salmon for the Bering 
Sea pollock trawl fishery and adopted a Chinook salmon bycatch management program with 
incentives for reducing salmon bycatch at all levels of salmon abundance and salmon encounters. 

THE OBSERVER PROGRAM 
Although U.S. observers had monitored foreign vessels in Alaskan groundfish fisheries as early 
as 1973, a joint industry and National Marine Fisheries Service pilot program to monitor the later 
U.S. vessels that replaced the foreign fleet first began to collect data needed to manage the 
fisheries in 1989. By 1990, the North Pacific Groundfish Observer Program (hereafter called the 
“Observer Program”) was established in its current form under the National Marine Fisheries 
Service (Barns et al. 2005). The Observer Program is headquartered at the Fisheries Monitoring 
and Analysis Division of the Alaska Fisheries Science Center in Seattle. The program provides 
essential data on operations of the domestic commercial fisheries off Alaska that is used in 
fisheries management, stock assessment, and scientific research: it monitors prohibited species 
catch, collects biological data and samples for stock assessment, documents fishery interactions 
with protected species, collects samples and data for marine ecosystem research, and conducts 
fishery compliance monitoring. In particular, the Observer Program provides the pollock catch 
and salmon bycatch information that is the focus of this study. The National Marine Fisheries 
Service certifies contractors that provide the observers, and then trains and certifies the observers 
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as well. An extensive manual is produced annually (2008 Observer Sampling Manual is 
downloadable as a 465 page PDF document from http://www.afsc.noaa.gov/ FMA/ 
document.htm.) that details the observers’ duties, data to be collected, sampling methods to be 
used, forms to be completed, as well as listing fishery regulations. This manual series documents 
the improvements that have been made to the sampling methods in response to user’s needs, 
recommendations from independent reviewers (Vφlstad et al. 1997 and the Marine Resources 
Assessment Group Americas, Inc., or MRAG 2000, 2003), and recommendations from in-house 
staff. Unless otherwise cited, most of the material in this section can be found in this Observer 
Manual. 

At this time, the National Marine Fisheries Service has approved five contractors (Table 3). The 
contractors provide over 400 observers for the program. These observers expend more than 
35,000 observer-days monitoring vessels and processing plants in the North Pacific (Cahalan and 
Ferdinand 2008). The fishing industry currently pays for the observer services. Vessels and 
plants that are required to have observer coverage must arrange for an observer with a certified 
provider, and pay the provider for the observer services. National Marine Fisheries Service 
employees that work in the program are stationed in Seattle, Anchorage, Dutch Harbor, and 
Kodiak. The National Marine Fisheries Service pays the combined costs for administering the 
program, the training, briefing, and debriefing of observers, and management of observer data 
(Barns et al. 2005).  

Table 3.–Contractors with permits from the National Marine Fisheries Service to provide observers for 
the North Pacific Groundfish Observer Program. 

Alaskan Observers, Inc. 
130 Nickerson, Suite 206 
Seattle, WA 98109 
Phone: (206) 283-7310 
www.alaskanobservers.com 

Saltwater, Inc. 
733 N. Street 
Anchorage, AK 99501 
Phone: (907) 276-3241 
www.saltwaterinc.com 

NWO, Inc. 
P.O. Box 624 
Edmonds, WA 98020 
Phone: (425) 673-6445 
www.nwoinc.com 

TechSea International Corp. 
12510 33rd Avenue NE 
Suite L-103 
Seattle, WA 98125 
Phone: (206) 285-1408 
www.TechSea.com 

MRAG Americas, Inc. 
1810 Shadetree Circle 
Anchorage, AK 99502 
Phone: (907) 677-8772 
www.mragamericas.com  
Source: Groundfish Observers Manual. 

 

Processors, fishing vessels, and their coverage and information through the 
Observer Program 
Observers gather information about the pollock fishery and its bycatch at the processing plants 
and on the fishing vessels. In the course of their duties the information they gather is recorded on 
a number of different forms (see Appendix A for a partial listing of these forms and brief 
description of the information gathered). The finest resolution of information is the catch in 
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individual trawl hauls by the participating vessels. In the descriptions of observer activities that 
follow, we focus on the resolution possible for fishery operations that are available for the 
observers to obtain the data needed to estimate bycatch and its geographic origins. The sampling 
situations that the observers encounter can be divided into two categories: (1) the catch of each 
trawl haul by a fishing vessel can be sampled separately from that in the other hauls, and (2) only 
the combined catches of all hauls during a vessel trip can be sampled. The first category further 
divides into two subcategories: (1) the unsorted catch of each haul can be sampled, and (2) the 
catch may have been sorted before a haul can be sampled. Sorting the prohibited salmon bycatch 
from the target pollock catch will always be done at some place and time after the haul is brought 
on board and when the catch is processed at the plant.  

Motherships are at-sea processors that rely on catcher vessels to harvest and deliver fish to them. 
The catcher vessels that deliver to motherships do not require observers because their trawl 
codend is passed with the unsorted catch to the mothership. Three American Fisheries Act 
motherships participate in the pollock fishery, and each must have at least two observers aboard 
for each day the vessel is used to process or take deliveries of groundfish. Each observer covers a 
12-hour shift, and all hauls delivered from the catchers are observed and sampled unless the 
observer is incapacitated. The motherships must provide a motion compensated flow scale on 
which all catch in each haul is to be weighed. Also, an observer sampling station is required that 
includes a motion compensated platform scale and other tools to assist in sampling the catch. 
With a platform scale, the amount of fish that can be sampled is limited by the observer’s 
capacity to move the fish, allowing about 300 kg per sampled haul.  

Catcher-processor vessels catch fish, process them at sea, and freeze their product. American 
Fisheries Act catcher processors have the same observer and monitoring requirements as the 
motherships. Therefore, the individual hauls can be sampled before sorting. 

Catcher vessels are smaller than catcher-processor vessels, and capture and deliver their catch to 
catcher-processors, motherships, and floating and inshore processors for processing. A delivery 
may involve simply passing the unsorted catch in the trawl codend to the mothership processor, 
or the catch may be removed from the trawl, stored in holding tanks, and then pumped from the 
holding tanks to the shore-based or floating processor.  

Processing plants are of two kinds: floating (or at-sea) and shore-based. Observer coverage of 
processing plants during the pollock open season is based on the amount of groundfish delivered 
to them each month. Plants that process 1,000 metric tons or more of groundfish per month must 
have an observer present each day they process fish. Plants that process between 500 metric tons 
and 1,000 metric tons each month must have an observer present for 30% of those days.  

Some catcher vessels deliver their catch to floating processors. Vessels that routinely pump fish 
from delivering catcher vessels are considered to be floating processors. The fish delivered to 
these vessels have the potential to be sorted at sea before delivery, and in this regard the delivery 
to the floating processor is like that to a shore-based processing plant. Any sorting that was done 
before delivery would be unknown unless an observer was on board the catcher vessel. 

Some catcher vessels deliver their catch to shore-based processors. The catches from hauls of the 
trip are not distinguishable, and sorting that may have occurred would be unknown unless an 
observer was on board the catcher vessel. On days for which shore-based processors are required 
to have an observer present, they must provide an observer for each 12-hour shift of each day, 
during which the processor takes delivery of, or processes, groundfish from a vessel fishing 
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pollock. The shore-based processors must also provide a location from which the observer can 
see all sorting and weighing of fish simultaneously. The observer meets every vessel arriving at a 
plant. Plant personnel weigh the catch as it is offloaded using scales certified by the State of 
Alaska. The observer checks that these weights are recorded accurately, and that the entire 
delivery is weighed. The observer at a plant also collects and records Offload Form (see 
Appendix A) data from captains, logbooks, or vessel observers, when present; assists vessel 
observers during offloading; and collects lengths and age structures. Here is where information 
from vessels with or without observers aboard is obtained. At minimum, delivery information on 
the Alaska Department of Fish and Game fish ticket is available if additional information from 
the other sources is not forthcoming. An after-scale area is where plant workers set aside bycatch 
that made it past the sorters and into the factory. This location is where some salmon bycatch 
may be discovered. The plant observer is asked to record the species, length, weight, and sex of 
prohibited species, and to give this information together with the rest of the delivery information 
to the vessel observer, if one was aboard. 

Bering Sea–Aleutian Islands salmon regulations require operators of vessels carrying an observer 
to retain all salmon separate for each haul, if sorted from the catch, until the observer can count 
and sample them. Operators of vessels not carrying observers onboard, or whose fishing 
operations do not allow for sorting of salmon from the catch, must store the salmon for delivery 
to the processor. If an observer is at the receiving plant, that observer will count the delivered 
salmon bycatch. Therefore, the count of Chinook salmon bycatch in each haul from a trip with an 
onboard observer should, in principle, be known and available at the time of statistical analysis. 
In principle, for trips without an observer aboard, an observer at the receiving plant should have 
collected the individual trip or delivery bycatch statistics, if an observer was present (see § 
679.21). 

Sampling methods on trawlers 
During an observer trip, if less than 100% of hauls are sampled, the hauls to be sampled are 
selected from the total hauls during the trip with a protocol that introduces chance. Then the 
observer assesses the best method for sampling a haul and establishes the sampling frame to be 
used, either temporal (units defined by time), spatial (units defined by location or space), or a 
combined temporal-spatial frame. Finally the observer selects at least three species-composition 
samples (collections or clusters of fish) at random from the potential units of the frame. The 
samples are weighed, and for each salmon species present, the number, sex, and length of each 
fish are recorded. Scales are also taken from up to 20 individuals of each salmon species per trip, 
and the length, weight, and sex of each is recorded.  

The Fisheries Monitoring and Analysis Division databases as of January 2008 
The data from observers are stored on two databases under the Information and Monitoring 
Technologies Program. First, observers enter and transmit their data to the at-sea database. 
Second, the repository database at the Alaska Fisheries Science Center in Seattle stores the data 
permanently. Generally, observers now record only what they see or measure. Previously, 
computed, interpolated, or imputed values were entered into the databases by observers, and 
these values could not be distinguished from actual measured data points. The automation of 
most computation within the at-sea and Alaska Fisheries Science Center databases increased 
flexibility and reduced errors. The database now uniquely identifies observed trips and uniquely 
identifies collections (such as the salmon tissues) taken from observed hauls. Trip-specific 
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imputation methods can be used in cases where not all hauls are sampled for a trip. Design-based 
estimators of variance are possible because of multiple species composition collections from 
each sampled haul.  

The structure of the redesigned database mirrors observer sample collection. Trips are linked to 
observer cruise number and vessel, hauls are linked to trips, and sample collections are linked to 
hauls. Other data collected, such as scales and tissue specimens, marine mammal information, 
and fish lengths are recorded in relation to where they were obtained. For example, the scales 
and length data can be related to a sample, a haul, or an offload. Observers are now asked to take 
at least three sample collections from groups of fish from each fishing event, unless it is 
physically or logistically impossible to do so. The National Marine Fisheries Service has now 
moved to a preference for selecting sample collections using systematic spacing throughout the 
hauls, beginning at a random starting position to capture any stratification or sorting (Cahalan 
and Ferdinand 2008). To be clear, the systematic sampling is of clusters of fish of mixed 
species—not individual salmon. 

SPECIFIC SAMPLING TERMS AND ESTIMATION ISSUES 
In designing an effective sampling study, our path of logic begins with a clear and achievable 
goal, an assessment of the resources available, and a plan for using those resources to reach the 
goal. A scientific sampling study should begin with an idea of a statistical population made up of 
sampling units, each of which has an associated value. For example, the statistical population 
could be the vessel deliveries of fish to processors in the pollock fishery during the 2008 B 
Season, and the associated value of the sampling units (i.e., the deliveries) might be a Chinook 
salmon bycatch rate or ratio (e.g., the number of Chinook salmon per metric ton of pollock). 
Next, the scientific sampling study requires an idea of population parameters (the numerical 
summaries for the entire population), such as the actual mean and variance of the Chinook 
salmon bycatch ratio for deliveries during the B Season. Next, the scientific sampling study 
requires an idea of a sample, or a subset of the sampling units selected from their statistical 
population and for which the associated values are measured. Last, the scientific sampling study 
requires an idea of parameter estimates (numerical summaries or functions of the sample data), 
which are approximations of the unknown population parameters based on the measurements in 
the sample. An organized and disciplined program for the collection of the basic sample data is 
essential, and a logical way to connect the sample data to the population parameters and the 
research questions has to be available. The statistical design is the plan for selecting a 
representative sample of sampling units from the population by which to infer probable values of 
the population parameters and assess their uncertainty (Thompson 2002). A foundational 
principle of scientific sampling is that the unsampled values may only be considered similar to 
the sampled values if assurance is available that the sample is somehow representative of whole 
population. 

The gold-standard selection technique to assure the sampling units are representative of the 
statistical population is random sampling, for reasons that have been accepted for almost 100 
years (Fisher 1925; Cochran et al. 1954; Cochran 1977; Thompson 2002; and many others). This 
notion of a random sample has been expanded and generalized into what is sometimes called 
designed-based sampling theory (Thompson 2002), which includes the topics of stratified 
random sampling, cluster sampling, unequal-probability sampling, adaptive sampling, and many 
others. The unifying feature of all of these approaches is the principle that by selecting each 
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sampling unit for inclusion in the sample with a protocol of randomization, features of the 
original population are preserved in the sample, including the variation among sampling units. 
The variation among units within the sample is used to study the effectiveness of the sampling 
procedure, and a measure of that variation can be re-expressed in the form of confidence 
intervals, standard errors, and so on. In everyday speech the term random can mean “without 
method or conscious decision.” However, the term random sample has a very specific—and 
quite different—technical meaning: for statistical sampling theory in general and the genetic 
analysis described later in particular, the term simple random sample means that a very definite 
protocol was used to include sampling units in the sample by chance in such a way that every 
sampling unit in the population had the same probability of entering the sample. 

With random sampling that includes a large enough sample size, in some precise mathematical 
sense, the sample will be assured to be representative of the population as a whole. Moreover, 
with a protocol of randomization, in some precise mathematical sense, the parameter estimates 
will, on average, predictably get closer to the true population parameters as the sample size gets 
bigger. For example, if the total B Season Chinook salmon bycatch in the Bering Sea–Aleutian 
Islands pollock fishery were the statistical population, and stock origin of a fish was its 
associated value, a simple random sample of several hundred individuals drawn from the tens of 
thousands of individuals would be guaranteed to have a stock composition very close to that of 
the total B Season bycatch. For operational reasons, systematic samples (see below) can 
sometimes be assumed to be equivalent or even superior to random sampling (Cochran 1977). 
However, it is strictly inappropriate to assume that any sample of convenience is in fact a 
random sample (Cochran et al. 1954; and many others).  

Another branch of scientific sampling, called model-based sampling, rests on the idea that the 
statistical values in the population may be thought of as random variables coming from some 
probability distribution with unknown parameters. This approach can be expanded into 
techniques that rely on some relation between variables (some of which can be measured) and 
the underlying parameters of the probability distribution (which cannot) (Thompson 2002). An 
instance of model-based sampling would be filling in for Chinook salmon bycatch in unsampled 
vessel trips with estimates from a linear model relating Chinook salmon bycatch to pollock 
catch. Model-based sampling can often be the best way to use the data that is actually available. 

Often the model-based sampling does not require the assumption that the sample was selected as 
a random sample. However, this approach will usually depend on a series of complex and 
important assumptions that must be examined before the statistical estimates can be viewed as 
realistic or appropriate. As Thompson (2002) points out, when the results of sampling studies 
must be accepted by people of conflicting viewpoints and economic interests, the assumptions 
underlying model-based sampling may not be acceptable to all parties. He points out that 
introducing an actual randomization process in the selection of sampling units provides a 
powerful safeguard that the resulting parameter estimates fairly represent the actual unknown 
parameters of the problem. This protection is an important consideration when allocating 
resources, such as fish (Thompson 2002, Section 10.1).  

Currently, in the Bering Sea groundfish fisheries the process of sampling occurs at several 
different levels and the word sample is often confusing when applied to individual fish, tissue 
specimens, vessels with observer coverage, collections of individual fish or vessels, or many 
other things. Below, when we use the word as a noun we will attempt to use the term specimen 
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or sampling units if we mean individuals within a sample or a population and the word sample if 
we mean the entire collection of specimens that will be used to estimate population parameters.  

We will use the term sampling domain to mean a collection of sampling units that are identified 
in some way (maybe because of their relationship in time and space) because we are interested in 
separate parameter estimates for that particular collection. For example, if we think of the catcher 
vessel fleet’s deliveries as the statistical population, then we may want to divide this population 
into time and area domains, such as deliveries during B Season, or deliveries from particular 
management areas. A critical reading of “Genetics-Based Information on Stock Origins of the 
Bycatch”  will show that we will need to produce a collection of scales and tissue specimens that 
can be thought of as a random sample drawn from all Chinook salmon caught in the same time 
and area domain, irrespective of haul, delivery, or vessel.  

A recurring theme throughout the rest of the document will be that sampling will take place at 
many different levels. For example, an onboard observer’s job may require thinking of one 
specific haul as a statistical population made up of large number of potential cluster samples 
(sometimes called basket samples) of multi-species assemblages. However, that haul will just be 
one of several hauls for the entire trip. The hauls may be thought of as sampling units if not all 
hauls can be examined because of workload. Because total Chinook salmon bycatch will be 
recorded for the delivery, which may be made up of several hauls, for the purpose of estimating 
bycatch in this catcher vessel’s size class, the deliveries can be viewed as the sampling units. 
Managers may require grouping some of these hauls into a statistical domain for additional 
study, say, to examine the bycatch level in an area that might be closed for salmon conservation. 
The ability to match the sampling units across levels of sampling will be essential when 
estimating the bycatch by its regional geographic origins for sampling domains. On one hand, 
deliveries or hauls are the sampling units when the statistical population is the total bycatch in a 
domain, while on the other hand, individual salmon in those hauls are the sampling units for 
genetic decoding of bycatch origins in the domain. For the purpose of genetic stock 
identification, the individual Chinook salmon are the sampling units and the statistical population 
is the entire collection of individual salmon within the domain. However, this statistical 
population will be physically dispersed among vessels or processing operations at the point when 
observers will be able to collect specimens.  

THE CURRENT APPROACH TO ESTIMATING A BYCATCH TOTAL 
To develop estimates of bycatch by its regional geographic origins, first we must obtain a 
reliable estimate of total Chinook salmon bycatch. Using a design-based approach, we might 
think of vessel deliveries (for a vessel category with incomplete information) as the sampling 
units, and we might think of the bycatch in each delivery as the value associated with the 
sampling unit. Then, if bycatch was measured only for some deliveries, we might consider these 
deliveries to be a random sample from the larger population of all deliveries, both those for 
which bycatch was measured and those for which bycatch was unknown. If we are convinced 
that the sample resembles a random sample, then the total bycatch for the vessel category could 
be estimated as the total number of deliveries times the average Chinook salmon per delivery 
from the sample. Alternatively, from the model-based point of view we might group all 
deliveries into categories (based on time and area fished), and assume for each category that each 
delivery’s ratio of Chinook salmon to metric tons of pollock is a random variable drawn from a 
category-specific probability distribution with fixed parameters. The bycatch of each delivery in 

15 



 

each category can be estimated using these distributions. First, we could produce an estimate of 
the mean Chinook salmon ratio of each category’s probability distribution. Then we could treat 
this estimate as a regression parameter, and we could estimate the bycatch of each delivery by 
multiplying the category regression parameter by the measured weight of the pollock catch for 
each delivery in the category. This would be like treating the weight of pollock for each delivery 
as an independent variable in a regression model. For the model-based approach, the bycatch 
estimate would be found by adding these products for the deliveries with unknown bycatch in all 
categories to the bycatch in deliveries for which it was measured. 

For the last few years, the National Marine Fisheries Service has apparently estimated Chinook 
salmon bycatch using a style that seems more like the model-based than design-based approach. 
The method is used in their computer-based Catch Accounting System (Anonymous 2008). They 
developed a series of estimates of Chinook-to-groundfish ratios. These ratios were developed 
using only information collected from trips or deliveries with an observer onboard. The National 
Marine Fishery Service refers to these ratios from deliveries with onboard observers with a series 
of non-descriptive database codes, such as Precedence 20, Precedence 25, and so on. For 
example, the Precedence 50 refers to a bycatch rate calculated by using information that is 
aggregated with the following characteristics: “Vessel specific, date trip started, fishing gear, 
federal reporting area1.” The National Marine Fishery Service has not documented how well 
these bycatch rates perform when expanded into estimates of bycatch for specific subsets of the 
fishery. We do believe that sound estimation methods for the observer program that were 
developed by Miller (2005) are not currently used. Therefore, in Appendix B we will review 
parts of Miller’s PhD thesis, as it applies to salmon bycatch in the pollock trawl fishery. Miller’s 
419-page compendium of the sampling theory and estimation formulas is broader in coverage 
than needed here. In Appendix B we have attempted a simplification of his notation, and we have 
restricted attention to 23 key equations.  

ALTERNATE INFORMATION ABOUT SALMON BYCATCH 
A different way to obtain an estimate of total Chinook salmon bycatch is to simply sum the 
observers’ counts of Chinook salmon for every delivery (for catcher vessels) or haul (for 
motherships and catcher-processors). Regulations (§ 679.50) are in place requiring observers on 
board during most mothership and catcher-processor operations, and two observers are required 
during most Community Development Quota fisheries. Similarly, observers are carried on all 
trips for the larger catcher vessels. So the estimate of bycatch is essentially a census for these 
vessel categories. For midsized catcher vessels, 70% of the trips do not have onboard observers. 
However, regulations require that “…the operator of a vessel and the manager of a shoreside 
processor must not discard any salmon or transfer or process any salmon under the [prohibited 
species donation program], if the salmon were taken incidentally to a directed fishery for BSAI 
groundfish by vessels using trawl gear until the number of salmon has been determined by an 
observer and the collection of any scientific data or biological samples from the salmon has 
been completed,” (§ 679.21).  

In other words, if this regulation is enforced, then the estimation of bycatch is—in principle—
essentially an accounting problem and not one requiring probability-based statistical sampling 
for any of the vessel categories, including the midsized catcher vessels. Perhaps it is unrealistic 

                                                 
1 From an unpublished National Marine Fisheries Service handout from the February 2008 North Pacific Fishery Management Council meeting. 
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to think that this regulation could be enforced, given practical constraints on the whole Observer 
Program. However, ideally, individual bycatch would be attributable to every delivery. In 
statistical terms the parameter estimates should be obtainable this way with little or no sampling 
error (error due to the fact that only a subset of the statistical population was used to make the 
estimate), and any error would be the result of non-sampling errors (transcription errors, 
miscoding, database management problems, intentional misrepresentations, etc.).  

Miller (2005) developed estimates of Chinook salmon bycatch from 1993 to 2003 that were 
considerably different from those of the National Marine Fisheries Service. In every case 
Miller’s estimates are substantially larger. For example, Miller estimated the Bering Sea bycatch 
in 2003 for longline and trawl gear to be more than 79,000 with standard error of about 3,000 
(see Miller’s Table 6.23), while the all-gear Bering Sea and Aleutian areas estimate from the 
National Marine Fisheries Service was approximately 55,000 with unstated precision. These 
discrepancies point to the need to develop written procedures for the process that the National 
Marine Fisheries Service uses to produce bycatch estimates. This inconsistency also points to the 
need to develop written procedures for the assessment of the quality of the data and resulting 
estimates, both in terms of sampling errors and non-sampling errors. 

IMPORTANT TESTS OF ASSUMPTIONS 
An unstated assumption underpinning the National Marine Fisheries Service’s estimates of 
bycatch is that the rate of salmon bycatch is essentially the same for trips with and without 
onboard observers. The observer effect is the term for a hypothetical difference in these rates that 
might be caused by vessel operators of midsize catcher vessels altering their fishing operations 
for the 30% of trips with onboard observers. This observer effect, if it occurs, will obviously lead 
to an underestimate of salmon bycatch. That will be true using the methods of Miller (2005) or 
presumably the methods that the National Marine Fisheries Service has been using the last 
several years, and this underestimate will occur whether using design-based methods or model-
based methods. However, this observer effect should be detectable through an appropriate 
statistical test, especially if the practice is widespread. Such a test would depend on enforcement 
of the regulations requiring a determination of the salmon bycatch on trips without onboard 
observers. Yet enforcement of this regulation (§ 679.21) would then also allow bycatch estimates 
to be viewed as a census—that is, without sampling error. 

Put another way, two critical assumptions are necessary to view the cumulative Chinook salmon 
bycatch as a census: midsized vessels must obey the regulations regarding salmon bycatch (i.e., 
the salmon bycatch must actually be delivered to the processing plant during those 70% of a 
vessel’s fishing days for which no observer is on board), and observers must be clear that they 
expect the regulation to be followed, report violations, and ensure that the delivered salmon are 
counted and the counts are recorded to the appropriate databases. Assuming these counts are 
made, if there is an intentional misrepresentation or intentional discarding of salmon before 
observers count the bycatch, that condition should be detectable through an appropriate statistical 
test, especially if this practice is widespread. Because there could easily be legitimate reasons for 
differences in bycatch rates among vessels fishing in the same general area, these tests are 
constructed with that consideration in mind. 

Although many possible statistical tests might be appropriate, a simple starting point would be to 
average the Chinook-to-groundfish ratios, on a vessel-specific basis, for those trips with 
observers and those trips without observers. For each quarter in 2007, 57 vessels required 
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observer coverage on 30% of their cruises (Table 1), so we could assemble approximately 57 of 
these paired averages per quarter. If a vessel is equally likely to have a slightly higher ratio just 
due to chance alone when an observer is on board as when an observer is not on board, then on 
average one-half (28.5) of the 57 paired averages should be higher when an observer is on board, 
and one-half should be smaller. Moreover, intentional underreporting on unobserved trips and 
the occurrence of altered fishing operations when observers are on board would cause the ratio to 
change between trips with or without an observer: vessels would have a higher average ratio 
during trips with onboard observers than without. The binomial probability distribution can be 
used to evaluate the probability that any number of vessels among the 57 would have a ratio as 
high or higher if due only to chance. 

When there are two possible outcomes with fixed probabilities of occurrence at each of a specific 
number of random trials, then the binomial probability distribution can be used to evaluate the 
probability for getting a specified total number of either outcome. For example, the binomial 
probability distribution provides the probability of getting a particular number of heads when a 
fair coin is flipped 57 times: the total number of observed heads should fall between 23 and 34 
over 80% of the time. So, fleet wide, if more than 34 vessels returned with a higher bycatch ratio 
when observers were on board, we could conclude that there was very weak evidence that 
salmon had been discarded when observers were not on board. Similarly, if 23 or less returned 
with a lower bycatch ratio when observers were on board, we could conclude that there was very 
weak evidence that fishing operations had changed for trips with observers, because being 
outside the range of 23 to 34 should happen less than 20% of the time due to chance alone. 
However, if 20 or less, or 37 or more vessels had a higher bycatch rate with observers on board, 
we could conclude that there was moderate evidence of one of these problems (the count of 
vessels with such unusual ratios should happen less than 5% of the time due to chance alone), 
and if 16 or less, or 44 or more vessels had a higher bycatch ratio with observers on board, we 
could conclude that there was very strong evidence of one of these problems (the count of 
vessels with such unusual ratios should happen less than 0.2% of the time due to chance alone). 
Of course, very similar ideas could be used to track an individual vessel’s performance over time 
or to test for only one hypothesis at a time (see Edgington 1980 for a more general discussion of 
these kinds of tests). The fact that a check for at-sea dumping is so obvious and readily available 
should strongly deter the illegal practice, if it occurs at all, given the additional publicity in an 
already visible issue. However, these kinds of binomial tests are not possible without a census 
approach to accounting for bycatch for each delivery, irrespective of whether an observer was on 
board or not. 

IMPROVED BYCATCH ESTIMATES WITH INCOMPLETE INFORMATION 
As we previously noted, managers and members of the public are interested in salmon bycatch 
by the trawl fishery for pollock at several levels. First, an overall accounting of bycatch removals 
by its regional geographic origins is needed, possibly stratified by vessel categories. Second, for 
possible inseason management actions to effect reductions in bycatch, the focus will be time and 
area domains. The fishery during a season may be concentrated in areas where unfortunately the 
salmon are abundant and are caught at high rates. The fishery may need to move until the salmon 
abundance declines in such places if the bycatch is to be limited. Moreover, there may be certain 
times and areas where stocks of particular concern were more vulnerable. The particular times 
and areas of high salmon abundance could change among years so the sampling program to 
estimate salmon bycatch has to be flexible in order to adapt to these changes. Third, and last, at 
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either intra-seasonal or seasonal levels, information regarding the population sources of the 
salmon bycatch will be invaluable in formulating management decisions.  

The cumulative Chinook salmon bycatch, by day of season, equals the sum of the bycatch for all 
trawl hauls by the fleet to that time. A reading of the Observer’s Manual and Bering Sea–
Aleutian Islands salmon regulations indicates that the haul counts should be available each day 
for each large vessel 125′ or greater that sorts its catch at sea. A haul count is the complete 
census of salmon individuals in a haul. The haul counts also should be available for the 30% of 
days that an observer is on board a midsized (60′ to 125′) vessel that sorts its catch at sea. If 
these vessels of either size class do not sort at sea, or if no observer is on board a midsized vessel 
(an observer is always on board a large vessel) under the salmon regulations, the salmon bycatch 
must be stored until delivery to a processing plant. Therefore, the trip counts of salmon should be 
available if delivery is to a plant with an observer. Plants that process 1,000 metric tons or more 
of groundfish per month must have an observer present each day that they process fish. Plants 
that process 500 to 1,000 metric tons per month must have an observer present for 30% of those 
days. Rare combinations of no sorting at sea, no observer on board a midsized vessel, or no 
observer at a plant would allow for some bycatch being missed in the census. However, 
according to the most recent draft of the Environmental Impact Statement for the Bering Sea–
Aleutian Islands Chinook salmon bycatch management (Anonymous 2008), “For the pollock 
fishery, the vast majority of tows are observed either directly at sea or at offloading locations 
aboard motherships or at shore-based processing plants.” Therefore, if deliveries to plants 
without observers are assumed to be negligible and small vessels <60′ are not present in the 
fishery, the trip counts of salmon bycatch are in principle known for all vessels throughout the 
season. A trip count is the complete census of the salmon individuals caught between departure 
and return to a processing plant. 

Despite the essentially complete census of bycatch that seems to us available, others have 
indicated that the census is less complete than regulations suggest it should be. The National 
Marine Fisheries Service Regional Office in Juneau computes estimates of the Chinook salmon 
bycatch using their computerized Catch Accounting System (Anonymous 2008). The Observer 
Program provides input data for the Catch Accounting System about pollock catch and Chinook 
salmon bycatch during observed vessel trips (from the Observer Manual—op. cit.). These data 
include pollock catch and Chinook salmon bycatch estimates per sampled haul (which are 
expansions of observations in species composition samples taken from each haul to account for 
the unobserved fraction of the haul) as well as corresponding estimates for any unsampled hauls 
during the trip. As we understand it, the Catch Accounting System has an algorithm by which to 
estimate Chinook salmon bycatch in hauls by vessels without an observer. The algorithm 
computes a surrogate Chinook salmon bycatch rate (fish per metric ton of pollock) for an 
unobserved vessel and expands the bycatch rate by the trip delivery weight (metric tons) of 
pollock to estimate the trip Chinook salmon bycatch. The surrogate bycatch rate for an 
unobserved vessel trip is apparently computed as a ratio of Chinook salmon bycatch for certain 
observed hauls to associated weight of pollock caught. Although we cannot find clear 
documentation for this, apparently ad hoc rules determine which observed vessels and their haul 
bycatch rate information to use for extrapolation to unobserved vessels. The rules match 
unobserved and observed vessels by a number of criteria including processing sector, week ending 
date, gear, and federal reporting area. Apparently, estimation performance by the Catch 
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Accounting System has not been evaluated, nor is the precision of its Chinook salmon bycatch 
estimates available.  

SAMPLE SELECTION OF INDIVIDUAL SPECIMENS FOR STOCK AND AGE 
COMPOSITION ESTIMATES 
As previously mentioned, the algorithms that will be used to estimate stock composition of the 
Chinook salmon bycatch (see “Genetics-Based Information on Stock Origins of the Bycatch” 
and the related Appendix C) rely on the assumption that the collections of scales and tissues for 
genotyping by the genetics laboratory come from simple random sampling of a theoretical 
statistical population mixture of individual fish from the contributing stocks. Basic statistical 
techniques, such as the use of confidence intervals, are also based on an assumption of a random 
sample from this mixture. A key point is that the sampling rate among hauls, deliveries, or 
vessels must be approximately the same if the sample of tissues sent to the genetics laboratory is 
to be considered even approximately a random sample. That means that all sizes and age classes 
that were present in the bycatch must be included in the sample that is sent to the genetics 
laboratory at approximately the rate that they occur in the statistical population of salmon in the 
bycatch. If so, then the probability of inclusion in the sample sent to the genetics laboratory must 
be approximately uniform and the same for every haul, every delivery, and every vessel.  

Individuals of the same source population and age may occur in closer geographic proximity in 
the ocean than individuals of different sources (McKinnell et al. 1997, Habicht et al. 2006). If 
this clumping of biological populations occurs at fine geographic scale, the population 
composition of salmon entering the trawl could trend even during a single haul. If tissue samples 
were then collected from clusters of salmon within the haul—rather than from salmon dispersed 
throughout the haul—an insidious and predictable effect on the apparent precision of the 
estimates would result. That is, because these cluster samples would contain fish more alike in 
their sources than in the haul as a whole, the estimate of stock composition could be very 
uncertain and in large error while its estimated precision would appear high. The simple random 
mixture samples are an important assumption underpinning the genetic mixture algorithms, and 
this assumption especially affects measures of precision, such as confidence intervals for the 
stock composition estimates.  

Chinook salmon could mechanically sort by size through the process of fishing, trawl retrieval, 
and catch processing. Within a given mixture of Chinook salmon, age is probably strongly 
related to stock of origin. Therefore, sampling instructions that do not ensure that individual 
Chinook salmon are included in the sample with approximately the same probability throughout 
the bycatch (for each vessel delivery or haul) may produce strongly flawed results. For example 
sampling instructions that give observers a quota (such as 50 specimens for each delivery), 
without instructions that result in dispersing the collection throughout the haul, could lead to 
sample collections that would be far from representative. Again, because size and age almost 
surely are highly related to stock of origin, any sampling procedure that could favor size or age 
should definitely not be allowed. 

Moreover, if the observer’s workload affected the rate at which specimens were collected—so 
that the sampling rate was not standardized across hauls, deliveries, and vessels—then the pooled 
collection from multiple boats or hauls would not be representative of the catch mixture from the 
various boats or hauls combined. For example, suppose there were only two boats in the fishery. 
Further, suppose the bycatch of the first boat was 200 Chinook salmon all of Asian origin, and 
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the bycatch of the second boat was 50 Chinook salmon all of North American origin. If an 
observer took 20 specimens from the first boat because of workload or other reasons, but 40 
specimens from the second boat, then the ratio in the combined sample would be 33% Asian 
salmon—quite different from the correct ratio of 80% Asian salmon. Similarly, if a quota of 50 
specimens from each vessel were to be collected, the final sample would have 50% Asian 
salmon, rather than the correct ratio of 80%. Note that any sample that takes specimens at the 
same rate on both vessels will preserve the correct stock composition ratio in the sample in this 
simple example. The important points are that the sampling must, at least approximately, result 
in a random sample at the level of the entire domain or statistical population, even if the 
statistical population is dispersed within hauls, deliveries, or vessels; the sampling rate must be 
approximately standardized across hauls, deliveries, and vessels; and most importantly, there 
must be some definite mechanism to prohibit size selective sampling. 

Sampling instructions based on a quota (such as 50 specimens from each delivery) will be 
wasteful and involve unnecessary expense for collection, processing, and handling, even if the 
collections for each delivery or haul can be made representative of that haul or delivery. That is, 
if the overall sample for an entire sampling domain is to be representative, the sampling rate will 
need to be approximately the same across hauls, deliveries, and vessels. Once the individual 
specimens have been collected, the only way to ensure that the sample is proportionally 
representative is to cull and discard specimens from deliveries or hauls with higher sampling 
rates. To be concrete, suppose the samplers were given instructions to collect 50 Chinook salmon 
per delivery. For simplicity, assume that the domain included only some number of deliveries or 
hauls with individual bycatches of exactly 50 Chinook salmon and some other number of 
deliveries or hauls with individual bycatches of exactly 500 Chinook salmon. Then the usable 
sampling rate is the lower one: 50/500 or 10%. However, the Observer Program would have had 
to pay to collect, store, and account for specimens at a 100% sampling rate on those vessels with 
the lower bycatch. Additionally, the genetics laboratory will have to go through some random 
culling process, at additional expense, to select only 10% of the samples from the vessels with 
the lower bycatch numbers (and higher sampling rate). If the genetics laboratory fails to take this 
step, for the above example, vessels with a lower bycatch will be over represented in the sample. 
Moreover, there could be something in the style of fishing or gear retrieval that would influence 
not only their bycatch numbers but also the stock mixture on these vessels. There are many ways 
that stock mixtures could be related to a vessel’s bycatch, especially if fishing techniques were 
selective for size or age.  

A systematic sample is one that is found by placing a statistical population in some order, taking 
a random starting point, and then including every kth sampling unit in the sample (Cochran 1977; 
Thompson 2002). This type of sampling approach has the following advantages: (1) the sample 
is operationally easier to obtain without mistakes or confusion than a random sample; (2) 
parameter estimates based on this kind of sampling approach are sometimes more precise than 
those obtained with random sampling; and (3) there is an obvious assurance that the sample will, 
in some sense, be representative of the statistical population as a whole. Cochran (1977, section 
8.6) notes that in cases of a trend, “systematic sampling is more effective than random 
sampling”, and he notes that if the population is in random order, a systematic sample is 
equivalent to a random sample (Cochran 1977, section 8.5).  

If tissue specimens are to be collected systematically from the Chinook salmon at a high enough 
sampling rate from fish passing through the observed processing channels, and if that sampling 
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rate is held constant among deliveries or hauls, then two additional important objectives would 
easily be met. First, vessel trips, deliveries, or hauls could be grouped into sampling domains 
based on time and area characteristics without complex calculations of vessel- or haul-specific 
sampling rates and without a culling process at the genetics laboratory. All individual specimens 
from the entire fishery would have essentially an equal probability of being included in the larger 
genetic sample. Second, by randomly sub-sampling from the systematic sample, the resulting set 
of specimens would very closely approximate a true random sample from the statistical 
population of all Chinook salmon in the bycatch in that reporting domain, if that were to be 
important for an analysis.  

If the sampling rate is fixed for all salmon at the time of delivery, then the task of determining 
the desired sampling rate becomes much easier. There are two considerations. First, the sampling 
rate needs to be high enough so that if bycatch is very low, a statistically reliable estimate of at 
least the overall stock makeup is possible. Second, if bycatch is large, the sampling rate must be 
high enough so that the genetics laboratory will be able to create enough sampling domains to 
supply managers with detail about the change in stock makeup over time and across areas. Going 
back to Witherell et al. (2002), we note that the changes to management from 2002 were 
designed to decrease the bycatch to a level of 29,0002. In other words, perhaps a genetic analysis 
would be unnecessary if the bycatch level dropped much below this level. To be concrete, 
assume that as long as the bycatch remains above 25,000, managers will require at least one 
sampling domain. From the discussion of sample size in “Genetics-Based Information on Stock 
Origins of the Bycatch”, we might determine that we need a minimum number of 500 tissue 
specimens for the genetics laboratory. That means if every Chinook salmon in the bycatch is 
presented to an observer, to reach the total of 500 tissue specimens required by the genetics 
laboratory, the observers must collect a tissue sample from at least 2% of the Chinook salmon 
(500 out of every 25,000) in the bycatch. In other words, the observers need to collect a tissue 
specimen from 1 out of every 50 fish they encounter. If the study is planned this way and the 
bycatch level reaches 60,000 (and if the observers reach their objective), then the actual sample 
size will be 2% of the bycatch, or 1,200 tissue specimens. This sample size can be broken into 
two groups containing at least 500 specimens, allowing two domains. If the bycatch level reaches 
80,000, and if the observers reach their objective, there will be a sample size large enough for 
three domains. However, if the managers actually require six domains for the bycatch of 80,000, 
then the genetics laboratory will need a minimum of 6 times 500, or 3,000 tissues collections. To 
get that level of sampling, the sampling rate would have to be increased to 3,000/80,000. That 
will require the collection of 1 out of every 27 Chinook salmon in the bycatch.  

If the marginal cost of laboratory processing of genetic tissues or scales is high as compared to 
taking, labeling, and storing specimens, then samplers should collect more specimens than will 
likely be analyzed, because the excess allows several options. First, the genetic collections can 
be pooled into flexible domains of interest. Second, circumstances may occur in which some 
population composition estimates have lower precision than deemed satisfactory, and the 
shortcoming can be remedied by choosing additional specimens from the excess in appropriate 
domains. Third, special studies that were not anticipated before the season may be completed 
with the excess. Our recommendation is for the observers to collect the largest sample size 

                                                 
2 This number is picked here purely to illustrate the principle. In actual practice, such a number would be a policy issue, not a strictly technical 

one. 
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practical, by standardizing the sampling interval among observers preseason, with the interval 
between specimens as small as resources permit.  

To implement this system in practice, each observer should be given a random number between 
1 and the interval between collections (e.g. between 1 and 50 if the observer is to take a 
specimen at every 50 Chinook salmon). Then that observer should count salmon up to the 
random starting point, and then be instructed to continue to collect scales and tissue from 
specimens at that interval, without regard to vessel, delivery, haul, or processing station. Even if 
the observer has incomplete information on time and location of catch, a genetic tissue sample 
should be collected. For example, an observer might be given a sampling interval of 50 and the 
starting number of 27. The observer would be instructed to take a tissue sample from the 27th 
Chinook salmon in the bycatch. Then that observer would start counting over again with Fish 1 
as the next fish. For an interval of 50, the observer would take a new tissue specimen every 50th 
salmon after the first (Fish 50, Fish 100, Fish 150, etc.). If that observer’s running total was 153 
for the year at some point in time, and the observer began sampling a delivery with 42 Chinook 
salmon on board, the sampler would not collect any tissue specimens from this delivery because 
the observer would end on Fish 195. If the next delivery had 55 Chinook salmon in it, the 
observer would collect two specimens from that delivery (Fish 200 and Fish 250).  

The actual tissue specimens will consist of the axillary process and five scales from each fish in 
the sample. These tissues will be placed in an envelope and frozen until processed. Information 
including the vessel name or plant name, date, fish sequence number, and fish’s maturity will be 
recorded on the envelope. The DNA data will be obtained by staff of the Ted Stevens Marine 
Research Institute’s genetics laboratory from the axillary process of each selected fish, and 
compared to DNA data from scales, if possible3. These scale specimens will be used to 
determine age of sampled individuals, and then estimate the age distribution of the bycatch. 

GENETICS-BASED INFORMATION ON STOCK ORIGINS 
OF THE BYCATCH 

Using artificial marks, such as coded wire tags, the source population of a marked fish can be 
determined without error. Such information can be invaluable to understanding complex mixed-
stock fisheries when large numbers of individuals are marked among at least some of the source 
populations. For example, Chinook salmon released from many U.S. and Canadian hatcheries are 
coded wire tagged each year. Recoveries of these tagged fish in coastal fisheries from Southeast 
Alaska to California are key data used by the Pacific Salmon Commission to infer abundance, 
survival, exploitation patterns, contributions to the fisheries, and effectiveness of management 
actions for each of many component populations (Hankin et al. 2005). Similarly, annual patterns 
on scales and hard parts are commonly used as natural marks by which the sources of fish in 
catches are identified, although with less certainty than from artificial marks. The genotype of a 
fish is also a natural mark by which to attempt identification of its source population. As for 
scale patterns, these genetic marks differ from artificial marks because the identification of a 
fish’s source population can only be done in a probabilistic sense with misidentification usually a 
risk. Despite their lack of positive source identification, natural marks have important advantages 
over artificial marks in that all individuals of all source populations carry the marks. Application 

                                                 
3 Personal communication, Martin Loefflad and Lisa Thompson, NMFS/AFSC. 

23 



 

and recovery of artificial marks is usually so costly that not every individual of a population can 
be marked, and generally not all populations potentially in a catch mixture are marked. 

Genetic marks have become the standard for assessing the population composition of salmon 
mixtures, especially when numerous source populations may be present. Genetic characters have 
the important advantage of long-term stability across generations of salmon as compared to 
natural annual patterns seen on scales and other hard parts that can also be used for population 
mixture analysis. As a result, the source populations only need to be sampled for genetic 
characters initially and then infrequently in future years to check for change, whereas the 
patterns on scales and hard parts generally require annual sampling due to their greater short-
term variation. 

The genotypes of fish are discrete characters and are passed with DNA molecules from parents 
to offspring by known rules of inheritance. The DNA occurs in organelles of the fish’s cells, 
either in the nuclei or the mitochondria. The nucleus of each cell of an individual contains the 
DNA contributed by both parents. The nuclear DNA of a fish is divided into linear segments 
called chromosomes, and the location of a genetic marker on a chromosome is called its locus. 
Each nuclear genetic marker of a fish is determined by a single pair of alleles—one from each 
parent—at the locus. The locus itself has an associated list of the different alleles, or markers, 
that occur among the individuals comprising the possible bycatch source populations. The 
number of distinct alleles in the lists varies among the loci. The total number of possible 
multilocus nuclear DNA genotypes equals the product of the numbers of possible genotypes at 
the individual loci. Even with only 2 alleles per locus, the number of possible distinct multilocus 
genotypes for 10 nuclear DNA loci equals 310= 59,049. As the number of loci and alleles 
increases, the number of possible multilocus genotypes quickly becomes extremely large. 

The mitochondrial DNA is passed as a unit called a haplotype from the female parent to her 
offspring. Recombination by which offspring can have different combinations of alleles than 
either of their parents is not operative as it is for nuclear DNA. Therefore, all her offspring will 
share the female’s exact haplotype if no mutations occur. No matter how it is characterized, 
mitochondrial DNA represents only a single locus, which could limit its utility unless used 
together with nuclear DNA to identify numerous stocks in their mixtures. The maximum number 
of populations that can potentially be distinguished in the bycatch from mitochondrial DNA 
equals the number of distinct haplotypes present among the populations. To use mitochondrial 
DNA for stock mixture analysis, the relative frequencies of the haplotypes must be estimated or 
inferred from counts of the different haplotypes in samples from the populations. If the number 
of distinct haplotypes is large, many may be rare or in low abundance in populations and so 
would require very large samples to detect their presence and estimate their relative frequencies. 
Nonetheless, if regional geographic contributions to bycatch are the focus of study, 
mitochondrial DNA alone can be quite effective (e.g., see Sato et al. 2007). 

Both kinds of DNA are used in genetic studies of fish (see introductions by Magoulas 2005, 
Koljonen and Wilmot 2005, and Wirgin and Waldman 2005). In particular, numerous studies of 
Pacific salmon populations using nuclear and mitochondrial DNA have been performed, and the 
potential for these genetic marks in identifying the sources of the salmon bycatch continues to be 
evaluated. The first applications to identification of salmon origins in the North Pacific used 
allozymes, which are variant forms of enzymes coded by different alleles at nuclear DNA loci. 
Allozyme genotypes are made observable in the laboratory through electrophoresis in which the 
charged protein molecules are separated in an electric field. Allozymes were used to estimate the 
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stock composition of Chinook, sockeye and chum salmon in the illegal catch of the vessel Arctic 
Wind seized south of the Aleutian Islands in 2000 (Wilmot et al. 2000). The Chinook salmon 
stock composition was estimated using an allozymes baseline of 253 populations and 22 loci 
from the Pacific Rim (Teel et al. 1999) together with three additional Yukon River populations. 
The chum salmon stock composition was estimated from an allozyme baseline of 273 
populations and 20 loci from the Pacific Rim. Among other studies using allozymes to identify 
sources of salmon in the North Pacific Ocean was an earlier attempt to determine composition of 
chum salmon bycatch in the pollock fishery with a Pacific Rim allozyme baseline of 77 
populations and 20 loci (Wilmot et al. 1998). The amount of variation available from allozymes 
is somewhat limiting, multiple tissues are often required, and, importantly, enzymes begin to 
degrade after death of an organism so tissues must be frozen as soon as possible. Therefore, 
allozymes have fallen out of favor to nuclear and mitochondrial DNA genetic marks that provide 
far greater variation and require less tissue and care in its storage. The two main nuclear DNA 
marks in use today are called microsatellites and SNPs. 

Both nuclear SNPs and microsatellites can only be observed using biochemical techniques in the 
laboratory, but their assays for large numbers of individual fish are possible with throughput 
rapid enough even for inseason analyses. SNPs have an advantage over microsatellites in that 
interpretation of genotypes among different laboratories is much simpler and the potential for 
laboratory automation appears greater. Almost all common SNPs have just two alleles, whereas 
microsatellites can have various numbers of alleles ranging from a few to 50 or more. The 
identification of SNP and microsatellite alleles for an individual salmon has become automated, 
resulting in lower cost, faster assays, and lower error rates than when performed manually by 
laboratory personnel (Seeb, et al. 2009). Advances in automation continue to the present with 
Garvin and Gharrett (2009) recently inventing a powerful method for surveying populations to 
discover useful SNPs rapidly and inexpensively, thereby adding further to the appeal of SNPs. 
Further, the authors improved a genotyping assay to screen SNPs in thousands of fish cheaply 
relative to standard commercial assay, and also improved on resolution of the phase of nearby 
SNPs in the same gene.  

The list of a fish’s single-locus genotypes, i.e. its allele pair at each assayed locus, is called the 
fish’s multilocus genotype. Ordinarily, each SNP has just three types possible for an individual 
fish at a particular locus, whereas some microsatellites can comprise hundreds or even thousands 
of different genotypes at a locus. The number of multilocus genotypes possible can be very large 
because it equals the product of the numbers of single-locus genotypes possible at the comprising 
loci. Of course, a single SNP is not as informative regarding population sources as is a single 
microsatellite, so more individual SNP loci are required than microsatellite loci to achieve the 
same level of precision in population mixture analysis. However, recent work by Smith and Seeb 
(2008) demonstrated that the ability to choose SNP alleles for information content mitigated the 
effect of fewer genotypes being available. The larger number of SNP loci assayed may be 
somewhat concerning because the chances become greater that some will be physically linked on 
the same chromosome and might be in what is called linkage disequilibrium. If any of the SNPs 
are in linkage disequilibrium, the computation of multilocus relative frequencies in the source 
populations required for population mixture analysis could be more difficult, as explained in 
Appendix C. Testing for disequilibrium between locus pairs is a standard practice in surveys of 
genetic markers and can easily be accounted for prior to use in mixed stock analysis by either 
dropping one of the linked loci or by combining the genotypes into a single locus which is 
treated similar to mtDNA.   
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Baseline samples for both SNPs and microsatellites from many of the possible source 
populations of Chinook and chum salmon have already been obtained in other studies. If those 
samples prove adequate, the main cost for source population analysis of the bycatch is from 
collecting and laboratory processing of the bycatch tissue specimens. The Genetic Analysis of 
Pacific Salmonids consortium of nine major West Coast salmon genetics laboratories created the 
main microsatellite baseline dataset for Chinook salmon (Moran et al. 2005, 2006, Seeb et al. 
2007). Currently this database contains information for 13 loci from 22,269 fish in 304 samples 
of 166 populations among 44 reporting regions ranging from southeast Alaska to the Central 
Valley of California (Moran et al. 2006). Before this baseline can be used for the Chinook 
salmon bycatch analysis, it will either need to be extended to west and north of Yakutat, Alaska, 
to include all of Alaska and Russia, or else used in conjunction with another baseline of broader 
geographic coverage. 

In 2008, the SNP baseline for Chinook salmon developed by the Alaska Department of Fish and 
Game included 53 loci from 23,300 individuals of 172 populations ranging from California to 
Russia (Templin et al. in press). This baseline has been used for estimating stock proportions in 
the bycatch, in juvenile samples from the Bering Sea, and in several fisheries throughout Alaska4 

A Pacific Rim chum salmon baseline of 13 microsatellite loci has been developed from over 
34,000 chum salmon sampled at 283 locations from Japan, Russia, Alaska, British Columbia, 
and Washington (Beacham et al. 2005). A study of simulated mixtures showed the potential of 
the baseline to provide reliable estimates of regional stock composition even when the entire 
Pacific Rim populations might contribute. Gharrett et al. (2007) developed another chum salmon 
baseline of 12 microsatellite loci for 4,900 chum salmon that were sampled from 73 populations 
distributed from Puget Sound to Honshu Island and Primoriye in Asia. Because some 
overlapping information with other baselines already existed for many western Alaskan 
populations, the focus was on Asian populations as well as populations from Southeast Alaska, 
British Columbia, and Puget Sound. The Alaska Department of Fish and Game has developed a 
SNP baseline for chum salmon which includes 61 loci and 165 populations ranging from the 
Pacific Northwest to Russia and Japan (Seeb et al. in press, Alaska Department of Fish and 
Game unpublished data). Simulation studies show that these baselines can provide a basis for 
estimating regional compositions of Bering Sea fisheries chum salmon bycatches. Improving the 
baseline could be achieved by increasing sample sizes, surveying additional populations, and 
judiciously increasing the number of loci used, particularly ones that will increase resolution of 
coastal western Alaska stocks. 

Although the ideal solution to the geographic questions would identify the bycatch sources to the 
individual contributing populations; that level of detail is not yet possible with current levels of 
sampling or genetic diversity. Commonly, populations from nearby streams are more similar 
genetically, i.e., have smaller differences in relative frequencies of the possible genotypes, than 
those of distant streams. Of course, the more similar stocks are, the more difficult to separate 
their individuals in catch mixtures to sources or to estimate the population proportions 
composing the catch. Instead, the coast-wide populations of Chinook and chum salmon are 
combined into regional reporting groups in order to provide more accurate and precise estimation 
of larger groups. The possibility to employ broad scale geographic baselines to separate bycatch 

                                                 
4 Personal communication, Bill Templin, Alaska Department of Fish and Game. 
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to regional origins, followed by application of a local baseline to the same tissue samples to 
refine separation for a particular region does not seem to have been explored. Users have local 
interests and inevitably request finer stock resolution. The potential savings from less baseline 
development should encourage this focus for separation within regions as more genetic loci are 
discovered. 

UNCERTAINTY AND SAMPLE SIZE 
The uncertainty in the estimates of stock composition of the bycatch results from sampling, or 
examining only a portion of the bycatch and from the imperfect identification of population 
sources of the individuals in that portion using the genetic characters (Kalinowski 2004). The 
uncertainty from simple random sampling of the bycatch can be approximated using the 
multinomial probability model. The bycatch has an unknown fixed source population 
composition, but the potential bycatch samples will vary in their source compositions. Therefore, 
even if use of the genetic characters correctly identified the source of each sampled fish, any 
estimate of the source population composition based on the sample would vary about the actual 
source composition of the bycatch. However, this variation becomes smaller as the sample size is 
increased, providing a means to control it. The minimum bycatch sample size for a population 
mixture analysis required to control bycatch sampling variation can be determined from the 
simultaneous confidence intervals theorem of Fitzpatrick and Scott (1987) and Thompson (1987) 
for multinomial proportions (see also pp. 42–44 of Thompson 2002). Two variables describe the 
degree of control, and they must be specified in order to determine the minimum required sample 
size. The first control variable, denoted byα , is the maximum probability that a bycatch sample 
has one of the source population proportions unacceptably different than the true source 
population proportion. The second control variable, denoted by d, is the maximum difference 
allowed between any of the estimated and true source population proportions. For example, a 
sample of n = 403 fish is required to be 90% (= (1−α ) ⋅100% ) confident that none of the source 
population proportions in the bycatch sample differ by more than 0.05 from the corresponding 
proportions in the bycatch itself (refer to Table 5.1, p. 43, Thompson 2002, after setting α = 0.10 
and d = 0.05). The assumption underlying this computation is random sampling of the bycatch, 
and if systematic sampling is used instead, the required sample size may be smaller (because 
variation of systematic sampling is likely smaller than random sampling), but how much less is 
unknown. Although the sampling variation of the source composition has been controlled by the 
minimum sample size found from the theorem, the final source composition estimates may be 
more variable than desired, as discussed next.  

The other cause for uncertainty in the source population composition of the bycatch is the 
imperfect identification of the source populations of bycatch individuals using the genetic 
characters. If the conditional maximum likelihood method for estimation of the source 
population composition of the bycatch (Fournier et al. 1984; Millar 1987; Pella and Milner 1987) 
is used, this uncertainty can only be reduced by either increasing the number of informative loci 
that define the multilocus genotypes, or by increasing the baseline sample sizes to better estimate 
the relative frequencies of alleles at loci among the source populations, or both. On the other 
hand, if the Bayesian method of source population composition estimation (Pella and Masuda 
2001) is used, this uncertainty is reduced to some extent by making better use of the bycatch 
sample than does likelihood estimation. Specifically, the Bayesian method extracts information 
in the bycatch sample about the relative frequencies of alleles at loci for the source populations 
present.  
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The best identification or assignment rule is based on the so-called posterior source probabilities 
of an individual (Pella and Milner 1987, Pella and Masuda 2001). For now, the posterior 
probability that an individual originated from a particular source population is a function of the 
source-population composition of the entire bycatch and the relative frequencies of the 
individual’s multilocus genotype in each possible source population. The relative frequency of 
the genotype in a source population is a function of that population’s unknown relative 
frequencies of its alleles at each locus, and estimates from the baseline samples (possibly 
enhanced with information from the mixture sample) must be substituted for these unknowns. 
Increasing the sample sizes of alleles at loci from the source populations will reduce errors in 
estimated genotype relative frequencies, and concomitantly in source assignments. However, 
even with the actual genotype relative frequencies, some source assignments will be in error 
because the various posterior source probabilities never equal 0 or 1 as would be necessary for 
certainty and error-free assignments. The posterior source probabilities will approach these ideal 
values, 0 or 1, as more informative loci are added and baseline samples are increased. With few 
genetic loci, the posterior source probabilities of many mixture individuals may be nearly equal 
for several of the baseline populations. 

A SIMPLE EXAMPLE MIXTURE ANALYSIS USING COLORED BALLS AND 
URNS 
Next, the principles underlying the identification of sources of individuals in the bycatch will be 
illustrated with a simple example involving colored balls and urns. We will demonstrate how 
differences in the relative frequencies of universally shared types can be used to estimate the 
source composition of a mixture from a sample. The colored balls (red, white, and blue) of 3 urns 
are combined into a single mixture urn (Table 4). The first urn contained 1,600 red, 200 white, 
and 200 blue balls for a total of 2,000 balls; the second urn contained 350 red, 6,300 white, and 
350 blue balls for a total of 7,000 balls, and the third urn contained 100 red, 200 white, and 700 
blue balls, for a total of 1,000 balls. The combined mixture urn contains a total of 10,000 balls 
with color composition of 2,050 red, 6,700 white, and 1,250 blue balls. 

Table 4.–Numbers of colored balls in 3 source urns and the combined mixture urn. 

Color Urn 1 Urn 2 Urn 3 Mixture urn
Red 1,600 350 100 2,050
White 200 6,300 200 6,700
Blue 200 350 700 1,250
Total 2,000 7,000 1,000 10,000
 

If the mixture urn is well shaken and a single ball is drawn from it, what is the probability that it 
is from the first urn? The answer is 0.2 (= 2,000/10,000), the proportion of the mixture from urn 
1. This probability is called the prior source probability and will be denoted by p(1). The term 
prior is used because we are not told its color yet, i.e., the data from the observation is not 
available. The prior source probabilities for the second and third urns are p(2) = 0.7                   
(= 7,000/10,000) and p(3) = 0.1 (= 1,000/10,000), respectively. Notice that the sum of the prior 
probabilities is 1 because the three urns are the only contributors. What is the relative frequency 
of red balls in the first urn? The answer is 0.8 (= 1,600/2,000), the proportion of balls in the first 
urn that are red, which will be denoted as f (red | 1). (Later, analogous functions will be defined 
for the relative frequencies of genotypes in source populations.) The relative frequencies of red 
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balls in the second and third urns are f (red | 2) = 0.05 (=350/7,000) and f (red | 3) = 0.1 (= 
100/1,000), respectively. What is the probability that the color of the ball drawn from the mixture 
urn is red? The answer is 0.205 (= 2,050/10,000), the proportion of the mixture urn balls that are 
red. This probability will be denoted as θred, which can also be computed as 

. The probabilities that the color is white or blue are 

=0.670 (= 6,700/10,000) and =0.125 

(= 1,250/10,000), respectively. If the color of the ball drawn from the mixture urn is red, what is 
the probability that its source was the first urn? The answer is 0.780 (= 1,600/2,050), the 
proportion of red balls in the mixture urn contributed by the first urn. This probability is called 
the posterior source probability of the first urn given the ball was red, it can be denoted as P(1| 

red), and can also be computed as 

θred = p i( ) f red | i(
i=1

3

∑

θwhite = p i( ) f white |(
i=1

3

∑

)

) )i θblue = p i( ) f blue | i(
i=1

3

∑

| 1( ) p i( ) f red | i( )
i=1

3

∑P 1 | red( )= p 1( ) f red . The term 

posterior is used because we are now told the color of the ball, i.e., the data have become 
available, whereas the term prior was used before we knew the color. The posterior source 
probabilities for the second and third urns given a red ball are P(2| red) = 0.171 (= 350/2,050) 
and P(3| red) = 0.049 (= 100/2,050). Notice that the sum of the posterior source probabilities for 
a red ball is 1. If the source of the red ball were needed, the best guess (lowest error rate) would 
be the first urn for which the posterior source probability (0.78) is greatest. This rule is called the 
maximum a posteriori (MAP) rule. (Some geneticists assign individuals by their genotypes to 
populations based only on the relative frequencies of the genotypes in the possible source 
populations. This rule is very successful if the mixture composition is uniform among all the 
sources, but it misleading and optimistic if the uniform mixture composition is assumed to be 
unknown.) 

In direct analogy to genetic population mixture analysis is the problem of estimating the 
proportions contributed by each of the urns to their mixture, i.e., the prior source probabilities, 
p=(p1, p2, p3)′, when the numbers of balls per urn are unknown. We assume that the relative 
frequencies of the colors in each urn are known and that a sample of balls is drawn from the 
mixture urn and their colors are recorded. (Later the estimation methods will allow the relative 
frequencies of the colors in each urn to be unknown if estimable from a sample.) A sample of 
100 balls is drawn with replacement (this simplifies computations due to the finite numbers of 
balls per urn) from the mixture urn and the numbers of red (nred), white (nwhite), and blue (nblue) 
balls are recorded. (Notice that the expected numbers of red, white, and blue balls equals 100 ⋅ θ 
= 20.5, 67.0, and 12.5, respectively, where θ = θred ,θwhite,θblue( )). The probability function for the 
counts is the familiar multinomial function, which provides the probabilities of the counts, 

   P . r nred ,nwhite,nblue( )∝θred
nredθwhite

nwhiteθblue
nblue

The unknown mixture proportions from the urns can be made explicit in this expression by 
substituting definitions of the θ’s, namely, 

Pr nred ,nwhite,nblue( )∝ p(i) f (red | i)
i=1

3

∑⎛⎝⎜
⎞
⎠⎟

nred

p(i) f (white | i)
i=1

3

∑⎛⎝⎜
⎞
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nwhite

p(i) f (blue | i)
i=1

3

∑⎛⎝⎜
⎞
⎠⎟

nblue

. 
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The likelihood function for p equals the probability function, but now viewed as a function p and 
the mixture sample counts viewed as fixed known constants. We show below that the likelihood 
function can be easily maximized to provide an estimate of p. An alternative and seemingly 
superior approach is to use the multinomial probability function in a Bayesian estimation method 
for p. In real world population mixture analyses, the numbers of populations (here urns) can be 
in the hundreds and the numbers of genotypes (colors) can be an extremely large number. 

Although the urn example is simple, the statistical estimation of population composition of a 3-
population mixture by scale pattern analysis follows it closely. An assignment rule is developed 
for the scale patterns, which divides the individuals of each population (like an urn) into 3 
classes (like the colors). The rule is applied to a sample of the mixture and to a large sample from 
each of the source populations. The counts of individuals assigned to each population from each 
sample are used to estimate the mixture composition. Typically, the rule is designed to assign 
most individuals of a population to one class and as few as possible to the other two classes. 
Originally called the classification with correction method, it can now be seen to be better 
resolved as a special case of the maximum likelihood and Bayesian estimation methods 
discussed in detail in the Appendix C (also see Millar 1987; Wood et al. 1987; Pella and Masuda 
2005). Also in the Appendix C is a detailed explanation of the general problem of estimating the 
source population composition of the bycatch from genotypes observed in a mixture sample. 

RECOMMENDATIONS 
Before making these recommendations, we reviewed written plans and manuals from the 
National Marine Fisheries Service dealing with the Observer Program, and we spoke with some 
of the people involved with the operation of that program. We reviewed published estimates 
derived from data collected by this program, and tried to review written explanations of how the 
estimates were generated. We also reviewed Miller’s (2005) proposed statistical estimation 
methods, and tried to compare these with what the National Marine Fishery Service is currently 
using. We reviewed the instructions observers are given on how to make specific tissue 
collections, and we also reviewed basic statistical references to see if we could find guidance for 
improving these collections. Finally, we reviewed the multiple objectives of the Observer 
Program, as these relate to salmon bycatch in the Bering Sea pollock fishery. Broadly speaking, 
the problem of generating estimates of salmon bycatch by its regional geographic origins 
requires two components. The first component involves estimating the size of the bycatch for 
seasons, shorter periods, and specific areas, collectively called domains. The second component 
involves generating a genetics-based analysis of the stock mixtures so that the bycatch estimates 
can be expressed in terms of its regional geographic origins. Our recommendations, therefore, 
will be divided somewhat artificially along the line of these two components.  

ESTIMATION OF DOMAIN BYCATCH 
At the end of our review we still do not completely understand the methods that the National 
Marine Fisheries Service used to estimate salmon bycatch, and there are discrepancies between 
their estimates and other sources. An unanswered question remains: could the discrepancies be 
partially explained by sampling error? The National Marine Fisheries Service did not publish 
measures of sampling error, such as confidence intervals, but the current regulations seem to 
allow for measuring salmon bycatch using a total count of salmon in the bycatch, so that 
sampling error should not be an issue at all. Under the regulations, all of the Chinook salmon in 
the bycatch of the Bering Sea–Aleutian Islands pollock fishery must be delivered to the 
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motherships, catcher-processors, and shore-based and floating processing plants. Observers are 
stationed at all these delivery locations so a bycatch census should be possible. If so, we certainly 
recommend producing and publishing these census counts, even if only for the purpose of 
comparison. 

Two observers are present on each mothership and each catcher-processor, and combined they 
can, in principle, effectively count each Chinook salmon of every haul delivered to the 
motherships or caught by the catcher-processors, although in practice other duties may conflict 
with achieving this goal. The catcher vessels delivering to the motherships deliver the unsorted 
catch in the trawl codend, so no additional observer is needed on these catcher vessels. One 
observer is always present on the large catcher vessels that deliver to shore-based and floating 
plants, and that observer can, in principle, also count each Chinook salmon of every haul if the 
catch is sorted at sea. If the catch is not sorted at sea, the Chinook salmon for all hauls are 
required to be stored and delivered to the processing plant where an observer can count each fish. 
Also, plant personnel record the count of Chinook salmon in the deliveries. Therefore, the 
bycatch by every large catcher vessel is always under an observer’s eyes and each Chinook 
salmon of either each haul, or else the combined hauls of each vessel delivery, can be counted.  

The midsized catcher vessels that make their deliveries to shore-based or floating processing 
plants are the only catcher vessels for which an observer is not required on board during 100% of 
the fishing days. An observer is required to be on board the midsized catcher vessels for 30% of 
fishing days, so during these days with an observer onboard, each Chinook salmon can be 
counted as was the case for the large catcher vessels. For the 70% of fishing days when an 
observer is not on board midsized catcher vessels, the vessel is required to store the Chinook 
salmon for delivery to the plant. During the 70% of days without an onboard observer, the 
bycatch is not under the eyes of an observer. The potential for uncounted discard of Chinook 
salmon bycatch at sea exists if the regulations are violated. To assure that discard does not occur, 
several checks should be used. 

First, a statistical test for the midsized vessels could be performed that compares their vessel-
specific pairs of average bycatch rates (number of Chinook salmon caught per ton of pollock) 
during each quarter for trips with and without an observer onboard. If the presence of an 
observer does not affect the bycatch rate, the probability that the number of vessels for which the 
average bycatch rate for trips with an observer is greater than the average bycatch rate for trips 
without an observer can be evaluated with the binomial probability function with occurrence 
probability equal to one-half. Above, we described this as a two-sided test for the sake of 
completeness. It seems more realistic that there would be little or no benefit to the vessel for a 
change in fishing practice or change in fishing location when an observer was on board. One 
could doubt that the vessels would devote 30% of their fishing days to a practice that lost 
opportunity for pollock catch, whereas discarding salmon during the 70% of the trips without 
observers may seem like a more credible possibility. If these tests were formulated as one-sided 
tests, they would be more powerful as tests of the observer effect than the two-sided test. If 
nothing is amiss, on average, half of vessels will by chance have a higher average rate when an 
observer is onboard, and half of vessels with an observer onboard will have a lower rate. Lower 
and upper bounds can be found for the numbers of vessels with a higher bycatch rate when an 
observer was onboard such that the probability of more extreme counts under pure chance is 
known exactly. Comparing the counts of vessels to these bounds provides any evidence of 
salmon dumping when no observer was present (the observer effect). For instance, the bounds 
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might be set so that the probability that pure chance could account for the count falling beyond 
the bounds was less than 0.1%. Then, if the count did fall beyond the bounds, an investigation 
into the source of the discrepancy would be needed.  

Assuming that the test result is consistent with the vessels following regulations (i.e., pure 
chance can account for the differences in bycatch rates for trips with and without an observer) 
the bycatch counts at the plants for midsized vessels without an observer can be viewed as the 
actual bycatch values. Then the counts of Chinook salmon in the bycatch can be considered to be 
a census and there would be little legitimate reason to question the official estimates. However, 
the test may not be so clear when the count fell into a range that would be considered “somewhat 
unusual,” e.g., 0.1 or 0.2. Because this test could be repeated quarterly, following these results 
over time should completely settle the question. However, these tests can only be performed if 
the National Marine Fisheries Service commits to a complete and accurate accounting of all 
Chinook salmon presented to observers, irrespective of whether or not an observer was on the 
vessel during the fishing trip.  

There will always be missing observations of salmon counts, whether because of workload, loss 
of data, data quality questions, or other reasons. Miller’s (2005) model-based estimation for 
undersampled trips can be used after careful consideration of the sampling situation, and this 
approach will also allow the public to know exactly how the estimates were generated. This 
method will allow a reasonable estimate of sampling uncertainty with the estimate. Miller’s 
methods appear closely related to the method currently used by National Marine Fisheries 
Service Alaska Regional Office, as far as we can determine.  

The pollock catch of any vessel trip is known and can be used in estimating the corresponding 
Chinook salmon bycatch provided an estimate of the Chinook salmon bycatch rate (number of 
Chinook salmon per metric ton of pollock) is available. The problem of estimating the bycatch 
rate for a vessel trip without a determination of the bycatch (or for trips without an observer on 
board) remains open, and here we suggest possibilities. First, vessel-specific data on bycatch 
rates from trips with an observer onboard can be used. The estimate of bycatch during trips 
without an observer onboard the vessel should be set equal to the product of the vessel’s bycatch 
rate from trips with an observer and its pollock catch. This approach does not utilize any 
information about the domains in which the vessel fished, but is simple and should always be 
possible after the vessel has made at least one trip with an observer onboard. If domain-specific 
data is to be used, the vessel bycatch rate for unobserved trips could be estimated from bycatch 
rates of itself and other vessels fishing in the domain that had observers on board. The critical 
decisions are (1) which vessels and trips with an observer onboard to include in estimation of the 
bycatch rate, and (2) how to combine this information. Possibly a kernel estimator of bycatch 
rate similar to that for the Japanese squid driftnet fishery (Pella et al. 1993) would apply and 
simplify the decisions: a weighted average of bycatch rates from other vessel trips with an 
observer could be used with weights depending on their geographic and temporal proximity to 
the vessel for which the bycatch rate is to be estimated. The values for the weights would be 
chosen to minimize a function of cross-validation prediction errors. 

GENETIC ANALYSIS 
Fishery samples 
The Chinook salmon bycatch of the entire Bering Sea–Aleutian Islands trawl fishery should be 
sampled systematically for individual fish, from which genetic tissue specimens and associated 
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scales for aging are drawn. This approach is operationally simple and easy to understand, this 
will definitely produce a representative sample, and this approach will be less wasteful and more 
efficient than approaches that allow the sampling rate to vary widely among vessels, trips, or 
hauls. To implement this system in practice, each observer should be given a random number 
between 1 and the interval between collections (e.g. between 1 and 50 if the observer is to take a 
specimen at every 50 Chinook salmon). Then that observer should count salmon up to the 
random starting point, and thereafter continue to collect scales and tissue from specimens at that 
interval, without regard to vessel, delivery, haul, or processing station. Coordination between 
observers is necessary if more than one observer has an opportunity to sample a catch so as to 
avoid double sampling. This concern can be easily addressed by establishing simple rules that 
put one unique observer in charge of tissue collection for each delivery. Even if the observer has 
incomplete information on time and location of catch, a genetic tissue sample should be 
collected. Our recommendation is for the observers to collect the largest sample size practical, by 
making the interval between specimens as small as resources permit, and then by standardizing 
the sampling interval among observers preseason. As we previously mentioned, by collecting 
more specimens than will likely be processed in the genetics laboratory, the excess allows the 
genetic collections to be pooled into flexible domains of interest; circumstances may occur in 
which some population composition estimates have lower precision than deemed satisfactory, 
and the shortcoming can be remedied by choosing additional samples from the excess in 
appropriate domains; and special studies that were not anticipated before the season may be 
completed with the excess. 

Baseline evaluation 
The regional stock composition of the bycatch may have important management consequences. 
If the bycatch is sampled as recommended, the stock composition of the fishery sample will be 
known to closely approximate that of the entire bycatch. Then, if each individual in the fishery 
sample could be identified to its source stock without error, the users could have full trust in the 
apparent bycatch composition based on the sample. However, source identification from genetic 
information is not yet without error because of the limited number of loci included. Users of the 
stock composition assessment will want to have a transparent demonstration of how well the 
genotypes of the contributing stocks can be identified to source. The standard practice for 
assessing baseline power, or the capacity of a baseline to distinguish among the stocks, is to 
analyze many sets of simulated baseline and mixture samples using allele relative frequencies 
observed in the actual baseline samples as though they equaled the corresponding unknown 
values in the stocks. The hypothetical stock mixture from which the simulated mixture sample is 
drawn has stock composition specified by the analyst. Each set of simulated samples—baseline 
samples and a fishery mixture sample—are analyzed using the conditional maximum likelihood 
method to estimate the stock proportions. Then the distributions of the estimates of stock 
proportions from the many sets are compared with the known stock proportions of the underlying 
mixture. This method of baseline evaluation has been used for 20 years or more. Commonly, so-
called 100% mixtures are specified in which only a single stock, or stock group, composes the 
mixture with the remaining stocks absent. The baseline power determined from these 100% 
simulations likely provides an optimistic view for several reasons. First, the fishery-sampling 
component of uncertainty is completely missing. If the simulated mixtures included several 
stocks, the actual stock compositions of simulated mixture samples would vary from that 
specified. Nonetheless, if the simulated mixture samples are sufficiently large, e.g., sample size 
is specified using the theorem for simultaneous confidence intervals of multinomial proportions 
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(Thompson 2002), this effect is negligible. Second, the uncertainty in stock composition 
increases as the underlying stock proportions are moved away from the constraining boundaries 

of the simplex, p = (p1,…,pc) where 0 ≤ pi≤ 1, i = 1,…,c  and . This increase is caused 

not only by the inclusion of the fishery-sampling component of variation in actual stock 
composition of samples, but also by confusion among the additional stocks present. The 100% 
mixtures do provide good information about the bias and variation at the boundary caused by the 
variable estimates being constrained. However, actual bycatch mixtures in the pollock fishery 
will usually be composed of several stocks and 100% mixtures will likely understate their 
uncertainty. Third, and last, recent investigation of the standard simulation method shows that it 
overstates the predicted accuracy with profound bias for closely related stocks is less biased for 
reporting groups, but increases as more genetic loci are added to the baseline (Anderson et al. 
2008). A cross validation method developed by Anderson et al. (2008) should be used in a 
reevaluation of baseline power of SNPs and microsatellites and their combination. 

pi = 1
i=1

c

∑

In addition to 100% simulations, equal-proportions simulations would provide a less 
optimistic—possibly a worst case—evaluation. If the mixture sample size is assumed to be large 
as planned, the simulations can be simplified to generate large numbers of genotypes from each 
of the stock baseline samples. Then these simulated genotypes are classified to their purported 
source stocks with the maximum a posteriori rule: assign the individual to the baseline stock for 
which its genotype is most frequent. A so-called confusion matrix can be produced from the 
assignments, which clearly demonstrates the baseline power to identify stock sources of 
individuals under this most challenging condition. The confusion matrix shows the stocks that 
are most difficult to distinguish. The data from this experiment can also be summarized to 
provide a confusion matrix for regional groups of stocks. Users of stock composition analysis are 
already familiar with the confusion matrix from discriminant analysis using scales, and therefore 
the results should be readily appreciated. 

A number of genetic baselines have been developed, and progress in improving their geographic 
coverages and in discovering new and useful genetic markers will continue. Our emphasis on 
resolving the bycatch origins has been on its regional geographic composition because that 
appears practical in the near term. Users of the genetic analysis of the bycatch, such as Yukon 
River subsistence fishers, will probably demand the highest resolution possible. Genetic marker 
surveys within regions such as the Yukon River have been useful to help satisfy such requests at 
least when the mixture is composed only of local stocks, and presumably future surveys will 
provide even better local resolution. Different regions may require their own marker sets to 
separate local stocks. A complex of genetic baselines can be anticipated, including a Pacific Rim 
baseline and additional regional baselines. The Pacific Rim baseline would be composed of 
genetic samples from all the stocks for those loci useful for regional separation. Regional 
baselines would include samples from the regional stocks with additional genetic loci useful for 
separating their local stocks. Past statistical treatments of genetic mixture analysis have 
considered an essentially uniform baseline of shared genetic markers available for all stocks, 
possibly with a few loci missing for some stocks. With the complex of genetic baselines that may 
occur for the Bering Sea–Aleutian Islands salmon bycatch, the issue of missing loci in baseline 
samples as dealt with to this time will likely become more problematic. Statistical methods and 
computer programs may be required for sequentially resolving the bycatch, first regionally, and 
second, locally. For example, the regional resolution could be in the form of probabilities of 
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regional origins of the bycatch individuals. Then the regional markers not yet used could be 
applied to provide more detail. Although all the markers would have to be assayed for the 
bycatch tissue samples, a savings would occur by limiting additional baseline development for 
local detail to useful loci within their regions of high interest.  

Finally, the discovery of bias in simulations by Anderson et al. (2008) recalls an early issue of 
applications of genetics to fish mixtures. The addition of genetic loci to a baseline were 
purported to either improve, or at worst, not reduce, the success in resolving a stock mixture. 
That may be true, but if so, it avoids a pitfall sometimes found in discriminant and pattern 
recognition analysis (Hand, 1981). As additional variables are added to classify generic objects 
to their sources, the success rate can at first increase, but then decrease. The evaluation of 
baselines and their loci needs to be alert to this danger. 

Bycatch stock mixture analysis 
The Bayesian method of estimation is preferred for two reasons. First, the Bayesian method 
allows the analyst to speak about uncertainty of the bycatch stock composition in terms expected 
by the non-technical user. Bayesian probability intervals for the unknown stock proportions 
mean that the unknown stock proportions composing the bycatch lie within the stated intervals 
with probabilities as given. Frequentist confidence intervals are much more complicated: they 
refer to the frequency with which the computed interval covers the unknown stock composition 
p. Second, the Bayesian method makes better use of the genetic data by adding the information 
about allele relative frequencies of the mixture sample to that of the baseline samples. Given the 
large mixture samples planned, this information could be substantial. 

KEY RECOMMENDATIONS 
• The internal workings of the Catch Accounting System cannot currently be evaluated, nor 

can the precision of its Chinook salmon bycatch estimates be calculated. The National 
Marine Fisheries Service should develop written procedures for the assessment of the 
quality of the data and resulting estimates, both in terms of sampling errors and non-
sampling errors. These written procedures should be written in standard statistical 
notation and they should be peer reviewed. 

• Bycatch numbers could, in principle, be ascertained by a census. This approach is simple, 
easy to explain, and has the advantage that it is free of sampling error. We recommend 
that the National Marine Fisheries Service at least consider moving towards a more 
census-like approach to assessing the bycatch magnitude. Further, a census approach will 
permit statistical tests to determine that the presence of an observer on board a vessel 
does not affect the level of bycatch that is reported. 

• The National Marine Fisheries Service should develop a strict protocol to ensure 
representative sampling. In particular, size selective sampling should be absolutely 
prohibited and sampling rates should be as uniform as possible across hauls, deliveries, 
and vessels. To achieve this uniformity, we recommend systematic sampling of the 
Chinook salmon bycatch to obtain tissue samples for mixture analysis. This approach is 
operationally simple, easy to understand, produces a representative sample, and will be 
less wasteful and more efficient than approaches that allow the sampling rate to vary 
widely among vessels, trips, or hauls.  
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• We offer detailed recommendations for Bayesian genetic mixture analysis and baseline 
evaluation, and we offer specific recommendations for demonstrating the validity of the 
method using simulation. 

CONCLUSION 
Our recommendations for collecting the Chinook salmon tissues samples are quite a departure 
from the way that Chinook salmon in the bycatch has been sampled in the past. We recognize 
that it might be impossible to move rapidly towards the ideal of a truly representative sample of 
Chinook salmon in the entire bycatch. Even so, some departures from this ideal present bigger 
problems than others.  

Any method for collecting genetic tissue specimens that could be size selective in the salmon 
that are chosen should be definitely rejected. Size selective sampling will almost surely produce 
a highly biased picture of stock origins and of the level of sampling error (reflected in confidence 
intervals, standard error estimates, or Bayes probability intervals). Similarly, a very accurate 
picture of the size and age distribution of salmon in the bycatch will be needed in the future, so 
that bycatch mortalities can be expressed on a returning adult equivalency. Salmon taken early in 
life will have many opportunities to fail and die before their final homing migration. The bycatch 
of a very young fish will have a different and less pronounced effect on the terminal run than 
salmon caught immediately prior to this homing migration, when the subsequent mortality rate 
would have been expected to be comparatively low if they had not been caught by the trawl 
fishery. So, most importantly, the sampling process must involve a definite protocol that assures 
salmon of all sizes are equally likely to enter the sample for genetic decoding as well for age and 
size distribution estimates.   

Another serious bias in estimation of stock origins of the bycatch would also occur if only 
catcher vessels carrying an observer and delivering to shore-based and floating processors were 
sampled for genetic tissues. The availability of an extra observer during their deliveries would 
seem to more easily enable such sampling than deliveries to motherships and hauls of a catcher-
processor when only a single observer is present. The catcher vessels delivering to motherships 
as well as the catcher-processors may distribute their fishing efforts differently over the Bering 
Sea–Aleutian Islands area than the catcher vessels delivering to shore-based and floating 
processors. If so, the stock composition of their salmon bycatch is unlikely to be represented by 
the sampled bycatch for the catcher vessels delivering to shore-based and floating processors. 

If tissue samples are all taken from spatial or temporal clusters of bycatch, this could greatly 
affect the actual and reported precision (e.g., confidence intervals, standard errors, or Bayes 
probability intervals) of stock composition. This clustered sampling, for example, would result 
by taking specimens of only a small subset of vessel deliveries, or from taking specimens from 
spatially clustered fish within the hauls. If this kind of sampling is the only practical way to 
collect the specimens, then the problem could be informally addressed in the genetic laboratory 
by decoding vastly more specimens than Thompson’s (1987) sample size algorithm 
recommends. Even still, with these cluster samples the confidence intervals would be biased. 
Although this should be a source for concern when considering the estimates for a single domain, 
in principle, estimates that result from this kind of tissue collection from clusters should follow 
the correct trends over time and space.  
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If tissue specimens were collected from a quota, such as 50 specimens from each delivery, this 
would have an unknown effect on both accuracy and precision. If, for some reason, vessels with 
higher bycatch rate have a greater proportion of Western Alaskan salmon in the bycatch, then 
samples based on vessel or delivery quotas will tend to produce estimates of stock composition 
that will understate the level of Western Alaskan stocks in the total bycatch, because vessels with 
larger numbers of Western Alaskan salmon will be sampled at a lower rate. If quota-based 
sample collection is the only practical way to obtain the tissue specimens, then the final sample 
that is actually decoded should be carefully weighted to achieve as close to a fixed sampling rate 
as possible.  

Like explaining how an automatic timepiece works, explaining how a salmon stock mixture 
analysis works in principle is a lot easier than actually making one work. In both cases the art of 
actually doing it is all about making a large number of interrelated pieces work together correctly 
and precisely. However, in the case of the problem producing stock composition estimates, 
simply making it work is only part of the larger problem. The entire problem has not been solved 
until reasonable skeptics can be convinced that it works—that is, that the estimates are credible. 
We believe our recommendations that deal with proving that the estimates are credible are at 
least as important as our procedural recommendations for improving the estimates.  
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Appendix A.–Observer Forms and Information Recorded on Trawlers and at Plants 

 

A total of seven different kinds of forms are completed by observers and these describe the 
information obtained: 

1—Trip Form. All vessel observers must fill out this form, which captures position and calendar 
data at the trip level. This information includes the ports at the beginning and end of a trip, start 
and end dates and time, and time lost at sea. 

2—Offload Form. All plant observers and all observers on catcher vessels delivering to a shore-
based processor or a floating processor must fill out this form together. The form includes the 
cruise number, vessel permit number, vessel or plant name, observer’s name, trip number, 
completion date, total delivery weight, total pollock weight, and the Alaska Department of Fish 
and Game fish ticket number. 

3—Vessel Haul Form. All vessel observers must fill out this form, which captures geographic 
position at the haul level. An entry is required for every day at sea whether fished or not. All 
hauls retrieved must be recorded, and in the order of occurrence. Each haul has recorded the 
cruise number, vessel permit number, the observer’s name, the vessel name, trip number, 
Community Development Quota group number if applicable, vessel type (catcher-processor, 
mothership, or catcher), gear problems during haul, date, time, latitude and longitude at 
beginning and end, average bottom depth and average gear depth during the deployment.  

4—Observer Haul Form. All vessel observers must complete this form, which captures haul 
specific weight and other data. This form has a line corresponding to each line on the Vessel 
Haul Form to provide information about sampling or not sampling the hauls, and records the 
vessel’s total catch weight estimate for the haul, any discard weight, the observer’s total catch 
weight estimate and how estimated (bin volume, weighed entirely on observer scales or vessel’s 
flow scale, or codend estimate), and delivery locations and dates.  

5—Deck Form. All vessel observers must fill out this waterproof form, which contains species 
composition and other data specific to species composition sampling. Information for each 
sampled haul is recorded including date of retrieval, cruise number, vessel permit number, haul 
or offload number, sample and subsample numbers and weights, and a list of species present (by 
sex for Tanner crab, king crab, and salmon) with corresponding counts of the individuals and 
their combined weights. As of January 2008, observers are to collect and individually record at 
least three collections for species composition from each sampled haul. Completion of paper 
versions called the Species Composition Form and the Length and Specimen Form are also 
necessary if faxing is the mode of communication for the vessel. 

6—Marine Mammal Interaction and Specimen Form. When marine mammal interactions occur, 
observers on vessels faxing data must fill out this paper form, which captures information about 
each event. Observers on vessels communicating with the ATLAS system transmit the same 
information electronically. 

7—Species Identification Form. All observers, whether at a plant or on a vessel, must fill out this 
form for each new species they see. The form captures characters of the species and is used to 
verify the observer’s species identification. 
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Appendix B.–Estimators, Statistical Summaries, and Reported Information When Observers Cannot 
Census the Bycatch—Miller’s Methods 

 

Miller (2005) developed the general framework and formulas whereby the catch of any species, 
such as Chinook salmon bycatch, could be estimated from observer data. Miller’s work was 
completed by 2005, and the observer program and regulations have changed since then to allow 
improved estimation. Miller provided design-based as well as model-based methods of 
estimation. Design-based estimators require no assumptions about the populations being 
sampled, but they do require assumptions about the selection of the sample. Miller’s model-
based estimators do require assumptions about the nature of the bycatch, but these appear so 
plausible that any disadvantage is minor. Miller developed the model-based estimators for 
limited data situations that prevented use of design-based estimators. The limited data situations 
would seem more frequent in the earlier years of the observer program than nowadays. For 
example, observers are now required to obtain at least three species composition samples from a 
sampled haul (see p. 5-5 of 2008 Observer Sampling Manual: http://www.afsc.noaa.gov/ FMA/ 
document.htm) and these data are recorded separately for the samples in the Alaska Fisheries 
Science Center database (Cahalan and Ferdinand 2008). Previously, fewer species composition 
samples were taken and the data were aggregated over samples before entry into the database. In 
addition, Miller viewed the numbers of trips made by midsized vessels as unknown. We believe 
that such information is available today and can be obtained from the fish tickets at offloading 
required by the Alaska Department of Fish and Game. Therefore, Miller’s approach to dealing 
with this uncertainty in numbers of trips is omitted. 

Design-based estimation within a haul 
All, or nearly all, hauls by a catcher vessel should be sampled because at most a few hauls are 
made per day. However, if all the hauls cannot be sampled, the observer is directed to introduce 
randomness in the selection of hauls to be sampled. True random sampling is not possible 
because of the physical limits to which the observer could be pressed and because the number of 
hauls is not known before sampling begins. As Miller notes, treating the hauls as though 
randomly sampled will yield appropriate inferences because the haul contents are not related to 
their inclusion for sampling. The species composition samples are to be drawn either 
systematically or randomly from the chosen sample frame. The frame is either temporal or 
spatial. A temporal frame is available if the catch passes a sampling location on the vessel slowly 
enough so that portions can be removed for examination, or a spatial frame is available if the 
catch is brought onto the vessel at a sampling location where it can be partitioned into portions 
that can be removed for examination. A measure of size, either weight or volume, of each sample 
is obtained, and the corresponding size of the unsorted haul catch is recorded. As a result of 
Amendment 80, nearly all catcher/processor vessels in the Bering Sea now have motion-
compensated scales available to make the size, i.e., weight, measurement of samples more 
accurate. The estimator for total number of Chinook salmon in the kth haul is (Miller’s Equation 
3.10), 

   N̂k =
Vk

vkmk

Nki
i=1

mk

∑ =
M k

mk

Nki
i=1

mk

∑ ,    (1) 

and the estimate for the variance is (Miller’s Equation 3.11), 
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   V̂ N̂k( )= M k
M k

mk

−1
⎛
⎝⎜

⎞
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Nki − N̂( )2
i=1

mk

∑
mk −1

.   (2) 

Here Nki denotes the number of Chinook salmon counted in the ith sample, Vk equals the total 
size of the haul, vk is the size of each equal-sized sample, a total of mk sampling units are taken 

from the haul which contains a total of Mk sampling units, and N̂ = Nki
i=1

mk

∑ mk . 

Miller also adjusts the variance estimator upward for the situation where the size measurements 
of the sampling units are subject to error, but the correction (Miller’s Equation 3.13) requires 
experimentally determined values for the unknown measurement error variances for every 
measurement method.  

Model-based estimation within a haul 
Miller develops a ratio estimator of the bycatch of a haul that may prove useful when actual 
sampling on a vessel carrying an observer is incomplete. Furthermore, unobserved midsized 
vessels may provide information at delivery of catch to the processor by which to estimate haul 
or trip bycatch. Such model-based estimates may be useful for comparison with design-based 
estimates if dumping is suspected. The accuracy of design-based estimates depends on the 
assumption that bycatch of a vessel is not affected by the presence of an observer. The generic 
model (actually, Miller described two models for this problem and we limit discussion to that 
which seems most realistic) for bycatch of the kth haul is 

       (3) 

EM Nk( )= xkφN ,t

VM Nk( )= xkσ N ,t

CovM N j , Nk( )= 0 for j ≠ k,

where   denotes the averaging process of the argument with respect to the model, xk is the 
known value of a covariate measured on the haul such as pollock weight, 

( )•ME
φN ,t  is a trip-specific 

slope parameter such as the bycatch rate of Chinook salmon per ton of pollock on a trip t, and 
σ N ,t  is a trip-specific measure of the change in variation of bycatch as the magnitude of the 
covariate changes. The weight of pollock catch may be the best covariate because at least its trip 
value will usually be available. Miller derives the optimal estimator for φN ,t ,  

    φ̂N ,t = Nki
i=1

mk

∑
k=1

gt

∑ xk
k=1

gt

∑ ,      (4) 

where the numerator equals the total count of Chinook salmon among the species composition 
sample collections (number of species composition sample collections drawn from the kth haul is 
mk) of the gt sampled hauls of the trip, and the denominator is the corresponding sum of the 
covariate for the species composition sample collections. The estimator of the total bycatch in 
the kth haul is 
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    ,     (5) N̂k = Nki
i=1

mk

∑ + φ̂N ,t ′xk

where  denotes the covariate total over the unsampled portion of the kth haul. Notice that the 
estimator comprises two terms, the first equal to the total count of Chinook salmon bycatch in 
the mk species composition samples from the haul, and the second equal to the corresponding 
estimated bycatch in the unobserved portion of the haul. The unbiased estimator of the variance 
for the bycatch estimator, , is (Miller’s Equation 3.36 and nearby) 

′xk

N̂k

    V̂M N̂k( )= ′xk
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− xk
2

k=1
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k=1

gt

∑ .  

Design-based estimation for a trip 

A catcher vessel with an observer on board may make one or more hauls before delivery to a 
processing vessel. A catcher-processor with an observer on board continues to make hauls until 
filled. The total bycatch of Chinook salmon is estimated from the individual hauls. Suppose that 
the observer has sampled gt hauls for species composition from the total of Gt hauls of the trip. 
Miller treats the sampled hauls as if randomly sampled from the total hauls of the trip (although 
the captain of the midsized vessels chooses the trips to be observed) and uses the expanded sum 
of the within-haul estimates for the total (Miller’s Equation 5.1), 

    N̂t =
Gt

gt

N̂k
k=1

gt

∑ ,     (7) 

and the estimated variance is (Miller’s Equation 5.2), 
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, N̂t = N̂k

k=1

gt

∑ gt , and the terms  and N̂k V̂ N̂k( ) refer to the design-

based haul estimators defined earlier. 

In the special case when only a single haul is made in the trip, if the observer sampled the haul, 
the trip bycatch and its variance are simply estimated from the within-haul formulas, 

     and N̂t = N̂k=1 V̂ N̂k=1( ). 
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If the observer did not sample the haul, then Miller uses model-based methods for the bycatch 
estimation (see Equations 18–20 below). 

Model-based estimation for a trip 
The estimate of the trip bycatch from the model is 

  ,  (9) N̂t = Nki
i=1

mk

∑
k=1

gt

∑ + φ̂N ,t ′xk
k=1

gt

∑ + Xl
l=1

′gt

∑
⎛

⎝⎜
⎞

⎠⎟
= N++,t + φ̂N ,t ′xt

where  is the covariate total for the unsampled portion of the kth haul,  is the total number 
of unsampled hauls in the tth trip,  is the total number of Chinook (or chum) salmon 
counted in species composition samples from the hauls during trip t, 

′xk ′gt

N++,t

′xt

φ̂N

 is the covariate total for 
unsampled hauls and unsampled portions of sampled hauls of trip t,  is the estimated slope 
coefficient at Equation 4, and Xl is the covariate total for the lth unsampled haul. Miller provides 
the prediction error variance estimator for trip bycatch, , 

,t

N̂t

    VM N̂t( )= Xt
′xt

xt

σ̂ N ,t
2 ,     (10) 

where Xt is the covariate total for the entire trip t, xt is the covariate total for sampled portions of 
hauls for the trip,  is the covariate total for the unsampled portions of hauls for the trip, and ′xt

   σ̂ N ,t
2 =

xt

xt
2 − xk

2

k=1

gt

∑
Nk+,t − φ̂N ,t xk( 2

k=1

gt

∑ ) ,   (11) 

where  is the total count of Chinook (or chum) salmon in the species composition 

samples from the kth haul.  

Nk+,t = Nki
i=1

gt

∑

Design-based estimation of domain bycatch of a vessel trip 
Managers will need to know the bycatch for time and area domains for a fleet of vessels. 
However, any of these vessels may have made hauls during a trip within a domain as well as 
outside of the domain, Miller begins with estimating the dth domain total bycatch for a particular 
vessel trip t as the sum (Miller’s Equation 5.40), 

   N̂dt =
Gt

gt

N̂k
k=1

gdt

∑ ,      (12) 

where Gt is the number of hauls during the trip, gt is number of sampled hauls in the trip, gdt is 
the number of the sampled hauls that occurred in domain d during the trip, and  is the 
estimator (see Equation 1 or 5) of the bycatch in the kth sampled haul. The variance of this 
estimator is (Miller’s Equation 5.41), 

N̂k

48 



 

 V̂ N̂dt( )= Gt
Gt

gt

−1
⎛
⎝⎜

⎞
⎠⎟

N̂k
2

k=1

gdt

∑ − N̂k
k=1

gdt

∑
⎛

⎝⎜
⎞

⎠⎟

2

gt

gt −1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

+
Gt

gt

V̂ N̂k( )
k=1

gdt

∑ .  (13) 

Model-based estimation for domain d bycatch during vessel trip t 

When the covariate total, e.g., pollock catch, for the domain d during trip t is known, Miller uses 
a model with domain-specific parameters, 

         (14) 

EM Nk( )= xkφN ,dt

VM Nk( )= xkσ N ,dt
2

CovM Nk , Nl( )= 0  for k ≠ l,

where Nk is the count of Chinook (or chum) salmon in the sampled portion of the kth haul, xk is 
the corresponding covariate total in that haul, and φN,dt and σN,t are the domain slope and change 
in variation parameters. The estimator of the bycatch in the domain during a trip sums the 
observed counts in sampled hauls and estimated counts for any unsampled hauls or portions of 
hauls as (Miller’s Equation 5.38), 

  ,  N̂dt = Nk
k=1

gdt

∑ + φ̂N ,dt ′xk
k=1

gdt

∑ + Xl
l=1

′gdt

∑
⎛

⎝⎜
⎞

⎠⎟
= Ndt + φ̂N ,dt ⋅ ′xdt (15) 

where  is the number of unsampled hauls in the dth domain during the tth trip, gdt is the 
number of hauls sampled in the dth domain during the tth trip, 

′gdt

′xk  is the covariate total for the 
unsampled portion of the kth sampled haul, Xl is the covariate total for the lth unsampled haul, 
Ndt is the count of Chinook (or chum) salmon in sampled portions of the hauls, and ′xdt  is the 
covariate total for unsampled portions of sampled hauls and unsampled hauls. The unbiased 
estimator for the slope parameter is        

 φ̂dt = Nk
k=1

gdt

∑ xk
k=1

gdt

∑ .         (16)  

Finally, the variance estimator for the bycatch in the domain during trip t is (Miller’s Equation 
5.38) is 

    V̂M N̂dt( )= ′xdt

xdt

Xdtσ̂ N ,dt
2 ,    (17) 

where    σ̂ N ,dt
2 =

xdt

xdt
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∑
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∑ , 

xdt = xk
k=1

gdt

∑ , , and Gdt is the number of hauls made in the dth domain during the tth 

vessel trip. 

Xdt = Xk
k=1

Gdt

∑
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Model-based estimation for undersampled trips 

Some trips with an observer present may have had an insufficient number of hauls sampled for 
variance estimation. Useful information about the number of hauls made during the trip, the 
location and date of each haul, and the covariate value for each haul may be available. Miller 
uses a model closely related to that described earlier at Equation 14 except that the coefficients 
are now domain-specific rather than trip-specific, 

         (18)  

EM Nk( )= xkφN ,m

VM Nk( )= xkσ N ,m
2

CovM Nk , Nl( )= 0  for k ≠ l

The predictor for bycatch in the undersampled trip is  

    ,      (19) N̂mt = Xmtφ̂N ,m

where φ̂N ,m = Nk
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∑ xk
k=1
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∑ , Xmt is the covariate total for the hauls made on the undersampled 

trip t in the mth domain, and gm hauls were sampled in the domain. The variance estimator is 
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and xm is the covariate total for the sampled portions of hauls made in the mth domain. 

 

Design-based estimation for bycatch by a vessel over a number of trips 
Miller assumes simple random sampling of cv trips from a total of Cv trips by a particular vessel 
v. The estimator for total bycatch of Chinook (or chum) salmon is the sum of the trip bycatches 
(Miller’s Equation 5.75), 

     N̂v =
Cv

cv

N̂t
t=1
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∑     (22) 

and the variance estimator (Miller’s Equation 5.76) is  
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c
, N̂v = N̂v Cv , and  is an appropriate estimator of the bycatch for 

the tth trip.  

N̂t

The covariances of Equation 23 are all zero unless a vessel has two or more undersampled trips. 
Presumably that event will be so infrequent as to be ignorable. 
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Appendix C.–The General Mixture Problem and its Solution. 

The source populations potentially include individuals of all the possible genotypes that occur 
among all populations in a mixture. Hence none of the populations can be excluded as the source 
of an individual. However, the relative frequency of any genotype generally differs among the 
populations, and so in this sense the plausibility that the individual came from any population 
varies: a population in which the genotype of an individual has a higher relative frequency than 
in another population is a more plausible candidate as the source provided that both populations 
were considered equally probable candidates prior to observing the genotype. Suppose that a 
random sample of M individuals is drawn from a large mixture composed of c populations with 

proportions p = (p1,…,pc), 0 ≤ pi≤ 1, i = 1,…,c, and . Alternatively, the sample could 

have been assembled as a composite of randomly selected individuals from the c populations by 
some unknown procedure. In either case, the unknown population composition of the mixture 
sample will be assessed from the genotypes of its members and used to interpret the underlying 
population mixture. The genotypes of the mixture individuals are determined in the laboratory at 
each of L independent loci with the hth locus having a total of different alleles among the 
possible populations. The collection of genotypes is denoted as X = (X1,…,Xm). The genotype of 
the mth individual is Xm = (Xm1,…,XmL), where Xmh = (xmh1,…,xmhJh

) is the vector of allele counts 
(entries are 0, 1, or 2 for diploid animals such as fish) for an individual m at the hth locus. 
(Notice also that the total allele counts for a diploid individual at any locus h is 

.) Hardy-Weinberg linkage equilibrium conditions (HWLE) are quite plausible 

for large panmictic populations that do not interbreed, and these conditions are assumed to hold 
for the salmon populations of this study. (Notice that if microsatellites—less likely—or the large 
numbers of SNPs—more likely—are in linkage disequilibrium, the computations that follow do 
not apply.) Therefore, the relative frequency of the genotype in the ith population can be 
written as 

pi
i=1

c

∑ = 1

Jh

m

xmh+ = xmhj
j=1

Jh

∑ = 2

X

   .  f Xm;Qi( )= 21−δh Xm( ) qihj
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∏
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⎤

⎦
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∏

Here  is the indicator function for the homozygous condition at locus h (equals 1 if the 
mth individual has  for some j, j = 1,…,Jh, and equals 0 otherwise). Also, the genetic 
parameters for the ith stock are denoted by Qi = (qihj), h = 1,…,L; j = 1,…,Jh and refer to the 
allele relative frequencies at the L loci defining the multilocus genotypes of individuals 

( ).  

δh Xm(

=

≤ ≤ ∑0 1
hJ

hj
j

)

)

xmhj = 2

= 1
1

, hjq q

The relative frequency of the genotype for the mth individual in the mixture is a weighted 

average of its relative frequencies in the separate populations, . Further the 

probability of the sample of mixture genotypes X is 

pi f Xm;Qι(
i=1

c

∑
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Equation 1 is the basic genetic mixture model by which to estimate the population source 
composition of the catch. As written, the unknowns, p and Q, are viewed as constants, the 
genotypes, X, are treated as random variables, and likelihood methods are used for estimation. 
When Bayesian methods are introduced later, the view is reversed: the unknowns become 
random variables and the genotypes are the only constants. Both likelihood and Bayesian 
methods of genetic population mixture analysis are commonly used. Likelihood methods are 
simpler to use, but somewhat less efficient in use of information in the mixture sample. In 
addition, for some genetic systems in which allele relative frequencies are very small among 
populations, e.g., many microsatellites, an incongruous incorporation of Bayesian methods 
within the likelihood algorithms has been necessary. The full Bayesian method overcomes these 
issues. 

Likelihood estimation method 
The conditional maximum likelihood method is commonly used for population mixture analysis. 
The approach breaks the estimation problem into two steps: first, the genetic parameters are 
estimated from baseline samples taken from the separate populations, and second, the mixture 
proportions are estimated treating the genetic parameters as known and maximizing the 
probability function at Equation 1 with respect to the unknown p. Several algorithms have been 
proposed to estimate the unknowns by the conditional maximum likelihood method, e.g., see 
Fournier et al. (1984), Millar (1987), and Pella and Milner (1987). For example, the maximizing 
value of p given the genotypes can be obtained by iteratively (t = 1, 2,…, T) evaluating the 
equation system, 
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Here the expressions for posterior source probabilities at the iterations for each of the mixture 
individuals, m = 1,…,M, are introduced as 
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An arbitrary value for  with positive components of unit sum can be substituted into the right 
hand side of the equation system to start the iteration. The composition for  results on the left 
hand side, and it is substituted into the right hand side again. The process is continued to 
convergence, which can be judged to have occurred by various criteria. Typically convergence is 
assumed when the changes between successive estimates of p become arbitrarily small. This 

p(0)

p(1)
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method of computing the conditional maximum likelihood estimate  is called the EM 
algorithm. Although the conditional MLE for p by the EM algorithm may not be as fast to 
compute as by other algorithms (Pella et al. 1996), it has the advantages of simplicity and the 
guarantee to converge with monotonic increase in likelihood function values during the search. 
Another advantage is the simple and intuitive interpretation of what is being done to compute the 
conditional MLE. Notice from the equation system that at convergence each individual has a unit 
value that is divided up among the possible stocks in proportion to its posterior source 
probabilities, and that the stock composition estimate is the arithmetic average of these posterior 
source probabilities over individuals of the sample. Therefore, instead of assigning the entire 
individual to a stock as though one knew its source, the individual is assigned fractionally in 
proportion to measures of our belief of its sources. 

p̂

The estimation of the allele relative frequencies Q among loci and stocks has become more 
complex as choice in genetic marks changed. Initially, allozymes were available and these loci 
typically had only a few alleles per locus. Therefore, maximum likelihood estimation of the 
allele frequencies was based on the standard multinomial sampling model. Random samples of 
fish from escapements, called baseline samples, were assayed for their genotypes, i.e., the pairs 
of alleles per fish. The maximum likelihood estimates of the Qi are the observed allele 
compositions of the combined alleles of the baseline sample from each stock and locus. More 
recently, microsatellite loci were used for which the number of different alleles among stocks 
could be large (as many as 50 or even more) and many of these alleles were rare or in low 
relative frequency in stocks. The result was that sampling zeros were presumably common in the 
baseline samples and this became very problematic to stock composition estimation. If maximum 
likelihood was used to estimate the allele relative frequencies from the baseline samples, stocks 
whose baseline samples had sampling zeros were necessarily eliminated as potential sources for 
mixture individuals having the corresponding alleles in their genotypes. Other stocks without 
sampling zeros became the candidates, and with far greater posterior source probabilities than 
should have occurred. Because certainty about the absence of a rare allele is not possible with 
limited sample size from large populations, stock composition estimation from microsatellites 
performs better if the possibility is maintained that any baseline stock could be the source of any 
mixture individual. This possibility is achieved through use of Bayesian methods that in the 
present context provides a probability distribution for allele relative frequencies of Q rather than 
a point estimate and associated measure of variation. Under this Bayesian probability 
distribution, every allele is potentially present in every stock. Were a point estimate needed, the 
location parameter, e.g., mean or median, of the Bayes distributions of components of Q should 
suffice. 

The recommended method of estimating the sampling variation in the conditional maximum 
likelihood estimate, , is by bootstrap resampling. The reason that asymptotic methods are not 
useful for this purpose is they are inaccurate and overestimate the uncertainty. Asymptotic 
methods are inaccurate because they depend on an assumption, nearly always violated, that the 
distributions of composition estimates do not encounter the boundaries for the unknown 

proportions ( ). In the bootstrap method, the mixture and baseline 

samples are sampled with replacement to generate random analogs of the same size. The allele 
relative frequencies Q are estimated by either maximum likelihood from the bootstrap baseline 
samples (appropriate if none of the alleles are rare), or by a single draw from the Bayes 
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distribution of Q (appropriate when some alleles are rare). Then the conditional maximum 
likelihood estimate of p is computed for the bootstrap mixture sample using the EM algorithm, 
for example. A large number of repetitions of this process (e.g., 1,000 times) generates an 
empirical bootstrap distribution from which the mean and lower α/2 ⋅100-th percentile and upper 
(1-α/2) ⋅100-th percentile provide a point estimate and symmetric (1-α) ⋅100% confidence 
bounds. 

Software to perform the conditional maximum likelihood estimation method and bootstrap 
resampling of baseline and mixture samples is freely available from two sources. The earliest 
software is the program called Statistical Package for Analyzing Mixtures (SPAM) (Debevec et 
al. 2000). SPAM originally did not include the option during bootstrap resampling of using the 
Bayesian posterior for baseline allele relative frequencies. Meanwhile, Kalinowski (2003) 
developed the program called Genetic Mixture Analysis (GMA) that did. Later, SPAM was 
updated to include the option (Alaska Department of Fish and Game 2003). 

Bayesian estimation method 
The Bayesian approach has been extended to include estimation of both the stock composition p 
and the allele relative frequencies Q (Pella and Masuda 2001). The combination of a Bayesian 
analysis for Q and a maximum likelihood approach for p described above is a peculiarity in that 
frequentist and Bayesian statisticians view any estimation problem as mirror images. Under 
Bayesian methods, data are considered fixed and unknown parameters are considered random 
variables. Under frequentist methods such as maximum likelihood, data are considered random 
and parameters are fixed. Although the two schools have long debated the validity of their 
approaches, the more recent Bayesian methods have gained favor by more exact modeling of 
complex problems made possible by availability of greater computing power. The premise of the 
Bayesian method for estimation of a collection of unknowns, say Θ = p,Q( ), is that information 
exists about  before a sample is drawn and data Y become available. The information is 
provided in the form of a prior probability distribution, in the present problem by 

Θ

π p,Q( )= π p( )π Q( ). That is, the prior information about the stock proportions, p, and genetic 
parameters, Q, is assumed to be statistically independent so that their joint prior probability 
distribution equals the product of their separate prior distributions. Uninformative priors are 
chosen for both p and Q so that the data “do the talking.” The information in the data Y is 
combined with that of the prior by integration of the product of the prior, π p,Q( )

)

, and the 

likelihood of the data, , to produce the posterior distribution, 

. The posterior distribution summarizes the 
knowledge and uncertainty about the unknowns. Pella and Masuda (2001) chose so-called 
conjugate priors for both p and Q so that the Bayes posterior distribution for the unknowns has 
an explicit solution. The prior for p is the Dirichlet density function, which is defined on the 

stock composition simplex, . The density function is 

π Y | p,Q( )∝ pi
i=1

c

∑ f Xm | Qi(⎡

⎣
⎢

⎤

⎦
⎥

m=1

M

∏
)( )⋅π Y | p,Q( )dpdQ

S(p) = p : 0 < pi < 1, p
i=1

c

∑⎧
⎨
⎩

π p,Q | Y( ) π p,Q∝ ∫

i = 1
⎫
⎬
⎭
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parameterized by α = (α1,…,αc) and is π p |α( )= D(p |α ) =
Γ α i

i=1

c

∑⎛⎝⎜
⎞
⎠⎟

Γ α i( )
i=1

c

∏
pi
α i −1

i=1

c

∏ . Pella and 

Masuda (2001) set the αi = 1/c, i = 1,…,c, which has the desired effect of providing low 
information about p: this prior information is equivalent to adding a single individual to the 
mixture sample and specifies that the prior contributions from the source stocks to the mixture 
are equal. If the source identities of the M individuals in the random multinomial mixture sample 

were available and the array of stock counts is denoted by ( )
=

= =∑K1
1

, , ,  where 
c

c i
i

z z zZ M , the 

posterior distribution is the Dirichlet density function, 

( ) (π ⎛ ⎞ ⎛= + ⋅ = + ⋅⎜ ⎟ ⎜
⎝ ⎠ ⎝

K
1 1| | | 1,D D
c c

p Z p Z 1 p Z )⎞⎟
⎠

,1 . The means, variances, and covariances of 

this distribution are given by 

E(pi | Z) = (zi + c-1)/(M + 1), i = 1,…,c 

var (pi | Z) = [(zi + c-1)(M + 1 - (zi + c-1))]/[(M + 1)2(M + 2)], i = 1,…,c  

cov (pi, pj | Z) = [(zi + c-1)(zi + c-1)]/[(M + 1)2(M + 2)], i, j = 1,…,c  

As M becomes large, these values for the posterior distribution of p agree closely with the MLE 
estimates of the corresponding values if Z is treated as a simple multinomial random variable, so 
that the Bayesian posterior distribution will be a reasonable description of knowledge and 
uncertainty for both Bayesian and frequentist statisticians. Of course, the actual counts of 
individuals by source stock are unknown and what the Bayesian method does to accommodate 
this uncertainty is described shortly. 

The remaining unknowns are the allele relative frequencies Q at H different loci among the c 
stocks. Two information sources about Q are available: the baseline samples, and the mixture 
sample. In contrast to the conditional maximum likelihood method, which uses only the baseline 
samples for estimating Q, the Bayesian method extracts the information about Q from both. 
First, a separate Bayesian analysis is performed with the baseline samples to develop the baseline 
posterior distribution for Q. Second, the baseline posterior distribution for Q becomes the 
mixture prior for Q to be updated during the mixture sample analysis. The baseline sample for 
the h-th locus from the i-th stock is viewed as a random draw from the multinomial probability 
function with Jh different alleles possible at the locus. In practice, the value for Jh is the number 
of different alleles at the locus observed among the baseline stocks. Again, the Dirichlet prior 
probability density has been used to describe knowledge and uncertainty in Q. Two 
specifications for the parameters of the Dirichlet prior have been used. The most straightforward 
specification (Rannala and Mountain 1997) is the analog to that described above for stock 
composition p, but now applied to each of the c ⋅H unknown allele relative frequency arrays 
denoted by qih = (qih1,…,qihJh

), i = 1,…,c, h = 1,…,H (see Kalinowski 2003). To distinguish these 
prior parameters from those used for p, they will be denoted by βih = (βih1,…,βihJh

), where 
 if the h-th locus has Jh alleles among the baseline stocks. The other specification by 

Pella and Masuda (2001) chooses the prior parameters for a locus to be proportional to a baseline 
center of allele relative frequencies. The baseline center is the unweighted arithmetic average of 

βihj = Jh
−1
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the observed allele relative frequencies at the locus among the stocks in the baseline. The value 
for the constant of proportionality of each locus is chosen to minimize the sum of squared 
deviations between the observed allele relative frequencies and their posterior mean. With this 
definition for the prior parameters, the prior mean equals the baseline center, and the posterior 
mean for any stock is the weighted average of its observed allele relative frequencies and the 
baseline center with the weights equal to simple ratios involving the baseline sample sizes and 
the constant of proportionality. The method is called pseudo-Bayes because it hedges by using 
the baseline samples both to choose the prior parameters and to evaluate the posterior 
distribution for the allele relative frequencies. 

The Bayesian approach to describing the knowledge and uncertainty in the unknowns for 
complex problems is to generate a very large number of samples from their posterior 
distribution. Then summary measures of the posterior distribution, such as for location (mean, 
median, mode) and variation (standard deviation and various quartiles) can be computed from 
the samples with ignorable sampling error. In particular, the Bayesian method for stock mixtures 
used by Pella and Masuda (2001) is called a Markov chain Monte Carlo (MCMC) method 
because the samples for the unknowns are generated sequentially with each depending on the 
immediately preceding sample. The Bayesian method for stock mixtures also uses the data 
augmentation algorithm in which additional random observations, namely the unknown and 
purported sources of mixture individuals, are generated to greatly simplify estimation. At the k-th 
sample of the unknowns, let the current values from the posterior of p and Q be denoted by 

 and Q . The data augmentation algorithm has two steps: p = p(k ) = Q(k )

1. Draw a random stock source of each mixture individual,  ( )= K( ) ( ) ( )
1 , ,k k k

m m mcz zz , where 

c , if the source of the m-th individual is the i-th stock, and zmi
(k  

otherwise. The stock source is drawn with c probabilities proportional to the posterior 
source probabilities based on the genotype and current values of p and Q. 

= = K( ) 1,  1, ,k
miz i ) = 0

2. Draw new values from their respective posterior densities given 
the mixture sample genotypes, X, baseline samples for allele relative frequencies, Y, and 
the stock identities at step 1, Z(k). 

p = p(k+1)  and Q = Q(k+1)

 

The posterior distribution for p is obtained by updating the Dirichlet prior for p with the assigned 
stock identities for the mixture individuals, 

 ( )π
= =

⎛
= + +⎜

⎝ ⎠
∑ ∑K( ) ( ) ( )

1
1 1

1 1| , , | , ,
M M

k k
m

m m

D z
c c

p X Y Z p ⎞
⎟

k
mcz

k

. Notice that each updated Dirichlet 

parameter for a stock equals the sum of its prior parameter and the total number of mixture 
individuals assigned to the stock at the preceding sample in the chain. The posterior density for 

Qi is . Notice 

that each updated Dirichlet parameter for an allele in the i-th stock equals the sum of its prior 
parameter, the count of the allele in the baseline sample, and the count of the allele for mixture 
individuals assigned to the i-th stock at the preceding sample in the chain. 
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= ==
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The data augmentation algorithm generates a chain of samples from the posterior distribution for 
p and Q. However, the early samples in the sequence are influenced by the values chosen for p 
and Q to begin computations. Early burn-in samples need to be discarded, and a sufficiently 
large number of subsequent samples must be drawn to describe the posterior distribution 
accurately. Care is needed to assure that convergence has occurred. Recommended practice is to 
run several independent chains, ideally a chain for each reporting group, with dispersed starting 
points to reduce the possibility that a chain is accepted as representative of the posterior 
distribution before having converged. Usual starting points of the chains are mixture 
compositions p for which each reporting group is preponderant and each member stock 
contributes equally to the group. To determine the necessary chain lengths, an iterative scheme 
of processing pilot chains with the Raftery-Lewis convergence diagnostic (Raftery and Lewis 
1996) is applied to each sequence of reporting group proportions (see Pella and Masuda 2001). 
To monitor convergence, the Gelman-Rubin shrink factor (Gelman and Rubin 1992) is computed 
for the mixture proportion from each reporting group. After convergence of chains is verified, 
the MCMC samples after burn-in are combined across chains. Various statistics of the pooled 
chains (equivalent to parameters of the posterior distribution given the large samples) such as 
means, standard deviations, and various percentiles (2.5, 5.0, and 97.5) are computed for the 
reporting group proportions. Also reported for each mixture individual are the chain average 
relative frequencies of assignment to each of the baseline stocks, which are the averages of the 
posterior distributions for posterior source probabilities and can be used to assign individuals to 
their sources by the MAP rule. Pella and Masuda (2001) provide the implementing software (see 
the Fortran program BAYES on the Auke Bay Laboratory website) for all computations. More 
recently, the algorithms have been reprogrammed at the Pacific Biological Station as the C 
program cBAYES, which is available at their website. 
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