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Executive Summary

The Puget Sound Technical Recovery Team identified two independent populations of
summer chum salmon (Oncorhynchus keta) within the Hood Canal Summer Chum Salmon
evolutionarily significant unit (ESU), which is listed as threatened under the U.S. Endangered
Species Act. Our analysis was based on allozyme and microsatellite DNA variation, straying
patterns, historical and present geographical distribution, and life history and ecological
variations. Based on multiple lines of evidence, we concluded that the ESU contains two
independent populations. The Strait of Juan de Fuca population spawns in rivers and streams
entering the eastern Strait of Juan de Fuca and Admiralty Inlet. The Hood Canal population
includes all spawning aggregations within the Hood Canal watershed. An analysis by state and
tribal biologists in 2000 identified three extant stocks associated with the Strait of Juan de Fuca
population and six extant stocks associated with Hood Canal population. However, we
considered spawning aggregations to be independent populations only if the aggregations were
isolated to such an extent that exchanges of individuals among the aggregations would not be
expected to substantially affect the population dynamics or extinction risk of the different groups
over a 100-year time frame.

Genetic analyses showed that genetic differences among spawning aggregations followed
a pattern of isolation by distance, where the amount of exchange between spawning aggregations
was greatest among streams that were geographically close; independence among spawning
aggregations increased as geographical distances increased. Independent populations most likely
occurred when adjacent spawning aggregations were separated by at least 30 km. Given
historical distributions and ecological conditions that presumably sustained a persistent ESU,
these distances separate the ESU into two groups: the Strait of Juan de Fuca and the Hood Canal
aggregations. Additionally, our analyses indicate that stocks identified by earlier analyses—as
well as spawning aggregations that have disappeared from some streams—are important for the
viability of these populations through their effects on spatial structure and diversity.

For populations within salmon ESUSs, the National Marine Fisheries Service defines
viability as a 0.95 probability of population persistence over a 100-year time frame. Four main
population parameters—abundance, productivity, spatial structure, and diversity—describe the
attributes of a viable population. The abundance and productivity attributes are estimated
through quantitative population models; spatial structure and diversity of viable populations are
described more qualitatively.

Population viability has been determined using two methods: one assuming density-
independent returns from spawners and the other using density-dependent functions. In order to
have a less than 0.05 probability of extinction, the Strait of Juan de Fuca summer chum salmon
population requires an escapement level of 12,500 fish, assuming density independence.
Assuming density dependence and no harvest, a viable Strait of Juan de Fuca population would
need escapements between 4,500 and 5,100 spawners, depending on the population’s
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corresponding intrinsic productivity (o) and capacity (), two parameters that describe a
population viability curve using a Beverton-Holt stock recruit function. To support harvest, the
population viability curves should have higher values of a and  than without harvest. Other
solutions for a viable Strait of Juan de Fuca population are given in this report.

The Hood Canal summer chum salmon population would have a less than 0.05
probability of extinction if it had an escapement level of 24,700 fish, assuming density
independence. Assuming density dependence and no harvest, a viable Hood Canal population
would need escapements between 18,300 and 19,100 spawners, depending on assumptions about
a and B of the population. To support harvest, the population viability curves should have higher
values of a and  than without harvest. Other solutions for a viable Hood Canal summer chum
population are given in this report.

To maintain diversity and spatial structure to support population viability, the Hood
Canal and Strait of Juan de Fuca populations will have persistent spawning aggregations in each
of the major ecological diversity groups delineated within their boundaries. In addition,
spawning aggregations need to be distributed across the historical range of the population and at
less than specified maximum distances. Such a distribution of subpopulations within each
population will enhance diversity, increasing the chances that each population will be resilient to
future environmental and anthropogenic changes.

Since the Hood Canal Summer Chum Salmon ESU has only two independent
populations, both the Strait of Juan de Fuca population and the Hood Canal population would
need to be viable to have a viable ESU at low risk of extinction. Viability is defined by all four
viability parameters: abundance, productivity, spatial distribution (structure), and diversity.



Background

In the 1980s, the abundance of summer chum salmon (Oncorhynchus keta) returning to
the Hood Canal and the Strait of Juan de Fuca regions of Puget Sound began to decline
precipitously. Several spawning aggregations within these areas were extirpated during this
period (Johnson et al. 1997). By 1992, state and tribal natural resource comanagers had
increased protection for the fish and soon began to develop conservation strategies to restore
summer chum salmon abundance and distribution. This planning led to completion of an
implementation plan for recovery actions—the Summer Chum Salmon Conservation Initiative
(WDFW and PNPTT 2000).

In the meantime, the federal government had listed the Hood Canal Summer Chum
Salmon evolutionarily significant unit (ESU) as threatened with extinction under the U.S.
Endangered Species Act (ESA) (NMFS 1999). To help guide the ESA recovery response for the
listed ESU, the Puget Sound Technical Recovery Team (PSTRT) was charged with 1)
identifying conservation units within the species that would be the focus of recovery activities
under the ESA and 2) developing population and ESU viability criteria. This paper describes the
conservation units (independent populations) and viability criteria for the Hood Canal Summer
Chum Salmon ESU and populations identified by the PSTRT.



Identification of Independent Populations within
the Hood Canal Summer Chum Salmon ESU

Introduction

Chum salmon have the widest natural geographic distribution of all salmon species, but
are most abundant in North America from Kotzebue Sound in northwest Alaska to Tillamook
Bay, Oregon (Salo 1991). The early spawning type or “summer” chum salmon have a much
more limited distribution that extends from the Yukon River in the north to British Columbia and
Washington in the south. In the Puget Sound region of Washington, some runs of chum salmon
display this summer adult migratory timing. Entering freshwater as spawning adults in late
summer, these salmon are uniquely adapted to exploit spawning habitat when river and stream
levels are typically low and before most other populations and species of salmon return to spawn.

The conservation units for recovery identified by the PSTRT are based on the concept of
a viable salmonid population (VSP), defined by McElhany et al. (2000) as:

an independent population of any Pacific salmonid (genus Oncorhynchus) that has
a negligible risk of extinction due to threats from demographic variation (random
or directional), local environmental variation, and genetic diversity changes
(random or directional) over a 100-year time frame.

In this context, the conservation units of interest are independent populations, which are
spawning aggregations that are isolated to such an extent that exchanges of individuals among
the aggregations do not substantially affect the population dynamics or extinction risk of the
different groups (independent populations) over a 100-year time frame.

Demographic independence of salmon varies over time and geography. Identification of
different stocks of salmon implies a degree of reproductive independence that is useful for
management (Moulton 1939, Larkin 1972, Ricker 1972), but no single standard exists for all
stocks. To avoid confusion, we use “stock” to refer to any geographical spawning aggregations
used for management; “population” refers specifically to an aggregation meeting the independent
population criteria; and “subpopulation” refers to unique aggregations of salmon that may be
independent for periods less than 100 years or whose likelihood of persistence depends on
limited exchanges with other such groups.

The definitive information needed to characterize the independence of different spawning
aggregations is long-term migration rates between different aggregations and the demographic
consequences of that migration. In practice, such information is rare. Consequently, we use
different kinds of information that are proxies for understanding the degree of reproductive
isolation between spawning aggregations within the Hood Canal Summer Chum Salmon ESU.
Each type of information contributes to our understanding of population boundaries and



structure, but none alone provides us complete confidence in our answer. In the following
subsections, the PSTRT discusses these information types in order of the strength of inference
about population structure, everything else being equal, beginning with the most powerful.

1. Geography. Reproductive independence will be defined in part by the spatial distribution
of spawning habitat. Physical features such as a river basin’s topographical and
hydrological characteristics dictate to a large degree where and when salmon can spawn
and delimit the spatial area over which a single group of fish can be expected to interact.
Geographic constraints on exchange between groups (such as distance between streams)
can provide a useful starting point from which to look more closely at the attributes of
groups of fish within geographic areas, but will not generally support strong inferences at
finer scales (e.g., distinguishing separate populations within a small river basin.) In
addition, biogeographical characteristics and historical connections between river basins
on geological time scales can also be informative in defining population boundaries.

2. Migration rates. The extent to which adults return to spawn in nonnatal streams
(straying) will affect the degree of reproductive isolation and, therefore, demographic
independence between groups. Straying estimates are the primary indicators available of
the amount of connectivity between spawning aggregations. Stray rate estimates are
particular to a group of fish and the season and streams in which they are made. Thus
they provide useful information about straying under current conditions. Data are usually
not available to obtain estimates of the magnitude of their variation over long time
periods (e.g., 100 years).

3. Genetic attributes. In contrast to direct estimates of migration, indirect estimates based
on the genetic differences among groups for neutral genetic traits can be used to estimate
long-term average rates of straying. These should be interpreted with caution, because
they may reflect recent anthropogenic sources of migration (e.g., hatchery practices or
altered hydrological connections) or unknown extinctions and recolonizations, and they
describe average straying rates at a single point in time when the rates may actually be
changing. Adaptive genetic differences among groups of fish, as indicated by
quantitative traits or molecular markers, are more difficult to document than neutral
genetic traits, but they provide support for independence because they suggest that the
groups have responded to local selection pressures or have maintained unique traits in
spite of unknown amounts of straying.

4. Patterns of life history and phenotypic characteristics. Although most life history and
phenotypic traits may be influenced by environmental variation, they may also reflect
genetic variation, or genetic-by-environmental interactions. Phenotypic variation may be
useful as a proxy for genetic variation. It may also indicate similarities or differences in
the selective environments experienced by salmon in different streams that could lead to
adaptive genetic differences.

5. Population dynamics. Abundance data can be used to explore the degree to which
demographic trajectories of two groups of fish are independent of one another. All else
being equal, the less correlated that time series of abundance is between two groups, the
more likely it is that they are independent. Interpretation of these patterns can be
confounded by correlated environmental characteristics that affect abundance. When
trends in abundance of groups that are in close proximity (i.e., share similar



environmental influence) are not correlated, it may indicate demographic independence.
The reverse is not always the case—when correlations in abundance between groups of
fish are detected, more work is needed to rule out confounding sources of correlation.

6. Environmental and habitat characteristics. The biotic and abiotic characteristics of
occupied salmonid habitat may also help identify potentially independent groups if these
ecological characteristics are associated with different selective environments. The
relative strength of inference for this kind of information is weak, because we generally
do not know which environmental variables affect selection or whether those effects will
be observed at the population level. Differences in adaptive traits or phenotypes may
help support these inferences.

Methods and Results

Geographical Distribution
Previous Analyses

The freshwater and estuarine distribution of the Hood Canal Summer Chum Salmon ESU
is restricted to the eastern Strait of Juan de Fuca, Admiralty Inlet, and Hood Canal marine
subbasins of western Washington (Figure 1). In the eastern Strait of Juan de Fuca, state and
tribal biologists assessing the status of summer chum salmon in the early 1990s identified small
but persistent natural spawning aggregations in three streams (Salmon, Snow, and
Jimmycomelately). Spawning also was noted in the Dungeness River, although the size of the
aggregation was unknown. Adult salmon had been observed in Chimacum Creek through the
early 1980s, but that spawning aggregation became extirpated near the middle 1980s. In Hood
Canal, spawning aggregations persist in most of the major rivers draining the Olympic
Mountains on the western edge of the canal, including Big and Little Quilcene, Dosewallips,
Duckabush, and Hamma Hamma rivers and Lilliwaup Creek. On the eastern side of Hood
Canal, persistent spawning was restricted to the Union River (WDFW and PNPTT 2000).

Historical information and habitat characteristics of other streams indicated summer
chum salmon were once more broadly distributed within this region, especially in the streams
draining the eastern shore of Hood Canal (Figure 1). Based on the historical size of the river and
historical tribal fishing records, a major spawning aggregation may once have occurred in the
Skokomish River. State and tribal biologists also identified recent extirpations in Big Beef
Creek, Anderson Creek, Dewatto River, Tahuya River, and Finch Creek. Although state and
tribal biologists could not identify the magnitude or frequency of spawning in other streams such
as Seabeck, Stavis, and Big and Little Mission creeks, these smaller streams were likely
historically used by summer chum salmon (WDFW and PNPTT 2000).

New Analyses—Methods and Results

To examine the potential change in spatial structure between historical spawning and
extant spawning aggregations, we compared the distribution of geographical distances between
all pairs of spawning aggregations. We measured pair-wise geographical distances (kilometers)
as the shoreline distance between mouths of streams using the most direct passage over open
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Figure 1. Extant and historical distribution of Hood Canal summer chum salmon. Recent recovery
efforts are reintroducing summer chum to Chimacum Creek, Big Beef Creek, and Tahuya River,
where they have been recently extirpated.

water at a scale of 1:200,000 using DeLorme Topo 4.0 digital maps. We tested for differences
between historical and extant distributions using log-likelihood ratio tests (G-test, Sokal and Rolf
1995) after collapsing distance classes into short (0—80 km), moderate (80—160 km), and long
(>160 km) distances.

Our results show that extant aggregations of summer chum salmon currently are more
isolated by geographical distance than under historical conditions. Historically, most summer
chum aggregations were less than 80 km apart with the greatest proportion separated by 20—40
km (Table 1, Figure 2). The mean and median distances separating historical spawning
aggregations were 17 km and 13 km, respectively. Under historical conditions, the proportion of
summer chum salmon populations separated by distances ranging from 80 to 220 km were less
than those separated by 0—40 km, but the proportions were fairly evenly distributed among larger
distance classes.

In contrast, most extant summer chum salmon spawning aggregations still occur within
2040 km of each other, but extinctions of some spawning aggregations have led to a significant



Table 1. Geographical distance (km) between likely historical spawning locations of summer chum salmon in Strait of Juan de Fuca and Hood
Canal areas. Shaded cells indicate distances that are less than 38 km apart, which is the most likely minimum distance over which
independent populations occur. Locations are keyed to Figure 1.

Location 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1. Dungeness R 0

2. Jimmycomelately Cr | 19 0

3. Salmon Cr 520 33 0

4. Snow Cr 537 34 1 0

5. Chimacum Cr 98 79 46 45 0

6. Big Beef Cr 159 140 107 106 61 0

7. Seabeck Cr 163 144 111 110 65 5 0

8. Stavis Cr 166 147 114 113 68 12 7 0

9. Dosewallips R 165 146 113 112 67 9 8 8 0

10. Duckabush R 168 149 116 115 70 12 10 6 8 0

11. Little Quilcene R 177 158 125 124 79 21 23 16 22 30 0

12. Big Quilcene R 176 157 124 123 78 22 22 15 21 29 1 0

13. Anderson Cr 180 161 128 127 82 26 21 14 18 10 30 29 0

14. Hamma Hamma R 184 165 132 131 86 40/ 27 31 24 16 46 45 6 0

15. Lilliwaup Cr 197 178 145 144 99 53 40 44 37 29 59 58 19 13 0

16. Dewatto R 197 178 145 144 99 43 38 31 35 27 47 46 17 12 5 0

17. Skokomish R 210 191 158 157 112 56 53 47 50 42 72 71 32 26 13 16 0

18. Tahuya R 218 199 166 165 120 61 56 49 58 50 80 79 40 34 15 18 8 0

19. Mission Cr 236 217 184 183 138 79 74 67 76 68 98 97 58 520 33 36 26 18 0

20. Union R 239 220 187 186 141 82 77 70 79 71 101 100 61 55 36 39 29 2] 3 0
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Figure 2. Geographical distribution of historical and extant spawning aggregations of summer chum
salmon based on frequency of pair-wise distances.

increase in the proportion of aggregations isolated by 80-160 km (G = 39.58, df =2, p <0.001).
Geographically, these extinctions occurred primarily on the Kitsap Peninsula (eastern Hood
Canal), in the Admiralty Inlet catchment at the center of the geographic range of the ESU, and in
the Skokomish River (Figure 1). This reduced by 60% the proportion of spawning aggregations
separated by 60—-100 km and doubled the proportion of spawning locations isolated by more than
100 km. Practically, this increased the geographical isolation between the remaining
aggregations in the Strait of Juan de Fuca, northern Hood Canal, and Union River at the southern
edge of the spawning distribution.

Migration

No information exists for straying of natural-origin adult summer chum salmon to
nonnatal streams within the Hood Canal Summer Chum Salmon ESU. Since 1992, however,
when state and tribal biologists began using artificial propagation to rebuild threatened stocks
and reintroduce summer chum to historical areas, they have monitored the returns of uniquely
marked salmon to streams draining into the Strait of Juan de Fuca and Hood Canal. Analysis of
expanded recoveries of otolith-marked and adipose-clipped adult salmon in 2001 and 2002
(WDFW and PNPTT 2003) showed that straying was a nonlinear function of distance from the
release location (Figure 3).

Most summer chum salmon (=70-95%) returned to the stream from which they were
released. Of those fish not returning to release locations, most returned to a location within 50
km of their release. This resulted in very little straying between the Hood Canal and the Strait of
Juan de Fuca aggregations, although straying was greater from Strait of Juan de Fuca hatchery
releases than from Hood Canal releases. Approximately 0.07% of releases in Hood Canal
streams were recovered in Strait of Juan de Fuca streams, whereas approximately 1.5% of
releases into Strait of Juan de Fuca streams were found in Hood Canal streams. Analysis of the
earlier data (WDFW and PNPTT 2003) and recoveries from 2003 through 2005 (WDFW and
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Figure 3. Relationship between proportions of marked hatchery summer chum salmon recovered as
adults and distance from original release location.

PNPTC 2006) suggest that the locations to which summer chum salmon return remain constant
from year to year, but the proportions vary.

Genetic Attributes
Previous Analyses

The lack of genetically distinct geographical groups of summer chum salmon has
confounded past efforts to identify independent stocks. In 1993 state and tribal biologists
identified four stocks of summer chum salmon based primarily on geographical location and a
few samples with statistically different allozyme frequencies (WDFW and WWTIT 1994). Two
stocks—Discovery Bay and Sequim Bay—were associated with streams flowing into the eastern
Strait of Juan de Fuca. They identified two additional stocks in Hood Canal: a Union River stock
and a west side Hood Canal stock that included the remaining spawning aggregations.

Using expanded allozyme data, Phelps et al. (1995) reexamined the genetic differences
among chum salmon throughout Puget Sound. They documented major divergence of nine
samples of summer chum salmon of Hood Canal and the Strait of Juan de Fuca from other
aggregations of chum salmon. Within the summer chum salmon lineage, Phelps et al. (1995)
suggested there were two major groups, a Strait of Juan de Fuca group and a Hood Canal group,
based on significantly different allele frequencies. Discovery Bay and Sequim Bay stocks
comprised the Strait of Juan de Fuca group. Within the Hood Canal group, they proposed three
stocks: a Union River stock, which had significantly different allele frequencies from the western
Hood Canal (Olympic Peninsula) stock, and an eastern Hood Canal (Kitsap Peninsula) stock,
which they believed was distinct and independent because it had been extirpated when other
stocks had not. Johnson et al. (1997) reanalyzed data from Phelps et al. (1995) and confirmed
the divergence of summer chum salmon, which they designated an ESU (Waples 1991) under the



ESA. Although both studies detected allele frequency differences among summer chum salmon,
cluster analyses did not show geographically distinct groups of spawning aggregations.

To provide the foundation for the Summer Chum Salmon Conservation Initiative, state
and tribal comanagers identified nine extant stocks of summer chum salmon, seven recently
extirpated stocks, and additional geographical areas where summer chum may have occurred
(Figure 1) (WDFW and PNPTT 2000). The nine extant stocks were delineated based primarily
on geographical separation of spawning aggregations and apparent allozyme frequency
differences between some samples. These differences were defined based on pair-wise tests of
allelic heterogeneity that were uncorrected for the increase in Type I error from multiple
comparisons (see Kassler and Shaklee 2003).

Kassler and Shaklee (2003) expanded the number of samples and reanalyzed the pair-
wise comparisons after correcting for multiple comparisons. They concluded the data showed
two stocks in the eastern Strait of Juan de Fuca—Discovery Bay and Sequim Bay—and three
stocks in Hood Canal associated with Union River, Lilliwaup Creek, and the remaining
aggregations in western Hood Canal tributaries. Most recently, Small and Young (2003)
analyzed variations at 18 microsatellite loci in a similar group of samples from the Hood Canal
Summer Chum Salmon ESU. They found significant genotypic differences between Hood Canal
region and Strait of Juan de Fuca region aggregations and among Union, Lilliwaup, and Strait of
Juan de Fuca aggregations, but the remaining aggregations did not show genotypic differences.
Union River, Discovery Bay, and Sequim Bay fish could be precisely assigned to their collection
locations based on individual genotypes, but classification of fish from other locations had
greater error.

These analyses provide only limited insight into demographic relationships of spawning
aggregations of summer chum salmon. Analyses relying on pair-wise tests of allelic
heterogeneity among different spawning aggregations showed some statistical differences in
allele frequencies. P-values from pair-wise tests of allelic heterogeneity that WDFW used to
infer stock structure were largely dependent on sample size and variability of the loci used and
do not necessarily reflect demographic relationships among spawning aggregations. Cluster
analyses, which group samples based on their genetic similarity, also failed to identify
genetically discrete groups that might correspond to independent populations. Although nearly
all dendrograms of genetic similarity in summer chum salmon showed a cluster formed by
Sequim Bay aggregations, most displayed “chaining,” a pattern where the dendrogram forms by
successive additions of branches associated with individual aggregations rather than distinct
clusters (Figure 4).

Interestingly, although Kassler and Shaklee (2003) did not comment on it, the differences
in their data suggest a geographical pattern of isolation of subpopulations by geographical
distance rather than geographical clustering of similar spawning aggregations. Although Kassler
and Shaklee’s (2003) cluster analysis did not show distinct differences within Hood Canal
because of chaining, the most genetically divergent aggregation—the Union River—was
geographically most distant. Ignoring the Little Quilcene sample, which was small and not
statistically different from Quilcene Bay samples, subsequent divergence followed the same
geographical pattern (Figure 4). Chaining in dendrograms often reflects an underlying linear
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Figure 4. Relationship of 35 summer and fall chum salmon populations using Cavalli-Sforza and
Edwards (1967) chord distance and neighbor-joining clustering (modified from Kassler and
Shaklee 2003). Dendrogram shows chaining of Hood Canal summer chum salmon samples. Key
to summer chum samples: 1 Union River, 2 Lilliwaup Creek, 3 Hamma Hamma River, 4
Duckabush River, 5 Dosewallips River, 6 Big Beef Creek (introduced from Quilcene National
Fish Hatchery), 7 Quilcene Bay, 8 Quilcene National Fish Hatchery (introduced from Quilcene
B