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Abstract

Interpopulation variation in dynamics can buffer species against environmen-
tal change. We compared population synchrony in a group of threatened
Chinook salmon in the highly impacted Snake River basin (Oregon,
Washington, Idaho) to that in the sockeye salmon stock complex of less im-
pact Bristol Bay (Alaska). Over the last 40 years, >90% of populations in the
Snake River basin became more synchronized with one another. However,
over that period, sockeye populations from Alaska did not exhibit systemic
changes in synchrony. Coincident with increasing Snake River population
synchrony, there was an increase in hatchery propagation and the number
of large dams, potentially homogenizing habitats and populations. A simula-
tion using economic portfolio theory revealed that synchronization of Snake
River salmon decreased risk-adjusted portfolio performance (the ratio of port-
folio productivity to variance) and decreased benefits of population richness.
Improving portfolio performance for exploited species, especially given future
environmental change, requires protecting a diverse range of populations and
the varied habitats upon which they depend.

Introduction

Spatial coherence in population dynamics is recognized
as an important issue in conservation science (e.g., Earn
et al. 2000). For a group of spatially distinct populations,
synchrony in population dynamics can increase the risk
of simultaneous and global extinction (Heino et al. 1997;
Earn et al. 2000; Engen et al. 2002). In contrast, asyn-
chronous population dynamics decrease extinction risk
and may increase sustainability of long-term production
from groups of populations (Hilborn et al. 2003; Schindler
et al. in press).

Three main mechanisms—both naturally and anthro-
pogenically driven—cause synchrony in population dy-
namics: (1) spatial coherence in environmental drivers
(i.e., Moran effect), (2) dispersal among populations, and
(3) interactions with other species that are synchronized
(Liebhold ef al. 2004). In contrast, population asynchrony
can be maintained by a diversity of phenotypes and varia-
tion among local environmental conditions (e.g., Hilborn
et al. 2003, Crozier & Zabel 2006, Ruzzante et al. 2006).

Pacific salmon exhibit fine-scale population structure
and local adaptations to their natal habitats (e.g., Achord
et al. 2007), which likely contributes to asynchrony
in population dynamics (Hilborn et al. 2003; Rogers &
Schindler 2008; Greene et al. 2009). Indeed, proximate
salmon populations are often only moderately correlated
(e.g., Pyper et al. 2005; Rogers & Schindler 2008). This
correlation decreases as distance increases among pop-
ulations, likely due to decreases in shared environmen-
tal conditions (e.g., Peterman et al. 1998; Pyper et al.
2005). However, human activities can impact salmon
population diversity and synchrony. For example, artifi-
cial propagation programs may increase dispersal among
populations, eliminating locally adapted life history vari-
ation (Ayllon et al. 2006; McClure et al. 2008). There has
been little evaluation of human-induced homogenization
of salmon population structure or its consequences for
sustainability.

Economic portfolio theory provides a framework to
explore the consequences of synchronization. Units
of biodiversity (e.g., species or populations) within
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ecosystems can be analogous to stock assets within port-
folios. Asynchronous dynamics of assets can increase
portfolio performance by butfering against temporal vari-
ability in individual assets, thereby increasing portfolio
stability (Markowitz 1952). Economic theory can predict
performance of a portfolio based on the number of assets,
their performance, and the degree to which their per-
formance is correlated (Markowitz 1952; Sharpe 1994;
Koellner & Schmitz 2006). Performance of a portfolio of
salmon populations could be the provisioning of indirect
or direct services such as nutrient import and harvest. The
portfolio model is particularly relevant here because fish-
eries simultaneously exploit many populations, thereby
integrating across the stock (Hilborn et al. 2003; Schindler
et al. 2008; Schindler & Rogers 2009).

Here, we document increased demographic synchrony
among Chinook salmon (Oncorhynchus tshawytscha) pop-
ulations within the Snake River region over the last
40 years, concurrent with increased intensity of human
impacts. In contrast, sockeye salmon (0. nerka) popula-
tions in the lightly impacted region of Bristol Bay, Alaska,
have not become more synchronized. We acknowledge
that the differences between these systems (i.e., location
and species) might complicate this comparison. Simula-
tions using economic portfolio theory demonstrate that
the synchronization of Snake River salmon has compro-
mised its performance. Management of spatially struc-
tured species can benefit from explicit consideration of
population diversity.

Methods
Snake River basin

The Snake River spring/summer Chinook salmon Evo-
lutionarily Significant Unit contains 21 extant popula-
tions with time series of abundance extending to the
1960s. This system is highly altered by habitat degra-
dation, dams, invasive species, and hatcheries (McClure
etal. 2003). These fish generally spend at least 1 year rear-
ing in natal streams before migrating to the ocean where
they spend 1-3 years before returning to spawn.

Data consist of spawner abundance based on redd
(salmon nest) counts and counts of total live fish for each
of the 21 populations (Good et al. 2005). We calculated
recruits per spawner for each brood year from 1959 to
1998. We used brood-year specific-residuals (&;) from the
Ricker model as an index of population productivity that
incorporates density feedback. Specifically, we fit a Ricker
model to each population,

R
IOge (i) = 1Oge o - ﬂSt + &
t

Synchronization of salmon populations

where R, is the number of recruits produced by S, spawn-
ers in a given brood year, by minimizing the total squared
error. Due to poor and decreasing returns, fishery harvest
rates on these populations have been low and decreas-
ing over the study period. Specifically, the median annual
harvest rate was 0.09, ranged from 0.00 to 0.64, and has
been below 0.15 since 1974, with one exception. Thus,
we did not incorporate fisheries catches into estimates of
population productivity.

To examine temporal changes in synchrony for each
pair of populations, we calculated correlation coefficients
for a 10-year moving window (i.e., correlation coeffi-
cients were calculated among all pairs of populations for
1963-1972, 1964-1973, etc.). To assess temporal trends
in correlations (synchronization rate), we examined the
slope of the relationship between the correlation coeffi-
cient and year for each pair of populations. All pair-wise
rates were averaged for each population to produce a sin-
gle value.

Bristol Bay, Alaska

We conducted similar analyses for sockeye salmon from
streams and rivers in Bristol Bay, Alaska, as a comparison
to the highly altered Snake River region. Like Snake River
Chinook salmon, these fish generally rear 1 or 2 years
in freshwater, and spend 1 to 3 years in the ocean. This
group of sockeye populations has supported high but sus-
tainable levels of commercial fishing for over a century.
Other anthropogenic impacts are negligible—habitat is
essentially intact and there is no artificial propagation.

As above, we analyzed population productivity (&)
and correlations between populations between 1963 and
1998 based on age structure and counts from eight
streams within the Wood River system and eight ma-
jor river systems across Bristol Bay (Rogers & Schindler
2008). Due to the heavy fishing pressure on these stocks,
the fishery catch was added back into the returns based
on the age composition of spawning populations and the
fishery harvest (Rogers & Schindler 2008).

While the methods used to estimate abundance have
inherent sampling error, which can be exacerbated by er-
roneous age structure data (e.g., Zabel & Levin 2002),
there have been no significant changes in the methods
used for either set of time series that would be likely to
bias estimates of synchronization.

Comparison of rates of synchronization

We used linear hierarchical modeling to assess synchro-
nization across populations and regions. Specifically, we
used WinBUGS v1.04 to estimate the mean and variance
in synchronization rate for each population, assuming
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that the population-specific means and variances were
drawn from a normally distributed regional hyper-mean
and hyper-variance. We ran a single chain of 100,000 it-
erations with a burn-in period of 500 iterations; repeat
model runs with different initial runs revealed model
convergence. Priors were uninformative, either through
a wide uniform distribution (on means and hyper-mean)
or a vague gamma distribution (on variance and hyper-
variance). We ran this model for Wood River popu-
lations associated with individual streams, Bristol Bay
stocks associated with major rivers, and Snake River
populations. These models estimated mean and variance
in synchronization rates for each population and the
hyper-distribution of these parameters for each region
based on pair-wise correlations, so the data are not fully
independent.

Portfolio analysis

To explore the consequences of synchronization of popu-
lation dynamics, we used simulations based on economic
portfolio theory. Our simulations examined portfolio per-
formance as a function of synchrony and the number of
populations.

In this application, the portfolio is the Snake River Evo-
lutionarily Significant Unit and the assets are populations.
We use productivity of the portfolio as the performance
metric given its importance for the sustainability of pop-
ulations; we use variance in the portfolio productivity as
the risk metric given the importance of temporal stability
for sustainability. Specifically, the performance of popu-
lation j of salmon was considered to be population pro-
ductivity (e;) averaged across years (u;), with the &; be-
ing rescaled so that they were all above 0 by adding the
minimum observed &, to all. The variance in ¢; of popu-
lation j over the time period is 0?; and COVy is the co-
variance in population productivity between populations
j and k over the time period. The proportional contribu-
tion (X;) of each population to the portfolio was the num-
ber of spawners in population j divided by the number
of spawners in the entire Evolutionarily Significant Unit
over the time period. These X; were normalized so that
they summed to 1 for each iteration, the conservative
approach that portfolio size (abundance) does not vary
across simulations. Simulations examined portfolio per-
formance across different levels of synchrony and across
a range (n = 1-21) of the number of populations in the
portfolio. A first set of simulations used the population
productivities, variances, and covariances estimated for
early (1963-1972) and late (1989-1998) periods to eval-
uate the effect of the combination of productivity and
synchrony on portfolio performance. A second set used
the average (1963-1998) population productivities and
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variances, but the decade-specific covariances to isolate
the effect of synchronization on portfolio performance.

These simulations assume that selection of popula-
tions for inclusion in the portfolio is random. However,
management and conservation of salmon stocks has of-
ten focused on the most productive and largest stocks
(Price et al. 2008). Therefore, we ran simulations to ex-
amine how selection strategy influenced portfolio per-
formance. We compared portfolio performance for the
late period (1989-1998) based on three different selection
strategies: random (described above), historic contribu-
tion, and current contribution. For the latter two strate-
gies, the probability of selection was proportional to the
relative contribution of that population (X;) during either
the early period (1963-1972), or the most recent period
(1989-1998).

For each iteration, n populations (z = 1-21) from the
Snake River were selected without replacement to com-
prise the portfolio. The variance in portfolio performance
(02) was calculated as the average of the individual vari-
ances plus covariances among » populations in the port-
folio, weighted by the proportional contribution (X;) of
each asset

n

ﬁ:Zﬁ#+ii}ﬂwwﬂ

=1 =1 k=1

! =
The average performance of the portfolio (u,) was calcu-
lated as the average performance of the individual assets

J
N
Mp = ZXij-
j=1

We use the ratio of performance to variance, a derivation
of the Sharpe index (Sharpe 1994), following Koellner &
Schmitz (2006), as an index of risk-adjusted yield (0)

o="1r

Op

We ran 200 iterations for each period, simulation set, se-
lection strategy, and portfolio size.

Results
Synchrony in salmon population dynamics

Snake River spring/summer Chinook salmon populations
have become increasingly synchronized over the last four
decades. From 1970 to 1979, the average correlation
among populations was only 0.26—similar to the mean
value of 0.3 seen in Pyper et al. (2005). Since then, popu-
lations have become more synchronized, and the average
correlation most recently reached 0.63 (Figure S1).

342 Conservation Letters 3 (2010) 340-348 Copyright and Photocopying: ©2010 Wiley Periodicals, Inc.



J.W. Moore et al.
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Figure 1 Distributions of the rate of change in the degree of population
synchrony for salmon from stream populations and river stocks from Bris-
tol Bay, Alaska and populations from the Snake River Evolutionary Signifi-
cant Unit. Shown are the posterior probability distributions of mean rates
of synchronization, estimated for specific populations (thin gray lines) and
for the hyper-distributions (thick black lines). Values reflect the slope in the

Hierarchical modeling of synchronization rates re-
vealed differences among populations and regions
(Figure 1). The highest probability synchronization rate
was positive (increasing synchrony) for 16 of 21 Snake
River populations. Furthermore, in 10 populations the
95% probability distribution of synchronization rates
was above 0. Similarly, the probability distribution of
the hyper-distribution of synchronization rate for all
populations within the Snake River region was pos-
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relationship between year and average correlation for a population. The
dotted line references a synchronization rate of 0, where there was not a
change in the degree of synchronization. Thus, for example, values above
the dotted line refer to a population that became more synchronized, on
average, with all other populations in the group over the period.

itive and nonoverlapping with 0, indicating that this
group of populations is generally increasing in synchrony
(Figure la). In contrast, at the scale of river systems in
Bristol Bay, sockeye populations both increased and de-
creased in synchrony, and the hyper-distribution of syn-
chronization rates was centered on O (Figure 1b). At
the scale of stream populations within the Wood River
system, populations tended to become less synchronized
(Figure 1c).

343



Synchronization of salmon populations

12 ii!

! Historic (1963-1972)

d %{‘H‘H‘%‘H§§§§§quc

Recent (1989-1998)

0 1
0 5 10 15 20

20,
()
S5 Htdeer
§15
O
E Historic (1963-1972)
o L
=10
2
2
-8 5r QQQQQQQQQQOQOOOOO(
5 |93 ¢ Recent (1989-1998)
4

5 c i + %
4.5 ,
4t
1
3 5f o Selection criteria
il e Current contribution
3T o Historic contribution
B Random
2.5 t 1 1 L

0 3 6 9 12
Number of populations in portfolio

J.W. Moore et al.

Portfolio analysis

Simulations revealed that the synchronization among
Snake River Chinook salmon populations decreased the
portfolio performance of this stock (Figure 2). Increasing
the number of populations decreases variability (risk), in-
creasing average performance, but the pattern of increase
differed under different levels of synchrony (Figure 2).
During the historic period, population dynamics were
asynchronous; increasing the number of populations in-
creased performance even when the portfolio contained
many populations. In contrast, during the recent period,
populations have such high covariance that the bene-
fits of population richness are achieved quickly, and in-
creasing the number of populations does little to im-
prove average portfolio performance (Figure 2a). Across
the study period, there was not only an increase in syn-
chronization, but there was also a decrease in popula-
tion productivity, further reducing portfolio performance
(Figure 2b).

To a lesser degree, selection criteria for inclusion of
populations also influenced performance (Figure 2c).
Selecting populations based on historic and current pop-
ulation size resulted in higher average portfolio perfor-
mance than random inclusion, but only slightly. For ex-
ample, in a portfolio with four populations, using historic
and current population size to guide inclusion only in-
creased portfolio performance by 1.8% and 7.8% when
compared to random selection, respectively. This low in-
fluence of inclusion criteria on portfolio performance is
likely due to the temporal inconsistency of population
characteristics and the weak relationship between pop-
ulation size and population productivity.

Figure 2 Performance of a portfolio of salmon populations as a function
of time period, number of populations, and selection criteria. The y-axis
portrays the predicted performance of the portfolio, based on the Sharpe
index and data drawn from 21 Chinook salmon populations from the Snake
River Evolutionary Significant Unit (see text for methods). The symbols
reflect the average performance across 200 simulations and error bars are
=+ 1 standard deviation. (a) Simulations where the covariance was the only
difference between the time periods. The population characteristics were
held constant over the periods and the population-specific productivity
and variance were calculated and used for the entire period (1963-1998).
(b) Simulations where both the population characteristics and covariances
were used for the specified decade. (c) Simulations of the recent period
that examined different population inclusion scenarios based on: current
contribution (filled black circles), historic contribution (white circles), or
random (gray squares). Note different x and y axes scales on the different
panels.
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Discussion

Chinook salmon populations within the Snake River Evo-
lutionarily Significant Unit have become more synchro-
nized; over 75% of the populations increased in syn-
chrony over the last four decades (Figure S1). Isaak et al.
(2003) analyzed redd counts from a subset of the pop-
ulations (Middle Fork Salmon River) and also observed
increased population synchrony. Our results suggest that
the synchronization is occurring over a larger area and
for more populations than previously described.

In this system, there are several possible mechanisms
underlying the observed increase in synchrony. First,
changes in population abundance can affect correlations

Synchronization of salmon populations

between populations (Bolker & Grenfell 1996; Paradis
et al. 1999). However, the observed decreases in popu-
lation abundance (Figure 3a) should decrease interpop-
ulation synchrony due to an increase in demographic
noise. This is in contrast to our observed results. Second,
climate change could be driving the synchronization of
salmon populations, especially as abiotic factors approach
the limits of physiological tolerances (e.g., water tempera-
tures approach thermal maxima). Indeed, some locations
in the Snake River region exhibited increased air tem-
peratures and earlier discharge peaks (see appendix S1)
and these populations are closer to their southern range
limit. Third, over the last century, anthropogenic activ-
ities in the Snake River basin may have homogenized
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environments and reduced genetic diversity. Hatchery re-
leases, which increased substantially during the study pe-
riod (Figure 3b), are associated with increased straying
and decreased population structure (Ayllon et al. 2006;
McClure et al. 2008). In addition, dams homogenize habi-
tats and flow regimes (Poff et al. 2007), leading to the loss
of habitat variability that maintains salmonid population
diversity (e.g., Beechie et al. 2006). There was an increase
in the number of major dams during the study period
(Figure 3c). These anthropogenic influences are likely
contributing to the observed synchronization of salmon
population dynamics.

The comparison between Snake River populations and
Bristol Bay populations is not ideal; they ditfer in location
and species. However, the two species do have roughly
similar life histories with similar periods of freshwater
and ocean residency. Unfortunately, unimpacted refer-
ence systems in the U.S. Pacific Northwest do not exist,
and Chinook salmon are not well-documented in Alaska.

Regardless of the underlying mechanisms, the ob-
served increase in population synchrony has major con-
servation implications. First, theory predicts that in-
creased synchrony will increase extinction risk for the
entire meta-population (Heino et al. 1997; Earn et al.
2000; Engen et al. 2002), which has already been iden-
tified as having a substantial risk of extinction (McClure
et al. 2003). In addition, Chinook salmon populations are
now fluctuating more similarly, no longer buffering the
portfolio against change. Our simulations revealed that
this increased synchrony has compromised the perfor-
mance of this portfolio. Specifically, increased synchrony
decreases portfolio performance and reduces the bene-
fit of population richness. Thus, the stock is now more
vulnerable to temporal fluctuations—synchronization is
likely to increase the probability of synchronous crashes
of populations with serious consequences for their con-
servation and use in fisheries. These analyses not only
apply to the small subsistence fishery operating on the
remaining Snake River Chinook salmon, but also provide
a useful example for understanding the consequences of
diversity loss in other exploited stocks.

Population asynchrony can be considered as high lev-
els of “response diversity” of populations (sensu Elmqvist
et al. 2003). We offer the following suggestions for incor-
porating this response diversity into management strate-
gies:

1. Include population diversity as a goal for recovery. In-
deed, habitat, genetic, and phenotypic diversity within
and among populations have been included as a com-
ponent of goals used in management plans for Pacific
salmon in the United States and Canada (McElhany
et al. 2000; DFO 2005).

J.W. Moore et al.

2. Preserve the diverse habitats and natural processes
that maintain response diversity. Preserving variable
landscapes and the physical processes that main-
tain habitat variation (Stanford et al. 2005) will help
maintain the different environmental conditions sup-
porting adaptation and response diversity of pheno-
typic traits such as timing of migration and spawn-
ing (Hilborn et al. 2003; Rogers & Schindler 2008;
Schindler et al. 2008).

3. Adjust artificial propagation programs to manage for
response diversity. Reducing artificially inflated stray-
ing rates, using locally derived brood stock, and ensur-
ing that hatchery-origin spawners are not overly rep-
resented on spawning grounds, are all changes that
would reduce impacts of artificial propagation on re-
sponse diversity (Mobrand et al. 2005).

4. Manage harvest in mixed-origin fisheries to avoid
depleting low productivity populations that are har-
vested simultaneously with more productive popula-
tions (e.g., Hilborn 1985). Given that population pro-
ductivities will change through time, protecting the
amalgamation may eventually pay off to fishery pro-
duction as some low productivity populations become
more productive, and vice versa.

5. Given that population productivities change through
time, monitoring should not just focus on currently
productive populations but also include lower produc-
tivity populations (e.g., Walters & Cahoon 1985; Price
et al. 2008).

Conserving population diversity and the associated
asynchrony in population dynamics could be critical for
long-term production and sustainability of any spatially
structured species. While there has been much attention
devoted to species extinction, there have been calls for
increased focus on biodiversity loss on the population
level (Ehrlich & Daily 1993; Balmford et al. 2003; Luck
et al. 2003), especially for exploited populations (e.g.,
Walters & Cahoon 1985; Hutchinson 2008). Managing
for this population diversity and associated response di-
versity will likely necessitate changing monitoring, man-
agement, and conservation strategies to maintain net-
works of intact habitat and the associated stocks of locally
adapted populations (DFO 2005; Schindler et al. 2008).
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