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Efforts to conserve depleted populations of Pacific salmon (Oncorhynchus spp.) often rely on hatchery pro-
grams to offset losses of fish from natural and anthropogenic causes, but their use has been contentious.
We examined the impact of a large-scale reduction in hatchery stocking on 15 populations of wild coho
salmon along the coast of Oregon (USA). Our analyses highlight four critical factors influencing the pro-
ductivity of these populations: (1) negative density-dependent effects of hatchery-origin spawners were
�5 times greater than those of wild spawners; (2) the productivity of wild salmon decreased as releases
of hatchery juveniles increased; (3) salmon production was positively related to an index of freshwater
habitat quality; and (4) ocean conditions strongly affect productivity at large spatial scales, potentially
masking more localized drivers. These results suggest that hatchery programs’ unintended negative
effects on wild salmon populations, and their role in salmon recovery, should be considered in the con-
text of other ecological drivers.

Published by Elsevier Ltd.
1. Introduction

Natural variability and multiple, interacting drivers contribute
to the complexity and stability of ecosystems (Folke et al., 2004),
but these same characteristics often frustrate efforts to evaluate
management actions. Variation in natural or anthropogenic factors
can easily obscure the impacts of specific conservation actions,
leading to uncertainty and debate about whether management
has been effective. Well-designed management experiments can
help to isolate the effects of single factors, but planned experi-
ments are frequently not available, especially at large spatial and
temporal scales, and decision makers must rely on retrospective
analyses to offer guidance for future management.

Conservation of Pacific salmon (Oncorhynchus spp.) has been
particularly plagued by ecological complexity and multiple causa-
tion. Salmon populations have declined dramatically since the
1800s due to overharvest, dam construction, and land use practices
such as logging, mining, and agriculture (Ruckelshaus et al., 2002).
Salmon are also highly sensitive to large-scale climatic fluctua-
tions, particularly during the oceanic phase of their life cycle (Hare
et al., 1999). As a result of this suite of impacts, 28 Evolutionarily
Significant Units (ESUs) of Pacific salmon and steelhead in Wash-
ington, Oregon, and California are now listed under the U.S. Endan-
Ltd.
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gered Species Act (Ruckelshaus et al., 2002). Although the causes of
salmon declines are well-documented, quantifying their individual
contributions in specific cases has been difficult, leading to uncer-
tainty and controversy (Lichatowich, 1999; Hoekstra et al., 2007).

Since the early 20th century, hatchery programs have often
been viewed as a solution to declining salmon abundance and fish-
ery yields (Lichatowich, 1999; Naish et al., 2008). However, evi-
dence increasingly suggests that traditional hatchery programs
aimed at producing fish for harvest may actually contribute to
the decline of wild populations. Hatchery fish may reduce the sur-
vival of wild individuals, particularly during freshwater rearing
(Nickelson et al., 1986) and early marine residence (Emlen et al.,
1990; Hilborn and Eggers, 2000; Levin et al., 2001; Levin and
Williams, 2002). Hatchery-origin adults that spawn in the wild
may have lower reproductive success compared to wild-born
spawners (Fleming and Gross, 1993; Araki et al., 2007) and
introgression of hatchery-selected genes may diminish the fitness
of wild populations (Ford, 2002). In addition, hatchery stocks are
often harvested at rates that would be unsustainable for wild pop-
ulations, leading to the replacement of wild fish by hatchery fish in
mixed-stock fisheries (Naish et al., 2008).

Many hatchery programs have begun to scale back releases in
light of these potential risks. On the Oregon coast, releases of
juvenile coho salmon (Oncorhynchus kisutch) dropped from a his-
toric high of 34 million in 1981 to an average of 1.6 million from
1998 to 2002 in an effort to protect wild populations (Nicholas
et al., 2005). The Oregon Coast coho ESU is listed as Threatened un-
der the Endangered Species Act, and populations are currently at
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3–19% of their historical abundance (Meengs and Lackey, 2005).
These curtailed hatchery impacts, however, coincided with major
changes in other factors affecting coho productivity, most notably
a shift in the ocean climate regime in 1998–1999 (Hare et al., 1999;
Peterson and Schwing, 2003). Because of these correlated influ-
ences, measuring the response (if any) of wild populations to re-
duced hatchery production is a difficult task. Given the resistance
of commercial fisheries and other stakeholders to hatchery cut-
backs, however, such information is valuable for prioritizing future
conservation measures.

Previous studies (Emlen et al., 1990; Nickelson, 2003) have
found evidence that hatchery releases negatively affect productiv-
ity of Oregon coast coho, but have not quantified the magnitude of
this effect relative to other ecological factors. In addition, mecha-
nisms of potential hatchery impacts and their timing within the
life history remain poorly understood. In this paper, we examine
the response of coho populations to reduced hatchery production
in the late 1990s. We show that this ‘‘natural experiment” can
provide insight into these questions, despite the potentially
confounding influences of environmental conditions and density-
dependence. Specifically, we asked: (1) Was there a detectable
response of wild coho productivity to reduced hatchery produc-
tion? If so, was it driven by changes in the number of juveniles
released into streams, the number of hatchery-origin adults
spawning in the wild, or both? (2) Do wild- and hatchery-origin
spawners have asymmetric effects on productivity? (3) How
important are hatchery impacts as a driver of population trends,
in comparison to freshwater habitat conditions and climatic and
oceanographic forcing?
Sixes

Fig. 1. Map of the Oregon coast showing the 15 independent populations of coho
salmon considered in this study. Basins shaded in gray are either small, ‘‘non-
independent” populations or belong to the ‘‘lakes” geographical cluster and were
excluded from the analysis.
2. Methods

2.1. Coho salmon life history

Coho salmon are anadromous and semelparous, with adults
migrating from ocean foraging grounds to spawn in freshwater
streams in late fall and winter. Their eggs hatch in the spring and
most (>95%) juveniles rear in the stream for one year before
migrating to the ocean as smolts in their second spring (Sander-
cock, 1991). Approximately 6% of males from coastal Oregon rivers
return to spawn after their first summer at sea (known as ‘‘jacks”)
while the remainder of adults return after their second summer at
sea (Chilcote et al., 2005). Given the relatively low contribution of
jacks to the total spawning population, our analyses included only
age-three adult spawners.

2.2. Fish data

Our study included 15 ‘‘independent” populations (i.e., those
whose persistence does not depend on immigration from other ba-
sins; Chilcote et al., 2005) of coho salmon within the Oregon Coast
ESU (Fig. 1). We considered the four Umpqua River populations
(Lower, Middle, North, and South Umpqua) as a single unit due
to the limited availability of some data at sub-basin scales. We ob-
tained time series of adult spawner abundance based on annual
surveys conducted in randomly selected stream reaches by the
Oregon Department of Fish and Wildlife (Chilcote et al., 2005).
We used harvest rates (Chilcote et al., 2005) to reconstruct the
number of wild-origin recruits (i.e., adults that would have re-
turned to spawn in the absence of fishing mortality) from each
generation, indexed by parental brood year. We used data from
brood years 1990 to 2000 (offspring recruitment years 1993 to
2003) with the exception of the Floras population, where sampling
did not begin until the 1994 brood year. Harvest rates on fish pro-
duced in the 1997 to 2000 brood years were substantially lower
(mean = 0.10) than for the 1990 to 1996 brood years (mean = 0.59),
so any errors in recruit abundance reconstructions due to harvest
rate estimates are more likely to affect the earlier part of the time
series.

2.3. Factors affecting productivity

State-operated hatcheries throughout the region rear juvenile
coho and release them into surrounding watersheds. Upon return-
ing as adults, some of these hatchery-origin fish spawn in the wild.
Our analysis examined potential impacts on wild populations
resulting from hatchery juveniles released into each river basin
and hatchery-origin adults on the natural spawning grounds. We
distinguished hatchery juveniles released as fry (<1 yr old, with
one winter of freshwater residence remaining) from those released
as smolts (1 yr old, ready to begin seaward migration), and as-
sumed that wild fish originating from eggs spawned in brood year
t potentially interact with hatchery fish released into the same ba-
sin as fry in year t + 1 or as smolts in year t + 2 (ODFW, 2003).
Numbers of wild- and hatchery-origin spawners in each basin were
estimated using the spawner abundance time series and the an-
nual proportions of wild and hatchery fish, determined from scale
analysis of carcasses on the spawning grounds (Chilcote et al.,
2005).

To permit comparison of population dynamics across basins, we
converted all counts of spawners and recruits to densities (fish/km)
using the estimated length of spawning habitat in each basin
(Chilcote et al., 2004). We also converted numbers of hatchery
fry released to densities (fry/km) using estimates of juvenile over-
wintering habitat (Nicholas et al., 2005). Because most hatchery
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smolts migrate to the ocean soon after release, we modeled the ef-
fect of smolt releases using total numbers rather than density.

To represent the influence of freshwater habitat conditions on
productivity, we included estimates of smolt carrying capacity
for each basin based on the available area of high-quality juvenile
overwintering habitat (Nickelson, 1998; Nicholas et al., 2005). We
converted smolt capacities to densities (smolts/km) because we
expected productivity to depend on relative habitat quality rather
than total stream length.

To account for the influence of ocean conditions, we obtained
time series of four oceanographic variables previously shown to
explain 75% of the variation in smolt-to-adult survival of coho
salmon off the Oregon coast (Logerwell et al., 2003): mean Janu-
ary–March sea surface temperature (SST) in the year of seaward
migration and the winter spent at sea, April–June sea level during
the first spring at sea, and date of the spring transition from down-
welling to upwelling during the first year at sea (see Logerwell
et al., 2003 for details). Initial model comparisons indicated that
the two SST variables had the largest effects on productivity, and
inclusion of sea level and transition date did not qualitatively
change the results; thus we present only analyses using the SST
variables.

2.4. Statistical models

We quantified the effects of multiple factors on coho salmon
productivity by fitting modified Ricker models (Hilborn and Walt-
ers, 1992) to the time series of spawning adults (S) and their sur-
viving offspring before harvest, or recruits (R), using the
combined data from all basins. The linearized form of the full mod-
el is

ln
Rjt

Sjt

� �
¼ aj þ bwSw;jt þ bhSh;jt þ b1Fj;tþ1 þ b2Mj;tþ2 þ b3Kj

þ b4Ttþ2 þ b5Ttþ3 þ b6Mj;tþ2Ttþ3 þ ejt: ð1Þ

In this model, productivity (natural log of recruits per spawner)
in population j and brood year t is a function of wild (Sw,jt) and
hatchery-origin (Sh,jt) spawner density (fish/km), density (fish/
km) of fry (Fj,t + 1) and numbers (in millions) of smolts (Mj,t + 2) re-
leased from hatcheries, smolt carrying capacity (Kj, smolts/km),
and SST (�C) during the winters before and after ocean entry
(Tt + 2 and Tt + 3, respectively, expressed as anomalies from their
long-term means). We also considered, via the smolt � SST interac-
tion term, the possibility that ocean conditions influence the
strength of interactions between wild and hatchery-reared fish
while at sea. To account for differences in intrinsic, density-inde-
pendent productivity among basins, we modeled the parameter
aj as a normally distributed random effect with hyper-mean la

and hyper-variance ra (Pinheiro and Bates, 2000; Barrowman
et al., 2003). All other parameters were assumed to be common
to all populations. We assumed normally distributed residual er-
rors, ejt.

We developed a set of candidate models as special cases of Eq.
(1). The ‘‘null” model began with only the density-independent
intercept aj, and a standard Ricker model then added wild and
hatchery spawner density. We constructed progressively more
complicated models by including all combinations of the remain-
ing terms (fry or smolt releases, SST, and smolt capacity). The
two SST terms were either included or omitted jointly, and the
hatchery smolt � SST interaction was allowed only if the model
contained the corresponding main effects. For each model with
spawner density-dependence, we compared a version with sepa-
rate coefficients for wild and hatchery spawners (bw and bh) to a
version with a single coefficient for total spawner density
(bw = bh = b). This allowed us to ask whether the per capita effects
of wild and hatchery spawners were asymmetric. Finally, we com-
pared each model structure under two assumptions about the rel-
ative reproductive success of hatchery spawners: (1) only wild
spawners produce surviving recruits (so the denominator on the
left-hand side of Eq. (1) is Sw,jt), or (2) wild and hatchery spawners
produce equal numbers of recruits per capita (so the denominator
is Stot,jt = Sw,jt + Sh,jt). The true relative reproductive success likely
lies somewhere between these extremes (Fleming and Gross,
1993). The likelihoods of models based on the two assumptions
are directly comparable because Eq. (1) can be rearranged to have
ln(Sjt) as an additive offset on the right-hand side, leaving the same
response variable, ln(Rjt), in either case.

We fit each of the 82 candidate models to the data using linear
mixed-effects modeling (Pinheiro and Bates, 2000) and then
ranked the models using the bias-corrected Akaike information cri-
terion (AICc, Burnham and Anderson, 2002). We used Akaike
weights to construct a 95% confidence set of models and to calcu-
late model-averaged parameter estimates and standard errors. We
also calculated variable weights (i.e., the sum of Akaike weights
over all models that include a particular variable), which measure
the overall strength of evidence for each predictor on a scale from 0
to 1 (Burnham and Anderson, 2002).
3. Results

Productivity of Oregon coast coho salmon declined gradually
from brood year 1990 to 1993, dropped abruptly from 1994 to
1996, and then recovered and remained relatively stable from
1997 to 2000 (Fig. 2A). Productivity was generally low when sea
surface temperature was high, and the recovery coincided with a
shift to cooler conditions (Fig. 2B). Hatchery operations also chan-
ged dramatically during the 1990s; smolt releases were sharply
curtailed beginning in 1996 (Fig. 2C) and densities of hatchery
spawners in streams began to decline as well (Fig. 2D), although
the abundance of hatchery smolts and adults was highly variable
across river basins. The highest hatchery spawner densities oc-
curred in 1994–1996, when productivity was lowest (Fig. 2D).

We found that on a per capita basis, hatchery-origin spawners
had much stronger density-dependent effects on productivity than
did wild-origin spawners. The model-averaged estimate of bh was
five times greater (more negative) than bw (Table 1). Not only did
the data strongly support spawner density-dependence in general
(variable weight = 1.0, Table 2), but candidate models that included
distinct bw and bh parameters received 82% of the total AICc weight,
compared to models that constrained hatchery and wild spawner
effects to be identical.

Our analyses also indicated that productivity declined as
increasing numbers of hatchery smolts were released into a river
basin. The three best-supported models included the effect of
smolt releases (Table 2), and the overall variable weight was 0.73
(Table 1). In addition, pairwise model comparisons generally
showed modest improvements (i.e., decreases) in AICc when the
smolt release term was added to a model (mean DAICc = �3.3,
min = �10.8, max = 1.6). In contrast, we found little evidence that
hatchery fry releases affected productivity. The model-averaged
coefficient of fry density was indistinguishable from zero (0.0005,
SE = 0.0004; Table 1), and the overall variable weight was rela-
tively low (0.50).

Coho population dynamics clearly responded to climatic fluctu-
ations in the marine environment. Productivity increased dramat-
ically when winter SST was relatively cool during the years of
ocean entry and marine residence. The two oceanographic predic-
tor variables appeared in every model with strong support from
the data (variable weight = 1.0, Table 1). Perhaps surprisingly,
ocean climate conditions did not appear to modify the impact of
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Fig. 2. Productivity of Oregon coast coho salmon over 11 generations (parental brood years) and some potential drivers. Each thin line represents one of 15 populations; thick
lines show annual means. (A) Productivity, calculated by assuming all spawners contribute to recruits. Dashed horizontal line indicates zero population growth. (B) Oregon
coast sea surface temperature anomaly during the winter at sea (brood year + 3), identical for all populations. Dashed horizontal line indicates mean SST. (C) Hatchery smolts
released in the year of seaward migration (brood year + 2). (D) Density of hatchery-origin adults spawning in the wild (note log(y + 1) scale).

Table 1
Variable weights and model-averaged parameter estimates (with unconditional standard errors) based on models fitted to Oregon coast coho salmon productivity.

Variable (units) Parametera Variable weightb Estimate (SE)

Sw, wild spawner density bw 1.0 �0.02 (0.01)
Sh, hatchery spawner density bh �0.11 (0.04)
T1, SST in ocean entry year b3 1.0 �0.68 (0.13)
T2, SST in ocean residence year b4 �0.51 (0.14)
M, hatchery smolt releases b2 0.73 �0.50 (0.34)
K, freshwater smolt capacity b5 0.57 0.00010 (0.00006)
F, hatchery fry density b1 0.50 0.0005 (0.0004)
M � T2, hatchery smolt � SST interaction b6 0.36 �0.74 (0.49)
Mean intrinsic productivity la – 0.88 (0.32)

a See Eq. (1).
b Sum of Akaike weights over all models containing each variable. Intrinsic productivity appears in all models, so its variable weight is not meaningful. Variables that

appear as a block (Sw and Sh, T1 and T2) have identical weights.
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hatchery smolt releases, based on the low model weight for the
smolt � SST interaction term (Table 1). Freshwater habitat quality
influenced productivity as well; across basins, productivity in-
creased with habitat-based juvenile carrying capacity. Juvenile
capacity appeared in the three best-supported models (Table 2),
although its overall variable weight was moderate (0.57, Table 1).

The data strongly supported models based on the assumption
that wild and hatchery spawners have equal relative reproductive
success, compared to those that assigned zero reproductive contri-
bution to hatchery fish. The ten highest-ranked candidate models
were ones in which we calculated productivity as ln(R/Stot), and
models of this form comprised 76% of the total AICc weight (Table
2). This suggests that hatchery fish spawning in the wild did in fact
produce surviving recruits in sufficient numbers to influence pat-
terns of overall productivity.

4. Discussion

We found that wild populations of Oregon coast coho salmon
responded to changing hatchery practices during the 1990s. Pro-
ductivity, expressed as the per capita growth rate in the absence
of harvest, improved with reductions in the density of hatchery-
origin fish spawning in the wild and the numbers of hatchery
smolts released into rivers. Density-dependence driven by spawner
abundance had an overriding influence, but hatchery-origin spaw-
ners had much stronger negative per capita effects than wild-origin
spawners. One implication is that a population of adults containing
a large fraction of hatchery fish will produce fewer recruits than an
all-wild population at any given density. For example, at 7 spaw-
ners/km (the median density in our dataset), the model-averaged
parameter estimates predict that a pure hatchery-origin popula-
tion would produce 45% as many recruits as a pure wild-origin
population. This predicted discrepancy remains substantial even
at the critically low densities where extinction risk is greatest
(e.g., a 13% reduction in recruitment at 1.6 spawners/km, the 5th
percentile of the densities in our dataset). Another consequence
of asymmetric density-dependence is that the presence of hatch-
ery-origin spawners will reduce the carrying capacity of a wild
population (see also Kostow and Zhou, 2006). Our results are con-
sistent with those of Chilcote (2003), who found a negative rela-
tionship between intrinsic growth rates of steelhead trout (O.
mykiss) populations and the average proportion of hatchery spaw-
ners in each river. In contrast, Nickelson (2003) did not detect such
a relationship for Oregon coast coho; however, his analysis was



Table 2
Models fitted to Oregon coast coho salmon productivity data. All models include a population-specific random intercept. Only models in the 95% confidence set are shown, ranked
in order of decreasing support (increasing DAICc). Sample size is n = 161.

Modela Productivityb kc DAICc
d Akaike weight R2

Sw + Sh + M + T1 + T2 + K + M � T2 All spawners 10 0.00 0.103 0.513
Sw + Sh + M + T1 + T2 + K All spawners 9 0.02 0.102 0.505
Sw + Sh + F + M + T1 + T2 + K All spawners 10 0.71 0.072 0.530
Sw + Sh + T1 + T2 All spawners 7 0.77 0.070 0.503
Sw + Sh + T1 + T2 + K All spawners 8 0.81 0.069 0.508
Sw + Sh + M + T1 + T2 All spawners 8 0.97 0.064 0.504
Sw + Sh + M + T1 + T2 + M � T2 All spawners 9 0.97 0.064 0.512
Sw + Sh + F + M + T1 + T2 + K + M � T2 All spawners 11 1.00 0.063 0.535
Sw + Sh + F + M + T1 + T2 All spawners 9 1.68 0.044 0.530
Sw + Sh + F + M + T1 + T2 + M � T2 All spawners 10 1.98 0.038 0.535
Stot + F + M + T1 + T2 + K + M � T2 Wild only 10 2.18 0.035 0.389
Sw + Sh + F + T1 + T2 All spawners 8 2.27 0.033 0.521
Stot + F + M + T1 + T2 + K Wild only 9 2.29 0.033 0.382
Sw + Sh + F + T1 + T2 + K All spawners 9 2.35 0.032 0.524
Stot + F + M + T1 + T2 + M � T2 Wild only 9 2.77 0.026 0.388
Stot + F + M + T1 + T2 Wild only 8 2.81 0.025 0.381
Stot + F + T1 + T2 Wild only 7 3.17 0.021 0.366
Stot + F + T1 + T2 + K Wild only 8 3.46 0.018 0.369
Sw + Sh + F + M + T1 + T2 + K + M � T2 Wild only 11 4.45 0.011 0.389
Sw + Sh + F + M + T1 + T2 + K Wild only 10 4.55 0.011 0.382
Sw + Sh + F + T1 + T2 Wild only 8 4.56 0.011 0.365
Sw + Sh + F + M + T1 + T2 + M � T2 Wild only 10 4.68 0.010 0.387

a Model terms are wild (Sw) and hatchery (Sh) spawner density, hatchery fry (F) and smolt (M) releases, sea surface temperature in the winter before (T1) and after (T2)
ocean entry, freshwater smolt capacity (K), and a hatchery smolt � temperature interaction (M � T2). Stot in the list of model terms indicates that the per capita effects of Sw

and Sh were constrained to be identical.
b Assumption used to calculate productivity: all spawners have equal reproductive success (productivity = ln(R/Stot)) or only wild spawners reproduce successfully

(productivity = ln(R/Sw)).
c Number of estimated parameters, including random-effects and residual variances.
d Bias-corrected AIC value, expressed as a difference from the best model in the candidate set.
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restricted to brood years when hatchery spawner density was con-
sistently high (1990–1996), suggesting that the ‘‘natural experi-
ment” of reduced hatchery production in the latter half of the
decade was informative.

Hatchery smolt releases also impacted wild coho productivity,
although not as strongly as hatchery-origin adults. Since most hatch-
ery coho smolts migrate downstream soon after release, interactions
with wild fish might be expected to occur primarily in the estuary
and nearshore environment. Previous studies (e.g., Nickelson,
1986; Emlen et al., 1990) have generally concluded that density-
dependence at sea for Oregon coho salmon, if present, is difficult to
detect using time series of abundance. There is, however, evidence
that hatchery smolt releases can impact marine survival of other
salmonid species (Hilborn and Eggers, 2000; Levin et al., 2001; Levin
and Williams, 2002; Nickelson, 2003). Perhaps more surprising is
that we found no evidence that hatchery fry reduced wild coho
survival, since other studies (e.g., Nickelson et al., 1986) have sug-
gested that fry releases are likely to cause detrimental density-
dependent impacts on wild juveniles during the year-long freshwa-
ter rearing stage. The relatively small numbers of fry released into
most basins during the time period we studied may have been insuf-
ficient to produce a clear signal, so our result does not necessarily
mean that fry releases have a negligible impact on wild populations.

Marine climate, as indexed by winter SST just before and during
ocean migration, was as important as density-dependence in pre-
dicting population dynamics, based on Akaike variable weights
(Table 1). This is consistent with the extensive literature demon-
strating the linkages between decadal-scale shifts in regional
oceanography and climate and the marine survival of Pacific sal-
monids, particularly coho salmon (e.g., Mantua et al., 1997; Coro-
nado and Hilborn, 1998; Koslow et al., 2002; Logerwell et al.,
2003). Favorable conditions for coho are associated with strong
wind-driven upwelling, which brings cool, nutrient-rich water to
the surface and enhances primary and secondary production in
nearshore food webs (Nickelson, 1986; Logerwell et al., 2003).
Shifts in zooplankton composition and predator assemblages likely
play a role as well (Pearcy, 1992; Beamish and Mahnken, 2001;
Emmett et al., 2006). Logerwell et al. (2003) suggest that cool win-
ter SST prior to seaward migration indicates reduced water column
stratification and favors upwelling conditions when smolts enter
the ocean in the spring, while cool SST in the winter spent at sea
may contribute to improved feeding conditions or reduced preda-
tion. In addition, some of the variation that our models attribute to
winter SST before ocean entry may be due to climatic influences on
freshwater overwinter survival that covary with marine climate
(Lawson et al., 2004). The positive relationship we found between
productivity and the estimated smolt carrying capacity of each riv-
er basin also underscores the contribution of the freshwater rear-
ing stage to overall population growth.

To illustrate the relative contributions of hatchery operations
and climatic conditions to the increased productivity of Oregon
coast coho during the late 1990s, we compared predictions from
our fitted models under four alternative scenarios (Fig. 3). Each
scenario asked how productivity in brood years 1997 to 2000
would have diverged from the baseline fit, had one or more predic-
tor variables remained constant at their mean values observed dur-
ing brood years 1990 to 1996. All predictions were based on the
average population (i.e., intrinsic productivity equal to the hyper-
mean la) and model-averaged parameter estimates (Table 1).
When the number of hatchery smolts released, the density of
hatchery-origin spawners, and both SST variables were all held
constant at their 1990–1996 averages, the predicted median re-
cruits per spawner (R/Stot) from 1997 to 2000 was 73% lower over-
all, compared to the best-fit values to the observed time series.
Holding hatchery spawner density constant accounted for a 20%
reduction in median recruits per spawner, and holding both hatch-
ery spawner density and smolt releases constant produced an
additional 7% reduction. On the other hand, constant SST alone
led to a 63% reduction in the predicted median recruits per spaw-
ner. These results suggest that although large-scale climatic forcing
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Fig. 3. Mean observed productivity (points, with lower and upper quartiles across
populations) and predictions under alternative scenarios of hatchery or climate
conditions. The model-averaged fit to the observed data (thick line) is compared to
model-averaged predictions that have one or more variables in brood years 1997–
2000 held constant at their 1990–1996 mean values (thin lines): (A) constant
hatchery-origin spawner density, (B) constant hatchery-origin spawner density and
hatchery smolt releases, (C) constant SST before and after ocean entry, (D) constant
hatchery-origin spawner density, smolt releases, and SST. The dashed horizontal
line indicates zero population growth.
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likely accounted for the majority of the increase in coho population
growth rates, reformed hatchery operations played an important
role as well. Notably, the only scenario in which productivity re-
mained below zero (i.e., populations continued to decline on aver-
age) after the 1996 brood year was the case with both high
hatchery output and poor ocean conditions (Fig. 3).

The striking asymmetry in the per capita effects of wild and
hatchery spawners on productivity points to ecological differences
between the two types of fish. Two broad classes of mechanisms
could explain this pattern. First, if hatchery-origin fish have lower
fitness (i.e., intrinsic productivity) than wild fish in the natural
environment, then the average productivity of a mixed population
would decrease as the proportion of hatchery fish increases. There
is evidence that adult coho (Fleming and Gross, 1993) and other
salmonids (e.g., Araki et al., 2007) reared in hatcheries experience
reduced reproductive fitness due to genetic and environmental ef-
fects on size at maturation, run timing, behavior, and other traits
(reviewed in Berejikian and Ford, 2004). In addition, the relative
reproductive success of hatchery adults may decline with increas-
ing spawner density (Fleming and Gross, 1993), which could mag-
nify the differences in per capita effects. Less is known about the
relative fitness of wild-born offspring of hatchery parents, but if
these fitness differences have a genetic basis, introgression could
eventually reduce the fitness of the wild population (Ford, 2002)
as seen in some European salmonids (Naish et al., 2008). Genetic
effects likely do not explain the changes in productivity in response
to year-to-year fluctuations in hatchery spawners that we ob-
served, but it is possible that decades of hatchery production have
eroded the fitness of wild Oregon coast coho, as hatchery adults
have been observed on the spawning grounds in every population
in this study. Interestingly, our comparison of models that calcu-
late productivity as ln(R/Stot) vs. ln(R/Sw) suggests that progeny of
hatchery spawners make up a nontrivial fraction of all surviving re-
cruits, in contrast to Nickelson’s (2003) assumption that only wild
spawners produce recruits. The true relative fitness of hatchery fish
likely lies between these extreme values of 0 and 1.

A second explanation for asymmetric per capita effects is that
hatchery spawners or their progeny may exert stronger competi-
tive or other density-dependent impacts compared to their wild
counterparts. For example, hatchery-reared juvenile salmonids of-
ten hatch earlier, grow faster, and display more agonistic behavior
than wild juveniles, and these differences may be heritable (Einum
and Fleming, 2001; Tymchuk et al., 2006). Nickelson et al. (1986)
suggested that hatchery-reared juvenile Oregon coast coho dis-
placed their smaller wild conspecifics, but subsequently had poor
survival and contributed little to adult returns. Hatchery-reared
juvenile salmonids may also attract predators (Beamish et al.,
1992), leading to apparent competition with wild juveniles. Be-
cause our models do not include separate intrinsic productivity
parameters for wild and hatchery spawners, we cannot distinguish
between reduced intrinsic growth rate and elevated density-
dependence of hatchery fish; either mechanism could produce
the difference in per capita effects we observed.

Despite the widespread use of artificial propagation as a conser-
vation and enhancement tool for many fish species around the
world, major uncertainties remain about its impacts on wild pop-
ulations and thus its ultimate effectiveness (Travis et al., 1998; Na-
ish et al., 2008). Unsuccessful hatchery programs often result from
flawed assumptions about life-history characteristics and popula-
tion bottlenecks (Heppell and Crowder, 1998). This is particularly
true for enhancement programs aimed at early life-stages of spe-
cies with complex life cycles and density-dependent dynamics, or
in cases where wild and hatchery-reared individuals have unequal
survival and productivity. In our study, the strongest negative ef-
fects of hatcheries were associated with hatchery-reared adults
breeding in the wild, precisely the pathway that might be expected
to contribute most to population rebuilding. It is possible that sup-
plementation hatcheries, which are designed to integrate wild and
captive-reared animals to provide a buffer for populations
approaching critically low abundance, might minimize these detri-
mental impacts (Naish et al., 2008). However, even conservation-
oriented hatchery programs may face a trade-off between modest
increases in abundance and depressed productivity of wild fish
(Oosterhout et al., 2005). Our results show that this trade-off is
likely to depend on the environmental context of hatchery opera-
tions. For example, releasing large numbers of captive-reared juve-
niles could pose a greater risk to wild populations during periods of
poor ocean survival; however, these same conditions might be
seen as a reason to initiate supplementation (Oosterhout et al.,
2005). In cases like this, a more effective recovery strategy might
focus on minimizing direct threats to survival (e.g., overharvest)
and restoring habitats to provide populations with resilience under
varying climatic conditions. Studies that focus on the interactions
between artificial propagation and other biotic and abiotic factors
are critical for defining a parameter space that minimizes the risks
of hatcheries and maximizes the conservation benefits.
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