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Ecological factors influencing lifetime productivity of pink
salmon (Oncorhynchus gorbuscha) in an Alaskan stream
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Abstract: Ecological factors underlying freshwater productivity and marine survival of pink salmon (Oncorhynchus gorbuscha)
were evaluated by analyzing a 30 year time series of local environmental data and censuses of migrating adult and juvenile fish
collected at Auke Creek, Alaska. Freshwater productivity was influenced primarily by spawning habitat limitation and less so by
stream temperature and flow. Furthermore, a trend of declining freshwater productivity was detected over the time series,
which may be related to observed declines in spawning substrate quality and in the duration of the adult migration. Marine
survival was highly variable among brood years and was influenced by physical conditions in the nearshore marine environ-
ment; warm sea-surface temperatures during nearshore residency were associated with higher marine survival rates, whereas
high stream flows late in the fry emigration period were associated with reduced marine survival. Simulations of adult recruit-
ment, based on ecological factors in the freshwater and marine environments, indicated that the productivity of pink salmon in
this stream is determined primarily by early marine survival.

Résumé : Les facteurs écologiques qui sous-tendent la productivité en eau douce et la survie en mer du saumon rose (Oncorhynchus
gorbuscha) ont été évalués en analysant une série chronologique de 30 ans de données environnementales locales et des
recensements de poissons adultes et juvéniles en migration prélevés du ruisseau Auk (Alaska). La productivité en eau douce était
principalement influencée par des limites associées a I'habitat de frai, moins par la température ou le débit du cours d’eau. En
outre, une tendance a la baisse de la productivité en eau douce a été décelée sur la série chronologique, qui pourrait étre reliée
a des diminutions observées de la qualité des substrats de frai et de la durée de la migration des adultes. La survie en mer était
tres variable entre les années d’éclosion et influencée par des conditions physiques dans le milieu marin littoral; des tempéra-
tures élevées de la surface de la mer durant la résidence en milieu littoral étaient associées a des taux de survie en mer plus élevés,
alors que des débits forts tard durant ’émigration des alevins étaient associés a un taux de survie en mer réduit. Des simulations
du recrutement d’adultes basées sur des facteurs écologiques dans les milieux d’eau douce et marins indiquent que la produc-
tivité du saumon rose dans ce cours d’eau est principalement déterminée par la survie précoce en mer. [Traduit par la Rédaction]

production because of their effects on spawning efficiency and
embryo survival (Murphy 1985; Gibson and Myers 1988; Montgomery
et al. 1996). In the marine environment, there is evidence that
overall marine survival is primarily determined by survival of fry
during their initial marine residency (Beamish et al. 2004; Moss
et al. 2005; Farley et al. 2007). Physical factors, such as sea-surface
temperature and freshwater input into the nearshore environ-
ment, likely have a large bearing on survival during this stage
because they condition the potential for growth of fry (Gargett

Introduction

The anadromous life cycle of Pacific salmon (Oncorhynchus spp.)
entails exposure to a diverse array of ecological factors during
their freshwater and marine stages. An understanding of which of
these factors drive productivity can provide a basis for addressing
fisheries research topics, such as the extent to which habitat avail-
ability and seasonal environmental variation control reproduc-
tion and survival and whether lifetime productivity is primarily
limited by the freshwater or marine stage. Additionally, the iden-

tification of links between environmental variation and demo-
graphic processes can enhance our understanding of how salmonid
populations will respond to climate change. These research topics
have important implications for the development of salmonid
management strategies.

Studies of ecological components of salmonid productivity
have largely focused on either the freshwater or the marine stage.
In the freshwater environment, density-dependent factors that
arise from limited spawning habitat, such as redd superimposi-
tion (Fukushima et al. 1998), can limit fry production (Essington
et al. 2000; Gharrett et al. 2013). However, water conditions, tem-
perature, and flow in particular may also be important to fry

1997; Mortensen et al. 2000; Royer et al. 2001). While the extensive
literature on salmonid ecology has demonstrated that ecological
factors in both the freshwater and marine stages can influence
lifetime productivity, few studies have incorporated both stages
into a single analysis. Such an analysis would provide a basis for
measuring the relative importance of each stage and identifying
ecological factors that limit lifetime productivity.

The relatively simple life history of pink salmon (Oncorhynchus
gorbuscha) makes them an excellent species for modeling ecologi-
cal factors that may underlie lifetime productivity in many ana-
dromous salmonid populations. Because adults nearly always
reach maturity in their second year of life throughout their natu-
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Fig. 1. Map of Auke Bay, Alaska. The position of the Auke Creek
weir is depicted by a bold line. Map data: Google.

ral range (Anas 1959), pink salmon populations have nonover-
lapping generations, which obviates the need for age-structure
resolution in ecological analyses. Additionally, juvenile pink
salmon emigrate to the nearshore marine environment shortly
after emerging from the gravel, and this absence of a protracted
freshwater period is conducive to identifying ecological factors
that underlie reproductive performance.

From time series of census data collected at the permanent
salmon weir at Auke Creek Research Station and of environmen-
tal data that reflect habitat quality at critical life history periods,
we modeled the importance of biotic and abiotic factors to life-
time productivity of pink salmon. These census data included
daily counts of both immigrant adults in summer and emigrant
juveniles in spring, which conveniently divide the life history into
freshwater and marine stages. The primary questions that these
analyses address are the following. (1) Are compensatory or depen-
satory processes evident in the population dynamics of these
stages? (2) Which ecological factors drive productivity in these
stages? (3) What are the relative contributions of the freshwater
and marine stages to lifetime productivity?

Materials and methods
Census data source

Study site

Auke Creek, a short (323 m), moderate-gradient (2%-4%) outlet
stream that flows from Auke Lake to the estuary of Auke Bay
(Fig. 1), is a migratory corridor and spawning ground for pink
salmon. In accordance with the strict 2 year life cycle of pink
salmon, genetically distinct even- and odd-year brood lines in-
habit Auke Creek. Within each brood line, time of return of
spawning adults has followed a bimodal distribution; migration
into Auke Creek of ‘early’ spawners typically occurs between mid-
and late August, whereas migration of “late” spawners typically
occurs between early and mid-September (Taylor 1980) (Fig. 2).
Although a few of the pink salmon homing to the Auke Lake
system spawn in the intertidal area and in Lake Creek, a tributary
of Auke Lake, most spawn in the spatially limited (~1000 m?)
habitat of Auke Creek (Taylor 2008b). Located at the demarcation
between intertidal and upstream habitats is Auke Creek Research
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Fig. 2. Observed stream temperature and estimated stream flow of
Auke Creek during late summer and fall. Daily means (solid lines)
and 95% prediction intervals (broken lines) are depicted. The
historical mean abundance of spawning pink salmon on each day is
depicted by a gradation scheme.
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Station, a permanent weir and research salmon hatchery that is
operated by the US National Marine Fisheries Service. The weir al-
lows for censuses of upstream-spawning adults and emigrating fry.

Census data

Censuses of emigrating fry have been made at Auke Creek since
1972, but censuses prior to 1980 were made with less accurate fyke
nets rather than the permanent counting structure used in later
years. In addition to uncertainty about the quality of early juve-
nile censuses made with nets, there is uncertainty about censuses
of' wild adults made prior to 1983 because of experimental releases
of unmarked fish from the Auke Creek hatchery in the 1970s and
early 1980s. Consequently, only censuses of adult salmon made
after the fall of 1983 were included in this study. An important
consideration in constructing the data sets was the presence of
hatchery-reared fish released from the experimental hatchery and
of wild fish that were implanted with coded wire tags as part of a
straying study (Appendix A, Table Al). For the freshwater produc-
tivity models, we excluded all fish of hatchery origin from the
data set. For the marine productivity models, we excluded all fish
that were hatchery reared or coded wire tagged under the expec-
tation that these processes would negatively bias marine survival.
Brood year 1994 was excluded from both data sets because the
release of a large number of unmarked experimental fish in 1995
limited our ability to estimate the abundance of wild-origin adults
that returned in 1996 (Mortensen et al. 2002). The time series of
adult census data included each adult migration period from 1984
to 2013, and the juvenile census data included each fry emigration
period from 1983 to 2013. Together, these census data were used to
construct separate models of the population dynamics of Auke
Creek pink salmon in the freshwater and marine environments
over 29 brood years.

Abundance-based models of productivity

Freshwater productivity
We analyzed the relationship between the number of fry that
emigrated in spring and the number of adults that returned to
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Auke Creek during the previous summer to explore the freshwa-
ter population dynamics. Studies of Auke Creek pink salmon
have suggested that freshwater productivity may be limited by
competition for spawning substrate and by redd superimposi-
tion (Fukushima and Smoker 1997; Fukushima et al. 1998; Gharrett
et al. 2013). The Ricker model (Ricker 1954) captures such a rela-
tionship. It produces a dome-shaped relationship between re-
cruits and spawning stock, which results from the compensatory
effect that spawners exert on juvenile production as the spawning
stock increases. The form of the Ricker model is given by

Si1

M J =S eXP(oa X )eXp(st)

where the number of emigrant fry in the spring of the tth year (J,)
is related to the number of spawners from the previous summer
(S;_;) by parameters that are intrinsic to the population and de-
scribe its productivity («) and carrying capacity (K). This model can
be rewritten by dividing both sides by the number of spawners
and taking the natural logarithm of both sides:

J S,
loge(s—:) =a - ;—< + g
s

g, ~ N(O, )

(2)

The residual errors (¢), which were assumed to be lognormally
distributed (Hilborn and Walters 1992), provided an index of in-
terannual variation in freshwater productivity that was likely due
to environmental factors.

Marine productivity

We explored marine-phase population dynamics with models
of the relationship between number of adults that returned to
Auke Creek in summer and the number of fry that emigrated in
the spring of the previous year. In contrast with the freshwater
phase, in which a density-dependent relationship between fry and
spawners is supported by theory and empirical observations, the
population dynamics of the marine phase are less well under-
stood. Because we did not have strong a priori expectations about
this relationship, we used a linear model in which the abundances
were log transformed to normalize the residuals:

loge(sr) =b+ B X loge(]tfl) + &t
&, ~ N(0, &%)

where the abundance of spawners in the summer of the tth year is
S,, the model intercept is b, and the abundance of emigrating fry
from the spring of the previous year, J, ;, is related to the abun-
dance of adults by the parameter 3. The residual errors (¢) pro-
vided an index of interannual variation in marine productivity
that likely had an environmental basis.

Environmentally based models of productivity

We analyzed the residuals from the abundance-based models to
estimate effects of environmental factors on freshwater and ma-
rine productivity (e.g., Quinn and Niebauer 1995; Mueter et al.
2002). The residuals from each abundance-based model were
treated as separate response variables, which were modeled as
functions of covariates that were of hypothetical ecological im-
portance to relevant life history stages. Generalized additive mod-
els (GAMs) were initially used to explore potential nonlinear
relationships between the environmental covariates and residu-
als. Estimation of GAMs was accomplished with the “mgev” pack-
age in R (R Core Team 2015), which computed the effective degrees
of freedom (edf) for each covariate as part of the model-fitting
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algorithm. An edf of close to 1 suggested that a nonlinear relation-
ship was unlikely (Wood 2001). Based on the output of each GAM,
a nonlinear or linear parametric model was fit for each covariate
and subsequently tested for significance with parametric tests
(F tests). Finally, an information theoretic approach based on the
Akaike information criterion (AIC) was used to select the suite of
covariates and interactions that minimized the information loss
and, therefore, comprised the most parsimonious model. The rel-
ative probability, Py, that the ith model minimized the informa-
tion loss was estimated as

AICmin - AICl
@ = exp( T

where AIC,;, corresponded to the model with the lowest AIC
score (Burnham and Anderson 2002).

Covariates of freshwater productivity

Median adult migration date

We used daily counts of migrating adults to quantify interan-
nual variation in migration date. Because delays in stream entry
may lead to density-related constraints on freshwater productiv-
ity, such as egg retention and redd superimposition, we computed
the median migration date each year as an index of annual timing.
We expected it to covary negatively with freshwater productivity
because of compensatory effects from increased spawner densi-
ties following delayed stream entry.

Stream temperature

The potentially deleterious influence of high stream tempera-
tures on early-migrating fish (Fig. 2) was evaluated by estimating
an index of the mean stream temperature experienced by the first
half of the adult migration. Each early-migrating fish was as-
sumed to have a stream life of 7 days, based on observations of
stream life in Auke Creek (Fukushima and Smoker 1997). The
mean stream temperature Tij experienced by the ith fish within
the jth spawning season was estimated by averaging stream tem-
peratures over the period from the date the fish passed the weir to
7 days after that date:

_ T, + T,y + ...
(5) Tij = 8

+ Tt+7

An index of the average stream temperature experienced by early-
migrating adults in the jth spawning season was then estimated
by averaging T;; across n; returned adults:

This index was expected to covary negatively with freshwater
productivity because reduced spawning success has been ob-
served in years of high stream temperatures at Auke Creek.

Stream flow

Low stream flows are commonly encountered by the first half of
the adult migration (Fig. 2) and may be associated with declines in
freshwater productivity (Murphy 1985; Fukushima and Smoker
1997). To evaluate this, an index of the average stream flow expe-
rienced by early-migrating salmon during each spawning season
was estimated with the approach that was detailed for stream
temperature. Although measurements of stream flow in Auke
Creek were not available during the span of the salmon abun-
dance time series, daily measurements of precipitation at Auke
Bay were available from the Auke Bay Laboratories Climatological
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Series (ABLCS), an open-access database maintained by the Alaska
Fisheries Science Center, and historical measurements of Auke
Creek stream flow were available from 1962 to 1975 through the
National Water Information System, an open-access database
maintained by the US Geological Survey. Following Fukushima
(1996), we used those data to model stream flow in late summer
and early fall (July-October) as a linear function of precipitation
over the previous 16 days (Appendix A, Table A2). The model pa-
rameters were then used to estimate stream flow during autumn
from 1984 to 2012.

An index of stream flow during the initial incubation period
was estimated as the mean flow between 1 September and 31
October each year. The embryo incubation period, which typically
begins in late August or September, is marked by heightened
flows and frequent freshets (Fig. 2). This index was expected to
covary negatively with freshwater productivity because of scour-
ing of embryos in years of high stream flow.

Adult migration year

The year of adult migration was included as a covariate to eval-
uate whether there has been change in freshwater productivity
during the time series. Changes in spawning substrate quality
(Taylor 2008a) and in the temporal characteristics of the adult
migration (Kovach et al. 2012) have occurred over the time series,
and these changes may have affected the fry production capacity
of Auke Creek.

Covariates of marine productivity

Juvenile emigration date

We evaluated the effect of interannual variation in fry emigra-
tion time on productivity by including the annual median date of
the fry migration as a model covariate. Interannual fluctuations in
median emigration time may determine whether fry generally
encounter sea-surface temperatures and plankton densities that
are adequate to support growth upon entering the ocean (Mortensen
et al. 2000).

Predator abundance

We evaluated whether the timing and magnitude of predator
migrations in Auke Bay influence survival of fry by including
predator abundance as a model covariate. Two salmonid species
that migrate from Auke Creek in spring, coho salmon (Oncorhynchus
kisutch) smolts and Dolly Varden (Salvelinus malma), are counted
daily at the weir. These species prey upon fry (Mortensen et al.
2000), and they typically begin migrating into Auke Bay 1-3 weeks
after the peak of the fry emigration. Separate indices of predator
abundance were estimated as the annual number of each preda-
tor counted at the Auke Creek weir prior to the end of the fry
migration period, defined as the date on which 95% of fry had
emigrated, plus predators counted through 2 weeks after this
date, thereby overlapping the initial marine residence period of

most fry.

Nearshore sea-surface temperature

Because warmer sea-surface temperatures would likely en-
hance growth and survival of fry, we included sea-surface temper-
ature of Auke Bay as a covariate. Daily sea-surface temperature
measurements from the ABLCS (Fig. 3) were averaged from
15 March to 15 May to estimate an index of temperature-related
growth opportunity during the fry emigration period.

Stream flow

Potential effects of freshwater influx from Auke Creek on marine
productivity were evaluated by estimating Auke Creek stream flows
during spring (March-May) under the modeling framework de-
scribed for autumn stream flow (Appendix A, Table A3). The hy-
drology of the nearshore environment of Auke Bay (Fig. 1) depends
on freshwater input from the Auke Lake system as well as its other
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Fig. 3. Observed sea-surface temperature of Auke Bay and estimated
stream flow of Auke Creek during late winter and spring. Daily
means (solid lines) and 95% prediction intervals (broken lines) are
depicted. The historical mean abundance of pink salmon fry (1000s)
in Auke Bay on each day is depicted by a gradation scheme.
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major tributaries, which include Waydelich Creek and Auke Nu
Creek. Additional freshwater input from the Mendenhall River
and Fish Creek, which both discharge into marine waters in
nearby Fritz Cove, also influences the nearshore environment of
Auke Bay. Since stream flow in these other systems is likely deter-
mined by similar environmental factors, Auke Creek was as-
sumed to be a proxy for the aggregate freshwater influx into Auke
Bay. An index of freshwater influx in advance of and during the
typical extent of the primary plankton bloom (Bienfang and
Ziemann 1995) was estimated by averaging stream flow between
1March and 30 April. This index was expected to covary positively
with marine productivity because freshwater input may create
mixed layer conditions that support higher food availability. An-
other index, reflecting the period of high and variable flows that
occur late in the nearshore residence period (Fig. 3), was estimated
by averaging stream flow between 1 May and 31 May. This index
was expected to covary negatively with marine productivity be-
cause of offshore displacement of fry or their planktonic prey
during years of high stream flows.

Emigration year

The year of emigration was included as a covariate to evaluate
whether there has been change in marine productivity during the
time series. Trends toward warmer vernal sea-surface tempera-
tures have been observed in Auke Bay during the time series
(Manhard 2016), which may have affected the quality of habitat
encountered by emigrant juveniles.

Adult recruitment simulation

The freshwater and marine population dynamics models pro-
vided an opportunity to evaluate the relative influence of these
life history stages on lifetime productivity. Recruitment of return-
ing adults was used as our metric of lifetime productivity. To
estimate adult recruitment, we first estimated the number of fry
produced by a given spawner abundance by replacing the residual
error term in eq. 2 with the environmentally based model of

< Published by NRC Research Press



Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAA CENTRAL on 03/26/25
For personal use only.

Manhard et al.

freshwater productivity. Next, the estimated fry abundance was
substituted into eq. 3. Finally, we replaced the residual error term
in eq. 3 with the environmentally based model of marine produc-
tivity to estimate adult recruitment. Statistical uncertainty re-
garding the effect of each covariate on recruitment was quantified
by estimating the parameters of the freshwater and marine pro-
ductivity models under a Bayesian framework. Samples from the
posterior distribution of each parameter were drawn with the
Markov chain Monte Carlo (MCMC) algorithm, which was per-
formed in R by using the package “rjags” (Plummer 2016) to call
JAGS (Plummer 2003) from R. Noninformative and proper priors
were used for each ith parameter:

(7) B~ N =0, ¢ =1x10%

Each model was run for 215 000 iterations with a burn-in period of
200 000, and a thinning interval of 5 was used to reduce autocor-
relation among posterior samples. Convergence was tested with
the Gelman-Rubin convergence diagnostic R (Gelman and Rubin
1992), which compared variance within and between chains.

The relative influence of ecologically relevant covariates on life-
time productivity was evaluated by iteratively simulating recruit-
ment at the values of each covariate during the 30 year time series
that minimized (R,;,) and maximized (R,,,,) recruitment. To iso-
late the variation attributable to a covariate of interest during its
simulation, all other covariates were fixed at their historical
means. The simulation was run for 10 000 iterations for each co-
variate. On each iteration of the simulation, a random draw was
made from the posterior distributions of the model parameters
and then recruitment was jointly estimated by the freshwater and
marine models as previously described. Finally, the difference in
recruitment (R,) between R, ;, and R ., was computed. This ap-
proached enabled computation of 95% confidence intervals for
the change in recruitment produced by each covariate over its
historical range.

Results

Abundance-based models of productivity

Annual censuses of Auke Creek pink salmon varied substan-
tially over the 30 year time series; the abundance of spawning
adults ranged between approximately 1500 and 28 000 and the
abundance of emigrant fry ranged between 12 000 and 243 000.
The abundance-based model of freshwater productivity demon-
strated a positive, density-dependent relationship between the
abundances of adults and emigrant fry (Fig. 4) and explained ap-
proximately half of the interannual variation in fry abundance
(R? = 0.525). The model estimated that the carrying capacity (K) of
Auke Creek was 16 581 adults during the time series. Individual
analyses of each brood line had similar results, so the data were
combined to increase power. Temporal plots of residuals from the
abundance-based model did not reveal any trends of first- or
second-order autocorrelation, and statistical tests of autocorrela-
tion, performed with the “act” function in R, did not reveal any
significant autoregressive coefficients through five orders.

The abundance of emigrant fry at Auke Creek exhibited a sig-
nificant, positive relationship with the abundance of returned
adults (Fig. 5) and explained a moderate portion of its interannual
variation (R? = 0.273). Individual analyses of each brood line had
similar results, so the data were combined to increase power.
There were no patterns of first- or second-order autocorrelation
evident in plots of residuals from this model against brood years.
This observation was supported by statistical tests of autocorrela-
tion, which did not produce any significant autoregressive coeffi-
cients across five orders.
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Fig. 4. Abundance-based model of freshwater productivity of Auke
Creek pink salmon from the odd-year (circles) and even-year
(triangles) brood lines (R? = 0.525). The carrying capacity is denoted K.
The shaded region depicts the 95% confidence interval.
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Fig. 5. Abundance-based model of marine productivity of Auke
Creek pink salmon from the odd-year (circles) and even-year
(triangles) brood lines (R? = 0.273). The shaded region depicts the
95% confidence interval.
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Environmentally based model of freshwater productivity

GAMs did not reveal a significant nonlinear relationship be-
tween the residual errors and any of the environmental covariates
of freshwater productivity (edf ~ 1), so parametric linear models
were used. Computation of correlation coefficients revealed mod-
erately significant correlation (P < 0.10) between some pairs of
covariates (Appendix A, Table A4). General linear models were
constructed with all possible combinations of noncorrelated co-
variates, and interactions were included where theory supported
them (Appendix A, Table A6). The model with the lowest AIC value
included the year of adult migration, which exhibited a negative
linear relationship with the residual errors (Fig. 6). Comparisons
of this model with the other models indicated that there were
three bivariate models that had AIC values that were nearly as
low. Those models, which separately included stream tempera-
ture during the adult migration period, stream flow during the
adult migration period, and stream flow during the incubation
period, ranged between 0.38 and 0.45 times as likely to minimize
the information loss.

Environmentally based model of marine productivity
None of the five covariates of marine productivity exhibited a
nonlinear relationship with the residual errors (edf ~ 1), so para-
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Fig. 6. Environmentally based model of freshwater productivity of
Auke Creek pink salmon (R? = 0.144). The response variable was the
residuals from the abundance-based model of freshwater productivity.
The model included the year of adult migration. The shaded region
depicts the 95% confidence interval.
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metric linear models were used. Moderately significant correlations
(P < 0.10) existed between some pairs of covariates (Appendix A,
Table A5), and general linear models of marine productivity were
constructed with each possible combination of noncorrelated co-
variates (Appendix A, Table A7). The model with the lowest AIC
value included sea-surface temperature during spring, which ex-
hibited a positive linear relationship with the residual errors, and
stream flow during the late-emigration period, which exhibited a
negative linear relationship with the residual errors (Fig. 7). There
were two other multivariate models that had AIC values that were
nearly as low. Those models, which separately included Dolly
Varden or coho salmon abundance as covariates in addition to
stream flow and sea-surface temperature, were 0.43 and 0.60 times as
probable to minimize the information loss, respectively. Sea-
surface temperature and stream flow collectively explained the
majority of the environmentally based variation in marine pro-
ductivity (R? = 0.558), and a linear model that included the abun-
dance of emigrant fry and along with those two covariates
accounted for more than two thirds of the interannual variation
in adult recruitment (R? = 0.681).

Adult recruitment simulation

Based on the most parsimonious productivity models, spawner
abundance was chosen to model the freshwater component of
recruitment, whereas vernal sea-surface temperature and stream
flow during the late-emigration period were chosen to model the
marine component. Bayesian models of the freshwater and ma-
rine components attained convergence (R < 1.001) and produced
adequate effective sample sizes (>1000) for each parameter. Sim-
ulated adult recruitment (Table 1) over the range of spawner abun-
dances in the time series was smallest at the lowest spawner
abundance and highest at the population carrying capacity, and
the mean difference between these two estimates was approxi-
mately twofold. The 95% confidence interval of R, for spawner
abundance was strongly positive with no overlap of zero, demon-
strating a statistically significant effect on adult recruitment. The
covariates of marine productivity also had large effects on adult
recruitment. The mean adult recruitment level at the lowest
stream flow of Auke Creek observed during the late-emigration
period was more than six times as large as that estimated at the
highest stream flow. Similarly, the mean adult recruitment level
at the warmest vernal sea-surface temperature of Auke Bay was
nearly six times larger than at the coolest temperature. This dif-
ference corresponded to an estimated increase of approximately
5000 returned adults per 1 °C increase in sea-surface temperature.
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The 95% confidence intervals of R, for stream flow and sea-surface
temperature were both strongly positive with no zero overlap,
demonstrating statistically significant effects of these physical
drivers on adult recruitment. The 95% confidence intervals of R,
for the marine covariates exhibited no overlap with the confi-
dence interval for spawner abundance, thereby demonstrating
that these marine covariates each had a significantly larger effect
on adult recruitment than spawner abundance.

Discussion

Our results suggest that density limitation controls fry produc-
tion in Auke Creek. Over the 30 year time series, runs of spawning
adults have averaged approximately 9500 fish and have exceeded
the estimated carrying capacity in more than 20% of years. Be-
cause most of these fish spawn in a stretch of habitat less than
300 m long, competition for limited habitat probably hinders
successful deposition and survival of embryos in some years. This
is supported by the high levels of egg retention and redd super-
imposition that have been observed in association with high
spawner densities in Auke Creek (Fukushima and Smoker 1997;
Fukushima et al. 1998).

Because spawning habitat limits the number of fry that migrate
into Auke Bay each spring, we expected that competition for re-
sources in the nearshore environment would be minimal and that
a linear model would capture the marine population dynamics
effectively. While a linear model provided a reasonable fit to the
data (Fig. 5), fry abundance accounted for less than a third of the
variation in adult recruitment (R? = 0.273), suggesting that there is
substantial interannual variation in marine productivity arising
from environmental factors. Some of this variation may be attrib-
utable to the commercial harvest of Auke Creek pink salmon and
to straying of adults into nonnatal streams. The influence of the
commercial fishery in Southeast Alaska on individual stocks is
difficult to determine because the harvest is not terminal and
includes mixtures of pink salmon stocks that are biologically and
geographically diverse (Piston and Heinl 2011). Although harvest
rates of Auke Creek pink salmon are unknown in this fishery, the
total annual catch of pink salmon in northern Southeast Alaska
has commonly exceeded 10 million fish and has varied substan-
tially over the past 30 years. Estimates of straying of rates of Auke
Creek pink salmon into nearby streams have ranged between 2%
and 4% (Mortensen et al. 2002; Gilk et al. 2004), indicating that
some natural interchange does occur among streams. Of greater
concern is the effect of straying of hatchery fish into Auke Creek.
Mortensen et al. (2002) estimated a straying rate of 7% for pink
salmon originating from nearby Gastineau Hatchery. Because
large numbers of pink salmon (2-48 million fry) were released
from this hatchery from 1988 to 2002 (Stopha 2014), straying may
have biased marine survival estimates during that part of the time
series. However, we observed that marine survival from 1988 to
2002 (11.1%) was similar to marine survival during the rest of the
time series (11.5%), suggesting that there was little systematic vari-
ation introduced by hatchery straying. Collectively, these charac-
teristics suggest that, while commercial harvest and hatchery
straying do occur, the effects of these processes on adult recruit-
ment are more likely to be stochastic than deterministic. Hence,
the ecological effects that we report here have been resolved in
spite of background noise originating from these anthropogenic
sources of variation.

Among the models of freshwater productivity with the lowest
AIC values were two that separately included stream flow and
temperature. However, because the coefficient estimates for these
covariates had large standard errors and had signs that were in-
consistent with expectations, there was minimal support for an
influence of either of covariate on freshwater productivity. Our
inability to detect effects of high temperatures or low flows was
unanticipated, given that sustained stream temperatures in ex-
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Fig. 7. Univariate plots depicting the relationship between the residuals from the abundance-based model of marine productivity and the two
environmental covariates from the most parsimonious environmentally based model. Sea-surface temperatures were averaged from 15 March
to 15 May to overlap the period just prior to and during the emigration, and stream flows were averaged from 1 May to 31 May to overlap the
end of the emigration. The shaded regions depict the 95% confidence interval.

Residual

50 55 6.0 6.5 7.0
Sea-surface temperature °C

0.6 07 08 09 1.0 11 12
Stream flow (mss'w)

Table 1. Simulated recruitment of adult pink salmon to Auke Creek based on ecologically relevant covariates.

Lower CI Upper CI
Covariate Range Roin R ax R, (2.5%) (97.5%)
Spawner abundance 1548-28 127 3752 (310) 9073 (705) 5322 3855 6789
Sea-surface temperature (°C) 4.664-7.223 3184 (187) 17 547 (1030) 14 362 12 710 16 015
Stream flow (m?3-s7) 0.532-1.268 2693 (156) 17 029 (984) 14 336 12713 15 960

Note: Sea-surface temperatures were averaged from 15 March to 15 May to overlap the period just prior to and during the emigration,
and stream flows were averaged from 1 May to 31 May to overlap the end of the emigration. Mean simulated recruitment levels and
standard errors (parentheses) are listed for the values of each covariate that minimized (R,;,) and maximized (R,,,,) recruitment
during the time series. Mean changes in recruitment (R,) between those covariate values are listed with 95% confidence intervals.

cess of 15 °C have been linked to high egg retention rates in
early-migrating fish (Taylor 2008a) and low flows have been linked
to shortened stream life of early-migrating females, presumably
because of delayed stream entry and reduced oxygen (Fukushima
and Smoker 1997). While stream temperature and flow described
seasonal variation of freshwater productivity in those studies,
they failed to capture interannual variation in our study. A possi-
ble explanation for this is that reduced spawning success of early-
migrating adults in years of poor water conditions may leave
more unused spawning habitat for late-migrating adults. Under
this hypothesis, gains in freshwater productivity later in the sea-
son partially offset losses in productivity earlier in the season,
thereby stabilizing aggregate productivity among years.

We detected a significant, negative temporal trend in freshwa-
ter productivity over the time series (Fig. 6). Because none of the
indices of stream temperature and flow exhibited a significant
trend during the 30 year time series, this decline in productivity
may be instead related to the quality of spawning substrate in
Auke Creek. The recent history of Auke Creek provides a possible
explanation for this trend. Installation of four low weirs filled
with gravel in 1963 transformed much of the streambed from
primarily large cobble, boulder, and bedrock to gravel substrate.
These modifications improved the quality of spawning substrate
within a ~1000 m? expanse of habitat that is the primary spawn-
ing ground of pink salmon. Since the improvement of the spawn-
ing beds, periodic floods have washed away substantial amounts
of gravel, causing the streambed to gradually revert toward its
natural state (Taylor 2008a) and reducing the quality of spawning
habitat. The trend in freshwater productivity may also be related
to declines in the duration of adult migrations, which have been
observed in both brood lines (Kovach et al. 2012). Staggering of the
use of limited habitat over the spawning season is thought to
enhance the carrying capacity of this population (Gharrett et al.
2013) and, consequently, temporal compression of the adult mi-
gration may have contributed to declines in fry production.

Two of the three most parsimonious models of marine produc-
tivity included Dolly Varden or coho salmon abundance. How-
ever, the estimated coefficient of each predator abundance index
had a large standard error and was positive, which was inconsis-
tent with expectations. Hence, there was minimal support for an
effect of the abundance of either predator species on survival. Our
inability to detect an effect of predator abundance may be a con-
sequence of predation from multiple species resulting in dimin-
ished effects of individual species. For instance, three sculpin
species (great sculpin (Myoxocephalus polyacanthocephalus), Pacific
staghorn sculpin (Leptocottus armatus), and Buffalo sculpin (Enophrys
bison)) are also known to prey on pink salmon fry in Auke Bay
(Mortensen et al. 2000). The influence of individual species may be
further reduced if fry abundance buffers against predation rates (i.e.,
depensation).

Our observation that vernal sea-surface temperatures covaried
positively with marine productivity of Auke Creek pink salmon
(Fig. 7) was consistent with previous research that demonstrated a
positive correlation between vernal ocean temperature and ma-
rine survival across multiple stocks and species of Pacific salmon
(Mueter et al. 2005). Sea-surface temperature probably influences
survival through its effects on growth. In addition to its physio-
logical effect on growth of fry, sea-surface temperature may indi-
rectly effect growth of fry by modulating the dynamics of their
prey. For example, the abundance and size of calanoid copepods,
an energetically dense food source for fry, are positively associ-
ated with water temperatures in Auke Bay (Bienfang and Ziemann
1995). Studies of tagged fry from Auke Creek have demonstrated
that marine survival is correlated with growth rate (Mortensen
et al. 2000), and a mechanism linking growth to survival is pro-
vided by the critical-size hypothesis (Beamish and Mahnken 2001).

Marine survival of Alaskan pink salmon stocks covaries posi-
tively with vernal freshwater input from streams, suggesting that
the interaction between mixed layer conditions and plankton dy-
namics is an important determinant of survival (Mueter et al.
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2005). Based on this, we hypothesized that high stream flows of
Auke Creek in early spring would create mixed layer conditions
that favor higher primary productivity in Auke Bay and, by exten-
sion, higher survival of fry. However, our analysis failed to detect
an association between stream flow and marine survival. This
unexpected result could be explained by plankton surveys in
Auke Bay, which demonstrated that the peak phytoplankton bio-
mass during the primary bloom always exceeds that required to
saturate grazing zooplankton (Bienfang and Ziemann 1995). Those
observations suggest that interannual variation in the primary
plankton bloom is uncoupled from the abundance of zooplank-
ton in this system.

In contrast, we observed that stream flow during the late-
emigration period exhibited a negative association with marine
survival (Fig. 7). This period is characterized by steadily increasing
and highly variable stream flows (Fig. 3). High streams flows can
displace river plume fronts in estuaries, which may influence
marine dynamics of juvenile salmon (De Robertis et al. 2005; Burla
et al. 2010). Fronts provide an interface between fresh and saline
water for nearly emergent fry acclimating to the ocean and may
provide feeding opportunities by concentrating zooplankton
(Morgan et al. 2005). The distribution of salmon fry in estuaries
likely reflects a trade-off between the protected, shallow near-
shore habitat and the energetically rich offshore waters, and the
presence of nearshore fronts may present an opportunity to real-
ize the benefits of both habitats. It follows that high stream flows
and resulting offshore displacement of the front could cause an
unfavorable shift in the estuarine distribution of juvenile salmon.
Support for this hypothesis was provided by observations in
Prince William Sound, which demonstrated that dispersal of pink
salmon fry to offshore waters was associated with nearshore de-
clines in zooplankton abundance and coincided with a fivefold
increase in fry mortality (Willette 2001). Tagging studies con-
ducted in Auke Bay, which demonstrated that nearshore resi-
dence time of juvenile pink salmon from Auke Creek varied both
seasonally and among brood years (Mortensen et al. 2000), pro-
duced evidence that estuarine residence patterns are linked to
environmental conditions in this system. However, the determi-
nants, characteristics, and variability of freshwater fronts in Auke
Bay have not been explored in detail, and without information of
this nature, this hypothesis remains untested.

Our analyses produced evidence of a greater role of habitat
availability than water conditions in modulating fry production, a
result that was reinforced by our observation of concurrent de-
clines in freshwater productivity and spawning substrate quality.
Spawning habitat availability may be a prominent feature of the
dynamics of other salmonid populations that spawn in small
coastal streams, and our results support the importance of tailor-
ing management programs to conserve vital spawning habitat
in these populations. In the marine environment, we observed
strong evidence that survival is primarily determined by physical
conditions that influence mortality rates of juveniles during their
incipient marine residency. Moreover, our recruitment simula-
tion demonstrated that these marine ecological factors had a com-
paratively larger effect on lifetime productivity than freshwater
ecological factors, thereby providing compelling support for the
hypothesis that brood year strength is determined by early ma-
rine survival in many salmonid populations. An important impli-
cation of this observation is that demographic processes are
tightly coupled to nearshore oceanic conditions and, therefore,
we would expect this stage to drive the response to climate change
in many salmonid populations. Indeed, significant trends toward
earlier migration times of adult and juvenile pink salmon have
been observed in both brood lines at Auke Creek (Kovach et al.
2012), and these phenological changes are consistent with juve-
niles exploiting an earlier vernal warming period (Manhard 2016).
The fact that earlier migrations are occurring in adults as fall
stream temperatures become warmer (Taylor 2008b), despite a
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tendency of migrating adults to delay stream entry in warmer
years (Kovach et al. 2013), further suggests that this phenological
response to climate change has its origins in the early marine stage.
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Appendix A

Reconstruction of autumn stream flows of Auke Creek

Following Fukushima (1996), daily autumn stream flows of
Auke Creek during the study period (1984-2012) were recon-
structed with a general linear model, which was fit with stream
flow and rainfall data collected from 1962 to 1975. The reconstruc-
tion of autumn stream flow was limited to the months of August—
October, a period in which flow regimes vary predictably in
accordance with rainfall patterns. Specifically, a power transfor-
mation was applied to daily flow rate of Auke Creek (F,), based on
the optimal level of power (A = 0.5) selected by a Box-Cox optimi-
zation function (Box and Cox 1964), and transformed flow rate (B,)
was modeled as a linear function of daily rainfall (R) on the cur-
rent and preceding 16 days:

F -1
DY

B, = —175 + 0.12R, + 0.16R,_, + O.11R,_, + 0.08R,_, + 0.06R,_, + 0.05R,_g + 0.04R,_, + 0.03R,_, + 0.02R, 4 + 0.02R, ,
+ 0.02R,_;o + 0.02R,_,, + 0.02R,_;, + 0.01R,_,; + 0.01R,_,, + 0.01R, 5 + 0.01R,_,, + &,

Each of the 18 coefficients in the linear model was significant
(P < 0.05) (Table A2), and the model accounted for approximately
82% of the variation in daily stream flow in autumn during the
observed time frame.

Reconstruction of spring stream flows of Auke Creek

Daily spring stream flows of Auke Creek during the study pe-
riod (1983-2011) were reconstructed with a general linear model,
which was fit with environmental data collected from 1962 to 1975
including stream flow, rainfall, and air temperature. The recon-
struction of spring stream flows was performed for the months of
March-May, a period when melt water from snow pack accumu-

lated over the winter and ice on Auke Lake, along with rainfall,
contribute to flow regimes. As was done in modeling fall stream
flow, a power transformation was applied to daily flow rate of
Auke Creek in spring (F,), based on the optimal level of power (A =
0.1) selected by a Box-Cox optimization function (Box and Cox
1964), and transformed flow rate (B,) was modeled as a linear
function of daily rainfall (R) on the current and preceding 15 days
and temperature (T) on the preceding 3 days:

F -1
A

B, = —9.38 + 0.02R, + 0.03R,_, + 0.02R, , + 0.02R, , + 0.02R, , + 0.01R,  + 0.01R, , + 0.01R, , + 0.01R, , + 0.01R, ,
+ 0.01R,_,, + 0.01R, ,, + 0.01R, ;, + 0.01R, ,; + 0.01R, ,, + 0.01R, ,5 + 0.002T, , + 0.001T, , + 0.003T, , + &,

Each of the 20 coefficients in the linear model was significant
(P < 0.05) (Table A3), and the model accounted for approximately

70% of the variation in daily stream flow in spring during the
observed time frame.
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Table Al. Annual counts (N) of pink salmon fry and adults made at the Auke Creek weir.

Brood Fry Adult
year Origin Mark year Ney year Naduits Released
1982 wild None 1983 164 784M 1984 5115FM Yes
Hatchery Adipose, ventral 20 000 77 No
Hatchery Adipose, CWT 19 777 79 No
1983 wild None 1984 169 552M 1985 24 124™ Yes
Hatchery Adipose, CWT 87 955 1910 No
Hatchery Adipose, ventral 10 975 283 No
1984 wild None 1985 110 001™M 1986 2089™ Yes
Hatchery Adipose, CWT 101296 216 No
1985 wild None 1986 70 437FM 1987 7117"M Yes
Wwild Adipose, CWT 52 980F 782F Yes
Hatchery Ventral 5165 12 No
1986 Wild None 1987 26 253t™ 1988 7060™ Yes
Wwild Adipose, CWT 17 249¥ 508F Yes
Hatchery Ventral 16 562 572 No
1987 Wwild None 1988 74 912FM 1989 3160'M Yes
wild Adipose, CWT 38 149% 1635F Yes
Hatchery Ventral 66 376 1545 No
1988 wild None 1989 74 170"M 1990 19 382FM Yes
wild Adipose, CWT 42 700F 1601F Yes
Hatchery Ventral 38976 777 No
1989 wild None 1990 96.651™M 1991 6653 Yes
Hatchery Ventral 80 014 225 No
1990 wild None 1991 242 772M 1992 20 972FM Yes
Hatchery Ventral 64137 1127 No
1991 wild None 1992 98 449*M 1993 1688™ Yes
Hatchery Adipose 29 086 8 No
1992 Wwild None 1993 237 073t™™ 1994 22167"M Yes
Hatchery Adipose 22 879 361 No
1993 Wwild None 1994 11 603t™™ 1995 1548tM Yes
1994 wild None 1995 43 632 1996 1288 Yes
wild Adipose, CWT 44 270 68 No
Hatchery Otolith 633 147 2763 Yes
Hatchery Adipose, CWT 116 745 222 No
Hatchery Adipose, ventral 24 697 78 No
1995 wild None 1996 41 359™M 1997 2774FM Yes
1996 Wild None 1997 31092 1998 2267™ Yes
Hatchery Adipose, ventral 40 764 608 No
1997 Wwild None 1998 60 785™ 1999 28 127™M Yes
Hatchery Adipose, ventral 39 834 1853 No
1998 wild None 1999 53 533fM 2000 2181"M Yes
Hatchery Adipose, ventral 40 074 301 No
1999 wild None 2000 132 075™M 2001 7857tM Yes
Hatchery Adipose, ventral 40 000 448 No
2000 Wwild None 2001 61 504"M 2002 4928™ Yes
2001 wild None 2002 150 149*M 2003 10 580™ Yes
2002 Wwild None 2003 95 132FM 2004 6802FM Yes
2003 wild None 2004 169 568™ 2005 10 010"M Yes
2004 Wild None 2005 87 928'™M 2006 13 198™ Yes
2005 Wwild None 2006 65 894'M 2007 2944™M Yes
Hatchery Adipose, ventral 44 728 179 No
2006 Wwild None 2007 81 899tM 2008 3135tM Yes
Hatchery Adipose, ventral 35159 112 No
2007 Wwild None 2008 117 591*M 2009 8719*M Yes
Hatchery Adipose, ventral 49 806 826 No
2008 wild None 2009 34 847tM 2010 5851"M Yes
Hatchery Adipose, ventral 40931 552 No
2009 wild None 2010 121 639*M 2011 26 999FM Yes
2010 Wwild None 2011 30 924t™M 2012 5890fM Yes
2011 wild None 2012 61 802 2013 9231M Yes
2012 Wild None 2013 51191F 2014

Note: Separate counts are listed for fish that were naturally spawned and those that were reared at the Auke Creek experimental
hatchery and released into the stream. Superscripts “F” and “M” denote whether annual counts were used as input data for the freshwater
or marine productivity models, respectively. CWT, coded wire tag.
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Table A2. Summary statistics from the linear model of daily stream
flow of Auke Creek in autumn as a function of rainfall lagged up to

16 days.

Term Coefficient SE t P
Intercept -1.7510 0.0082 -213.8240 <2 x 1071
R, 0.1157 0.0044 26.2990 <2 x 1016
R, 0.1607 0.0046 35.0060 <2 x10-1®
R, , 0.1116 0.0046 24.3640 <2 x 1071
R,_; 0.0765 0.0046 16.6830 <2 x 10716
R, , 0.0603 0.0046 13.1630 <2 x 10716
R s 0.0472 0.0046 10.2970 <2 x 10716
R,_¢ 0.0393 0.0046 8.5690 <2 x 10716
R, , 0.0340 0.0046 7.4210 1.97 x 10-13
R, 0.0244 0.0046 5.3460 1.04 x 1077
R, o 0.0209 0.0046 4.5690 5.32 x 10—
R._10 0.0193 0.0046 4.2090 2.72 x 105
R 0.0175 0.0046 3.8080 0.0001
R,_1» 0.0159 0.0046 3.4560 0.0006
R._i5 0.0126 0.0046 2.7480 0.0061

R, 14 0.0091 0.0046 1.9790 0.0480
R._s 0.0117 0.0046 2.5340 0.0114

R, 16 0.0130 0.0044 2.9560 0.0032

Note: Rainfall is donated “R” followed by the number of lagged days (e.g., R,_5
corresponds to the total daily rainfall from 5 days prior).

Table A3. Summary statistics from the linear model of daily stream
flow of Auke Creek in spring as a function of rainfall (R) lagged up to
15 days and temperature (T) lagged up to 3 days.

Term Coefficient SE t P
Intercept -9.4194 0.0078 -1202.34 <2 x10-1¢
R, 0.019 0.0036 5.323 1.24 x 107
R, 0.0264 0.0037 7.118 1.99 x 10-12
R, , 0.0232 0.0037 6.227 6.80 x 10-1°
R, 5 0.0218 0.0037 5.837 7.00 x 10—°
R, 0.0187 0.0037 5.017 6.14 x 107
R, 5 0.0138 0.0037 3.697 0.0003
R, 0.0131 0.0037 3.502 0.0005

R, , 0.0111 0.0038 2.951 0.0032
R,_g 0.0094 0.0037 2.526 0.0117

R,o 0.0107 0.0037 2.894 0.0039

R, 10 0.0092 0.0037 2.508 0.0123
R4 0.0089 0.0037 2.417 0.0158

R, 1» 0.0072 0.0037 1.943 0.0522
R,_13 0.0089 0.0038 2.33 0.0200
R4 0.0086 0.0039 2.221 0.0266

R, s 0.0086 0.0038 2.283 0.0227

Ty 0.0025 0.0005 5.373 9.49 x 108
T, , 0.0011 0.0006 1.827 0.0679

T, 5 0.0032 0.0005 6.841 1.31x 1011
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Table A4. Correlation coefficients for each pair of covariates evalu-
ated in the environmentally based models of freshwater productivity.

Y M Ty Fy F,
Y 1.000

M -0.33* 1.000

Ty 0.22 -0.22 1.000

Fy 0.21 0.20 -0.61* 1.000

F, 0.00 0.13 -0.33" 0.21 1.000

Note: Covariates include adult migration year (Y), median date of migration
(M), temperature during the early spawning period (Tg), and stream flow during
the early spawning (Fg) and incubation (F;) periods. Asterisks indicate moder-
ately significant values (P < 0.10).

Table A5. Correlation coefficients for each pair of covariates evalu-
ated in the abundance-based models of marine productivity.

Y M C D T, Fy F,
Y 1000

M -0.07 1.000

C -019 0.61*  1.000

D -023 031"  0.36" 1.000

Ty -025  -043" 020  -0.04  1.000

Fs -040° -017 022 020 036"  1.000

F, -041" -0.05 011 025 025 036" 1000

Note: Covariates include juvenile emigration year (Y), median date of emigra-
tion (M), coho salmon smolt (C) and Dolly Varden charr (D) abundance, sea-
surface temperature during spring (Ts), and stream flow during spring (Fs) and
during the late emigration period (F;). Asterisks indicate moderately significant
values (P < 0.10).
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Table A6. Coefficients and standard errors (parentheses) of terms tested in freshwater productivity models.

Can. J. Fish. Aquat. Sci. Vol. 74, 2017

AIC Py R2 Y M Ty Fg F; Interaction
38.135 0.144 -0.021(0.010)

39.743 0.448 0.155 -0.019 (0.010) -0.120 (0.203)

39.856 0.423 0.152 -0.021(0.010) -0.182 (0.364)

40.070 0.380 0.146 -0.021(0.010) 0.016 (0.065)

41.493 0.187 0.034 -0.200 (0.208)

41.576 0.179 0.160 -0.020 (0.010) -0.104 (0.211) -0.143 (0.378)

41.800 0.160 0.024 0.011 (0.014)

42.224 0.129 0.009 -0.186 (0.386)

42.429 0.117 0.002 -0.013 (0.067)

43.081 0.084 0.049 0.009 (0.015) -0.173 (0.215)

43.418 0.071 0.037 0.012 (0.014) -0.229 (0.391)

43.799 0.059 0.024 0.011 (0.015) -0.002 (0.069)

43.856 0.057 0.089 -0.012 (0.025) -13.831(13.186) 0.059 (0.057)
44.893 0.034 0.055 0.010 (0.015) -0.152 (0.225) -0.164 (0.407)

45.053 0.031 0.049 0.120 (0.136) 1.542 (1.919) -0.007 (0.008)

Note: Covariates include adult migration year (Y), median date of migration (M), stream temperature during the early spawning period (Tg), and stream flow during
the early spawning (F) and incubation (F;) periods. Models are sorted by descending likelihood of being the most parsimonious (Pg).

Table A7. Coefficients and standard errors (parentheses) of terms from general linear models of marine survival.

AIC P R? Y M c D T, Fq F,

48228 0.558 0.659 (0.141) —2.517 (0.577)
49238  0.604 0.573 0.070 (0.075) 0.636 (0.144) -2.550 (0.579)
49936 0426 0.563 0.031(0.062)  0.667 (0.144) ~2.600 (0.608)
62.174 0.001  0.234 0.508 (0.177)

63.822  <0.001  0.242 0.050 (0.098) 0.490 (0.183)

63.87  <0.001  0.242 -0.041(0.078)  0.504 (0.179)

63.906 <0.001  0.187 -1.856 (0.744)
63.978 <0.001  0.24 0.130 (0.097) -1.960 (0.738)
64.826  <0.001  0.217 -0.018 (0.018) ~1.891(0.745)
65.906 <0.001  0.187 ~0.001(0.083) -1.854 (0.783)
68.945 <0.001  0.033 0.102 (0.107)

69.027 <0.001  0.030  0.014 (0.016)

69.243  <0.001  0.023 -0.016 (0.020)

69.471  <0.001  0.015 -0.998 (1.542)

69.566  <0.001  0.012 ~0.050 (0.087)

70.086  <0.001  0.061 0.124 (0.110) -1.391 (1.573)

70.554 <0.001  0.046 -0.019 (0.021) ~1.242 (1.570)

71.25 <0.001  0.023 -0.040 (0.090) -0.853 (1.599)

Note: Covariates include juvenile outmigration year (Y), median date of outmigration (M), coho salmon smolt (C) and Dolly Varden charr (D) abundance, Auke Bay
sea-surface temperature during spring (Ts), and Auke Creek stream flow during spring (Fs) and during the late emigration period (F;). Models are sorted by descending
likelihood of being the most parsimonious (Pyg).
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