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Abstract: Sockeye salmon (Oncorhynchus nerka) populations from Southeast Alaska through British Columbia to Washington
State have experienced similar declines in productivity over the past two decades, leading to economic and ecosystem concerns.
Because the declines have spanned a wide geographic area, the primary mechanisms driving them likely operate at a large,
multiregional scale at sea. However, identiﬁcation of such mechanisms has remained elusive. Using hierarchical models of
stock–recruitment dynamics, we tested the hypothesis that competition between pink (Oncorhynchus gorbuscha) and sockeye
salmon for prey has led to reduced growth and productivity and delayed maturation of up to 36 sockeye populations spanning
the region during the past 55 years. Our ﬁndings indicate the abundance of North Paciﬁc pink salmon in the second year of
sockeye life at sea is a key factor contributing to the decline of sockeye salmon productivity, including sockeye in the Fraser River
where an increase from 200 to 400 million pink salmon is predicted to reduce sockeye recruitment by 39%. Additionally,
length-at-age of Fraser River sockeye salmon declined with greater sockeye and pink salmon abundance, and age at maturity
increased with greater pink salmon abundance. Our analyses provide evidence that interspeciﬁc competition for prey can affect
growth, age, and survival of sockeye salmon at sea.
Résumé : Les populations de saumons rouges (Oncorhynchus nerka) du sud-est de l’Alaska à la Colombie-Britannique, jusqu’à l’État
de Washington ont connu des baisses semblables de productivité au cours des deux dernières décennies, suscitant des inquiétudes d’ordre économique et écosystémique. Étant donné la vaste étendue géographique de ces baisses, les principaux mécanismes à l’origine de celles-ci s’opèrent vraisemblablement en mer, à une échelle multirégionale. La nature de ces mécanismes
demeure toutefois difﬁcile à cerner. À l’aide de modèles hiérarchiques de la dynamique stock–recrutement, nous avons testé
l’hypothèse selon laquelle la concurrence pour les proies entre les saumons roses (Oncorhynchus gorbuscha) et rouges a mené à des
réductions de la croissance et de la productivité et a retardé la maturation de jusqu’à 36 populations de saumons rouges à
l’échelle de la région au cours des 55 dernières années. Nous observations indiquent que l’abondance du saumon rose du
Paciﬁque Nord durant la deuxième année en mer du saumon rouge est un facteur clé de la baisse de productivité des saumons
rouges, dont ceux du ﬂeuve Fraser, où il est prédit qu’une augmentation de 200 à 400 millions de saumons roses entraînera une
réduction du recrutement de saumons rouges de 39 %. En outre, la longueur selon l’âge des saumons rouges du ﬂeuve Fraser a
diminué parallèlement à l’augmentation de l’abondance des saumons rouges et roses, et la maturité selon l’âge a augmenté
parallèlement à l’abondance des saumons roses. Nos analyses indiquent que la concurrence interspéciﬁque pour les proies peut
avoir une incidence sur la croissance, l’âge et la survie des saumons rouges en mer. [Traduit par la Rédaction]

Introduction
Sockeye salmon (Oncorhynchus nerka) is one of the most economically, ecologically, and socially important Paciﬁc salmon species.
This is particularly true for Fraser River sockeye salmon, which
support major international commercial and First Nations ﬁsheries, spawn in hundreds of unique locations throughout the
220 000 km2 Fraser River basin, and are a cultural icon. The Fraser
sockeye ﬁshery has been monitored and managed for many decades with the key objectives of meeting spawning objectives and
achieving sustainable runs and harvests (Roos 1991). Nevertheless,
the abundance of Fraser sockeye salmon has decreased substantially since the late 1980s, leading to considerable concern. In
2009, the run of 1.5 million adult sockeye salmon was the lowest
since 1947, and it achieved only 14% of the preseason forecast of
10.5 million salmon (Peterman et al. 2010). This large and unex-

pected decline led to a judicial inquiry and a scientiﬁc workshop
to uncover factors that might have inﬂuenced the long-term decline and the unexpected collapse in 2009 (Peterman et al. 2010),
which was followed by an unexpectedly large return in 2010 and
higher, though variable, abundances in 2011–2014. Initial scientiﬁc analyses indicated the long-term decline in abundance was
likely associated with a decline in productivity at sea rather than
low parental spawner abundances or other factors in fresh water.
Factors in fresh water are known to adversely impact Fraser sockeye salmon (e.g., Hinch et al. 2012), but the observed long-term
decline in productivity could not be explained by freshwater processes alone (Peterman et al. 2010; Connors et al. 2012). Recently, a
number of investigations have explored early marine factors associated with the unexpectedly small sockeye salmon return in
2009 (Rensel et al. 2010; Miller et al. 2011; Beamish et al. 2012;
Thomson et al. 2012; McKinnell et al. 2014).
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As a means to further identify potential factors inﬂuencing
Fraser sockeye salmon, Peterman and Dorner (2012) examined the
population dynamics of sockeye salmon populations extending
from Puget Sound (Washington) through British Columbia (BC)
and into western Alaska. They found that the productivity (adult
recruits produced per spawner) of sockeye populations from
Washington through Southeast Alaska, including the Yakutat region, was positively correlated and exhibited a shared declining
trend in recent decades. They recommended that future research
on declines in sockeye productivity focus on mechanisms that
operate at large multiregional scales, such as marine areas where
the sockeye populations overlap.
One potential mechanism that operates at large spatial scales is
competition at sea between Fraser sockeye salmon and pink
salmon (Oncorhynchus gorbuscha) (Peterman et al. 2010). Fraser sockeye salmon and pink salmon from distant regions are broadly
distributed and overlap in the North Paciﬁc Ocean (Myers et al.
2007; Beacham et al. 2014). Adult pink salmon returning from the
North Paciﬁc Ocean are exceptionally abundant, averaging approximately 4.7 times more adults than sockeye salmon during
1952–2005 (Ruggerone et al. 2010). A review of studies indicated
that pink salmon can inﬂuence the diet, growth, distribution, age
at maturation, and survival of other Paciﬁc salmon (Ruggerone
and Nielsen 2004; Atcheson et al. 2012). Sockeye salmon may be
especially vulnerable to competition with pink salmon because
they share common prey at sea (Pearcy et al. 1988; Kaeriyama et al.
2000; Bugaev et al. 2001; Davis et al. 2005). For example, growth of
sockeye salmon originating from Bristol Bay, Alaska, was inversely related to abundance of Russian pink salmon, and sockeye
salmon survival at sea and adult abundance was substantially
reduced when they overlapped with pink salmon during oddnumbered years of their second year at sea (i.e., when pink salmon
were exceptionally abundant owing to their biennial cycle;
Ruggerone et al. 2003, 2005). A number of studies have shown that
reduced growth of salmon at sea can lead to lower survival (Moss
et al. 2005; Friedland et al. 2009; Farley et al. 2011) and delayed age
at maturation (Pyper et al. 1999; Healey et al. 2000; Morita and
Fukuwaka 2007; Wells et al. 2007). These studies, and the observation that annual pink salmon abundance has increased over
time to approximately 640 million adults in 2009, provide initial
evidence that Fraser River sockeye salmon may be inﬂuenced by
pink salmon.
An examination of broad-scale factors that may have adversely
affected the productivity of Fraser and other sockeye populations
in BC during the past 50 years concluded that the abundance of
pink salmon had the strongest negative relationship with sockeye
productivity of the variables examined (Connors et al. 2012). In
addition, regional sea-surface temperature appeared to have a
moderate effect on sockeye productivity, and exposure to farmed
salmon early in marine life (via an unknown mechanism) appeared to exacerbate the inﬂuence of competition with pink
salmon later in sockeye marine life (Connors et al. 2012). The
hypothesis of delayed density dependence in response to high
parent spawner abundances was not supported as a common factor responsible for declining productivity across the sockeye populations considered (Connors et al. 2012; Peterman and Dorner
2012). While these analyses provided the most comprehensive
examination of correlates of declining productivity in Fraser sockeye to date, they only considered a single line of evidence (lifetime
productivity) for a group of populations originating from a smaller
portion of the region of shared declines in sockeye productivity
(Peterman and Dorner 2012).
Here we use comparisons between odd and even years and hierarchical statistical models of stock–recruitment dynamics to
test the hypothesis that competition with pink salmon from
across the North Paciﬁc has led to declines in productivity of
sockeye populations ranging from Washington State through
Southeast Alaska. In addition, we test the hypothesis that pink
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Fig. 1. Map with locations of sockeye salmon populations
considered in the analyses. See Table 1 for details of the populations
corresponding to each number.

salmon abundance inﬂuenced length-at-age and age at maturation (years at sea) of Fraser sockeye salmon. These analyses consider the density-dependent effects of sockeye salmon abundance
in the North Paciﬁc, as well as the potentially confounding effects
of sea-surface temperature and farmed salmon production. We
did not test for potential competition between chum (Oncorhynchus keta)
and sockeye salmon because their diets are often markedly different (Azuma 1995; Davis et al. 2005), and a previous study did not
ﬁnd evidence of competition between chum and sockeye salmon
(Rogers and Ruggerone 1993), but we note that stable isotope
research suggests trophic overlap of pink, chum, and sockeye
salmon (Johnson and Schindler 2009). This examination of multiple lines of evidence provides the most extensive evaluation to
date of the hypothesis that competition at sea can inﬂuence the
population dynamics of Paciﬁc salmon.

Materials and methods
Sockeye salmon data
To test hypotheses related to the inﬂuence of competition with
pink and sockeye salmon on sockeye salmon productivity, we
used time series of the abundance of sockeye salmon spawners
and adult recruits (the total number of adults, including those
caught in ﬁsheries) from one population in Washington State,
25 populations in BC, and 10 populations in the Southeast Panhandle
and Yakutat regions of Alaska (Fig. 1 and Table 1). These 36 sockeye
populations span a region of shared declining trends in productivity, suggesting that mechanisms that operate at this large, multiregional spatial scale are (at least partially) responsible for the
declines in productivity observed in the Fraser River (Peterman
and Dorner 2012). Details of the sockeye productivity time series
can be found in Connors et al. (2012) and Peterman and Dorner
(2012). Most time series extended back to the 1950s and 1960s, and
many of the populations are dominated by salmon spending
1 year in fresh water and 2 years at sea, thereby maturing as
4-year-old salmon (age-1.2). For a subset of Fraser River populations, we analyzed data provided by the Paciﬁc Salmon Commission on the standard length of 4-year-old male and female sockeye
on the spawning grounds to test hypotheses related to the inﬂuence of competition on sockeye growth (15 populations). Only
years with 50 or more individual measurements of each sex per
Published by NRC Research Press
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Table 1. Sockeye salmon populations (stock) considered.
Number

Jurisdiction

Region

Population

Brood
years

Male
length

Female
length

Proportion
ocean-age-3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Washington
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
Alaska
Alaska
Alaska
Alaska
Alaska
Alaska
Alaska
Alaska
Alaska
Alaska

Washington
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Fraser
Barkley Sound
Barkley Sound
Central Coast
Central Coast
Central Coast
North Coast
North Coast
Southeast
Southeast
Southeast
Southeast
Southeast
Yakutat
Yakutat
Yakutat
Yakutat
Yakutat

Lake Washington
Early Stuart
Late Stuart
Stellako
Nadina
Bowron
Quesnel
Raft
Chilko
Seymour
Late Shuswap
Fennell
Scotch
Portage
Gates
Birkenhead
Harrison River
Weaver
Cultus
Great Central Lake
Sproat Lake
Long Lake
Owikeno Lake
Atnarko
Skeena
Nass
McDonald
Redoubt
Speel
Chilkoot
Chilkat
Klukshu
East Alsek
Alsek
Italio
Situk

36
55
54
55
30
55
55
55
55
55
53
36
22
39
35
55
55
37
49
25
25
33
33
31
35
22
22
15
14
28
24
30
26
30
26
22

—
35
29
—
12
14
20
29
44
39
22
14
—
21
25
35
—
26
24
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
35
29
—
12
14
20
29
44
39
22
14
—
21
25
35
—
26
24
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
55
54
55
30
55
55
55
55
55a
53a
36
22
39
35
55
39a
37
36a
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

Note: Brood years refer to the total number of brood years available from each population for the analysis of productivity. Values in
“length” columns are the number of brood years in which there were at least 50 length measurements of 4-year-old male and female
sockeye on the spawning grounds. Values in “Proportion ocean-age-3” column are the number of brood years for which we could
calculate the proportion of total recruits from a given brood year that spent 3 years at sea.
aThese populations have, on average, less than 5% of the adult return that spend 3 years at sea and so were excluded from age at
maturity analyses because mean age at maturity changed very little from year to year, possibly in response to other factors such as
physical constraints imposed by spawning habitat.

population were used in the analyses of growth in relation to pink
and sockeye salmon abundance (Table 1). For those Fraser River
populations for which we had detailed brood tables (18 populations), we also calculated the proportion of total recruits that
spent 3 years at sea to test hypotheses related to the inﬂuence of
competition on sockeye age at maturity (Table 1). Fraser River
populations having less than 5% of the adult return spending
3 years at sea (ocean-age-3), on average, were excluded from this
analysis because mean age at maturity changed very little from
year to year, possibly in response to other factors such as physical
constraints imposed by spawning habitat (Quinn 2005).
Total abundances of sockeye salmon in the North Paciﬁc that
may compete with Alaska, BC, and Washington State sockeye
salmon were obtained from Ruggerone et al. (2010) for years 1952
to 2005. These data included sockeye salmon returning to Russia,
Alaska, BC, and Washington. The dataset was updated using reported runs (catch and escapement) of Russian sockeye salmon
during 2006–2010 (www.npafc.org) and a regression of North
American sockeye salmon abundance on sockeye catch in Alaska
(www.npafc.org) from 1952 to 2005 (North American sockeye
abundance in millions = [1.4 × Alaska catch in millions] + 19.8; R2 =
0.92; n = 58).

Pink salmon data
We derived indices of the abundance of pink salmon that may
compete with sockeye salmon from a dataset of the total number
of adult pink salmon from key populations across the North Paciﬁc Ocean from 1952 to 2005. These populations were from Japan,
Russia (western Kamchatka, eastern Kamchatka, mainland, and
islands), Alaska (Prince William Sound, Kodiak, Alaska Peninsula,
and Southeast Alaska), BC (southern and northern BC and the
Fraser River), and Washington (Puget Sound) (Ruggerone et al.
2010). These data were updated through 2010 (Japan: North Paciﬁc
Anadromous Fish Commission Doc. 1344, www.npafc.org; Russia:
North Paciﬁc Anadromous Fish Commission Doc. 1269, www.
npafc.org; Prince William Sound: S. Mofﬁtt, Alaska Department of
Fish and Game (ADF&G), Cordova, Alaska; Kodiak: ADF&G staff,
Kodiak, Alaska; Southeast AK: Piston and Heinl (2011); Fraser:
S. Latham, Paciﬁc Salmon Commission). Pink salmon originating
in southern BC and Puget Sound from 2006 onwards were estimated from Fraser pink salmon adult recruits by regressing southern BC and Puget Sound pink salmon on Fraser River pink salmon
from 1958 to 2005 (southern BC + Puget Sound pink salmon in
millions = [1.06 × Fraser pink salmon in millions] + 3.69; R2 = 0.86;
n = 48).
Published by NRC Research Press
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Hypotheses
First, since pink salmon tend to be more abundant across the
North Paciﬁc in odd-numbered years owing to their 2-year life
cycle (Ruggerone et al. 2010), we examined the hypotheses that
sockeye productivity and length-at-age were less, and age at maturity later, in odd versus even years. These comparisons between
even and odd years were then complimented with more detailed
analyses that examined the evidence for four separate hypotheses
related to the intensity of interactions between sockeye salmon
and abundances of pink and sockeye salmon in the ocean. The
ﬁrst three hypotheses examined the potential inﬂuence of competition with pink salmon and conspeciﬁcs on sockeye salmon
productivity, age at maturity, and growth at sea at two temporal
scales (i.e., interactions beginning during ﬁrst versus second year
at sea). The sensitivity of these ﬁndings to the spatial scale of pink
and sockeye salmon (i.e., North Paciﬁc versus North American
populations) and the potentially confounding inﬂuences of sea
surface temperature (SST) and farm salmon production (Connors
et al. 2012) were also examined (see section on Sensitivity analyses). The fourth hypothesis examined the potential role that predation on juvenile sockeye salmon in coastal areas by returning
pink salmon plays on sockeye productivity (e.g., Peterman 1982).
Below we describe the analyses testing each of these hypotheses
in detail.
1. Odd– even year patterns in sockeye characteristics
As an initial examination of the potential effects of pink salmon
on sockeye salmon, we plotted sockeye survival (residuals from
Ricker stock–recruitment relationship), length of age-1.2 male and
female sockeye salmon, and proportion of ocean-age-3 sockeye
salmon in adult returns to determine whether there were alternating year patterns consistent with the difference in abundance
between even- and odd-year pink salmon. The plots were generated for the entire period of data availability, as well as for the
period after the mid-1970s ocean regime shift when abundance of
pink salmon in the ocean doubled (Ruggerone et al. 2010). These
comparisons between odd and even years provide a ﬁrst pass
examination of the evidence for differences in productivity,
growth, and age at maturity between years of lower and higher
pink salmon abundance. However, these initial plots do not account for the magnitude of differences in pink salmon abundance
between years or other potentially confounding factors (e.g., intraspeciﬁc competition). Therefore, we complemented these initial plots with more comprehensive statistical evaluations of the
inﬂuence of pink salmon as described below.
2. Competition effects on sockeye productivity
We tested whether competition between pink salmon and sockeye salmon in their ﬁrst and second year at sea leads to reduced
sockeye productivity. To formalize this hypothesis, we ﬁt a modiﬁed Ricker stock–recruitment relationship (Ricker 1975) to the
data as a hierarchical model:
(1)

冉 冊

ln

Ri,t
⫽ (␣ ⫹ ␣i ⫹ ␣t) ⫺ biSi,t ⫹ (j ⫹ ␦i,j)Ej,i,t⫹x ⫹ i,t
Si,t

where Ri,t is the total number of adult sockeye recruits to population i produced by spawners (Si,t) in brood year t, ␣ is the intrinsic
rate of population growth (i.e., productivity at low spawner abundance) common to all populations, and bi is density dependence in
relation to the carrying capacity of population i. E is one or more
of j time series of independent variables experienced in year x of
the sockeye salmon life cycle that represent how pink and sockeye
salmon might compete with sockeye salmon during each year of
sockeye residence in the ocean (see below), j is the overall effect
of variable E on productivity, and ␦i,j is the random populationspeciﬁc effect. The terms ␣i, ␣t, and ␦i,j are assumed to be popula-

tion- (i) or year- (t) speciﬁc deviations from the mean response ␣
and j, where ␣i⬃N共0, ␣2 i兲, ␣t⬃N共0, ␣2 t兲, and ␦i,j⬃N共0, ␦2i,j兲 (Pinheiro
and Bates 2000; Mueter et al. 2002a), and i,t is residual error with
mean of zero and variance that is estimated (i.e., ⬃N共0, 2兲). These
terms are often referred to as random effects and in our case the
location-dependent random effect (␣i) captures natural variation
among populations in productivity. The time-dependent random
effect (␣t) captures variation in productivity among years common
to all populations and accounts for the nonindependence of observations within years in relation to indices of ocean basin-scale
competitors that are the same for all populations within a year.
The location-dependent random effects on the slope of the
relationships (␦i,j) captures intrinsic differences in how each population responds to an independent variable as opposed to constraining the model to assume all populations respond in the
same way (i.e., magnitude and direction) to a given independent
variable.
We considered three possible indices of pink and sockeye
salmon competitors (i.e., the Ej values in eq. 1). First, as an index of
the number of juvenile pink salmon that may begin competing
with sockeye salmon in their ﬁrst year at sea (McKinnell and
Reichardt 2012), we used the abundance of adult pink salmon
from the Northeast Paciﬁc (northern BC and Alaska) 3 years after
each sockeye brood year for sockeye that spent 1 year in fresh
water before migrating to sea. For those sockeye populations that
spent more than 1 year in fresh water, we used the number of
adult pink salmon in years t + 3 and t + 4 weighted by the
proportions of juvenile sockeye entering the ocean each year, as
determined by age-speciﬁc abundances of adult sockeye salmon.
Second, as an index of the potential number of pink salmon that
may begin to compete with sockeye in their second growing season at sea, we used the total abundance of adult pink salmon
across the North Paciﬁc 4 years after each sockeye brood year
(Ruggerone and Nielsen 2004; Connors et al. 2012). These pink
salmon would have likely interacted with the sockeye brood beginning in the late portion of their second year at sea, continuing
through winter and into the third growing season. In the third
growing season, the sockeye would have either matured and returned to fresh water after 2 years at sea (e.g., age-1.2) or delayed
maturation until 3 years at sea (e.g., age-1.3). Third, we used the
total abundance of sockeye salmon across the North Paciﬁc as an
index of potential conspeciﬁc competitors during marine life. Additional independent variables were evaluated in the sensitivity
analyses described below.
Considering multiple populations simultaneously can increase
the chance of ﬁnding true relationships by allowing for common
responses to be more easily isolated from random demographic
noise and sampling errors (e.g., Myers and Mertz 1998). Two possible alternatives to considering all populations simultaneously
are the following: (1) no pooling of data and separate tests of the
hypotheses for each individual population or (2) complete pooling
of data and a single test on aggregated data across all the populations. No pooling ignores information and can give highly variable inferences, while complete pooling of data can be misleading
by ignoring among-population variation (Gelman and Hill 2007).
While both approaches can provide useful preliminary analyses,
we chose to take an approach that allows for the estimation of a
common response and that models among-population variation
in the response. This approach offers a balance between the overly
noisy individual population estimates in alternative 1 and the
overly simpliﬁed estimate in alternative 2.
All independent variables were standardized in the analyses by
subtracting the mean of the time series from each observed value
and dividing by the standard deviation. Prior to ﬁtting the models,
with the exception of proportion data (see point 5 below), we
removed linear time trends from dependent and independent
variables to reduce the potential for spurious correlations due to
Published by NRC Research Press
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similar underlying time trends that may arise because of largescale, longer-term climatic conditions. We present the ﬁndings
for both detrended and raw data below, but the details of the raw
data analyses are shown in the online supplementary material1.
We compared models ﬁt by maximum likelihood (ML) with and
without pink and sockeye salmon abundance as independent variables at both spatial and temporal scales (i.e., the ﬁxed effects)
using small-sample Akaike information criteria (AICc; Burnham
and Anderson 2002). The random effects were kept the same across
all models (Zuur et al. 2009). To account for model uncertainty, we
generated multimodel averaged estimates of the inﬂuence of
pink and sockeye salmon abundance across the hypotheses considered according to the “natural average” method (Burnham and
Anderson 2002) based on parameter estimates re-estimated by
restricted estimate maximum likelihood (REML). The parameters
were re-estimated prior to model averaging because REML standard deviation estimates are typically less biased than corresponding ML estimates (Bolker et al. 2009). To capture uncertainty in
parameter estimates across models, we calculated unconditional
standard error according to eq. 4.7 in Burnham and Anderson
(2002). This model selection approach allowed us to consider the
relative support for multiple competing hypotheses instead of
focusing on whether a single null hypothesis is accepted or rejected. Speciﬁcally, we based our inference about the importance
of competition on the sign, magnitude, and uncertainty of the
multimodel averaged parameter estimates for the relationships
between the response variable (sockeye productivity) and pink
abundance in the ﬁrst and second year of sockeye life at sea and
sockeye abundance in the second year at sea. This approach to
quantifying the inﬂuence of pink and sockeye salmon abundance
was repeated for each of the hypotheses described below.
3. Competition effects on sockeye growth at sea
We ﬁt a hierarchical model to test the hypothesis that competition between pink salmon and sockeye salmon in their ﬁrst and
second year at sea results in reduced Fraser sockeye growth in
years of high pink and sockeye salmon abundance:
(2)

L4,i,t ⫽ (length ⫹ i ⫹ t) ⫹ (k,j ⫹ ␦k,j,i)Ej,i,t⫹x ⫹ length,i,t

where L4,i,t is the mean standardized fork length of 4-year-old
male or female sockeye from population i and brood year t, and
length is the predicted mean standardized fork length across all
populations at mean pink and sockeye salmon abundance (the
intercept). The shared response of sockeye length to pink or sockeye competitor index Ei is k,j, while intrinsic variation in body
length among populations (i) and common to all populations
among years (t), as well as population-speciﬁc variability in responses to pink and sockeye salmon abundance (the ␦k,j,i values),
were modeled as random effects as described for eq. 1. We ﬁt these
models separately for each sex.
4. Competition effects on sockeye age at maturity
To test the hypothesis that competition between pink salmon
and sockeye salmon results in delayed Fraser sockeye maturity
and a higher probability of spending an extra year at sea, we ﬁt a
hierarchical model similar to eq. 2:
(3)

冢兺 冣

logit

R3,i,t

3

⫽ (age ⫹ age,i ⫹ age,t)

Rx,i,t

x⫽1

1

⫹ ( l,j ⫹ ␦ l,j,i)Ej,i,t⫹x ⫹ age,i,t

where R3,i,t is the number of recruits that spent 3 years at sea,
3
Rx,i,t is the total recruits from population i and brood year t
兺x⫽1
(i.e., the sum of sockeye that matured after 1, 2, and 3 years at sea),
age is the logit-transformed mean proportion of ocean-age-3 recruits
at mean pink and sockeye salmon abundance (the intercept), and
l,j is the common response to pink or sockeye competitor index Ei. Intrinsic variation in the logit-transformed proportion of
age-3 recruits among populations (age,i) and common to all populations among years (age,t), as well as population-speciﬁc variability in responses to pink and sockeye salmon abundance (the
␦l,j,i values), were modeled as random effects as described above in
eq. 1. We ﬁt eq. 3 as a generalized linear mixed model with binomial error and a logit link function (Zuur et al. 2009), and to
account for overdispersion, we included an observation-level random effect in the model (Warton and Hui 2011). We did not detrend the proportion data for these analyses because detrending
the time series of proportions would result in a nonsensical dependent variable (i.e., one that was not bound between 0 and 1).
5. Pink predation and sockeye productivity
To test the hypothesis that predation by returning adult pink
salmon on out-migrating juvenile sockeye results in reduced sockeye productivity, we ﬁt a modiﬁed version of eq. 1, which included
an independent variable providing an index of potential pink
salmon predators returning to the coast in the year sockeye
smolts migrate to sea. This index was the abundance of pink
salmon from southern BC and Washington state (for explaining
productivity of sockeye populations 1–24), from northern BC and
Southeast Alaska (sockeye populations 25–26), Southeast Alaska
(sockeye populations 27–31), and the Yakutat region (sockeye populations 32–36). All pink salmon abundances were lagged by
2 years.
Predicted reduction in sockeye returning to Fraser River as
a function of pink salmon abundance
We also estimated the number of sockeye that would be predicted to return to just the Fraser River as a function of pink
salmon competitors in the second and third sockeye growing seasons at sea:
18

(4)

兺R ⫽ S e
t

i

(␣⫹␣i⫹␣t)⫺biSi(j⫹␦i,j)Ej,i,t⫹4 MSE/2

e

i⫽1

where Ri,t is the total number of recruits to population i (18 sockeye populations total in the Fraser River) in year t, S is the mean
spawner abundance in population i, Ej is a particular value from
the range of North Paciﬁc pink salmon abundances observed from
1952 to 2010 (118–643 million ﬁsh), MSE is the mean squared error
from the model ﬁt applied as a bias correction (Newman 1993),
and the remaining terms are the same as those estimated in eq. 1.
By estimating the total number of recruits returning to the Fraser
River across a range of pink salmon abundances, we could illustrate the predicted change in total adult sockeye salmon recruits,
that is, those returning to the Fraser River in a given year to both
spawn and be available for commercial, recreational, and First
Nation’s ﬁsheries as a result of competition with pink salmon in
the second and third sockeye growing seasons at sea. These predictions are at long-term mean North Paciﬁc sockeye abundance
in the second sockeye year at sea and North Paciﬁc pink abundance in the ﬁrst sockeye year at sea.

Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2014-0134.
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Sensitivity analyses
Our main analyses were based upon detrended datasets as a
means to reduce the potential for time trends in the data to confound our interpretation of the results. However, removing lowfrequency variation in the data (i.e., the time trends) means that
any longer-term, slowly changing true relationships between
sockeye salmon and the independent variables we considered
may not be detected if they exist. Therefore, we reran the analyses
using raw data and examined the results for consistency with the
ﬁndings based on detrended data.
Our main analyses assume that sockeye salmon from BC, Southeast Alaska, and Washington State interact in the open ocean with
pink salmon originating from North America, as well as Russia
and Japan. Therefore, we included pink salmon abundance from
all these populations as an index of competitors in the second year
of sockeye life at sea. Although there is evidence for overlap in the
distribution of pink salmon from the Far East and sockeye salmon
from southern BC (Takagi et al. 1981; Myers et al. 2007; Beacham
et al. 2014), the extent of overlap is uncertain. Therefore, we repeated our analyses with an index of pink and sockeye salmon
competitors in the second year of sockeye life at sea that was
composed of only salmon originating from North America.
It is well known that climate and oceanographic conditions can
inﬂuence sockeye salmon growth (Cox and Hinch 1997; Hinch
et al. 1995) and productivity (Mueter et al. 2002a, 2002b, 2005). It
has also been recently suggested that exposure to farmed salmon
early in sockeye marine life may increase the inﬂuence of subsequent competition with pink salmon on sockeye productivity
(Connors et al. 2012), though we note that this correlative relationship is uncertain and the underlying mechanism(s) unknown. Our
initial analyses did not account for these other factors, which
could potentially confound the relationships we describe. To evaluate whether the conclusions of our main analyses were sensitive
to the inclusion of these other factors, we reran the analyses
described above to include terms for SST in the winter preceding
juvenile sockeye marine entry (e.g., Mueter et al. 2002a; Connors
et al. 2012) and farmed salmon production along juvenile sockeye
migration routes (as a proxy for potential pathogen exposure;
Connors et al. 2012). These factors were considered in models both
individually and together. In addition to these individual factors,
the analyses also included interactions between farmed salmon
production and pink salmon abundance as previously identiﬁed
and described (Connors et al. 2012). We ﬁt all models, calculated
their AICc weights, and then generated multimodel averaged parameter estimates for each factor. The multimodel parameter estimates for the inﬂuence of pink salmon and sockeye salmon
abundance could then be compared with those from the baseline
analyses we conducted to evaluate if the relationships quantiﬁed
in our baseline analyses were sensitive to the inclusion of other
potential inﬂuential explanatory factors.
All analyses were performed in R (2012) using the lme4 (for the
linear mixed effects modeling) and MuMIn (for multimodel inference) packages. The lme4 package is the only R package that supports crossed random effects (i.e., non-nested time and location
dependent random effects) but does not allow for autocorrelated
errors. Therefore, we examined the assumption that withinpopulation residuals were not temporally autocorrelated by examining the correlation between residuals within populations
from the models in eqs. 1–3 at a 1-year lag. In instances where
there was signiﬁcant lag-1 autocorrelation in residuals (at ␣ =
0.05), we reran our analysis after removing those populations to
determine how inﬂuential their results were to the overall conclusions.
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Results
Odd– even year patterns
The annual mean abundance of maturing pink salmon returning to natal watersheds from across the North Paciﬁc increased
from approximately 209 million ﬁsh during the 1950s and 1970s to
approximately 385 million ﬁsh after the mid-1970s ocean regime
shift. Maturing pink salmon were approximately 38% more abundant in odd- versus even-numbered years during both the entire
study period and after the mid-1970s ocean regime shift. In North
America, pink salmon abundance increased approximately 2.5-fold
after the regime shift (from 65 to 170 million ﬁsh), and they were
37% more abundant in odd-numbered years of the recent period.
Across all years, pink salmon in North America averaged 18% more
ﬁsh in odd-numbered years.
Sockeye survival rates (residuals from Ricker stock–recruitment
relationship) were markedly lower during odd- versus evennumbered brood years for the entire study period and after the
regime shift. During the recent period, sockeye survival rates
were approximately 20% lower in odd-year broods than even-year
broods, on average. Lower survival from odd-numbered broods
was observed, on average, in 20 of the 24 sockeye populations
(Fig. 2a).
Length-at-age of returning male and female sockeye salmon was
markedly lower in odd- versus even-numbered brood years for the
entire period of data and for the period after the regime shift. This
pattern was consistent among all sockeye populations for both
male and female salmon (Figs. 2c, 2d).
The proportion of sockeye salmon in each population spending
3 years at sea tended to be greater among odd-numbered brood
years for the entire study period and after the regime shift, as
hypothesized. Delayed maturation was more common in odd- versus even-numbered brood years in 10 of 13 populations (Fig. 2b).
Hypotheses
Sockeye survival rates were typically negatively correlated with
the abundance of pink salmon in the North Paciﬁc in the second
sockeye growing season at sea (Fig. 3). The hypothesis that competition with pink salmon in the second year of sockeye life at sea
leads to reduced productivity had strong data support (i.e., a term
for this competition occurred in almost all models that had support as indicated by a relative variable importance close to 1;
Table 2 and “Productivity” row in Table 3) and had the strongest
predicted negative relationship with sockeye productivity (“Productivity” row in Table 3). There was little data support for inverse
relationships between sockeye productivity and pink salmon
abundance in the ﬁrst year, as opposed to second year, of sockeye
marine life or the abundance of sockeye in the North Paciﬁc
(Tables 2 and 3). These ﬁndings suggest that it is competition with
pink salmon in the second and later years of marine life, as opposed to conspeciﬁc or pink salmon in the ﬁrst year of marine life,
that leads to reduced survival.
For those Fraser River sockeye populations for which we had
data, mean male and female length was typically negatively correlated with the abundance of pink salmon in the North Paciﬁc
during the second sockeye growing season at sea (Figs. 4 and 5).
However, of the hypotheses considered, North Paciﬁc sockeye
abundance was predicted to have the strongest negative inﬂuence
on adult male and female sockeye length, and sockeye abundance
appeared in all models that had data support (“Standard fork
length” rows in Tables 2 and 3). The abundance of pink salmon
across the North Paciﬁc in the second year of sockeye marine life
had the second strongest predicted negative inﬂuence on adult
male and female sockeye length of the hypotheses considered and
was more negative for male than female sockeye (Tables 2 and 3).
In contrast with the support of the hypothesis that competition
with sockeye and pink salmon in the second year of sockeye marine life leads to reduced sockeye growth, there was little support
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Fig. 2. Survival (a), proportion of ocean-age-3 (b), and length-at-age of male (c) and female (d) sockeye salmon populations from British
Columbia and Washington during odd- versus even-numbered brood years, 1978–2005. Values are normalized (Z) relative to the entire data
time series, except survival, which is the mean residual from the recruitment relationship.

for the hypothesis that competition with pink salmon in the ﬁrst
year of sockeye marine life leads to reduced adult male and female
sockeye salmon length (Tables 2 and 3). These ﬁndings suggest
that competition with conspeciﬁcs as well as pink salmon in the
second and later years of marine life leads to reduced growth at
sea and smaller sockeye salmon on the spawning grounds.
The proportion of total sockeye recruits from a given brood year
that spent 3 years in the ocean was positively related to the abundance of pink salmon in the North Paciﬁc for most of the sockeye
populations we considered (Fig. 6). Of the hypotheses considered,
there was strong data support for the hypotheses that North
Paciﬁc pink salmon abundance in the ﬁrst and second year of
sockeye ocean life had a positive inﬂuence on the proportion of
sockeye that delayed maturation and returned at ocean-age-3
(Tables 2 and 3). This effect was weaker for pink salmon abundance in the ﬁrst, as opposed to second, year of sockeye ocean life,
and there was much less support for an effect of North Paciﬁc
sockeye abundance (Tables 2 and 3).
The estimated magnitude of the relationships between productivity, length, and age at maturity of sockeye salmon and North
Paciﬁc pink salmon abundance based on the hierarchical analyses
varied by population (Fig. 7), with Harrison productivity being the
most anomalous (Fig. 7a).
We did not ﬁnd support for the hypothesis that returning adult
pink salmon predate upon juvenile sockeye, which would have
resulted in reduced productivity in years when sockeye migrated
to sea as large numbers of pink salmon returned to spawn. The
inclusion of adult pink salmon abundance as an index of potential

predators did not improve model ﬁt relative to the null model
without an index of predators (Table 2).
Predicted reduction in sockeye returning to Fraser River as
a function of pink salmon abundance
Based on the relationship between North Paciﬁc pink salmon
abundance and sockeye productivity quantiﬁed in our analyses,
across the range of pink salmon abundance observed since the
1950s to present (see eq. 4), competition with pink salmon is predicted to reduce the number of adult sockeye that return to the
Fraser River before the onset of ﬁsheries by up to 67% (i.e., from
mean recruits of ⬃16 million sockeye at low pink salmon abundance (150 million pinks) to ⬃5.3 million sockeye at high pink
salmon abundance (600 million pinks); Fig. 8). Following the
mid-1970s ocean regime shift, annual pink salmon abundance
increased from approximately 200 million to 400 million ﬁsh,
resulting in a predicted reduction in Fraser River sockeye salmon
of ⬃5.5 million (39%).
Sensitivity analyses
Our ﬁnding that pink salmon abundance in the second year of
sockeye marine life inﬂuenced sockeye productivity was consistent when using either detrended (see above) or raw data (see
online Supplementary Tables S1a, S1b1). Likewise, when using raw
data, both North Paciﬁc sockeye and pink salmon abundances
during the second year of sockeye marine life had support for
their negative relationship with Fraser River sockeye length
though the support was weaker for North Paciﬁc pink salmon
abundance using the raw data. In contrast with these relatively
Published by NRC Research Press
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Fig. 3. Relationship between sockeye salmon survival rates (residuals of population speciﬁc Ricker stock–recruit relationship in loge space)
and North Paciﬁc pink salmon abundance in the second year of sockeye life at sea.

consistent ﬁndings, our results involving pink salmon abundance
in the ﬁrst year of sockeye marine life were inconsistent, as shown
by the change in the direction of the parameter estimate when
using raw versus detrended data, in addition to being weak relationships.
Our ﬁnding that sockeye salmon productivity was negatively
related to pink salmon abundance during the second year of sockeye life at sea was sensitive to the use of North Paciﬁc versus North
American pink salmon abundances when considering the detrended data (Tables S3a, S3b1) but not the raw data (Tables S2a,
S2b1). Speciﬁcally, there was little support for a negative relationship between detrended North American pink salmon abundance
and sockeye productivity, but there was strong support for the
negative relationship when raw pink salmon data were used. In
addition, there was still support for negative relationships between North American pink salmon abundance and the size of
male and female sockeye returning to spawn in the Fraser River at
4 years of age (Tables S2a, S2b and S3a, S3b1). When considering

just North American salmon abundance, sockeye salmon continued to have the strongest predicted inﬂuence on the size of male
and female sockeye returning to spawn. Lastly, when considering
North American pink salmon abundance, there was still support
for the hypothesis that the proportion of ocean-age-3 recruits was
positively related pink salmon abundance (Tables S2a, S2b1).
When the analyses were repeated in a framework that included
other potentially inﬂuential factors, including oceanographic
conditions (e.g., sea surface temperature), potential exposure to
pathogens from salmon aquaculture, and a mediating effect of
exposure to farmed salmon on the relationship between sockeye
productivity and pink salmon abundance during the second year
of sockeye life at sea, our ﬁndings remained largely the same
(Tables S4a, S4b and S5a, S5b1). Speciﬁcally, multimodel averaged
predicted effects of pink salmon abundance on sockeye productivity and length-at-age were consistently negative and similar in
magnitude to those estimated in analyses without these additional factors (Tables S4a, S4b and S5a, S5b1). Also, there was still
Published by NRC Research Press
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1. Productivity

Model

Pt+4 + Pt+3
Pt+4 + Sxt+4
Pt+4
Pt+4 + Pt+3 + Sxt+4
Null
Pt+3
Sxt+4
Pt+3 + Sxt+4
2. Standard fork length
Pt+4 + Sxt+4
Pt+4 + Pt+3 + Sxt+4
(males)
Sxt+4
Pt+3 + Sxt+4
Pt+4
Pt+4 + Pt+3
Null
Pt+3
2. Standard fork length
Pt+4 + Sxt+4
Pt+4 + Pt+3 + Sxt+4
(females)
Sxt+4
Pt+3 + Sxt+4
Pt+4
Pt+4 + Pt+3
Null
Pt+3
3. Proportion ocean-age-3 Pt+4
Pt+4 + Pt+3
recruits
Pt+3 + Sxt+4
Pt+4 + Pt+3 + Sxt+4
Pt+3
Pt+4 + Sxt+4
Null
Sxt+4
4. Productivity (predation) Null
Ppredators

LL

⌬AICc Weight

−1594.68
−1595.93
−1597.43
−1595.35
−1601.21
−1600.42
−1600.82
−1600.43
−396.74
−396.64
−401.12
−400.94
−406.66
−406.32
−414.58
−414.48
−403.59
−403.24
−406.17
−405.82
−412.47
−411.70
−417.72
−416.83
−103.99
−103.56
−104.07
−103.44
−105.83
−105.66
−108.08
−108.90
−1601.75
−1601.72

0.00
2.50
3.34
3.51
8.74
9.32
10.13
11.49
0.00
1.99
6.60
8.40
17.68
19.17
31.36
33.32
0.00
1.47
2.98
4.45
15.58
16.22
23.93
24.32
0.00
1.25
2.27
3.12
3.69
5.44
6.08
9.82
0.00
12.38

0.60
0.17
0.11
0.10
0.01
0.01
0.00
0.00
0.70
0.26
0.03
0.01
0.00
0.00
0.00
0.00
0.55
0.26
0.12
0.06
0.00
0.00
0.00
0.00
0.43
0.23
0.14
0.09
0.07
0.03
0.02
0.00
1.00
0.00

Note: All models were ﬁt to data with linear time trends removed with the
exception of the proportion of ocean-age-3 recruits (see Table S1 for analyses
with raw data1). The dependent variable in each hypothesis is denoted by “Variable” and includes sockeye productivity (loge(recruits/spawner)), the mean standardized length of 4-year-old male and female sockeye on the spawning
grounds, and the proportion of total recruits from a given brood year that spent
3 years in the ocean. Independent variables in the hypotheses (Model) are North
Paciﬁc pink salmon abundance (Pt+4) lagged 4 years later from the corresponding sockeye brood year to reﬂect the abundance of potential pink salmon competitors in the second sockeye growing season at sea, Northeast Paciﬁc pink
salmon abundance (Pt+3) lagged by 3 years to reﬂect the abundance of potential
pink salmon competitors in the ﬁrst sockeye growing season at sea, and North
Paciﬁc sockeye salmon abundance (Sxt+4) lagged by 4 years to reﬂect the number
of potential conspeciﬁc competitors in the second and third sockeye growing
seasons at sea. Ppredators is the abundance of potential pink salmon predators
returning to the coast in the year sockeye smolts enter the marine environment.
Models for each set of hypotheses are ordered by increasing values of the smallsample Akaike information criterion (AICc). Also shown are the log likelihoods (LL), differences in AICc from the AICc of the top model (DAICc), and
Akaike model weights (wi). The null model is simply within-population and
within-brood-year density dependence.

support for the hypothesis that the proportion of ocean-age-3
recruits was positively related to pink salmon abundance (Tables S4a,
S4b and S5a, S5b1).
Collinearity among the independent variables was weak to
moderate for detrended (0.0 to 0.33) and raw variables (0.2 to 0.56;
Table S71), and all independent variables had variance inﬂation
factors of <2, suggesting that correlations among these independent variables were unlikely to substantially inﬂate the standard
errors of our parameter estimates (Zuur et al. 2009). Overall, there
was little evidence of temporal correlation in the populationspeciﬁc residuals from the best-ﬁt models in both the initial and

Table 3. Multimodel averaged parameter estimates, unconditional
standard error (SE), and relative variable importance (RVI) of parameters appearing in the hypotheses in Table 2.
Hypothesis

Variable

Coefﬁcient
(in SDU)

SE
(in SDU)

RVI

1. Productivity

Pt+4
Pt+3
Sxt+4
Pt+4
Pt+3
Sxt+4
Pt+4
Pt+3
Sxt+4
Pt+4
Pt+3
Sxt+4

−0.153
0.049
0.001
−0.224
−0.033
−0.347
−0.181
−0.062
−0.365
0.552
0.298
0.017

0.048
0.036
0.022
0.073
0.076
0.069
0.078
0.074
0.074
0.227
0.246
0.303

0.98
0.45
0.25
0.96
0.27
1.00
0.81
0.33
1.00
0.88
0.41
0.26

2. Standard fork length
(males)
2. Standard fork length
(females)
3. Proportion ocean-age-3
recruits

Note: All models were ﬁt to data with linear time trends removed. Parameters
include the abundance of potential pink salmon competitors beginning in the
ﬁrst (Pt+3) and second sockeye growing seasons at sea (Pt+4) and well as the
number of potential conspeciﬁc competitors in the second and third sockeye
growing seasons at sea (Sxt+4). Parameter estimates were measured in standard
deviation units (SDU) on dependent variables with linear time trends removed.

sensitivity analyses. Rerunning the analyses without those few
populations that exhibited signiﬁcant lag-one correlation in residuals did not affect our conclusions.

Discussion
The productivity of sockeye salmon populations in BC, Southeast Alaska, and Washington has declined similarly over time and
intensiﬁed in recent years, suggesting that the primary causal
mechanism driving this decline operates at a large, multiregional
spatial scale at sea (Peterman and Dorner 2012). We examined the
productivity and life history characteristics of up to 36 sockeye
populations — including 18 Fraser River populations — spanning
this region of similar trends in productivity over the past 55 years
to test whether competition between pink and sockeye salmon
for resources at sea may have contributed to these declines. We
found consistent evidence that productivity of these sockeye
salmon populations has declined in response to increasing abundance of pink salmon in the North Paciﬁc Ocean. Furthermore,
length-at-age of male and female Fraser River sockeye salmon was
inversely correlated with both pink and sockeye salmon abundance, and age-at-maturity of Fraser River sockeye salmon was
positively correlated with pink salmon abundance. These ﬁndings
were consistent for both detrended and raw datasets involving
North Paciﬁc pink salmon, indicating that the inﬂuence of pink
salmon was detected across both short and long time scales. The
abundance of pink salmon in the North Paciﬁc alternates from
high (odd-numbered years) to relatively low abundance (evennumbered years), and this alternating-year pattern was also observed in sockeye salmon productivity, length-at-age, and age at
maturity. Thus, the evidence for competition between pink and
sockeye salmon comes from both hierarchical modeling of patterns over time and the natural experiment provided by the 2-year
life cycle of pink salmon and its alternating-year abundance. Our
analyses predict that an increase in pink salmon abundance from
150 million to 600 million ﬁsh (i.e., the observed range) would lead
to a ⬃67% reduction in total abundance of returning Fraser River
sockeye salmon (catch and spawning escapement combined) after
controlling for other variables in the model such as parental
spawning abundance.
Temporal and spatial inﬂuence of pink salmon
Sockeye salmon may be inﬂuenced by competition with pink
salmon throughout their life at sea. Early marine scale growth of
two Fraser River sockeye salmon populations (Chilko, BirkenPublished by NRC Research Press
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Fig. 4. Standardized fork length of 4-year-old male sockeye salmon spawners in relation to North Paciﬁc pink salmon abundance in the
second year of sockeye life at sea.

head) during their ﬁrst year at sea tends to be negatively correlated with regional abundances of juvenile pink salmon estimated
from adult returns during the following year (McKinnell and
Reichardt 2012). In contrast, survival of Babine sockeye salmon at
sea is positively correlated with an index of juvenile pink salmon
abundance, possibly because juvenile pink salmon may swamp
predators of sockeye salmon (Peterman 1982). Our analyses indicated weak and inconsistent support for interactions between
pink and sockeye salmon in the ﬁrst year of marine life. This
inconclusive ﬁnding may stem, in part, from the opposing effects
of competition for prey and predator swamping.
Our analyses provide consistent support for the hypothesis that
competition between pink and sockeye salmon begins (or intensiﬁes) during the second year of sockeye marine life. This ﬁnding
is consistent with the period of interaction between Bristol Bay
sockeye salmon and Russian pink salmon (Ruggerone et al. 2003,
2005; Ruggerone and Nielsen 2004). This research in Bristol Bay used
scale growth measurements to show that sockeye growth was reduced during their second and third years at sea of odd-numbered
years, corresponding with high pink salmon abundance. Scale circuli measurements revealed that sockeye growth reduction in oddnumbered years occurred shortly after peak growth in spring and
continued into the fall of their second and third years at sea. Interaction with abundant pink salmon in odd-numbered years led to
reduced adult length-at-age and 26%–45% lower smolt to adult survival depending on smolt age. No pink–sockeye salmon interaction
was detected during the ﬁrst year at sea because relatively few pink
salmon are present in the southeastern Bering Sea (Ruggerone et al.
2010).
Our analyses support the hypothesis that the combined abundances of both North American and Asian pink salmon inﬂuenced

the productivity and life history of Fraser River sockeye salmon,
while there was support for hypotheses that included the abundance of only pink salmon from North America when using raw
but not detrended data (Tables S2a, S2b and S3a, S3b1). The lack of
support when using detrended data probably reﬂects the relatively small differences between odd- and even-year abundances
of North American pink salmon across all years of the investigation. However, Asian pink salmon are approximately 50% more
abundant than pink salmon in North America (Ruggerone et al.
2010), and the limited tagging and genetic data that have been
collected demonstrate overlap between Asian pink salmon and
sockeye salmon originating from BC (Takagi et al. 1981; Myers
et al. 2007; Beacham et al. 2014).
Recent genetic analyses indicate that sockeye salmon originating from BC migrate farther west and overlap to a greater extent
with Asian pink salmon than previously indicated by tagging studies (Takagi et al. 1981; Myers et al. 1996). Sockeye salmon from BC
have been captured in their ﬁrst year at sea along the Alaska
Peninsula during summer and fall (Tucker et al. 2009), near the
Aleutian Islands during winter (Farley et al. 2011), and Fraser River
sockeye salmon have been captured in the Bering Sea (Beacham
et al. 2014). Juvenile sockeye salmon originating from the Fraser
River and adjacent areas dominate the stock composition of sockeye along the Alaska Peninsula during fall, suggesting that these
stocks migrate westward as far as 175°E during their ﬁrst year at
sea (Beacham et al. 2014). Asian pink salmon have been reported
to migrate eastward to as far as 155°W based on tagging (Takagi
et al. 1981), which provides additional evidence to suggest sympatry between BC sockeye and Asian pink salmon. Furthermore,
overlap between these species may be greater during oddnumbered years when pink salmon are more broadly distributed
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Fig. 5. Standardized fork length of 4-year-old female sockeye salmon spawners in relation to North Paciﬁc pink salmon abundance in the
second year of sockeye life at sea.

on the high seas, based on Japanese gillnet surveys across the
North Paciﬁc during 1972–1998 (Azumaya and Ishida 2000). We
hypothesize that sympatry between Asian pink salmon and North
American sockeye salmon is facilitated by the counterclockwise
movement of the Alaska Gyre and the westward ﬂow of the Alaska
Current along the Alaska Peninsula (Mann and Lazier 2006).
Unique sockeye life history
Our hierarchical analyses suggest that the productivity of all
but one of 36 sockeye populations considered was inversely related to North Paciﬁc pink salmon abundance. The single outlier,
Harrison River sockeye salmon, is noteworthy because these sockeye have a unique life history among the populations we considered and their productivity has trended in the opposite direction
of other Fraser River sockeye salmon populations (Tucker et al.
2009; Beamish et al. 2010; Peterman and Dorner 2012). Harrison
River sockeye are primarily “ocean-type” salmon that emigrate to
sea as subyearlings rather than yearlings that overwinter in lakes,
as do most sockeye populations we considered. Harrison River
sockeye salmon enter the Strait of Georgia approximately
6–8 weeks after “lake-type” yearling sockeye smolts, initially inhabit inlets rather than offshore areas of the Strait, delay emigration to the ocean until winter, and primarily emigrate through
the Strait of Juan de Fuca rather than through Johnstone Strait
(Tucker et al. 2009; Beamish et al. 2010; Beacham et al. 2014). These
life history characteristics may reduce the extent to which Harrison River sockeye interact with pink salmon in the North Paciﬁc,
but odd-year broods may compete with local juvenile pink salmon
during the ﬁrst summer in the Strait of Georgia, leading to reduced productivity and delayed maturation (Beamish et al. 2010).

Oceanographic, prey life history, and predation effects
A variety of factors at sea undoubtedly affect sockeye growth,
maturation, and productivity in addition to the species interactions we identify here (e.g., Mueter et al. 2002a, 2002b, 2005; Wells
et al. 2007; Healey 2011; McKinnell et al. 2014). These other factors
could confound our analyses. However, when we considered the
potentially confounding inﬂuence of SST and farmed salmon production in the analyses (Connors et al. 2012), our conclusions did
not change and species interactions remained the primary factor
of inﬂuence. Our ﬁndings support the hypothesis put forward by
Holt and Peterman (2004) that density dependence and its effect
on growth and delayed maturation (Healey et al. 2000) may have a
greater inﬂuence than physical oceanographic features (Cox and
Hinch 1997). Irvine and Akenhead (2013) also concluded that the
smolt to adult survival of Chilko sockeye salmon (Fraser River
population) was more related to indices of total salmon abundance at sea, including Asian salmon, than to oceanographic
conditions. Physical oceanographic conditions are important to
salmon and they set the baseline for growth and survival, but the
dynamic and complex food web and salmon interactions are
likely to be equally important though perhaps more elusive to
detect and evaluate.
Most salmon mortality at sea is thought to occur during the ﬁrst
year at sea (Ricker 1976; Beamish and Mahnken 2001; Farley et al.
2007). In response to the unexpectedly low return of adult Fraser
sockeye salmon in 2009 from the 2007 smolt emigration, investigators reported anomalous oceanographic conditions encountered by sockeye salmon during early marine life. Low sockeye
survival was associated with unfavorable winds, high river runoff,
and pronounced surface stratiﬁcation that appeared to cause
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Fig. 6. The proportion of all sockeye salmon recruits from a given brood year that matured after 3 years in the ocean in relation to North
Paciﬁc pink salmon abundance in the second year of sockeye life at sea.

low prey production and reduced growth (Beamish et al. 2012;
Thomson et al. 2012; McKinnell et al. 2014). Other investigators
reported disease and toxic algae blooms in the Strait of Georgia as
possible factors (Rensel et al. 2010; Miller et al. 2011).
Although mortality during early marine life is unquestionably
important to salmon production, recent evidence also indicates
that mortality later in marine life may also be important
(Bradford 1995). For example, Welch et al. (2011) reported that
most mortality of Fraser sockeye salmon occurred after sockeye
exited the Salish Sea, based on large acoustically tagged Fraser
River sockeye salmon smolts and detection arrays set along the
coast and at the mouth of the Fraser River. In western Alaska,
adult returns of Chinook (Oncorhynchus tshawytscha), chum, and
coho (Oncorhynchus kisutch) salmon declined abruptly during the
1997–1998 El Niño event, suggesting that El Niño related processes
late in marine life (as opposed to early in marine life when El Niño
had not yet occurred) contributed to reduced survival and abundance (Agler 2010). Our investigation, and investigations of Bristol
Bay sockeye salmon (Ruggerone et al. 2003), provide additional
evidence that signiﬁcant mortality of salmon may also occur after
early marine life. Additional research is needed to improve our
understanding of the relative importance of mortality rates early
in marine life versus those later in marine life in shaping the
dynamics of salmon populations.
The abundance of both sockeye and pink salmon in Alaska has
been relatively high since the mid-1970s (Ruggerone et al. 2010),
likely as a result of favorable (warmer) oceanographic conditions
during the ﬁrst year of marine life (Mueter et al. 2002a, 2002b;
Stachura et al. 2014), which are correlated with increased early marine growth and survival (Ruggerone et al 2007). At ﬁrst glance, this
pattern may seem to contradict the hypothesis that competition

between pink and sockeye salmon for prey has led to reduced sockeye growth and productivity. However, while the survival and abundance of Alaska sockeye has been shown to be correlated with
increased early marine growth and SST, length-at-age, survival, and
abundance of Alaskan sockeye have also been shown to be inversely
related to pink salmon abundance later in marine life (Ruggerone
et al. 2003, 2007). This suggests that while the survival and abundance of Alaskan sockeye has been strongly positively inﬂuenced by
favorable oceanographic conditions during early marine life in recent decades, competition for resources with pink salmon may still
occur later in marine life. We hypothesize that the balance between
these opposing processes may tilt in favor of increased survival and
abundance for Alaskan sockeye populations but not those to the
south that have, on average, experienced less favorable early marine
oceanographic conditions.
The life history of key prey shared by pink and sockeye salmon
likely contributes to the strong species interaction shown in this
and other studies (Ruggerone et al. 2005). Pink salmon reportedly
inﬂuence the standing crop of macrozooplankton (Shiomoto et al.
1997; Sugimoto and Tadokoro 1997), which are also consumed by
sockeye salmon. Squid (e.g., Berryteuthis anonychus) are an exceptionally important prey of both species, and squid abundance in
their diets is reduced in odd-numbered years when pink salmon
are abundant (Aydin 2000; Kaeriyama et al. 2004; Davis et al. 2005;
Aydin et al. 2005). These squid (B. anonychus) exhibit a 2-year life
cycle and predation by pink salmon may be a key factor controlling squid abundance (Nesis 1997; Jorgensen 2011). Predation by
pink salmon on prey with biennial life histories (Tsuda et al. 2004)
may enhance the alternating-year pattern of prey abundance,
leading to the alternating-year pattern of sockeye salmon growth,
productivity, and age at maturation. Furthermore, advection and
Published by NRC Research Press

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)
Ruggerone and Connors

13

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 173.160.204.90 on 03/27/15
For personal use only.

Fig. 7. Multimodel averaged predicted relationships (solid vertical line ± 2 unconditional standard errors — dashed lines) between North
Paciﬁc pink salmon abundance during the second sockeye growing season at sea and (a) sockeye productivity (loge (recruits/spawner)), (b) the
proportion of total sockeye recruits that matured after 3 years in the ocean, and the standardized length of 4-year-old male (c) and female (d)
spawners. A dashed vertical line at “0” highlights the observed relationship relative to no effect. The x axis in each plot is the response of each
dependent variable to a one standard deviation unit increase in pink salmon abundance (⬃120 million pink salmon). For the coefﬁcients in
panel (b), the response is the loge(odds) of maturing after 3 years in the ocean instead of 2 years. For example, a loge(odds) of 0.5 is equivalent
to a 1.65 greater chance of maturing at ocean-age-3. Solid circles corresponding to each individual population are multimodel averaged
estimates of population-speciﬁc responses to a one standard deviation unit increase in pink salmon abundance based on hierarchical models
ﬁt to all populations simultaneously. Open circles are corresponding multimodel averaged parameter estimates based on models ﬁt to each
population independently. All parameter estimates are based on models ﬁt to data without linear time trends removed.

active migration of key prey, such as squid, in the eastwardﬂowing Subarctic Current (Mann and Lazier 2006) may indirectly
enhance the interaction between Asian pink salmon and sockeye
salmon in this study.
Predation is often a key factor affecting salmon survival (Quinn
2005), but we found no evidence that predation by returning adult
pink salmon inﬂuenced sockeye salmon productivity. This ﬁnding is consistent with observations of few juvenile salmon consumed by returning adult pink salmon in Southeast Alaska
(Sturdevant et al. 2012).

Management implications
Our study has important implications for policy and management of salmon hatcheries because it provides strong evidence
that salmon species compete for prey at sea, leading to potentially
important effects on salmon productivity and life history characteristics. Approximately 1.4 billion hatchery pink salmon are released into the North Paciﬁc each year, of which 70% are from
hatcheries in North America (Ruggerone et al. 2010). A key goal
of hatcheries is to maintain and stabilize high levels of salmon
harvests. However, even though overall abundance of wild pink
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Fig. 8. Predicted Fraser River adult sockeye recruits (black line ±
2 standard errors) as a function of the abundance of potential North
Paciﬁc pink salmon competitors in the second sockeye growing
season at sea.

salmon has been exceptionally high during the past 30 years,
hatchery operators have proposed substantial increases in
hatchery pink salmon in Prince William Sound, Kodiak, Yakutat,
Southeast Alaska, and Russia (http://www.adfg.alaska.gov/index.
cfm?adfg=ﬁshingHatcheriesPlanning.enhance). The greatest production of hatchery pink salmon occurs in Prince William Sound,
Alaska, where hatchery pink salmon reportedly reduced the
growth of wild pink salmon because of food limitations in nearshore and oceanic areas (Cross et al. 2005), and hatchery pink
salmon reduced wild pink salmon abundances from up to 17 million ﬁsh per year (Hilborn and Eggers 2000, 2001) to between 0 and
4.6 million ﬁsh per year (Wertheimer et al. 2004).
Pink salmon, including those produced in hatcheries, appear to
have a strong inﬂuence on the North Paciﬁc ecosystem. Seabird
diet, body mass, and reproductive success near the Aleutian
Islands are reduced in odd-numbered years when pink salmon
abundance is exceptionally high (Toge et al. 2011; Springer and
van Vliet 2014). In Prince William Sound, recovery of Paciﬁc herring (Clupea pallasii) populations during the 20-year period after
the Exxon Valdez oil spill may have been inhibited by competition
with juvenile hatchery pink salmon for prey (Pearson et al. 2012).
Additionally, salmon migrate long distances from their natal rivers, and abundant hatchery ﬁsh in Asia may compete with depleted wild populations in Norton Sound, Alaska, more than
2000 km away (Ruggerone et al. 2012). In response to the growing
evidence for ecological interactions of salmonids at sea, scientists
have argued for international cooperation among nations in the
North Paciﬁc to reduce competition among hatchery and wild
salmon at sea (Peterman 1984; Holt et al. 2008; Peterman et al.
2012) and among hatchery salmon and other ecosystem components, including seabirds (Springer and van Vliet 2014).
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Productivity and life history of sockeye salmon in relation to competition with pink and
sockeye salmon in the North Pacific Ocean
Gregory T. Ruggerone and Brendan M. Connors
Supplementary tables
These supplementary tables provide model selection summaries and parameter estimates for
models fit to the raw data without time trends removed (S1a, b), models that only considered
North American pink and sockeye abundance (raw data: S2a, b; de-trended data: S3a, b) and
models that included additional hypotheses (raw data: 4a, b; de-trended data: S5a, b). A
correlation matrix of all independent variables used in the main and sensitivity analyses is shown
in Table S6.

Table S1a. Summary of model selection statistics for analyses of hypotheses related to
interactions between pink and sockeye salmon using data without linear time trends removed.
The dependent variable in each hypothesis is denoted by “Variable” and includes sockeye
productivity (loge[recruits/spawner]), the average standardized length of four-year old male and
female sockeye on the spawning grounds and the proportion of total recruits from a given brood
year that spent three years in the ocean. Terms in the hypotheses (Model) are North Pacific pink
salmon abundance (Pt + 4) lagged by four years from the corresponding sockeye brood year to
reflect the abundance of potential pink salmon competitors in the second sockeye growing
season at sea, Northeast Pacific pink salmon abundance (Pt + 3) lagged by 3 years to reflect the
abundance of potential pink salmon competitors in the first sockeye growing season at sea and
North Pacific sockeye salmon abundance (Sxt + 4) lagged by 4 years to reflect the number of
potential conspecific competitors in the second and third sockeye growing season at sea. Ppredators
is the abundance of potential pink salmon predators returning to the coast in the year sockeye
smolts enter the marine environment. Each set of hypotheses is ordered by small-sample Akaike
Information Criterion (AICc). Also shown are the log likelihoods (LL), differences in AICc from
the AICc of the top model (∆AICc), and Akaike model weights (wi).

1

Hypothesis
1. Productivity

Model
Pt + 4
Pt + 4 + Pt + 3
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Sxt + 4
Pt + 3 + Sxt + 4
Pt +3
null

LL

Δ AICc

Weight

-1704.67
-1704.43
-1704.59
-1704.38
-1710.72
-1710.50
-1712.95
-1714.07

0.00
1.68
2.00
3.74
12.10
13.81
16.56
16.64

0.51
0.22
0.19
0.08
0.00
0.00
0.00
0.00

2. Std. fork length (males)

Sxt + 4
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
Pt +3
null
Sxt + 4
Pt + 4 + Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
Pt +3
null

-434.61
-433.94
-433.23
-434.32
-438.03
-438.02
-441.44
-442.94
-426.03
-425.91
-425.93
-425.71
-430.72
-430.39
-431.90
-434.24

0.00
0.82
1.57
1.59
6.84
8.99
13.66
14.51
0.00
1.93
1.97
3.70
9.38
10.88
11.73
14.28

0.38
0.25
0.17
0.17
0.01
0.00
0.00
0.00
0.52
0.20
0.19
0.08
0.01
0.00
0.00
0.00

3. Proportion ocean-age-3 recruits Pt + 4
Pt + 4 + Pt + 3
Pt + 3 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt +3
Pt + 4 + Sxt + 4
null
Sxt + 4

-103.99
-103.56
-104.07
-103.44
-105.83
-105.66
-108.08
-108.90

0.00
1.25
2.27
3.12
3.69
5.44
6.08
9.82

0.43
0.23
0.14
0.09
0.07
0.03
0.02
0.00

0.00
12.05

1
0

2. Std. fork length (females)

4. Productivity (predators)

null
Ppredators

-1715.23
-1714.33

2

Table S1b. Multimodel averaged parameter estimates, unconditional standard error (SE) and
relative variable importance (RVI) of parameters appearing in the hypotheses in Table S1a.
Parameters include the abundance of potential North Pacific pink salmon competitors in the first
(Pt + 3) and second and third sockeye growing season at sea (Pt + 4) and well as the number of
North Pacific potential conspecific competitors in the second and third sockeye growing season
at sea (St + 4). Parameter estimates were measured in standard deviation units (SDU) on
dependent variables with without linear time trends removed.

Hypothesis

Coefficient
(in SDU)

SE (in
SDU)

RVI

1. Productivity

Pt + 4
Pt + 3
Sxt + 4

-0.296
-0.034
-0.019

0.063
0.079
0.057

1.00
0.26
0.27

2. Std. fork length (males)

Pt + 4
Pt + 3
Sxt + 4

-0.176
0.107
-0.394

0.136
0.137
0.101

0.43
0.34
0.99

Pt + 4
Pt + 3
Sxt + 4
3. Proportion ocean-age-3 recruits Pt + 4
Pt + 3
Sxt + 4

-0.081
0.051
-0.400
0.552
0.298
0.017

0.136
0.141
0.097
0.227
0.246
0.303

0.29
0.27
0.99
0.88
0.41
0.26

2. Std. fork length (females)
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Table S2a. Same as Table S1a but based on North American pink and sockeye salmon
abundance and models fit to data without linear time trends removed.
Hypothesis

Model

LL

Δ AICc

Weight

1. Productivity

Pt + 4
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3
Pt + 4 + Pt + 3 + Sxt + 4
Sxt + 4
Pt + 3 + Sxt + 4
Pt +3
null

-1705.82
-1705.65
-1705.78
-1705.64
-1709.97
-1709.75
-1712.27
-1713.44

0.00
1.84
2.09
3.98
8.31
10.04
12.92
13.10

0.52
0.21
0.18
0.07
0.01
0.00
0.00
0.00

2. Std. fork length (males)

Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
Pt +3
null
Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
Pt +3
null

-430.50
-430.27
-430.49
-430.20
-436.73
-436.59
-438.13
-440.03
-426.29
-426.19
-426.27
-426.10
-431.08
-430.92
-432.41
-434.79

0.00
1.70
2.15
3.74
12.46
14.36
15.27
16.91
0.00
1.95
2.13
3.95
9.58
11.42
12.23
14.85

0.52
0.22
0.18
0.08
0.00
0.00
0.00
0.00
0.53
0.20
0.18
0.07
0.00
0.00
0.00
0.00

3. Proportion ocean-age-3 recruits Pt + 4
Pt +3
Pt + 4 + Pt + 3
Pt + 3 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4 + Sxt + 4
null
Sxt + 4

-107.08
-107.36
-106.64
-107.48
-106.57
-108.01
-110.80
-109.88

0.00
0.57
1.23
2.91
3.20
3.97
5.35
5.61

0.33
0.25
0.18
0.08
0.07
0.05
0.02
0.02

2. Std. fork length (females)
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Table S2b. Same as Table S1b but based on North American pink and sockeye salmon
abundance and models fit to data without linear time trends removed.

Hypothesis

Coefficient
(in SDU)

SE (in
SDU)

RVI

1. Productivity

Pt + 4
Pt + 3
Sxt + 4

-0.264
-0.069
-0.019

0.065
0.092
0.060

0.99
0.25
0.29

2. Std. fork length (males)

Pt + 4
Pt + 3
Sxt + 4

-0.027
0.087
-0.413

0.146
0.131
0.092

0.26
0.30
1.00

Pt + 4
Pt + 3
Sxt + 4
3. Proportion ocean-age-3 recruits Pt + 4
Pt + 3
Sxt + 4

-0.054
0.054
-0.409
0.481
0.353
0.094

0.154
0.140
0.098
0.223
0.245
0.284

0.25
0.27
1.00
0.63
0.58
0.21

2. Std. fork length (females)
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Table S3a. Same as Table S1a but based on North American pink and sockeye salmon
abundance and models fit to data with linear time trends removed.
Hypothesis

Model

LL

Δ AICc

Weight

1. Productivity

null
Pt +3
Pt + 4
Pt + 4 + Pt + 3
Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4

-1600.44
-1599.55
-1599.61
-1598.59
-1600.33
-1599.45
-1599.58
-1598.55

0.00
0.40
0.51
0.62
1.95
2.35
2.60
2.72

0.22
0.18
0.17
0.16
0.08
0.07
0.06
0.06

2. Std. fork length (males)

Pt + 4 + Sxt + 4
Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
null
Pt +3
Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
Pt +3
null

-401.62
-403.53
-401.58
-403.46
-412.51
-412.19
-418.22
-417.62
-404.15
-403.88
-406.77
-406.38
-413.77
-413.14
-419.03
-420.15

0.00
1.67
2.10
3.67
19.63
21.14
28.89
29.84
0.00
1.64
3.07
4.45
17.07
17.98
27.59
27.68

0.51
0.22
0.18
0.08
0.00
0.00
0.00
0.00
0.57
0.25
0.12
0.06
0.00
0.00
0.00
0.00

2. Std. fork length (females)
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Table S3b. Same as Table S1b but based on North American pink and sockeye salmon
abundance and models fit to data with linear time trends removed.

Hypothesis

Coefficient
(in SDU)

SE (in
SDU)

RVI

1. Productivity

Pt + 4
Pt + 3
Sxt + 4

-0.063
0.050
-0.001

0.047
0.037
0.002

0.44
0.43
0.27

2. Std. fork length (males)

Pt + 4
Pt + 3
Sxt + 4

-0.145
-0.026
-0.386

0.074
0.072
0.073

0.69
0.26
1.00

2. Std. fork length (females)

Pt + 4
Pt + 3
Sxt + 4

-0.177
-0.061
-0.375

0.077
0.075
0.078

0.82
0.31
1.00
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Table S4a. Same as Table S1a but with additional hypotheses including sea surface temperature anomalies in the winter preceding
sockeye marine entry from the 1950-2010 average (SST, in °C), farmed salmon production in 1000s of metric tons (F), and an
interaction between farmed salmon production and North Pacific pink salmon abundance (FxP). All models were fit to data without
linear time trends removed and only models within 4 Δ AICc of the top model are shown. Each model is as described in equations 13 except for the inclusion of the

Hypothesis
1. Productivity

2. Std. fork length (males)

terms because with their inclusion models routinely failed to converge.

Model

LL

Δ AICc

Weight

SST + F + FxP + Pt + 4
SST + F + FxP + Pt + 4 + Sxt + 4
SST + F + FxP + Pt + 4 + Pt + 3
SST + F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
F +Pt + 4 + Sxt + 4
Sxt + 4
SST + F + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Sxt + 4
Pt + 4 + Sxt + 4
F + Pt + 4 + Pt + 3 + Sxt + 4
F + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
Pt + 3 + Sxt + 4
SST + Sxt + 4
SST + Pt + 4 + Sxt + 4

-1680.36
-1680.11
-1680.28
-1679.97
-437.20
-439.96
-436.98
-437.14
-439.26
-437.16
-439.38
-438.48
-439.64
-439.68
-438.95

0.00
1.65
1.99
3.54
0.00
1.31
1.67
2.00
2.01
2.03
2.26
2.56
2.77
2.84
3.50

0.44
0.19
0.16
0.07
0.18
0.09
0.08
0.07
0.07
0.07
0.06
0.05
0.05
0.04
0.03
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2. Std. fork length (females)

3. Proportion ocean-age-3 recruits

SST + F + FxP + Pt + 4 + Sxt + 4
SST + F + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + Sxt + 4
F +Pt + 4 + Sxt + 4
F + Sxt + 4
Sxt + 4
SST + F + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Sxt + 4
F + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + Sxt + 4
SST + Sxt + 4
F + Pt + 3 + Sxt + 4
Pt + 3 + Sxt + 4
Pt + 4 + Sxt + 4
SST + F + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + FxP + Pt + 4 + Sxt + 4
SST + F + Pt + 3 + Sxt + 4
SST + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4
Pt + 4 + Pt + 3
F + Pt + 4 + Pt + 3
SST + F + Pt + 4 + Pt + 3

-436.93
-436.98
-439.15
-424.76
-425.98
-427.13
-424.53
-424.58
-424.67
-425.74
-426.82
-425.88
-427.01
-427.02
-424.30
-424.32
-425.49
-426.70
-424.58

3.71
3.80
3.89
0.00
0.33
0.53
1.66
1.76
1.94
1.95
2.00
2.24
2.38
2.41
3.33
3.36
3.57
3.88
3.88

0.03
0.03
0.03
0.15
0.12
0.11
0.06
0.06
0.06
0.06
0.05
0.05
0.04
0.04
0.03
0.03
0.02
0.02
0.02

-104.55
-103.85
-103.18
-103.29

0.00
0.66
1.39
1.61

0.38
0.27
0.19
0.17
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Table S4b. Same as Table S1b but with additional parameters for sea surface temperature
anomalies from the 1950-2010 average (SST, in °C), farmed salmon production in 1000s
of metric tons (F), and an interaction between farmed salmon production and North
Pacific pink salmon abundance (FxP). All models were fit to data without linear time
trends removed. Note for models pertaining to productivity the SST parameter was
estimated separately for populations north and south of the Skeena watershed in Northern
BC to allow for opposite responses to SST between the two regions (Mueter et al. 2002).

Hypothesis
1. Productivity

2. Std. fork length (males)

2. Std. fork length (females)

3. Proportion ocean-age-3
recruits

Coefficient
(in SDU)

SE (in
SDU)

RVI

FxP

-0.204
-0.021
0.035
-0.162
0.018
-0.076
-0.123
-0.263
0.062
-0.348
0.065
0.217
-0.029
-0.199
-0.033
-0.406
0.080
0.228
0.061

0.053
0.054
0.046
0.044
0.073
0.072
0.047
0.149
0.155
0.114
0.104
0.138
0.105
0.153
0.168
0.115
0.109
0.139
0.110

1.00
0.27
0.31
0.99
0.99
0.98
0.88
0.68
0.30
0.97
0.30
0.62
0.14
0.52
0.29
0.99
0.31
0.68
0.12

Pt + 4

0.580

0.215

1.00

Pt + 3
Sxt + 4
SST
F

0.284
0.179
0.012
-

0.051
0.221
0.092
-

0.62
0.17
0.36
-

Parameter
Pt + 4
Pt + 3
Sxt + 4
SST (south)
SST (north)
F
FxP
Pt + 4
Pt + 3
Sxt + 4
SST
F
FxP
Pt + 4
Pt + 3
Sxt + 4
SST
F

FxP
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Table S5a. Same as Table S4a but with models fit to data with linear time trends removed.
Hypothesis
1. Productivity

2. Std. fork length (males)

Model

LL

Δ AICc

Weight

SST + Pt + 4 + Pt + 3
SST + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + Pt + 4 + Pt + 3
SST + F +Pt + 4 + Pt + 3 + Sxt + 4
SST + FxP + Pt + 4 + Pt + 3 + Sxt + 4
SST + Pt + 3
SST + F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + FxP + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Sxt + 4
Pt + 4 + Sxt + 4
SST + Pt + 4 + Sxt + 4
SST + F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
Sxt + 4
F + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
SST + F + Pt + 4 + Sxt + 4
SST + Sxt + 4
SST + Pt + 4 + Pt + 3 + Sxt + 4
F + Pt + 4
Pt + 3 + Sxt + 4

-1580.20
-1579.46
-1579.88
-1579.10
-1579.68
-1583.17
-1578.86
-398.57
-399.72
-401.89
-401.35
-398.39
-403.73
-401.71
-399.71
-401.85
-400.86
-403.10
-401.19
-403.62
-403.67

0.00
0.66
1.50
2.10
3.27
3.78
3.78
0.00
0.18
0.29
1.31
1.79
1.89
2.04
2.29
2.33
2.47
2.72
3.12
3.75
3.85

0.30
0.21
0.14
0.10
0.06
0.05
0.04
0.15
0.14
0.13
0.08
0.06
0.06
0.05
0.05
0.05
0.04
0.04
0.03
0.02
0.02
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2. Std. fork length (females)

Pt + 4 + Sxt + 4
SST + F + Pt + 4 + Sxt + 4
SST + F + FxP + Pt + 4 + Sxt + 4
SST + Pt + 4 + Sxt + 4
Pt + 4 + Pt + 3 + Sxt + 4
SST + F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
F + Pt + 4 + Sxt + 4
F + FxP + Pt + 4 + Pt + 3 + Sxt + 4
SST + Pt + 4 + Pt + 3 + Sxt + 4
SST + Pt + 4 + F + Sxt + 4
Sxt + 4
F + Pt + 4 + Pt + 3 + Sxt + 4
SST + F + Pt + 4 + Pt + 3 + Sxt + 4

-404.15
-402.19
-401.29
-403.70
-403.88
-400.73
-404.05
-401.97
-403.19
-403.40
-406.77
-403.79
-402.83

0.00
0.30
0.64
1.21
1.57
1.66
1.91
1.99
2.29
2.71
3.14
3.51
3.70

0.16
0.13
0.11
0.08
0.07
0.07
0.06
0.06
0.05
0.04
0.03
0.03
0.02
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Table S5b. Same as Table S4b but with linear time trends removed. Parameter
estimates for sockeye abundance, pink abundance in the first year of marine life and SST
are not presented under hypothesis 3 because they were not in the top model set (i.e.,
within 4 Δ AICc of the top model).

Hypothesis
1. Productivity

2. Std. fork length (males)

2. Std. fork length (females)

Pt + 4
Pt + 3
Sxt + 4
SST (south)
SST (north)
F
FxP
Pt + 4
Pt + 3
Sxt + 4
SST
F
FxP
Pt + 4
Pt + 3
Sxt + 4
SST
F
FxP

Coefficient
(in SDU)

SE (in
SDU)

RVI

-0.091
0.097
0.042
-0.178
0.004
-0.035
-0.029
-0.132
-0.030
-0.377
0.123
-0.028
0.014
-0.167
-0.067
-0.364
0.123
0.011
-0.028

0.035
0.034
0.035
0.041
0.067
-0.042
0.04
0.073
0.072
0.074
0.092
0.013
0.020
0.077
0.076
0.078
0.100
0.021
0.014

0.91
0.95
0.41
1.00
1.00
0.11
0.39
0.81
0.28
1.00
0.46
0.58
0.39
0.88
0.34
1.00
0.43
0.56
0.37
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Table S6. Correlation matrix of all independent variables used in the main and sensitivity
analyses of sockeye salmon productivity, length at age, and age at maturity. Correlations
below the diagonal are for detrended time series while those above the diagonal are for
raw values. Variables include the abundance of adult pink salmon (Pt+3) from the
Northeast Pacific (Northern BC and Alaska) three years after each sockeye brood year as
an index of competitors early in the first year of sockeye marine life, the abundance of
adult pink salmon (Pt+4) from the North Pacific (BC through Russia) four years after each
sockeye brood year as an index of competitors in the second year of sockeye marine life,
and the abundance of sockeye salmon (Sxt+4) from the North Pacific (BC through Russia)
four years after each sockeye brood year as an index of conspecific competitors in the
second and third year of sockeye marine life. Also included are the two additional
variables from the sensitivity analyses: sea surface temperature anomaly in the winter
preceding juvenile sockeye marine entry (SST), and farmed salmon production along
sockeye salmon early marine migration routes (Farm).

Pt+3

Pt+4

Sxt+4

SST

Farm

Pt+3

-

0.46

0.45

0.38

0.51

Pt+4

-0.15

-

0.56

0.24

0.44

Sxt+4

0.12

0.26

-

0.28

0.22

SST

0.33

0.08

0.19

-

0.21

Farm

0.01

0.09

-0.22

-0.08

-
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