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Abstract
While individual growth ultimately reflects the quality and quantity of food resources, 
intra and interspecific interactions for these resources, as well as individual size, may 
have dramatic impacts on growth opportunity. Out-migrating anadromous salmonids 
make rapid transitions between habitat types resulting in large pulses of individuals 
into a given location over a short period, which may have significant impact on de-
mand for local resources. We evaluated the spatial and temporal variation in IGF-1 
concentrations (a proxy for growth rate) and the relationship between size and con-
centration for juvenile Chinook salmon in Puget Sound, WA, USA, as a function of the 
relative size and abundance of both Chinook salmon and Pacific herring, a species 
which commonly co-occurs with salmonids in nearshore marine habitats. The abun-
dance of Chinook salmon and Pacific herring varied substantially among the sub-basins 
as function of outmigration timing and spawn timing, respectively, while size varied 
systematically and consistently for both species. Mean IGF-1 concentrations were dif-
ferent among sub-basins, although patterns were not consistent through time. In gen-
eral, size was positively correlated with IGF-1 concentration, although the slope of the 
relationship was considerably higher where Pacific herring were more abundant than 
Chinook salmon; specifically where smaller individual herring, relative to Chinook 
salmon, were more abundant. Where Pacific herring were less abundant than Chinook 
salmon, IGF-1 concentrations among small and large Chinook salmon were more vari-
able and showed no consistent increase for larger individuals. The noticeable positive 
effect of relative Pacific herring abundance on the relationship between size and indi-
vidual growth rates likely represents a shift to predation based on increased IGF-1 
concentrations for individual Chinook salmon that are large enough to incorporate fish 
into their diet and co-occur with the highest abundances of Pacific herring.
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1  | INTRODUCTION

In many organisms, individual growth is an outcome of both abiotic 
(i.e., environmental, physical) and biotic (i.e., food quality and commu-
nity dynamics) attributes and therefore may differ both spatially and 
temporally. Growth ultimately reflects the quality and quantity of food 
resources available to a given individual (Webb, 1978). Where high 
energy prey items are available and resources are not limited, individ-
ual growth is likely greatest. Conversely, where resources are limited, 
or occur in pulses, both inter and intraspecific interactions for given 
resources, as a function of species densities or abundance, may also in-
fluence an individual’s growth (Bystrom & Andersson, 2005; Claessen, 
de Roos, & Persson, 2000; Goldberg & Novoplansky, 1997; Heermann, 
Scharf, van der Velde, & Borcherding, 2014).

Within size-structured populations, the effects of these interac-
tions on individuals can shift dramatically based on the size of the indi-
vidual and the resources that are available (Chase et al., 2002; Claessen 
et al., 2000; Polis, Myers, & Holt, 1989). Larger size may enable an 
individual to take advantage of an additional food subsidy, especially 
where morphometric constraints such as gape size can limit an indi-
vidual’s ability to access certain resources (e.g., piscivory), which may 
confer a growth advantage over smaller individuals (Armstrong et al., 
2013; Juanes, Buckel, & Scharf, 2002; Persson, Bystrom, & Wahlstrom, 
2000). Yet, where these alternative prey options or scenarios do not 
exist, larger individuals may actually be at a disadvantage due to dis-
proportionate increases in metabolic costs with increased size (Brown, 
Gillooly, Allen, Savage, & West, 2004; Claessen et al., 2000).

Anadromous juvenile salmonids make relatively rapid transitions 
between freshwater, estuarine, and marine environments, resulting in 
large pulses of individuals entering or transiting habitats over a short 
period. These ontogenetic shifts in habitat use can lead to rapid in-
creases in localized fish density, where inter and intraspecific inter-
actions can potentially limit growth or survival to the next life stage 
and/or environment as the timing and magnitude of food availability 
and conspecific abundance changes. These interactions may be partic-
ularly important in juvenile Chinook salmon (Oncorhynchus tshawyts-
cha) due to their migration timing and prolonged residence in these 
habitats (Healey, 1991; Healey & Groot, 1987). Within Puget Sound, 
Chinook salmon typically rear in the nearshore marine waters from 
June to September before migrating to the ocean to mature (Rice 
et al., 2011). Relatively high abundance of several small pelagic for-
age fish species is also present during this period, most notably Pacific 
herring (Clupea pallasii), although local abundances are known to vary 
considerably (Reum, Essington, Greene, Rice, & Fresh, 2011; Rice, 
Duda, Greene, & Karr, 2012). Juvenile Chinook salmon feed primarily 
on zooplankton and terrestrial insects, while residing in nearshore ma-
rine waters (Beauchamp & Duffy, 2011; Duffy, Beauchamp, Sweeting, 
Beamish, & Brennan, 2010; Kemp, Beauchamp, Sweeting, & Cooper, 
2013; Osgood et al., 2016). Ontogenetic shifts in diet composition of 
juvenile salmonids are common, including for Chinook salmon, and 
are ultimately related to individual size (Brodeur, Francis, & Pearcy, 
1992; Daly, Brodeur, & Weitkamp, 2009). As larger juvenile salmo-
nids shift toward piscivory, Pacific herring have long been known as a 

prey resource in Puget Sound and along the west coast of the United 
States (Duffy et al., 2010; Emmett, Miller, & Blahm, 1986; Healey, 
1980). While these associations have been well documented, the rel-
ative importance of piscivory on individual growth, the effect on the 
relationship between size and growth, and how it varies with species 
abundance and distributions are poorly understood.

Our goal was to evaluate the spatial and temporal variation in in-
dividual Chinook salmon growth rates and changes in the relationship 
between size and growth as a function of both Chinook salmon and 
herring abundance as well as individual size. Specifically, we asked, (1) 
where and when do Chinook salmon and herring abundance and size 
differ; (2) how do individual growth rates vary in space and time; (3) 
what is the spatial and temporal relationship between individual size 
and growth rate; and (4) how does the abundance and size of Chinook 
salmon and herring effect the observed relationship between size and 
growth.

2  | METHODS

2.1 | Study area

Puget Sound is a partially mixed fjord estuary complex driven by 
large and seasonal freshwater inputs, and significant ocean exchange 
through the Strait of Juan de Fuca and Admiralty Inlet (Figure 1). 
Tides are mixed, semidiurnal series with magnitudes ranging be-
tween 2.6 and 4.4 m (Mofjeld & Larsen, 1984). A series of sills and 
benches, along with variable inputs from large rivers, result in signifi-
cant stratification and broadly variable residence times (0.7–73 days; 
Ebbesmeyer, Word, & Barnes, 1988; Babson, Kawase, & MacCready, 
2006). Integrated mean surface (6 m) temperature and dissolve oxy-
gen values vary seasonally, and differences among sub-basins are 
relatively inconsistent (Figure 2). Puget Sound has historically sup-
ported relatively large populations of Chinook salmon and Pacific 
herring, although both species have declined to varying degrees in 
different basins of Puget Sound (Ford, 2011; Greene, Kuehne, Rice, 
Fresh, & Penttila, 2015; Rice et al., 2011). For this study, Puget Sound 
was stratified into five major sub-basins (Rosario, Whidbey, Central, 
South, and Hood Canal) based upon oceanography and freshwater 
input. Sites were distributed within each sub-basin to represent major 
habitat types (e.g., large embayments, small embayments, river deltas, 
and exposed shorelines; Figure 1.). Depths of sites varied within and 
among sub-basins and ranged between 5 and 60 m.

2.2 | Fish sampling

Sampling occurred at all sites once a month between April and October 
2011. Fish were collected using a modified surface trawl (10 m W × 3 m 
D) with 6 mm mesh in the cod end, towed between two vessels via 
50 m tow lines (Rice et al., 2012). Trawls were made against the cur-
rent (when present) at approximately two knots through the water for 
a duration of 10 min. The mean volume of water sampled per tow was 
15,434 m3. A subset of tows (n = 24 of 714) were shortened to 5 min 
when large quantities of gelatinous zooplankton were encountered 
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and a longer duration was not possible (Greene et al., 2015). We cal-
culated the number of individuals captured per minute for these tows 
then expanded to represent a 10 min tow before analysis. At the con-
clusion of each tow, all fish were brought on board and sorted into live 
holding tanks with flow-through sea water from each site. All fish were 
identified to species and counted. Up to 25 individuals of each species 
were measured to fork length where possible, or total length for spe-
cies without a forked caudal fin. To identify natural origin individuals 
from hatchery reared fish, all salmon were checked for external marks 
and checked for coded-wire tags (CWT) using a CWT wand.

2.3 | Sample processing

Individual growth rates were assessed by evaluating concentration of 
insulin-like growth factor-1 (IGF-1) in individual Chinook salmon cap-
tured throughout Puget Sound. Insulin-like growth factor-1 (IGF-1) is 
a plasma hormone known to stimulate and support cellular growth in 
individual animals (Mommsen, 1998). Several factors may affect the 
production of IGF-1 including photoperiod, temperature, and nutri-
tion (e.g., food quality and quantity; Picha, Turano, Beckman, & Borski, 
2008; Beckman, 2011). More recently, researchers have used IGF-1 
levels to compare growth rates in fishes, and in particular salmonids, 

across a variety of conditions (e.g., temporal/seasonal, physical 
etc. (Beckman, Larsen, Lee-Pawlak, & Dickhoff, 1998;   Beckman, 
Fairgrieve, Cooper, Mahnken, & Beamish, 2004; Larsen, Beckman, & 
Cooper, 2010; Stefansson et al., 2012) and as a function of individual 
size (Beaudreau, Andrews, Larsen, Young, & Beckman, 2011).

Due to the limitations of comparing IGF-1 concentrations across 
seasons (Beaudreau et al., 2011; Beckman, 2011), we limited our ana-
lyzes to fish sampled during the summer months (June-August).A subset 
of up to six individuals of both marked (hatchery origin) and unmarked 
(presumed natural origin) Chinook salmon from each site were killed for 
growth analysis. Each fish was measured and weighed, and a blood sam-
ple was taken immediately after the fish was killed. Blood was drawn 
using heparinized Nielsen tubes and placed into 5-ml micro tubes and 
stored on wet ice for no more than 2 hr before being spun in a centri-
fuge for 5 min at 3000 g. Plasma was then separated from the red blood 
cells and immediately frozen. Samples were transferred to the −80°C 
freezer within 12 hr and stored until laboratory processing occurred.

In brief, IGF-1 was measured in plasma using a fluorescence-based 
immunoassay following the methods of Ferriss, Trudel, and Beckman 
(2014). All samples were processed and analyzed in duplicate to assess 
coefficient of variation (CV). Samples (n = 63) that had a CV that ex-
ceed 10% were excluded from the study.

F IGURE  1 Map of Puget Sound, WA 
with sampling locations (open circles) and 
sub-basin designations (shaded areas)
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2.4 | Statistical analysis

Salmon and herring abundances were summarized by month and 
sub-basin using total biomass catch per unit effort (CPUE, g/tow). 
Individual size (fork length) of Chinook salmon and Pacific herring 
as well as mean IGF-1 concentrations for individual Chinook salmon 
were compared among sub-basins, months, and origin (hatchery vs. 
presumed wild) using linear regression techniques. All single factors 
and first-order interactions were compared in our analysis. Prior to 
analysis, all values outside the 95% CI were removed from the dataset 
to reduce the effect on the overall mean within each of the groups. A 
total of two samples were removed from the entire dataset.

Mixed effects multilevel regression models were used to evaluate 
how IGF-1 concentrations and size of individual Chinook salmon were 
related throughout our study area and how Chinook salmon and her-
ring abundance as well as relative size influenced the observed variabil-
ity. Multilevel regression models are useful for datasets with inherent 
grouping structure (Gelman & Hill, 2007). Groups for this particular 
analysis were based on observed patterns and previous work high-
lighting differences in Chinook salmon and herring size and abundance 
among the sub-basins and the temporal shifts in these observed pat-
terns from month to month. (Reum et al., 2011; Rice et al., 2011, 2012). 
Within our framework, each sub-basin × month (n = 15) was treated 
as a random effect; whereby, we estimated individual slopes and in-
tercepts for each parameter within each month × sub-basin group. 
Estimating unique slopes and intercepts for each group allowed us ac-
count for potential differences in mean IGF-1 concentrations and eval-
uate potential variability in the relationship between size and growth 

(i.e., slope) among groups. Preliminary analysis indicated our response 
(IGF-1 concentration) was normally distributed; therefore, all models 
were evaluated using a Gaussian error structure, and all predictors/co-
variates were transformed accordingly (Table 1). Models took the form: 

where γα
0
 is the intercept, γβ

0
 the slope for individual fork length, and 

the γα
k
’s and γβ

k
’s represent the intercepts and slopes, respectively, for 

each group (k) and predictor (j). Finally, the terms, σ2
α
 and σ2

β
 are the 

standard deviations for the group level intercept and slope, respec-
tively, while ρ is the between-group correlation parameter. Because 
the primary interest was to evaluate the relationship between indi-
vidual size and growth at each level of our group effects, we chose to 
allow for correlation between random slope and intercept estimates 
and estimated the covariance as appropriate.

Our initial set of predictors included a separate term for Chinook 
salmon abundance, Pacific herring abundance, the ratio of the species 
abundances for each group, and an individual origin (hatchery vs. natu-
ral production) term. However, exploratory analysis revealed significant 
correlation among the individual abundance metrics and the ratio term. 
Given the high degree of correlation among terms, we removed the 
individual abundance terms and used only the ratio term for our mod-
eling exercise. Similarly, individual origin showed no effect of origin on 
growth (F = 1.5, p = .223), and therefore, both hatchery and naturally 
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F IGURE  2 Mean surface (integrated top 6 m) temperature (°C) and dissolved oxygen (mg/L) measurements by month and sub-basin. Boxes 
represent 25% to 75% quantiles, horizontal lines are medians, and vertical lines represent values within 95% CI
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produced individuals were pooled for subsequent analyzes. We also 
included mean temperature and dissolved oxygen measurements in-
tegrated over the surface 6 m to represent environmental variability 
among basins through time. Candidate models for our selection pro-
cedure included all individual terms as well as the potential interaction 
between individual size and the abundance ratio term (Table 1).

Because one of our primary goals was to assess the relationship 
between size and growth within and among our groups, all models 
were forced to include the term for individual fork length. To account 
for noise within our models due to potential differences in individual 
size of Chinook among groups, and to aid interpretation of model re-
sults, we standardized fork lengths (FL) to a mean of zero within each 
month × sub-basin group using the following equation: 

where, standardized fork length, FLs, is equal to the difference be-
tween and individual fork length (mm), FLi and the mean fork length, μj, 
for month j, divided by the standard deviation of fork length in month 
j, σj. 

We used a second-stage procedure to evaluate how size-
structured abundance of Pacific herring influenced IGF-1 concentra-
tions. The second-stage procedure built upon the best model from the 
initial selection process and included a parameter, hx, that represented 
the proportion of total herring abundance that fell into a given size 
category relative to each individual Chinook salmon.

as follows: 

 nij is the number of individual herring of length ≤x% of the length 
of the ith individual, Nj is the total number of herring measured in 
the jth group, and aj is the abundance of herring for the jth group. 
We evaluated these proportions at 10% intervals for x = 30%–80% 
which allowed for exploration of potential size thresholds that influ-
enced IGF-1 concentrations in individual fish. Interval ranges were 
based on values in the published literature and inspection of our data 
(Beauchamp & Duffy, 2011). All interval terms, as proportions, were 
logit transformed prior to inclusion in the model (Warton & Hui, 2011).

Models were initially fit using maximum likelihood methods to allow 
for comparison of candidate models with different sets of fixed effects 
using AICc (Anderson & Burnham, 2002; Burnham & Anderson, 2002; 
Faraway, 2006; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Models 
with AICc < 2 were considered indistinguishable, and model weights 
(Akaike weights; Burnham & Anderson 2002) were calculated to deter-
mine the best fit model. Best fit models were then re-estimated using 
restricted maximum likelihood (REML) to obtain more precise coef-
ficients estimates for the selected parameters (Faraway, 2006; Zuur 
et al., 2009). Explained variance (R2), both conditional and marginal, 
was estimated following methods developed specifically for use with 
mixed models (Johnson, 2014; Nakagawa & Schielzeth, 2013). Lastly, 
we estimated variable importance by summing the model weights over 
all candidate models that included each explanatory term. All analysis 
was performed using R statistical software (R Core Team 2015; version 
3.2.3). Models were fit and evaluated, and model selection procedures 
were run using the lme4 (Bates, Mächler, Bolker, & Walker, 2015) and 
MuMln (Barton, 2016) packages.

3  | RESULTS

3.1 | Abundance and size

Chinook salmon CPUE varied spatially within and among sub-basins 
and seasonally among months, both within and among sub-basins 
(Figure 3). Mean CPUE was highest in the South Sound (649.9 g) and 
lowest in Hood Canal (113.7 g). Chinook salmon CPUE was highest in 
South Sound during all months. Peak CPUE for Chinook salmon bio-
mass in the northern sub-basins (Rosario and Whidbey) occurred in 
June and generally decreased through August, whereas CPUE gen-
erally increased from June through August in the Central and South 
Sound sub-basins. CPUE in Hood Canal was relatively low in June and 
July before peaking in August.

Pacific herring CPUE also varied spatially and seasonally among 
and within sub-basins (Figure 3) with a clear latitudinal gradient in her-
ring CPUE among the sub-basins. Mean CPUE of Pacific herring was 
lowest in Hood Canal and South Sound (1.7 and 9.7 g, respectively) 
and highest in the Rosario sub-basin (580.5 g). Pacific herring were 
captured in all months in all sub-basins with the exception of Hood 
Canal. Herring CPUE was generally highest in August in all sub-basins 

(1)FLs =
FLi−μj

σj

(2)hx =
nij

Nj

∗aj where,

Abbr Description Transformation Level n

Length Individual fork length Standardized*by 
month of capture

Individual 638

HA:CA Ratio of herring and 
Chinook salmon 
abundance

x1/4 Group 15

Mean 6 m D.O Mean dissolved 
oxygen, surface 6 m 
integrated

None Group 15

Mean 6 m Temp Mean temperature, 
surface 6 m 
integrated

None Group 15

TABLE  1 Model terms, transformations, 
number of parameters, and the level at 
which the term is measured for first stage 
model selection procedure
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except Whidbey, while months with the lowest CPUE were inconsis-
tent among sub-basins. The Rosario sub-basin had the highest herring 
CPUE by an order of magnitude in all months except for July.

Individual size of Chinook salmon varied by month (F = 134.9, 
p < .001; Figure 4) and to a lesser degree among sub-basins (F = 22.9, 
p < .001; Figure 4). In general, the mean size of Chinook salmon in all sub-
basins increased through time with the exception of both Hood Canal and 
Whidbey sub-basins, where a small number of larger fish were captured 
early in the year resulting in an increased mean size during those months. 
Differences among sub-basins were largely due to increased variability, or 
broader range of sizes, in the Whidbey and Central sub-basins.

Individual herring size (FL) also varied by month (F = 275.2, 
p < .001) and among sub-basins (F = 58.9, p < .001; Figure 4). Monthly 
changes in size were much greater than differences among sub-basins. 
Unlike Chinook, herring in all regions were largest in June before 
showing a consistent decline in mean size through August. From June 
through the end of the sampling period, Pacific herring in South Sound 
were, on average, larger than in any other sub-basin.

3.2 | Model selection

A total of 638 Chinook salmon were included in analysis of IGF-1 
concentration during June-August 2011 and represented all five 
sub-basins (Table 2). Twelve candidate models were evaluated to 

explain variability in IGF-1 concentrations for Chinook salmon among 
and within our sub-basin × month groups. Our selection criteria 
(ΔAICc < 2; Anderson & Burnham, 2002) suggested the top four mod-
els were plausible fits yet model weights indicated the top two models 
outperformed all others (0.34/0.13 = 2.6; Table 3). The top two mod-
els only differed by the inclusion of temperature and the model with 
this term did not add considerable explanatory power (ΔR2 = .003). 
In contrast, the abundance ratio term and the interaction between 
individual size and the abundance ratio term were included in each of 
the top four models. Models that included term(s) for abundance ra-
tios performed better than a model with only individual size (Table 3). 
Variable importance metrics indicated the abundance ratio term as 
well as the interaction between abundance ratios and size were most 
important (0.94 and 0.91, respectively), while the temperature (0.50) 
and dissolved oxygen (0.27) terms were less important.

3.3 | IGF-1 concentrations

Mean IGF-1 levels varied significantly by month (F = 18.0, p < .001) 
as well as among sub-basins (F = 6.2, p < .001; Figure 5). In addi-
tion, the estimated standard deviation of group intercepts suggested 
considerable between-group differences in mean IGF-1 concentra-
tions (Table 4). Overall, mean IGF-1 concentrations were highest in 
Central and South Sound and lowest in Hood Canal. In general, mean 

F IGURE  3 Catch per unit effort (g/tow) for Chinook salmon (unfilled) and Pacific herring (filled.) by sub-basin and month
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concentrations declined consistently through time in all sub-basins 
with the exception of Hood Canal where concentrations remained 
low in both August and June but showed a peak in July. While con-
centrations differed among sub-basins and months, significant differ-
ences in mean IGF-1 concentrations between months did not occur 
in all sub-basins (Figure 5). Chinook captured in the Central and Hood 
Canal sub-basins had relatively consistent mean IGF-1 concentrations 
between June and August, whereas mean values in the remaining sub-
basins decreased considerably. Fish from Hood Canal had the lowest 

mean IGF-1 concentrations in both months among all sub-basins. In 
general, IGF-1 values were more variable in August than in June for 
all sub-basins except Hood Canal, which had the highest variability in 
IGF-1 concentrations in June. Whidbey sub-basin had the least vari-
able IGF-1 values in both June and August.

3.4 | Relationship between individual size and IGF-1 
concentrations

The estimated standard deviation for group slopes also suggested 
the relationship between size and growth varied among our sub-
basin × month groups, although differences were not as substantial as 
observed for mean IGF-1 concentrations (Table 4). In general, the re-
lationship between size and growth was positive, although the pattern 
was not ubiquitous or consistent among groups (Figure 6, Table 5). 
Slopes were generally more variable among sub-basins than among 
months, while the strength of the relationship declined from north 
to south. Size and growth were most strongly correlated in Rosario 
sub-basin in all months. The relationship between size and IGF-1 con-
centration in Hood Canal was unique in that it showed an apparent 
negative relationship across months with some variability.

F IGURE  4 Length frequency histograms of individual fork length (mm) for Pacific herring (filled) and Chinook salmon (unfilled) by sub-basin 
during June, July, and August

TABLE  2 Number of Chinook salmon sampled for IGF-1 by 
sub-basin basin and month

Sub-basin June July August Total

Rosario 49 53 31 133

Whidbey 37 46 35 118

Hood Canal 28 24 37 89

Central 49 38 47 134

South Sound 50 50 64 164

Total 213 211 214 638
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3.5 | Influence of Chinook salmon and Pacific 
herring abundance

Our best fit model included the abundance ratio term as well as an 
interaction between abundance ratio and individual size. Model fits 

of the abundance ratio term suggested a mildly positive effect on 
IGF-1 concentrations if the abundance ratio was skewed toward 
Pacific herring (Figure 7a). However, the estimate for the interaction 
term between individual size × abundance ratio was clearly positive 
and had a strong positive effect on the relationship between IGF-1 

F IGURE  5 Mean IGF-1 concentration (±SE) for Chinook salmon by sub-sub-basin and month. Letters denote sub-basins within a month with 
significantly different means (Tukey HSD post hoc test)

TABLE  3 Model selection results for first stage selection procedure, including terms in each model, the number of parameters (K), log 
likelihood estimated using Maximum likelihood (logLik), AICc values (AICc) and differences (ΔAICc), and model weights

Model K logLik AICc ΔAICc Weight

Length + HA:CA + Mean 6 m Temp + Length*HA:CA 9 −2541.26 5113.88 0 0.347

Length + HA:CA + Length*HA:CA 8 −2543.61 5114.01 0.132 0.324

Length + HA:CA + Mean 6 m DO + Length*HA:CA 9 −2542.45 5115.86 1.974 0.129

Length + HA:CA + Mean 6 m DO + Mean 6 m 
Temp + Length*HA:CA

10 −2540 5116.1 2.219 0.114

Length 6 −2551.33 5119.3 5.414 0.023

Length + Mean 6 m Temp 7 −2549.42 5119.76 5.883 0.018

Length + Mean 6 m DO 7 −2550.6 5120.59 6.712 0.012

Length + HA:CA + Mean 6 m Temp 8 −2547.06 5121.17 7.292 0.009

Length + HA:CA 7 −2549.36 5121.26 7.375 0.009

Length +Mean 6 m DO + Mean 6 m Temp 8 −2548.87 5121.59 7.71 0.007

Length + HA:CA + Mean 6 m DO 8 −2548.12 5122.78 8.894 0.004

Length + HA:CA + Mean 6 m DO + Mean 6 m Temp 9 −2545.9 5123.53 9.652 0.003
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concentration and individual size. The slope of the relationship be-
tween size and IGF-1 concentrations increased linearly where Pacific 
herring abundance was greater than Chinook abundance (Figure 7b). 
IGF-1 concentrations were also elevated for average and above aver-
age size individual Chinook salmon when Pacific herring were more 
abundant than Chinook salmon (Figure 8a).

The ΔAICc values and model weights for our second-stage mod-
eling exercise suggested the best model included the term repre-
senting the presence and abundance of herring that were less than 
or equal to 40% of an individual Chinook salmon’s length (Table 6). 
Where the proportion of the Pacific herring population that fell below 
this threshold was the greatest, above average size Chinook salmon 
had elevated IGF-1 concentrations (Figure 8b). The model coefficient 
(2.378, SE = 1.571) also indicated a positive effect on mean IGF-1 
concentration where greater abundances of herring at less than or 
equal to 40% of an individual Chinook salmon occurred. However, the 
term added relatively little explanatory power to the overall model 
(ΔRmarg = 0.013).

4  | DISCUSSION

IGF-1 concentrations and the relationship between size and IGF-1 
concentration of individual Chinook salmon were influenced by the 
co-occurrence of Pacific herring. This study provides the first spatially 
explicit evaluation of variability in Chinook salmon growth through-
out the nearshore waters of greater Puget Sound and present a plau-
sible mechanism for the observed spatial and temporal differences. 
Correlations between size and IGF-1 concentrations were generally 

TABLE  4 Estimates and standard errors for fixed effects and 
standard deviations and correlation for group effects from best fit 
model. Coefficient estimates obtained using REML

Fixed effects Est SE

int 40.992 2.672

HA:CA 0.788 2.855

Length −0.02 1.483

HA:CA*length 5.191 1.518

Group effects SD Corr

Sub-basin × month 5.479

Length 2.144 0.47

Residual 12.783

F IGURE  6  Individual Chinook salmon IGF-1 values as a function of fork length by sub-basin and month
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positive and strongest where herring were in higher abundance than 
Chinook salmon. Where and when small herring were most abundant, 
average and above average sized Chinook had higher IGF-1 concen-
trations than smaller individuals did within a given basin and month 
(Figure 8). In contrast, where herring abundance was low and Chinook 
salmon abundance high, the relationship between size and IGF-1 con-
centration was rather weak and included a high degree of variation 
(Figure 7b). We propose the observed variability in the size-growth 
relationship reflects differences in community structure and a local-
ized, size-mediated switch to piscivory, both of which ultimately influ-
ence growth opportunity for individual Chinook salmon.

4.1 | Growth influenced by variation in 
species abundance

We observed significant spatial variation and temporal differences for 
Chinook salmon and Pacific herring abundance. These results largely 
corroborated previous studies evaluating recent trends in small pe-
lagic fish abundance and distribution in Puget Sound (Reum et al., 
2011; Rice et al., 2011, 2012). Current fish assemblages in northern 
Puget Sound are known to be more diverse and have higher abun-
dances of pelagic species than areas within the main sub-basin (Rice 
et al., 2012), but the impact of these spatial and temporal differences 
in community composition on the dynamics of local fish populations, 
including salmon, has not yet been documented.

Shifts in distribution or changes in local abundance or density 
can affect or alter both inter and intraspecific interactions and subse-
quently impact individual growth (Husebø, Slotte, & Stenevik, 2007; 
Jansen & Burns, 2015; Jenkins, Diehl, Kratz, & Cooper, 1999; Lorenzen 

& Enberg, 2002). Total and relative herring abundance appears to influ-
ence individual growth of Chinook salmon (as assessed via IGF-1 con-
centrations). Where Pacific herring were more abundant than Chinook 
salmon, the effect on mean growth was slightly negative across the en-
tire length range of Chinook salmon in our study. Diet overlap among 
Pacific herring and Chinook salmon along the west coast of North 
America as well as within, and adjacent to, the epi-pelagic habitats of 
Puget Sound is considerable and relatively consistent among years (Hill, 
Daly, & Brodeur, 2015; Kemp, 2014; Osgood et al., 2016). Bioenergetics 
modeling of Chinook salmon growth in nearshore marine habitats 
within Puget Sound has indicated clear sensitivity to consumption rates 
given the range of temperatures experienced during summer months 
(Beauchamp & Duffy, 2011). Given this sensitivity, the observed spatial 
variability in mean IGF-1 concentration could simply reflect different 
feeding rates. But while differences in consumption rates may be influ-
enced by the known spatial and temporal distribution of prey in Puget 
Sound (Cooney, 1971; Hebard, 1956), and the potential of resource 
limitation (J. Keister, unpublished data), it is plausible that the observed 
reduction in mean growth rates indicates increased competition where 
herring were more abundant. These results follow conventional the-
ory found in much of the literature concerning effects of competition 
on growth (Gurevitch, Morrison, & Hedges, 2000). While such com-
petitive interactions between Chinook salmon and herring have been 
proposed, they have not been linked to growth consequences for indi-
vidual salmon (Beauchamp & Duffy, 2011; Kemp, 2014).

Our dataset did not allow for direct assessment of competition be-
tween Pacific herring and Chinook salmon, yet our results may allow us 
to hypothesize about the potential for such interactions. Specifically, the 
negative impact on IGF-1 concentration, where Pacific herring were more 
abundant and/or the weakened relationship between size and IGF-1 con-
centrations where Pacific herring were relatively large and/or more abun-
dant than Chinook salmon, is the plausible result of inter or intraspecific 

TABLE  5 Group (random) errors and regression coefficients 
(slope and intercept) from the best fit model (see Table 3). Regression 
coefficients integrated the fixed effects, group errors, and group 
specific values for the abundance ratio term

Group

Group errors Coefficients

Intercept Slope Intercept Slope

CentralAug 0.697 −1.970 42.330 2.230

CentralJul −1.941 0.890 39.660 4.850

CentralJun 3.976 −0.080 45.400 2.750

Hood CanalAug −7.551 −1.771 33.750 0.260

Hood CanalJul 5.950 1.219 46.940 1.200

Hood CanalJun −7.094 −1.492 33.900 −1.510

RosarioAug −0.755 0.923 41.850 11.530

RosarioJul −0.314 0.640 41.530 6.200

RosarioJun 1.538 0.975 43.570 7.770

South SoundAug −3.609 −0.860 37.660 0.960

South SoundJul −1.214 0.839 39.990 2.240

South SoundJun 8.400 3.209 49.690 5.130

WhidbeyAug 0.616 −1.714 42.620 4.930

WhidbeyJul −5.783 −1.087 36.210 5.480

WhidbeyJun 7.084 0.278 48.810 5.100

F IGURE  7 Scatterplots of (a) mean IGF-1 concentrations and (b) 
the slope of size to growth (βsize) as a function of abundance ratio. A 
ratio of 1.0 reflects equal abundance of Chinook salmon and Pacific 
herring. Ratios above 1.0 indicate Pacific herring abundance higher 
than Chinook salmon abundance. Slopes include the effect of the 
interaction between individual size and the ratio of Pacific herring 
and Chinook salmon abundance
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competitive interactions, respectively. So while increased herring abun-
dance likely increases competitive interactions, the presence of herring 
and in particular small herring, may provide refuge from adverse impacts 
on growth for above average Chinook salmon individuals.

4.2 | Increased growth opportunity due to size-
mediated shift to predation

Although we observed a negative correlation between herring abun-
dance and mean growth of Chinook salmon, we observed a strong pos-
itive interaction between the abundance ratios and individual size that 
influenced how growth and size were related within groups. Where 
herring were most abundant (Rosario and Whidbey sub-basins), the 
relationship between size and growth was clearly positive. Within such 
groups, mean growth rates were higher for average and above average 
sized Chinook salmon (Figure 8a). Thus, although overall mean growth 
rates were lower for these groups, it was likely due to the poor growth 
rates observed for small individuals and not the favorable growth rates 
for larger fish. In contrast, where herring were less abundant or absent, 
the relationship between size and growth was either weak or nonex-
istent, and growth rates were similar for large and small individuals 
(Figures 7 and 8). We may expect similar growth rates between fish of 

different sizes where access to prey resources is not morphometrically 
limited by size and where prey resources have considerable spatial 
variability or patchiness, in which case, larger size may not provide a 
benefit and may actually confer a metabolic disadvantage (Persson, 
Leonardsson, de Roos, Gyllenberg, & Christensen, 1998).

The observed potential growth benefit for average to above aver-
age individual Chinook salmon when and where herring were abun-
dant may be indicative of predation on Pacific herring by Chinook 
salmon; where herring become prey rather than potential competitors. 
Size-mediated predator–prey interactions are widely reported in the 
literature including in many fishes (Dorner, Hulsmann, Holker, Skov, 
& Wagner, 2007; Persson et al., 2004). Intraguild predation is unique 
among populations or species that experience significant overlap in 
diet composition and possible competition for food resources, where 
large individuals have a potential metabolic disadvantage, and where 
smaller conspecifics are present (Claessen et al., 2000; Gårdmark 
et al., 2015; Persson et al., 2000, 2004; Polis et al., 1989). Examples of 
intraguild predation dynamics are well documented for pelagic species 
throughout the world (Canales, Law, & Blanchard, 2015; Gårdmark 
et al., 2015). While we present no empirical evidence of Chinook 
salmon predation on herring from our study, herring have long been 
known as a prey resource for salmonids of different size and ages in 

F IGURE  8  (a) Mean growth rates for small (<120 mm; filled circles) and large (>120 mm; open circles) individual Chinook salmon. Break point 
determined by calculating the size at which the smallest observed herring length (48 mm) represented 40% of a given Chinook salmon length. (b) 
Abundance ratio values by sub-basin and month. Values above 1.0 indicate higher relative proportions of Pacific herring. Percentages represent 
highest possible proportion of Pacific herring that fall into the 40% threshold using the smallest observed Pacific herring and largest observed 
Chinook salmon
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Puget Sound and along the US west coast (Beauchamp & Duffy, 2011; 
Daly et al., 2009; Emmett et al., 1986).

We also evaluated the effect of the proportional abundance of 
herring within a given size class relative to each individual Chinook 
salmon as a measure of potential predation capability. While the pre-
dictor did not greatly improve the explained variation, our observed 
size threshold of 40% was similar to the threshold found in other size-
mediated predation studies of fish (Brodeur, Buchanan, & Emmett, 
2014; Juanes, 2003; Juanes et al., 2002) as well as empirical data for 
Chinook salmon prey in Puget Sound (Beauchamp & Duffy, 2011). The 
greatest proportions of Pacific herring that fell under this threshold 
occurred in the northern sub-basins where the relationship between 
size and growth was strongest (Figure 8b). The observed differences 
in sizes among sub-basins may be indicative of variable spawn tim-
ing among herring stocks with Puget Sound. Puget Sound has several 
different stocks of Pacific herring and while some are genetically dis-
tinct, most are distinguished by spawning location and timing (Stout 
et al., 2001). In general, Puget Sound herring populations spawn in 
February and March with the exception of the Cherry Pt population, 
at the northern extent of Puget Sound, which spawn between April 
and June. Late spawning stocks would likely have a larger proportion 
of smaller individuals present during the same time period and provide 
a potential food subsidy for above average sized Chinook salmon in 
that particular area. In contrast, where early spawning populations or 
stocks were present, young of the year herring would emerge earlier in 
the year and thus be larger during the period they overlap with juve-
nile Chinook salmon in the nearshore marine habitats.

Although environmental parameters can have significant effects 
on individual growth and or species distributions (Brander, 1995; 
Brandt, Gerken, Hartman, & Demers, 2009; Essington & Paulsen, 2010; 
Jonsson & Jonsson, 2009), we did not find any evidence for strong envi-
ronmental effects on growth in our data set. The temperature term was 
included in one of our top models and coefficient estimates (−2.250, 
SE = 1.552) indicated IGF-1 concentrations would decrease where 
surface temperatures increased. Yet the inclusion of the term did not 
significantly improve fit or explanatory power and variable importance 
measures suggested it was not as important as the other terms in 
the model. Furthermore, temperature and dissolved oxygen patterns 
within Puget Sound reveal strong seasonal patterns but differences 
among sub-basins are rather weak with the exception of dissolved 
oxygen levels in Hood Canal (Figure 2). While these metrics can have 

significant impacts on individual growth, or the interpretation of tools 
used to assess individual growth (e.g., bioenergetics modeling), the lack 
of variability precluded them from providing useful information regard-
ing differences in IGF-1 concentrations for individual Chinook salmon.

4.3 | Implications

Our study provides a causal explanation of spatial variability in growth 
and its relationship to individual size as influenced by conspecific 
abundance. These findings suggest that low abundances of juvenile 
herring may have important consequences for salmon populations 
as they are forced to switch to less energy-rich prey and remain at 
sizes resulting in enhanced competition with conspecifics (e.g., Pacific 
herring). Understanding the potential drivers and differences in fish 
community dynamics and their potential impact on focal populations 
could have significant stock recovery implications for Chinook salmon 
in the Puget Sound.

Linking conspecific population dynamics to declining trends for 
focal salmonid populations has been documented in many systems 
(Cooney et al., 2001; Kallio-Nyberg, Jutila, Jokikokko, & Saloniemi, 
2006; Kitchell et al., 2000; Mantyniemi et al., 2012; Thayer, Field, 
& Sydeman, 2014). Declines and fluctuations in abundance or re-
cruitment of small pelagic fish communities have been implicated in 
observed decreases in survival and growth for salmonids across the 
Northern Atlantic and Eastern Pacific Oceans (Chaput & Benoit, 2012; 
Jonsson, Jonsson, & Albretsen, 2016; Thayer et al., 2014). And al-
though the processes that drive these trends may vary (Beaugrand & 
Reid, 2003; Lindegren, Ostman, & Gardmark, 2011), their effect on the 
productivity and success of salmonid populations remains a concern.

Marine survival of Chinook salmon in Puget Sound has declined 
since the early 1980’s and remained low for several decades. It is 
widely believed that individual growth during the early marine por-
tion of the life history increases the probability of juvenile salmon 
survival to subsequent life stages, and may determine overall marine 
survival of salmon populations in the Pacific Northwest (Beamish & 
Mahnken, 2001; Duffy & Beauchamp, 2011). Evidence suggests that 
faster growth and/or larger individual size during, and at the conclu-
sion of, this early marine period leads to increased survival (Beamish, 
Mahnken, & Neville, 2004; Cross, Beauchamp, Moss, & Myers, 2009; 
Duffy & Beauchamp, 2011; Holtby, Andersen, & Kadowaki, 1990). 
Our results indicate a potential growth benefit for average to above 

TABLE  6 Model selection results from second-stage selection procedure to evaluate the influence of size-structured Pacific herring 
abundance relative to each individual Chinook. Best fit model in bold. Includes coefficient estimate for the added term (each term was added to 
best fit model from initial selection procedure), log likelihood (logLik), AICc values (AICc) and differences (ΔAICc), and model weights

Estimate logLik AICc ΔAICc Weight

Herring 30% 0.095 −2542.92 5104.133 3.633 0.084

Herring 40% 2.378 −2541.1 5100.5 0.000 0.518

Herring 50% −0.657 −2542.72 5103.734 3.234 0.103

Herring 60% −0.160 −2542.91 5104.115 3.615 0.085

Herring 70% −0.684 −2542.66 5103.615 3.115 0.109

Herring 80% −0.683 −2542.75 5103.785 3.285 0.100
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average fish in sub-basins where higher abundances of small herring 
provide an additional energy-rich food subsidy. However, through-
out Puget Sound, several herring populations or spawning stocks are 
known to be depressed or fluctuate far below historic abundance 
levels (Greene et al., 2015; Siple & Francis, 2016; Stout et al., 2001). 
Should the presence of herring indeed provide a greater growth op-
portunity to juvenile salmon, the observed trends in herring abun-
dance could impact individual growth and thus overall survival.

Finally, while our results suggest such a relationship between 
herring presence and Chinook, there remains considerable variabil-
ity in growth that cannot be explained by the selected predictors. 
Our study presents evidence of inter and intraspecific effects on 
individual growth of Chinook salmon in Puget Sound; however, we 
cannot disregard other potential factors not evaluated within our 
current framework. The Puget Sound food web is complex and 
undoubtedly affected by a number of potential bottom-up and/or 
top-down processes or interactions, any of which could impact indi-
vidual growth (Busch, Harvey, & McElhany, 2013; Harvey, Williams, 
& Levin, 2012). Therefore, we must acknowledge the presence of 
such factors (i.e., environmental, productivity, human induced con-
taminants/urbanization etc.) and their potential role in driving the 
conditions observed in our dataset. In addition, while we may as-
sume a causal relationship between size and growth and the inter-
action with herring abundance and size, future research that couples 
observed growth with diet composition and/or stable isotope anal-
ysis may be necessary to provide an empirical mechanistic link to 
support the conclusion.

ACKNOWLEDGMENTS

Funding for sample collection was provided by the USEPA National 
Estuary Program. We would like to thank Sean Naman, Dana Rudy, 
Alicia Godersky, Dan Lomax and Skip Bold and a number of interns and 
volunteers for their help with data collection and fish processing. We 
would also like to thank the Squaxin Tribe, the Port Gamble S’Klallam 
Tribe, and the Skagit River System Cooperative—and within these 
tribes we particularly thank Scott Steltzner, Hans Daubenberger, Paul 
McCollum, and Bruce Brown for their support and efforts to help staff 
cruises. Shelly Nance and Larissa Rorbach performed all laboratory 
processing of plasma samples. Jonathan Reum and Eric Ward provided 
valuable input on statistical analysis and interpretation. We thank 
Morgan Bond, Meredith Journey, Rich Zabel, and two anonymous re-
viewers for their insightful comments and review of the manuscript.

CONFLICT OF INTEREST

None declared.

REFERENCES

Anderson, D. R., & Burnham, K. P. (2002). Avoiding pitfalls when using information-
theoretic methods. Journal of Wildlife Management, 66, 912–918.

Armstrong, J. B., Schindler, D. E., Ruff, C. P., Brooks, G. T., Bentley, K. E., & 
Torgersen, C. E. (2013). Diel horizontal migration in streams: Juvenile 

fish exploit spatial heterogeneity in thermal and trophic resources. 
Ecology, 94, 2066–2075.

Babson, A. L., Kawase, M., & MacCready, P. (2006). Seasonal and interan-
nual variability in the circulation of Puget Sound: A box model study. 
Atmosphere and Ocean, 44, 29–45.

Barton, K. (2016). MuMIn: multi-model inference. R package version 1.15.6. 
Retrieved from https://CRAN.R-project.org/package=MuMIn

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-
effects models using lme4. Journal of Statistical Software, 67, 1, 48p.

Beamish, R. J., & Mahnken, C. (2001). A critical size and period hypoth-
esis to explain natural regulation of salmon abundance and the link-
age to climate and climate change. Progress in Oceanography, 49, 
423–437.

Beamish, R. J., Mahnken, C., & Neville, C. M. (2004). Evidence that reduced 
early marine growth is associated with lower marine survival of Coho 
salmon. Transactions of the American Fisheries Society, 133, 26–33.

Beauchamp, D. A., & Duffy, E. J. (2011). Stage-specific growth and survival 
during early marine life of Puget Sound Chinook salmon in the context 
of temporal-spatial environmental conditions and trophic interactions. 
Pacific Salmon Commission.

Beaudreau, A. H., Andrews, K. S., Larsen, D. A., Young, G., & Beckman, B. 
R. (2011). Variation in plasma levels of insulin-like growth factor-I (IGF-
I) in lingcod: Relationships among season, size, and gonadal steroids. 
Marine Biology, 158, 439–450.

Beaugrand, G., & Reid, P. C. (2003). Long-term changes in phytoplankton, 
zooplankton and salmon related to climate. Global Change Biology, 9, 
801–817.

Beckman, B. R. (2011). Perspectives on concordant and discordant rela-
tions between insulin-like growth factor 1 (IGF1) and growth in fishes. 
General and Comparative Endocrinology, 170, 233–252.

Beckman, B. R., Fairgrieve, W., Cooper, K. A., Mahnken, C. V. W., & Beamish, 
R. J. (2004). Evaluation of endocrine indices of growth in individual 
postsmolt coho salmon. Transactions of the American Fisheries Society, 
133, 1057–1067.

Beckman, B. R., Larsen, D. A., Lee-Pawlak, B., & Dickhoff, W. W. (1998). 
Relation of fish size and growth rate to migration of spring Chinook 
salmon smolts. North American Journal of Fisheries Management, 18, 
537–546.

Brander, K. (1995). The effect of temperature on growth of Atlantic cod 
(Gadus morhua L.). ICES Journal of Marine Science: Journal du Conseil, 52, 
1–10.

Brandt, S. B., Gerken, M., Hartman, K. J., & Demers, E. (2009). Effects of 
hypoxia on food consumption and growth of juvenile striped bass 
(Morone saxatilis). Journal of Experimental Marine Biology and Ecology, 
381, S143–S149.

Brodeur, R. D., Buchanan, J. C., & Emmett, R. L. (2014). Pelagic and demersal 
fish predators on juvenile and adult forage fishes in the northern cal-
ifornia current: Spatial and temporal variations. California Cooperative 
Oceanic Fisheries Investigations Reports, 55, 96–116.

Brodeur, R. D., Francis, R. C., & Pearcy, W. G. (1992). Food consumption of 
juvenile coho (Oncorhynchus kisutch) and Chinook salmon (O. tshawyts-
cha) on the continental shelf off Washington and Oregon. Canadian 
Journal of Fisheries and Aquatic Sciences, 49, 1670–1685.

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004). 
Toward a metabolic theory of ecology. Ecology, 85, 1771–1789.

Burnham, K., & Anderson, D. (2002). Information and likelihood theory: A basis 
for model selection and inference. New York, NY, USA: Springer-Verlag.

Busch, D. S., Harvey, C. J., & McElhany, P. (2013). Potential impacts of 
ocean acidification on the Puget Sound food web. ICES Journal of 
Marine Science: Journal du Conseil, 70, 823–833.

Bystrom, P., & Andersson, J. (2005). Size-dependent foraging capacities 
and intercohort competition in an ontogenetic omnivore (Arctic char). 
Oikos, 110, 523–536.

Canales, T. M., Law, R., & Blanchard, J. L. (2015). Shifts in plankton size 
spectra modulate growth and coexistence of anchovy and sardine in 

https://CRAN.R-project.org/package=MuMIn


6994  |     CHAMBERLIN et al.

upwelling systems. Canadian Journal of Fisheries and Aquatic Sciences, 
73, 611–621.

Chaput, G., & Benoit, H. P. (2012). Evidence for bottom-up trophic effects 
on return rates to a second spawning for Atlantic salmon (Salmo salar) 
from the Miramichi River, Canada. ICES Journal of Marine Science, 69, 
1656–1667.

Chase, J. M., Abrams, P. A., Grover, J. P., Diehl, S., Chesson, P., Holt, R. D., … 
Case, T. J. (2002). The interaction between predation and competition: 
A review and synthesis. Ecology Letters, 5, 302–315.

Claessen, D., de Roos, A. M., & Persson, L. (2000). Dwarfs and giants: 
Cannibalism and competition in size-structured populations. American 
Naturalist, 155, 219–237.

Cooney, R. T. (1971). Zooplankton and micronekton associated with a diffuse 
sound-scattering layer in Puget Sound, Washington. Ph.D., University of 
Washington.

Cooney, R. T., Allen, J. R., Bishop, M. A., Eslinger, D. L., Kline, T., Norcross, 
B. L., … Willette, T. M. (2001). Ecosystem control of pink salmon 
(Oncorhynchus gorbuscha) and Pacific herring (Clupea pallasi) popula-
tions in Prince William Sound, Alaska. Fisheries Oceanography, 10, 1–13.

Cross, A. D., Beauchamp, D. A., Moss, J. H., & Myers, K. W. (2009). 
Interannual variability in early marine growth, size-selective mortality, 
and marine survival for Prince William Sound pink salmon. Marine and 
Coastal Fisheries, 1, 57–70.

Daly, E. A., Brodeur, R. D., & Weitkamp, L. A. (2009). Ontogenetic shifts in 
diets of juvenile and Subadult Coho and Chinook Salmon in coastal ma-
rine waters: Important for marine survival? Transactions of the American 
Fisheries Society, 138, 1420–1438.

Dorner, H., Hulsmann, S., Holker, F., Skov, C., & Wagner, A. (2007). Size-
dependent predator-prey relationships between pikeperch and their 
prey fish. Ecology of Freshwater Fish, 16, 307–314.

Duffy, E. J., & Beauchamp, D. A. (2011). Rapid growth in the early marine 
period improves the marine survival of Chinook salmon (Oncorhynchus 
tshawytscha) in Puget Sound, Washington. Canadian Journal of Fisheries 
and Aquatic Sciences, 68, 232–240.

Duffy, E. J., Beauchamp, D. A., Sweeting, R. M., Beamish, R. J., & Brennan, 
J. S. (2010). Ontogenetic diet shifts of juvenile Chinook salmon in 
nearshore and offshore habitats of Puget Sound. Transactions of the 
American Fisheries Society, 139, 803–823.

Ebbesmeyer, C. C., Word, J. Q., & Barnes, C. A. (1988). Puget Sound: A fjord 
system homogenized with water recycled over sills by tidal mixing. In: 
B. Kjerfve, (Ed.), Hydrodynamics of estuaries. II. Estuarine case studies. 
17−30. Boca Raton, FL: CRC Press.

Emmett, R. L., Miller, D. R., & Blahm, T. H. (1986). Food of juvenile chinook, 
Oncorhynchus tshawytscha, and coho, O. kisutch, salmon off the north-
ern Oregon and southern Washington coasts, May-September 1980. 
California Fish and Game, 72, 38–46.

Essington, T. E., & Paulsen, C. E. (2010). Quantifying hypoxia impacts on an 
estuarine demersal community using a hierarchical ensemble approach. 
Ecosystems, 13, 1035–1048.

Faraway, J. J. (2006). Extending the linear model with R: Generalized linear, 
mixed effects and nonparametric regression models. Boca Raton, FL: 
Chapman and Hall/CRC.

Ferriss, B. E., Trudel, M., & Beckman, B. R. (2014). Regional and inter-annual 
trends in marine growth of juvenile salmon in coastal pelagic ecosys-
tems of British Columbia, Canada. Marine Ecology Progress Series, 503, 
247–261.

Ford, M. J. (ed.) (2011). Status review update for Pacific salmon and steelhead 
listed under the Endangered Species Act: Pacific Northwest. The publisher 
is the US Department of Commerce. U.S. Dept. Commer., NOAA Tech. 
Memo, NMFS-NWFSC-113. 281p.

Gårdmark, A., Casini, M., Huss, M., van Leeuwen, A., Hjelm, J., Persson, L., 
& de Roos, A. M. (2015). Regime shifts in exploited marine food webs: 
Detecting mechanisms underlying alternative stable states using size-
structured community dynamics theory. Philosophical Transactions of 
the Royal Society B: 370, 20130262.

Gelman, A., & Hill, J. (2007). Data analysis using regression and multilevel/
hierarchical models. Cambridge, New York: Cambridge University Press.

Goldberg, D., & Novoplansky, A. (1997). On the relative importance of 
competition in unproductive environments. Journal of Ecology, 85,  
409–418.

Greene, C., Kuehne, L., Rice, C., Fresh, K., & Penttila, D. (2015). Forty years 
of change in forage fish and jellyfish abundance across greater Puget 
Sound, Washington (USA): Anthropogenic and climate associations. 
Marine Ecology Progress Series, 525, 153–170.

Gurevitch, J., Morrison, J. A., & Hedges, L. V. (2000). The interaction be-
tween competition and predation: A meta-analysis of field experi-
ments. American Naturalist, 155, 435–453.

Harvey, C. J., Williams, G. D., & Levin, P. S. (2012). Food web structure 
and trophic control in central Puget Sound. Estuaries and Coasts, 35, 
821–838.

Healey, M. C. (1980). The ecology of juvenile salmon in Georgia Strait, 
British Columbia. In W. J. McNeil & D. C. Himsworth (Eds.), Salmonid 
ecosystems of the North Pacific (pp. 203–229). Corvallis, OR: Oregon 
State Univ. Press.

Healey, M. C. (1991). Life history of Chinook salmon: Oncorhynchus 
tshawytscha. In C. Groot, & L. Margolis (Eds.), Pacific salmon life histories 
(pp. 313–393). Vancouver, BC: University of British Columbia Press.

Healey, M. C., & Groot, C. (1987). Marine migration and orientation of 
ocean-type Chinook and sockeye salmon. American Fisheries Society 
Symposium, 1, 298–312.

Hebard, J. F. (1956). The seasonal variation of zooplankton in Puget Sound. 
M.S. University of Washington.

Heermann, L., Scharf, W., van der Velde, G., & Borcherding, J. (2014). 
Does the use of alternative food resources induce cannibalism in 
a size-structured fish population? Ecology of Freshwater Fish, 23,  
129–140.

Hill, A. D., Daly, E. A., & Brodeur, R. D. (2015). Diet variability of forage 
fishes in the Northern California current system. Journal of Marine 
Systems, 146, 121–130.

Holtby, L. B., Andersen, B. C., & Kadowaki, R. K. (1990). Importance of 
smolt size and early ocean growth to interannual variability in marine 
survival of coho salmon (Oncorhynchus-kisutch). Canadian Journal of 
Fisheries and Aquatic Sciences, 47, 2181–2194.

Husebø, A., Slotte, A., & Stenevik, E. K. (2007). Growth of juvenile 
Norwegian spring-spawning herring in relation to latitudinal and inter-
annual differences in temperature and fish density in their coastal and 
fjord nursery areas. ICES Journal of Marine Science, 64, 1161–1172.

Jansen, T., & Burns, F. (2015). Density dependent growth changes through 
juvenile and early adult life of North East Atlantic Mackerel (Scomber 
scombrus). Fisheries Research, 169, 37–44.

Jenkins, T. M., Diehl, S., Kratz, K. W., & Cooper, S. D. (1999). Effects of pop-
ulation density on individual growth of brown trout in streams. Ecology, 
80, 941–956.

Johnson, P. C. D. (2014). Extension of Nakagawa & Schielzeth’s R2GLMM 
to random slopes models. Methods in Ecology and Evolution, 5, 944–946.

Jonsson, B., & Jonsson, N. (2009). A review of the likely effects of climate 
change on anadromous Atlantic salmon Salmo salar and brown trout 
Salmo trutta, with particular reference to water temperature and flow. 
Journal of Fish Biology, 75, 2381–2447.

Jonsson, B., Jonsson, N., & Albretsen, J. (2016). Environmental change 
influences the life history of salmon Salmo salar in the North Atlantic 
Ocean. Journal of Fish Biology, 88, 618–637.

Juanes, F. (2003). The allometry of cannibalism in piscivorous fishes. 
Canadian Journal of Fisheries and Aquatic Sciences, 60, 594–602.

Juanes, F., Buckel, J. A., & Scharf, F. S. (2002). Feeding ecology of piscivorous 
fishes. In: P. J. B. Hart & J. D. Reynolds (Eds.), Handbook of fish biology and 
fisheries, volume 1: Fish biology (pp. 267–283). Oxford: Blackwell Science.

Kallio-Nyberg, I., Jutila, E., Jokikokko, E., & Saloniemi, I. (2006). Survival of 
reared Atlantic salmon and sea trout in relation to marine conditions of 
smolt year in the Baltic Sea. Fisheries Research, 80, 295–304.



     |  6995CHAMBERLIN et al.

Kemp, I. M. (2014). Spatial -temporal patterns in distribution and feeding 
of juvenile salmon and herring in Puget Sound, WA. M.S. University of 
Washington; 2014.

Kemp, I. M., Beauchamp, D. A., Sweeting, R., & Cooper, C. (2013). Potential 
for competition among herring and juvenile salmon species in Puget Sound, 
Washington. North Pacific Anadromous Fish Commission technical re-
port no. 9, pp. 139–143.

Kitchell, J. F., Cox, S. P., Harvey, C. J., Johnson, T. B., Mason, D. M., Schoen, K. 
K., … Walters, C. J. (2000). Sustainability of the Lake Superior fish com-
munity: Interactions in a food web context. Ecosystems, 3, 545–560.

Larsen, D. A., Beckman, B. R., & Cooper, K. A. (2010). Examining the conflict 
between smolting and precocious male maturation in spring (Stream-
Type) Chinook Salmon. Transactions of the American Fisheries Society, 
139, 564–578.

Lindegren, M., Ostman, O., & Gardmark, A. (2011). Interacting trophic forc-
ing and the population dynamics of herring. Ecology, 92, 1407–1413.

Lorenzen, K., & Enberg, K. (2002). Density-dependent growth as a key 
mechanism in the regulation of fish populations: Evidence from among-
population comparisons. Proceedings of the Royal Society of London B: 
Biological Sciences, 269, 49–54.

Mantyniemi, S., Romakkaniemi, A., Dannewitz, J., Palm, S., Pakarinen, 
T., Pulkkinen, H., … Karlsson, O. (2012). Both predation and feeding 
opportunities may explain changes in survival of Baltic salmon post-
smolts. ICES Journal of Marine Science, 69, 1574–1579.

Mofjeld, H. O., & Larsen, L. H. (1984). Tides and tidal currents of the in-
land waters of western Washington. Seattle, WA: NOAA Technical 
Memorandum, ERL PMEL-56.

Mommsen, T. P. (1998). Growth and metabolism. In D. H. Evans (Ed.), The 
physiology of fishes (pp. 65–97). Boca Raton, FL: CRC Press.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for 
obtaining R2 from generalized linear mixed-effects models. Methods in 
Ecology and Evolution, 4, 133–142.

Osgood, G. J., Kennedy, L. A., Holden, J. J., Hertz, E., McKinnell, S., & Juanes, 
F. (2016). Historical diets of forage fish and juvenile pacific salmon 
in the strait of Georgia, 1966–1968. Marine and Coastal Fisheries, 8, 
580–594.

Persson, L., Bystrom, P., & Wahlstrom, E. (2000). Cannibalism and compe-
tition in Eurasian perch: Population dynamics of an ontogenetic omni-
vore. Ecology, 81, 1058–1071.

Persson, L., Claessen, D., De Roos, A. M., Bystrom, P., Sjogren, S., Svanback, 
R., … Westman, E. (2004). Cannibalism in a size-structured population: 
Energy extraction and control. Ecological Monographs, 74, 135–157.

Persson, L., Leonardsson, K., de Roos, A. M., Gyllenberg, M., & Christensen, 
B. (1998). Ontogenetic scaling of foraging rates and the dynamics of 
a size-structured consumer-resource model. Theoretical Population 
Biology, 54, 270–293.

Picha, M. E., Turano, M. J., Beckman, B. R., & Borski, R. J. (2008). Endocrine 
biomarkers of growth and applications to aquaculture: A minireview 
of growth hormone, insulin-like growth factor (IGF)-I, and IGF-Binding 
proteins as potential growth indicators in fish. North American Journal 
of Aquaculture, 70, 196–211.

Polis, G. A., Myers, C. A., & Holt, R. D. (1989). The ecology and evolution of 
intraguild predation: Potential competitors that eat each other. Annual 
Review of Ecology and Systematics, 20, 297–330.

R Core Team (2015). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. Retrieved 
from https://www.R-project.org/

Reum, J. C. P., Essington, T. E., Greene, C. M., Rice, C. A., & Fresh, K. L. 
(2011). Multiscale influence of climate on estuarine populations of for-
age fish: The role of coastal upwelling, freshwater flow and tempera-
ture. Marine Ecology Progress Series, 425, 203–215.

Rice, C. A., Duda, J. J., Greene, C. M., & Karr, J. R. (2012). Geographic pat-
terns of fishes and jellyfish in Puget Sound surface waters. Marine and 
Coastal Fisheries, 4, 117–128.

Rice, C. A., Greene, C. M., Moran, P., Teel, D. J., Kuligowski, D. R., Reisenbichler, 
R. R., … Fresh, K. L. (2011). Abundance, stock origin, and length of marked 
and unmarked juvenile Chinook Salmon in the surface waters of greater 
Puget Sound. Transactions of the American Fisheries Society, 140, 170–189.

Siple, M. C., & Francis, T. B. (2016). Population diversity in Pacific herring of 
the Puget Sound, USA. Oecologia, 180, 111–125.

Stefansson, S. O., Haugland, M., Bjornsson, B. T., McCormick, S. D., Holm, 
M., Ebbesson, L. O. E., … Nilsen, T. O. (2012). Growth, osmoregulation 
and endocrine changes in wild Atlantic salmon smolts and post-smolts 
during marine migration. Aquaculture, 362, 127–136.

Stout, H. A., Gustafson, R. G., Lenarz, W. H., McCain, B. B., VanDoornik, D. 
M., Builder, T. L., & Methot, R. D. (2001). Status review of Pacific her-
ring (Clupea pallasi) in Puget Sound, Washington. US Dept. of Commerce. 
NOAA Tech Memo. NMFS-NWFSC 45.

Thayer, J. A., Field, J. C., & Sydeman, W. J. (2014). Changes in California 
Chinook salmon diet over the past 50 years: Relevance to the recent 
population crash. Marine Ecology Progress Series, 498, 249–U561.

Warton, D. I., & Hui, F. K. C. (2011). The arcsine is asinine: The analysis of 
proportions in ecology. Ecology, 92, 3–10.

Webb, P. (1978). Partitioning of energy in to metabolism and growth. In S. 
Gerking (Ed.), Biology of freshwater fish production (pp. 184–214). New 
York, NY: Jon Wiley and Sons.

Zuur, A., Ieno, E., Walker, N., Saveliev, A., & Smith, G. (2009). Mixed effects 
models and extensions in ecology with R. In: M. Gail, K. Krickeberg, J. 
M. Samet, A. Tsiatis & W. Wong, (Eds.), (pp. 574). New York, NY: Spring 
Science and Business Media.

How to cite this article: Chamberlin JW, Beckman BR, Greene 
CM, Rice CA, Hall JE. How relative size and abundance 
structures the relationship between size and individual growth 
in an ontogenetically piscivorous fish. Ecol Evol. 2017;7: 
6981–6995. https://doi.org/10.1002/ece3.3218

https://www.R-project.org/
https://doi.org/10.1002/ece3.3218

