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Abstract

Resource pulses are infrequent, ephemeral events of resource hyperabundance that

can represent important feeding opportunities for consumers. To capitalize on pulsed

resources, consumers can exhibit behavioural and physiological traits including binge-

feeding and phenotypic plasticity of digestive physiology, although expression of

these traits has not been observed simultaneously. Further, past studies of binge-

feeding have largely focused on times and locations where resources were highly

concentrated, ignoring potential temporal and spatial variation in consumer

responses. We investigated these traits in bull trout Salvelinus confluentus that experi-

ence seasonal resource pulses associated with the spring migration of sockeye

salmon Oncorhynchus nerka smolts and their fall spawning migrations in a large lake–

river system. We also examined spatial variation in S. confluentus diet and feeding

behaviour within seasons to explore associations with proximity to aggregated

salmon. To do this, we collected S. confluentus stomach contents and analysed con-

sumption rates across seasons and capture locations. We also investigated if the size

of digestive organs changed with season. In the spring and fall, S. confluentus con-

sumed O. nerka smolts and eggs, respectively, at high rates, with consumption often

exceeding theoretical daily maximums by up to 21.50-fold in the spring and 7.69-fold

in the fall. The degree of binge-feeding was correlated with proximity to the lake out-

let where smolts and spawning salmon congregate, increasing by 1.21-fold in the

spring and 2.78-fold in the late fall for each �13-km shift in capture location towards

the outlet. Salvelinus confluentus also exhibited larger digestive organs during the

spring and fall, while the same organs were atrophied during the summer. Our results

indicate that a single consumer population can exhibit both behavioural and physio-

logical responses to resource pulses, and that exploitation can vary along a spatial

gradient of presumed resource availability. These responses emphasize the impor-

tance of resource pulses to consumers and the potential for intra-population differ-

ences in consumer responses to transient feeding opportunities.
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1 | INTRODUCTION

Many ecosystems exhibit infrequent and ephemeral events of resource

hyperabundance that can subsidize consumer populations (Polis

et al., 1997). Known as resource pulses (Yang et al., 2008), these events

can have complex effects on recipient communities (Subalusky &

Post, 2019), and consumers that exploit such resources can experience

strong, direct effects including increased rates of growth and reproduc-

tion (Bentley et al., 2012; Giroux et al., 2012). Although fleeting,

resource pulses can account for a high proportion of the annual energy

and nutrient intake by consumers (Yang et al., 2010) and can allow con-

sumers to persist in environments where they may otherwise perish

(Armstrong & Bond, 2013). However, the extent to which consumers

benefit from a resource pulse can depend on their ability to acquire and

store energy when feeding opportunities arise.

Consumers can express various responses to maximize energy

intake during periods of food abundance. For example, some consumers

rapidly ingest food via binge-feeding (or hyperphagia), where short-term

consumption exceeds daily digestive capacity (Essington et al., 2000).

This strategy allows food to be stored in the stomach for subsequent

digestion and potentially facilitates increased growth or energy procure-

ment relative to feeding at sustainable daily rates (e.g. Furey et al., 2016).

Physiological adaptations may help facilitate binge-feeding and for

instance consumers may regulate their digestive capacity to match ambi-

ent levels of demand (i.e. phenotype flexibility; Piersma & van Gils, 2011)

such that they exhibit large digestive organs when food is abundant and

smaller digestive organs when it is scarce (e.g. Armstrong & Bond, 2013).

Binge-feeding and digestive flexibility have been documented in birds

(Kersten & Visser, 1996; McWilliams & Karasov, 2001), mammals (Naya

et al., 2007), reptiles (Christel et al., 2007; Secor & Diamond, 1998) and

fishes (Armstrong & Bond, 2013; Furey et al., 2016). However, while

these responses have been associated with exploitation of resource

pulses, the factors that influence variation in these responses are largely

unknown (Furey et al., 2016).

Traits that maximize resource pulse exploitation may be crucial

for fishes in temperate freshwater systems where long winters and

short growing seasons constrain energy acquisition. Temperate fishes

generally lose energy in winter and regain it during the summer

(Conover, 1992). However, recent research suggests temperate fishes

can achieve most of their annual growth by exploiting a single

resource pulse rather than through sustained feeding (Denton

et al., 2009; Scheuerell et al., 2007), which may be facilitated by

binge-feeding and digestive flexibility. Although fishes are known to

exhibit binge-feeding in response to resource abundance (Armstrong

et al., 2013; Armstrong & Bond, 2013; Furey et al., 2016), past studies

specifically observed it at times and locations it was expected

(i.e. where pulsed resources were highly concentrated). Studies that

compare traits such as binge-feeding and digestive flexibility across

temporal and spatial gradients of resource availability—including times

when resource pulses are not available—could provide insight into

pulse use variability and the magnitude of consumer responses

expressed across seasons and locations that vary in the availability or

type of resource pulse. Such comparisons would improve our under-

standing of consumer-pulse linkages and could inform conservation

and management of consumer populations. For instance, by under-

standing the reliance of consumers on pulses, we can better predict

their responses to fluctuations in pulse magnitude or to mismatches

between pulse timing and consumer phenology.

Freshwater systems that support anadromous Pacific salmon

Oncorhynchus spp. are ideal for studying consumer responses to

resource pulses across seasons and spatial gradients. Adult salmon

migrate to spawn and die in their natal rivers and lakes, depositing eggs

and carcasses that provide resource pulses (Gende et al., 2002), while

the seaward migration of juvenile salmon smolts also offers intense, but

brief, feeding opportunities (Furey et al., 2016). Chilko Lake, British

Columbia, supports one of the largest populations of sockeye salmon

Oncorhynchus nerka (Walbaum 1792) in Canada. Each spring, �10–70

million O. nerka smolts emigrate from the lake and are funnelled into

high densities as they enter the Chilko River. In the fall, an average of

300,000 O. nerka spawn in the system, with 85–90% of spawning

occurring in the first �4 km of the river downstream from the lake out-

let. Resident bull trout Salvelinus confluentus (Suckley 1859) aggregate

in the upper Chilko River during the smolt migration (Furey &

Hinch, 2017) and can consume smolts almost exclusively and at high

rates relative to their body weight (Furey et al., 2016). Salvelinus con-

fluentus also aggregate in the upper river during O. nerka spawning

(Furey & Hinch, 2017), presumably to consume salmon eggs and car-

casses. In this study, we investigated the influence of O. nerka life his-

tory on the feeding ecology and digestive physiology of S. confluentus

in the Chilko system. Specifically, our objectives were to (1) determine

the influence of salmon subsidies on S. confluentus diet and condition

and (2) test whether S. confluentus show phenotypic flexibility in diges-

tive organs across seasons. We hypothesized that S. confluentus diet

composition, ration size, binge-feeding and body condition vary both

among seasons and spatially within seasons in relation to the timing

and location of salmon migrations. We also hypothesized that the size

of S. confluentus organs that support digestion and absorption change

across seasons in response to salmon availability.

2 | METHODS

2.1 | Ethics statement

The capture, handling and euthanasia of S. confluentus followed animal

use protocols approved by the University of British Columbia

Animal Care Committee and the Canadian Council on Animal Care

(Permit No. A19-0193).
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2.2 | Study system

This study was conducted in Chilko Lake and the Chilko River in Brit-

ish Columbia, Canada (Figure 1). In addition to O. nerka, this system

also supports smaller populations of Chinook salmon Oncorhynchus

tshawytscha (Walbaum 1792), coho salmon Oncorhynchus kisutch

(Walbaum 1792) and steelhead Oncorhynchus mykiss (Walbaum 1792)

that may be consumed by S. confluentus, but that are unlikely to make

substantial contributions to S. confluentus diets given their low num-

bers of spawners, ranging from <100 O. mykiss spawners to �500 O.

kisutch spawners to �8000 O. tshawytscha spawners annually

(N. Trouton, DFO, personal communication; L. Ritchie, DFO, personal

communication; COSEWIC, 2020). Populations of non-anadromous

O. mykiss (rainbow trout), mountain whitefish Prosopium williamsoni

(Girard 1856), longnose dace Rhinichthys cataractae Valenciennes

1842, white sucker Catostomus commersonii Lacepède 1803, and red-

side shiner Richardsonius balteatus (Richardson 1836) are also present

(B.C. Ministry of Environment, 2023).

2.3 | Fish capture and sampling

Salvelinus confluentus (n = 299) were caught in Chilko Lake and the

Chilko River by trolling from a boat and angling from shore, respec-

tively, in the spring (April 22–May 10), summer (July 23–August 5),

early fall (September 9–September 22) and late fall (October 11–

October 22) of 2021. Spring sampling coincided with the O. nerka

smolt outmigration, early fall sampling coincided with the arrival of

O. nerka on spawning grounds and early spawning activity, and late fall

sampling coincided with peak O. nerka spawning.

On capture, individual S. confluentus were placed in a 100-L

cooler filled with water from the lake or river and measured for fork

length (FL; nearest 1 mm) and mass (nearest 0.01 g). Stomach con-

tents were collected via gastric lavage (Chipps & Garvey, 2007), fil-

tered through a 500-μm sieve and stored on ice until they were

transferred to a �20�C freezer at the end of each sampling day. Stom-

ach contents were kept frozen until they were processed at the Uni-

versity of British Columbia, Vancouver, Canada.

In the laboratory, stomach contents were thawed and individual

prey items were separated and identified to the species level or broad

taxonomic group (e.g. fishes, invertebrates) when the species could

not be identified, blotted to remove excess water and weighed (near-

est 0.001 g). Diet items that were identified as O. nerka smolts or parr

(juvenile salmon that emerged in the spring 1–2 years before the start

of our study, �75 to �140 mm FL) were collectively referred to as

‘juvenile O. nerka’ and were differentiated from fry (juvenile salmon

that emerged in the spring of the study year, �25 to �50 mm FL).

Given the age structure of juvenile O. nerka in the study system

(�96% age-1, �4% age-2; Irvine & Akenhead, 2013), we assumed that

the majority of juvenile O. nerka in S. confluentus stomachs in the

spring were smolts emigrating from the lake. In the early- and late-fall

sampling periods, we classified stomach contents as O. nerka car-

casses only if they could be clearly identified as such (i.e. they con-

tained structures such as fins, organs or red-coloured skin). To assess

S. confluentus diets, we assigned diet items to one of the following

eight categories: juvenile O. nerka, O. nerka eggs, O. nerka carcasses,

aquatic invertebrates, terrestrial mammals, other fish (i.e. all other

fishes besides juvenile O. nerka that could be identified), unidentified

fish or unidentified.

2.4 | Diet composition

Diet composition was assessed via two common metrics (Chipps &

Garvey, 2007): frequency of occurrence (FOO) and percentage compo-

sition by mass (PM). Frequency of occurrence is calculated for each

prey type as the percentage of all stomachs sampled that contained the

diet item, and PM is calculated as the mean percentage of the mass of

the stomach contents. Percentage composition by mass was calculated

separately for each prey type found in each stomach and then averaged

for each prey type across all stomachs sampled. Mean values were cal-

culated for each capture location (i.e. river or lake) within each sampling

period and collectively over the entire study period.
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F IGURE 1 Chilko Lake and the upper Chilko River in British
Columbia, Canada. Black dots represent general Salvelinus confluentus
capture locations, blue triangles denote the locations of water
temperature data loggers and orange shaded areas denote
Oncorhynchus nerka spawning areas. The distribution of O. nerka
spawning is not specific to the study year. Map datum and coordinate
reference system are NAD83 and Universal Transverse Mercator
zone 10N, respectively.
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2.5 | Relative consumption

To describe the magnitude of feeding, we calculated relative con-

sumption as the mass of S. confluentus stomach contents (g) divided

by its body mass (g). We used a generalized linear model (GLM) frame-

work to analyse factors contributing to variation in relative consump-

tion. Explanatory variables included fish mass, the Universal

Transverse Mercator (UTM) northing coordinates for capture loca-

tions (with northern coordinates associated with the Chilko River or

Chilko Lake outlet) and sampling period (spring, summer, early fall and

late fall), as well as all possible two-way interactions and a three-way

interaction between all variables.

Several S. confluentus had empty stomachs at the time of capture,

resulting in true zero values of relative consumption. Therefore, we

first used a GLM with a binomial distribution and a logit link function

to determine factors that contributed to empty (0) or not empty

(1) stomachs. Then, using only the data for non-empty stomachs, we

constructed a GLM with a gamma distribution and a log link function

to analyse the influence of the explanatory variables on relative con-

sumption. This approach allowed us to determine variable importance

to whether an individual S. confluentus had food in its stomach (bino-

mial model) and, given that it did, the magnitude of its consumption

(Gamma model) (Zuur et al., 2009).

For both GLMs, a global model that included all main effects and

interaction terms was constructed. Continuous variables were scaled

and centred to allow consistent comparisons among coefficient esti-

mates (Schielzeth, 2010). Due to model selection uncertainty

(Burnham & Anderson, 2002), all-subsets regression was performed on

each of the two global models. Candidate models were ranked via

Akaike's information criterion corrected for small sample sizes (AICC),

followed by model averaging across a set of candidate models defined

by ΔAICC < 4 relative to the model with the lowest AICC; all-subsets

regression and model averaging were performed using theMuMIn pack-

age (Bartoń, 2023) in R (R Core Team, 2024). Model-averaged coeffi-

cients were calculated using the zero method (Grueber et al., 2011),

such that if a variable was not retained in an averaged model, a zero

was included in the averaging, thereby reducing the effect size. We cal-

culated 95% confidence intervals (CIs) for the model-averaged coeffi-

cients and considered variables to have an important association with

the response if their 95% CI did not overlap with zero. Data exploration

followed the protocol described by Zuur et al. (2009), and we verified

model assumptions by plotting residuals against fitted values and

against each covariate using the DHARMa package (Hartig, 2022) in R.

2.6 | Binge-feeding

For each S. confluentus, the daily theoretical maximum for

temperature- and mass-dependent consumption (Cmax) was calculated

using the Wisconsin bioenergetics model (Kitchell et al., 1977) param-

eterized for S. confluentus (Mesa et al., 2013). Temperatures used to

calculate Cmax were determined for each individual by averaging

hourly water temperature measurements for the 24 h preceding

capture. Temperatures used for river-caught fish were recorded by

two data loggers (HOBO MX2201 Pendant; Onset Computer Corpo-

ration) in the Chilko River, and temperatures used for lake-caught fish

were recorded by eight data loggers (HOBO Tidbit V2; Onset Com-

puter Corporation) spaced vertically at 5-m intervals between 5 and

40 m below the surface of Chilko Lake (Figure 1). In the spring and

late fall, when the lake was not stratified and water temperature did

not change with depth (Figure S1), we averaged the temperatures

recorded across all data loggers in the lake. In the summer and early

fall, when the lake was stratified, we only averaged temperatures for

the data loggers that were deployed between 10 and 25 m, which is

the range of depths in which S. confluentus were caught.

The degree of binge-feeding exhibited by individual S. confluentus

was calculated as the ratio between observed consumption (C; the

wet mass of stomach contents) and Cmax, and we defined binge-

feeding as C/Cmax > 1 (Essington et al., 2000; Furey et al., 2016). To

determine how the degree of binge-feeding differed across body sizes

and across spatial and temporal gradients, we used a GLM with a

gamma distribution and log link function to assess the relationship

between C/Cmax and variables for fish mass, sampling period and

UTM northing coordinates for capture locations. The global model

included all interactions between explanatory variables. Continuous

variables were centred and standardized (Schielzeth, 2010), and all-

subsets regression and model averaging were conducted following

the same approach used for analysis of relative consumption.

2.7 | Changes in organ size

To assess the potential physiological response of S. confluentus to

O. nerka smolt migration and spawning, we examined seasonal

changes in the size of digestive organs and organs that support

digestion, which followed a similar protocol to that of Armstrong and

Bond (2013). During the spring, summer and late fall sampling

periods, we euthanized a subset of S. confluentus by overdose of tri-

caine methanesulfonate (400 mg L�1 MS-222 and 800 mg L�1

sodium bicarbonate); the number of S. confluentus euthanized was

set by our collection permit issued by the British Columbia Ministry

of Forests, Lands, Natural Resource Operations and Rural Develop-

ment (Permit No. WL21-620288). An initial sample of

14 S. confluentus was collected between 5 and 10 May, approxi-

mately 2 weeks after the start of the smolt migration. A second sam-

ple of 15 S. confluentus was collected between 24 July and 5 August,

approximately 6 weeks after the smolt migration ended and 6 weeks

before spawning adult O. nerka arrived in the river. A final sample of

14 S. confluentus was collected between 13 and 21 October, nearly

4 weeks after O. nerka began spawning in the river. Sampling was

not distributed evenly throughout the study area. In the spring,

12 S. confluentus were caught in the river and in the northern

�15 km of the lake, and two were caught in the lake �40 km from

the lake outlet. In the summer, one S. confluentus was caught in the

river and 15 were caught throughout the lake. In the fall,

12 S. confluentus were caught in the river and two were caught in
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the northern �20 km of the lake. Immediately following euthanasia,

each S. confluentus was wrapped in plastic film (to minimize desicca-

tion), held in a cooler on ice for no more than 8 h and frozen to

�20�C at the end of each day.

In the laboratory, we thawed S. confluentus on ice and dissected

out the stomach, pyloric caeca, intestine, liver, spleen and heart. To

maintain repeatability, the stomach, pyloric caeca and intestine were

separated at natural constrictions and cleared of food and digesta. Each

organ was weighed to the nearest 1 mg and then dried in an oven set

to 70�C for at least 72 h until a stable dry mass was achieved. The final

dry mass of each organ was recorded to the nearest 1 mg.

Changes in organ size between sampling periods were analysed

using separate models for each organ. For the stomach, liver and heart,

we used generalized least squares (GLS) regression, which allowed us

to address the heterogeneity of residuals by specifying a variance struc-

ture that allowed the spread of residuals to differ between sampling

periods (constant variance structure). For the pyloric caeca, intestine

and spleen, we used a GLM with a gamma distribution and a log link

function. The different approach between the two sets of organs was

required to meet assumptions for the distribution and variance of the

model residuals. In each model, the response variable was the dry mass

of the organ divided by S. confluentus FL (mg mm�1) and sampling

period was the only explanatory variable. We standardized organ dry

mass by FL rather than by body mass because S. confluentus exhibited

seasonal variability in body mass but not length (Figure S2). Including

sex as a random effect did not improve AICC scores for any of the

models, so we analysed changes in organ size using only the fixed

effect of sampling period in each model. To assess model performance,

the AICC value for each model was compared with the AICC value for a

null model, and we tested for changes in deviance via an F-test

between the null model and the model that included sampling period.

2.8 | Condition

The condition factor (K) was calculated for S. confluentus as:

Ki ¼ wi

l3i

 !
�100,000

where wi is the mass of the fish (g) minus the mass of its stomach con-

tents and li is FL (mm) (Bolger & Connolly, 1989). To determine how

condition factor differed across time and space, we conducted regres-

sion analysis using GLS regression following the protocol described by

Zuur et al. (2009) (see details for the analysis of fish condition in the

Supporting Information). Briefly, a global model was constructed that

included sampling period, the UTM northing coordinates for capture

locations and their interaction as explanatory variables. To improve

the interpretability of regression coefficients, we centred the UTM

northing variable by subtracting its mean value (Schielzeth, 2010) and

dividing it by 10,000 so that the model coefficients reflected changes

in condition for every 10-km change in UTM northing rather than for

every 1-m change. We compared five candidate models nested within

the global model by performing all-subsets regression using the

MuMIn package (Bartoń, 2023) in R, and the top model was selected

using AICC (Burnham & Anderson, 2002). GLS models were con-

structed using the nlme package (Pinheiro & Bates, 2023). Model

assumptions were verified by plotting residuals against fitted values

and against each covariate (Zuur et al., 2009).

3 | RESULTS

3.1 | Diet composition

In the spring, juvenile O. nerka were prevalent in the stomachs of

S. confluentus caught in the river (FOO = 85%, PM = 75%) and the lake

(FOO = 49%, PM = 41%; Table S1). Juvenile O. nerka were also pre-

sent in S. confluentus stomachs in the summer (29%), early fall (8%–

13%) and late fall (5%–10%), although PM during these periods was

only 4%–20%. Oncorhynchus nerka eggs were found in S. confluentus

stomachs in the early fall (FOO = 8%–13%, PM = 5%–8%), but their

contribution to stomach contents was greatest during the late fall when

O. nerka spawning was near its peak (lake: FOO = 65%, PM = 24%;

river: FOO = 76%, PM = 51%). Oncorhynchus nerka carcass flesh was

also found in S. confluentus stomachs in the early fall (PM = 8%,

FOO = 8%) and late fall (PM = 12%–22%, FOO = 21%–25%).

3.2 | Relative consumption

The proportion of S. confluentus with an empty stomach was smallest

in the late fall (9.4%), followed by the spring (16.6%), summer (24.0%)

and early fall (32.8%). The binomial GLM confirmed that the probabil-

ity of a stomach containing food was associated with sampling period

(Figure S3a). Relative to the spring, the probability that a stomach was

not empty was similar in the summer (p = 0.226) and late fall

(p = 0.402) but significantly reduced in the early fall (p = 0.012)

(Figure 2a). The probability that a stomach contained food was not

influenced by body mass, capture location (i.e. UTM northing coordi-

nates) or the interaction between capture location and sampling

period (Figure S3a). Furthermore, neither the three-way interaction

between sampling period, UTM northing and body mass, nor the two-

way interaction between sampling period and body mass were

retained among the candidate models with ΔAICC < 4 (Table S2).

For the S. confluentus with non-empty stomachs (n = 239), rela-

tive consumption ranged from <0.1% to 15.2% of body mass

(mean = 2.1%, standard deviation [SD] = 3.1%). Relative consumption

was similar in the spring (mean = 3.0%, SD = 3.6%) and late fall

(mean = 2.7%, SD = 3.3%), and all instances of relative consumption

>5.0% occurred during these sampling periods. Mean relative con-

sumption was reduced in the summer (0.3%, SD = 0.5%) and early fall

(0.7%, SD = 1.0%). All candidate GLMs used in model averaging

included the interaction between sampling period and the UTM north-

ing coordinates for capture locations (Table S2), which had an impor-

tant association with relative consumption (Figure S3b). In the spring,
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summer and late fall, relative consumption was higher for

S. confluentus caught further north in the system (i.e. larger UTM

northing coordinates; Figure 2b). The effect of capture location on rel-

ative consumption was significant in the spring (estimate = 0.54,

z = 3.68, p < 0.001), with relative consumption increasing by

1.71-fold (95% CI = 1.29–2.29) for every 1 SD increase in UTM

northing coordinates (12,875.41 m). Compared to the spring, the

effect of capture location was similar in the late fall (estimate = 0.51,

z = 1.65, p = 0.099), significantly higher in the summer

(estimate = 2.85, z = 2.78, p = 0.005) and significantly reduced in the

early fall (estimate = �0.56, z = 2.28, p = 0.023). For instance, a 1 SD

increase in UTM northing was associated with a 2.86-fold increase

(95% CI = 1.17–7.02) in relative consumption in the late fall, a

29.54-fold increase (95% CI = 2.98–292.93) in the summer and

a 0.98-fold decrease (95% CI = 0.46–2.11) in the early fall (Figure 2b).

The interaction between S. confluentus body mass and sampling

period was also associated with relative consumption (Figure S3b). In

the spring, relative consumption was estimated to increase by 1.85-fold

(95% CI = 1.26–2.72) for every 1 SD increase in mass (590 g). Relative

consumption was estimated to increase by 2.80-fold (95% CI = 0.93–

8.43) in the early fall and by 1.18-fold (95% CI = 0.48–2.89) in the late

fall for every 1 SD increase in mass. In the summer, the effect of mass

was significantly smaller (estimate = �1.55, z = 2.22, p = 0.026) than

in the spring, with relative consumption estimated to change by only

0.39-fold for each 1 SD increase in mass.

3.3 | Binge-feeding

In the spring, when O. nerka smolts were migrating from the lake, 71%

of S. confluentus that had a non-empty stomach exhibited binge-

feeding, with observed consumption (C) ranging from 1.04- to

21.50-fold Cmax (mean = 6.55, SD = 5.32) and smolts accounting for

0%–100% (mean = 77%, SD = 32%) of stomach contents by mass

for binge-feeding individuals. None of the S. confluentus sampled in

the summer exhibited binge-feeding and only one sampled in the early

fall exhibited binge-feeding at 1.20-fold Cmax, although this individ-

ual's stomach contained a single large fish at the time of sampling.

Binge-feeding was exhibited by 47% of S. confluentus that had a non-

empty stomach in the late fall, with rates ranging from 1.05- to

7.69-fold Cmax (mean = 2.85, SD = 1.70). Oncorhynchus nerka eggs

and carcasses accounted for 0–100% (mean = 59%, SD = 46%) and
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F IGURE 2 (a) Model-averaged predictions of the probability and 95% confidence interval that Salvelinus confluentus did not have an empty
stomach at the time of capture across sampling periods. (b) Relative consumption by mass of S. confluentus across sampling periods. Lines represent
the fitted values from a generalized linear model based on the UTM northing coordinates for capture locations, and the shaded areas represent the
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0–99% (mean = 11%, SD = 28%) of stomach contents by mass,

respectively, for binge-feeding S. confluentus in the late fall.

For the analysis of factors influencing the degree of binge-

feeding, the model-averaged GLM identified an important association

with the interaction between sampling period and UTM northing

(Figure S4). In the spring, summer and late fall, C/Cmax was generally

higher for S. confluentus that were caught further north (i.e. closer to

the lake outlet and Chilko River). In the spring, a 1 SD increase in

UTM northing coordinates for capture location (12,875.41 m) was

associated with a 1.21-fold (95% CI = 0.91–1.63) increase in C/Cmax

(Figure 3), although the effect was not significant (estimate = 0.19,

z = 1.30, p = 0.194). Relative to the spring, the effect of UTM north-

ing was significantly greater in the summer (estimate = 3.17, z = 2.34,

p = 0.019) and late fall (estimate = 0.83, z = 2.63, p = 0.009), with C/

Cmax estimated to increase by 28.80-fold (95% CI = 1.52–546.39) and

2.78-fold (95% CI = 1.12–6.91), respectively, for a 1 SD increase in

UTM northing (Figure 3). The effect of capture location on the degree

of binge-feeding was similar in the early fall (estimate = �0.24,

z = 0.95, p = 0.343) to the spring, with C/Cmax estimated to change

by 0.96-fold (95% CI = 0.44–2.10) for a 1 SD increase in UTM

northing.

The model-averaged GLM also identified an important association

between the degree of binge-feeding and S. confluentus mass

(Figure S4). In the spring, there was a significant effect of mass on C/

Cmax (estimate = 0.74, z = 3.66, p < 0.001), which was estimated to

increase by 2.10-fold (95% CI = 1.41–3.12) for a 1 SD increase in

mass (590 g). In the summer, early fall and late fall, a 1 SD increase

in mass was associated with changes in C/Cmax of 0.43-fold (95%

CI = 0.06–3.22), 2.79-fold (95% CI = 0.90–8.64) and 1.33-fold

(95% CI = 0.50–3.49), respectively; however, the effect of mass in

each of these sampling periods was not significantly different from

the effect in the spring (summer: estimate = �1.58, z = 1.92,

p = 0.055; early fall: estimate = 0.28, z = 0.75, p = 0.451; late fall:

estimate = �0.46, z = 1.58, p = 0.114).

3.4 | Changes in organ size

Season had a significant effect on length-specific dry mass for the

stomach, pyloric caeca, intestine, liver and spleen, but not for

the heart (Tables S4 and S5). The length-specific dry masses of the

stomach, pyloric caeca, intestine, liver and spleen were all signifi-

cantly larger in the spring and fall compared to the summer

(Table S6). The largest differences in mass between the spring and

summer were observed in the spleen and stomach, which were

94% and 70% larger in the spring, respectively, while the liver, pylo-

ric caeca and intestine were between 52% and 68% larger in the

spring (Figure 4). In the fall, the stomach, pyloric caeca, intestine

and spleen were between 102% and 188% larger than in the sum-

mer, while the liver was 307% larger than in the summer (Figure 4).

The heart was 17% and 39% larger in the spring and fall, respec-

tively, compared to the summer, although the differences were not

significant (Table S6).

3.5 | Condition

For the analysis of S. confluentus condition, the top-ranked model

included sampling period and the UTM northing coordinates for cap-

ture locations as main effects. Including an interaction between sam-

pling period and capture location improved the AICC score

(AICC = �464.7) compared to a model with only the main effects

(AICC = �453.6; Table S7), suggesting that the interaction was impor-

tant. In the spring, condition factor (mean = 0.89 g mm�3,

SE = 0.01 g mm�3) was slightly higher than in both the summer

(mean = 0.83 g mm�3, SE = 0.01 g mm�3) and early fall (mean-

= 0.82 g mm�3, SE = 0.01 g mm�3), and was at its highest in the late

fall (mean = 1.00 g mm�3, SE = 0.02 g mm�3) (Figure 5a). A general

trend was observed across sampling periods where condition was

higher for fish caught further north in the study area (Figure 5b). In

the spring, capture location (UTM northing) had a positive and signifi-

cant effect on condition (Table 1), with condition estimated to

increase by 0.03 g mm�3 for each 10-km shift in the south-to-north

direction. The effect of capture location on condition was similar in

the summer to the spring, significantly reduced in the early fall and

significantly larger in the late fall (Table 1). For example, in the early

fall, a 10-km shift in capture location in the south-to-north direction

was associated with an increase in condition of 0.01 g mm�3, while a

shift in capture location over the same distance in the late fall was

associated with an increase in condition of 0.10 g mm�3.

4 | DISCUSSION

We found S. confluentus diet was strongly associated with seasonal

resource pulses provided by O. nerka life cycle events, with high rates

of consumption during the outmigration of smolts in the spring and

spawning in the fall. Relative consumption was generally greater for

S. confluentus that were caught near the lake outlet and in the Chilko

River, where outmigrant smolts are funnelled into high densities and

where most O. nerka spawning occurs. During these periods, O. nerka

accounted for nearly all prey items in S. confluentus stomachs, particu-

larly in the Chilko River. Further, consumption rates often represented

binge-feeding during the smolt migration and salmon spawning

periods, with the highest rates of binge-feeding exhibited by

S. confluentus caught near the lake outlet. These results indicate that

spatiotemporal overlap with O. nerka facilitates opportunities for

S. confluentus to consume salmon subsidies at high rates.

Our results support the findings of other studies that suggest

binge-feeding can act as a mechanism for consumers to forage at high

rates when prey is abundant. However, the frequency and magnitude

of binge-feeding observed in this study generally exceeds others that

observed consumption ranging from 1.6- to 10-fold Cmax for between

13% and 40% of fish predators across various species (Essington

et al., 2000; Green et al., 2011; Hansen et al., 2019). Only in studies

of consumers exploiting subsidies provided by Pacific salmon has the

prevalence or magnitude of hyperphagia been comparable to the rates

we observed. For instance, consumption exceeded Cmax by up to
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6-fold for >95% of brook trout Salvelinus fontinalis (Mitchill 1814) and

brown trout Salmo trutta L. 1758 sampled during spawning by

O. tshawytscha and O. kisutch (Hermann et al., 2020), while juvenile

O. kisutch consumed salmon eggs at rates 200- to 400-fold Cmax

(Armstrong et al., 2013). Likewise, Furey et al. (2016) observed hyper-

phagia up to 20-fold higher than Cmax for S. confluentus consuming

O. nerka smolts in the Chilko River. However, this study is the first to

investigate binge-feeding by a single consumer population in response

to seasonally distinct resource pulses (i.e. salmon smolts vs. salmon

eggs). In doing so, we identified both seasonal and spatial effects on

binge-feeding, which suggests that being in specific locations at par-

ticular times may offer potential energetic benefits to consumers.

The degree of binge-feeding exhibited by S. confluentus was cal-

culated using a bioenergetics model, which considers the water

Stomach

2

4

6

8

10 Pyloric caeca

0

10

20

30 Intestine

1

2

3

4

Liver

0

10

20

30

Spr
in
g

Sum
m

er Fa
ll

Spleen

0.0

0.5

1.0

1.5

Spr
in
g

Sum
m

er Fa
ll

Heart

0.5

1.0

1.5

Spr
in
g

Sum
m

er Fa
ll

L
e

n
g

th
−

s
p

e
c
if
ic

d
ry

m
a

s
s

(m
g

m
m

−
1
) F IGURE 4 Length-specific dry masses

of Salvelinus confluentus organs collected
in the spring, summer and fall of 2021.
Solid black circles depict the mean for
each season and error bars show ±1
standard error. Small grey circles
represent individual S. confluentus.

0.50

0.75

1.00

1.25

1.50

Spr
in
g

Sum
m

er

Ear
ly
 fa

ll

La
te

 fa
ll

Sample period

C
o
n
d
it
io

n
fa

c
to

r
(K

)

(a)

0.50

0.75

1.00

1.25

1.50

56.7 56.8 56.9 57.0 57.1 57.2

UTM northing (/100,000)

C
o
n
d
it
io

n
fa

c
to

r
(K

)

Spring Summer Early fall Late fall

(b)

F IGURE 5 (a) Condition factor for Salvelinus confluentus across sampling periods. Small circles denote individual S. confluentus, large circles
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between sampling periods. Data points represent individual S. confluentus, solid lines represent the best fit regression lines from generalized least
squares regression and shaded areas represent 95% confidence interval of the regression lines. The dashed vertical line represents the UTM
northing coordinate for the lake outlet.

TABLE 1 Parameter coefficients, standard errors (SEs) and
significance values for the generalized least squares regression
between Salvelinus confluentus condition and UTM northing
coordinates for capture locations across sampling periods.

Parameter Estimate SE t value p value

Intercept (spring) 0.88 0.01 91.25 <0.001

Summer �0.01 0.03 �0.40 0.690

Early fall �0.06 0.02 �3.87 <0.001

Late fall 0.05 0.03 1.89 0.059

UTM northing 0.03 0.01 3.60 <0.001

Summer: UTM northing 0.01 0.02 0.48 0.631

Early fall: UTM northing �0.02 0.01 �2.03 0.043

Late fall: UTM northing 0.07 0.02 3.18 0.002
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temperature experienced by the fish and the mass of the fish when

estimating Cmax (Deslauriers et al., 2017). Despite relative consump-

tion being similar between the spring and late fall, the degree of

binge-feeding was greater in the spring. This finding may be driven by

seasonal differences in water temperatures, which were up to

2.6-times higher in the late fall compared to the spring, resulting in

stomach contents of the same relative mass accounting for a smaller

proportion of Cmax. Elevated water temperatures would also acceler-

ate digestion (Volkoff & Rønnestad, 2020) and, when combined with

the tendency for eggs to burst during gastric lavage, could have led to

underestimation of stomach content mass in the late fall, biasing our

estimates of binge-feeding. However, it is important to note that

binge-feeding does not account for differences in nutritional value or

energy content among food types. The eggs of Chilko O. nerka are

approximately twice as energy dense as smolts (A. Kanigan, unpub-

lished data), therefore even though the highest rates of binge-feeding

were associated with the consumption of smolts, eggs may represent

an equally important seasonal resource. Consequently, comparisons

of binge-feeding—whether across temporally distinct resource pulses

or between different consumer-resource systems—should consider

energy content of prey alongside total consumption to fully identify

the energetic consequences of resource exploitation (e.g. Furey

et al., 2016).

Relative consumption in fishes generally exhibits negative allome-

tric scaling with body mass (Jobling, 1994). However, this relationship

did not hold during the spring or fall, as larger S. confluentus exhibited

higher relative consumption; similarly, the degree of binge feeding

(i.e. the ratio of observed consumption to predicted maximum con-

sumption) increased with body mass. A possible explanation is that

size-based competitive interactions and physiological trade-offs asso-

ciated with food intake shape contrasting foraging strategies. During

the migration of O. nerka smolts from Chilko Lake, larger S. confluentus

were consistently situated in an area of highest foraging efficiency

(Furey et al., 2016) and occupied small areas, while smaller individuals

occupied larger areas and exhibited movements that were consistent

with tracking smolt behaviour (Kanigan, 2025). Therefore, larger indi-

viduals may exclude others from areas with the highest resource avail-

ability, as is common in drift-feeding stream fishes (Fausch, 1984;

Nakano, 1995). Although consuming large meals reduces aerobic

scope for other activities (Norin & Clark, 2017), large individuals may

be able to mitigate these costs by limiting movement. In contrast,

smaller S. confluentus may occupy less favourable feeding positions or

may limit food intake to avoid the physiological constraints associated

with large meals and to maintain aerobic capacity. It is not clear

whether such behaviour could explain higher consumption for larger

S. confluentus in the fall; size-based dominance hierarchies can

develop during salmon spawning, although such interactions may

break down as larger individuals become satiated (Bailey et al., 2019).

In addition, larger fish may simply be more effective on predating on

smolts. Thus, resource pulses may affect foraging strategies differ-

ently across size classes.

In response to prey migration, predators can express movements

ranging from fine-scale aggregations that result in opportunistic

exploitation to large-scale movements to track or intercept prey

(Abrahms et al., 2021; Furey et al., 2018). Salvelinus confluentus under-

take seasonal, long-distance movements towards the upper Chilko

River that align with the timing of O. nerka smolt migrations and

spawning across multiple years (Furey & Hinch, 2017; Kanigan, 2025),

likely demonstrating migratory coupling (Furey et al., 2018). Our find-

ings suggest that such movements may facilitate exploitation of

pulsed resources. It remains unclear, then, why not all Chilko Lake

S. confluentus move towards the lake outlet during O. nerka smolt

migration and spawning periods. One possible reason is that move-

ment is energetically costly (Boisclair & Leggett, 1989) and the bene-

fits of moving over large distances to exploit salmon might not

outweigh these costs for some individuals, particularly if there is suffi-

cient prey elsewhere in the system during pulse periods. Indeed, the

continuum of predator responses to migrant prey includes remaining

stationary (e.g. Brönmark et al., 2008). Thus, to fully understand the

potential benefits of resource pulse exploitation, future investigations

should quantify prey availability in areas that pulsed resources are not

available or less aggregated. Further, researchers should attempt to

quantify the energetic benefits from consumption and the energetic

costs of movements towards resource pulses, which would help

determine the conditions that facilitate migratory coupling (Furey

et al., 2018).

The life history of S. confluentus may also influence their ability to

exploit O. nerka. Chilko S. confluentus spawn in the fall in lake tribu-

taries located 40 km or more from the lake outlet (R. Dolighan, BC

Ministry of Environment, personal communication), creating a spatio-

temporal mismatch with O. nerka spawning. Additionally,

S. confluentus exhibit variability in spawning frequency, with some

individuals spawning annually and others spawning in alternate years

(Downs et al., 2006; Johnston & Post, 2009). Therefore, S. confluentus

caught in the Chilko River during salmon spawning may have sacri-

ficed spawning in the study year, while those that remained in the lake

prioritized spawning over exploiting the salmon subsidy. This suggests

there may be interesting trade-offs between the energetic benefits of

resource exploitation and spawning in either space or time

(e.g. Hahlbeck et al., 2022), which could augment future reproductive

efforts (as fecundity increases with body size) and immediate repro-

ductive effort in a given spawning season.

The seasonal timing of O. nerka smolt migration and spawning

was associated with increased size for several organs, which implies

that S. confluentus exhibited phenotypic plasticity in their digestive

physiology. While variation in rates of consumption between seasons

may be the primary mechanism driving changes in organ size, the

function of individual organs and seasonal variation in diet composi-

tion may also play a role. For instance, the substantial increase in mass

for the liver between summer and fall may be related to its dual role

in supporting assimilation and storage of lipids; lipid-rich salmon eggs

accounted for a high proportion of S. confluentus stomach contents in

the fall, and the ratio of dry mass to wet mass of the liver was 33%

higher in the fall than in the spring, and 31% higher in the fall than in

the summer, indicating increased lipid content. The pyloric caeca func-

tions to increase the absorptive surface of the proximal intestine,
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which is the location along the gastrointestinal tract where lipid

hydrolysis is initiated (Krogdahl et al., 2011). Thus, the increased size

of the pyloric caeca in the fall may be associated with the digestion of

lipid-rich salmon eggs. We also observed little change in the size

of the heart, although this is not surprising given that there is gener-

ally less plasticity in heart mass compared to organs that make up the

gastrointestinal tract and the liver (Piersma & van Gils, 2011). The size

of the spleen also changed between seasons, although the cause is

unclear. Armstrong and Bond (2013) found that a larger spleen in

Dolly Varden Salvelinus malma (Walbaum 1792) was correlated with

decreased digestive capacity, possibly linked to immune system upre-

gulation (Press et al., 1994) due to physiological stress during a period

of famine. If spleen size is tied to immune response during periods of

minimal intake, it is unclear why it was smallest for S. confluentus in

the summer when consumption was reduced. Regardless of the

underlying mechanisms, digestive flexibility can increase the rate of

digestion, which could facilitate binge-feeding (Furey et al., 2016).

Digestive flexibility is assumed to occur in fishes that experience

predictable fluctuations in resource availability (Armstrong &

Schindler, 2011; Piersma & van Gils, 2011), suggesting the upregula-

tion of digestive capacity may be expressed in anticipation of a pulse

(i.e. as opposed to in response to increased consumption). Pre-

emptively increasing digestive capacity could help maximize exploita-

tion. However, maintaining large digestive machinery is metabolically

costly (Piersma & van Gils, 2011) and can reduce the available scope

for aerobic processes like activity and growth (Fu et al., 2022). Thus,

increasing digestive capacity prior to an expected pulse could be ener-

getically costly if a sudden loss or extreme reduction in the magnitude

of a pulse occurred. For example, O. nerka spawning escapement to

the Chilko River in 2024 was �90% lower than the historical average

after a landslide temporarily blocked migration, undoubtedly reducing

egg deposition and smolt production. Certainly, the loss of the pulse

itself is costly, but potentially compounded by unnecessary invest-

ment in increasing digestive capacity in anticipation. Such events are

expected to become more frequent with climate change

(Sobie, 2020), compounding other climate-related factors affecting

salmon migration success (Hinch et al., 2012; Keefer et al., 2008;

Martins et al., 2011; Miller et al., 2011). Thus, disrupting historically

predictable resource pulses may have complex consequences for spe-

cies adapted to exploiting such opportunities.

Consumers that exploit resource pulses can experience increased

rates of energy intake (Armstrong & Bond, 2013; Ivan et al., 2011)

and growth (Bentley et al., 2012; Mangipane et al., 2020), but these

effects are likely influenced by the quantity, quality, timing and dura-

tion of the pulse (Subalusky & Post, 2019). Across all sampling periods,

S. confluentus condition was highest in the late fall, especially among

individuals caught in the river where O. nerka primarily spawn. This

result suggests that these subsidies contributed to increased condi-

tion, as has been found for other fishes that consume salmonid eggs

(Johnson & Ringler, 1979). During the smolt migration, S. confluentus

caught near the lake outlet were also in better condition than those

caught in the lake. However, despite similar consumption rates—and

even higher rates of binge-feeding—the effect of capture location on

condition was weaker in the spring than in the late fall. This finding

may reflect differences in the timing of sampling, variation in resource

energy density and temperature-related physiological constraints on

growth. We first observed smolts in stomachs on 22 April; it is unclear

if S. confluentus were consuming smolts earlier, but it is unlikely based

on the recent historical timing of the start of smolt emigration (14–19

April 2017–2019; B. Leaf, Fisheries and Oceans Canada, personal

communication). In contrast, although consumption of salmon eggs

was highest in the late fall (11–22 October), we first observed eggs in

stomachs on 16 September. Thus, it is possible that S. confluentus

were consuming eggs for up to 25 days before sampling began in the

late fall. Furthermore, eggs are more energy dense than smolts (eggs

9052 J g�1, smolts 4488 J g�1; A. Kanigan, unpublished data) and the

average daily water temperatures in the Chilko River during O. nerka

spawning (7.3–11.8�C) were closer to the optimal temperatures for

S. confluentus growth (12–16�C; Mesa et al., 2013; Selong et al., 2001)

than during the smolt migration (4.5–5.9�C). These findings highlight

that not only resource availability, but also energy content and envi-

ronmental factors influence the extent to which consumers benefit

from resource pulses.

Accurately measuring consumption is essential for estimating the

contribution of prey to consumer diets. Daily consumption estimates

were based solely on stomach contents collected via gastric lavage,

meaning it is possible we did not fully collect all contents within sto-

machs (Chipps & Garvey, 2007). However, inspecting the stomachs of

S. confluentus that were dissected revealed that gastric lavage was

generally effective at clearing stomach contents. Future research

could combine analysis of stomach contents with alternative

approaches to tracking energy flow in aquatic food webs, including

stable isotope analysis (Fry, 2006), which reflects materials actually

assimilated by the consumer. Such approaches could help estimate

the contribution of pulsed resources to consumers' annual diets,

highlighting the importance of traits like binge-feeding and digestive

flexibility in securing energy when consumers experience extreme

fluctuations in resource availability.

Our findings demonstrate that S. confluentus exploit O. nerka

through binge-feeding and by expanding their digestive capacity,

highlighting behavioural and physiological mechanisms that allow

S. confluentus to capitalize on ephemeral resource pulses. Previous

work in our study system demonstrated that S. confluentus can move

up to 70 km to exploit these pulses and adjust their fine-scale move-

ments to match the behaviour of outmigrating O. nerka smolts

(Kanigan, 2025). These findings could be integrated with projected

changes in water temperature and hydrology (Islam, Curry,

et al., 2019; Islam, Hay, et al., 2019; Porter & Nelitz, 2009), as well as

expected climate-related impacts on salmon migration timing (Crozier

et al., 2008; Kovach et al., 2013) and survival (Crossin et al., 2008;

Martins et al., 2012), to generate predictions of S. confluentus persis-

tence under future climate scenarios via bioenergetics models

(Brownscombe et al., 2022). Salvelinus confluentus is a cold-water

adapted species of conservation concern (COSEWIC, 2012;

USFWS, 2024) that is sensitive to elevated water temperatures

(Kovach et al., 2019), and Salvelinus spp. have declined following the
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loss of salmon subsidies (Rode, 1990). Thus, such work could inform

conservation planning and management for S. confluentus, while also

clarifying how binge-feeding and digestive flexibility may buffer the

effects of climate change by mediating the energetic consequences of

warming and altered prey availability (Volkoff & Rønnestad, 2020).

In conclusion, we demonstrated that a single consumer popula-

tion can simultaneously exhibit behavioural and physiological traits to

exploit multiple seasonal resource pulses, and that consumption rates

vary along a spatial gradient of presumed prey availability. The

extreme binge-feeding observed in areas of high salmon abundance

emphasizes the importance of resource pulses to consumers and

sheds light on the potential for intra-population differences in how

consumers respond to transient feeding opportunities. Additionally,

phenotypic plasticity in digestive physiology highlights a potentially

important mechanism for maintaining an energy budget surplus in sys-

tems that experience extreme fluctuations in resource availability.

This work highlights that exploitation depends not only on resource

availability, but also on behavioural and physiological traits that enable

consumers to capitalize on resource pulses, providing insight into the

mechanisms that sustain populations in highly variable environments.

Understanding these dynamics will be especially valuable for project-

ing how shifts in resource abundance or pulse timing may affect the

persistence of consumer populations.
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