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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

21 | 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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FIGURE 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.

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 Lacepéde 1803, and red-
side shiner Richardsonius balteatus (Richardson 1836) are also present
(B.C. Ministry of Environment, 2023).

s FISHBIOLOGY |

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
0. 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-um 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.

85U0|7 SUOWIWIOD 8AI1e81D) 3 (ed!dde ayy Aq peusenob ae ssjolle YO 8sn JO Sa|nJ Joj Areiq18UIIUQ AB|IA UO (SUONIPUOD-PUE-SWLBY/LIoD" A3 1M ARe.d Ul |uD//SdNL) SUORIPUOD Pue SWe | 8U388S *[9202/90/62] Uo ARiqiTaul|uo A8|IM ‘2202 Q4TTTT 0T/I0p/u0o Ao | Areiq1jeul|uo//sdny woly papeoumod ‘Z 9202 ‘6798560T



BN ... FISHBIOLOGY |

KANIGAN ET AL.

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 AAIC¢ < 4 relative to the model with the lowest AICc; all-subsets
regression and model averaging were performed using the MuMIn pack-
age (Barton, 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 (Cls) 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 (Cpnax) Was calculated
using the Wisconsin bioenergetics model (Kitchell et al., 1977) param-
eterized for S. confluentus (Mesa et al., 2013). Temperatures used to
calculate C,.x 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 C.. and we defined binge-
feeding as C/Cyax > 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/Cnax 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 mgL~! MS-222 and 800 mglL~?!
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~2) 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:

K; = <‘%> x 100,000

i

where w; is the mass of the fish (g) minus the mass of its stomach con-
tents and /; 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 (Barton, 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 | Dietcomposition

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 AAICc < 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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FIGURE 2

UTM northing (/100,000)

(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
95% confidence intervals of the fitted lines. Data points represent individual S. confluentus and their size is proportional to the mass of the fish. The
dashed vertical line represents the UTM northing coordinate for the lake outlet. A square root transformation was applied to the y axis.

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% ClI = 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
(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% Cl=1.17-7.02) in relative consumption in the late fall, a
29.54-fold increase (95% Cl=2.98-292.93) in the summer and
a 0.98-fold decrease (95% Cl = 0.46-2.11) in the early fall (Figure 2b).

The interaction between S. confluentus body mass and sampling

summer

period was also associated with relative consumption (Figure S3b). In
the spring, relative consumption was estimated to increase by 1.85-fold
(95% Cl = 1.26-2.72) for every 1 SD increase in mass (590 g). Relative
consumption was estimated to increase by 2.80-fold (95% Cl = 0.93-
8.43) in the early fall and by 1.18-fold (95% Cl = 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 Cax (mean = 6.55, SD = 5.32) and smolts accounting for

25 (@ Spring @ Summer ¢ Early fall & Late fall
1)

20_-<1500g ©1500g ®2500g @ 3500 g o ©
154 ° o 8 & °
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|

Degree of binge—feeding (C/Cy,4x)
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FIGURE 3 Degree of binge-feeding exhibited by Salvelinus
confluentus across sampling periods. Solid lines represent the fitted
values from a generalized linear model based on the UTM northing
coordinates for capture locations and the shaded areas represent 95%
confidence interval of the fitted lines. Data points denote individual

S. confluentus and their size is proportional to the mass of the fish.
The dashed vertical line represents the UTM northing coordinate for
the lake outlet, and the horizontal dashed line denotes a threshold for
binge-feeding. A square root transformation was applied to the y axis.

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 C,.y, 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 C.x (mean = 2.85, SD = 1.70). Oncorhynchus nerka eggs
and carcasses accounted for 0-100% (mean = 59%, SD = 46%) and
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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/C,,.x 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% Cl = 0.91-1.63) increase in C/Cpax
(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/
Crnax €stimated to increase by 28.80-fold (95% Cl = 1.52-546.39) and
2.78-fold (95% Cl = 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/C,,.x estimated to change
by 0.96-fold (95% Cl = 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/
Crnax (estimate = 0.74, z = 3.66, p < 0.001), which was estimated to
increase by 2.10-fold (95% Cl = 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/C,.x of 0.43-fold (95%
Cl =0.06-3.22), 2.79-fold (95% Cl=0.90-8.64) and 1.33-fold
(95% Cl = 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 Sé). 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 Sé6).

s FISHBIOLOGY |

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 gmm 3
SE =0.01 gmm~3) was slightly higher than in both the summer

3 SE=001gmm~3) and early fall (mean-

(mean = 0.83 g mm™
=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~2, 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 C,,.x 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 Cn.x by up to
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between sampling periods. Data points represent individual S. confluentus, solid lines represent the best fit regression lines from generalized least
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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

Intercept (spring)
Summer

Early fall

Late fall

UTM northing

Summer: UTM northing
Early fall: UTM northing
Late fall: UTM northing

Estimate
0.88
—-0.01
—-0.06
0.05
0.03
0.01
-0.02
0.07

SE

0.01
0.03
0.02
0.03
0.01
0.02
0.01
0.02

t value
91.25
-0.40
-3.87
1.89
3.60
0.48
-2.03
3.18

p value
<0.001
0.690
<0.001
0.059
<0.001
0.631
0.043
0.002

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 Cpax
(Armstrong et al., 2013). Likewise, Furey et al. (2016) observed hyper-
phagia up to 20-fold higher than C.. 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
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temperature experienced by the fish and the mass of the fish when
estimating Cn.x (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 C.,. Elevated water temperatures would also acceler-
ate digestion (Volkoff & R@nnestad, 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
etal, 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
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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. Brénmark 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
etal, 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 g7, smolts 4488 J g~; 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 & Rennestad, 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.

AUTHOR CONTRIBUTIONS

A.M.K,, S.G.H. and N.B.F. conceived the ideas and designed the meth-
odology. AM.K,, A.G.L. and P.Z. collected the data. A.M.K. conducted
laboratory work, analysed the data and led the writing of the manu-
script. All authors contributed critically to editing drafts of the
manuscript and gave final approval for publication.

ACKNOWLEDGEMENTS

We thank the Xeni Gwet'in First Nation and the TSilhgot'in National
Government for allowing access to their land to conduct field work.
Arthur Bass and David Moulton assisted with field work. Patrick
Donohue and Haiden MacDonald assisted with laboratory work. Field
work was funded by research grants awarded to A.M.K. by the Fisher-
ies Society of the British Isles and the Western Division of the Ameri-
can Fisheries Society. A portion of the field work was conducted
during a concurrent study funded by the Habitat Conservation Trust
Foundation of British Columbia. A.M.K. was funded by a Natural Sci-
ences and Research Council of Canada graduate scholarship.

FUNDING INFORMATION

The Habitat Conservation Trust Foundation (Project No. 5-296), the
Fisheries Society of the British Isles (Grant No. FSBI-RG20-213) and
the American Fisheries Society Western Division (Small Project
Grant, 2020).

CONFLICT OF INTEREST STATEMENT
The authors declare that there are no conflicts of interest regarding

the publication of this article.

ORCID

Adam M. Kanigan "2 https://orcid.org/0000-0002-7878-607X

REFERENCES

Abrahms, B., Aikens, E. O., Armstrong, J. B., Deacy, W. W,
Kauffman, M. J., & Merkle, J. A. (2021). Emerging perspectives on
resource tracking and animal movement ecology. Trends in Ecology &
Evolution, 36, 308-320.

Armstrong, J. B., & Bond, M. H. (2013). Phenotype flexibility in wild fish:
Dolly Varden regulate assimilative capacity to capitalize on annual
pulsed subsidies. Journal of Animal Ecology, 82, 966-975.

Armstrong, J. B., & Schindler, D. E. (2011). Excess digestive capacity in
predators reflects a life of feast and famine. Nature, 476, 84-87.

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.

B.C. Ministry of Environment. (2023). Fish Inventories Data Queries.
https://a100.gov.bc.ca/pub/fidg/searchMultipleWaterbodies.do

Bailey, C. J., Andersson, L. C., Arbeider, M., Bradford, K., & Moore, J. W.
(2019). Salmon egg subsidies and interference competition among
stream fishes. Environmental Biology of Fishes, 102, 915-926.

Barton, K. (2023). MuMlIn: Multi-Model Inference, 2023.

Bentley, K. T., Schindler, D. E., Armstrong, J. B., Zhang, R., Ruff, C. P., &
Lisi, P. J. (2012). Foraging and growth responses of stream-dwelling
fishes to inter-annual variation in a pulsed resource subsidy. Ecosphere,
3, art113.

Boisclair, D., & Leggett, W. (1989). The importance of activity in bioener-
getics models applied to actively foraging fishes. Canadian Journal of
Fisheries and Aquatic Sciences, 46, 1859-1867.

Bolger, T., & Connolly, P. (1989). The selection of suitable indices for the
measurement and analysis of fish condition. Journal of Fish Biology, 34,
171-182.

Bronmark, C., Skov, C., Brodersen, J., Nilsson, P. A., & Hansson, L.-A.
(2008). Seasonal migration determined by a trade-off between preda-
tor avoidance and growth. PLoS One, 3, e1957.

Brownscombe, J. W., Lawrence, M. J., Deslauriers, D., Filgueira, R,
Boyd, R. J., & Cooke, S. J. (2022). Applied fish bioenergetics. In S. J.
Cooke, N. A. Fangue, A. P. Farrell, C. J. Brauner, & E. J. Eliason (Eds.),
Fish physiology (pp. 141-188). Elsevier.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information-theoretic approach (2nd ed.). Springer.

Chipps, S. R., & Garvey, J. E. (2007). Assessment of food habits and feeding
patterns. In C. S. Guy & M. L. Brown (Eds.), Analysis and interpretation
of freshwater fisheries data. American Fisheries Society.

Christel, C. M., DeNardo, D. F., & Secor, S. M. (2007). Metabolic and diges-
tive response to food ingestion in a binge-feeding lizard, the Gila mon-
ster (Heloderma suspectum). Journal of Experimental Biology, 210,
3430-3439.

Conover, D. O. (1992). Seasonality and the scheduling of life history at dif-
ferent latitudes. Journal of Fish Biology, 41, 161-178.

COSEWIC. (2012). Assessment and status report on the bull trout Salvelinus
confluentus in Canada. Committee on the Status of Endangered Wild-
life in Canada.

COSEWIC. (2020). Assessment and status report on the steelhead trout
Oncorhynchus mykiss (Thompson River and Chilcotin River populations) in
Canada. Committee on the Status of Endangered Wildlife in Canada.

Crossin, G. T., Hinch, S. G., Cooke, S. J., Welch, D. W., Patterson, D. A,
Jones, S. R. M, Lotto, A. G, Leggatt, R. A, Mathes, M. T,
Shrimpton, J. M., Van Der Kraak, G., & Farrell, A. P. (2008). Exposure
to high temperature influences the behaviour, physiology, and survival
of sockeye salmon during spawning migration. Canadian Journal of
Zoology, 86, 127-140.

85U0|7 SUOWIWIOD 8AI1e81D) 3 (ed!dde ayy Aq peusenob ae ssjolle YO 8sn JO Sa|nJ Joj Areiq18UIIUQ AB|IA UO (SUONIPUOD-PUE-SWLBY/LIoD" A3 1M ARe.d Ul |uD//SdNL) SUORIPUOD Pue SWe | 8U388S *[9202/90/62] Uo ARiqiTaul|uo A8|IM ‘2202 Q4TTTT 0T/I0p/u0o Ao | Areiq1jeul|uo//sdny woly papeoumod ‘Z 9202 ‘6798560T


https://orcid.org/0000-0002-7878-607X
https://orcid.org/0000-0002-7878-607X
https://a100.gov.bc.ca/pub/fidq/searchMultipleWaterbodies.do

KANIGAN ET AL.

e FISHBIOLOGY 1

Crozier, L. G., Hendry, A. P., Lawson, P. W., Quinn, T. P., Mantua, N. J,,
Battin, J., Shaw, R. G., & Huey, R. B. (2008). Potential responses to cli-
mate change in organisms with complex life histories: Evolution and
plasticity in Pacific salmon. Evolutionary Applications, 1, 252-270.

Denton, K. P., Rich, H. B., & Quinn, T. P. (2009). Diet, movement, and
growth of Dolly Varden in response to sockeye salmon subsidies.
Transactions of the American Fisheries Society, 138, 1207-1219.

Deslauriers, D., Chipps, S. R., Breck, J. E., Rice, J. A., & Madenjian, C. P.
(2017). Fish bioenergetics 4.0: An R-based modeling application. Fish-
eries, 42, 586-596.

Downs, C. C., Horan, D., Morgan-Harris, E., & Jakubowski, R. (2006).
Spawning demographics and juvenile dispersal of an adfluvial bull trout
population in Trestle Creek, Idaho. North American Journal of Fisheries
Management, 26, 190-200.

Essington, T. E., Hodgson, J. R., & Kitchell, J. F. (2000). Role of satiation in
the functional response of a piscivore, largemouth bass (Micropterus
salmoides). Canadian Journal of Fisheries and Aquatic Sciences, 57,
548-556.

Fausch, K. D. (1984). Profitable stream positions for salmonids: Relating
specific growth rate to net energy gain. Canadian Journal of Zoology,
62,441-451.

Fry, B. (2006). Stable isotope ecology. Springer.

Fu, S.-J., Dong, Y.-W., & Killen, S. S. (2022). Aerobic scope in fishes with
different lifestyles and across habitats: Trade-offs among hypoxia tol-
erance, swimming performance and digestion. Comparative Biochemis-
try and Physiology Part A: Molecular & Integrative Physiology, 272,
111277.

Furey, N. B., Armstrong, J. B., Beauchamp, D. A,, & Hinch, S. G. (2018).
Migratory coupling between predators and prey. Nature Ecology & Evo-
lution, 2, 1846-1853.

Furey, N. B., & Hinch, S. G. (2017). Bull trout movements match the life
history of sockeye salmon: Consumers can exploit seasonally distinct
resource pulses. Transactions of the American Fisheries Society, 146,
450-461.

Furey, N. B., Hinch, S. G., Mesa, M. G., & Beauchamp, D. A. (2016). Piscivo-
rous fish exhibit temperature-influenced binge feeding during an
annual prey pulse. Journal of Animal Ecology, 85, 1307-1317.

Gende, S. M., Edwards, R. T., Willson, M. F., & Wipfli, M. S. (2002). Pacific
salmon in aquatic and terrestrial ecosystems. Bioscience, 52, 917.

Giroux, M.-A,, Berteaux, D., Lecomte, N., Gauthier, G., Szor, G., & Béty, J.
(2012). Benefiting from a migratory prey: Spatio-temporal patterns in
allochthonous subsidization of an arctic predator. Journal of Animal
Ecology, 81, 533-542.

Green, S., Akins, J., & Coté, I. (2011). Foraging behaviour and prey con-
sumption in the indo-Pacific lionfish on Bahamian coral reefs. Marine
Ecology Progress Series, 433, 159-167.

Grueber, C. E., Nakagawa, S., Laws, R. J., & Jamieson, I. G. (2011). Multimo-
del inference in ecology and evolution: Challenges and solutions. Jour-
nal of Evolutionary Biology, 24, 699-711.

Hahlbeck, N., Tinniswood, W. R,, Sloat, M. R,, Ortega, J. D., Wyatt, M. A,,
Hereford, M. E., Ramirez, B. S., Crook, D. A., Anlauf-Dunn, K. J., &
Armstrong, J. B. (2022). Contribution of warm habitat to cold-water
fisheries. Conservation Biology, 36, e13857.

Hansen, A. G., Thompson, J. S., Hargis, L. N., Brauch, D., & Johnson, B. M.
(2019). Predatory threat of introduced yellow perch in a salmonid-
dominated reservoir food web. North American Journal of Fisheries
Management, 39, 172-190.

Hartig, F. (2022). DHARMa: Residual diagnostics for hierarchical regres-
sion models, 2022.

Hermann, N. T., Chaloner, D. T., Gerig, B. S., & Lamberti, G. A. (2020). Eco-
logical consequences of Great Lakes salmon subsidies for stream-
resident brook and brown trout. Canadian Journal of Fisheries and
Aquatic Sciences, 77,1758-1771.

Hinch, S. G., Cooke, S. J., Farrell, A. P., Miller, K. M., Lapointe, M., &
Patterson, D. A. (2012). Dead fish swimming: A review of research on

the early migration and high premature mortality in adult Fraser River
sockeye salmon Oncorhynchus nerka. Journal of Fish Biology, 81,
576-599.

Irvine, J. R,, & Akenhead, S. A. (2013). Understanding smolt survival trends
in sockeye salmon. Marine and Coastal Fisheries, 5, 303-328.

Islam, S. U., Curry, C. L., Déry, S. J., & Zwiers, F. W. (2019). Quantifying
projected changes in runoff variability and flow regimes of the Fraser
River basin, British Columbia. Hydrology and Earth System Sciences, 23,
811-828.

Islam, S. U., Hay, R. W.,, Déry, S. J., & Booth, B. P. (2019). Modelling the
impacts of climate change on riverine thermal regimes in western
Canada's largest Pacific watershed. Scientific Reports, 9, 11398.

Ivan, L. N., Rutherford, E. S., & Johengen, T. H. (2011). Impacts of adfluvial
fish on the ecology of two Great Lakes tributaries. Transactions of the
American Fisheries Society, 140, 1670-1682.

Jobling, M. (1994). Fish bioenergetics. In Fish and Fisheries. Chapman &
Hall/CRC.

Johnson, J. H., & Ringler, N. H. (1979). Predation on Pacific salmon eggs by
salmonids in a tributary of Lake Ontario. Journal of Great Lakes
Research, 5, 177-181.

Johnston, F. D., & Post, J. R. (2009). Density-dependent life-history com-
pensation of an iteroparous salmonid. Ecological Applications, 19,
449-467.

Kanigan, A. M. (2025). Behavioural and physiological responses by bull trout
to resource pulses associated with sockeye salmon migrations [PhD the-
sis, University of British Columbia Vancouver, B.C].

Keefer, M. L., Peery, C. A., & Heinrich, M. J. (2008). Temperature-mediated
en route migration mortality and travel rates of endangered Snake
River sockeye salmon. Ecology of Freshwater Fish, 17, 136-145.

Kersten, M., & Visser, W. (1996). The rate of food processing in the oyster-
catcher: Food intake and energy expenditure constrained by a diges-
tive bottleneck. Functional Ecology, 10, 440.

Kitchell, J., Stewart, D., & Weininger, D. (1977). Applications of a bioener-
getics model to yellow perch (Perca flavescens) and walleye (Stizoste-
dion vitreum vitreum). Journal of the Fisheries Research Board of Canada,
34,1910-1921.

Kovach, R., Jonsson, B., Jonsson, N., Arismendi, I, Williams, J.,
Kershner, J., & Muhlfeld, C. (2019). Climate change and the future of
trout and char. In J. L. Kershner, J. E. Williams, R. E. Gresswell, & J.
Lobdn-Cervia (Eds.), Trout and char of the world (pp. 685-716). Ameri-
can Fisheries Society.

Kovach, R. P., Joyce, J. E., Echave, J. D., Lindberg, M. S., & Tallmon, D. A.
(2013). Earlier migration timing, decreasing phenotypic variation, and
biocomplexity in multiple salmonid species. PLoS One, 8, e53807.

Krogdahl, A., Sundby, A., & Bakke, A. (2011). Gut secretion and digestion.
In A. P. Farrell, E. D. Stevens, J. J. Cech, & J. G. Richards (Eds.), Encyclo-
pedia of fish physiology: From genome to environment (pp. 1301-1310).
Academic Press, an Imprint of Elsevier.

Mangipane, L. S., Lafferty, D. J. R,, Joly, K., Sorum, M. S., Cameron, M. D.,
Belant, J. L., Hilderbrand, G. V., & Gustine, D. D. (2020). Dietary plas-
ticity and the importance of salmon to brown bear (Ursus arctos) body
size and condition in a low Arctic ecosystem. Polar Biology, 43,
825-833.

Martins, E. G., Hinch, S. G., Cooke, S. J., & Patterson, D. A. (2012). Climate
effects on growth, phenology, and survival of sockeye salmon (Oncor-
hynchus nerka): A synthesis of the current state of knowledge and
future research directions. Reviews in Fish Biology and Fisheries, 22,
887-914.

Martins, E. G., Hinch, S. G., Patterson, D. A., Hague, M. J., Cooke, S. J.,
Miller, K. M,, ... Farrell, A. P. (2011). Effects of river temperature and
climate warming on stock-specific survival of adult migrating Fraser
River sockeye salmon (Oncorhynchus nerka). Global Change Biology, 17,
99-114.

McWilliams, S. R., & Karasov, W. H. (2001). Phenotypic flexibility in diges-
tive system structure and function in migratory birds and its ecological

85U0|7 SUOWIWIOD 8AI1e81D) 3 (ed!dde ayy Aq peusenob ae ssjolle YO 8sn JO Sa|nJ Joj Areiq18UIIUQ AB|IA UO (SUONIPUOD-PUE-SWLBY/LIoD" A3 1M ARe.d Ul |uD//SdNL) SUORIPUOD Pue SWe | 8U388S *[9202/90/62] Uo ARiqiTaul|uo A8|IM ‘2202 Q4TTTT 0T/I0p/u0o Ao | Areiq1jeul|uo//sdny woly papeoumod ‘Z 9202 ‘6798560T



KANIGAN ET AL.

significance. Comparative Biochemistry and Physiology Part A: Molecu-
lar & Integrative Physiology, 128, 577-591.

Mesa, M. G., Weiland, L. K., Christiansen, H. E., Sauter, S. T.,, &
Beauchamp, D. A. (2013). Development and evaluation of a bioener-
getics model for bull trout. Transactions of the American Fisheries Soci-
ety, 142,41-49.

Miller, K. M., Li, S., Kaukinen, K. H., Ginther, N., Hammill, E.,
Curtis, J. M. R., Curtis, J. M., Patterson, D. A., Sierocinski, T.,
Donnison, L., Pavlidis, P., Hinch, S. G., Hruska, K. A., Cooke, S. J,,
English, K. K., & Farrell, A. P. (2011). Genomic signatures predict migra-
tion and spawning failure in wild Canadian salmon. Science, 331,
214-217.

Nakano, S. (1995). Individual differences in resource use, growth and emi-
gration under the influence of a dominance hierarchy in fluvial red-
spotted masu salmon in a natural habitat. Journal of Animal Ecology, 64,
75-84.

Naya, D. E., Karasov, W. H., & Bozinovic, F. (2007). Phenotypic plasticity in
laboratory mice and rats: A meta-analysis of current ideas on gut size
flexibility. Evolutionary Ecology Research, 9, 1363-1374.

Norin, T., & Clark, T. D. (2017). Fish face a trade-off between ‘eating big’
for growth efficiency and ‘eating small’ to retain aerobic capacity. Biol-
ogy Letters, 13,20170298.

Piersma, T., & van Gils, J. A. (2011). The flexible phenotype: A body-centred
integration of ecology, physiology, and behaviour. Oxford University
Press.

Pinheiro, J., & Bates, D. (2023). nime: linear and nonlinear mixed effects
models, 2023.

Polis, G. A., Anderson, W. B., & Holt, R. D. (1997). Toward an integration
of landscape and food web ecology: The dynamics of spatially subsi-
dized food webs. Annual Review of Ecology and Systematics, 28,
289-316.

Porter, M., & Nelitz, M. (2009). A future outlook on the effects of climate
change on bull trout (Salvelinus confluentus) habitats in the
Cariboo-Chilcotin. Prepared by ESSA Technologies Ltd. for Fraser
Salmon and Watersheds Program, B.C. Ministry of Environment, and
Pacific Fisheries Resource Conservation Council.

Press, C. M. L., Dannevig, B. H., & Landsverk, T. (1994). Immune and
enzyme histochemical phenotypes of lymphoid and nonlymphoid cells
within the spleen and head kidney of Atlantic salmon (Salmo salar L.).
Fish & Shellfish Inmunology, 4, 79-93.

R Core Team. (2024). R: a language and environment for statistical com-
puting, 2024.

Rode, M. (1990). Bull trout, Salvelinus confluentus Suckley, in the McCloud
River: status and recovery recommendations. Inland fisheries adminis-
trative report.

sm FISHBIOLOGY

Scheuerell, M. D., Moore, J. W., Schindler, D. E., & Harvey, C. J. (2007).
Varying effects of anadromous sockeye salmon on the trophic ecology
of two species of resident salmonids in southwest Alaska. Freshwater
Biology, 52, 1944-1956.

Schielzeth, H. (2010). Simple means to improve the interpretability of
regression coefficients. Methods in Ecology and Evolution, 1, 103-113.

Secor, S. M., & Diamond, J. (1998). A vertebrate model of extreme physio-
logical regulation. Nature, 395, 659-662.

Selong, J. H., McMahon, T. E., Zale, A. V., & Barrows, F. T. (2001). Effect
of temperature on growth and survival of bull trout, with applica-
tion of an improved method for determining thermal tolerance in
fishes. Transactions of the American Fisheries Society, 130, 1026-
1037.

Sobie, S. R. (2020). Future changes in precipitation-caused landslide fre-
quency in British Columbia. Climatic Change, 162, 465-484.

Subalusky, A. L., & Post, D. M. (2019). Context dependency of animal
resource subsidies. Biological Reviews, 94, 517-538.

USFWS. (2024). 5-year status review: Coterminous United States population
of bull trout (Salvelinus confluentus). U.S. Fish and Wildlife Service.

Volkoff, H., & Regnnestad, I. (2020). Effects of temperature on feeding and
digestive processes in fish. Temperature, 7, 307-320.

Yang, L. H., Bastow, J. L., Spence, K. O., & Wright, A. N. (2008). What can
we learn from resource pulses? Ecology, 89, 621-634.

Yang, L. H., Edwards, K. F., Byrnes, J. E., Bastow, J. L., Wright, A. N., &
Spence, K. O. (2010). A meta-analysis of resource pulse-consumer
interactions. Ecological Monographs, 80, 125-151.

Zuur, A. F.,, leno, E. N., Walker, N., Saveliev, A. A, & Smith, G. M. (2009).
Mixed effects models and extensions in ecology with R. Statistics for Biol-
ogy and Health. Springer New York.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Kanigan, A. M., Hinch, S. G,, Lotto,
A. G., Zubick, P., & Furey, N. B. (2026). Bull trout (Salvelinus
confluentus) exhibit binge-feeding and digestive flexibility
during seasonal resource pulses associated with salmon
migrations. Journal of Fish Biology, 108(2), 421-433. https://
doi.org/10.1111/jfb.70242

85U0|7 SUOWIWIOD 8AI1e81D) 3 (ed!dde ayy Aq peusenob ae ssjolle YO 8sn JO Sa|nJ Joj Areiq18UIIUQ AB|IA UO (SUONIPUOD-PUE-SWLBY/LIoD" A3 1M ARe.d Ul |uD//SdNL) SUORIPUOD Pue SWe | 8U388S *[9202/90/62] Uo ARiqiTaul|uo A8|IM ‘2202 Q4TTTT 0T/I0p/u0o Ao | Areiq1jeul|uo//sdny woly papeoumod ‘Z 9202 ‘6798560T


https://doi.org/10.1111/jfb.70242
https://doi.org/10.1111/jfb.70242

	Bull trout (Salvelinus confluentus) exhibit binge‐feeding and digestive flexibility during seasonal resource pulses associa...
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Ethics statement
	2.2  |  Study system
	2.3  |  Fish capture and sampling
	2.4  |  Diet composition
	2.5  |  Relative consumption
	2.6  |  Binge‐feeding
	2.7  |  Changes in organ size
	2.8  |  Condition

	3  |  RESULTS
	3.1  |  Diet composition
	3.2  |  Relative consumption
	3.3  |  Binge‐feeding
	3.4  |  Changes in organ size
	3.5  |  Condition

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


