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Abstract
In temperate ecosystems, resource availability fluctuates seasonally due to 
changes	 in	 environmental	 conditions	 and	 productivity.	 Intra-		 and	 inter-	specific	
trophic niche overlap under resource limitation is a measure of competitive inter-
actions and influences species coexistence and community dynamics, but patterns 
of this overlap are influenced by anthropogenic activities. To investigate seasonal 
trophic	niche	dynamics	of	coexisting	 fish	species	 in	a	 flow-	altered	river,	we	ana-
lysed prey resources, stomach content samples and stable isotope signatures of 
mottled sculpin Cottus bairdii and juvenile brown trout Salmo trutta in the Blue 
River,	Colorado,	USA,	a	high-	elevation	oligotrophic	river.	Prey	biomass	(i.e.	benthic	
macroinvertebrates)	peaked	 in	spring	and	declined	through	summer	and	autumn.	
Stomach content and stable isotope analysis results showed that diet composition 
of mottled sculpin and brown trout varied seasonally in response to changes in prey 
availability. Stomach content analysis results revealed that in autumn, both spe-
cies exhibited the highest frequency of empty stomachs and expanded population 
trophic	 niches	 due	 to	 increased	 inter-	individual	 diet	 variation	 despite	 decreased	
individual	trophic	niche	breadth.	Inter-	specific	trophic	niche	overlap	was	relatively	
high across all seasons, but the lowest degree of overlap occurred in autumn of 
both years when prey availability was lowest. Isotopic analysis revealed similar 
trends to stomach content analysis, of wider isotopic niches and reduced overlap 
in autumn compared to spring. Our data indicated that seasonal variation affected 
individual-		 and	 population-	level	 trophic	 niche	 dynamics	 and	 inter-	specific	 niche	
overlap between mottled sculpin and brown trout. This trophic segregation under 
resource limitation may serve as a mechanism that facilitates species coexistence 
in	a	flow-	regulated,	oligotrophic	river.
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1  |  INTRODUC TION

Knowledge	on	 intra-		and	 inter-	specific	niche	overlap	 is	paramount	
to understanding dynamics of stream populations and communities 
(Bolnick	et	al.,	2002; Durbec et al., 2010; Larocque et al., 2021)	and	
the	 structure	of	 stream	ecosystems	 (Araújo	 et	 al.,	2011;	Maitland	
& Rahel, 2023;	Mason	et	al.,	2008).	 Individual	variation	in	ecologi-
cal	niche	space	can	be	high	in	lotic	organisms	(Bolnick	et	al.,	2007; 
Jirka & Kraft, 2017)	and	the	degree	of	intra-	specific	niche	variation	
has been used to quantify ecological and evolutionary capacities 
of	species	 to	adapt	 to	environmental	change	 (Bolnick	et	al.,	2002; 
Brazil-	Sousa	et	al.,	2023).	Niche	overlap	between	species	can	 lead	
to	the	extirpation	of	a	 less	competitive	species	 (Bøhn	et	al.,	2008; 
Gause, 1934; Hardin, 1960).	 Characterizing	 both	 intra-		 and	 inter-	
specific	niche	overlap	is	needed	to	predict	species	coexistence	(Da	
Silva et al., 2017; Durbec et al., 2010),	where	stronger	intra-	specific	
niche	overlap	relative	to	 inter-	specific	overlap	facilitates	the	coex-
istence	 of	 ecologically	 similar	 species	 (Chesson,	2000).	 Intra-		 and	
inter-	specific	niche	overlap	changes	over	time	in	seasonal	streams,	
where resource availability varies with shifts in environmental con-
ditions	 and	 productivity	 throughout	 the	 year	 (Falke	 et	 al.,	 2020; 
Marcarelli	 et	 al.,	2020;	 Neves,	 Costa-	Pereira,	 et	 al.,	2021;	 Neves,	
Kratina, et al., 2021).	Quantifying	 this	 temporal	pattern	 is	becom-
ing more important in stream fish management because anthropo-
genic disturbances such as dams and climate change are shifting the 
seasonality	 and	 phenology	 of	 lotic	 ecosystems	 (Poff	 et	 al.,	 1997; 
Staudinger et al., 2021).

Trophic niche width reflects the range of resources an individ-
ual or population uses and can expand or contract in response to 
resource	 availability	 and	 the	 relative	 intensity	 of	 intra-		 and	 inter-	
specific	 competition	 (Araújo	 et	 al.,	 2011; De Santis et al., 2021; 
Roughgarden, 1972).	A	population's	niche	width	can	expand	through	
three	primary	mechanisms:	 (1)	 individuals	 adopt	a	more	generalist	
foraging	 strategy	 (i.e.	 individual	 niche	 expansion),	 (2)	 individuals	
specialize on different resources, reducing niche overlap within 
the	 population	 (between-	individual	 variation)	 or	 (3)	 a	 combination	
of	 both	 (Bolnick	 et	 al.,	 2010; Liang et al., 2020; Sargeant, 2007).	
The	 release	 from	 inter-	specific	competition	 is	predicted	 to	 lead	 to	
population niche expansion, either through increased individual 
niche	 breadth	 (parallel	 release	 hypothesis)	 or	 increased	 between-	
individual	variation	(niche	variation	hypothesis)	(Bolnick	et	al.,	2010; 
Van Valen, 1965).	 Both	 processes	 of	 niche	 expansion	 following	
the	 release	 from	 inter-	specific	 competition	 have	 been	 observed	
across	 various	 studies	 (Costa-	Pereira	 et	 al.,	 2017; Hammerschlag 
et al., 2010;	 Sánchez-	Hernández	 et	 al.,	 2021).	 Conversely,	 when	
resources are limited, sympatric species are expected to diverge in 
resource use, often through niche contraction, to minimize niche 
overlap	 and	 inter-	specific	 competition	 (Macarthur	&	 Levins,	1967; 
Neves,	Kratina,	et	al.,	2021; Tran et al., 2015).

Similar niche divergence can occur within a species when com-
petition intensifies due to high population densities and resource 

limitation.	Here,	 increased	 intra-	specific	 competition	 is	 associated	
with increased individual specialization and population niche ex-
pansion	(Araújo	et	al.,	2008; Svanbäck & Bolnick, 2007).	In	this	con-
text, niche expansion results from greater trophic niche partitioning 
among	 individuals	within	 the	 population	 (between-	individual	 vari-
ation),	 even	when	 individual	 niches	 contract.	Despite	 the	 growing	
body	 of	 research	 in	 this	 area,	 patterns	 of	 inter-		 and	 intra-	specific	
trophic niche dynamics in relation to resource availability exhibit sig-
nificant variation among different regions and aquatic communities 
(Flood	et	al.,	2023; Kornis et al., 2020).

This	 knowledge	 gap	 is	 particularly	 evident	 in	 flow-	regulated	
rivers. Dams have caused widespread alterations to river flows, 
and these alterations are likely to continue as water development 
projects occur globally as a climate change adaptation strat-
egy. Yet, our understanding of how fish populations respond to 
these changes at individual and population scales remains limited 
(Freeman	et	 al.,	2022).	Here,	we	 studied	mottled	 sculpin	 (Cottus 
bairdii)	 and	 brown	 trout	 (Salmo trutta),	 two	 fish	 species	 that	 co-
exist	 in	 many	 coldwater	 streams	 throughout	 North	 America	
(Becker,	 1983).	 Although	 sculpin	 are	 often	 considered	 potential	
prey	 for	 trout	 (Meredith	 et	 al.,	2015),	 sculpin	 and	 juvenile	 trout	
share	 similar	 niches	 (Gabler	 &	 Amundsen,	 1999; Hesthagen 
et al., 2004; Louhi et al., 2014)	 and	 dietary	 preferences,	 in-
cluding benthic macroinvertebrates and other small prey items 
(Becker,	1983).	 Despite	 their	 prevalence	 and	 niche	 overlap,	 few	
studies have evaluated how seasonal resource availability affects 
trophic	 dynamics	 of	 brown	 trout	 and	 mottled	 sculpin	 in	 flow-	
regulated	rivers.	(Larocque	et	al.,	2021).

In	this	study,	we	used	stomach	content	analysis	(SCA)	and	sta-
ble	 isotope	 analysis	 (SIA)	 to	 evaluate	 seasonal	 trophic	 niche	 dy-
namics of mottled sculpin and juvenile brown trout in the Blue 
River,	an	oligotrophic	and	regulated	river	located	in	north-	central	
Colorado,	USA.	Both	 SCA	 and	 SIA	 are	 common	methods	 in	 tro-
phic	niche	and	food	web	studies.	On	one	hand,	SCA	offers	a	snap-
shot of diet composition at the time of sampling and provides a 
higher	 level	 of	 taxonomic	 resolution	 (Nielsen	 et	 al.,	 2018).	 On	
the	other	hand,	SIA	reflects	the	assimilation	of	resources	into	an	
organism's	tissue	over	time	(weeks	or	months)	and	offers	a	more	
time-	integrated	 representation	 of	 an	 organism's	 niche	 (Matley	
et al., 2016; Thomas & Crowther, 2015).	Therefore,	we	chose	 to	
use	a	combination	of	SCA	and	SIA	to	gain	a	more	comprehensive	
understanding of temporal variations in trophic dynamics of mot-
tled sculpin and juvenile brown trout. We tested the following pre-
dictions	in	this	study:	(1)	the	study	species'	trophic	niches	would	
shift	quantitatively	(feeding	intensity)	and	qualitatively	(diet	com-
position)	in	response	to	changes	in	resource	availability;	(2)	limited	
resource availability would promote individual diet specialization 
and	variation	among	individuals	and	(3)	consequently,	 limited	re-
source	 availability	 would	 lead	 to	 population-	level	 trophic	 niche	
expansion and increased trophic niche overlap between the two 
species.
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2  |  MATERIAL S AND METHODS

2.1  |  Study system

The	 Blue	 River	 is	 a	 Rocky	 Mountain	 stream	 in	 north-	central	
Colorado,	USA,	and	is	a	tributary	of	the	Colorado	River.	It	originates	
in	the	Tenmile	Range	(3900 m	elevation)	and	has	a	watershed	area	
of	1800 km2.	The	Blue	River	is	approximately	105 km	long	and	31 m	
wide on average under base flow conditions in our study area. This 
region experiences a temperate climate with seasonal variation in 
temperature	 (annual	mean:	4.6°C)	 and	precipitation	 (annual	mean:	
517 mm).	There	are	two	large,	hypolimnetic	release	dams	on	the	Blue	
River	upstream	of	the	study	area:	Dillon	Dam	(surface	area:	13.1 km2; 
volume:	0.32 km3)	and	Green	Mountain	Dam	(surface	area:	8.6 km2; 
volume:	 0.19 km3).	 These	 dams	 serve	 multiple	 purposes	 including	
supplying municipal and irrigation water to local communities, gen-
erating hydroelectric power and diverting water to the eastern slope 
of	the	Rocky	Mountains.	The	dams	have	trapped	nutrients,	resulting	
in	oligotrophic	conditions	downstream	of	the	impoundments	(Bauch	
et al., 2014),	 and	 have	 also	 altered	 the	 thermal	 and	 flow	 regimes	
of	 the	 river	 (Figure S1),	 resulting	 in	 temporal	variation	 in	 resource	
availability.

Compared	 to	 the	 Eagle	 River	 (a	 nearby	 unregulated	 refer-
ence	 stream),	 the	Blue	River	 experiences	 similar	mean	daily	 flows	
(2021:	 Blue = 7.1 m3/s,	 Eagle = 7.06 m3/s;	 2022:	 Blue = 6.7 m3/s, 
Eagle = 9.7 m3/s),	 however,	 their	 seasonal	 flow	 patterns	 are	 mark-
edly	 different.	 During	 early	 summer	 months	 (May–July),	 the	 Blue	
River	 experiences	 low	 flows	 compared	 to	 the	 Eagle	 River	 (2021:	
Blue = 5.5 m3/s,	 Eagle = 18.4 m3/s;	 2022:	 Blue = 3.0 m3/s, Eagle 
27.8 m3/s).	While	 in	 early	 autumn	 (August–October)	 the	 trend	 re-
verses and the Blue River exhibits peak flows that are higher than 
those	 of	 the	 Eagle	 River	 (2021:	 Blue = 11.1 m3/s,	 Eagle = 4.1 m3/s; 
2022:	Blue = 11.8 m3/s,	Eagle = 4.4 m3/s).	The	Blue	River	also	experi-
ences a generally cooler and more stable thermal regime compared 
to	the	Eagle	River	(2021:	Blue = 1.9–13.1°C,	Eagle = 0–20.8°C;	2022:	
Blue = 1–12.7°C,	Eagle = 0–20.4°C),	due	to	dams	releasing	hypolim-
netic water. In our study area, brown trout and mottled sculpin are 
the	two	predominant	fish	species,	and	rainbow	trout	(Oncorhynchus 
mykiss)	are	occasionally	observed.

Two additional unique aspects of this study merit mention. First, 
ecological restoration via nutrient addition is being planned in the 
Blue River. To effectively monitor the ecological response to this 
restoration effort, baseline data were needed, which we report 
here. Second, a recent genetic study suggests that there may be 
more	than	a	single	sculpin	species	in	the	Colorado	River	basin	(Young	
et al., 2022).	Even	if	taxonomic	uncertainties	remain	in	the	mottled	
sculpin complex, our population is located at the southern edge of 
their	native	range	in	a	high-	elevation	river	and	provides	key	ecologi-
cal information to characterize their diversity. Our current study was 
motivated by these unique taxonomic, ecological and conservation 
contexts.

2.2  |  Field sampling

Sampling was conducted at five sites, each approximately 100 
metres	 in	 length,	 along	a	4 km	 stretch	of	 the	Lower	Blue	River,	 in	
spring	(May),	summer	(August),	and	autumn	(October)	of	2021	and	
2022.	Our	goal	was	to	focus	on	juvenile	brown	trout	(80–200 mm)	
and	mottled	sculpin	(80–135 mm).	This	size	range	aimed	to	capture	
sexually	 immature	 brown	 trout,	 as	 they	 typically	 reach	 80 mm	 in	
their	first	year	and	achieve	sexual	maturity	around	200 mm	(Pavlov	
et al., 2020; Taube, 1976).	Data	on	sculpin	maturity	in	our	region	are	
limited,	but	 research	 suggests	 females	exceeding	40 mm	are	 likely	
mature	(Grossman	et	al.,	2002; Patten, 1971).	The	largest	sculpin	ob-
served	in	our	study	was	135 mm.

Fish were collected along the margins of the river, using a 
three-	pass	removal	method	with	backpack	electrofishers	 (Smith-	
Root	Model	LR-	24;	Vancouver,	WA,	USA).	To	estimate	fish	abun-
dance,	 we	 calculated	 catch-	per-	unit-	effort	 (CPUE)	 based	 on	 the	
average	number	of	fish	per	square	meter	 (fish/m2)	caught	during	
the first pass at each site during each sampling occasion. We chose 
to calculate CPUE based on fish from the first pass because we 
did not use blocknets to prevent fish movement, which likely vio-
lated the assumption of a closed population required for depletion 
methods. CPUE changed over time due partly to catch efficiency 
at	 different	 flows.	 Brown	 trout	 (80–200 mm)	 had	 a	 CPUE	 range	
of	0.02–0.07	fish/m2	(mean:	0.04)	across	sampling	occasions,	and	
mottled	sculpin	(80–135 mm)	had	a	CPUE	range	of	0.02–0.04	fish/
m2	(mean:	0.03).

All	captured	fish	from	the	three	electrofishing	passes	were	mea-
sured	 (brown	 trout	with	 fork	 length	 [FL]	and	mottled	sculpin	with	
total	 length	 [TL];	 to	 the	nearest	mm)	and	weighed	 (to	 the	nearest	
g).	A	minimum	of	 30	 fish	within	 our	 size	 range	 (brown	 trout:	 80–
200 mm;	mottled	 sculpin:	 80–135 mm)	were	 targeted	 for	 stomach	
content analysis. If the target number was not collected during the 
initial three passes, additional sampling was performed. Fish meet-
ing	the	target	size	range	were	anesthetized	(AQUI-	S®,	Lower	Hutt,	
New	 Zealand)	 and	 gastrically	 lavaged	 to	 collect	 stomach	 content	
samples. Of these sampled fish, 15 individuals per species, varying 
in size, were sacrificed for stable isotope analysis using an overdose 
of	Aqui-	S.	Stomach	content	samples	and	sacrificed	fish	were	placed	
on ice in the field and subsequently frozen at the laboratory until 
they were processed.

To evaluate seasonal variation in resource availability for fish, 
benthic	macroinvertebrates	 (BMI)	were	 sampled	within	 1–2 weeks	
of	our	fish	sampling	events	(except	for	autumn	of	2022	when	sam-
pling	did	not	occur).	At	each	sample	site,	three	random	samples	were	
collected from both the top and bottom of the reach using a Surber 
sampler	(500 μm	net;	0.09 m2).	These	samples	were	pooled	(one	for	
top	reach	and	one	for	bottom	reach)	and	subsequently	sent	to	the	
Aquatic	 Biology	Associates	 (Corvallis,	OR,	USA)	 for	 identification,	
and	 abundance	 and	biomass	 estimates	 (using	 length-	mass	 conver-
sion equations; Benke et al., 1999).
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2.3  |  Laboratory sample preparation and  
processing

2.3.1  |  Stomach	content	analysis

Stomach content analysis was performed on 827 brown trout and 
758 mottled sculpin. Prey were identified to the lowest taxonomic 
level	possible	 (Family	or	Order,	depending	on	 the	 level	of	diges-
tion)	using	a	dissecting	microscope.	Body	length	or	head	capsule	
width	 of	 each	 prey	 item	 was	 measured	 to	 the	 nearest	 0.1 mm	
and	 then	 converted	 to	 whole-	body	 dry	 mass	 estimates	 using	
length-	mass	relationships	(Benke	et	al.,	1999; Collins, 1992; Sabo 
et al., 2002).	Prey	were	then	categorized	into	14	different	groups:	
(1)	Ephemeroptera	larvae,	(2)	Plecoptera	larvae,	(3)	Trichoptera	lar-
vae,	(4)	Diptera	larvae,	(5)	Coleoptera	larvae,	(6)	Coleoptera	adults,	
(7)	Gastropoda,	(8)	Amphipoda,	(9)	Isopoda,	(10)	Oligochaeta,	(11)	
Emergent	aquatic	insects,	(12)	Terrestrial	insects,	(13)	Salmonidae	
or	(14)	Other.	The	‘Other’	group	consisted	of	prey	items	that	rep-
resented less than 1% of the dry mass in stomachs of brown trout 
or mottled sculpin in any given sampling occasion. Diet composi-
tion for each individual fish was characterized as the proportional 
dry mass of prey groups present in relation to total stomach con-
tent dry mass.

2.3.2  |  Stable	isotope	analysis

For stable isotope analysis, a skinless and boneless dorsal muscle 
tissue sample was collected from each sacrificed fish and dried at 
60°C	for	a	minimum	of	72 h	or	until	dry	weight	stabilized.	Desiccated	
samples were ground to a homogeneous powder using a mortar 
and pestle, which were cleaned with ethanol between samples to 
avoid	cross-	contamination.	Samples	were	 then	sent	 to	 the	Cornell	
University	 Isotope	 Laboratory	 (Ithaca,	NY,	USA)	where	 they	were	
encapsulated and analysed for elemental percentage of N	(%N)	and	C 
(%C),	and	the	corrected	isotope	delta	value	for	15 N	(δ15N)	and	13C	
(δ13C)	in	parts	per	mil	(‰)	(Fry,	2006).	The	analyses	were	performed	
using	a	model	NC2500	elemental	analyser	(Carlo	Erba,	Milan,	Italy)	
interfaced to a Thermo Scientific Delta V Plus isotope ratio mass 
spectrometer	 (Thermo	 Fisher	 Scientific,	 Bremen,	 Germany).	 The	
standard for δ13C values was Vienna Pee Dee Belemnite and the 
standard for δ15N values was atmospheric air. Internal standards 
were analysed after every 10 samples to maintain instrument ac-
curacy and precision. The SD of isotopic measurements of standards 
was	0.08‰	for	δ15N,	and	0.11‰	for	δ13C. Data were not lipid nor-
malized	because	the	mean	C:N	ratio	was	3.25	(SD:	0.11);	for	brown	
trout	and	3.36	 (SD:	0.09)	 for	mottled	sculpin,	and	95%	of	 the	C:N	
ratios	were	below	the	standard	lipid	correction	threshold	of	3.5	C:N	
(Skinner	et	al.,	2016).

2.4  |  Data analysis

2.4.1  |  Prey	availability	(benthic	macroinvertebrates)

To	 evaluate	 whether	 resource	 availability	 (BMI	 biomass)	 varied	
seasonally,	we	fit	an	ANOVA,	with	season	as	the	predictor	variable	
and	 BMI	 biomass	 as	 the	 response	 variable,	 followed	 by	 Tukey's	
HSD test for pairwise comparisons. Sites were pooled because 
we	 found	no	 significant	 effect	 of	 site	 on	BMI	biomass	 (F = 0.34,	
p = .85).

2.4.2  |  Stomach	content	analysis

Feeding intensity
Vacuity	 index	 (VI)	and	stomach	fullness	 index	 (SFI)	were	used	to	
evaluate	seasonal	variation	in	feeding	intensity.	Vacuity	index	(VI)	
is a measure of the percentage of empty stomachs. Stomach full-
ness	index	(SFI)	is	a	measure	of	how	much	food	an	individual	has	
eaten	 relative	 to	 their	weight.	A	 generalized	 linear	mixed	model	
and	a	linear	mixed	model	were	fit	using	%VI	and	log-	transformed	
SFI	 as	 the	 response	 variables	 respectively	 (glmer and lmer func-
tions in the lme4 package; Bates et al., 2015).	The	models	included	
season and year as fixed effects, and sample site as a random 
effect. Seasonal differences in %VI and SFI for brown trout and 
mottled	 sculpin	 were	 compared	 using	 Tukey-	adjusted	 pairwise	
comparisons.

Prey selectivity
To evaluate prey selectivity of mottled sculpin and juvenile brown 
trout	 across	 seasons,	we	used	Vanderploeg	 and	 Scavia's	 relativ-
ized electivity index based on the mean proportion of prey groups 
in	the	population's	diet	and	their	proportions	in	the	environment	
(BMI	biomass)	(Chesson,	1978; Vanderploeg & Scavia, 1979).	Prey	
groups	found	in	fish	diets	but	not	represented	in	BMI	community	
data	(or	vice	versa)	were	excluded	from	the	analysis.	Electivity	val-
ues	range	from	−1	to	1,	where	0	indicates	prey	are	being	consumed	
in proportion to their availability in the environment, values less 
than	−0.3	indicate	avoidance,	and	greater	than	0.3	indicate	posi-
tive selection.

Individual & population trophic niches
To evaluate seasonal variation in resource use, we quantified trophic 
niche width of populations, as well as individual specialization within 
each	population.	Total	trophic	niche	width	(TNW)	reflects	the	range	
of	prey	consumed	by	a	population,	 and	 is	 composed	of:	 (1)	within	
individual	component	(WIC),	a	measure	of	the	average	niche	width	
of	individuals	within	a	population,	and	(2)	between	individual	com-
ponent	(BIC),	a	measure	of	the	variation	in	niche	positions	between	
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individuals	(Roughgarden,	1972).	Their	ratio	(WIC/TNW)	reflects	an	
individual's	niche	width	in	relation	to	the	niche	width	of	the	whole	
population and is a measure of individual specialization within a pop-
ulation	(Bolnick	et	al.,	2002).	Smaller	WIC/TNW	values	suggest	in-
dividuals	with	more	specialized	diets,	while	larger	WIC/TNW	values	
suggest individuals with more generalist diets. These metrics were 
based on dry mass values of the prey groups and calculated using the 
WTdMC	function	in	the	RinSp	package	(Zaccarelli	et	al.,	2022).	We	
calculated prey proportions in individual diets and then averaged 
them to reduce the influence of individuals consuming large prey 
items	 (Zaccarelli	et	al.,	2022).	Monophagous	 individuals	 (diet	com-
posed	of	one	prey	type)	can	bias	results,	drawing	WIC	values	down	
to	0	(Zaccarelli	et	al.,	2022).	To	address	this,	we	calculated	WIC	val-
ues both with and without monophagous individuals. We found no 
clear differences, and therefore opted to include monophagous indi-
viduals and did not change the weighting of individuals.

Inter- specific trophic niche overlap
Seasonal trophic niche overlap between brown trout and mottled 
sculpin	 was	 estimated	 using	 Schoener's	 index	 of	 overlap,	 which	
compares the average proportion of prey groups consumed by both 
species	(Schoener,	1970).	The	index	ranges	from	0%	to	100%,	with	
0%	indicating	no	overlap	and	100%	indicating	complete	overlap.	A	
value of 60% or greater is considered to show significant diet overlap 
(Zaret	&	Rand,	1971).

Diet composition
Differences in diet composition were tested using a permutational 
multivariate	 analysis	 of	 variance	 (PERMANOVA;	 adonis2 func-
tion in the vegan package; Oksanen et al., 2022).	PERMANOVA	is	
a	non-	parametric	version	of	the	multivariate	analysis	of	variance	
(MANOVA),	which	 allows	 for	 comparisons	 between	 groups	with	
multiple response variables, such as diet composition. Species, 
season, year, sample location and an interaction between species 
and	season	were	included	as	fixed	effects.	The	PERMANOVA	was	
performed	 with	 9999	 permutations	 and	 was	 based	 on	 a	 Bray–
Curtis similarity matrix, with prey dry mass data transformed to 
the fourth root to minimize the influence of extreme prey weights 
(metaMDS function in the vegan	package).	A	pairwise	PERMANOVA	
was then used to test for significant differences between species 
and	 seasons	 (permanova_pairwise function in the ecole package; 
Smith, 2021).	We	did	not	find	significant	body-	size-	related	differ-
ences	 in	 diet	 composition	 (Table S3)	 likely	 because	we	 targeted	
a relatively narrow range of body sizes in this study. Therefore, 
individuals of all sizes were grouped for each species, season 
and	 year.	 It	 should	 be	 noted	 that	 PERMANOVA	 tests	 are	 sensi-
tive	to	differences	 in	group	dispersion	(Anderson,	2001; Warton 
et al., 2012).	 Therefore,	 when	 significant	 differences	 between	
groups were found, homogeneity of multivariate dispersion was 
assessed	 (PERMDISP;	betadisper function in the vegan	 package).	
If differences in group dispersion were detected, corresponding 
non-	metric	multidimensional	scaling	(NMDS)	plots	were	evaluated	
to determine whether differences in groups were solely related to 

dispersion	or	both	dispersion	and	centroid	location	(Bakker,	2023).	
NMDS	is	an	ordination	technique	that	uses	a	similarity	matrix	to	
visualize pairwise distances between observations, which pro-
vides	information	on	the	relationships	between	groups	(dispersion	
and	centroid	location).	A	similarity	percentage	analysis,	with	9999	
permutations, was then used to identify prey groups that contrib-
uted	to	differences	in	diets	(SIMPER;	simper function in the vegan 
package).	 NMDS	 and	 SIMPER	 were	 conducted	 using	 the	 Bray–
Curtis similarity matrix.

2.4.3  |  Stable	isotope	analysis

Isotopic composition
Differences in mean δ15N and δ13C values were used to assess sea-
sonal variation in the prey sources and trophic levels of brown trout 
and mottled sculpin. Linear mixed models were fit to the data, with 
species, season, year and the interaction between species and sea-
son	as	 fixed	effects,	and	sample	 location	as	a	 random	effect	 (lmer 
functions in the lme4	 package).	For	each	 season,	brown	 trout	and	
mottled	sculpin	stable	isotope	values	were	compared	using	Tukey-	
adjusted pairwise comparisons.

Isotopic niche breadth and overlap
Standard	ellipse	area	 (SEA)	for	brown	trout	and	mottled	sculpin	 in	
each sampling occasion was quantified to evaluate isotopic niche 
breadth	(groupMetricsML functions in the SIBER package; Jackson & 
Parnell, 2023).	SEA	contains	40%	of	the	data	and	represents	the	core	
isotopic	 niche	of	 the	population	 (Batschelet,	1981).	 Isotopic	 niche	
overlap	 (%)	was	 then	 visually	 estimated	 by	 evaluating	 the	 overlap	
between	brown	trout	and	mottled	sculpin	SEAs	for	each	sampling	
occasion.

2.4.4  |  Statistical	analyses	and	model	assumptions

All	 descriptive	 and	 statistical	 analyses	were	 performed	 in	 R	 4.3.0	
(R	Core	Team,	2023).	Assumptions	of	normality	and	constant	vari-
ance were assessed using residual diagnostic plots. Statistical signifi-
cance was evaluated at � = .05.

3  |  RESULTS

3.1  |  Prey availability (benthic macroinvertebrates)

There	was	a	significant	effect	of	season	on	BMI	biomass	(F = 3.5,	
p = .046).	Post-	hoc	Tukey-	adjusted	pairwise	comparisons	revealed	
BMI	 biomass	was	 significantly	 higher	 in	 spring	 compared	 to	 au-
tumn	 (p = .04),	 but	 there	were	 no	 significant	 differences	 in	 BMI	
biomass	between	spring	and	summer	(p = .25)	or	summer	and	au-
tumn	(p = .44).	 In	2021,	mean	BMI	biomass	was	highest	 in	spring	
(2777 mg/m2),	 followed	 by	 summer	 (1865 mg/m2)	 and	 autumn	
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(1221 mg/m2)	 (Figure S2).	 In	2022,	mean	BMI	biomass	was	 simi-
larly	higher	 in	spring	 (3141 mg/m2)	 than	 in	summer	 (2252 mg/m2)	
(Figure S2).

3.2  |  Stomach content analysis

Nine	percent	of	the	827	brown	trout	and	17%	of	the	758	mottled	
sculpin had empty stomachs, leaving 755 brown trout and 631 mot-
tled	 sculpin	 stomach	 content	 samples	 for	 analysis	 (Table 1).	 The	
average number of prey items in the diets of mottled sculpin and 
juvenile	brown	trout	exhibited	seasonal	(Poisson	ANOVA:	p < .001)	
and	annual	variation	(p < .001).	In	spring,	mottled	sculpin	diets	con-
tained an average of 4 prey items, which increased to 14 in summer 
and decreased to 3 in autumn. Brown trout diets averaged 20 prey 
items in spring, 37 in summer and 7 in autumn. Diet composition of 
brown	trout	and	mottled	sculpin	varied	seasonally	(Figure 1).	Based	
on dry weight estimates, Trichoptera contributed the most to brown 
trout	diets	in	spring	(44%	in	2021	and	50%	in	2022),	summer	(32%;	
33%)	and	autumn	(40%;	42%).	Trichoptera	contributed	the	most	to	
mottled	sculpin	diets	 in	spring	of	2021	 (42%)	and	2022	 (32%)	and	
autumn	of	2021	(29%).	Ephemeroptera	contributed	the	most	to	their	
diets	in	summer	of	2021	(35%),	and	then	Diptera	in	summer	(34%)	
and	autumn	(29%)	of	2022.

3.2.1  |  Feeding	intensity

There	was	a	significant	effect	of	season	(brown	trout:	p < .001;	mottled	
sculpin: p < .001),	but	not	year	 (brown	trout:	p = .27;	mottled	sculpin:	
p = .28)	on	vacuity	index	(VI)	for	both	species.	VI	did	not	significantly	
vary	 between	 spring	 and	 summer	 for	 brown	 trout	 (p = .31)	 or	 mot-
tled	sculpin	(p = .28)	but	was	significantly	lower	in	autumn	compared	
to	 spring	 and	 summer	 for	 both	 species	 (p < .001).	 Percent	 of	 empty	
stomachs ranged from 3% to 19% for brown trout and 7% to 34% for 

mottled sculpin, with the highest proportion of empty stomachs oc-
curring	in	autumn	of	both	years	for	both	species	(Table 1).	For	brown	
trout,	 there	 was	 a	 significant	 effect	 of	 season	 (p < .001)	 and	 year	
(p = .012)	on	stomach	 fullness	 index	 (SFI).	For	mottled	sculpin,	 there	
was	a	 significant	effect	of	 season	 (p < .001)	but	not	year	 (p = .16)	on	
stomach fullness index. SFI did not significantly vary between spring 
and	summer	for	brown	trout	 (p = .82)	or	mottled	sculpin	 (p = .93)	but	
was significantly lower in autumn compared to spring and summer 
for	both	species	(p < .001).	Mean	SFI	ranged	from	0.06%	to	0.30%	for	
brown trout and 0.09% to 0.40% for mottled sculpin, with the lowest 
SFI	occurring	in	autumn	of	both	years	for	both	species	(Table 1).

3.2.2  |  Prey	selectivity

Electivity	index	was	generally	close	to	0	for	major	taxa	(Trichoptera,	
Diptera,	Ephemeroptera),	showing	that	they	were	consumed	in	pro-
portion	to	availability	 (Figure 2; Table S1).	 In	2021,	 juvenile	brown	
trout	 positively	 selected	 for	 adult	 Coleoptera	 in	 spring	 (E = 0.53),	
adult	 Coleoptera	 (E = 0.32)	 and	 Trichoptera	 (E = 0.67)	 in	 summer	
and	Ephemeroptera	(E = 0.37)	and	Gastropoda	(E = 0.43)	in	autumn.	
Mottled	 sculpin	 did	 not	 positively	 select	 for	 any	 prey	 in	 spring	
(E < 0.3)	 but	 selected	 for	 Amphipoda	 in	 summer	 (E = 0.57),	 and	
Diptera	(E = 0.49)	and	Ephemeroptera	(E = 0.67)	in	autumn.	In	2022,	
juvenile	brown	trout	positively	selected	for	Amphipoda	(E = 0.36)	and	
Diptera	 (E = 0.48)	 in	spring,	and	adult	Coleoptera	(E = 0.52)	 in	sum-
mer.	Mottled	 sculpin	 positively	 selected	 for	 Amphipoda	 (E = 0.60)	
and	Oligochaeta	(E = 0.56)	in	spring,	and	adult	Coleoptera	(E = 0.35)	
and	Diptera	(E = 0.37)	in	summer.

3.2.3  |  Individual	and	population	trophic	niches

The	total	niche	width	(TNW),	individual	niche	width	(WIC),	variation	
between	individuals	(BIC)	and	individual	specialization	(WIC/TNW)	

Species Year Season n
Length 
(mm)

Weight 
(g)

VI 
(%)a SFI (%)a

Brown trout 
(80–200 mm)

2021 Spring 384 105 ± 27 15 ± 13 3 0.15 ± 0.24

Summer 314 115 ± 20 19 ± 13 3 0.30 ± 0.43

Autumn 366 106 ± 29 17 ± 15 19 0.06 ± 0.20

2022 Spring 564 102 ± 26 14 ± 14 5 0.15 ± 0.16

Summer 303 116 ± 22 20 ± 14 10 0.11 ± 0.23

Autumn 193 106 ± 29 17 ± 15 17 0.10 ± 0.22

Mottled	
sculpin 
(80–135 mm)

2021 Spring 300 95 ± 8 14 ± 4 11 0.25 ± 0.38

Summer 297 95 ± 9 13 ± 4 7 0.40 ± 1.15

Autumn 287 93 ± 10 12 ± 4 34 0.10 ± 0.47

2022 Spring 373 93 ± 10 12 ± 5 14 0.32 ± 0.76

Summer 262 94 ± 10 12 ± 4 8 0.27 ± 0.49

Autumn 232 95 ± 9 13 ± 4 23 0.09 ± 0.33

aDenotes	sample	sizes	that	differ	from	(n).	VI	and	SFI	were	calculated	using	fish	processed	for	SCA.

TA B L E  1 Total	number	of	individuals	
(n)	within	the	study	size	range	that	were	
caught	and	processed.	Mean ± SD	length	
(mm)	for	brown	trout	(fork	length;	FL)	
and	mottled	sculpin	(total	length;	TL),	
weight	(g)	and	stomach	fullness	index	
(SFI).	Vacuity	index	(VI)	and	SFI	are	in	
percentages	(%).
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exhibited	seasonal	trends	(Figure 3).	Total	niche	width	was	narrow-
est in spring of 2021 and 2022 and widest in autumn of 2021 and in 
summer of 2022 for both brown trout and mottled sculpin. Individual 
niche width remained relatively consistent between spring and sum-
mer but in autumn of both years and for both species. On the other 

hand,	between-	individual	variation	was	lowest	in	spring,	intermedi-
ate in summer and highest in autumn of 2022 for both brown trout 
and	 mottled	 sculpin.	 Additionally,	 individual	 specialization	 (WIC/
TNW)	was	relatively	high	for	both	species	across	all	sampling	occa-
sions	(WIC/TNW < 0.5),	and	individuals	showed	the	highest	degree	

F I G U R E  1 Mean	proportion	of	prey	groups	(by	dry	mass)	in	diets	of	juvenile	brown	trout	and	mottled	sculpin	in	spring	(left),	summer	
(middle)	and	autumn	(right)	of	2021	(top)	and	2022	(bottom).	Prey	groups	contributing	less	than	10%	to	the	diet	of	either	species	in	any	
season	were	grouped	under	‘Other’	for	improved	clarity.

F I G U R E  2 Mean ± SE	proportion	of	prey	in	the	diets	of	mottled	sculpin	and	juvenile	brown	trout,	and	in	the	environment	(i.e.	Surber	
samples),	in	spring	(left),	summer	(middle)	and	autumn	(right)	of	2021	(top)	and	2022	(bottom).	Prey	groups	that	were	found	in	fish	diets	but	
not	represented	in	the	environment	(or	vice	versa)	were	removed	from	analysis.
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of specialization in autumn of both years, coinciding with resource 
limitation	(Figure S2).

3.2.4  |  Inter-	specific	trophic	niche	overlap

Trophic niche overlap between brown trout and mottled sculpin was 
high	across	all	sampling	occasions	(Schoener's	index	>0.60),	except	
for	autumn	of	2022	(0.59).	The	highest	degree	of	overlap	occurred	
in	spring	of	2021	(0.87)	and	2022	(0.79),	and	the	lowest	occurred	in	
autumn	of	both	years	(0.62	in	2021	and	0.59	in	2022)	(Figure S3).

3.2.5  |  Diet	composition

The	PERMANOVA	analysis	 found	species	 (pseudo-	F = 24.9,	p < .001),	
season	(pseudo-	F = 44.36,	p < .001)	and	year	(pseudo-	F = 2.3,	p = .044)	
contributed to variation in diet composition, and the effect of spe-
cies	 varied	 by	 season	 (species*season;	 pseudo-	F = 11.55,	 p < .001)	
(Table S2).	Pairwise	PERMANOVA	comparisons	found	significant	dif-
ferences in diet composition between brown trout and mottled scul-
pin	in	all	seasons	in	2021	and	2022	(p < .05),	except	for	spring	of	2021	
(p = .13).	 There	 were	 no	 significant	 differences	 in	 group	 dispersion	
between	brown	 trout	and	mottled	sculpin	 in	 summer	2021	 (p = .13),	

F I G U R E  3 Seasonal	variation	in	total	niche	width	(TNW),	between-	individual	component	(BIC)	and	within-	individual	component	(WIC)	of	
juvenile	brown	trout	(left)	and	mottled	sculpin	(right)	in	2021	(top)	and	2022	(bottom).

F I G U R E  4 Non-	metric	multidimensional	scaling	(NMDS)	of	pairwise	Bray–Curtis	dissimilarities	between	brown	trout	(orange	circles)	and	
mottled	sculpin	(blue	triangles)	diets	in	spring	(left),	summer	(centre)	and	autumn	(right)	in	2021	(top)	and	2022	(bottom)	(stress	level = 0.08).	
Ellipses represent 95% confidence intervals.
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summer	2022	(p = .99)	or	in	autumn	2022	(p = .86),	indicating	that	the	
extent	of	intra-	specific	diet	variation	was	similar	between	the	species.	
However, there were significant differences in group dispersion in 
spring	2022	(p < .001)	and	autumn	2021	(p = .003).	Subsequent	evalua-
tion	of	NMDS	plots	indicated	that	the	differences	between	species	in	
autumn 2021 and spring 2022 could be attributed to both the variation 
in	dispersion	and	diet	composition	(Figure 4).

The	SIMPER	analysis	results	revealed	that	prey	groups	contrib-
uting to diet differences between brown trout and mottled sculpin 
varied across sampling occasions. In spring of 2022, Trichoptera 
(relative	 contribution = 20%,	 p = .02)	 and	 Plecoptera	 (7%,	 p = .01)	
significantly contributed to differences in diet composition. In sum-
mer	of	2021,	differences	in	diet	were	due	to	terrestrial	insects	(5%,	
p < .001)	and	emergent	aquatic	insects	(3%,	p = .046),	while	in	sum-
mer	 of	 2022	 trout	 (6%,	p = .001),	 terrestrial	 insects	 (5%,	p < .001),	
larval	Coleoptera	 (4%,	p < .001),	 adult	Coleoptera	 (1%,	p = .01)	 and	
Oligochaeta	(2%,	p < .001)	all	contributed	to	differences.	In	autumn	
of	 2021,	 Trichoptera	 (24%,	 p < .001),	 Gastropoda	 (15%,	 p < .001),	
Amphipoda	 (7%,	 p < .001)	 and	 the	 rare	 prey	 group	 (1%,	 p = .003)	
contributed	 to	 differences.	 In	 autumn	 of	 2022,	 Trichoptera	 (22%,	
p < .001),	Gastropoda	(11%,	p < .001),	Amphipoda	(9%,	p < .001)	also	
contributed	to	diet	differences,	as	well	as	Isopoda	(1%,	p < .001).

3.3  |  Stable isotope analysis

A	 total	 of	 955	 fish	 (brown	 trout = 513,	 mottled	 sculpin = 442)	
were sampled for stable isotope analysis. There was a significant ef-
fect	of	species	 (F = 34.25,	p < .001)	and	season	 (F = 34.25,	p < .001)	
on δ15N isotope values, and the effect of species varied by season 

(species	*	season;	F = 30.29,	p < .001).	There	was	no	significant	effect	
of year on δ15N	 values	 (p = .84).	 Brown	 trout	were	more	 depleted	
in δ15N	 compared	 to	mottle	 sculpin	 in	 spring	 (p = .01)	 and	 autumn	
(p < .001),	although	differences	in	mean	δ15N values were relatively 
small,	 ranging	 from	0.01‰	 to	1.11‰.	No	 significant	 difference	 in	
mean δ15N	was	found	between	the	two	species	in	summer	(p = .08).	
There	 was	 evidence	 of	 a	 significant	 effect	 of	 species	 (F = 39.53,	
p < .001),	season	(F = 206.52,	p < .001)	and	year	(F = 496.94,	p < .001)	
on δ13C isotope values, and the effect of species varied by season 
(species*season;	F = 3.85,	p = .02).	Brown	trout	were	more	enriched	
in δ13C	 compared	 to	mottled	 sculpin	 in	 summer	 (p < .001)	 and	 au-
tumn	(p < .001),	but	no	significant	difference	in	mean	δ13C was found 
between	the	two	species	in	spring	(p = .15).

The	estimated	isotopic	niche	width	(standard	ellipse	area)	var-
ied	across	species,	seasons	and	years	(Figure 5).	In	2021,	mottled	
sculpin displayed a broader isotopic niche compared to brown 
trout	 throughout	 all	 seasons.	 Additionally,	 SEA	 increased	 from	
spring	to	autumn	for	both	brown	trout	(spring = 1.5;	summer = 1.6;	
autumn = 1.8)	 and	 mottled	 sculpin	 (spring = 1.8;	 summer = 2.3;	
autumn = 2.5)	 in	 2021.	However,	 in	 2022,	 brown	 trout	 SEA	was	
narrowest	 in	spring	 (SEA = 1.5)	and	widest	 in	summer	(SEA = 2.5)	
and	for	mottled	sculpin	SEA	was	narrowest	in	autumn	(SEA = 1.6)	
and	widest	in	spring	(SEA = 2.7).	Isotopic	niche	overlap	varied	sea-
sonally	 (Figure 5).	 In	2021,	the	highest	percent	overlap	occurred	
in summer and the lowest in autumn. While in 2022, the highest 
percent overlap occurred in spring and the lowest in summer. In 
both years, the isotopic niche widths were more seasonally dy-
namic	in	brown	trout	compared	to	mottled	sculpin	(Figure 5),	sug-
gesting that brown trout consumed prey items more flexibly based 
on their availability.

F I G U R E  5 Seasonal	variation	in	isotopic	niches	of	juvenile	brown	trout	(orange	circles)	and	mottled	sculpin	(blue	triangles)	in	spring	(left),	
summer	(middle)	and	autumn	(right)	in	2021	(top)	and	2022	(bottom).	Dashed	ellipses	represent	stable	isotope	ellipse	areas	using	95%	of	the	
data,	while	solid	ellipses	represent	Standard	Ellipse	Areas	(SEA)	using	40%	of	the	data.
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4  |  DISCUSSION

As	predicted,	both	mottled	sculpin	and	juvenile	brown	trout	shifted	
their trophic niches in response to seasonal changes in resource 
availability.	 Benthic	 macroinvertebrate	 (BMI)	 biomass	 peaked	 in	
spring and declined through summer and autumn, which is consist-
ent	with	seasonal	BMI	patterns	in	other	unregulated	rivers	(Kato	
et al., 2003; Rundio & Lindley, 2008).	Both	mottled	sculpin	and	ju-
venile brown trout, for the most part consumed prey items relative 
to their proportional availability, thus resource availability funda-
mentally defined feeding opportunities. When resources became 
scarce in autumn, both species consumed less, as evidenced by the 
fewer prey items in their diets, higher proportion of empty stom-
achs and lower stomach fullness. In this time of resource scarcity, 
individuals diverged in resource use and developed more spe-
cialized	 diet	 patterns,	which	 resulted	 in	 population-	level	 trophic	
niche expansion in both species. These findings support our initial 
predictions	 that	 resource	 limitation	 would	 promote	 population-	
level trophic niche expansion via increased diet variation among 
individuals.

The patterns in resource use are consistent with previous find-
ings from both regulated and unregulated systems, which have 
demonstrated	 that	 intra-	specific	 competition	 promotes	 individual	
specialization	 and	 niche	 variation	 within	 populations	 (Evangelista	
et al., 2014; Latli et al., 2019).	In	both	species,	individuals	compete	
with	conspecifics	for	food	resources	and	the	intra-	specific	compe-
tition is most conspicuous among individuals of similar body size 
(Hin	&	de	Roos,	2019).	We	sampled	individuals	of	similar	body	size	
in	mottled	 sculpin	 (80–135 mm	 TL)	 and	 brown	 trout	 (80–200 mm,	
but	80%	were	80–150 mm),	and	found	that	fish	catch-	per-	unit-	effort	
was	 relatively	 consistent	 for	 both	 species	 across	 seasons	 (brown	
trout:	0.02–0.07	fish/m2;	mottled	sculpin:	0.02–0.04	fish/m2).	This	
suggests	 that	 intra-	specific	 competition	 likely	 contributed	 to	 the	
observed patterns of individual specialization and niche partition-
ing. In addition, the thermal regime of our regulated study river has 
been altered due to upstream dams releasing hypolimnetic water, 
such that water temperature remains relatively cool during spring 
and summer but becomes warmer in autumn and winter compared 
to	 an	 unregulated	 reference	 stream	 (Figure S1).	 Peak	monthly	 av-
erage	stream	temperatures	occurred	in	October	2021	(10.8°C)	and	
September	2022	(11.9°C),	falling	slightly	below	approximated	opti-
mal	growth	ranges	for	mottled	sculpin	(12–16°C;	Kanno	et	al.,	2023)	
and	 brown	 trout	 (12–18°C;	 Bell,	 2006).	 These	 data	 suggest	 that	
while warmer autumn temperatures facilitated favourable condi-
tions for fish growth, limited food resources and reduced feeding 
activity	 (indicated	 by	 higher	 VI	 and	 lower	 SFI)	 during	 this	 period	
likely	 intensified	 intra-	specific	 competition,	 ultimately	 leading	 to	
individual specialization and trophic niche partitioning within each 
species. Finally, we acknowledge the potential for inflated metrics of 
individual specialization due to consumption of very few food items 
(1–2	 items)	 (Zaccarelli	et	al.,	2022).	However,	 this	concern	 is	 likely	
mitigated in our study, as brown trout consumed a considerable 
amount	of	prey	across	all	 seasons	 (mean:	≥5),	and	mottled	sculpin	

consumed similarly small numbers of prey in spring and autumn in 
2021	(mean:	4	in	spring;	mean:	2	in	autumn)	and	2022	(mean:	3	in	
spring	 and	 autumn).	 Accordingly,	 observed	 patterns	 of	 individual	
specialization and trophic niche partitioning should not be attributed 
to sampling artefacts, particularly given that stable isotopes support 
these	 results.	 Our	 SIA	 results	 revealed	 population-	level	 isotopic	
niche	expansion	in	autumn	compared	to	spring	(both	species	in	2021	
and	brown	trout	 in	2022),	which	was	driven	by	greater	dispersion	
between individuals in the population.

Our	SCA	results	also	revealed	significant	trophic	niche	overlap	
between mottled sculpin and juvenile brown trout across all sea-
sons, indicating these two species use similar resources, a pattern 
commonly observed between juvenile salmonids and cottids in un-
regulated	rivers	(Gabler	&	Amundsen,	1999; Hesthagen et al., 2004).	
However, the extent of overlap varied seasonally and did not align 
with	our	initial	prediction.	We	expected	inter-	specific	trophic	niche	
overlap to increase during periods of resource scarcity, as a result 
of both populations expanding their trophic niches and relying on 
similar prey. Contrary to our prediction, overlap peaked in spring, 
when resources were most abundant, and gradually declined 
through summer and autumn as resources became more limited. In 
spring and summer, both species mainly relied on Ephemeroptera, 
Trichoptera and Diptera, however in autumn, brown trout incorpo-
rated Gastropoda into their diet, while mottled sculpin consumed 
more	Amphipoda.	This	dietary	 shift	 indicates	 that	mottled	 sculpin	
and juvenile brown trout partitioned resources to some extent when 
resources were limited in autumn. This finding aligns with previous 
research that has observed temporal variation in resource use and 
trophic niche partitioning among other salmonid and cottid spe-
cies	 (Abedi	et	al.,	2023; Falke et al., 2020;	Marcarelli	et	al.,	2020).	
Such flexibility in trophic niche partitioning is considered an im-
portant mechanism to minimize competition and facilitate the 
coexistence of sympatric species especially when resources are 
limited	(Chesson,	2000; Pianka, 1974; Schoener, 1974).	 In	essence,	
the abundance of resources in spring likely reduces the pressure 
for niche segregation between mottled sculpin and juvenile brown 
trout	(Langeland	et	al.,	1991;	Nilsson,	1963),	whereas	resource	lim-
itation in autumn potentially drives trophic niche partitioning be-
tween the two species, minimizing competition and facilitating their 
coexistence.

Interestingly, the observed reduced trophic niche overlap be-
tween mottled sculpin and juvenile brown trout in autumn corre-
sponded	to	population-	level	 trophic	niche	expansion	via	 increased	
diet variation among individuals. This result indicates that trophic 
niche partitioning occurred both within and between species. 
Several studies have observed decreased trophic niche overlap be-
tween species despite populations expanding their trophic niche 
breadth	(Costa-	Pereira	et	al.,	2019; Liu et al., 2019; Prati et al., 2021).	
However, few studies, to our knowledge, have identified trophic 
niche expansion as a consequence of niche differentiation among 
individuals within the population, alongside a reduction in trophic 
niche	 overlap	 between	 species	 (Thomas	 et	 al.,	 2017).	 Our	 SCA	
findings	 demonstrate	 that	 inter-		 and	 intra-	specific	 trophic	 niche	
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partitioning can occur simultaneously, potentially reducing compe-
tition both within and between species.

Similar	 to	 our	 SCA	 findings,	 SIA	 revealed	 seasonal	 variation	
in isotopic niche breadth and overlap between mottled sculpin 
and juvenile brown trout. Isotopic niches were broader in autumn 
and narrower in spring for both species in 2021, and for juvenile 
brown trout in 2022. The degree of isotopic niche overlap was 
greater in spring compared to autumn in both years. These re-
sults	support	our	SCA	findings,	which	indicated	that	both	species	
exhibited narrower trophic niches and shared more resources 
in spring, while in autumn, mottled sculpin and juvenile brown 
trout diverged in resource use and consumed a wider range of re-
sources. In addition, stable isotopic analysis showed that brown 
trout were characterized with more seasonally dynamic isotopic 
niche widths and flexible diet selections than mottled sculpin, a 
unique	insight	gained	in	SIA	but	not	SCA.	This	finding	shows	that	
brown trout and mottled sculpin do not respond identically to sea-
sonal resource fluctuations, which could be driven by differences 
in their foraging ecology. Brown trout are generalist foragers, but 
sculpin are benthivorous fish, which may limit them to fewer prey 
types	and	restrict	 their	 trophic	niche	flexibility.	Additionally,	 the	
observed variation in seasonal isotopic niches could be due to 
asymmetrical	competition	between	the	two	species	(Hesthagen	&	
Heggenes, 2003;	Zimmerman	&	Vondracek,	2007).	However,	it	is	
important	to	note	some	discrepancies	between	the	SCA	and	SIA	
results.	Specifically,	mottled	sculpin's	isotopic	niche	breadth	con-
tracted from spring to autumn in 2022, which does not align with 
our	 SCA	 findings.	 Additionally,	 isotopic	 niche	 overlap	was	 high-
est in summer in 2021 and lowest in the summer of 2022, despite 
clear	SCA	trends	indicating	a	gradual	decline	in	trophic	niche	over-
lap from spring to autumn in both years.

Previous	 studies	have	observed	 inconsistencies	between	SIA	
and	 SCA	 results	 due	 to	 turnover	 time	 of	 stable	 isotopes	 in	 the	
tissues	 (Burbank	 et	 al.,	 2019; Futia et al., 2021).	 As	 stable	 iso-
topes	reflect	what	has	been	assimilated	into	an	organism's	tissue,	
it could represent consumption several weeks to months before 
sampling	(Nielsen	et	al.,	2018),	whereas	SCA	provides	a	‘snapshot’	
of diet composition at the time of sampling. Furthermore, turnover 
time	varies	with	growth	and	metabolic	rates	(Matley	et	al.,	2016).	
Higher metabolic rates, often associated with warmer tempera-
tures	 (Volkoff	 &	 Rønnestad,	 2020)	 or	 specific	 developmental	
stages	 (Sibly	 et	 al.,	2015),	 increase	 turnover	 rates	 and	 thus	may	
reflect what the organism consumed more recently compared 
to samples taken during periods of slower growth or metabolic 
rates	 (Matley	 et	 al.,	 2016;	 Vander	 Zanden	 et	 al.,	 2015).	 In	 our	
study system, stream temperatures peak from July to October, 
which corresponds to our summer and autumn sampling periods. 
Therefore,	the	observed	SIA	trends	do	not	necessarily	reflect	ex-
pected discrepancies from differences in turnover rates. It is diffi-
cult	to	determine	whether	the	differences	in	SIA	and	SCA	results	
are	due	 to	 the	 ‘lag’	of	 tissue	 turnover	or	 if	 stable	 isotopes	more	
accurately represent the variety of prey brown trout and mottled 
sculpin were consuming in summer. Despite these discrepancies, 

SIA	results	corroborate	the	key	findings	of	SCA,	of	reduced	over-
lap in autumn compared to spring.

In conclusion, this study demonstrates the importance of evalu-
ating	trophic	dynamics	at	both	the	individual-		and	population-	level	
to understand seasonal trophic niche overlap among sympatric spe-
cies. The seasonal fluctuations in trophic niche dynamics emphasize 
the need for conducting research with temporal replicates, partic-
ularly in the context of regulated rivers, where altered flows may 
disrupt seasonal resource availability compared to natural systems. 
These variations in resource availability across seasons and between 
rivers	may	be	a	key	factor	contributing	to	differences	in	intra-		and	
inter-	specific	trophic	niche	dynamics	reported	among	previous	stud-
ies	(Bloomfield	et	al.,	2022;	Costa-	Pereira	et	al.,	2017).	Our	findings	
indicate that when faced with resource limitation, juvenile brown 
trout and mottled sculpin individuals developed more specialized 
diet patterns to reduce competition. This may be a potential mech-
anism that prevents competitive exclusion and instead facilitates 
the coexistence of sympatric fish species not only in this stream 
with a highly altered flow regime, but also in other less disturbed 
streams	(Liu	et	al.,	2019;	Nakano	et	al.,	1999;	Neves,	Costa-	Pereira,	
et al., 2021;	Neves,	Kratina,	et	al.,	2021).	However,	such	a	mechanism	
might not persist if environmental stressors such as climate change 
or other anthropogenic disturbances intensify resource limitation 
or	prolong	its	duration	(e.g.	droughts;	Lennox	et	al.,	2019).	Further	
research	is	warranted	to	synthesize	the	context-	dependency	of	tro-
phic niche dynamics among sympatric fish species in regulated and 
unregulated rivers.

AUTHOR CONTRIBUTIONS
YK,	 BMJ	 and	 BPR	 conceived	 and	 designed	 the	 study.	 NMP	 per-
formed laboratory and statistical analysis and drafted the manu-
script.	 All	 authors	 conducted	 fieldwork	 and	 contributed	 to	 the	
writing of this manuscript.

ACKNOWLEDG EMENTS
The authors thank everyone who contributed to field and lab work, 
including	 Kelley	 Sinning,	 Westley	 Landry-	Murphy,	 Ava	 Spencer	
and Shane Carlson. We also thank Blue Valley Ranch for funding 
this study. This research was conducted under the CPW Scientific 
Collector	Permit	#21AQ4740	and	#22AQ4740,	and	the	CSU	IACUC	
Animal	Use	Permit	#1677.	We	thank	the	two	anonymous	reviewers	
for their constructive comments, which improved this manuscript.

FUNDING INFORMATION
Blue Valley Ranch.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Nitsa M. Platis  https://orcid.org/0000-0003-1036-5794 
Yoichiro Kanno  https://orcid.org/0000-0001-8452-5100 

https://orcid.org/0000-0003-1036-5794
https://orcid.org/0000-0003-1036-5794
https://orcid.org/0000-0001-8452-5100
https://orcid.org/0000-0001-8452-5100


12 of 14  |     PLATIS et al.

R E FE R E N C E S
Abedi,	A.,	Rahmani,	H.,	Haghparast,	S.,	&	Moghaddas,	S.	D.	(2023).	A	sea-

sonal survey on feeding diet, breadth and feeding niche overlap of 
the	native	brown	trout	(Salmo trutta)	and	the	exotic	rainbow	trout	
(Oncorhynchus mykiss)	in	Haraz	River,	in	the	southern	Caspian	Sea	
basin. Iranian Journal of Ichthyology, 10,	 114–125.	https:// doi. org/ 
10. 22034/  iji. v10i2. 957

Anderson,	M.	J.	(2001).	A	new	method	for	non-	parametric	multivariate	
analysis of variance. Austral Ecology, 26(1),	32–46.	https:// doi. org/ 
10.	1111/j.	1442-		9993.	2001.	01070.	pp.	x

Araújo,	M.	S.,	Bolnick,	D.	I.,	&	Layman,	C.	A.	(2011).	The	ecological	causes	
of individual specialisation. Ecology Letters, 14(9),	948–958.	https:// 
doi.	org/	10.	1111/j.	1461-		0248.	2011.	01662.	x

Araújo,	M.	S.,	Guimarães,	P.	R.,	Jr.,	Svanbäck,	R.,	Pinheiro,	A.,	Guimarães,	
P.,	Dos	Reis,	S.	F.,	&	Bolnick,	D.	I.	(2008).	Network	analysis	reveals	
contrasting effects of intraspecific competition on individual vs. 
population diets. Ecology, 89(7),	 1981–1993.	 https:// doi. org/ 10. 
1890/	07-		0630.	1

Bakker,	 J.	D.	 (2023).	PERMDISP. https:// uw. press books. pub/ appli edmul 
tivar iates tatis tics/ chapt er/ permd isp/ 

Bates,	 D.,	 Mächler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 Fitting	 linear	
mixed-	effects	 models	 using	 lme4.	 Journal of Statistical Software, 
67(1),	1–48.	https:// doi. org/ 10. 18637/  jss. v067. i01

Batschelet,	E.	(1981).	Circular statistics in biology.	Academic	Press.
Bauch,	N.	J.,	Miller,	L.	D.,	&	Yacob,	S.	(2014).	Analysis of water quality in the 

Blue River watershed, Colorado, 1984 through 2007: U.S. Geological 
Survey Scientific Investigations Report 2013–5129. 91 p. https:// doi. 
org/ 10. 3133/ sir20 135129

Becker,	G.	(1983).	Fishes of Wisconsin. University of Wisconsin Press.
Bell,	J.	M.	(2006).	The	assessment	of	thermal	impacts	on	habitat	selec-

tion,	 growth,	 reproduction,	 and	 mortality	 in	 Brown	 trout	 (Salmo 
trutta,	 L.):	A	 review	of	 the	 literature.	Vermillion	River	Watershed	
Joint Powers Board. https:// www. vermi llion river water shed. org/ 
attac	hments/	056_	VRW-		6%	20Tro	ut%	20The	rmal%	20Imp	acts%	
20Lit eratu re% 20Rev iew. pdf

Benke,	A.	C.,	Huryn,	A.	D.,	Smock,	L.	A.,	&	Wallace,	J.	B.	(1999).	Length-	
mass	 relationships	 for	 freshwater	 macroinvertebrates	 in	 North	
America	 with	 particular	 reference	 to	 the	 southeastern	 United	
States. Journal of the North American Benthological Society, 18(3),	
308–343.	https:// doi. org/ 10. 2307/ 1468447

Bloomfield,	E.	J.,	Guzzo,	M.	M.,	Middel,	T.	A.,	Ridgway,	M.	S.,	&	McMeans,	
B.	C.	(2022).	Seasonality	can	affect	ecological	interactions	between	
fishes of different thermal guilds. Frontiers in Ecology and Evolution, 
10, 986459. https:// doi. org/ 10. 3389/ fevo. 2022. 986459

Bøhn,	T.,	Amundsen,	P.	A.,	&	Sparrow,	A.	(2008).	Competitive	exclusion	
after invasion? Biological Invasions, 10,	359–368.	https:// doi. org/ 10. 
1007/	s1053	0-		007-		9135-		8

Bolnick, D. I., Ingram, T., Stutz, W. E., Snowberg, L. K., Lau, O. L., & Paull, 
J.	S.	(2010).	Ecological	release	from	interspecific	competition	leads	
to decoupled changes in population and individual niche width. 
Proceedings of the Royal Society B: Biological Sciences, 277(1689),	
1789–1797.	https:// doi. org/ 10. 1098/ rspb. 2010. 0018

Bolnick,	 D.	 I.,	 Svanbäck,	 R.,	 Araújo,	 M.	 S.,	 &	 Persson,	 L.	 (2007).	
Comparative support for the niche variation hypothesis that more 
generalized populations also are more heterogeneous. Proceedings 
of the National Academy of Sciences of the United States of America, 
104(24),	10075–10079.	https:// doi. org/ 10. 1073/ pnas. 07037 43104 

Bolnick,	D.	 I.,	 Yang,	 L.	H.,	 Fordyce,	 J.	 A.,	 Davis,	 J.	M.,	 &	 Svanbäck,	 R.	
(2002).	Measuring	individual-	level	resource	specialization.	Ecology, 
83(10),	 2936–2941.	 https://	doi.	org/	10.	1890/	0012-		9658(2002)	
083[2936:	MILRS]2.	0.	CO;	2

Brazil-	Sousa,	 C.,	 Soares,	 B.	 E.,	 Svanbäck,	 R.,	 &	Albrecht,	M.	 P.	 (2023).	
Individual specialization is the highest in generalist populations 
from intermediary to high trophic positions in tropical freshwater 

fishes. Austral Ecology, 49, e13368. https:// doi. org/ 10. 1111/ aec. 
13368 

Burbank,	J.,	Finch,	M.,	Drake,	D.	A.	R.,	&	Power,	M.	(2019).	Diet	and	isotopic	
niche	of	eastern	sand	darter	(Ammocrypta pellucida)	near	the	north-
ern	edge	of	its	range:	A	test	of	niche	specificity.	Canadian Journal of 
Zoology, 97(9),	763–772.	https://	doi.	org/	10.	1139/	cjz-		2018-		0291

Chesson,	J.	(1978).	Measuring	preference	in	selective	predation.	Ecology, 
59(2),	211–215.	https:// doi. org/ 10. 2307/ 1936364

Chesson,	 P.	 (2000).	 Mechanisms	 of	 maintenance	 of	 species	 diversity.	
Annual Review of Ecology and Systematics, 31(1),	343–366.	https:// 
doi. org/ 10. 1146/ annur ev. ecols ys. 31.1. 343

Collins,	 P.	 T.	 (1992).	 Length-	biomass	 relationships	 for	 terrestrial	 gas-
tropoda and oligochaeta. The American Midland Naturalist, 128(2),	
404–406.	https:// doi. org/ 10. 2307/ 2426474

Costa-	Pereira,	 R.,	 Araújo,	 M.	 S.,	 Souza,	 F.	 L.,	 &	 Ingram,	 T.	 (2019).	
Competition and resource breadth shape niche variation and over-
lap in multiple trophic dimensions. Proceedings of the Royal Society 
B: Biological Sciences, 286(1902),	 20190369.	 https:// doi. org/ 10. 
1098/ rspb. 2019. 0369

Costa-	Pereira,	R.,	 Tavares,	 L.	 E.	R.,	 de	Camargo,	P.	B.,	&	Araújo,	M.	S.	
(2017).	Seasonal	population	and	individual	niche	dynamics	in	a	tetra	
fish in the Pantanal wetlands. Biotropica, 49(4),	531–538.	https:// 
doi. org/ 10. 1111/ btp. 12434 

Da	 Silva,	 J.	 C.,	 Gubiani,	 É.	 A.,	 Neves,	 M.	 P.,	 &	 Delariva,	 R.	 L.	 (2017).	
Coexisting small fish species in lotic neotropical environments: 
Evidence of trophic niche differentiation. Aquatic Ecology, 51(2),	
275–288.	https://	doi.	org/	10.	1007/	s1045	2-		017-		9616-		5

De	Santis,	V.,	Gutmann	Roberts,	C.,	&	Britton,	J.	R.	(2021).	Trophic	conse-
quences of competitive interactions in freshwater fish: Density de-
pendent	effects	and	impacts	of	inter-	specific	versus	intra-	specific	
competition. Freshwater Biology, 66(2),	362–373.	https:// doi. org/ 10. 
1111/ fwb. 13643 

Durbec,	M.,	The,	B.	N.,	Grey,	J.,	Harrod,	C.,	Stolzenberg,	N.,	Chappaz,	R.,	
&	Cavalli,	L.	(2010).	Biological	influences	on	inter-		and	intraspecific	
isotopic variability among paired chondrostome fishes. Comptes 
Rendus Biologies, 333(8),	 613–621.	 https:// doi. org/ 10. 1016/j. crvi. 
2010. 05. 002

Evangelista,	 C.,	 Boiche,	 A.,	 Lecerf,	 A.,	 &	 Cucherousset,	 J.	 (2014).	
Ecological opportunities and intraspecific competition alter trophic 
niche specialization in an opportunistic stream predator. Journal of 
Animal Ecology, 83(5),	 1025–1034.	 https://	doi.	org/	10.	1111/	1365-		
2656. 12208 

Falke,	L.	P.,	Henderson,	J.	S.,	Novak,	M.,	&	Preston,	D.	L.	(2020).	Temporal	
shifts in intraspecific and interspecific diet variation among 3 
stream predators. Freshwater Science, 39(1),	 115–125.	https:// doi. 
org/ 10. 1086/ 707599

Flood,	P.	J.,	Loftus,	W.	F.,	&	Trexler,	J.	C.	 (2023).	Fishes	 in	a	seasonally	
pulsed wetland show spatiotemporal shifts in diet and trophic niche 
but not shifts in trophic position. Food Webs, 34, e00265. https:// 
doi. org/ 10. 1016/j. fooweb. 2022. e00265

Freeman,	M.	C.,	Bestgen,	K.	R.,	Carlisle,	D.,	Frimpong,	E.	A.,	Franssen,	N.	
R.,	Gido,	K.	B.,	Irwin,	E.,	Kanno,	Y.,	Luce,	C.,	Kyle	McKay,	S.,	Mims,	
M.	C.,	Olden,	J.	D.,	LeRoy	Poff,	N.,	Propst,	D.	L.,	Rack,	L.,	Roy,	A.	
H.,	 Stowe,	 E.	 S.,	Walters,	 A.,	 &	Wenger,	 S.	 J.	 (2022).	 Toward	 im-
proved understanding of streamflow effects on freshwater fishes. 
Fisheries, 47(7),	290–298.	https:// doi. org/ 10. 1002/ fsh. 10731 

Fry,	B.	(2006).	Stable isotope ecology. Springer.
Futia,	M.	H.,	Colborne,	S.	F.,	Fisk,	A.	T.,	Gorsky,	D.,	Johnson,	T.	B.,	Lantry,	

B.	F.,	Lantry,	J.	R.,	&	Rinchard,	J.	(2021).	Comparisons	among	three	
diet analyses demonstrate multiple patterns in the estimated adult 
diet of a freshwater piscivore, Salvelinus namaycush. Ecological 
Indicators, 127, 107728. https:// doi. org/ 10. 1016/j. ecoli nd. 2021. 
107728

Gabler,	H.-	M.,	&	Amundsen,	P.	A.	(1999).	Resource	partitioning	between	
Siberian	sculpin	(Cottus poecilopus Heckel)	and	Atlantic	salmon	parr	

https://doi.org/10.22034/iji.v10i2.957
https://doi.org/10.22034/iji.v10i2.957
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1890/07-0630.1
https://doi.org/10.1890/07-0630.1
https://uw.pressbooks.pub/appliedmultivariatestatistics/chapter/permdisp/
https://uw.pressbooks.pub/appliedmultivariatestatistics/chapter/permdisp/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3133/sir20135129
https://doi.org/10.3133/sir20135129
https://www.vermillionriverwatershed.org/attachments/056_VRW-6 Trout Thermal Impacts Literature Review.pdf
https://www.vermillionriverwatershed.org/attachments/056_VRW-6 Trout Thermal Impacts Literature Review.pdf
https://www.vermillionriverwatershed.org/attachments/056_VRW-6 Trout Thermal Impacts Literature Review.pdf
https://doi.org/10.2307/1468447
https://doi.org/10.3389/fevo.2022.986459
https://doi.org/10.1007/s10530-007-9135-8
https://doi.org/10.1007/s10530-007-9135-8
https://doi.org/10.1098/rspb.2010.0018
https://doi.org/10.1073/pnas.0703743104
https://doi.org/10.1890/0012-9658(2002)083%5B2936:MILRS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2936:MILRS%5D2.0.CO;2
https://doi.org/10.1111/aec.13368
https://doi.org/10.1111/aec.13368
https://doi.org/10.1139/cjz-2018-0291
https://doi.org/10.2307/1936364
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.2307/2426474
https://doi.org/10.1098/rspb.2019.0369
https://doi.org/10.1098/rspb.2019.0369
https://doi.org/10.1111/btp.12434
https://doi.org/10.1111/btp.12434
https://doi.org/10.1007/s10452-017-9616-5
https://doi.org/10.1111/fwb.13643
https://doi.org/10.1111/fwb.13643
https://doi.org/10.1016/j.crvi.2010.05.002
https://doi.org/10.1016/j.crvi.2010.05.002
https://doi.org/10.1111/1365-2656.12208
https://doi.org/10.1111/1365-2656.12208
https://doi.org/10.1086/707599
https://doi.org/10.1086/707599
https://doi.org/10.1016/j.fooweb.2022.e00265
https://doi.org/10.1016/j.fooweb.2022.e00265
https://doi.org/10.1002/fsh.10731
https://doi.org/10.1016/j.ecolind.2021.107728
https://doi.org/10.1016/j.ecolind.2021.107728


    |  13 of 14PLATIS et al.

(Salmo salar	 L.)	 in	 a	 sub-	Arctic	 river,	northern	Norway.	Ecology of 
Freshwater Fish, 8(4),	 201–208.	 https://	doi.	org/	10.	1111/j.	1600-		
0633. 1999. tb000 71. x

Gause,	G.	F.	(1934).	The struggle for existence. Williams and Wilkins.
Grossman,	 G.,	 McDaniel,	 K.	M.,	 &	 Ratajczak,	 R.	 (2002).	 Demographic	

characteristics of female mottled sculpin, Cottus Bairdi, in the 
Coweeta	Creek	drainage,	North	Carolina.	Environmental Biology of 
Fishes, 63,	299–308.	https://	doi.	org/	10.	1023/A:	10143	15623637

Hammerschlag,	N.,	Ovando,	D.,	 &	 Serafy,	 J.	 (2010).	 Seasonal	 diet	 and	
feeding habits of juvenile fishes foraging along a subtropical marine 
ecotone. Aquatic Biology, 9(3),	 279–290.	https:// doi. org/ 10. 3354/ 
ab00251

Hardin,	G.	(1960).	The	competitive	exclusion	principle.	Science, 131(3409),	
1292–1297.	https:// doi. org/ 10. 1126/ scien ce. 131. 3409. 1292

Hesthagen,	T.,	&	Heggenes,	J.	(2003).	Competitive	habitat	displacement	
of brown trout by Siberian sculpin: The role of size and density. 
Journal of Fish Biology, 62(1),	 222–236.	 https:// doi. org/ 10. 1046/j. 
1095-		8649.	2003.	00024.	x

Hesthagen,	T.,	Saksgård,	R.,	Hegge,	O.,	Dervo,	B.	K.,	&	Skurdal,	J.	(2004).	
Niche	 overlap	 between	 young	 brown	 trout	 (Salmo trutta)	 and	
Siberian	sculpin	(Cottus poecilopus)	in	a	subalpine	Norwegian	river.	
Hydrobiologia, 521(1),	 117–125.	 https:// doi. org/ 10. 1023/B: HYDR. 
00000 26354. 22430. 17

Hin,	 V.,	 &	 de	 Roos,	 A.	 M.	 (2019).	 Evolution	 of	 size-	dependent	 intra-
specific competition predicts body size scaling of metabolic rate. 
Functional Ecology, 33(3),	479–490.	https://	doi.	org/	10.	1111/	1365-		
2435. 13253 

Jackson,	A.,	&	Parnell,	A.	(2023).	SIBER: Stable Isotope Bayesian Ellipses in 
R. R package version 2.1.7. https://	CRAN.	R-		proje	ct.	org/	packa	ge= 
SIBER 

Jirka,	K.	 J.,	&	Kraft,	C.	 E.	 (2017).	Diet	 niche	width	 and	 individual	 spe-
cialization of brook trout in adirondack lakes. Transactions of the 
American Fisheries Society, 146(4),	 716–731.	 https:// doi. org/ 10. 
1080/ 00028 487. 2017. 1290680

Kanno,	Y.,	Kim,	S.,	&	Pregler,	K.	C.	(2023).	Sub-	seasonal	correlation	be-
tween growth and survival in three sympatric aquatic ectotherms. 
Oikos, 2023(3),	e09685.	https:// doi. org/ 10. 1111/ oik. 09685 

Kato,	C.,	 Iwata,	T.,	Nakano,	S.,	&	Kishi,	D.	 (2003).	Dynamics	of	aquatic	
insect	 flux	 affects	 distribution	 of	 riparian	 web-	building	 spiders.	
Oikos, 103(1),	 113–120.	 https://	doi.	org/	10.	1034/j.	1600-		0706.	
2003. 12477. x

Kornis,	M.	 S.,	 Bunnell,	 D.	 B.,	 Swanson,	 H.	 K.,	 &	 Bronte,	 C.	 R.	 (2020).	
Spatiotemporal patterns in trophic niche overlap among five sal-
monines	 in	Lake	Michigan,	USA.	Canadian Journal of Fisheries and 
Aquatic Sciences, 77(6),	 1059–1075.	 https:// doi. org/ 10. 1139/ cjfas 
-		2019-		0288

Langeland,	 A.,	 L'Abée-	Lund,	 J.	 H.,	 Jonsson,	 B.,	 &	 Jonsson,	 N.	 (1991).	
Resource	partitioning	and	niche	shift	in	Arctic	Charr	Salvelinus alpi-
nus and Brown trout Salmo trutta. Journal of Animal Ecology, 60(3),	
895–912.	https:// doi. org/ 10. 2307/ 5420

Larocque,	S.	M.,	Johnson,	T.	B.,	&	Fisk,	A.	T.	(2021).	Trophic	niche	overlap	
and abundance reveal potential impact of interspecific interactions 
on a reintroduced fish. Canadian Journal of Fisheries and Aquatic 
Sciences, 78(6),	765–774.	https://	doi.	org/	10.	1139/	cjfas	-		2020-		0204

Latli,	A.,	Michel,	 L.	N.,	 Lepoint,	G.,	&	Kestemont,	P.	 (2019).	River	hab-
itat homogenisation enhances trophic competition and promotes 
individual specialisation among young of the year fish. Freshwater 
Biology, 64(3),	520–531.	https:// doi. org/ 10. 1111/ fwb. 13239 

Lennox,	R.	J.,	Crook,	D.	A.,	Moyle,	P.	B.,	Struthers,	D.	P.,	&	Cooke,	S.	J.	
(2019).	Toward	a	better	understanding	of	freshwater	fish	responses	
to	 an	 increasingly	 drought-	stricken	world.	Reviews in Fish Biology 
and Fisheries, 29(1),	 71–92.	 https://	doi.	org/	10.	1007/	s1116	0-		018-		
09545	-		9

Liang,	D.,	Yang,	S.,	Pagani-	Núñez,	E.,	He,	C.,	Liu,	Y.,	Goodale,	E.,	Liao,	W.	
B.,	&	Hu,	J.	(2020).	How	to	become	a	generalist	species?	Individual	
niche variation across habitat transformation gradients. Frontiers 

in Ecology and Evolution, 8, 597450. https:// doi. org/ 10. 3389/ fevo. 
2020. 597450

Liu,	F.,	Wang,	J.,	&	Liu,	H.	 (2019).	Seasonal	variations	 in	 food	resource	
partitioning among four sympatric gudgeon species in the upper 
Yangtze River. Ecology and Evolution, 9(12),	7227–7236.	https:// doi. 
org/ 10. 1002/ ece3. 5293

Louhi,	P.,	Mäki-	Petäys,	A.,	Huusko,	A.,	&	Muotka,	T.	(2014).	Resource	use	
by juvenile brown trout and alpine bullhead: Influence of interspe-
cific versus intraspecific competition. Ecology of Freshwater Fish, 
23(2),	234–243.	https:// doi. org/ 10. 1111/ eff. 12072 

Macarthur,	R.,	&	Levins,	R.	 (1967).	The	 limiting	similarity,	convergence,	
and divergence of coexisting species. The American Naturalist, 
101(921),	377–385.	https:// doi. org/ 10. 1086/ 282505

Maitland,	B.	M.,	&	Rahel,	F.	J.	 (2023).	Aquatic	food	web	expansion	and	
trophic redundancy along the Rocky Mountain	–	Great Plains eco-
tone. Ecology, 104(7),	e4103.	https:// doi. org/ 10. 1002/ ecy. 4103

Marcarelli,	A.	M.,	Baxter,	C.	V.,	 Benjamin,	 J.	 R.,	Miyake,	Y.,	Murakami,	
M.,	 Fausch,	K.	D.,	&	Nakano,	 S.	 (2020).	Magnitude	 and	 direction	
of	 stream–forest	 community	 interactions	 change	with	 timescale.	
Ecology, 101(8),	e03064.	https:// doi. org/ 10. 1002/ ecy. 3064

Mason,	N.	W.	H.,	Lanoiselée,	C.,	Mouillot,	D.,	Wilson,	J.	B.,	&	Argillier,	C.	
(2008).	Does	niche	overlap	control	relative	abundance	in	French	la-
custrine	fish	communities?	A	new	method	incorporating	functional	
traits. Journal of Animal Ecology, 77(4),	661–669.	https:// doi. org/ 10. 
1111/j.	1365-		2656.	2008.	01379.	x

Matley,	J.	K.,	Fisk,	A.	T.,	Tobin,	A.	J.,	Heupel,	M.	R.,	&	Simpfendorfer,	C.	
A.	(2016).	Diet-	tissue	discrimination	factors	and	turnover	of	carbon	
and nitrogen stable isotopes in tissues of an adult predatory coral 
reef fish, Plectropomus leopardus. Rapid Communications in Mass 
Spectrometry, 30(1),	29–44.	https:// doi. org/ 10. 1002/ rcm. 7406

Meredith,	C.	 S.,	Budy,	P.,	&	Thiede,	G.	P.	 (2015).	Predation	on	native	
sculpin by exotic brown trout exceeds that by native cutthroat 
trout	 within	 a	 mountain	 watershed	 (Logan,	 UT,	 USA).	 Ecology 
of Freshwater Fish, 24(1),	 133–147.	 https:// doi. org/ 10. 1111/ eff. 
12134 

Nakano,	S.,	Miyasaka,	H.,	&	Kuhara,	N.	 (1999).	Terrestrial–aquatic	 link-
ages: Riparian arthropod inputs alter trophic cascades in a stream 
food web. Ecology, 80(7),	 2435–2441.	 https:// doi. org/ 10. 1890/ 
0012-		9658(1999)	080[2435:	TALRAI]	2.0.	CO;	2

Neves,	M.	 P.,	 Costa-	Pereira,	 R.,	Delariva,	 R.	 L.,	 &	 Fialho,	 C.	 B.	 (2021).	
Seasonality and interspecific competition shape individual 
niche	 variation	 in	 co-	occurring	 tetra	 fish	 in	 neotropical	 streams.	
Biotropica, 53(1),	329–338.	https:// doi. org/ 10. 1111/ btp. 12879 

Neves,	M.	P.,	Kratina,	P.,	Delariva,	R.	L.,	Jones,	J.	I.,	&	Fialho,	C.	B.	(2021).	
Seasonal feeding plasticity can facilitate coexistence of domi-
nant omnivores in neotropical streams. Reviews in Fish Biology and 
Fisheries, 31(2),	 417–432.	 https://	doi.	org/	10.	1007/	s1116	0-		021-		
09648	-		w

Nielsen,	J.	M.,	Clare,	E.	L.,	Hayden,	B.,	Brett,	M.	T.,	&	Kratina,	P.	(2018).	
Diet	tracing	in	ecology:	Method	comparison	and	selection.	Methods 
in Ecology and Evolution, 9(2),	 278–291.	 https:// doi. org/ 10. 1111/ 
2041-		210X.	12869	

Nilsson,	N.	A.	(1963).	Interaction	between	trout	and	char	in	Scandinavia.	
Transactions of the American Fisheries Society, 92(3),	 276–285.	
https://	doi.	org/	10.	1577/	1548-		8659(1963)	92[276:	IBTACI]	2.0.	CO;	2

Oksanen,	J.,	Simpson,	G.,	Blanchet,	F.,	Kindt,	R.,	Legendre,	P.,	Minchin,	P.,	
O'Hara,	R.,	Solymos,	P.,	Stevens,	M.,	Szoecs,	E.,	Wagner,	H.,	Barbour,	
M.,	Bedward,	M.,	Bolker,	B.,	Borcard,	D.,	Carvalho,	G.,	Chirico,	M.,	
De	Caceres,	M.,	Durand,	S.,	…	Weedon,	J.	(2022).	vegan: Community 
ecology Package.	R	Package	Version	2.6-4.	https://	CRAN.	R-		proje	ct.	
org/ packa ge= vegan 

Patten,	B.	G.	(1971).	Spawning	and	fecundity	of	seven	species	of	north-
west	American	Cottus.	The American Midland Naturalist, 85(2),	493–
506. https:// doi. org/ 10. 2307/ 2423771

Pavlov,	E.	D.,	Bush,	A.	G.,	Kostin,	V.	V.,	&	Pavlov,	D.	S.	(2020).	Growth	and	
early maturation of Brown trout Salmo trutta	in	the	Alatsoya	River	

https://doi.org/10.1111/j.1600-0633.1999.tb00071.x
https://doi.org/10.1111/j.1600-0633.1999.tb00071.x
https://doi.org/10.1023/A:1014315623637
https://doi.org/10.3354/ab00251
https://doi.org/10.3354/ab00251
https://doi.org/10.1126/science.131.3409.1292
https://doi.org/10.1046/j.1095-8649.2003.00024.x
https://doi.org/10.1046/j.1095-8649.2003.00024.x
https://doi.org/10.1023/B:HYDR.0000026354.22430.17
https://doi.org/10.1023/B:HYDR.0000026354.22430.17
https://doi.org/10.1111/1365-2435.13253
https://doi.org/10.1111/1365-2435.13253
https://cran.r-project.org/package=SIBER
https://cran.r-project.org/package=SIBER
https://doi.org/10.1080/00028487.2017.1290680
https://doi.org/10.1080/00028487.2017.1290680
https://doi.org/10.1111/oik.09685
https://doi.org/10.1034/j.1600-0706.2003.12477.x
https://doi.org/10.1034/j.1600-0706.2003.12477.x
https://doi.org/10.1139/cjfas-2019-0288
https://doi.org/10.1139/cjfas-2019-0288
https://doi.org/10.2307/5420
https://doi.org/10.1139/cjfas-2020-0204
https://doi.org/10.1111/fwb.13239
https://doi.org/10.1007/s11160-018-09545-9
https://doi.org/10.1007/s11160-018-09545-9
https://doi.org/10.3389/fevo.2020.597450
https://doi.org/10.3389/fevo.2020.597450
https://doi.org/10.1002/ece3.5293
https://doi.org/10.1002/ece3.5293
https://doi.org/10.1111/eff.12072
https://doi.org/10.1086/282505
https://doi.org/10.1002/ecy.4103
https://doi.org/10.1002/ecy.3064
https://doi.org/10.1111/j.1365-2656.2008.01379.x
https://doi.org/10.1111/j.1365-2656.2008.01379.x
https://doi.org/10.1002/rcm.7406
https://doi.org/10.1111/eff.12134
https://doi.org/10.1111/eff.12134
https://doi.org/10.1890/0012-9658(1999)080%5B2435:TALRAI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B2435:TALRAI%5D2.0.CO;2
https://doi.org/10.1111/btp.12879
https://doi.org/10.1007/s11160-021-09648-w
https://doi.org/10.1007/s11160-021-09648-w
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1577/1548-8659(1963)92%5B276:IBTACI%5D2.0.CO;2
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.2307/2423771


14 of 14  |     PLATIS et al.

(republic	of	Karelia).	Inland Water Biology, 13(4),	640–647.	https:// 
doi. org/ 10. 1134/ S1995 08292 0060115

Pianka,	E.	R.	(1974).	Niche	overlap	and	diffuse	competition.	Proceedings 
of the National Academy of Sciences of the United States of America, 
71(5),	2141–2145.	https:// doi. org/ 10. 1073/ pnas. 71.5. 2141

Poff,	N.	L.,	Allan,	J.	D.,	Bain,	M.	B.,	Karr,	J.	R.,	Prestegaard,	K.	L.,	Richter,	B.	
D.,	Sparks,	R.	E.,	&	Stromberg,	J.	C.	(1997).	The	natural	flow	regime.	
Bioscience, 47(11),	769–784.	https:// doi. org/ 10. 2307/ 1313099

Prati,	 S.,	 Henriksen,	 E.	 H.,	 Smalås,	 A.,	 Knudsen,	 R.,	 Klemetsen,	 A.,	
Sánchez-	Hernández,	 J.,	 &	 Amundsen,	 P.	 A.	 (2021).	 The	 effect	 of	
inter-		 and	 intraspecific	 competition	 on	 individual	 and	 population	
niche	widths:	A	 four-	decade	 study	on	 two	 interacting	 salmonids.	
Oikos, 130(10),	1679–1691.	https:// doi. org/ 10. 1111/ oik. 08375 

R	 Core	 Team	 (2023).	 R:	 A	 Language	 and	 Environment	 for	 Statistical	
Computing. R Foundation for Statistical Computing,	Vienna,	Austria.	
https://www.R-project.org/

Roughgarden,	J.	(1972).	Evolution	of	niche	width.	The American Naturalist, 
106(952),	683–718.

Rundio,	 D.	 E.,	 &	 Lindley,	 S.	 T.	 (2008).	 Seasonal	 patterns	 of	 terrestrial	
and aquatic prey abundance and use by Oncorhynchus mykiss in a 
California	Coastal	Basin	with	a	Mediterranean	climate.	Transactions 
of the American Fisheries Society, 137(2),	467–480.	https:// doi. org/ 
10.	1577/	T07-		076.	1

Sabo,	J.	L.,	Bastow,	J.	L.,	&	Power,	M.	E.	 (2002).	Length–mass	relation-
ships for adult aquatic and terrestrial invertebrates in a California 
watershed. Journal of the North American Benthological Society, 
21(2),	336–343.	https:// doi. org/ 10. 2307/ 1468420

Sánchez-	Hernández,	 J.,	 Finstad,	 A.	 G.,	 Arnekleiv,	 J.	 V.,	 Kjærstad,	 G.,	 &	
Amundsen,	P.-	A.	 (2021).	Beyond	ecological	opportunity:	Prey	diver-
sity rather than abundance shapes predator niche variation. Freshwater 
Biology, 66(1),	44–61.	https:// doi. org/ 10. 1111/ fwb. 13606 

Sargeant,	 B.	 L.	 (2007).	 Individual	 foraging	 specialization:	 Niche	 width	
versus niche overlap. Oikos, 116(9),	1431–1437.	https:// doi. org/ 10. 
1111/j.	0030-		1299.	2007.	15833.	x

Schoener,	 T.	 W.	 (1970).	 Nonsynchronous	 spatial	 overlap	 of	 lizards	 in	
patchy habitats. Ecology, 51(3),	408–418.	https:// doi. org/ 10. 2307/ 
1935376

Schoener,	T.	W.	(1974).	Resource	partitioning	in	ecological	communities.	
Science (New York, N.Y.), 185(4145),	27–39.	https:// doi. org/ 10. 1126/ 
scien ce. 185. 4145. 27

Sibly,	R.	M.,	Baker,	J.,	Grady,	J.	M.,	Luna,	S.	M.,	Kodric-	Brown,	A.,	Venditti,	
C.,	&	Brown,	 J.	H.	 (2015).	 Fundamental	 insights	 into	ontogenetic	
growth from theory and fish. Proceedings of the National Academy 
of Sciences of the United States of America, 112(45),	13934–13939.	
https:// doi. org/ 10. 1073/ pnas. 15188 23112 

Skinner,	M.	M.,	Martin,	A.	A.,	&	Moore,	B.	C.	(2016).	 Is	 lipid	correction	
necessary in the stable isotope analysis of fish tissues? Rapid 
Communications in Mass Spectrometry, 30(7),	881–889.	https:// doi. 
org/ 10. 1002/ rcm. 7480

Smith,	 R.	 (2021).	 ecole: School of Ecology Package.	 R	 version	 0.9-2021,	
https:// github. com/ phyto mosaic/ ecole 

Staudinger,	 M.	 D.,	 Lynch,	 A.	 J.,	 Gaichas,	 S.	 K.,	 Fox,	 M.	 G.,	 Gibson-	
Reinemer,	D.,	Langan,	J.	A.,	Teffer,	A.	K.,	Thackeray,	S.	J.,	&	Winfield,	
I.	J.	(2021).	How	does	climate	change	affect	emergent	properties	of	
aquatic ecosystems? Fisheries, 46(9),	423–441.	https:// doi. org/ 10. 
1002/ fsh. 10606 

Svanbäck,	 R.,	 &	 Bolnick,	 D.	 I.	 (2007).	 Intraspecific	 competition	 drives	
increased resource use diversity within a natural population. 
Proceedings of the Royal Society B: Biological Sciences, 274(1611),	
839–844.	https:// doi. org/ 10. 1098/ rspb. 2006. 0198

Taube,	C.	M.	(1976).	Sexual	maturity	and	fecundity	in	Brown	trout	of	the	
Platte	River,	Michigan.	Transactions of the American Fisheries Society, 
105(4),	 529–533.	 https://	doi.	org/	10.	1577/	1548-		8659(1976)	105< 
529:	SMAFI	B> 2.0. CO; 2

Thomas,	 S.	M.,	 &	 Crowther,	 T.	W.	 (2015).	 Predicting	 rates	 of	 isotopic	
turnover	across	the	animal	kingdom:	A	synthesis	of	existing	data.	
Journal of Animal Ecology, 84(3),	861–870.	https:// doi. org/ 10. 1111/ 
1365-		2656.	12326	

Thomas,	S.	M.,	Harrod,	C.,	Hayden,	B.,	Malinen,	T.,	&	Kahilainen,	K.	K.	
(2017).	Ecological	speciation	in	a	generalist	consumer	expands	the	
trophic niche of a dominant predator. Scientific Reports, 7(1),	8765.	
https://	doi.	org/	10.	1038/	s4159	8-		017-		08263	-		9

Tran,	T.	N.	Q.,	Jackson,	M.	C.,	Sheath,	D.,	Verreycken,	H.,	&	Britton,	J.	R.	
(2015).	Patterns	of	trophic	niche	divergence	between	invasive	and	
native fishes in wild communities are predictable from mesocosm 
studies. Journal of Animal Ecology, 84(4),	 1071–1080.	 https:// doi. 
org/	10.	1111/	1365-		2656.	12360	

Van	 Valen,	 L.	 (1965).	Morphological	 variation	 and	width	 of	 ecological	
niche. The American Naturalist, 99(908),	377–390.	https:// doi. org/ 
10. 1086/ 282379

Vander	Zanden,	M.	 J.,	Clayton,	M.	K.,	Moody,	E.	K.,	Solomon,	C.	T.,	&	
Weidel,	B.	C.	(2015).	Stable	isotope	turnover	and	half-	life	in	animal	
tissues:	A	literature	synthesis.	PLoS One, 10(1),	e0116182.	https:// 
doi. org/ 10. 1371/ journ al. pone. 0116182

Vanderploeg,	H.	A.,	&	Scavia,	D.	(1979).	Two	electivity	indices	for	feed-
ing with special reference to zooplankton grazing. Journal of the 
Fisheries Research Board of Canada, 36(4),	362–365.	https:// doi. org/ 
10.	1139/	f79-		055

Volkoff,	 H.,	 &	 Rønnestad,	 I.	 (2020).	 Effects	 of	 temperature	 on	 feed-
ing and digestive processes in fish. Temperature: Multidisciplinary 
Biomedical Journal, 7(4),	 307–320.	https:// doi. org/ 10. 1080/ 23328 
940. 2020. 1765950

Warton,	D.	I.,	Wright,	S.	T.,	&	Wang,	Y.	(2012).	Distance-	based	multivar-
iate analyses confound location and dispersion effects. Methods in 
Ecology and Evolution, 3(1),	89–101.	https://	doi.	org/	10.	1111/j.	2041-		
210X.	2011.	00127.	x

Young,	M.	 K.,	 Smith,	 R.,	 Pilgrim,	 K.	 L.,	 Isaak,	 D.	 J.,	McKelvey,	 K.	 S.,	
Parkes,	 S.,	 Egge,	 J.,	&	Schwartz,	M.	K.	 (2022).	A	molecular	 tax-
onomy	 of	 Cottus	 in	 western	 North	 America.	 Western North 
American Naturalist, 82(2),	 307–345.	 https:// doi. org/ 10. 3398/ 
064. 082. 0208

Zaccarelli,	D.	N.,	Mancinelli,	G.,	&	Bolnick,	D.	(2022).	RInSp:	An	R	pack-
age for the analysis of individual specialisation in resource use. 
Methods in Ecology and Evolution, 4(11),	1018–1023.	https:// doi. org/ 
10.	1111/	2041-		210X.	12079	

Zaret,	T.	M.,	&	Rand,	A.	S.	(1971).	Competition	in	tropical	stream	fishes:	
Support for the competitive exclusion principle. Ecology, 52(2),	
336–342.	https:// doi. org/ 10. 2307/ 1934593

Zimmerman,	J.	K.	H.,	&	Vondracek,	B.	(2007).	Interactions	between	slimy	
sculpin and trout: Slimy sculpin growth and diet in relation to native 
and nonnative trout. Transactions of the American Fisheries Society, 
136(6),	1791–1800.	https://	doi.	org/	10.	1577/	T06-		020.	1

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

How to cite this article: Platis,	N.	M.,	Kanno,	Y.,	Johnson,	B.	
M.,	&	Rose,	B.	P.	(2024).	Seasonal	trophic	niche	width	and	
overlap of mottled sculpin and brown trout in a regulated 
high-	elevation	river.	Ecology of Freshwater Fish, 33, e12793. 
https://doi.org/10.1111/eff.12793

https://doi.org/10.1134/S1995082920060115
https://doi.org/10.1134/S1995082920060115
https://doi.org/10.1073/pnas.71.5.2141
https://doi.org/10.2307/1313099
https://doi.org/10.1111/oik.08375
https://www.R-project.org/
https://doi.org/10.1577/T07-076.1
https://doi.org/10.1577/T07-076.1
https://doi.org/10.2307/1468420
https://doi.org/10.1111/fwb.13606
https://doi.org/10.1111/j.0030-1299.2007.15833.x
https://doi.org/10.1111/j.0030-1299.2007.15833.x
https://doi.org/10.2307/1935376
https://doi.org/10.2307/1935376
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1073/pnas.1518823112
https://doi.org/10.1002/rcm.7480
https://doi.org/10.1002/rcm.7480
https://github.com/phytomosaic/ecole
https://doi.org/10.1002/fsh.10606
https://doi.org/10.1002/fsh.10606
https://doi.org/10.1098/rspb.2006.0198
https://doi.org/10.1577/1548-8659(1976)105%3C529:SMAFIB%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(1976)105%3C529:SMAFIB%3E2.0.CO;2
https://doi.org/10.1111/1365-2656.12326
https://doi.org/10.1111/1365-2656.12326
https://doi.org/10.1038/s41598-017-08263-9
https://doi.org/10.1111/1365-2656.12360
https://doi.org/10.1111/1365-2656.12360
https://doi.org/10.1086/282379
https://doi.org/10.1086/282379
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1139/f79-055
https://doi.org/10.1139/f79-055
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.3398/064.082.0208
https://doi.org/10.3398/064.082.0208
https://doi.org/10.1111/2041-210X.12079
https://doi.org/10.1111/2041-210X.12079
https://doi.org/10.2307/1934593
https://doi.org/10.1577/T06-020.1
https://doi.org/10.1111/eff.12793

	Seasonal trophic niche width and overlap of mottled sculpin and brown trout in a regulated high-elevation river
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study system
	2.2  |  Field sampling
	2.3  |  Laboratory sample preparation and processing
	2.3.1  |  Stomach content analysis
	2.3.2  |  Stable isotope analysis

	2.4  |  Data analysis
	2.4.1  |  Prey availability (benthic macroinvertebrates)
	2.4.2  |  Stomach content analysis
	Feeding intensity
	Prey selectivity
	Individual & population trophic niches
	Inter-specific trophic niche overlap
	Diet composition

	2.4.3  |  Stable isotope analysis
	Isotopic composition
	Isotopic niche breadth and overlap

	2.4.4  |  Statistical analyses and model assumptions


	3  |  RESULTS
	3.1  |  Prey availability (benthic macroinvertebrates)
	3.2  |  Stomach content analysis
	3.2.1  |  Feeding intensity
	3.2.2  |  Prey selectivity
	3.2.3  |  Individual and population trophic niches
	3.2.4  |  Inter-specific trophic niche overlap
	3.2.5  |  Diet composition

	3.3  |  Stable isotope analysis

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


