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Abstract A mechanistic understanding of how

environmental change affects trophic ecology of fish

at the individual and population level remains elusive.

To address this, we conducted a space-for-time

approach incorporating environmental gradients (tem-

perature, precipitation and nutrients), lake morphom-

etry (visibility, depth and area), fish communities

(richness, competition and predation), prey availabil-

ity (richness and density) and feeding (population

niche breadth and individual trophic specialisation)

for 15 native fish taxa belonging to different thermal

guilds from 35 subarctic lakes along a marked climate-

productivity gradient corresponding to future climate

change predictions. We revealed significant and

contrasting responses from two generalist species that

are abundant and widely distributed in the region. The

cold-water adapted European whitefish (Coregonus

lavaretus) reduced individual specialisation in warmer

and more productive lakes. Conversely, the cool-water

adapted Eurasian perch (Perca fluviatilis) showed

increased levels of individual specialism along cli-

mate-productivity gradient. Although whitefish and

perch differed in the way they consumed prey along

the climate-productivity gradient, they both switched

from consumption of zooplankton in cooler, less

productive lakes, to macrozoobenthos in warmer,

more productive lakes. Species with specialist benthic

or pelagic feeding did not show significant changes in

trophic ecology along the gradient. We conclude that

generalist consumers, such as warmer adapted perch,
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have clear advantages over colder and clear-water

specialised species or morphs through their capacity to

undergo reciprocal benthic–pelagic switches in feed-

ing associated with environmental change. The capac-

ity to show trophic flexibility in warmer and more

productive lakes is likely a key trait for species

dominance in future communities of high latitudes

under climate change.

Keywords Environmental change � Fish �
Multichannel feeding � Stomach content analysis �
Thermal guild � Subarctic lakes

Introduction

Global change has led to local environmental shifts

that, in turn, trigger detrimental effects on both

communities and ecosystem functioning across

biomes (e.g. Garcia-Palacios et al. 2015; Till et al.

2019; Pecuchet et al. 2020). In temperate aquatic

biomes, global climate change is leading to an increase

in water temperature and productivity (Finstad et al.

2016; Hayden et al. 2019; Kritzberg et al. 2020). As a

consequence, northern lentic systems are undergoing

greening and an associated shift in fish communities

from a dominance of cold-adapted, clear water fishes

to communities dominated by warm- and murky water

adapted species (Hayden et al. 2017; Jacobson et al.

2017). In addition, changes in thermal and productiv-

ity status have direct consequences for pelagic

productivity, increasing abundance in phytoplankton

and zooplankton, and thus a shift from communities

dominated by benthic species, to ones dominated by

pelagic fishes (de Senerpont Domis et al. 2013;

Hayden et al. 2019).

Different species and life stages of fish are

commonly assigned to thermal guilds, i.e. cold-, cool-

and warm-water species, according to their specific

optimal and tolerance temperatures (Magnuson et al.

1979; Matthews and Maness 1979; Beitinger et al.

2000). The thermal guild of fish is an important

determinant of optimal performance, with fish com-

peting for preferred thermal niches (Magnuson et al.

1979). In northern latitudes, climate warming is

predicted to give an advantage to cool-adapted and

warm-adapted freshwater fishes (e.g. most cyprinids)

over cold-adapted species (e.g. salmonids) (e.g.

Daufresne et al. 2003; Matulla et al. 2007; Graham

and Harrod 2009) in line with species-specific optimal

and tolerance ranges (Matthews and Maness 1979;

Beitinger et al. 2000). Thus, new environmental

conditions driven by climate-change are detrimental

for cold-stenothermal fish species, in particular in

shallow lakes, in comparison with warm-eurythermal

fish species characterised by a high heat tolerance and

an ability to cope with, or even thrive under, these new

thermal regimes (Jeppesen et al. 2012). Moreover, a

species designation to a specific thermal guild is

strongly influenced by oxygen requirements, i.e.

aerobic scope that may have additional importance

in optimal performance and niche selection (Jacobson

et al. 2010; Whitney et al. 2016). Thus, it is reasonable

to expect distinct functional responses of fish to new

oxythermal conditions, which will largely determine

their performance following environmental shifts.

Knowledge has rapidly advanced regarding the

poleward expansion of generalist and warm-adapted

species in both freshwater and marine systems (e.g.

Moss et al. 2009; Rolls et al. 2017; Pecuchet et al.

2020). However, there is still much to understand

regarding how fish species can adapt their feeding and

establish through this poleward expansion. In this

regard, the intuitive pathway explaining the fishes’

feeding shifts along environmental change is that new

environmental conditions are expected to drive

changes in prey communities which, in turn, lead

changes in fish feeding and niche variation via bottom-

up mechanisms (Sánchez-Hernández et al. 2019a).

More precisely, climate-induced modifications will

lead to increased biomass of phytoplankton and

zooplankton in northern and oligotrophic lakes (de

Senerpont Domis et al. 2013). However, the effects

can be taxon-specific on the metazooplankton com-

munities of large and deep alpine lakes, with clado-

cerans increasing, and copepods decreasing or

showing no variation (Hampton et al. 2008; Tanentzap

et al. 2020). Aquatic insect communities are expected

to become more homogeneous under global warming

(Li et al. 2014), with the distribution and abundance

patterns of some aquatic insects (Ephemeroptera,

Diptera, Trichoptera and Plecoptera) being negatively

affected (Li et al. 2014; Bhowmik and Schäfer 2015).

In addition, climate-driven changes likely impact the

size of ectothermic aquatic organisms (both prey and

fish), with global warming in aquatic systems increas-

ing the proportion of small-sized species and young
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age classes (Daufresne et al. 2009). It is reasonable to

posit that flexible behavioural feeding responses of

consumers may provide them with key advantages

against future climate-driven changes in prey com-

munity structure, as trophic generalists are capable to

adapt their diet to available food, whereas trophic

specialists typically depend on a particular prey

(Rijnsdorp et al. 2009).

Trophic specialists can function as ecological

generalists when food resources are abundant and

easy to capture (Liem 1980; Robinson and Wilson

1998). Thus, the capacity of consumers to switch diet

is likely to provide them with a competitive advantage

following rapid global change (Bartley et al. 2018),

but researchers still need to integrate the potential of

consumers displaying trophic switches such as mul-

tichannel feeding, i.e. coupling horizontal (littoral–

pelagic axis) and vertical (profundal/benthic–pelagic

axis) components of lake food webs, when assessing

the response of consumers to environmental scenarios

driven by global change (Duffy et al. 2007;Wolkovich

et al. 2014). In this regard, lacustrine species with

generalist feeding behaviours, such as omnivores, are

expected to enhance multichannel feeding that link

autotroph–based pelagic and detritus–based benthic

compartments of lake food webs (Wolkovich et al.

2014). For example, a common pattern among gener-

alist fish, such as Eurasian perch Perca fluviatilis, is a

switch in foraging along the littoral–pelagic axis

during ontogeny (i.e. from pelagic zooplankton to

benthic invertebrate and latter to pelagic fishes)

(Persson 1986; 1990; Sánchez-Hernández et al.

2019b). This capacity to switch diet is likely to

provide them with a competitive advantage following

rapid changes to their environment. Indeed, poleward

expansion of fish generalists has led to marked

functional shifts, e.g. through increased benthic–

pelagic coupling and enhanced connectivity between

habitats, and thus the structure of marine food-webs

(Kortsch et al. 2015). Empirical work has also

emphasised the ecological significance of fish gener-

alists as promoters of stability in fish communities

under current climate change via trophic niche segre-

gation (Kingsbury et al. 2020). In addition, the most

important factors besides temperature, productivity

and associated environmental variables driving feed-

ing responses of consumers at both population and

individual levels are related to resource availability

and competition (Schluter 2000; Araújo et al. 2011;

Skúlason et al. 2019; Sánchez-Hernández et al. 2021).

In the current study, we used fish as model

organisms and integrated both biological processes

(competitor and predator abundance and prey avail-

ability) and environmental components (warming,

increased productivity and lake morphometry) by

using a real world, space-for-time gradient from

rapidly changing subarctic lake ecosystems. In this

regard, high-latitude regions are one of the fastest

warming areas of the world due to the phenomenon of

Arctic amplification (Coumou et al. 2018). Specifi-

cally, we examined among-individual (measured as

individual trophic specialisation) and population

(population niche breadth) diet variation in native fish

species and whitefish morphs (Coregonus lavaretus)

from subarctic lakes along a pronounced climate-

productivity gradient (i.e. along warmer and more

productive lakes). Trophically polymorphic fish, such

as the European whitefish morphs inhabiting large

parts of northern Fennoscandia, can be used as model

organisms to study differences in trophic specializa-

tion beyond the species level across the three major

habitats of lentic systems (littoral, pelagic and pro-

fundal) (Harrod et al. 2010; Præbel et al. 2013;

Thomas et al. 2017) as well as their responses to

climate-productivity gradient. We hypothesised (H1)

that climate-productivity gradients drive changes in

trophic niche of predators based on their thermal guild,

expecting both population niche breadth and individ-

ual trophic specialisation to decrease in cold and clear

water fish species (i.e. whitefish and vendace Core-

gonus albula) as lakes became warmer and more

productive, with the pattern reversed in cool and warm

water fish species (i.e. Eurasian perch and ruffe

Gymnocephalus cernua). We predict that multichan-

nel feeding capacities, i.e. reciprocal benthic–pelagic

switches in feeding of omnivorous or generalist fish,

associated with changes in pelagic productivity may

act as a key trait to understand feeding responses to

climate change at both the individual and population

levels. In turn, we also hypothesised (H2) that this

pattern would be continued, where specialised trophic

morphs of whitefish would differ from that of the most

widely distributed generalist morph (Harrod et al.

2010).
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Material and methods

Study area

We sampled 35 lakes in Finnish Lapland in August or

September between 1998 and 2014 (Appendix 1). The

sampling program included measurements of climate

[open-water season air temperature (�C) and precip-

itation (mm)], productivity [total nitrogen (lg/L) and
total phosphorus (lg/L)], lake morphometry [com-

pensation depth (m), maximum depth (m), mean depth

(m), littoral proportion (% of lake surface area) and

lake area (km2)], prey availability (richness and

density of zooplankton (n/L) and macrozoobenthos

(n/m2)—putative prey for much of the fish commu-

nity) and key characteristics of the fish community

(fish richness, inter- and intra-specific competition and

predation risk). This allowed us to conduct a space-

for-time analysis across a temperature-productivity

gradient equivalent to the future climatic shift pre-

dicted for subarctic Europe (i.e. temperature ? 3 �C,
precipitation ? 30% and nutrient ? 45 lg L-1 total

phosphorus; for details see Hayden et al. 2019). These

environmental differences are derived from altitudinal

and strong catchment land-use gradients which result

in the close to pristine northernmost lakes being the

coldest and least productive, and the most southern

lakes being warmer and notably more productive.

Environmental gradients: climate-productivity

index (CPi) and lake morphometry index (Mi)

Using previously described methods (Hayden et al.

2019), Principal Component Analysis (PCA) was used

to combine variation in temperature, precipitation,

total nitrogen and total phosphorus to a single

composite variable (the climate-productivity index;

hereafter CPi) which explained 81% of observed

environmental variation among lakes (Appendix 2).

Our rationale is that PCA scores capture variation in

environmental conditions, reducing environmental

information to a single variable that was later used

as an indicator of environmental status. Following the

same procedure as for CPi, PCA was used to reduce

information on lake morphometry to one dependent

variable, which explained 54.6% of such environmen-

tal variation (Appendix 2) and was then used as an

indicator of lake morphometry.

Fish communities and sampling

Lakes (mean area = 8 km2 and mean depth = 6 m)

largely supported multi-species fish communities

(mean number of species = 8) that included both

invertivorous and piscivorous fish species. All fish

species are native to Finland, except peled whitefish

(Coregonus peled) and lake trout (Salvelinus namay-

cush) which have been stocked in two of the study

lakes (Table 1A in Appendix 1). Both these species are

rare and are not included in subsequent analyses. Not

all lakes contained the same fish community (Table 1A

in Appendix 1). Invertivorous fish species included a

wide variety of feeding guilds including (1) obligate

planktivores (vendace and bleak Alburnus alburnus),

(2) obligate benthivores (burbot Lota lota, ruffe and

grayling Thymallus thymallus). Generalist fish species

included species which feed on both zooplankton and

zoobenthos (whitefish, including four morphs, and

roach Rutilus rutilus) as well as fish prey (perch)

(Hayden et al. 2017, 2019). Whitefish morphs occur in

eight lakes, with each lake supporting two to four

morphs per lake (Thomas et al. 2017; Häkli et al.

2018). Four lakes contain whitefish 9 vendace

hybrids (Kahilainen et al. 2011). Piscivorous fish

species in these subarctic lakes included brown trout

(Salmo trutta), Arctic charr (Salvelinus alpinus) and

pike (Esox lucius) (Thomas et al. 2017; Hayden et al.

2019). Cold-water fish species include whitefish (all

morphs), vendace, whitefish 9 vendace hybrids,

brown trout, Arctic charr, grayling and burbot. Perch,

ruffe, pike are classified as cool-water fish species, and

roach and bleak are classified as warm-water fish

species. The most common species across the tem-

perature-productivity gradient were whitefish, ven-

dace, perch and ruffe (Table 1). Polymorphic fish

populations are most commonly seen in whitefish, but

across a larger (European) scale morphs or subspecies

are also known for the remaining three species

(Kottelat and Freyhof 2007; Skúlason et al. 2019).

All fish species, morphs and hybrids studied here are

particulate feeding species.

Fish were sampled from littoral, pelagic and

profundal zones using multimesh (5–75 mm knot to

knot) gill nets fished overnight (Hayden et al.

2014, 2017, 2019). Fish were collected the following

morning (soak time c. 6–12 h, recorded ± 1 min),

immediately killed with cerebral conclusion and

chilled in ice. All fish were identified in the laboratory
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to species, morph or hybrid level (Tables 1A and 3A in

Appendices 1 and 3, respectively). Regarding white-

fish morphs, the dataset included eight lakes inhabited

by 2–4 sympatric whitefish morphs and 21 monomor-

phic lakes inhabited by a single whitefish morph—

large sparsely rakered (LSR) (Appendix 3). Whitefish

morphs were identified according to their differences

in body, head and gill raker morphology (Harrod et al.

2010; Kahilainen et al. 2014).

All fish sampled were counted, measured (total

length, ± 1 mm) and frozen (- 20 �C) for further

analysis. The relative abundance of different fish taxa

in each lake was estimated as Catch Per Unit Effort

(CPUE individuals net series-1 h-1). Population and

individual level diet of fish is highly dependent on

trophic resource competition and prey availability

(Araújo et al. 2011; Sánchez-Hernández et al. 2021).

We therefore used total and species-specific CPUE as

a proxy for potential inter- and intra-specific compe-

tition, respectively, with the assumption that high

CPUE equates to high fish abundance and increased

potential competition for food resources (Svanbäck

and Persson 2004; Sánchez-Hernández et al. 2017a).

In addition, we calculated fish species richness and the

invertivorous CPUE/piscivorous fish CPUE ratio as a

proxy of fish community structure and predation risk

(e.g. Mehner et al. 2016), respectively.

Prey availability: zooplankton

and macrozoobenthos densities and diversity

The current study focussed on prey resource abun-

dance and diversity in the three lake habitats: pelagic

(zooplankton), littoral (littoral macrozoobenthos) and

profundal (profundal macrozoobenthos). The protocol

for our sampling to characterise prey availability is

described in detail in Hayden et al. (2017). Briefly,

pelagic zooplankton were sampled in triplicate with

vertical hauls of a zooplankton net (25 cm diameter,

50 lm mesh size) at the deepest point in each lake or

from the principal research area in the case of very

large lakes and immediately fixed in a 5% formalin

solution. Crustacean zooplankton (copepods and

cladocerans) were identified and counted (n L-1)

under a dissection microscope. Three replicate sam-

ples of macrozoobenthos were collected from littoral

and profundal areas using an Ekman grab (272 cm2),

sieved (500 lm mesh size) stored in plastic buckets.

Some lakes lacked profundal habitats (Kelotti, Kolta,

Palo, Peera, Siilas, Tuulis and Vaggoval) as light

penetrates to the lake bottom even at their deepest

points, due either to limited maximum depth or very

clear water, and thus no differentiation between

profundal and littoral macrozoobenthos communities

was made in these lakes. Samples were transported to

a field laboratory, identified (mostly to family level for

macrozoobenthos and genus level for zooplankton;

Appendix 4), sorted and counted (n/m2). Prey diversity

was calculated as taxa richness (i.e. number of

invertebrate taxa) in the pelagic, littoral and profundal

habitats.

We identified the most abundant prey categories in

each lake habitat (Appendix 4) in order to explore the

importance of the absolute abundance of the dominant

prey categories on population and among-individual

diet variation (Sánchez-Hernández et al. 2021) along

CPi. In the pelagic habitat, Bosmina spp., Copepoda

(both Calanoida and Cyclopoida), Chydorus spp. and

Daphnia spp. were the most common taxa. Regarding

the macrozoobenthos community, Chironomidae,

Asellus spp., Eurycercus spp. and Oligochaeta were

the most represented taxa in the littoral; whereas

Chironomidae, Oligochaeta and Pisidium spp. domi-

nated the profundal assemblage (Fig. 4A in Appendix

4). Despite the relative abundance of Oligochaeta, this

taxon was not considered as a predictor in further

modelling because it was not found in the stomach

contents of any fish (Fig. 4B in Appendix 4). Thus,

this study covered absolute abundance of those taxa

and total prey density.

Stomach contents analysis: individual trophic

specialisation and population niche breadth

Because the digestive systems of carnivore, omnivore

and planktivore fish species are different (Gerking

1994), we analysed the anterior third of gastrointesti-

nal tracts of cyprinids (roach, bleak and minnow) and

stomach contents of carnivore fish (stomach contents

from here onwards) according to previous studies

(e.g. Encina et al. 2004; Sánchez-Hernández et al.

2011). In total, we analysed[ 21,000 individual fish,

following standardised procedures for stomach con-

tent analysis (Amundsen and Sánchez-Hernández

2019) to maximise data quality. Dietary analysis was

restricted to populations for which a minimum of 15

individuals per species were sampled. Stomach con-

tents were identified to the lowest feasible taxonomic
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level (usually the same taxonomic level as for

zooplankton and macrozoobenthos) and the relative

abundance of each prey to the total stomach fullness

was determined using the points method (ranking

stomach fullness from 0 to 10, where 0 denotes an

empty stomach and 10 a stomach at maximal exten-

sion; Hynes 1950; Amundsen and Sánchez-Hernández

2019). In the case of cyprinid species (omnivorous

feeding strategy) which do not have a defined stomach,

we only examined contents from the anterior third of

the intestine and used a percentage scale for fish

having ingested prey i.e. 100% visually divided into

different categories. Empty intestines were scored as

zero. For the full data, we first discarded individuals

with stomach fullness scores lower than three

(n = 8101) to avoid bias resulting from possible

inflation in the estimation by individuals feeding on

few prey items or indigestible remains that can be

retained in the stomach for prolonged periods of

several weeks (Amundsen and Sánchez-Hernández

2019). Individuals were then grouped by species or

morph per lake and dietary analysis conducted only

where a minimum threshold of individuals (n C 15)

per species or morph and lake was met. This led to

another 1015 individuals being discarded. The final

quality- and quantity-screened dataset included a total

of 11,918 individuals, 134 sampling events (i.e.

individual populations as multiple samples from

different years aggregated per lake) within 15 species,

morphs and hybrids (Table 1) in a total of 35 lakes

spanning 67� N to 70� N.
To study individual trophic specialisation of fish

species at mean population levels (i.e. using the mean

value of all individuals for each sampling lake), the

proportional similarity (PSi) index was calculated

(Bolnick et al. 2002). This index compares each

individual’s diet to that of the population, with values

ranging between 0 and 1. For individuals that

specialise on a single or few prey types, PSi values

are low, whereas for individuals that consume

resources in a similar proportion to the population as

a whole, PSi values approach 1 (Bolnick et al. 2002).

However, we used the inverse of the average similarity

index (1-IS; Quevedo et al. 2009), to estimate the

overall prevalence of individual specialisation in each

population for a more intuitive interpretation (mean-

ing that trophic specialisation is high when values

approach 1). Because among-individual differences in

resource specialisation may drive broader population-

level trophic niches via individual niche diversifica-

tion in fish (Sánchez-Hernández et al. 2021), we also

addressed the trophic niche breadth at the population

level through Levins’ D index (Levins 1968) using the

same dietary categories across lakes (Appendix 4).

Statistics

All analyses and visualisation were carried out using R

version 3.6.2 (R Core Team 2019). The proportional

similarity (PSi) and Levins’ D indices were calculated

using the RInSp package version 1.2.3 (Zaccarelli

et al. 2013). Shapiro–Wilk (n\ 50) and Kolmogorov–

Smirnov (n[ 50) tests indicated non-normality in the

data.

Prior to analyses, variance inflation factors (VIF)

were used to detect multicollinearity between total

prey density and absolute abundance of the most

represented prey categories for each lake habitat

(littoral, pelagic and profundal). Zuur et al. (2010)

recommend VIF\ 3 as an indicator of low evidence

for collinearity. Accordingly, no indication of multi-

collinearity was found (values between 1.04 and 2.80).

In a first attempt to test for simple cause-and-effect

associations between i) biota richness and abundance

(zooplankton, macrozoobenthos and fish) and the

climate-productivity gradient (climate-productivity

index—CPi), and ii) feeding (PSi and D) of fish

species and whitefish morphs and predictors (environ-

mental status, zooplankton, macrozoobenthos and fish

variables), we used Pearson’s rank correlations with

threshold levels adjusted by Bonferroni correction, in

which the p-values are multiplied by the number of

comparisons. Pairwise comparisons between mono-

and polymorphic whitefish were tested through non-

parametric Mann–Whitney-Wilcoxon test to explore

the hypothesis (H2) that specialised trophic morphs of

whitefish would differ from the most widely dis-

tributed generalist morph.

Because our data did not meet normality and hence

the assumptions for linear regression models (Zuur

et al. 2009), we used multiple regression with Gener-

alised Additive Models (GAMs) (‘‘mgcv’’ package

version 1.8.28; Wood 2017) to uncover the main

drivers in fish feeding responses at individual (indi-

vidual trophic specialisation) and population (popula-

tion niche breadth) levels along CPi. Considering that

models cannot be carried out having more predictor

variables than number of observations, we started out
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with a full model incorporating a maximum number of

13 predictor variables with significant impact on

individual trophic specialisation and population niche

breadth (Appendix 5): CPi, lake morphometry index

(Mi), prey availability (zooplankton richness, Bosmina

density, Daphnia density, Cyclopoida density, total

zooplankton density, Eurycercus density, profundal

Chironomidae density and total profundal macro-

zoobenthos density), total CPUE (as a proxy of

interspecific resource competition), predation risk

and fish richness with CPi as a smoothed variable. In

the case of vendace, the number of observations

imposed a limitation in the number of variables to be

included in the full model and consisted of eight

predictor variables (CPi, Mi, zooplankton richness,

Bosmina density, Daphnia density, total CPUE and

predation risk) with CPi as a smoothed variable.

We used DAIC based model selection (Burnham

and Anderson 2002) to select the optimal model

structure and rank candidate models using the MuMIn

package version 1.40.0 (Bartoń 2016). Because mod-

els with DAIC values\ 2 relative to the best model

are considered to have substantial support (Burnham

and Anderson 2002), we explored relative importance

using model averaging (MuMIn package). It should be

noted that multiple regression analyses were only

carried out for a subset of species (perch, ruffe,

vendace and LSR whitefish) with a representative

number of sampled lakes (n[ 10 lakes, range: 12–33)

to avoid overfitting of models. We visually inspected

residuals of the final selected models for deviations

from normality and heteroscedasticity, without finding

evidence of violation of the model assumptions

(Appendix 6). Following the same above-mentioned

criteria (n[ 10 lakes), the comparison of diet com-

position in whitefish trophic polymorphisms between

monomorphic and polymorphic lakes was only carried

out for LSR whitefish. A significance level of p = 0.05

was used for all analyses.

Results

Zooplankton density (Pearson correlation: r = 0.43;

p\ 0.001), zooplankton richness (r = 0.62;

p\ 0.001), density of littoral macrozoobenthos

(r = 0.50; p\ 0.001), density of profundal macro-

zoobenthos (r = 0.38; p\ 0.001) and CPUE total

(r = 0.69; p\ 0.001) increased along the climate-

productivity index (CPi). Conversely, macrozooben-

thos richness in both littoral and profundal habitats did

not show any clear association with CPi (r = 0.09;

p = 0.260 and r = - 0.01; p = 0.973, respectively).

Most fish species showed a negative correlation

between individual trophic specialisation and CPi

(Table 1). However, the correlation was only statis-

tically significant in two species; LSR whitefish

showed a negative (r = - 0.49; p = 0.006) trend

between individual trophic specialisation and CPi,

while perch showed a positive (r = 0.47; p = 0.033)

trend (Fig. 1). No statistically significant correlations

between population niche breadth of fish species and

CPi were found (Table 1). Individual trophic special-

isation increased with Levins’ index in all fish species

(perch, ruffe, vendace and LSR whitefish) with a

representative number of sampling events (r = 0.88;

p\ 0.001, r = 0.92; p\ 0.001, r = 0.85; p\ 0.001

and r = 0.89; p\ 0.001, respectively), showing that

individual trophic specialisation drove a concomitant

rise in the trophic niche breadth of the population

(Fig. 2).

Fish species appear to differ in prey consumption

along the climate-productivity gradient in line with

their feeding strategies, switching between zooplank-

ton and macrozoobenthos consumption (Fig. 3).

Notably, generalist LSR whitefish switched from

pelagic to benthic foraging in warmer and more

productive lakes, whereas the benthic–pelagic forag-

ing switch was less evident in the remaining fish

species (Fig. 3). We found differences in the diet

composition of LSR whitefish from monomorphic and

polymorphic lakes (Fig. 4), consumption of benthic

prey was higher in polymorphic lakes (Mann–Whit-

ney-Wilcoxon test; W = 966,699; p\ 0.001). Con-

versely, consumption of pelagic prey [zooplankton

and surface prey (terrestrial arthropods and emerged

aquatic insects)] by LSR whitefish was higher in

monomorphic lakes (W = 1,221,694; p\ 0.001 and

W = 1,172,876; p\ 0.001, respectively).

Simple cause-and-effect associations between fish

feeding (individual trophic specialisation and popula-

tion niche breadth) and prey abundance or total CPUE

showed different species-level responses (Fig. 5 and

Appendix 5). For example, both individual and

population feeding responses of perch increased with

perch abundance (CPUE), but an opposite pattern was

seen in LSR whitefish. In addition, total CPUE rather

species-specific CPUE and prey abundance rather than
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diversity had a stronger impact on individual and

population niche variation of perch, ruffe and vendace;

whereas individual and population diet in LSR white-

fish were negatively associated with zooplankton

diversity and densities of Daphnia spp. and Bosmina

spp. (Appendix 5).

Multiple regression models supported the impor-

tance of CPi, prey density and inter-specific compe-

tition in explaining individual trophic specialisation

and population niche breadth of fish species, and

indicated that prey diversity and lake morphometry

index were less important (Tables 2 and 3). Overall,

zooplankton was more important for planktivorous

specialist vendace (Bosmina density for population

niche breadth) and generalist perch (Cyclopoida

density for both individual trophic specialisation and

population niche breadth) than for the benthivorous

ruffe, where individual and population feeding was

dependent on macrozoobenthos (profundal Chirono-

midae density) (Table 2). Individual and population

level diet of generalist LSR whitefish was dependent

on interspecific competition (total CPUE) and fish

community (fish richness) in combination with Bos-

mina density (individual trophic specialisation) and

Eurycercus density (both individual trophic speciali-

sation and population niche breadth) (Table 2). The

best model configurations were robust (see explained

deviance in Table 3), and confirmed the key

importance of CPi (perch, vendace and LSR white-

fish), zooplankton density (perch), profundal macro-

zoobenthos density (ruffe) and inter-specific

competition (LSR whitefish) in explaining individual

trophic specialisation and population niche breadth in

our study (Table 3).

Discussion

We examined variation in individual trophic special-

isation and population niche breadth in different

freshwater fish guilds along a marked climate-pro-

ductivity gradient that matches possible future cli-

matic shifts in northern biomes. Our results provide

novel insights into how warmer and more productive

future climate scenarios in high latitudes are likely to

provide an advantage to warmer adapted generalist

fish species, such as perch, through their reciprocal

capacity to switch between benthic and pelagic

resources (multichannel feeding). Conversely, cold-

adapted fish species showed mostly a negative rela-

tionship between individual and population feeding

and the climate-productivity index, most clearly

shown in the generalist, cold-water adapted LSR

whitefish. Thus, our first hypothesis predicting

increases in individual trophic specialisation and

population niche breadth along climate-productivity

Fig. 1 Individual trophic specialisation along climate-produc-

tivity gradients (CPi) for two species showing statistically

significant, but contrasting responses (see Table 1 for Pearson’s

rank correlations). Linear smoothers (shaded area denotes 95%

confidence interval) are fitted to the data for illustrative purposes

to show trends in individual trophic specialisation
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gradients in cool- and warm-water fish species, but an

opposite pattern in cold-water fish species, was

partially supported because only a single cool-water

and generalist fish species (perch) showed a clear

positive trend between individual trophic specialisa-

tion and the climate-productivity gradient. Whitefish

showed resource polymorphism in cold and clear-

water lakes, but the trophic divergence displayed by

specialised morphs disappeared towards warmer and

productive conditions, supporting predictions from

our second hypothesis regarding feeding responses to

climate change in trophic morphs.

Perch and LSR whitefish were the most commonly

captured fish species and present in the largest number

of lakes, suggesting that our conclusions regarding

these species are robust and can be extrapolated to taxa

with similar biological requirements. We observed

population niche expansion (i.e. Levins index) through

individual trophic specialisation in fish species with a

representative number of sampling events (perch,

ruffe, vendace and LSR whitefish). This is in line with

recent works focussed on stream fishes (Sánchez-

Hernández et al. 2021) and amphibians (Mirabasso

et al. 2020). To the best of our knowledge, a

mechanistic understanding of how climate change

drives switches in fish population niche breadth and

individual trophic specialisation is currently unavail-

able. A possible limitation of the current knowledge

about the effect of climate change on niche breadth

and individual trophic specialisation of fish species is

related to the sampling efforts and duration of research

programs as, for example, long-term studies constitute

Fig. 2 Linkage between population diet variation (Levins’

population niche breadth) and among-individual diet variation

(individual trophic specialisation) in species (Eurasian perch,

ruffe, vendace and LSR whitefish) with a representative number

of sampling events. Linear smoothers (shaded area denotes 95%

confidence interval) are fitted to the data for illustrative purposes

to show trends between variables
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a small fraction (5–6%) of research efforts in aquatic

systems (Xenopoulos 2019). However, a recent study

of terrestrial vertebrates (generalist lizard predators)

demonstrated that warmer climatic conditions resulted

in higher degree of individual trophic specialisation

for both adults and juveniles, whereas different

patterns in respect to the population niche breadth

(broader in warmer climatic conditions for juveniles,

but narrower for adults) (Bestion et al. 2019).

The current study supports the view that, although

more evident in individual trophic specialisation,

population and individual diets are promoted by

changes in prey availability and competitive scenarios

along climate-productivity gradients. Several studies

have demonstrated the poleward and altitudinal

expansion of fish generalists and warm- and turbid

water adapted species as consequence of climate

change (e.g. Moss et al. 2009; Comte and Grenouillet

2013; Rolls et al. 2017). However, our results high-

light that generalist fish species can be expected to

display distinct and opposite behavioural responses to

novel conditions in warming subarctic lakes. For

example, perch became more specialised with increas-

ing temperature and productivity, whereas LSR

whitefish switched to a more generalised feeding.

Whitefish and perch compete for trophic resources in

cold and resource-poor subarctic lakes, where cool-

water adapted perch perform poorly and are restricted

to littoral habitats. Conversely, cold-water adapted

whitefish perform well and use all available habitats

(Hayden et al. 2014). We provide evidence that fish

generalists can act as resource channel switchers (i.e.

Fig. 3 Individual diet variation of selected fish species with a

representative number of sampling events (see Material and

Methods section) along climate-productivity gradients (CPi).

Diet composition were grouped into four prey categories

(zooplankton, macrozoobenthos, surface prey and fish) for

illustrative purposes. Surface prey included terrestrial arthro-

pods and emerged aquatic insects
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pelagic–littoral resource channels) in new scenarios

promoted by environmental change, especially in LSR

whitefish, as it switched from pelagic to benthic

foraging in warmer and more productive lakes. This

enhances the understanding that the relative compet-

itive edge between these fish species shifts along a

climate-productivity gradient. That is, in warmer and

more productive lakes, whitefish are restricted to

benthic habitats, likely due to the presence of pelagic

specialist vendace and bleak (Hayden et al. 2017),

while perch shows feeding specialisation but a more

flexible habitat use (pelagic and benthic habitats, here

demonstrated by stomach contents—Fig. 3). Such

shifts are underlined by their relative contribution to

lake fish community composition; whitefish dominate

fish communities in cold and oligotrophic lakes, but

warmer and more productive lakes are dominated by

perch (Hayden et al. 2017; 2019).

We provided empirical support for the notion that

prey availability can promote individual trophic

specialisation of fish species, which triggers a con-

comitant rise in population niche breadth, along

climate-productivity gradients. However, our results

identify the key importance of prey abundance (rather

than prey diversity) in driving individual and popula-

tion feeding responses to new lentic scenarios driven

by environmental change. Thus, biomass production

in different trophic levels is likely to be key in

understanding future changes in aquatic food web

structure, where at high temperature and productivity

tend to reduce invertebrate prey availability for fish

consumers (Keva et al. 2021). It is reasonable to posit

that feeding habits of animals, and thus individual

trophic specialisation, can be limited either by low

prey abundance or high consumer abundance (e.g.

Araújo et al. 2011; Tinker et al. 2008; Costa-Pereira

et al. 2017). Tinker et al. (2008) observed that food-

limiting environments (i.e. low prey resource abun-

dance) drive increases in individual variation in sea

otters. Likewise, Svanbäck et al. (2011) found that

individual trophic specialisation of a benthic isopod is

higher in scenarios with low prey abundance com-

pared to scenarios with high prey abundance. In

contrast, Barili et al. (2011) concluded that high

diversity and abundance of food resources is associ-

ated with high degree of feeding specialisation of fish

species, whereas generalisation in resource use may be

independent of spatial heterogeneity in prey abun-

dance (Sánchez-Hernández and Cobo 2013).

The current work partially supports previous stud-

ies (Tinker et al. 2008; Svanbäck et al. 2011), as

individual trophic specialisation tends to decrease

with increasing of prey abundance in generalist LSR

whitefish and planktivore vendace (see Fig. 5). How-

ever, individual trophic specialisation of perch tends to

increase with prey abundance (Cyclopoida and zoo-

plankton total density). These seemingly contradictory

standpoints highlight the capacity of multichannel

consumers to display distinct behavioural feeding

responses. The intuitive expectation is that competi-

tion for food should be higher when the number of

consumers (i.e. per capita levels) are high, but also

when food resources are scarce (Sánchez-Hernández

et al. 2017b). However, within the extensive environ-

mental gradient we studied, increasing prey resources

are associated with very marked increases in the

abundance of fish, suggesting strengthening of

resource competition in more productive lakes (see

Appendix 7 for further details), where thermal and

visual performance are of key importance to succeed.

Thus, in these situations, individuals may specialise on

those abundant prey resources as predicted by optimal

Fig. 4 Violin plots (box plots with probability density) showing

relative contribution of different prey categories to the diet of

LSR whitefish according to lake type (Mono = monomorphic

whitefish population, Poly = polymorphic whitefish popula-

tions; points method which ranks stomach fullness from 0 to 10,

see Hynes 1950; Amundsen and Sánchez-Hernández, 2019 for

further details). The boxplot within each violin plot indicates the

median and the interquartile range with the 95% confidence

interval for the median. Surface prey included terrestrial

arthropods and emerged aquatic insects
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foraging theory (MacArthur and Pianka 1966; Pyke

et al. 1977) similar as seen for generalist perch

(zooplankton abundance was an important driving

force of individual trophic specialisation). From

another standpoint, zooplankton could be a reliable

proxy of pelagic habitat profitability for perch along a

climate-productivity gradient. This reflects the fact

that the species usually behaves as a littoral–benthic

fish in northernmost lakes but use pelagic habitats

more frequently in more southern lakes (Hayden et al.

2019)—however, the well reported benthic–pelagic

foraging switch was not widely evident in the current

study. While we only saw statistically significant

responses in whitefish and perch in the current work,

similar results may be evident in other generalist fish

species such as brown trout, Arctic charr and roach if

studied under a more extensive temperature and

productivity gradient, representing an opening oppor-

tunity for future research.

Factors other than environmental (warming and

increased productivity) and prey availability, such as

resource competition, may also be a major determi-

nant of changes in individual and population-level

trophic ecology in a changing world. Overall, the

niche variation hypothesis predicts that populations

tend to become more generalised when they are

released from competition (Van Valen 1965). It is

thought that the capacity of generalist fish to switch

between pelagic and benthic resource channels (mul-

tichannel feeding) largely depends on inter- and intra-

specific competition (Quevedo et al. 2009; Eloranta

et al. 2013). Several studies support the notion that

intraspecific resource competition promotes individ-

ual specialisation in fish species (e.g. Svanbäck and

Persson 2004; Mendes et al. 2019), but there is also

empirical support that fish species can display a

generalist foraging behaviour independent of popula-

tion density (Sánchez-Hernández and Cobo 2013). We

demonstrated that interspecific competition, rather

Fig. 5 Patterns in feeding responses (individual trophic

specialisation and population niche breadth—Levins) along

gradients of prey availability (macrozoobenthos and zooplank-

ton densities) and fish community characteristics (CPUE, fish

richness and predation risk). Linear smoothers (shaded area

denotes 95% confidence interval) are fitted to the data for

illustrative purposes of the patterns to show trends in feeding

responses at population (solid blue line) and individual levels

(dashed red line). Note panels only included the most relevant

predictors of individual trophic specialisation and population

niche breadth according to correlation analyses (see Appendix 5

for further details)
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than intraspecific competition, emerged as a key

variable in explaining individual trophic specialisa-

tion, and thus acting on population niche breadth, of

lake-dwelling fish species. Our results highlight that

interspecific competition promoted individual trophic

specialisation in perch similar to previous works

focused on intraspecific competition (Svanbäck and

Persson 2004; Mendes et al. 2019), but that vendace

and LSR whitefish became increasingly generalist

under high-competition scenarios (higher fish abun-

dances). There is limited niche space available for

diminishing amounts of whitefish and vendace in

warmer and more productive lakes, where they tend to

be restricted to profundal and narrow pelagic habitats

due to obvious resource competition with other

species (Hayden et al. 2017). It should be kept in

mind that there may be habitat squeeze in warming

lakes driving sub-lethal stress (water temperature may

limit fish growth through increased metabolic

demand), which in turn, it is expected to affect

population performance (e.g. Coutant 1985;

Lappalainen and Lehtonen 1997; Chadwick et al.

2015). We suggest that asymmetrical competition for

food resources and multichannel feeding can drive

more generalised feeding along climate-productivity

gradients as observed in generalist cold-water adapted

LSR whitefish, whereas competitively dominant fish

species (here generalist cool-water adapted perch) can

specialise in feeding towards warmer and more

productive lakes. The observed distinct functional

feeding responses of fish generalists along climate-

productivity gradients underscores the importance of

competitive interactions in fish assemblages in com-

bination with prey availability, in aiding our under-

standing of shifts in feeding patterns at both individual

and population levels along climate-productivity

gradients.

We showed that the highest individual trophic

specialisation of whitefish was seen in the coldest and

least productive lakes included in our climate-produc-

tivity gradient, supporting hypothesis 2. These pat-

terns were only apparent in generalist LSR whitefish,

Table 2 Relative variable importance of the generalised

additive models with substantial support according to model

averaging (DAIC\ 2). Total CPUE is considered here as a

proxy of interspecific competition. The number of containing

models (n) are shown in brackets. The relative variable

importance ranges from 0 to 1, and thus 1 indicates that a

variable was included in all models with substantial support.

Most important variables are marked in bold. ‘–’ removed

during model selection

Individual trophic specialisation Levins’ index

Eurasian

perch

Ruffe Vendace LSR

whitefish

Eurasian

perch

Ruffe Vendace LSR

whitefish

Predictor variables

Lake morphometry index (Mi) 0.62 (31) 0.09 (2) – 0.43 (15) 0.74 (8) 0.07 (1) 0.04 (1) 0.09 (3)

Zooplankton richness 0.11 (7) 0.13 (2) 0.27 (1) 0.17 (7) 0.33 (3) 0.11 (2) 0.42 (9) 0.34 (10)

Bosmina density (n/L) 0.08 (5) 0.24 (4) – 1.00 (34) 0.56 (5) 0.05 (1) 0.44 (10) 0.81 (25)

Daphnia density (n/L) 0.76 (39) 0.05 (1) – 0.06 (3) 0.75 (9) 0.05 (1) 0.18 (4) 0.28 (10)

Cyclopoida density (n/L) 0.94 (48) – – 0.24 (9) 1.00 (11) – – 0.13 (5)

Total zooplankton density (n/L) 0.25 (13) 0.26 (4) – 0.53 (18) 0.44 (6) 0.05 (1) 0.28 (6) 0.12 (5)

Eurycercus density (n/m2) 0.09 (5) 0.86 (14) – 1.00 (34) 0.46 (4) 0.14 (2) – 1.00 (32)

Profundal Chironomidae density

(n/m2)

0.04 (3) 1.00 (16) – 0.04 (2) 0.17 (1) 0.88 (13) – 0.73 (22)

Profundal macrozoobenthos density

(n/m2)

0.08 (5) 0.73 (12) – 0.06 (3) 0.09 (1) 0.27 (4) – 0.51 (15)

Total CPUE (individuals net

series-1 h-1)

0.92 (47) 0.10 (2) 0.23 (1) 1.00 (34) 0.83 (10) 0.11 (2) 0.30 (7) 1.00 (32)

Predation risk 0.12 (7) 0.05 (1) – 0.69 (23) – 0.05 (1) 0.24 (5) 0.73 (24)

Fish richness 0.15 (9) 0.10 (2) – 0.28 (10) 0.48 (5) 0.06 (1) – 1.00 (32)

Smooth terms

Climate-productivity index (CPi) 0.61 (31) 1.00 (16) 1.00 (3) 1.00 (34) 0.55 (6) 0.17 (3) 0.07 (2) 1.00 (32)
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considered the ancestral form of this widely dis-

tributed and ecologically plastic fish (Harrod et al.

2010; Siwertsson et al. 2010; Häkli et al. 2018). No

statistically significant trends were observed in the

derived specialist whitefish morphs i.e. DR, SSR and

LDR whitefish. This is not surprising, as specialist

morphs are present only in cold oligotrophic lakes,

where resource polymorphism of whitefish is most

common (Harrod et al. 2010; Häkli et al. 2018). In

warmer and more productive environments, competi-

tors such as vendace and perch likely outperform the

specialised whitefish morphs, and whitefish occur only

in the monomorphic generalist LSR. A collapse to

single morph may include speciation reversal due to

hybridisation with other morphs or vendace (Kahi-

lainen et al. 2011; Vonlanthen et al. 2012; Bhat et al.

2014). Whitefish divergence requires elevated levels

of prey availability and competitor exclusion that

often derives from historical contingency in species

recolonization of postglacial landscapes (Bøhn et al.

2008; Siwertsson et al. 2010; Skúlason et al. 2019).

Thus, species-specific optimal thermal and productiv-

ity conditions are required for individual trophic

specialisation to occur to a point that could be

followed by divergence into sympatric morphs. At a

larger scale, this may suggest that perch is prone to

diverge in warmer and mesotrophic lakes [e.g. Sweden

(Svanback and Eklov 2003)] and Arctic charr in colder

conditions [Norway (Skoglund et al. 2015)] than those

examined here. This highlights a need for future

studies of resource polymorphism to (1) consider

climate-productivity landscapes across wider

Table 3 Summary table of the best model simulations

(Generalised Additive Models) showing statistical information

(estimate and significance) according to DAIC values explain-

ing the variation in individual trophic specialisation and

population niche breadth (Levins’ index) of fish species. Total

CPUE used as a proxy of interspecific competition. Signifi-

cance codes: ‘–’ removed during model selection, ***0.001,

**0.01, *0.05

Individual trophic specialisation Levins’ index

Eurasian

perch

Ruffe Vendace LSR

whitefish

Eurasian

perch

Ruffe Vendace LSR

whitefish

Parametric coefficients

Intercept 0.420*** 0.437*** 0.305*** 0.001*** - 4.199 4.264*** 3.492*** 10.981***

Bosmina density (n/L) – – – - 0.013 0.271 – - 0.275 - 0.243

Daphnia density (n/L) - 0.015 – – – 2.201** – – –

Cyclopoida density (n/L) 0.030* – – – – – – –

Zooplankton richness – – – – - 0.747 – – –

Eurycercus density (n/m2) – - 0.001 – - 0.001*** - 0.002* – – - 0.001***

Profundal Chironomidae

density (n/m2)

– - 0.001* – – 0.001 - 0.001* – –

Profundal macrozoobenthos

density (n/m2)

– - 0.001 – – – – – –

Total CPUE (individuals net

series-1 h-1)

0.001 – – - 0.008*** – – – - 0.182***

Predation risk – – – - 0.001 – – – - 0.009

Fish richness – – – - 0.001 1.246 – – - 0.376*

Lake morphometry index (Mi) – – – – 1.183* – – –

Smooth terms

Climate-productivity index

(CPi)

1.00 2.774 3.800* 3.450* 3.81* – – 3.628**

Model statistics

n 21 16 12 29 21 16 12 29

R2 0.48 0.60 0.71 0.67 0.71 0.30 0.20 0.61

Deviance explained (%) 58.1 75.2 80.9 77.1 86.5 35 27.5 73.3
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geographic and environmental scales and (2) realise

that these gradients likely extend well beyond political

boundaries.

In conclusion, we demonstrate how environmental

change drives taxa-specific behavioural feeding

responses at population and individual levels of fish

species. Our findings underscore the importance of

species-specific feeding plasticity, and thus their

capacity to display foraging switches along the

littoral–pelagic axis (multichannel feeding) to cope

with increased thermal stress and pelagic productivity

as a result of climate change. It is reasonable to posit

that fish species display distinct behavioural responses

to adapt to new abiotic (warming and productivity)

and biotic (poleward shifts of fish assemblages,

competitive interactions and changes in prey commu-

nities) conditions pending on their thermal guild and

visual capacity. At a subspecies level, warmer condi-

tions are likely to lead to the extinction of cold-

adapted specialised morphs in some locations. Con-

versely, it is likely that we will see more intraspecific

morphs formed in more warm-adapted species. Over-

all, future climate change scenarios are likely to

provide an advantage to widely distributed generalist

fish species capable of switching between foraging

strategies to cope with changing competitive interac-

tions and food resources as response of climate

change.
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Svanbäck R, Persson L (2004) Individual diet specialisation,

niche width and population dynamics: implications for

trophic polymorphisms. J Anim Ecol 73:973–982
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