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Abstract
1. Competition for shared resources is commonly assumed to restrict population- 

level niche width of coexisting species. However, the identity and abundance of 
coexisting species, the prevailing environmental conditions, and the individual 
body size may shape the effects of interspecific interactions on species’ niche 
width.

2. Here we study the effects of interspecific and intraspecific interactions, lake 
area and altitude, and fish body size on the trophic niche width and resource use 
of a generalist predator, the littoral- dwelling large, sparsely rakered morph of 
European whitefish (Coregonus lavaretus; hereafter LSR whitefish). We use stable 
isotope, diet and survey fishing data from 14 subarctic lakes along an environmen-
tal gradient in northern Norway.

3. The isotopic niche width of LSR whitefish showed a humped- shaped relationship 
with increasing relative abundance of sympatric competitors, suggesting widest 
population niche at intermediate intensity of interspecific interactions. The iso-
topic niche width of LSR whitefish tended to decrease with increasing altitude, 
suggesting reduced niche in colder, less productive lakes.

4. LSR whitefish typically shifted to a higher trophic position and increased reliance 
on littoral food resources with increasing body size, although between- lake dif-
ferences in ontogenetic niche shifts were evident. In most lakes, LSR whitefish 
relied less on littoral food resources than coexisting fishes and the niche overlap 
between sympatric competitors was most evident among relatively large individu-
als (>250 mm). Individual niche variation was highest among >200 mm long LSR 
whitefish, which likely have escaped the predation window of sympatric predators.

5. We demonstrate that intermediate intensity of interspecific interactions may 
broaden species’ niche width, whereas strong competition for limited resources 
and high predation risk may suppress niche width in less productive environments. 
Acknowledging potential humped- shaped relationships between population niche 
width and interspecific interactions can help us understand species’ responses to 
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1  | INTRODUC TION

Ecologists have long studied the role of abiotic and biotic factors 
in determining species’ diversity and population niche width. A 
wide population niche width is commonly assumed to result from 
ecological release from interspecific competition and/or intense in-
traspecific competition forcing individuals to utilize a wider spec-
tre of contrasting, specialized niches (Roughgarden, 1972; Van 
Valen, 1965). However, some empirical studies provide contrasting 
evidence for the diversifying and constraining effects of intraspe-
cific and interspecific competition, respectively (Bolnick et al., 2010; 
Parent et al., 2014). Recent studies have quantified how the extent 
of among- individual variation is influenced by ecological interactions 
and how it varies among populations or contexts (Araújo et al., 2011; 
Jesmer et al., 2019). The synthesis by Jones and Post (2016) demon-
strates that intraspecific competition can have either a restricting 
or a diversifying effect on population niche width and the degree 
of individual specialization. Consequently, they question the com-
mon competitive diversification hypothesis that within- population 
variation increases with increasing intraspecific competition, and 
they propose an alternative intermediate competitive diversifica-
tion hypothesis (IDH) that predicts a hump- shaped relationship be-
tween intraspecific competition and population niche width (Jones 
& Post, 2016).

Compared to biotic interactions, the importance of abiotic en-
vironmental characteristics, such as ecosystem size and climate, for 
population niche width and among- individual diet variation, has re-
mained less studied. The recent study by Bolnick and Ballare (2020) 
demonstrates a hump- shaped response of among- individual diet 
variation within stickleback Gasterosteus aculeatus populations to 
increasing lake size due to high resource diversity in intermediate- 
sized lakes. Similar hump- shaped relationships seem ubiquitous 
when looking at, for example, species richness and abundance 
across environmental gradients (e.g. Allouche et al., 2012; Dodson 
et al., 2000; Finstad et al., 2014), but they are rarely considered in 
studies of niche variation (but see Bolnick & Ballare, 2020; Jones & 
Post, 2016; Svanbäck et al., 2015). In essence, and to the best of our 
knowledge, no previous studies have considered the potential diver-
sifying effect of varying interspecific interactions on the population 
niche width of generalist species.

Recent studies of generalist fishes demonstrate how individ-
ual niche variation can also vary through ontogeny and be shaped 
by the community composition as well as diversity of available 
prey resources (Sánchez- Hernández et al., 2016, 2020; Svanbäck 
et al., 2015). The ubiquitous ontogenetic niche shifts by generalist 

species are typically related to size- dependent changes in preda-
tion risk, foraging efficiency and competitive dominance (Sánchez- 
Hernández et al., 2019; Werner & Gilliam, 1984; Woodward 
et al., 2005). Hence, besides prevailing abiotic and biotic environ-
mental conditions, the body size of individuals is likely a factor deter-
mining among- individual niche variation and population- level niche 
width of generalist species (Häkli et al., 2018; Svanbäck et al., 2015). 
However, no empirical studies have simultaneously tested for po-
tential linear or nonlinear effects of competitor abundance, envi-
ronmental conditions and individual body size on population niche 
width and degree of among- individual variation.

We used a unique dataset collected from 14 subarctic lakes in 
the Finnmark region, northern Norway, to study how the popula-
tion niche width and the degree of among- individual diet variation 
of a generalist salmonid, the littoral- dwelling large, sparsely rakered 
(LSR) morph of European whitefish (Coregonus lavaretus; hereafter 
LSR whitefish), are affected by the intensity of interspecific and in-
traspecific interactions, individual body size and lake abiotic charac-
teristics. Lakes are highly variable, largely closed ecosystems with 
well- defined boundaries, which makes them ideal for studying the 
effects of biotic and abiotic factors on population niche width and 
individuals’ resource use. Lake abiotic characteristics (e.g. surface 
area and altitude) are fundamental factors determining species di-
versity, abundance and size structure as well as food- web dynamics 
in high- latitude lakes. Generalist fishes tend to shift from littoral to 
pelagic resources with increasing lake area (Eloranta et al., 2015) and 
productivity (Hayden et al., 2019). The present study lakes are situ-
ated along an altitude (and thus climatic and productivity) gradient 
and they host fish communities dominated by one or more of the fol-
lowing species: European whitefish, European perch (Perca fluviatilis; 
hereafter perch), Arctic charr (Salvelinus alpinus; hereafter charr) and 
European grayling (Thymallus thymallus; hereafter grayling), as well 
as scarce populations of some other fish species (see Data collection 
for details). Based on previous research in northern Europe, these 
percid and salmonid fishes generally prefer littoral habitat and food 
resources (Eloranta et al., 2013; Eloranta et al., 2015; Berezina et al., 
2018) and thus compete for shared resources with LSR whitefish 
(Eloranta et al., 2011; Hayden et al., 2013). Some lakes host polymor-
phic whitefish populations consisting of up to three ecologically and 
phenotypically divergent morphs, including a small pelagic, densely 
rakered (DR) and a small profundal, sparsely rakered (SSR) whitefish 
that coexist with the large and generalist, sparsely rakered LSR white-
fish (Häkli et al., 2018; Siwertsson et al., 2013). Besides interspecific 
interactions with coexisting fishes, intraspecific resource competi-
tion among whitefish morphs may also influence the diet and habitat 

environmental disturbance (e.g. climate change and species invasions) as well as 
the driving forces of niche specialization.
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use of the generalist LSR whitefish (Harrod et al., 2010; Siwertsson 
et al., 2013). In northern Europe, percids are typically the most 
abundant and competitively dominant fishes in relatively warm and 
productive mesotrophic lakes, whereas salmonids dominate in the 
most oligotrophic and cold high- altitude lakes (Hayden et al., 2014, 
2017). This is also the case in the Finnmark region, where perch is 
most abundant at lower altitudes and salmonids like whitefish, charr 
and grayling dominate at higher altitudes (Supporting Information A 
Table S1). These relatively pristine lakes provide a suitable scenario 
to study how the identity and intensity of interspecific and intraspe-
cific interactions shape niche width and resource use of generalist 
salmonid populations under natural conditions.

We used stable isotope data (δ13C and δ15N) to estimate popula-
tion niche width and trophic diversity among individuals, and stom-
ach contents data to estimate the degree of among- individual diet 
variation in each LSR whitefish population. Thereafter, we tested 
how these niche parameters were affected by the intensity of inter-
specific and intraspecific interactions, as well as by the lake area and 
altitude (a proxy for temperature conditions and lake productivity). 
Data from multi- mesh survey gillnet catches (number and biomass 
of fish) were used to estimate the intensity of interspecific and in-
traspecific interactions in each study lake. Hence, our data provide 
the opportunity to use continuous measures of interspecific and 
intraspecific interactions and test their effects on the population 
niche width and degree of among- individual diet variation. We ex-
pected LSR whitefish population niche width and degree of among- 
individual diet variation (a) to decrease with increasing intensity of 
interspecific interactions and (b) to increase with increasing intra-
specific competition. Moreover, we expected LSR whitefish (c) to 
undergo ontogenetic dietary shifts and increase niche variation with 
increasing size due to reduced predation risk and increased compet-
itive dominance. We further expected LSR whitefish (d) to utilize 
more pelagic food resources than the coexisting percid or salmonid 
fishes that are strong competitors for littoral resources, as well as 
potential predators of small whitefish (Amundsen et al., 2003, 2010; 
Eloranta et al., 2011; Hayden et al., 2013).

2  | MATERIAL S AND METHODS

2.1 | Data collection

The 14 study lakes are relatively small (0.19– 23.7 km2), dimictic and 
meso-  or oligotrophic lakes situated along an altitude gradient (275– 
540 m a.s.l.) in the Finnmark region. Meteorological data obtained 
from years 2005– 2009 (https://sekli ma.met.no/obser vatio ns/) indi-
cate clear differences in mean summer (June– August period: 11.6 vs. 
9.5°C) and winter (December– February period: −12.5 vs. −7.4°C) air 
temperatures and in snow depth (19.9 vs. 31.4 cm) at two monitoring 
stations located at 307 m (Kautokeino) and 381 m a.s.l. (Suolovuopmi 
–  Lulit). Hence, even larger differences in climatic conditions are ex-
pected for the 14 study lakes covering an altitude gradient of 265 m. 
The study area has very limited human activity and the catchment 

areas consist mainly of mountain birch forest and bogs (Figure 1; 
Table 1). No major fishery or any stocking activity occur in the study 
lakes. Most lakes belong to the Kautokeino watercourse drain-
ing to Altaelva river, except Iddjajavri and Vuoddasjavri that drain 
to Tanaelva (Tenojoki) river. Besides whitefish, perch, grayling and 
charr, some lakes have relatively scarce populations of burbot Lota 
lota, brown trout Salmo trutta, pike Esox lucius, European minnow 
Phoxinus phoxinus and/or nine- spined stickleback Pungitius pungitius. 
LSR whitefish is present in all study lakes, whereas six of the lakes 
host polymorphic whitefish populations having the additional pres-
ence of a small pelagic, densely rakered (DR) and/or a small profun-
dal, sparsely rakered (SSR) whitefish morph (Table 1; Table S1; Häkli 
et al., 2018; Siwertsson et al., 2013).

Survey fishing was conducted between 8th August and 17th 
September in 2005– 2009 using the same multi- mesh gillnets set 
overnight in the littoral, profundal and pelagic habitats of each study 
lake. All study lakes were sampled in a single year between 2007 and 
2009, except Stuorajavri with main fish sampling in 2005 supple-
mented by profundal sampling in 2008 (Table 1), following the same 
sampling protocols and mostly by the same personnel. Therefore, 
the obtained survey fishing and SIA data are expected to be suffi-
cient to estimate fish community compositions and niche width and 
resource use of LSR whitefish in our relatively remote study lakes, 
which are not subject to direct human impacts, such as inter- annual 
variation in fish stocking, fishing pressure or land- use activities. 
Multi- mesh survey gillnets is a well- established and generally used 
method to characterize lacustrine fish communities (e.g. Alexander 
et al., 2015), and are expected to yield more representative data than 
alternative methods such as hydroacoustics (Malinen et al., 2013), 
especially for the shallow littoral areas that is the predominant fish 
habitat in small subarctic lakes. No ethical permission is required 
from the Norwegian Animal Research Authority for collection with 
gill nets and the associated sacrifice of fish (FOR 1996- 01- 15 nr 23, 
the Norwegian Ministry of Agriculture and Food). However, a fishing 
permission is required from the fishing right owner, and this was ob-
tained from the County Governor of Finnmark with legal authority 
through LOV 1992- 05- 15 nr 47, §13.

The used multi- mesh gillnets were 40 m long and composed of 
eight randomly distributed 5 m panels of 10, 12.5, 15, 18.5, 22, 26, 
35 and 45 mm bar mesh sizes (knot to knot). In the littoral (0– 8 m 
depth) and profundal (>12 m depth) habitats, 1.5 m deep bottom 
nets were used, whereas 6 m deep floating nets were used in the 
pelagic zone in each lake. Supplementary material for stable isotope 
(hereafter SIA) and stomach contents (hereafter SCA) analyses were 
sampled using 30 m long and 1.5 m deep single- mesh (20, 22, 26, 
32, 35 mm) gillnets. However, the supplementary samples were ex-
cluded from catch statistics as described below. Unfortunately, we 
failed to catch sufficient samples of LSR whitefish for SIA (n = 14) 
and SCA (n = 12) from the high- altitude lake Gæsjavri with a fish 
community dominated by charr (Table 1).

The survey gillnet catch data were used to estimate the intensity 
of interspecific interactions (Inter) and intraspecific resource com-
petition (Intra) in each study lake, which were used as covariates in 

https://seklima.met.no/observations/
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the subsequent analyses. The proxy variable Inter was measured as 
the proportion of fish species other than whitefish in the total multi- 
mesh survey gillnet catches (i.e. total fish biomass in grams includ-
ing fish from all habitats) in each lake. The reason for using relative 
proportion in total fish biomass instead of number of sympatric fish 
species as a proxy for intensity of interspecific interactions is that 
this relative measurement is less sensitive to among lake variabil-
ity in sampling effort (see Supporting Information A Table S1) and 
fish catchability. Moreover, predatory fishes, such as pike, charr and 
brown trout, can be relatively scarce (see Table S1) but attain a large 
body size and therefore strongly affect the abundance (via direct 
predation) and niche use (indirectly via predation risk) of white-
fish in subarctic lakes (Kahilainen & Lehtonen, 2003; Kahilainen 
et al., 2009; Öhlund et al., 2020). Thus, their potential impacts on 
LSR whitefish populations would likely be underestimated if Inter 
was based on numbers instead of fish biomass.

In contrast, the proxy variable Intra was standardized for differ-
ent sampling efforts in each study lake (Table S1) by calculating total 
catch per unit of effort (CPUE; measured as the number of whitefish 
individuals caught per 100 m2 gillnet area per night), including all 
present whitefish morphs in each lake. As intraspecific competition 
is particularly strong in polymorphic populations hosting small- sized 
DR and SSR whitefish morphs, the number of conspecifics is likely 

more relevant ecological driver for LSR whitefish than the total pop-
ulation biomass. Hence, Intra provides a proxy for density- dependent 
processes that commonly influence whitefish growth and population 
dynamics (Mayr, 2001). However, we want to emphasize that we did 
not measure or manipulate competitive pressures in any way, but 
instead we used the available fish population, SIA and SCA data to 
test for patterns in population niche width and resource use of LSR 
whitefish along gradients in biotic and abiotic environmental factors.

Most fish caught were subsequently prepared for stomach con-
tent and stable isotope analyses, reflecting the recently ingested 
and long- term assimilated diets of fish, respectively, thereby allow-
ing individual-  and population- level analyses of LSR whitefish niche 
use (Amundsen & Sánchez- Hernández, 2019; Layman et al., 2012). 
After removal from the gillnets, fish were killed by a sharp blow 
on the head, kept cool and brought to the field laboratory, where 
they were identified, measured (fork length, mm) and weighed (g). 
From a subsample of fish, a small piece of dorsal muscle tissue 
was dissected and stored at – 20°C until subsequent preparation 
for SIA. The stomachs were removed, preserved in 96% ethanol 
and later opened to visually estimate the total fullness on a per-
centage scale ranging from empty (0%) to full (100%; Amundsen 
& Sánchez- Hernández, 2019). The prey items were identified to 
species, genus or family level and their relative contribution to the 

F I G U R E  1   Location of 14 study lakes in the Finnmark region, northern Norway
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total fullness was estimated (Amundsen et al., 1996; Amundsen 
& Sánchez- Hernández, 2019). For graphical visualization of LSR 
whitefish diets (Supporting Information A Figure S1), the prey 
taxa were subsequently grouped into (a) cladoceran zooplank-
ton (Bosmina sp., Daphnia sp., Holopedium gibberum, Bythotrephes 
longimanus, Polyphemus sp.); (b) copepod zooplankton (Cyclopoida 
and Calanoida); (c) pleuston (adult stages of terrestrial insects, pupal 
stages of Chironomidae and Trichoptera); (d) semi- benthic crus-
taceans (Gammarus lacustris, Asellus aquaticus, Eurycercus lamella-
tus, Sida crystallina, Ostracoda); (e) insect larvae (Chironomidae, 
Trichoptera, Megaloptera, Ephemeroptera, Plecoptera, Tipulidae, 
Coleoptera); (f) mollusks (Lymnaea sp., Valvata sp., Planorbidae); 
and (g) fish. However, all 26 prey taxa were included in the calcu-
lation of proportional diet similarity index (PSi) for each individ-
ual fish, as well as the degree of among- individual diet variation 
(V = 1 − mean PSi) in each whitefish population following the equa-
tions described in Bolnick et al. (2002) and Svanbäck et al. (2015). 
The PSi index compares each individual's diet to that of the entire 
population, with values ranging between 0 and 1. In populations 
where individuals specialize on different kinds of prey, the PSi val-
ues tend to be low and the resulting population- level V values tend 
to be high, that is, approaching 1 (Bolnick et al., 2002; Svanbäck 
et al., 2015). Only fish with stomach fullness exceeding 10% were 
included in SCA analyses to avoid potential confounding effect of 
incidental feeding on an atypical prey item or upscaling the impor-
tance of indigestible remains of certain prey types (Amundsen & 
Sánchez- Hernández, 2019).

Besides fish muscle tissue, qualitative samples of putative littoral 
and pelagic food resources were collected for SIA from each lake in 
August/September 2007– 2009 to study the overall food- web struc-
tures (Figure 2) and particularly to estimate the relative littoral reli-
ance (LR), trophic position (TP) and isotopic population niche width 
(cf. Petta et al., 2020) of LSR whitefish in the study lakes. The raw 
δ13C and δ15N values of fish were transformed to LR and TP esti-
mates that account for between- lake differences in baseline varia-
tion and thus allow comparison of resource use and niche width of 
LSR whitefish across the study lakes (Layman et al., 2012). The LR 
(Equation 1) and TP (Equation 2) estimates were calculated using the 
linear isotopic mixing models described in Post (2002):

where δ13Cfish and δ15Nfish refer to isotope values of individual fish; 
δ13Clit, δ15Nlit, δ13Cpel and δ15Npel refer to the lake- specific δ13C 
and δ15N values for the littoral and pelagic isotopic end- members; 
λ is the trophic position of the organisms used to estimate δ15Nlit 
and δ15Npel (here λ = 2 for primary consumers); and Δn is the mean 
trophic fractionation of muscle tissue δ15N (i.e. 2.9‰; McCutchan 
et al., 2003). For LR calculation, δ13Cfish were corrected for trophic 
fractionation by subtracting 1.3‰ from the original δ13C value 
(McCutchan et al., 2003). The littoral and pelagic isotopic end- 
members were defined as the mean isotope values of algae- grazing 

(1)LR=
(

δ13Cfish−δ13Cpel

)

∕
(

δ13Clit−δ13Cpel

)

,

(2)TP = � +
(

δ15Nfish −
[

δ15Nlit × LR + δ15Npel × (1 − LR)
])

∕Δn,

TA B L E  1   Basic characteristics and sampling period of each study lake. Inter (% of total catch) and Intra (n fish 100 m−2 net night−1) refer to 
intensity of interspecific interactions and intraspecific resource competition based on survey gillnet catches

Lake name Sampling year
Sampling 
month

Surface 
area (km2)

Altitude 
(m a.s.l.)

Maximum 
depth (m) Inter Intra Fish species

Guorbajavri 2008 Aug 0.65 454 12 0.002 5.10 WF, BU, AC, MI

Naggitjavri 2007 Sept 0.78 369 17 0.163 12.55 WF, PI, AC

Gædgejavri 2007 Sept 4.25 387 20 0.069 9.38 WF, PE, PI, BU, AC

Havgajavri 2007 Aug 0.19 359 16 0.045 12.55 WF, BU, AC, MI

Iddjajavri 2009 Aug 6.40 275 30 0.495 8.97 WFa, PE, GR, PI, SB, BT

Lahpojavri 2007 Sept 8.12 327 36 0.187 16.72 WFa, PE, PI, BU, BT

Suohpatjavri 2007 Aug 2.00 325 25 0.421 10.63 WFa, PE, PI, BU, AC, MI

Stuorajavri 2005 and 2008 Aug 23.70 374 30 0.431 15.06 WFa, PE, PI, AC, BU, 
BT, MI

Vuoddasjavri 2008 Aug 2.90 334 32 0.379 24.78 WFa, PE, PI, GR, BU, BT

Vuolgamasjavri 2008 Aug- Sept 2.76 301 30 0.295 5.36 WFa, PE, PI, BT, AC, 
BU, MI

Biggijavri 2008 Sept 5.35 381 52 0.481 4.96 WF, AC, GR, BT, BU, 
MI, PI

Vuolit Spielgajavri 2008 Sept 3.30 436 12 0.656 7.70 WF, AC, GR, BT, BU

Datkujavri 2009 Sept 4.20 474 17 0.650 8.39 WF, AC, GR, BT, BU, MI

Gæsjavri 2009 Sept 4.83 540 — 0.908 1.13 WF, AC, BU, MI

Abbreviations: AC, Arctic charr; BT, brown trout; BU, burbot; GR, grayling; MI, minnow; PE, perch; PI, pike; SB, nine- spined stickleback; WF, 
whitefish. The most abundant fish species are highlighted in bold.
aWF indicates polymorphic whitefish populations.
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littoral benthic invertebrates (i.e. snails, Gammarus lacustris amphi-
pods and chironomid larvae; δ13C ≥ −25‰) and pelagic zooplankton 
(δ13C ≤ −28‰), respectively. In 3% of the cases (22 out of 810 LSR 
whitefish), the LR estimate of individual fish exceeded 1 (equalling 
to 100% reliance on littoral resources), most likely due to specialized 
foraging on littoral benthic prey taxa (e.g. algae- grazing snails) with 
exceptionally high δ13C values. In such cases, we decided not to set 
the estimate to 1 but instead used the original estimate to avoid 
artificial bias and non- normality of the variable distribution. The 
SIA samples were analysed either at the Department of Biological 
and Environmental Science, University of Jyväskylä, Finland, or at 
the NERC Life Sciences Mass Spectrometry Facility, East Kilbridge, 
Scotland. For full details of the collection, processing and analysis of 
SIA samples, see Eloranta et al. (2011) presenting SIA and SCA data 
from three of the 14 present study lakes.

The LR and TP estimates were finally used in calculation of 
population niche width, measured as the total convex hull area 
(TA; see Jackson et al., 2011 for details) encompassing the LR and 
TP values of all whitefish individuals in each lake. This measure of 
‘isotopic niche width’ may be sensitive to variation in sample size 
and therefore it has become more common to use standard ellipse 
area (SEA; Jackson et al., 2011) as a population niche width met-
ric. However, as stated by Syväranta et al. (2013), ‘use of a metric 
value that does not include all individuals in a population risks ig-
noring important information on intraspecific variation that should 

be considered when describing the niche of a population’. Although 
all individuals are used in calculation of TA and SEA, the latter may 
thus fail in considering individuals that deviate isotopically from 
the core population. Moreover, our SIA data of LSR whitefish indi-
cated high correlation between the TA and sample- size corrected 
SEAc (Jackson et al., 2011) estimates (Pearson correlation: r = 0.95, 
p < 0.001), but TA showed lower correlation with sample size (r = 
−0.06, p = 0.827) than SEAc did (r = −0.21, p = 0.481). Therefore, we 
decided to use TA as a measure of LSR whitefish population niche 
width in our subsequent analyses. Although Bayesian approaches 
are commonly preferred for measuring isotopic niche areas and re-
source use of consumers (Jackson et al., 2011; Layman et al., 2012), 
the present Bayesian models for isotopic niche areas cannot incor-
porate additional covariates like some recently developed Bayesian 
isotopic mixing models do (e.g. MixSIAR; Stock et al., 2018). Because 
we were thus not able to use a Bayesian approach to study the ef-
fects of biotic and abiotic factors on population niche width of LSR 
whitefish, we used original Layman's metrics (Layman et al., 2007) 
as predicted variables in the subsequent analyses. However, to val-
idate the robustness of our results, we also present the sample- size 
corrected SEAc and the Bayesian SEAb estimates along with the TA 
estimates. Finally, we also calculated the mean nearest neighbour 
distances (MNND), based on Euclidean distances between individual 
data points in the LR –  TP space, to measure trophic diversity among 
LSR whitefish individuals (Jackson et al., 2011).

F I G U R E  2   Stable isotope biplots showing the mean ± SD δ13C and δ15N values of littoral and pelagic isotopic end- members, as well as the 
individual and mean isotope values of coexisting LSR whitefish, perch, grayling and charr
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2.2 | Data analysis

We decided to exclude lake Gæsjavri from the main analyses due 
to the insufficient data of LSR whitefish for niche and diet analyses 
(nSIA = 14, nSCA = 12). The modelling results based on available data 
from all 14 study lakes are presented in Supporting Information C 
(Tables S4– S7).

Linear models (one per population metric) were used to test 
how the population niche width (TA and SEAc), trophic diversity 
among individuals (MNND) and degree of among- individual diet 
variation (V ) in LSR whitefish were affected by the intensity of 
interspecific (Inter) and intraspecific (Intra) interactions and by 
the lake environmental properties, namely the lake surface area 
(Area, in km2) and elevation (Altitude, in m a.s.l.). Based on initial 
exploration of variable relationships (Supporting Information A 
Figure S2), both linear and quadratic terms for the measure of in-
terspecific interactions were included in the full models. Prior to 
modelling, right- skewed Area was ln- transformed and all explan-
atory variables were standardized to have a mean of zero and a 
standard deviation of one, allowing subsequent comparison of 
effect sizes.

In addition to population- level analyses, we ran linear mixed- 
effects models using individual data to test if the estimated 
whitefish littoral reliance (LR), trophic position (TP) and pro-
portional diet similarity (PSi) were affected by the intensity of 
interspecific (Inter) and intraspecific (Intra) interactions, lake abi-
otic characteristics (Area and Altitude), and individual body size 
(fork length). The linear mixed- effects models were ran using 
lmer function in the lme4 v.1.1- 26 package (Bates et al., 2015). 
For consistency with the population- level analyses, both a lin-
ear and a quadratic term for Inter were included in the initial 
full mixed- effects models. Because we did not aim to quantify 
among lake differences in ontogenetic niche shifts of LSR white-
fish, we added fish size (Length) as a random slope nested within 
each lake (1 + Length|Lake). The continuous explanatory vari-
ables were transformed and standardized as explained above. 
The explanatory variables included in the full models showed 
no multicollinearity (for data excluding Gæsjavri: VIF ≤ 4.1, pair-
wise Pearson r ≤ ±0.40; see correlation plots for full dataset in 
Supporting Information A Figures S2 and S3).

Model selections (Supporting Information B Tables S3– 
S3) were performed using the dredge function in the mumIn v. 
1.43.17 package (Barton, 2020) in r (R Core Team, 2020). Models 
with ΔAIC < 2 were considered to have equal support (Burnham 
& Anderson, 2002). As several top candidate models with ΔAIC ≤ 
2 were often supported, we used the model.avg function in the 
mumIn package to calculate conditional averages of parameter es-
timates and their 95% confidence intervals, as well as importance 
function to calculate relative variable importance. The model re-
sidual analyses indicated no violation of linear model assumptions. 
All statistical analyses were performed using r computing program 
v. 4.0.3 (R Core Team, 2020).

3  | RESULTS

3.1 | Population niche width and among- individual 
diet variation

A total of 1,525 LSR whitefish (2,332 whitefish including all morphs), 
693 perch, 372 grayling, 134 charr, 50 burbot, 24 pike, 26 min-
now and 17 brown trout were captured from the 14 study lakes 
(Supporting Information A Table S1). After excluding insufficient 
data from Gæsjavri, a total of 796 (n = 46– 84 per lake) and 1,000 
(n = 40– 123 per lake) LSR whitefish were used in statistical analyses 
based on SIA and SCA data, respectively (Table 1).

We found strong support for a humped- shaped relationship be-
tween LSR whitefish population niche width (TA, SEAc and SEAb) and 
increasing intensity of interspecific interactions (Table 2; Figure 3), 
with all models in the top set of candidate models (ΔAIC ≤ 2) includ-
ing the quadratic term of Inter (Supporting Information Table S2). 
The models predict the widest population niche width of LSR white-
fish at intermediate relative abundance of sympatric fish species (c. 
20%– 40% of the total survey net catch), and a more compressed 
niche width with decreasing as well as increasing intensity of inter-
specific interactions. The most compressed niche width (based on 
TA) was found in the excluded Gæsjavri situated above the treeline 
and with charr dominating the fish community (91% of the total sur-
vey net catch biomass; Table S1; see Supporting Information C for 
statistical analyses of the full dataset). We also found some, although 
non- significant, support for a humped- shaped effect of Inter and for 
a positive effect of Intra on trophic diversity among LSR whitefish 
individuals (MNND; Table 2; Table S2; Figure S2).

In contrast, when using SCA data, we found no support for ef-
fects of the intensity of interspecific interactions and intraspecific 
resource competition or lake abiotic characteristics on among- 
individual diet variation of LSR whitefish (Table 2; Supporting 
Information Table S3). Notwithstanding, SCA indicate only minor 
between- lake differences in diet specialization among LSR whitefish 
(V = 0.39– 0.53).

3.2 | Whitefish resource use and niche partitioning

The mean littoral reliance (LR) and trophic position (TP) estimates 
of whitefish varied between 0.24– 0.64 and 2.9– 4.4, respectively 
(Table 3), suggesting a diet consisting of invertebrates, with variable 
contributions of littoral benthos and pelagic zooplankton (Supporting 
Information A Figure S1). We found support for a positive effect of 
LSR whitefish body size on LR and TP estimates (Table 4, Supporting 
Information Table S5), suggesting an ontogenetic shift to a more lit-
toral diet (Figure 4) and to a higher trophic position (Figure 5) with 
increasing fork length. However, ontogenetic niche shifts of LSR 
whitefish were not evident in all lakes, and in Gæsjavri LSR white-
fish shifted from littoral to a more pelagic diet with increasing size 
(Figures 3 and 4). The largest variation in LR and TP estimates was 
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often observed among individuals exceeding 200 mm fork length 
(Figures 3 and 4). Although some top models included only fork 
length or intercept (Table 4; Supporting Information C Tables S6– S7), 
we found some support for a humped- shaped relationship between 
LSR whitefish littoral reliance and intensity of interspecific interac-
tions (Table 4; Supporting Information A Figure S3). In addition, lake 
area had a positive effect on trophic position, whereas the quadratic 
term of Inter and Altitude had positive effects on proportional diet 
similarity (PSi) of LSR whitefish (Table 4; Figure S3). However, when 
Gæsjavri was included in the analyses, none of the explanatory vari-
ables except Length were included in the top candidate models for 
LR and PSi estimates, whereas Area still had a positive effect on TP 
estimates (Supporting Information C Tables S6– S7).

Whitefish was generally the most pelagic species and showed at 
least partial niche segregation with the main coexisting competitor 
species, particularly in lakes hosting abundant populations of both 
charr and grayling (Figure 4). In these lakes, charr generally occupied 
a higher trophic position than LSR whitefish, suggesting piscivorous 
foraging on small whitefish and other prey fishes (Figure 5). In lakes 

hosting abundant whitefish and perch, no consistent between- 
species differences in TP were found as LSR whitefish occupied 
either on average lower or higher TP as compared to perch. The 
highest niche overlap between coexisting fishes was typically found 
among relatively large- sized individuals (>250 mm).

4  | DISCUSSION

We expected LSR whitefish population niche width and degree of 
among- individual diet variation to decrease with increasing intensity of 
interspecific interactions and to increase with increasing intraspecific 
competition. Our results did not fully support these predictions as the 
isotopic niche width of LSR whitefish showed a hump- shaped relation-
ship with increasing intensity of interspecific interactions. Intraspecific 
competition had no significant effect on any of the isotopic niche met-
rics, and among- individual diet variation (based on SCA) was not af-
fected by any of the lake biotic and abiotic variables. Despite marked 
between- lake differences in expected ontogenetic niche shifts, LSR 

Model Estimate SE RVI 2.5% CI
97.5% 
CI

(a) Population niche width (TA)

Intercept 0.674 0.076 — 0.506 0.842

Inter −0.044 0.047 0.20 −0.150 0.061

Inter2 −0.191 0.066 1.00 −0.337 −0.046

Intra 0.010 0.054 0.12 −0.111 0.131

Altitude −0.028 0.084 0.12 −0.215 0.159

Area −0.057 0.050 0.25 −0.169 0.055

(b) Population niche width (SEAc)

Intercept 0.180 0.027 — 0.123 0.238

Inter −0.016 0.014 0.37 −0.047 0.015

Inter2 −0.053 0.021 0.91 −0.099 −0.007

Intra 0.008 0.016 0.19 −0.027 0.043

Altitude −0.024 0.026 0.29 −0.080 0.032

Area −0.009 0.015 0.10 −0.043 0.025

(c) Trophic diversity among individuals (MNND)

Intercept 0.031 0.004 — 0.022 0.040

Inter −0.001 0.002 0.13 −0.006 0.004

Inter2 −0.007 0.004 1.00 −0.015 0.001

Intra 0.004 0.002 0.86 −0.001 0.009

Altitude 0.003 0.004 0.27 −0.006 0.011

Area −0.002 0.002 0.32 −0.007 0.003

(d) Among- individual diet variation (V)

Intercept 0.476 0.022 — 0.431 0.522

Inter −0.009 0.012 0.18 −0.037 0.020

Inter2 −0.031 0.019 0.57 −0.072 0.009

Intra −0.013 0.011 0.50 −0.038 0.011

Altitude −0.024 0.013 0.65 −0.054 0.005

Area 0.017 0.012 0.73 −0.009 0.044

TA B L E  2   Generalized linear models 
(conditional averages of top candidate 
models with ΔAIC ≤ 2) for the effects 
of interspecific (Inter) and intraspecific 
(Intra) interactions and lake abiotic 
characteristics (surface area and altitude) 
on whitefish population isotopic niche 
width measured as (a) total convex hull 
area (TA) and sample- size corrected 
standard ellipse area (SEAc), as well as on 
(c) trophic diversity among individuals 
measured as mean nearest neighbour 
distance (MNND) in LR– TP space, and (d) 
among- individual diet variation based 
on SCA data (Equation 1). Here Gæsjavri 
with insufficient data of LSR whitefish 
(n = 14) was excluded from the analyses. 
Parameter estimates (on standardized 
scale) are interpretable as effect size 
because they describe changes in units of 
standard deviation of the original variable. 
Standard error (SE), relative variable 
importance (RVI) and 95% confidence 
intervals (CI) for each parameter are 
shown, with significant parameters 
(p < 0.05) highlighted in bold. The 
parameter estimates in the top candidate 
models (ΔAIC ≤ 2) are given in Supporting 
Information B Table S2. The modelling 
results based on full dataset (n = 14 lakes) 
are presented in Supporting Information C 
Tables S4– S5
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whitefish typically shifted to a more littoral diet (LR) and to a higher 
trophic position (TP) with increasing body length and showed highest 
niche variation at relatively large body sizes. As expected, LSR whitefish 
often included more pelagic food resources and thereby likely reduced 
niche overlap with more littoral- oriented percid and salmonid fishes.

4.1 | Effects of interspecific and intraspecific 
interactions on population niche width

The large- growing, generalist LSR whitefish showed increased iso-
topic niche in lakes where coexisting fish species (mainly perch) were 
roughly equally abundant. The narrowest isotopic niches were found 
in lakes where coexisting fishes were either scarce or dominating in 

the fish community. These findings partly deviate from the common 
view of a negative impact of interspecific competition on popula-
tion niche width (e.g. Araújo et al., 2011 and references therein). 
At low to moderate abundance of sympatric fishes, interspecific 
interactions are relaxed and most LSR whitefish individuals may 
consume the most beneficial benthic prey, which reduces both 
among- individual diet variation and population niche width. The 
wide population niche of LSR whitefish in low- altitude perch lakes 
is suggested to result from the combined effect of higher resource 
availability and diversifying effect of moderate interspecific but 
strong intraspecific interactions with the other whitefish morphs 
(Supporting Information Table S1). In relatively unproductive high- 
altitude lakes, interspecific interactions with other salmonid fishes 
(i.e. charr and grayling) and the scarcity of alternative food resources 
evidently suppress individual specialization and thus population 
niche width of LSR whitefish. Our study provides further empirical 
evidence for context- dependent species interactions that can act as 
either broadening or suppressing forces on species’ population niche 
width depending both on the relative abundance and on the identity 
of coexisting species (cf. Bolnick et al., 2010; Costa et al., 2008).

Our results suggest that the presence of perch and sympatric 
whitefish morphs may facilitate population- level niche expansion of 
LSR whitefish. The reason why abundant perch did not suppress LSR 
whitefish niche width in the same way as abundant salmonids might 
be related to the species’ relatedness. Closely related species are 
ecologically more similar and thus stronger resource competitors, 
which may, in turn, reduce the potential for individual specialization 
(cf. Costa et al., 2008). However, perch can be an efficient resource 
competitor and potential predator of small whitefish in subarctic 
lakes (e.g. Amundsen et al., 2003; Hayden et al., 2013). Hence, the 
littoral- oriented perch may force some LSR whitefish to use subop-
timal sublittoral, profundal and pelagic food and habitat resources 
(Sandlund et al., 2010) that in our perch lakes are dominated by 
the specialized DR and SSR whitefish morphs. This implies that the 
outcomes of interspecific interactions between littoral- dwelling 
perch and LSR whitefish likely are modified by strong intraspecific 
interactions between sympatric whitefish morphs. The observed 
positive, although non- significant, diversifying effect of increasing 
intraspecific competition on isotopic niche width of LSR whitefish 
(Supporting Information A Figure S2) supports this notion and cor-
responds with previous research of population density effects on 
niche width of generalist perch (Svanbäck & Persson, 2004).

In addition to interspecific and intraspecific interactions, the 
wide population niche of LSR whitefish may be partly related to 
higher resource availability in low- altitude lakes hosting perch and 
polymorphic whitefish. Fish communities in subarctic lakes gener-
ally utilize more pelagic- derived carbon in warm and more produc-
tive lakes than in cold, less- productive lakes (Hayden et al., 2019). 
Low- altitude perch lakes are warmer and more productive than 
oligotrophic, clear- water high- altitude lakes where littoral basal 
and secondary production prevail and salmonid species dominate 
(Eloranta et al., 2015; Hayden et al., 2017; Karlsson & Byström, 2005). 
Hence, the low- altitude perch lakes likely provide more zooplankton 

F I G U R E  3   Isotopic niche width of LSR whitefish measured 
as (a) total convex hull area (TA) regressed against intensity of 
interspecific interactions (Inter) and as (b) Bayesian estimates of 
Standard Ellipse Area (SEAb), with black dots depicting modes and 
boxes depicting the 95%, 75% and 50% credibility intervals. The 
14 study lakes are arranged by increasing Inter measured as the 
relative proportion of fish species other than whitefish in the total 
survey gillnet catches (total biomass of captured fish) in each lake. 
The estimates for Gæsjavri (red dot) were excluded from the linear 
models due to insufficient data of LSR whitefish (n = 14)
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resources for whitefish. Lakes situated below the treeline are also 
supplied with allochthonous resources, including terrestrial in-
sects that are important prey for fish in some high- latitude lakes 

(Hayden et al., 2013; Milardi et al., 2016). This high availability and 
diversity of food resources, together with the broadening effect 
of perch presence through interference competition, are the likely 

TA B L E  4   Mixed- effects models (conditional averages of top candidate models with ΔAIC ≤ 2) predicting whitefish (a) littoral reliance, (b) 
trophic position and (c) proportional diet similarity as a function of whitefish body size (i.e. fork length), interspecific and intraspecific interactions 
and lake abiotic characteristics (Equation 2). Here Gæsjavri with insufficient samples of LSR whitefish (n = 12– 14) was excluded from the analyses. 
Parameter estimates (on standardized scale) are interpretable as effect size because they describe changes in units of standard deviation of the 
original variable. Standard error (SE), relative variable importance (RVI) and 95% confidence intervals (CI) for each parameter are shown, with CIs of 
significant parameters highlighted in bold. The parameter estimates in the top candidate models (ΔAIC ≤ 2) are given in Supporting Information B 
Table S3. The modelling results based on full dataset (n = 14 lakes) are presented in Supporting Information C Tables S6– S7

Model Estimate SE RVI 2.5% CI 97.5% CI

(a) Littoral reliance (LR)

Intercept 0.436 0.059 — 0.321 0.551

Length 0.087 0.020 1.00 0.048 0.127

Inter2 −0.092 0.041 0.27 −0.172 −0.012

(b) Trophic position (TP)

Intercept 3.644 0.100 — 3.449 3.840

Length 0.096 0.024 1.00 0.049 0.142

Area 0.199 0.083 0.33 0.036 0.361

(c) Proportional diet similarity (PSi)

Intercept 0.531 0.031 — 0.470 0.593

Inter2 0.059 0.012 0.61 0.036 0.083

Altitude 0.050 0.010 0.39 0.029 0.070

F I G U R E  4   Littoral reliance (LR) of LSR whitefish and coexisting perch, grayling and charr in each lake regressed against fork length (mm). Littoral 
reliance estimates (Post, 2002) exceeding 1 result from high δ13C of fish that exceed the δ13C value of littoral isotopic end- member (Figure 2). The 
predicted regression lines with standard error bounds are drawn for each fish species using geom_smooth function with lm method in ggplot2 r 
package (Wickham, 2016). Pearson correlation coefficients (r) and p- values for the LR– Length relationships are reported for each species
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mechanisms facilitating a wide population niche and increased tro-
phic diversity among whitefish individuals in lower- altitude lakes. 
For the whitefish- dominated lakes, it should be noted that they were 
among the smallest study lakes and thus likely provide more re-
stricted pelagic and profundal food and habitat resources to support 
niche divergence among whitefish individuals. Hence, in these lakes, 
the narrow population niche likely results from individuals’ shared 
utilization of similar benthic resources (Supporting Information A 
Figure S1). This notion is supported by Bolnick and Ballare (2020) 
showing that stickleback consume predominantly benthic and pe-
lagic invertebrates in small and large lakes, respectively, whereas 
a greater among- individual diet variation is found in intermediate- 
sized lakes with high resource diversity.

4.2 | Effect of body size on niche variation

The numerous studies reviewed by Araújo et al. (2011) demonstrate 
that the intensity of interspecific and intraspecific competition, preda-
tion and ecological opportunity— commonly defined as ‘the availability 
of ecologically accessible resources that may be evolutionarily ex-
ploited’ (cf. Stroud & Losos, 2016)— largely determine among- individual 
diet variation and thus the species’ population niche width. While 
ecosystem size and productivity may determine resource availability 
and competition (Bolnick & Ballare, 2020; Eloranta et al., 2015, 2016; 
Hayden et al., 2019), predation risk may influence among- individual 

diet variation and population- level niche width by restricting habitat 
choice in prey (Eklöv & Svanbäck, 2006). Compared to small- sized 
perch, charr can grow relatively large and predate on a wider range 
of prey sizes (Amundsen, 1994; Kahilainen & Lehtonen, 2003). Hence, 
the observed niche suppression of LSR whitefish in lakes hosting abun-
dant charr and grayling populations may result from the combined 
effects of strong competition for littoral resources with both charr 
and grayling as well as predatory impacts of large piscivorous charr 
(Amundsen, 1994; Amundsen et al., 2010; Eloranta et al., 2011). In 
these lakes, the presence of predatory charr may explain the apparent 
late ontogenetic shift of a few large (>250 mm) LSR whitefish to a lit-
toral diet, except in the high- altitude Gæsjavri where small (<250 mm) 
LSR whitefish and the more abundant charr segregated into littoral 
and pelagic niches, respectively. The presence of large piscivorous 
charr in high- altitude lakes may also partly explain the lack of whitefish 
polymorphism. Contrary to the generalist charr, grayling is a special-
ized littoral benthivore whose high abundance likely contributes to 
the observed niche suppression associated with partial exclusion of 
LSR whitefish from the littoral niche (Amundsen et al., 2010; Eloranta 
et al., 2011). These results correspond with previous experimental 
studies (Bolnick et al., 2010) indicating that both the relative abun-
dance and the identity of sympatric competitors can influence species’ 
population niche width within restricted habitats, such as in subarctic 
lakes. Moreover, our results demonstrate increased among- individual 
variation and between- species overlap of isotopic niches (i.e. long- 
term diets) with increasing LSR whitefish body size. These findings 

F I G U R E  5   Trophic position (TP) of LSR whitefish and coexisting perch, grayling and charr in each lake regressed against fork length (mm). 
The predicted regression lines with standard error bounds are drawn for each fish species using geom_smooth function with lm method in 
ggplot2 r package (Wickham, 2016). Pearson correlation coefficients (r) and p- values for the TP– Length relationships are reported for each 
species
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likely reflect the reduced predation risk and competitive dominance 
of large LSR whitefish individuals, allowing more adaptive niche use 
as compared to smaller conspecifics or other co- occurring fish species 
(Saksgård et al., 2002; Sandlund et al., 1995).

4.3 | Interspecific niche segregation

LSR whitefish often relied less on littoral food resources than coexist-
ing perch, charr and grayling. This suggests that sympatric competi-
tors and predators may partly exclude LSR whitefish from the diverse 
and often highly abundant littoral resources (Amundsen et al., 2010; 
Eloranta et al., 2011; Sandlund et al., 2010). The elevated trophic po-
sition of whitefish in some lakes hosting abundant perch might be 
related to foraging on predatory zooplankton (e.g. Bythotrephes longi-
manus) or on profundal chironomid larvae with elevated δ15N values 
(Eloranta et al., 2011; Hayden et al., 2013), or more frequent consump-
tion of small prey fish (Supporting Information A Figure S1), which may 
reflect potential responses to strong competition for littoral benthic 
resources. At the same time, we found only minor effects of relative 
competitor abundance and lake abiotic characteristics on littoral reli-
ance (LR), trophic position (TP) and proportional diet similarity (PSi) of 
LSR whitefish. When excluding the limited data of LSR whitefish in the 
high- latitude, charr- dominated Gæsjavri from the analyses, we found 
weak support for a humped- shaped relationship between LR estimates 
of LSR whitefish and increasing intensity of interspecific interactions, 
as well as for a positive effect of lake area on whitefish TP (Supporting 
Information A Figure S3 and B Table S3). The increased use of diverse 
littoral food resources likely contributes to the observed population 
niche expansion under moderate interspecific interactions, whereas 
the latter supports the notion of longer food chains in larger subarctic 
lakes (Eloranta et al., 2015). However, it should be noted that our study 
lakes are all relatively small and located within a restricted geographi-
cal area, which likely explains the minor effects of abiotic factors on 
resource use of LSR whitefish.

5  | CONCLUSIONS

Our results provide novel and unique empirical evidence for a hump- 
shaped relationship between population niche width and increasing 
intensity of interspecific interactions in a study system largely free 
from confounding human impacts. Unlike the study by Jones and 
Post (2016) compiling data from multiple species and locations, our 
results indicate that hump- shaped relationships between population 
niche width and intensity of species interactions can be evident for 
a single species and within a limited geographical area. However, the 
fish communities in our study lakes change to a considerable degree 
along the altitudinal gradient (Supporting Information A Table S1), mak-
ing it difficult to disentangle the effects of environmental conditions 
and competitor abundance. Our reanalyses of the full dataset, includ-
ing high- altitude Gæsjavri with a charr- dominated fish community 

(Supporting Information Tables S3– S5), support the notion that com-
petitor abundance and climatic conditions are likely interactive drivers 
of niche variation among generalist fish species in high- latitude lakes. 
A larger dataset collected across a wider geographical range and in-
cluding lakes with both allopatric and sympatric fish communities could 
allow better separation of the effects of biotic and abiotic factors on 
species’ population niche width and among- individual diet variation.

Traditionally, increasing intraspecific competition is assumed 
to promote among- individual variation and population niche ex-
pansion (Araújo et al., 2011; Jesmer et al., 2019, and references 
therein). In contrast, a hump- shaped response has been demon-
strated for species richness and abundance across environmental 
gradients such as ecosystem productivity (Dodson et al., 2000) 
and area (Buckley & Roughgarden, 2006), environmental heteroge-
neity (Allouche et al., 2012) and allochthonous resource subsidies 
(Finstad et al., 2014). Such hump- shaped relationships are rarely 
considered in studies of population niche width (but see Bolnick & 
Ballare, 2020; Jones & Post, 2016; Svanbäck et al., 2015), and more 
studies are needed to quantify how among- individual variation and 
population niche width differ among populations or contexts, de-
pending for instance on prevailing competitive and predatory in-
teractions (Jones & Post, 2016) and ontogenetic niche trajectories 
(Sánchez- Hernández et al., 2016; Svanbäck et al., 2015). Our results 
are in line with the intermediate competition diversification (ICD) 
hypothesis predicting a hump- shaped relationship between popu-
lation niche width and competition (Jones & Post, 2016). Although 
our study lacks data on resource availability, the results indicate a 
narrow population niche in lakes where interspecific competition 
is either relatively low (allowing the population to concentrate on 
preferred prey) or high (forcing the population to consume a limited 
variety of resources). The highest population niche width was typi-
cally observed in low- altitude lakes where intermediate intensity of 
interspecific interactions and higher diversity of benthic, pelagic and 
terrestrial food resources likely support population niche expansion. 
Acknowledging humped- shaped relationships between population 
niche width and interspecific interactions can help us understand 
the driving forces of niche variation that can increase population 
stability (Agashe, 2009), facilitate species coexistence (Schreiber 
et al., 2011) and influence ecosystem properties (Vrede et al., 2011).
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