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Abstract

Background Niche partitioning allows species to diversify resource utilisation and space allocation and reduce
interspecific competition. Variations in abiotic and biotic conditions in different ecosystems may further influence
resource availability and habitat utilisation, potentially reducing competition. The aim of this study is to investigate the
effects of environmental variation on spatial and trophic niche overlap between two freshwater apex predators, the
northern pike (Esox lucius) and the European catfish (Silurus glanis), in three different water bodies.

Methods We used fine-scale acoustic telemetry to assess the spatial niche overlap of pike and catfish, analyzing
their spatial and habitat use in relation to the thermocline and their presence in benthic versus open-water habitats.
Stable isotope analysis (SIA) was used to quantify trophic niche overlap and dietary differences between the species.
We compared the habitat use, spatial niche width and overlap, and trophic differentiation among waterbodies to
determine how environmental conditions influence predator interactions.

Results During summer, pike and catfish primarily occupied benthic habitats above the thermocline across all
waterbodies and diel periods. However, catfish more frequently used open water above the thermocline, while pike
were more often present in both open water and benthic habitats below it. While this general pattern of habitat use
was consistent, its extent varied among lakes, suggesting that local environmental conditions shape species-specific
habitat selection. Despite these variations, the species exhibited substantial spatial overlap, though its magnitude
fluctuated across waterbodies and diel periods. Catfish occupied a broader spatial niche in two waterbodies, while
pike had a broader niche in one. Across all lakes, catfish consistently maintained a broader trophic niche than pike.
However, pike exhibited higher trophic overlap with catfish than vice versa, with nearly complete overlap in one lake
and substantial but incomplete overlap in others. This suggests that pike relies more heavily on shared prey resources,
while catfish exploits a broader range of food sources beyond those used by pike.These patterns were primarily driven
by the position of the thermocline, prey availability, structural complexity and the greater foraging plasticity of catfish,
highlighting the environmental dependence of niche partitioning in these predators.
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ecosystems.

isotopes

Conclusions Our findings demonstrate that spatial and trophic niche overlaps between pike and catfish are highly
context-dependent, shaped by abiotic conditions, prey availability, and species-specific foraging strategies. This study
highlights the importance of integrating spatial and trophic analyses to understand predator interactions in aquatic

Keywords Niche partitioning, Resource utilization, Interspecific competition, Spatial niches, Trophic niches,
Environmental variation, Dietary plasticity, Predator interactions, Aquatic ecosystems, Acoustic telemetry, Stable

Background

Niche partitioning is a fundamental ecological concept
that explains how different species within a community
divide and utilize available space and resources to reduce
interspecific competition and coexist [1]. It has been
demonstrated across a wide range of taxa [2—6] and it is
an essential driver in shaping community structure and
dynamics [7, 8]. Species can reduce competition through
various mechanisms, including shifts in habitat, diet, or
timing of activity [4, 9-12]. Such diversification of prey
and resource use helps to avoid competitive exclusion
and facilitate coexistence [12, 13].

In addition to spatial and trophic strategies, temporal
niche partitioning—where species differ in the timing of
their activities—has emerged as an important, yet under-
explored, mechanism for reducing overlap in resource
use [12, 14]. Temporal differences, such as diurnal versus
nocturnal activity or even more nuanced crepuscular pat-
terns, allow coexisting species to exploit similar habitats
and food sources at different times [15]. The degree of
temporal partitioning can be influenced by species-spe-
cific circadian rhythms [12]. Thus, the intensity of overall
niche partitioning may depend not only on the degree of
spatial or trophic overlap but also on species temporally
segregation.

The intensity of niche partitioning depends on the
degree of overlap between species, their competitive
ability [16] or individual characteristics [17-19]. Recent
research has also emphasized the importance of envi-
ronmental conditions for niche partitioning [20]. Differ-
ent abiotic and biotic conditions across ecosystems can
affect the availability of resources and space for conspe-
cifics, impacting their ability to shift habitat or diet to
avoid competition. Consequently, niche overlap can be
environmentally dependent, leading to local variations
in competition levels and causing local adaptations. For
example, trophic niche overlap in aquatic environments
can be changed with different turbidity or turbulence
levels [21, 22], or by differences in ecosystem structural
complexity provided by macrophytes [23]. However,
studies explicitly examining the context dependence of
niche partitioning remain rare.

There is a need for studies across multiple ecosystems
to better understand how environmental variability influ-
ences niche partitioning and, in turn, how this may affect

ecosystem functioning. In addition, the integration of
advanced technologies such as stable isotope analysis and
in situ behavioural observation may help to elucidate the
complex interactions between environmental conditions
and multi-species behaviour [24, 25]. These approaches
can improve predictions of conspecific interactions,
detect resulting changes in community structure, and
evolutionary mechanisms for local adaptations under dif-
ferent environmental context.

The European catfish (Silurus glanis) and the northern
pike (Esox lucius) are among the most important fresh-
water predators in the Holarctic region (catfish and pike
hereafter in the text) [26, 27]. Both predators often live
in sympatry and largely share their diet and space [28—
30]. The pike is a voracious hunter that feeds on a vari-
ety of fish and other prey, and its introduction can have
a significant impact on fish species composition [27, 31].
Similarly, the catfish is primarily a piscivore [26], but
numerous studies have highlighted its ability to adjust
to different food sources and exhibit generalist foraging
behaviour [32]. While pike is typically associated with
structurally complex habitats and is often used as a clas-
sic example of a diurnal, sit-and-wait ambush predator,
recent studies have shown that it is able to dynamically
change its habitat use depending on the environment
[33-35]. The catfish is an active nocturnal hunter that
pursues its prey in both nearshore and offshore habi-
tats [36, 37]. It exhibits a high flexibility in changing its
foraging strategy [28, 38, 39] and tends to favor warmer
water compared to pike [32]. Both species are important
for the functioning and management of ecosystems, as
well as important commercial and game species [27, 32].
The catfish is expanding into new freshwater ecosystems,
where its presence can alter food web dynamics, restruc-
ture predator-prey interactions, and impact biodiversity
by exerting strong predation pressure on native species,
including fish, amphibians, and waterfowl [26, 40, 41].

Despite their importance and numerous studies on
both species [26, 27, 32, 42], there is little information on
their spatial partitioning in different environments. Our
previous studies on these predatory fish have shown that
their activity, space utilisation and temporal dynamics
depend on the environment and vary greatly from lake to
lake [29, 34, 43]. The same applies to foraging behaviour
and the extent and position of trophic niches [28, 44].
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Table 1), all located in the Czech Republic. Milada and
Most are recently created post-mining lakes resulting
from aquatic restorations of mining pits. Aquatic resto-
ration took place from 2001 to 2010 in Milada and from
2008 to 2014 in Most. The Rimov was built in 1978 by
damming the Malse River. These waterbodies differ in
various environmental conditions, including trophic
status, turbidity, structural complexity, and prey avail-
ability (Table 1). Further detailed information can be
found in [28, 29, 34].

Our previous research has shown that both northern
pike and catfish adjust their movement, activity, and for-
aging strategies in response to these local factors in these
waterbodies. In Most, pike exhibited larger home ranges,
greater use of open waters, a broader depth range, and
higher overall activity compared to Milada. These dif-
ferences were attributed to lower structural complexity
in Most, which apparently causes the pike higher activ-
ity and space use [34]. In Milada and Most lakes, catfish
displayed larger home ranges and higher diurnal activity
compared to those in the Rimov Reservoir; we concluded
that these variations are driven by differences in prey
availability and distribution ( [43]; see more information
about prey availability in the Supplementary materials,
Sect. 1). Stable isotope analyses further revealed that cat-
fish consistently occupied a broader trophic niche than
pike in all three systems [44]. In the Rimov Reservoir, fish
constituted the most important prey for both predators,
and a similar pattern was observed for pike in Lakes Most
and Milada. In Most, catfish also consumed significant
amounts of birds and other semi-aquatic prey, whereas in
Milada, crayfish formed an important part of their diet
[28, 43, 44].
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Fish telemetry

A total of 90 individuals (15 pike and 15 catfish in each
waterbody) were caught and tagged for the study. Indi-
viduals were measured and weighed prior to tagging
(Table 2). Acoustic transmitters (Lotek Wireless Inc,
MM-M-11-28-PM, 65x28 mm, weight in air of 13 g)
were implanted as described in detail in [29, 34]. These
transmitters included pressure (all waterbodies), motion
(Milada and Most) and temperature (Rimov) sensors. The
burst rate was set to 25 s in Milada and Most, and 15 s in
Rimov. The fish were caught and tagged between 5 and
10 May 2015 in Milada and Most, and between 19 and 20
April 2017 in Rimov.

Three separate MAP positioning systems (Lotek Wire-
less Inc., Canada) were deployed in all waterbodies to
track the tagged fish. Each system consisted of tens of
receivers (Lotek Wireless Inc., WHS3250; 44, 47 and
91 receivers in Milada, Most and Rimov, respectively)
deployed in arrays (array deployment is given in the Sup-
plementary materials, Sect. 2). A detailed description of
the design, deployment and accuracy of the arrays can be
found for Milada and Most in [34] and for Rimov in [29].
For the purpose of this study, tracking records of summer
period June — September (year 2015 in Milada and Most,
2017 in Rimov) were selected to match data collected for
stable isotopes (see below).

Temperature monitoring

To test whether pike and catfish utilize similar habitats,
we calculated their presence relative to the thermo-
cline. Temperature stratification was monitored using
60 HOBO Pendant temp/light 64 K data loggers (Onset,
USA). In Lakes Most and Milada, loggers were attached

Table 2 Summary statistics of European catfish (Silurus glanis) and Northern Pike (Esox lucius) body size across three study lakes
(Milada, most, and Rimov). The table presents the number of individuals (N), minimum (Min), mean (Mean), and maximum (Max) values
for both weight (kg) and total length (TL, cm). Data are provided separately for individuals tracked using acoustic telemetry and those

analyzed through stable isotope analysis (SIA)

Lake N Weight (kg) TL (cm)
Min Mean Max Min Mean Max
Telemetry catfish Milada 15 35 10.7 235 81 117.9 158
Most 15 2.1 5 8.4 71 93.3 115
Rimov 15 34 1.7 35 81 116.6 166
pike Milada 12 0.8 4.1 14.2 52 789 115
Most 13 15 1.8 7.5 64 86.3 104
Rimov 13 0.8 26 109 50 67.6 116
SIA catfish Milada 64 2 79 138 68 104.8 132
Most 64 24 5.1 14.5 80 933 138
Rimov 60 37 10.6 21.8 83 1M1 150
pike Milada 56 0.7 5.1 10.6 47 86 117
Most 48 0.6 4.7 7.5 45 74.3 92
Rimov 60 0.7 34 138 47 69.3 120
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at 1-m intervals from the surface to 13 m depth (with an
extra logger at 20 m) along a rope secured to a floating
buoy anchored at 22 m depth, with deployments at two
sites per lake (covering east/west or south/north gradi-
ents). In Rimov Reservoir, loggers were deployed at four
locations along the reservoir’s longitudinal axis, with
units attached at 1-m intervals from the surface to 13 m
depth (plus an additional logger at 20 m in the dam and
middle sections). In all waterbodies, data were recorded
at 5-minute intervals, providing high spatiotemporal res-
olution. The thermocline depth was calculated using the
thermo.depth function in the R package rLakeAnalyzer
[47]. Further details are provided in [29, 34] and in the
Supplementary materials (Sect. 3).

Stable isotopes

Stable isotopes are commonly used in studies of trophic
niche width and species overlap because they capture a
broader time window of foraging behaviour compared
to traditional stomach content analysis [48, 49]. Here,
we used stable carbon (§'3C) and nitrogen (§'°N) iso-
topes to determine the overlap of trophic niches. The
data used for this study were processed for the study of
[44] to determine the total and individual trophic niche
width and the degree of individual trophic specializa-
tion. A detailed description of tissue sampling, process-
ing and stable isotope analysis can be found in [44]. In
brief, in 2017, 15 adult individuals of each species were
caught by electrofishing, in Most and Milada in Septem-
ber and in Rimov in July. All individuals were measured
and weighted. Samples of four body tissues (muscle, fin,
plasma, and blood) were collected, but for this study sta-
ble isotope signals from the dorsal muscle (biopsy punch,
skin removed) were used only, as they are the most rep-
resentative for determining the trophic niche [50]. All
samples were dried (at 60 °C for 48 h) and ground into
a homogeneous powder. All SIAs were performed using
a FlashEA 1112 elemental analyser coupled to a Thermo
Finnigan DELTAplus Advantage mass spectrometer
(Thermo Fisher Scientific Corporation, Waltham, MA,
USA) at the University of Jyviskyld, Finland. The isotope
ratios of carbon and nitrogen are reported as 8'*C and
8'°N, relative to the international standards for carbon
(Vienna PeeDeeBelemnite, Vienna, Austria) and nitrogen
(atmospheric nitrogen).

Since §'°N and &'C for basal resources can vary
considerably among sites, the results from SIA were
corrected to baseline. Trophic positions of fish were
calculated following [51], using 8"°N values of primary
consumers (zebra mussels, aquatic snails, and water
lice) as a baseline. To account for site-specific variation
in basal resources, 6'°C values were corrected according
to [52] using the mean §'°C of primary consumers and
their isotopic range. The resulting values include trophic
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position (TP) based on 8"°N and baseline-corrected §'*C
(8%Corected)- A detailed description of the correction
method is provided in [44].

Growth

The data on pike growth used in this study were partly
processed for the study by [34], which compared pike
growth from Milada and Most. Here, we expanded this
dataset by incorporating new data from Rimov, pro-
cessed using the same methodology as in [34]. Age deter-
mination and growth calculation for pike were conducted
using scale reading, with three scales analyzed per indi-
vidual. The results were averaged and used to back-cal-
culate size-at-age using the Fraser—Lee equation [53].
Since scales were only available for the pike tracked via
telemetry, we focused on body growth increment during
the year prior to tagging, as this best reflects individual
behavior and movement patterns during the telemetry
study.

For catfish, we included previously published growth
data from all three waterbodies [43] to enable compari-
sons with pike. These long-term monitoring data were
collected as part of ongoing research [43]. During these
monitoring efforts, all captured catfish were tagged with
Passive Integrated Transponders (PIT tags) and subse-
quently released back into their respective lakes. Growth
was assessed through recaptures, calculated as the dif-
ference in total length between initial tagging and the
most recent recapture, scaled per year (length gain/
year). These data were collected between 2013 and 2017
in Milada and Most, and 2017-2019 in Rimov Reservoir.
Only individuals with a minimum recapture interval of
one year were included to avoid short-term fluctuations.
Since catfish growth data were already published, they
were not reanalyzed in this study but were included for
comparative purposes to evaluate differences in growth
patterns between pike and catfish across the same water-
bodies. Despite differences in aging methods between
species, our approach ensures comparability of growth
estimates by focusing on recent body growth increments
rather than full life history trajectories.

Data analysis

Telemetry data

The locations of the individual fish were calculated using
the proprietary post-processing software UMAP v.1.4.3
(Lotek Wireless Inc., Newmarket, Ontario, Canada). The
filtering and further post-processing of the fish loca-
tions are described in detail in [34] and in Supplemen-
tary material (Sect. 2). The filtered fish locations, which
included all three dimensions (latitude, longitude and
depth), were then matched with the bathymetry maps of
each waterbody (with a grid resolution of 1x1 m). The
bottom depth was determined at each fish location.
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To quantify habitat use, we calculated the proportion of
time each individual spent in different habitats consider-
ing benthic and open water areas as well as position of
thermocline. Habitats were defined by two criteria: ver-
tical distance from the bottom and position relative to
the thermocline. Areas less than 5 m from the bottom
were categorised as “benthic’y while areas 5 m or more
from the bottom were considered “open water”’ In addi-
tion, each of these groups was subdivided according to
whether the individual was above or below the thermo-
cline (mean depth for each day), resulting in four dif-
ferent habitat types (herein reffered as Benthic Above,
Benthic Below, OW Above, OW Below). The proportions
of habitat utilization were calculated separately for each
individual, diel period (day and night), and each day to
capture temporal variations in habitat preferences.

To analyze spatial niche overlap, fish depth and bottom
depth at the fish location were used as two meaningful
niche axes to analyze fish spatial niche. Depth was con-
sidered as a vertical axis and bottom depth as a horizon-
tal axis to account for differences between benthic and
open water areas [54, 55].

Habitat use

To analyze habitat use in relation to species, waterbody,
diel period, and their interactions, we applied a gener-
alized linear mixed-effects model (GLMM) using the
‘elmmTMB’ package [56]. Specifically, we modeled the
proportion of time spent in each habitat as a function of
habitat type, species, waterbody, diel period, and their
interactions (full factorial interaction), while accounting
for repeated measures within individuals by including
as a random intercept effect. We fitted the model using
a beta regression to appropriately handle proportional
response data (values between 0 and 1). Their full facto-
rial interaction allowed us to assess how habitat use pat-
terns varied across species, waterbody, and diel periods.
Model selection and validation included checking for
residual patterns, overdispersion, and the goodness-of-fit
using diagnostic plots. To visualize the modeled habitat
use across different conditions, we used the plot_model()
function from the sjPlot package [57]. This approach
allowed us to generate predicted values from our GLMM,
accounting for key interactions among habitat, species,
waterbody, and diel period. The predictions were com-
puted at moderate values of continuous covariates to
standardize the visualization. To evaluate species-specific
habitat preferences across different lakes and diel peri-
ods, we performed pairwise contrasts using the emmeans
package [58]. Our contrast selection focused on three key
comparisons: (i) preferred habitat of a species in each
waterbodys; (ii) interspecies comparison in the same habi-
tat within each waterbody; (iii) comparison of a species’
habitat use among waterbodies.
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Spatial and trophic niche overlap

To visualize the overlap of spatial (OL-SN) and trophic
niche (OL-TN) between pike and catfish, we used the R
package rKIN [59], which calculates the kernel utiliza-
tion distributions (UD) for spatial and trophic niches.
Kernel UD effectively reflects the asymmetric nature of
fish distribution and provides a more realistic overlap
than the commonly used ellipses. However, rKIN does
not determine the uncertainty in the probability of over-
lap between species. To address this issue, we used the R
package nicheROVER [60].

We created spatial (SN) and trophic (TN) niche regions
for each species-waterbody combination as Bayesian
ellipses, with 95% ellipse size. Thus, the niche region
of a species (SNp, SN¢, TNp, TNc) is the area in which
a random pike (p;) or random catfish (c;) occurs with
95% probability. The probabilities of spatial overlap
were calculated using a Monte Carlo algorithm with ten
thousand independent draws from the distributions of
catfish and pike. The overlaps were determined accord-
ing to how many of these draws fell within the spatial or
trophic niches of the other species. The overlaps were
expressed as the probability that a random pike would
be found in the spatial niche of a catfish and vice versa:
OL-SNp/c=Pr(p; € SNc) and OL-SN(c/p=Pr(c; € SNp).
For trophic niche overlaps, the expressions would be the
same, but labeled OL-TN and TN,. These overlaps are
directional, so for example OL-SN(p/c) is not the same as
OL-SN(c/p), which is consistent with [60].

To test differences in spatial and trophic overlap
between species and waterbodies, Monte Carlo estimate
probabilities were then compared using generalized lin-
ear model (GLM) with a Gaussian distribution and an
identity link function, which is suitable for continuous
response variables. The model estimated the probability
of OL-SN as a function of species overlap (OL-SN(p/c)
or OL-SN(c/p)), waterbody, diel period, and their inter-
actions. For OL-TN, we applied a similar Gaussian
GLM without diel period, as it was not relevant to iso-
topic data. The model assessed trophic overlap (OL-TN)
based on species overlap (OL-TN(p/c) or OL-TN(c/p)),
and waterbody. All models were fitted using the logit
link function, and statistical significance was assessed
through Wald tests and confidence intervals. We also
plotted the trophic niche width for both species to pro-
vide a complementary comparison. Previous analyses of
trophic niches of the two species showed that they were
broader for catfish in all studied waterbodies [44].

Growth

We used general linear models to find differences in
individual growth of pike in the previous season (body
growth; dependent variable) among waterbodies, using
waterbody identity and body length of fish as explanatory
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variables. As the distribution of the response variables
was positively skewed and continuous, we assumed a
gamma distribution with a log link function to account
for the nature of the data. We initially tested a model
including the interaction term between waterbody and
TL (increment ~Lake * body length), but this did not sig-
nificantly improve model fit compared to the additive
model (increment ~Lake + body length). Therefore, we
proceeded with the additive model, which provided a
more parsimonious fit while still accounting for potential
differences in growth among lakes. The calculations of
the predicted growth values for each waterbody and the
pairwise comparison of growth were carried out with the
emmeans package [58].

We also plotted differences in individual growth of cat-
fish to provide a complementary comparison. Previous
analyses of catfish growth showed that catfish growth
in terms of annual body increment was waterbody

Page 7 of 16

dependent [43]. Data processing and statistical analysis
were performed using R software version 4.4.1 [61].
During the preparation of this work the authors used
Large Language Models ChatGPT-4o0 in order to refine
and correct language of the text. After using this tool, the
authors reviewed and edited the content as needed and
take full responsibility for the content of the publication.

Results

Habitat use

During the day, both pike and catfish primarily occu-
pied benthic habitats above the thermocline, while their
use of alternative habitats, benthic below, open water
above, and open water below, was significantly lower
(Figs. 1 and 2, detail results are given in Supplementary
materials Sect. 4). Despite this overall pattern, species-
specific differences emerged. In most cases, pike used
open water above the thermocline less frequently than
catfish, while showing a greater tendency to occupy
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Fig. 1 Model-predicted habitat use proportions for catfish and pike across three waterbodies (Milada, Most, and Rimov) during daytime (top row) and
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benthic and open water habitats below the thermocline.
Conversely, catfish exhibited higher use of open water
above the thermocline and lower use of both benthic
and open water habitats below it. However, the magni-
tude and significance of these differences varied across
waterbodies (Fig. 1, SM Sect. 4). For example, pike dem-
onstrated greater use of benthic habitats below the ther-
mocline in Milada and higher use of open water above
the thermocline in Most and Rimov. Meanwhile, cat-
fish showed a preference for benthic habitat above the
thermocline in Milada and Most, while its use of open
water above the thermocline was lower in these lakes,
though this difference was not statistically significant
(SM Sect. 4).

At night, the overall habitat-use pattern remained
largely consistent, with benthic habitats above the

thermocline continuing to be the dominant habitat
for both predators (Fig. 1 and 2, SM Sect. 4). Diurnal
changes in habitat use were generally subtle, but some
diel differences emerged, even though none were statis-
tically significant (SM Sect. 4). Across all waterbodies,
pike generally showed greater use of benthic habitats
below the thermocline, while catfish increased use of
open water above the thermocline. However, the mag-
nitude of these differences varied among waterbodies
(Fig. 1, SM Sect. 4), while maintaining a similar water-
body- and species-specific pattern as observed during
the daytime.

Spatial niche overlap and width
The habitat-use patterns described above were reflected
in spatial niche overlap depending on the waterbody,
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Table 3 Results of the generalized linear model (GLM) testing the dependence of Spatial overlap extent on species, waterbody, and
diel period, including their interactions. Odds ratios represent the likelihood of Spatial overlap between Pike and catfish across different
lakes and diel periods. Cl=95% confidence interval; p =significance value. Significant results (p < 0.05) are in bold

Predictors Odds Ratios Cl p

(Intercept) 0.51 0.51-0.51 <0.001
species_int. [pike_catfish] 0.2 0.20-0.20 <0.001
waterbody (wb) [Most] 048 0.48-0.49 <0.001
waterbody (wb) [Rimov] 037 0.37-0.37 <0.001
diel period (dp) [night] -0.16 -0.16--0.16 <0.001
species_int. [pike_catfish] x wb [Most] -0.72 -0.72--0.72 <0.001
species_int.[pike_catfish] x wb [Rimov] -0.19 -0.19--0.19 <0.001
species_int.[pike_catfish] x dp [night] -0.03 -0.03 --0.03 <0.001
wb [Most] x dp [night] -0.12 -0.12--0.12 <0.001
wb [Rimov] x dp [night] -0.06 -0.06 - -0.06 <0.001
(species_int. [pike_catfish] x wb [Most]) x dp [night] 038 0.38-0.38 <0.001
(species_int. [pike_catfish] x wb [Rimov]) x dp [night] 0.2 0.20-0.20 <0.001

time of day and direction of species interaction. Across
all waterbodies, pike exhibited a higher spatial overlap
with catfish than the reverse, Most and Rimov had higher
overall spatial overlap between species, while Milada
exhibited the lowest and overlap between species was
higher during day time (Table 3).

However, local conditions and diel period inractions
played important role (Fig. 3A). Regarding variation
among waterbodies, during both diel periods, catfish
exhibited greater spatial overlap with pike in Most and
Rimov than in Milada (Fig. 3A). While pike had higher
spatial overlap with catfish in Rimov than in Milada
and Most (Fig. 3A). Regarding within-waterbody
variation, in Milada, catfish had lower spatial overlap
with pike than vice versa. In Most, the opposite was
observed, with catfish exhibiting higher spatial over-
lap with pike than vice versa. In Rimov, overlap was
similar in both directions during the day, but at night,
catfish had lower overlap with pike than vice versa
(Fig. 3A).

Spatial niche width varied across species, diel peri-
ods, and waterbodies (Fig. 3B; Table 4). In Milada, cat-
fish exhibited signifficatly broader niche width than pike,
particularly at night when their niche expanded further.
In contrast, pike maintained a relatively narrow niche
width throughout both diel periods, with only a slight
signifficant increase at night (Fig. 3B; Table 4). In Most,
the pattern was reversed: pike displayed a significantly
broader niche width than catfish, especially during the
day. At night, pike’s niche width significantly decreased
while catfish’s increased, reducing the difference between
them (Fig. 3B; Table 4). In Rimov, catfish consistently had
a significantly broader niche width than pike during both
day and night. However, this difference was more pro-
nounced at night, as the niche width of both species sig-
nificantly decreased—though the reduction was greater
for pike (Fig. 3B; Table 4).

Trophic niche overlap and width

Trophic niche overlap varied from 0.15 to 0.91 across
waterbodies, with pike showing a significantly greater
overlap (0.35-0.91) than catfish (0.15-0.21; p<0.001;
Fig. 4A, B). The largest difference between pike overlap
with catfish thn catfish overlap with pike was observed
in Rimov (Least square mean on the mean differ-
ence (mean, =+ SE): -0.76+0.002, p=0.001), followed by
Milada (-0.242+0.02, p=0.001) and Most (-0.192 +0.00,
p=0.001) (Fig. 4B). In Milada, pike had higher TP val-
ues, but a similar §'3C_, . ...q range to catfish (Table 5).
In Rimov and Most, the TP ranges were similar for
both species, but the pike had higher §C_, . iq Values
(Table 5). The width of the trophic niches was different
in all waterbodies. However, catfish had the widest tro-
phic niche in all waterbodies, with the greatest difference
between catfish and pike in Rimov (Fig. 4C; Vejrik et al.
2023).

Growth

Pike growth was significantly higher in Rimov and Most
compared to Milada, with significant differences between
Milada and Rimov (Least square mean on the mean differ-
ence (mean, + SE): -0.574+0.178, p=0.007) and between
Milada and Most (-0.449+0.171, p=0.032). Growth rates
in Most and Rimov were statistically similar (-0.125+0.180,
p=0.768). Body length had a significant effect on growth
(estimate + SE = -0.001 +0.0004, p=0.03). The selected model
did not include an interaction term between waterbody
and TL, as it did not improve model fit. Thus, the reported
growth estimates of pike represent the mean predicted val-
ues across individuals of average total length (TL) of 77.8 cm
(Fig. 5). We also plotted differences in individual growth of
catfish to provide a complementary comparison with pike.
As previously reported, catfish growth in terms of annual
body increment varied among waterbodies (see Methods for
details on data source; Fig. 5). The reported growth estimates
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Table 4 Results of the generalized linear models (GLMs) testing the effects of species (pike vs. catfish), diel period (day vs. night), and
their interaction on Spatial niche width in each waterbody (Milada, most, and Rimov) separately. The response variable (niche width)
was log-transformed for analysis. Estimates (Est.) represent model coefficients, with 95% confidence intervals (Cl) and associated
p-values (p). Significant effects (p < 0.05) indicate differences in Spatial niche width between species and diel periods. Interaction terms
assess whether diel effects on Spatial niche area differ between species within each lake

Predictors Milada Most Rimov

Est. cl P Est. cl p Est. cl p
(Intercept) 5.31 5.31-5.31 <0.001 6.1 6.10-6.10 <0.001 58 5.80-5.80 <0.001
species [pike] -0.5 -0.50 --0.50 <0.001 1.28 1.28-1.28 <0.001 -0.04 -0.04 --0.04 <0.001
diel period (dp) [night] 017 0.17-0.17 <0.001 0.34 0.34-0.34 <0.001 -0.03 -0.03 --0.03 <0.001
species [pike] x dp [night] -0.11 -0.11--0.11 <0.001 -1.07 -1.07--1.07 <0.001 -0.13 -0.13--0.13 <0.001

of catfish represent the mean predicted values across indi-
viduals of average total length (TL) of 90.1 cm (Fig. 5).

Discussion

Our study revealed that during summer, pike and catfish
predominantly occupied benthic habitats above the ther-
mocline across all studied waterbodies and diel periods.

However, species-specific differences emerged, with cat-
fish making greater use of open water above the ther-
mocline and pike utilizing both open water and benthic
habitats below it more frequently. These habitat use pat-
terns varied across waterbodies, with subtle diel shifts
that did not reach statistical significance. Despite these
variations, the two species exhibited substantial spatial
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Table 5 Mean value +standard deviation of baseline corrected

a broader niche in one waterbody. In contrast, trophic
the stable isotope signals of 8"3C_,,ecreq and TP for both species

niche overlap was significantly greater for pike with cat-

in studied waterbodies

Waterbody Species Mean = SD Mean + SD
613C,,. (%o0) TP
Milada catfish 0.35+0.18 3+04
pike 040£0.22 33102
Most catfish 045+0.10 32403
pike 066+0.14 37+02
Rimov catfish 0.38+£0.37 32+0.1
pike 0.71+£0.07 33%0.1

overlap, though the degree of overlap fluctuated across
waterbodies and diel periods. Spatial niche width also
differed among waterbodies, with catfish occupying a
broader spatial niche in two waterbodies, while pike had

fish than vice versa, with pike almost completely overlap-
ping with catfish in one of the waterbodies studied.

The depth-related spatial differentiation between pike
and catfish aligns with thermal preferences, which likely
play a key role in shaping their habitat selection. Both
species differ in their thermal optimum for pike 10-24 °C
and 12-28 °C for catfish [62], with temperature prefer-
ences ranging between 16 and 21 °C for adult pike [63]
and 26-28 °C for catfish [64]. These differences suggest
that temperature could be a important factor driving
habitat partitioning between the two species. Consis-
tent with these thermal preferences, previous research
has shown that in open water pike frequently stay near
the thermocline [34, 45, 65], where temperatures remain
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within their preferred range. In contrast, catfish favor
the warmer epilimnion and actively avoid colder meta-
and hypolimnetic waters [29, 45]. Our findings strongly
support these established patterns. Pike demonstrated a
higher capacity to utilize habitats below the thermocline,
whereas catfish remained largely restricted to the water
layers above thermocline. Interestingly, water tempera-
tures below the thermocline were consistent across all
studied water bodies (8-9 °C; see Supplemetraty mate-
rials, Sect. 3), suggesting that pike can tolerate a broad
thermal range and may exhibit greater ecological flexibil-
ity in stratified system.

The pike is considered a preferentially littoral-bound
predator [66], while the catfish tends to rest in the littoral
and forages in the open water [26]. Our study highlights
that a shallow benthic habitat is essential for both spe-
cies across diel periods. However, pike was more strongly
associated with benthic habitats than catfish, which uti-
lized open water more extensively. This resulted in sub-
stantial spatial overlap, though the extent of partitioning
varied by waterbody. Local environmental factors such as
prey availability and structural complexity as well as diel
space use pattern likely shape these habitat use patterns,

ultimately influencing the degree of spatial segregation
between these two predators.

Prey distribution and availability are key drivers of
predator habitat use, potentially shaping the degree of
niche partitioning across different water bodies. Since
prey distribution is often dynamic, it can lead to shifts
in predator spatial patterns, influencing both inter- and
intraspecific interactions [67]. The distribution of fish
prey varied among waterbodies to some extent and it
could modify spatial distrubiton of predators as well as
their overlap. In Rimov, fish prey was found almost exclu-
sively in benthic and open water areas above the ther-
mocline, a pattern also observed in Milada, where prey
fish layers were also more concentrated just below the
thermocline in benthic habitats [34, 43] (Supplementray
materials, Sect. 1). In Most, the fish prey is densest in the
epilimnion and shallow nearshore, but cold-water core-
gonids are found in the deep benthic and in hypolimnetic
areas [34]. These distributions align well with our results
on pike and catfish space use: both predators predomi-
nantly remain above the thermocline in bethic or open
water habitat where prey is most abundant, but pike
descends to exploit prey in the deeper layers in Milada
and Most. It is supported by our previous finding from
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Most, where coregonids were found in pike stomachs
[28], and they are the only fish species present in benthic
and pelagic areas below 12 m depth [34]. Pike’s ability to
access deeper prey in some waterbodies likely contrib-
utes to moderate niche partitioning and reduced direct
competition with catfish.

However, prey distribution alone does not fully explain
the observed vertical stratification in open water. In addi-
tion to foraging opportunities, other ecological and phys-
iological factors may be influencing pike’s habitat use.
Across waterbodies, catfish were concentrated near the
surface, while pike consistently remained closer to the
thermocline (Fig. 2). This pattern is particularly intrigu-
ing because, aside from Most, prey availability around the
thermocline in open water is relatively low (see Supple-
mentray materials, Sect. 1). In Milada and Rimov, prey
fish are concentrated near the surface, aligning closely
with the distribution of catfish, while pike’s presence near
the thermocline suggests that factors beyond prey dis-
tribution are at play. Several possible explanations exist,
including thermoregulation [63], allowing pike to remain
in energetically favorable conditions. Additionally, light
availability and ambush efficiency may play a role—pike,
as a visual predator [68], may find the dimmer light con-
ditions around the thermocline more suitable for hunt-
ing, compared to the well-lit surface, where prey might
detect and evade them more easily [69, 70]. In conclu-
sion, this dual mechanism of spatial partitioning—with
catfish primarily utilizing surface waters and pike occu-
pying deeper strata—likely contributes to a reduction in
direct spatial overlap, particularly in Milada and Most.

Beyond prey availability, structural complexity may
also influence spatial overlap between these predators.
Our previous study [34] found that lower complexity in
Most contributed to pike’s larger space use and greater
reliance on open water. The findings here support that
conclusion, as pike also exhibited high open water use
in Rimov, which, like Most, has minimal structural com-
plexity, lacking macrophytes and submerged structures
[54]. In both Rimov and Most, this likely contributed to
greater spatial overlap between catfish and pike, as pike’s
increased use of open water led to greater spatial conver-
gence with catfish, which also frequently utilizes this hab-
itat for foraging. In contrast, Milada, which has greater
structural complexity, exhibited lower spatial overlap,
suggesting that habitat features likely can mediate preda-
tor interactions and niche differentiation.

Pike and catfish are often considered to have distinct
diurnal activity patterns, with pike being primarily diur-
nal and catfish nocturnal [32, 68]. However, our results
revealed only minor, non-significant diel differences in
habitat use and moderate variation in spatial niche over-
lap and width, leading to slightly lower overlap at night,
particularly for catfish with pike. Our study primarily
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focused on habitat use rather than direct activity levels,
but previous research indicates that catfish activity pat-
terns are flexible. Catfish in Milada and Most exhibited
higher diurnal activity compared to Rimov [43], likely
increasing temporal overlap with pike’s expected activity
patterns. This would result in greater temporal overlap
with the expected activity pattern of pike in these water-
bodies. Although pike activity was not explicitly analyzed
in this study, prior research indicates high inter-individ-
ual variability in diel activity [69, 71], meaning that some
individuals may forage at night, potentially increasing
nocturnal overlap with catfish. However, movement and
activity patterns were beyond the scope of the study.
Overall, our findings suggest that both species exhibit
large spatial overlap across diel periods, but further
investigation into diel activity patterns is needed to fully
understand their temporal interactions.

Our results show that the trophic niche of pike over-
laps to a greater extent with catfish niche in all the waters
analyzed than vice versa, and that the extent of that over-
lap is waterbody-dependent. This pattern is not solely a
result of catfish’s broader dietary niche but reflects eco-
logical differences in feeding strategies and prey use.
These findings can be explained by the greater plastic-
ity and broader range of catfish diets compared to pike
as well as the differences in the type of available prey
for both species among waterbodies. Despite the abil-
ity to utilize a broad food spectrum [26], the diet of pike
is more restricted to fish prey than that of catfish [28,
30]. Previous studies have shown that Milada and Most
are oligotrophic waters with a strong restriction of prey
availability [34, 38]. The pike in these two water bod-
ies forage exclusively on fish [28], while the catfish uti-
lizes a relatively large proportion of non-fish prey such
as crayfish in Milada and semi-aquatic prey (waterfowl
and mammals) in Most [28, 43]. On the other hand, an
important part of both pike and catfish diet consisted of
the same species, roach (Rutilus rutilus) and European
perch (Perca fluviatilis) which are dominant species in
these lakes [28]. It means that pike shared a part of their
diet (fish) with higher intensity. A similar explanation
can be proposed for the differences in Rimov. The prey of
both predators in the reservoir consisted of fish, as other
prey types (crayfish, waterfowl) are scarce and prey fish
are more abundant than in Milada and Most [43]. Catfish
can prey on a wider range of fish sizes than pike due to
their larger size and lower gape limitation [28], e.g. large
freshwater bream (Abramis brama), which predominate
in open waters and are a common prey of catfish (Vejrik
L., pers. comm). The pike must specialize on smaller fish
prey, which are probably also used by catfish. Overall, our
findings indicate that trophic niche overlap is not solely
dictated by differences in niche breadth, but rather by
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the degree of shared resource use, which is influenced by
prey availability and species-specific foraging constraints.

Competition is the most important driving force of
niche partitioning [14]. Differences in the degree of com-
petition may explain the variation in trophic niche over-
lap in waterbodies. Higher levels of competition can lead
to shifts in the trophic niche, resulting in lower overlap
in Milada and Most compared to Rimov. Milada and
Most are oligotrophic waters with a limited supply of
fish prey. According to Riha et al. [43] Rimov has 8 to 25
times higher prey fish abundance than Most and Milada,
respectively. However, the density of predatory fish in
these two lakes is higher than in Rimov due to intensive
biomanipulation stocking programs [34]. Vejrik et al. [72]
calculated the longline CPUE (catch per unit effort) of
both predators, which was 0.27, 0.24, and 0.16 per long-
line snood in Most, Milada, and Rimov, respectively.
Therefore, competition for fish prey is higher in Most and
Milada. High prey diversification could help to reduce
competition in these two waterbodies and mitigate the
negative mutual effects between these two predators,
thus promoting their coexistence. In Rimov, competition
is lower due to higher fish prey density, allowing both
species to utilize similar resources without significant
negative impacts. This conclusion is strongly supported
by the highest body growth of both species in Rimov.

However, beyond prey availability and direct compe-
tition between pike and catfish, other ecological factors
may contribute to niche plasticity and spatial overlap.
The presence of additional piscivorous species and onto-
genetic shifts in predator size could also influence the
observed patterns, as niche dynamics are shaped by
broader community interactions [73, 74]. If other pisci-
vores exert predation pressure or resource competition,
this could alter habitat use and trophic niche partitioning
between pike and catfish. Additionally, ontogenetic shifts
in prey use and habitat selection, commonly observed in
predatory fish, may further mediate interspecific inter-
actions [75, 76].While our study focuses on these two
species, future research should consider the broader
piscivore community and its potential effects on niche
plasticity and overlap.

To fully understand the effects of these differences
in niche overlap on both species, further studies are
needed in a controlled environment where predator pres-
ence, prey availability and prey type can be controlled
and manipulated. With such a design, we would be able
to understand the effects of niche overlap on survival,
growth and population density in different contexts. This
would not only improve our understanding of ecological
interactions, but also provide information for manage-
ment strategies to maintain balanced fish populations in
different aquatic ecosystems.
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The invasion of catfish in European waters and their
significant niche overlap with native species such as pike
may put pressure on native pike populations. Native pike
populations may be selected for traits that enhance their
competitiveness or reduce overlap with catfish, poten-
tially leading to changes in behavior, spatial use or diet.
These dynamics will likely continue to shape outcomes
for both species, influencing their ecological roles, com-
petitive strategies, and adaptability in diverse aquatic
ecosystems. However, our study suggests that these
effects may be strongly influenced by the environmental
conditions in the respective invaded waterbody. In addi-
tion, both species are used for biomanipulation [77], and
our study has shown that combining them in stocking
programs can lead to predation pressure in a wide range
of trophic resources and in different habitats. However,
supporting catfish could be problematic in waters where
protected crayfish or birds are present, and where fish
prey is scarce, as catfish may primarily target these pro-
tected sources and impact their populations [78].

Conclusions

Our study highlights how environmental variation influ-
ences spatial and trophic niche partitioning between
pike and catfish, emphasizing the role of habitat struc-
ture, prey availability, and behavioral plasticity in shap-
ing predator interactions. These findings demonstrate
that niche partitioning is context-dependent, with broad
implications for predator-prey dynamics and fisheries
management. Furthermore, the high foraging behavior
plasticity observed in both species suggests that their
interspecific interactions are dynamic, potentially leading
to divergent ecological roles over time. Future research
should focus on fine-scale movement patterns, prey
selection, and competitive interactions under controlled
conditions to better understand the mechanisms driving
these complex ecological relationships.
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