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Abstract Predictive information on invasive spe-
cies impacts under climate warming is critical for
risk assessment. The comparative functional response
approach—an experimental method measuring feed-
ing efficiency of a predator along a prey gradient—
can forecast ecological impacts of an invader by
quantifying its resource consumption under varying
conditions. This approach was applied to the Tench
Tinca tinca, an invasive benthivorous fish currently
spreading in the St Lawrence River, and two native
benthivorous species, the White Sucker Catosto-
mus commersonii and the Brown Bullhead Ameiurus
nebulosus. Body condition was used as a measure
of long-term fitness under a given temperature treat-
ment, and the Functional Response Ratio (FRR) and
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Relative Impact Potential (RIP) were used as metrics
describing trophic impact. All species were accli-
mated to 18 °C and 25 °C; the former temperature
represents the physiological optimum for the chosen
native species, whereas the latter temperature is the
projected near-future mean summer maximum for
the lower Great Lakes. Feeding rates on larval chi-
ronomids were measured in 3-h trials at prey densi-
ties ranging from 2 to 500. White Sucker feeding
efficiency was unaffected by temperature and con-
sistently higher than the Tench, whereas the Tench
exhibited a lower maximum feeding rate at 25 °C
compared to 18 °C. Despite superior feeding rates,
White Suckers showed diminished body condition
at the elevated temperature, suggesting their for-
aging advantage might not persist under warming
conditions. These findings suggest Tench possess
greater thermal compensation capacity than White
Suckers, indicated by their stable condition factors
at elevated temperatures despite lower maximum
feeding rates. In a second set of experiments, Tench
achieved greater feeding efficiency than Brown Bull-
head, but both species showed reduced efficiency at
elevated temperatures. However, Brown Bullhead had
increased body condition indices following experi-
ments. FRR and RIP metrics indicated that Tench
holds a competitive feeding advantage over Brown
Bullhead that is reduced under elevated temperatures.
Tench impact depends on both feeding efficiency and
its capacity to maintain fitness in warm waters. Our
results highlight the necessity of considering thermal
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adaptation in ecological forecasting. Climate warm-
ing may reshape competitive dynamics and ecosystem
impact pathways beyond direct consumption effects.

Keywords Biological invasions - Functional
response - Tinca tinca - Impact prediction -
Freshwater fish - Body condition

Introduction

The colonization success and impact of an invading
species are highly context dependent and can vary
substantively across space and time (Catford et al.
2022). The Environmental Matching Hypothesis pre-
dicts that invading species will have greater per capita
effects in novel environments in which a major limit-
ing physicochemical variable, such as water tempera-
ture, is a closer match to their physiological optimum
(Tacarella et al. 2015). Increased surface water tem-
peratures due to climate warming will enable coloni-
zation of new habitats and enhanced performance in
conditions previously suboptimal or unsuitable for
warm-adapted species (Galil et al. 2007; Hellmann
et al. 2008; Iacarella et al. 2015; Mofu et al. 2019).
Access to resources will be mediated by new thermal
regimes such that native species with narrow ther-
mal tolerances can be excluded from warmer shal-
low habitats, whereas non-natives with wider ther-
mal tolerance can thrive in such habitats (Tepolt and
Somero 2014; Boddy and Mclntosh 2017; Caldwell
et al. 2020). Competitive dynamics between native
and non-native species may also be affected when per
capita consumption changes under elevated tempera-
tures (Rahel and Olden 2008; Carmona-Catot et al.
2013).

Experimental measurements of an invader’s func-
tional response (i.e. its rate of prey consumption as a
function of prey density) across different environmen-
tal contexts can predict its trophic impacts in the field
(Dick et al. 2013, 2014, 2017a, b; Alexander et al.
2015; Cuthbert and Briski 2021, but see Vonesh et al.
2017). A higher maximum feeding rate could indicate
the potential for higher pressure on prey populations
and greater resource competition with resident spe-
cies of the same trophic level (Alexander et al. 2014).
The shape (curve type) of the functional response
describes how a predator’s consumption rate vary
with prey density, which has implications for prey
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population stability. Type I responses exhibit linear
increase of feeding rate in relation with prey density
until a maximum is reached. In Type II responses,
the attack rate (parameter «) is constant, and handling
time (parameter /) limits maximum feeding rate such
that an asymptote is evident. Type III responses dif-
fer by having an attack rate that varies inversely with
prey density, generating a sigmoidal curve that pro-
vides a low-density refuge where predators are rela-
tively inefficient. This refuge effect allows the prey to
recover from low numbers, stabilizing predator—prey
dynamics (Dick et al. 2013; Médoc and Spataro
2015). Functional response experiments can thus pro-
vide predictive information on how temperature influ-
ences feeding efficiency of sympatric predators with
overlapping diets and its potential impact on prey
population (Daugaard et al. 2019; Khosa et al. 2020;
Uiterwaal and DeLong 2020).

Beyond comparing functional response curves
directly, derived metrics can quantify the relative
trophic impact of invasive versus native consumers.
The Functional Response Ratio (FRR), calculated as
the attack rate divided by handling time (a/h), pro-
vides a single metric of per capita feeding efficiency
that facilitates comparisons across species and envi-
ronmental conditions (Cuthbert et al. 2019). Higher
FRR values indicate more efficient resource exploita-
tion, as consumers locate prey more rapidly (higher
a) or process prey more quickly (lower #). However,
per capita effects alone do not capture population-
level impacts, as these also depend on consumer
abundance in the field. The Relative Impact Poten-
tial (RIP) integrates both per capita feeding rates
and abundance of native and invasive populations to
estimate comparative ecological impacts (Dick et al.
2017b). Calculated as the ratio of maximum feeding
rates weighted by relative abundances between inva-
sive and native species, RIP values greater than one
suggest that the invasive species exerts a dispropor-
tionate impact on shared prey resources. These met-
rics provide a quantitative framework for predicting
how shifts in temperature—by altering both feeding
efficiency and population dynamics—may reshape
competitive interactions and the ecological conse-
quences of biological invasions.

Functional response experiments measure per
capita consumption, a good indicator of relative
feeding efficiency (Dick et al. 2014), but they do
not measure fitness-related traits. Body condition
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indices provide essential proxies for assessing fish
energetic status and fitness in different environ-
ments (Stevenson and Woods 2006). Multiple com-
plementary metrics can be used to evaluate condi-
tion. The relative condition factor (Kn) compares
an individual’s observed weight to the expected
weight for its length based on population-specific
relationships (Le Cren 1951), reflecting overall lipid
reserves and energy content (Herbinger and Fri-
ars 1991; Mozsar et al. 2015). The hepatosomatic
index (HSI), calculated as liver mass relative to
total body mass, indicates hepatic lipid storage—a
critical energy reserve in fish (Wootton 1989; Chel-
lappa et al. 1995). The percentage of dry liver mass
(%DML) quantifies lipid density within hepatic tis-
sue, providing a direct measure of energy reserves
that complements HSI (Wuenschel et al. 2019).
Higher values of these indices are associated with
enhanced reproductive success (Marshall et al.
1999; Brosset et al. 2016), improved overwinter
survival (Pangle et al. 2004), and increased dis-
ease resistance (Neff and Cargnelli 2004). Species
that maintain superior body condition under envi-
ronmental stress may exhibit competitive advan-
tages in invaded ecosystems, particularly as thermal
regimes shift with climate change. Understanding
how condition responds to temperature variation
in invasive versus native species can therefore illu-
minate mechanisms underlying invasion success
and ecological impact. In this study, we conducted
functional response experiments to compare feed-
ing efficiencies of the Tench Tinca tinca (Linnaeus
1758), a globally invasive Eurasian fish (Avlija$
et al. 2018), with two trophically similar native
benthivorous species in the Great Lakes basin, the
White Sucker Catostomus commersonii (Lacepede
1803) and the Brown Bullhead Ameiurus nebulosus
(Lesueur 1819). The invasion success of the Tench
is presumably facilitated by its broad environmen-
tal tolerance (Avlijas et al. 2018), including a wide
thermal range of 0-38 °C, with a preferred tempera-
ture range of 20-27 °C (Penlaz et al. 1989; Perez-
Regadera et al. 1995). Over the last three decades
in eastern North America, the Tench has spread
from its original point of introduction in the Rich-
elieu River to the St. Lawrence River, where it has
increased its population size exponentially and now
occupies most of the freshwater section of the river
(Masson et al. 2013; Avlijjas et al. 2018). Further

dispersal into Lake Ontario is expected, as it con-
tains abundant wetland habitat that is ideal for feed-
ing and reproduction of the Tench, which is a phyt-
ophilic spawner (Ashworth and Johnson 2021). The
habitat and diet of both Tench and White Sucker
substantially overlap (Becker 1983; Cudmore and
Mandrak 2011; Ashworth and Johnson 2021).
Continued range expansion of the Tench, coupled
with projected climate warming (Trumpickas et al.
2009; Zhang et al. 2020), could potentially accel-
erate the ongoing decline in White Sucker popula-
tions in Lake Ontario (OMNRF 2021), especially
as projected future surface water temperatures are
expected to fall outside of the White Sucker’s opti-
mal range (14-23 °C; Cincotta and Stauffer 1984;
Hasnain et al. 2010; Richter et al. 2024). The Brown
Bullhead also shares a similar diet and habitat with
the Tench (Klarberg and Benson 1975; Kline and
Wood 1996), but unlike White Sucker, its thermal
optimum is comparable to Tench (23-30 °C; Craw-
shaw 1975; Richards and Ibara 1978; Keast 1985).
This shared thermal optimum may influence coex-
istence with Tench in overlapping ecological niches,
especially as both species are able to cope with
extreme conditions by burying in the sediments
Brown Bullhead (Baughman 1947; Becker 1983),
and have shown to be globally invasive (Avlijas
et al. 2018; Collier et al. 2018; Francis 2019;
Rechulicz and Ptaska 2021; Ulikowski et al. 2022).

Here, we used a comparative functional response
experimental design to evaluate feeding efficiencies
of Tench, White Sucker, and Brown Bullhead under
two temperature treatments, to test the following
predictions:

1) Following the Environmental Matching Hypoth-
esis, the feeding efficiency of each species will be
higher at the temperature closer to their respec-
tive thermal optimum. Therefore, the maximum
feeding rate (MFR) of the White Sucker will be
higher at 18 °C than at 25 °C, whereas Tench and
Brown Bullhead will have the opposite pattern.

2) Compared to the Tench, the MFR of the White
Sucker will be higher Tench at 18 °C, but lower
Tench at 25 °C. Brown Bullhead will exhibit a
similar feeding efficiency to Tench at both tem-
perature treatments.

@ Springer
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3) The condition factors of each species will be
higher at conditions closer to their thermal opti-
mum.

Methods
Data collection
Fish capture and maintenance

Tench specimens were obtained from Lac St-Pierre,
a fluvial lake of the St. Lawrence River (46.203326°,
—72.832405°), where they were captured by a
commercial fisher using fyke nets (18m leader,
1.8 0.8 m, 4.4 cm mesh size) during June 24-July 7,
2021, at water temperatures of 18.9-21.3 °C (Cana-
dian Coast Guard 2025) for the first set of experi-
ments, and October 5-19, 2022, at 13.7-16.3 °C
(Canadian Coast Guard 2025) for the second set of
experiments. White Suckers were collected using a
scientific weir net (83.1 m leader, 6.1 X8.3%x3.5 m,
3.1 cm mesh size) installed in the St. Lawrence River
near Quebec City (46.741384°, —71.294757°) and
operated by the Québec Aquarium from August 5
to September 19, 2021, at 19.2-25.7 °C (Canadian
Coast Guard 2025). Brown Bullheads were collected
using the same fyke nets as Tench in Lac-St-Pierre
and Richelieu River (45.137516°, —73.256450°)
from October 5 to November 21, 2022, at 2.7-16.1 °C
(USGS 2025).

Captured individuals were collectively trans-
ported in 1000-L insulated totes (maximum 30 fish
per tote) to the Maurice-Lamontagne Institute (Fish-
eries and Oceans Canada), where they were housed
in 800-L tanks filled with dechlorinated water.Dur-
ing transport, water in the transport tanks was sup-
plemented with sodium chloride (3 g/L), tricaine
methanesulfonate (MS-222; 10 mg/L), Melafix®
(API Fishcare), and Vidalife® water conditioner
(Syndel). (Harmon 2009). Upon arrival, fish were
treated for ectoparasites with two 1-h formalin baths
two days apart. Holding and experimental tanks
were each linked in two partially open-water sys-
tems (one for each temperature treatment) of 4000 L
and 2000 L, respectively, with a water renewal rate
of 10 L min~!. Water temperature was regulated by
a heat pump connected to the tank line, with a con-
trol accuracy of 0.5 °C. Temperature was recorded
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for each tank every 15 min using temperature log-
gers (2021: 18.10+0.03 °C; 25.00+0.04 °C; 2023:
18.10+0.10 °C; 25.00+0.19 °C; Onset HOBO Pen-
dant MX2201). The photoperiod was set on 15:9
(photophase:scotophase) from 05:00 to 20:00, rep-
licating local summer conditions. In 2023, tanks
containing Brown Bullhead were covered in opaque
material and lights were on from 1600 to 700 h, such
that feeding and experiments were done during dark
hours, the period when Brown Bullhead are most
active (Eriksson and Veen 1980). Although Tench
are also considered nocturnal (Siegmund 1969), no
differences have been documented in food intake or
growth performance between photophase and sco-
tophase (Herrero et al. 2005), and White Suckers
actively feed both day and night (Kavaliers 1980).
Consequently feeding and experiments for Tench and
White Sucker were completed during light hours.
All tanks consisted of 4-8 fish, to reduce the stress
of captivity. Adequate oxygen concentration was
ensured by aeration of each tank and of the recircu-
lated water in the head tank. Fish were acclimated
at least for 28 days in the captivity tanks before the
start of functional response trials. Two temperature
treatments of 18 °C and 25 °C were chosen so that
1) White Sucker and Tench were subjected to experi-
mental conditions within their respective optimal
thermal ranges, and 2) the temperature contrast was
large enough to expect an effect on feeding efficiency
(Avlijas et al. 2022; Hutchings et al. 2025; Claus et al.
2025). Fish intended for the 25 °C-treatment were
first acclimated for 7 days at 18 °C, and then the tem-
perature was raised by 1 °C-day~! for 7 days, after
which the fish were acclimated for 14 days at 25 °C.
Salinity was measured daily and maintained to 3 ppt
to prevent further proliferation of parasites and fun-
gal infections for the duration of the experiment. Fish
were fed ad libitum with 10-mm sinking pellets daily,
and also provided with chironomid larvae (blood-
worms, thawed from frozen stock) in their holding
tanks haphazardly during the week to maintain famil-
iarity with this food item between trials.

Functional response experiments

During the first series of experiments, conducted in
2021, 16 Tench (n=8 for each temperature treat-
ment) and 12 White Suckers (n=7, 1 dead indi-
vidual removed for 18°C treatment and n=5, 3
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dead individuals for 25 °C treatment) were tested.
In these trials, individual fish were presented with
one of 9 densities of prey (chironomid larvae; 2,
4, 8, 16, 32, 64, 128, 384, 500) every week fol-
lowing a randomized schedule, so that individuals
were subjected to every prey density while pre-
venting an effect of acclimation time on consump-
tion of prey. In a second series of experiments con-
ducted in 2023, 15 Tench (n=7, 1 dead individual
at 18 °C; n=8 at 25 °C) and 12 Brown Bullheads
(n=8 at 18 °C; n=4, 4 dead individuals at 25 °C)
were tested. In the experimental trials, individual
fish were presented with one of 7 densities of prey
(4, 8, 16, 32, 64, 128, 384) every week following a
randomized schedule just as described for the 2021
experiment.

In both series of experiments, individual
fish were placed in 150-L experimental tanks
(0.6x0.6x0.4 m) 24 h prior to the experiment
and starved to standardize hunger levels. Prey
items were frozen chironomid larvae (Hikari®
Jumbo Blood Worms (mean+SD: 19.7 +2.04 mm,
31.2+2.44 mg), thawed before use. All three spe-
cies of fish include chironomid larvae as common
prey in their diets (Klarberg and Benson 1975;
Keast 1985; Petridis 1990; Giles et al. 1990; Hayes
et al. 1992; Kline and Wood 1996; Saint-Jacques
et al. 2000). Fishes were then subjected to the
determined prey density for 3 h after which they
were returned to their holding tanks and uneaten
prey were counted. Controls were run where prey
would be introduced in experimental tanks with no
fish, and then counted 3 h later in order to account
for any loss of prey via the drainage systems;
as retrieval rate was near 100% (99.7% in 2021,
99.4% in 2023), any loss via drainage was deemed
negligible. Individuals were given 7 days of rest
between trials. The first set of experiments were
conducted between October 5, 2021, and December
21, 2021. Temperature in experimental tanks was
controlled using the same system as in the holding
tanks (17.79+0.01 °C; 24.97+0.02 °C). The sec-
ond set of experiments were conducted between
January 30 2023, and April 4, 2023, and tempera-
tures were 18.31 +0.01 °C for the 18 treatment and
25.37+0.05 °C for the 25 °C treatment. After the
end of experiments, fish were euthanized, measured
and weighed, and their sex was determined.

Body condition factors

At the start and end of the experiments, we weighed
individual fish to the nearest 0.1 g, measured their
total length (mm), assessed their sex, and checked
for lesions and parasites. At the end of the experi-
ment we removed and weighed their livers to the
nearest 0.001 g, and weighed them again after
drying them in a drying chamber (Binder® model
ED23) at 60 °C until constant mass (minimum
48 h).

Data analysis
Functional response curves and metrics

Prior to analyses, we excluded two types of data: (1)
individuals that never consumed prey items across
any experimental trials (complete non-feeders),
and (2) specific trials where an individual failed to
consume prey in the first iteration, which we then
repeated—in these cases, we excluded the failed
first iteration and retained the successful repeated
trial. Initial body mass homogeneity among treat-
ment groups was confirmed using one-way ANOVA
(p>0.05).

Functional response curves were evaluated using
the frair_test, a function from the frair package that
evaluates the sign of the first-order term of a poly-
nomial logistic regression on the proportion of prey
(Juliano 2001), such that a type II curve is indicated
if the term is negative, and a type III is indicated if
the term is positive.

Functional response data were analyzed in R ver-
sion 4.1.2, following Pritchard et al. (2017). As prey
were not replaced during experiments, type II curve
fitting is based on the Rogers-Royama random pred-
ator equation (Royama 1971; Rogers 1972):

N,=N,- (1 - e“'(Ne'h—T)> )

where N, is the number of prey eaten, N, the initial
number of prey supplied, a the attack rate, & the han-
dling time and T the experimental time. A type III

curve is fitted based on Hassell’s (1977) equation,
beN,

which follows Rogers’ formula but where a = ,
I+ceN,

with b and ¢ being coefficients to be fitted.

@ Springer
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Subsequently, we used frair_fit function to esti-
mate attack rate a (in Type II curves only) and han-
dling time & with the fit of the preferred model.
Attack rates were compared using frair_compare
function between Type II responses only, since it is
density-dependent in type III curves, and changes
along the gradient of prey density. Maximum
feeding rate (MFR; 7/h) was used to compare the
asymptote of functional response curve for each
treatment. We plotted the bootstrapped values of
fitted parameters (N=999) for each treatment and
compare the 95% CI of consumption values across
the gradient of prey densities. Lack of overlap
between the bootstrapped confidence intervals indi-
cates significant difference.

To compare the impact potential of the three
species, we calculated the Functional Response
Ratio (FRR), i.e. a/h (Cuthbert et al. 2019) and the
Relative Impact Potential (RIP) metric (Dick et al.
2017b), which is the product of the ratio of maxi-
mum feeding rates (MFR) and abundances (AB) of
an invasive species and a native comparator:

MFRinvasive ABinvasive
RIP = X )
MFR AB

native native

In our study, standardized abundance datasets for
both Tench and the native species were not avail-
able. Consequently, we sought to determine the
abundance ratio required for the RIP to achieve
equilibrium, signifying an equal ecological impact
between the invasive and native species. With RIP
equating to 1, the second term of the equation can
be solved as follows:

ABinvasive MFRnutive
AB ~ \ MFR 3)

native invasiveive

where the MFR ratio can be used to estimate the
abundance ratio at which both invasive and native
population will have comparable impact on prey
population.

To evaluate the relative change of functional
response parameters, we used a log percentage
(L% =100 log.(x/y), Tornqvist et al. 1985). Rela-
tive change in magnitude is the same regardless of
the direction of comparison, allowing for clearer
and more consistent reporting of relative change
between functional response curve parameters.
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Body condition factors

We calculated relative condition factors (Le Cren
1951 K = %, using allometric parameters derived
from length—weight relationships of populations in
the St. Lawrence River (Supplementary table 1).
We then compared condition factors of individu-
als before and after experiments for each treat-
ment. In the 2023 set of experiments, we added
the following metrics of condition; we calculated
hepatosomatic index (HSI) using the following for-
mula,HSI = WML o 100, where WML is the wet
FTM—-WML

mass of liver in grams, and FTM is the fish total
mass in gram including the liver (Wuenschel et al.
2019). We compared HSI among temperature treat-
ment of the same species. We calculated percent-
age of the dry mass of the liver (%DML) following
Wuenschel et al. (2019),%DML = % x 100, where
DML means dry liver mass. For relative condition
factors, paired t-tests were conducted to compare
values between the start and end of the experimen-
tal period within each treatment group, with Holm
correction for multiple comparisons. For HSI and
DWL, which were measured only at the end of the
experiment, independent t-tests were performed to
compare temperature treatments within each species
(18 °C vs 25 °C), also with Holm correction. Statis-
tical significance was set at a=0.05.

Table 1 Results frair_test for determining best fit (Type II or
Type III) for the functional response curve at each treatment
for 2021 (top) and 2023 experiments (bottom). The Juliano
method classifies curves as Type II or Type I11, if the first order
term is negative or positive, respectively

Species Temp (°C) 1st order term, p
Tench 18 —0.002,2.2x10716"
25 —0.003,2.2x10716"
White Sucker 18 —
25 0.008, 8.1x 107"
Tench 18 —0.004,2.2x107 %"
25 —-0.006,2.2x 107 %"
Brown Bullhead 18 —0.004, 2.2x 10716
25 —0.004,2.2x10716"
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Fig. 1 First experiment (2021). Comparative functional
response curves of Tench and White Sucker at two temperature
treatments (18°C and 25°C). Shaded areas represent 95% con-

Results
Functional responses

In the first set of experiments, Tench functional
response curves were fit using the Type II model,
while White Sucker functional response could not be
fitted to a curve type due to the absence of inflection
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fidence interval of curve parameters from bootstrapped values
(N=999). The lines represent the fitted models and the circles
are experimental trials

and asymptote in their functional response (Table 1).
Maximum feeding rates of Tench are higher at 18 °C
than at 25 °C. While there is overlap in bootstrapped
confidence intervals (Fig. 1A), model estimates
for handling time (#) were lower at 18 °C than at
25 °C (Ah=2. 90x1073+4.20x107% p<0.001),
as reflected in estimated maximum feeding rates of
647 and 398 prey at 18 °C and 25 °C, respectively
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Table 2 Parameter estimates for each Functional Response
experimental group in 2021 (top part of table) and 2023 (bot-
tom) (+standard error, SE) derived with the frair_fit function.
Parameter a is the attack rate and # is the handling time of

functional response curve. MFR is maximum feeding rate and
FRR is the functional response ratio with spread values range
in parentheses. Asterisks indicate statistical significance

Species Temp (°C) Fitused a=+SE,p h+SE, p MEFR (T/h) FRR (a/h)
Tench 18 Rogers II 0.71+0.02,2.20x1071%" 4.6x1073+2.3x 1074, 647 153 (140-167)
2.20%x10716"
25 Rogers II 0.52+0.02,2.20x 107" 7.5x1073+3.4x 1074, 398 69 (63-75)
2.20% 10716
White sucker 18 RogersII — — — —
25 RogersII  — — — —
Tench 18 Rogers II 2.04+0.09,2.20x 107" 0.004 +0.000, 2.20x 10~ '¢* 285 581 (528-644)
25 Rogers II 1.33+0.07,2.20x 107" 0.012+0.001, 2.20x 10~ '¢* 87 116 (105-128)
Brown bullhead 18 Rogers II 1.27+0.05,2.20x 107" 0.005 +0.000, 2.20x 10~ '¢* 209 265 (244-288)
25 Rogers II 0.59+0.05,2.20x107'%" 0.013+0.001, 2.20x 10~ '¢* 75 44 37-53)

(Table 2). Attack rate (a) for Tench was also signifi-
cantly higher at 18 °C than 25°C (Ae¢=0.19+0.03,
p<0.001, Table 2). In contrast, maximum feeding
rates for White Sucker were too high to be estimated
over the range of prey provided, and their consump-
tion rates over this range did not differ between tem-
perature treatments (Fig. 1B). Based on bootstrapped
curves, White Sucker consumption rates were higher
in both temperature treatments compared to Tench;
however, a comparison of curve parameters was
not possible with the absence of an inflection in the
White Sucker functional response (Fig. 1C, 1D).

In the second set of experiments, functional
response curves of both species and temperature
treatments were fitted using a type II model (Table 3).
Tench exhibited a higher feeding efficiency at 18°C
than 25°C across most of the range of prey; their

Table 3 Parameter comparisons (a=attack rate, #=handling
time) in absolute values between functional response curves
using frair_compare for 2021 (top part of table) and 2023

attack rate and handling time are significantly higher
and lower, respectively, at 18°C (Aa=0.709 +0.114,
p<0.001; Ah=0.008+0.001, p<0.001; Table 3;
Fig. 2A) than at 25°C. Brown Bullhead functional
response curves overlap with bootstrapped model,
but their attack rate and handling time are also sig-
nificantly higher and lower, respectively at 18 °C
(Aa=0.678+0.074, p<0.001; Ah=0.009+0.001,
p<0.001; Table 3, Fig. 2B) than at 25 °C. Model
estimates comparisons for a (Aa=0.772+0.101,
p<0.01) and & (AR=0.001+£0.000, p<0.01)
(Table 3) parameters were, respectively, signifi-
cantly higher (a) and lower (h) for Tench compared
to Brown Bullhead at 18 °C, although confidence
interval of bootstrapped curves were overlapping
(Fig. 2C). At 25 °C, maximum consumption was
not significantly different between Tench and

(bottom) with associated Standard Error and p value. Dashes
indicate absence of comparison due to poor fit of functional
response to one of experimental treatments

Treatment comparison Aa=+SE, p Ah+SE, p Fit used
Tench 18 °C—Tench 25 °C 0.19+0.03,2.20x 10~ 16" 2.90x1073+4.20x 1074, Rogers 11
2.20% 107"

Tench 18 °C—White Sucker 18 °C — — —
White Sucker 18 °C—White Sucker 25 °C — — —
Tench 25 °C—White Sucker 25 °C — — —
Tench 18 °C—Tench 25 °C 0.709+0.114,2.2x 10716 0.008+0.001, 2.2x 10716 Rogers 11
Tench 18 °C—Brown Bullhead 18 °C 0.772+0.101, 2.2 x 10~ '¢* 0.001+0.000, 2.2x 10~ 16" Rogers 11
Brown Bullhead 18 °C—Brown Bullhead 25 °C 0.678 +0.074, 2.2 x 10~ ¢ 0.009+0.001, 2.2 x 10~ 16" Rogers 11
Tench 25 °C—Brown Bullhead 25 °C 0.742+0.090, 2.2 x 10716 0.001+0.001, 0.162 Rogers 11
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Fig. 2 Second experiment (2023). Comparative functional
response curves of Tench and Brown Bullhead at two tempera-
ture treatments (18°C and 25°C). Shaded areas represent 95%

Brown Bullhead (A2=0.001+0.001, p=0.16),
but Tench attack rate was significantly higher
(Aa=0.742+0.090, p= <0.01) than Brown Bullhead
(Table 3; Fig. 2D). From 18 to 25 °C in the first set of
experiments, Tench attack rate (a) decreased by ~31
log percent (L%) and handling time (%) increased by
155 L% (Table 3). When comparing parameters from
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confidence interval of curve parameters from bootstrapped val-
ues (N=999). The lines represent the fitted models and the cir-
cles are experimental trials

18 to 25 °C in the second set of experiments we saw a
decrease of 119 L% for the attack rate and an increase
of 43 L% for the handling time. For Brown Bullhead,
attack rate decreased by 76 L% and handling time
increased by 102 L%.

The FRR values varied across experimental groups
as follows in descending order: Tench at 18 °C (582),
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Brown Bullhead at 18 °C (265), Tench at 25 °C (116)
and finally Brown Bullhead at 25 °C (44) (Table 2).

At 18 °C, the determined abundance ratio for
reaching a Relative Impact Potential (RIP) equilib-
rium (reflecting equivalent ecological impact between
invasive and native species) was 0.73, with range of
values 0.66—0.80 when spreading the uncertainties in
maximum feeding rates. At 25 °C, the ratio of abun-
dance was 0.86 (0.75-0.99).

Body condition factors

In the Tench-vs-White Sucker comparison, experi-
mental groups mean weights were not significantly
different from each other (ANOVA, F(3, 23)=0.671,
p=0.579; Table 4). White Sucker at 25 °C was the
only experimental group showing a significant
decline in relative condition factors post-experiment
(AK,=-0.17, t=6.04, p=0.009; Fig. 3), consistent
with our third prediction for reduced condition when
outside the optimal thermal range. All other treatment
groups showed no significant difference in condition
before and after experiments.

In the Tench-vs-Brown Bullhead experiment, treat-
ment group mean weights were not significantly dif-
ferent at the start of experiments (ANOVA, F=0.156,
p=0.93, Table 4). Tench exposed to temperatures of
25 °C had a significantly lower relative condition fac-
tor at the end of the experiment compared to the start
(AK,=-0.11, t=8.33, p<0.01). Brown Bullhead
at 18 °C had a higher relative condition factor con-
dition at the end of the experiment compared to the
start (AK,=-0.13, r=—4.50, p<0.01; Fig. 4). The
two other experimental treatments did not result in a
difference in condition in the subjected individuals.

Comparisons of mean percent dry liver weight
(DLW%) revealed no significant difference between
treatments of both species (Fig. 5). Intraspecific com-
parisons of hepatosomatic index (HSI; Fig. 6) at the
end of experiments indicate significantly lower HSI
values for Tench post-experiment (r=2.65, p=0.02),
but no effect for Brown Bullhead between the start
and end of experiments (t=0.70, p=0.52).

Discussion

Feeding efficiency patterns for Tench and Brown
Bullhead varied significantly with temperature,
whereas White Sucker showed consistently high feed-
ing rates irrespective of temperature. Contrary to our
predictions, the anticipated temperature-driven rever-
sal in competitive dominance did not occur at 25 °C;
thus, elevated temperature did not give Tench a feed-
ing efficiency advantage over White Sucker under
experimental conditions. Specifically, at 18 °C, Tench
matched White Sucker consumption over nearly all
prey densities, and at 25 °C, Tench maintained com-
parable consumption up to a moderate prey density
(n=128), suggesting that under current ambient con-
ditions—and in future scenarios with limited resource
availability—Tench could still act as a strong compet-
itor against White Sucker.

We recognize that, while these feeding experi-
ments revealed important contrasts, the lack of a
completely derived functional response curve for the
White Sucker impedes a full comparison of feed-
ing efficiency with Tench and underestimates differ-
ences in per capita effects. Superficially, the White
Sucker functional response resembles a Type I curve,

Table 4 Mean and standard deviation of weights for the functional responses and body condition factors groups in 2021 (top) and

2023 (bottom) and their associated one-way ANOVA statistics

Experimental group Start mean weight (g)+6 ANOVA start

End mean weight (g)+c6 ANOVA end

Tench 18 723.3+75.8 F(3,23)=0.671,p=0.579 761.0+102.0 F(3,22)=6.589, p=0.002
Tench 25 717.0+94.4 690.3+90.6

White Sucker 18 686.3+126.0 671.2+101.6

White Sucker 25 649.9+112.1 496.3+96.8

Tench 18 318.2+52.6 F(3,27)=0.156, p=0.925 3269+81.6 F(3,23)=4.766, p=0.01
Tench 25 307.9+30.4 281.2+374

Brown Bullhead 18  315.4+15.5 378.8+24.1

Brown Bullhead 25 311.5+16.3 325.3+50.4
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Fig. 3 Comparison of relative condition factors (K,) of
Tench and White Sucker before (dark grey) and after (light
grey) being subjected to functional response experiments
at two different temperatures (18°C and 25°C). The black
points represent condition factors of individual. Black line

suggesting that prey handling is negligible (or that
fish can handle multiple prey at a time while search-
ing for more prey) and satiation is rarely achieved—
conditions long thought to be met exclusively by
filter feeding organisms (Jeschke et al. 2004; but see
Novak et al. 2025). While we concede the possibility
of a White Sucker Type I response, we are aware of
no published evidence of such a response found in a
benthic fish. A more probable explanation in this case
is that the absence of an asymptote is a consequence
of an insufficiently high prey density for White Suck-
ers in our experiment. The maximum feeding rate
of Tench was significantly higher than Brown Bull-
head at 18 °C, indicating superior performance when
prey are abundant; but no difference was observed at

represent median value, box extremities 25th and 75th quan-
tiles. Boxplot whiskers represent data points range excluding
outliers. Asterisks shows significance with the following pat-
tern: < 0.05%; <0.01%%, <0.001 ***

25 °C, suggesting that Brown Bullhead exhibits less
of a decrease in performance than Tench at preying
on chironomid larvae at warmer temperatures. Both
Brown Bullhead and Tench exhibited significantly
lower consumption at 25 °C compared to 18 °C
across nearly the entire range of prey densities tested
and at 18 °C, Brown Bullhead showed lower feeding
efficiency than Tench, but had an increase in condi-
tion factors. This pattern might indicate greater meta-
bolic efficiency in Brown Bullhead at this tempera-
ture (Winberg 1960), as they maintained better body
condition despite consuming less food. At 25 °C,
body condition remained unchanged in both species.
Also, mature individuals were used in our first set
of experiments to capture the trophic ecology of the
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Fig. 4 Comparison of relative condition factors of Tench
and Brown Bullhead (K) before (dark grey) and after (light
grey) being subjected to functional response experiments
at two different temperatures (18°C and 25°C). The black
points represent condition factors of individual. Black line

longest life stage of Tench, whereas the second set
of experiments included smaller individuals, thereby
allowing characterization of maximum feeding rates
without the burden of excessive enumeration of prey.
Therefore, direct comparisons of functional responses
between the two experimental sets are not suggested.
Our results differ with those of similar stud-
ies testing effect of temperature on functional
response. In studies by South et al. (2017) and
Mofu et al. (2019), elevated temperatures induced
higher maximum feeding rates in predatory fishes,
although attack rate was reduced in the fishes stud-
ied by Mofu et al. (2019). These discrepancies may
reflect methodological differences—most nota-
bly, the acclimation period. In our experiments,

@ Springer

represent median value, box extremities 25th and 75th quan-
tiles. Boxplot whiskers represent data points range excluding
outliers. Asterisk shows significance with the following pat-
tern: < 0.05%; <0.01%%, <0.001 ***

fish were acclimated to experimental temperatures
for 28 days before testing and participated in feed-
ing trials over a seven-week span, simulating more
natural, long-term exposure. In contrast, prior stud-
ies typically acclimated fish for only 24 h and indi-
viduals were not used in multiple trials. Evidence
from studies employing extended acclimation times
(Avlijas et al. 2022) similarly found no increase in
maximum feeding rates at elevated temperatures,
supporting the idea that physiological acclimation
and metabolic compensation may explain these con-
trasting results. A shorter acclimation period may
induce acute thermal response (Porter et al. 2022),
which can causes an increase in feeding activity
related to metabolic activity.
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Fig. 5 Comparison of
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(%DWL) comparison of
Tench (dark grey) and
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after the functional response
experiments at 18°C and
25°C. The black points
represent condition factors
of individual. Black line
represent median value, box
extremities 25th and 75th
quantiles. Boxplot whiskers
represent data points range
excluding outliers
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We suspect that the lower feeding rates exhibited
by both Tench and Brown Bullhead at higher tem-
peratures are the result of such thermal compensation.
Metabolic laws stipulate that biochemical reaction
rates increase with acute temperature, thereby rais-
ing the energetic demands of ectotherms (Alfonso
et al. 2021). However, when subjected to prolonged
elevated temperatures, thermal acclimation in fish
has been expressed across taxa and habitats as bet-
ter heat tolerance, increased swimming performance,
and a restoration of aerobic scope to levels preced-
ing thermal stress (Sandblom et al. 2016; Nyboer and
Chapman 2017; Lapointe et al. 2018; Fu et al. 2018;
Christensen et al. 2021). Lower maximum feeding
rates observed for Tench and Brown Bullhead after
they were acclimated at elevated temperatures suggest
a thermal compensation mechanism (aerobic scope
protection; Jutfelt et al. 2021), where food inges-
tion is reduced to limit the increase of postprandial
metabolic rate by lowering metabolic-demanding

Tench 25°C B. bullhead 18°C B. bullhead 25°C

Treatments

processes. This mechanism maintains the aerobic
scope to allow for other aerobic functions. Ther-
mal compensation has been observed in other large
eurythermic cyprinids (Ferreira et al. 2014). In our
results, this is supported by Tench and Brown Bull-
head showing similar responses to the elevated-tem-
perature treatment, and reduced MFR in their optimal
temperature range. However, White Sucker did not
show this pattern, possibly due to a lesser capacity to
metabolically compensate; although the pattern might
have been obscured by the absence of a quantifiable
maximum feeding rate. Despite their high feeding
rates, individual White Suckers in warmwater treat-
ments could not maintain their weight throughout the
experiments, perhaps because of elevated metabolism
and increased energy expenditures. No loss in body
condition was observed in Tench during the first set
of experiments, suggesting a higher thermal com-
pensation ability compared to White Sucker. Given
that thermal physiology is increasingly recognized
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Fig. 6 Hepatosomatic Index comparison of Tench (dark
grey) and Brown Bullhead (light grey) after the functional
response experiments at 18°C and 25°C. The black points
represent condition factors of individual. Black line repre-

as a mediator of both invasion success (Kelley 2014)
and impact (Iacarella et al. 2015), we suggest that it
should be considered alongside resource consumption
efficiency when predicting the impacts of non-native
fishes. In our second set of experiments, Tench sub-
jected to elevated temperatures exhibited the reverse
pattern: its relative body condition worsened over
the span of the experiments and its HSI was lower,
although its dry weight of liver was comparable to
Tench in low temperature treatment—meaning that
liver accounted for less in the whole body weight of
Tench, but maintained its energy density. The differ-
ential response in body condition of Tench between
the two experimental sets might be explained partly
by a difference in capture period. In the first sam-
pling period, Tench were caught in temperatures
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sent median value, box extremities 25th and 75th quantiles.
Boxplot whiskers represent data points range excluding out-
liers. Asterisk shows significance with the following pat-
tern: <0.05%; <0.01%%, <0.001 *#*

close to experimental conditions and in the summer
(19-21 °C; see Methods), but in colder tempera-
tures during the second sampling period and in the
fall (14-16 °C). The greater difference in tempera-
tures between capture and holding facilities might
have affected Tench thermal acclimation capacity.
However, Brown Bullhead did not exhibit signs of
negative impact from the difference in temperature
between capture and holding facilities, despite being
subjected to a greater temperature difference.

For all species in both experiments, temperature
affected handling time more than attack rate, with
the relative change in handling time being consist-
ently greater. These results align with a meta-analysis
showing that temperature affects handling time more
than attack rate in fishes (Englund et al. 2011), which
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suggests that temperature-induced changes in feeding
efficiency are driven more by physiological processes
affecting digestion and satiation than by behavioral
responses affecting search and attack rates. The attack
rate parameter encompasses behavioral responses of
both predator and prey to temperature, and differen-
tial thermal limits between them may create trade-off
scenarios (Englund et al. 2011).

Thus, to avoid confounding effects of differential
thermal responses between predator and prey, we
used thawed dead prey (chironomid larvae, kept fro-
zen prior to experimental trials). However, feeding
efficiency can vary with prey type (Haddaway et al.
2012), and in the field, predator—prey interactions are
mediated by the thermal acclimation capacity of the
interacting species (Grigaltchik et al. 2012). There-
fore, a more accurate risk assessment of the trophic
impacts of Tench will require experiments that incor-
porate live prey, in addition to other mediating factors
such as prey switching (Cuthbert et al. 2018; McCard
et al. 2021) and physical habitat complexity (Santos
et al. 2013; Alexander et al. 2015). The ecomorphol-
ogy of invasive fishes also has added predictive value
(Luger et al. 2020). The morphology of the jaw and
oral gape influences prey capture success or effi-
ciency, reflected by prey selection and foraging habi-
tat preference (Shadwick 2006). The White Sucker
has a sub-terminal mouth adapted to foraging for
benthic macroinvertebrates, whereas the Tench and
Brown Bullhead mouths are terminal, reducing their
efficiency when foraging amongst the sediments but
allowing it to be more opportunistic in pelagic habi-
tats or on submerged structures (Helfman et al. 2009).
This could partly explain White Sucker absence of
inflection in their functional response compared to
the two other species.

A differential capacity in thermal adaptation
between an invasive fish and functionally similar
native species has important ecological implications.
Energy storage in fish is linked with higher reproduc-
tive success through higher investment in gamete pro-
duction (Lindstrom 1998; Marshall et al. 1999; Bros-
set et al. 2016), higher overwintering survival (Pangle
et al. 2004) and lower rates of parasitic infections
(Neff and Cargnelli 2004). Furthermore, the repro-
duction period of each species could conceivably
accentuate the effect of a reduced condition factor.
Being early spring spawners (starts spawning when
temperature reaches 10 °C; Scott and Crossman 1973;

Swanson et al. 2021), White Suckers do not have the
opportunity to increase energy reserves in the winter
months before the spawn (Fernandes and McMeans
2019). The cumulative effect of lower energy accu-
mulation in suboptimal temperatures during warmer
months and overwintering may reduce their repro-
ductive success. Tench spawning begins at tempera-
tures near 20 °C (Cudmore and Mandrak 2011) and
thus would occur in June or July in the Great Lakes
basin, which allows for energy acquisition from sub-
stantial prey resources both before and after spawn-
ing. Brown Bullhead spawning period mostly over-
laps with Tench in late June with reported spawning
temperatures ranging from 21 to 25 °C in Canada
and northern states of the US (Scott and Crossman
1973; Becker 1983; Jenkins and Burkhead 1993);
thus it should not be disadvantaged in terms of energy
acquisition prior to spawning. Furthermore, as warm-
ing continues, White Suckers might avoid thermally
stressed (nearshore, shallow) habitats and migrate to
cooler, deeper habitats, where benthic macroinver-
tebrate biomass can be up to several orders of mag-
nitude lower (Saint-Jacques et al. 2000). However,
Brown Bullhead should be able to forage in the same
areas as Tench; its environmental tolerances are com-
parable to Tench and it exhibits similar strategies
when subjected to unfavourable conditions (Becker
1983), and thus should not be excluded from high
macroinvertebrate-density areas. Our results support
the view that as surface water temperatures increase,
native fishes with narrower thermal tolerance and
plasticity will risk reduced fitness or habitat exclu-
sion, even when competitive abilities are maintained.
For Tench and Brown Bullhead, the functional
response ratio (FRR) was higher in the lower temper-
ature treatment than the elevated temperature treat-
ment, and it was higher for Tench than Brown Bull-
head for each temperature treatment. Results from our
adapted RIP metric revealed nuances of the effects of
temperature on Tench and Brown Bullhead. The ratio
of abundance values for a RIP value of 1 was higher
at 25 °C than 18 °C, indicating that greater numbers
of Tench are required to achieve the same magnitude
of impact on prey populations as Brown Bullhead
at elevated temperatures. It suggests that the com-
petitive edge that Tench holds at lower temperatures
declines in warmer temperatures. However, the ratio
still has a value of less than 1, indicating a higher per
capita effect of Tench than Brown Bullhead at both
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temperatures. This metric does not consider interac-
tion and multiple-predator effects on predation. The
feeding efficiency of predators has been shown to
be lower than expected when multiple predators are
used in a functional response experiment, resulting in
a reduction in predation pressure on the prey popula-
tion. Feeding efficiency of a predator is mediated by
the presence—and density—of conspecific and het-
erospecific competitors and the density of prey availa-
ble (Wasserman et al. 2016). Therefore, careful moni-
toring of prey population is necessary to quantify the
predatory impact of Tench in relation with predation
of co-occurring fishes.

Although White Suckers exhibited a consistently
higher per capita feeding rate than Tench at both
temperature treatments—indicating a potential com-
petitive advantage through resource exploitation,
our results suggest that projected ecological impact
depends not only on feeding efficiency but also on
the relative abundance and the capacity to main-
tain fitness under climate warming. While Tench
may not competitively dominate trophically simi-
lar benthic fishes on a per capita basis, it may exert
a greater overall impact under climate warming due
to its capacity to compensate energetic demands at
high temperatures. Unexpected reductions in Tench
and Brown Bullhead feeding performance at elevated
temperatures suggest complex interactions involv-
ing thermal compensation and metabolic demands,
underscoring the importance of considering thermal
adaptation capacities in predicting ecological conse-
quences. Increases in Tench populations (possibly
further facilitated by climate warming), will nega-
tively impact native populations in resource-limited
habitats. Given the unexpected performance declines
at high temperatures in both invasive and native ben-
thivores, climate warming may shift not only direct
competitive outcomes but also cause unpredictable
ecosystem impacts through species-specific physi-
ological responses to chronic thermal stress.
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