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The integration of invasive species into native communities may result in the
destabilization of food webs through predation of native prey and competition
with native predators. These negative effects are likely to be exacerbated by
climate change, increasing the frequency of heat waves, droughts, and high-flow
events. Invasive Round Goby (Neogobius melanostomus) and native White
Sucker (Catostomus commersonii) were collected from the wild and
acclimated to a range of temperatures expected to capture increases in
temperature under climate change. In the laboratory, we measured the effects
of temperature (19, 22, 25, and 28°C) and velocity gradients (0, 0.15, 0.3, 0.6 m/s
at 22 and 25°C) on the prey consumption and foraging behavior of each species.
We found that the prey consumption and number of attacks (lunges at prey) of
both species increased with temperature but were consistently higher in Round
Goby. Velocity had an interactive effect with temperature for prey consumption
and foraging behavior, where generally, velocity tolerance for both species was
higher at 22°C than at 25°C. White Sucker tolerance to velocity was higher than
Round Goby, suggesting that systems with higher velocities may provide a
competitive advantage in high-flow environments. Our results stress the
importance of interactive experiments when examining the impact of invasive
species on native competitors under shifting climatic conditions.
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1 Introduction

Invasive species are a significant driver of the decline of native
biodiversity (Sala et al., 2000). As predation and competition are
driving forces that structure natural communities (Rehage et al,
2005; Mofu et al., 2019), competition between native and invasive
species can significantly reduce populations of native species and
alter community structure and function (Ricciardi, 2004; Pintor and
Sih, 2009). While invasion biology lacks formalized methods for
testing invasive species impacts, prey consumption rates and
patterns among invaders and trophically similar native species
allow for predictions of invader impact (Alexander et al, 2014;
Dick et al., 2014). Successful invaders are often characterized by
their ability to utilize resources efficiency compared to native
species, resulting in prey resource populations vulnerable to
severe declines and possible extinctions (Alexander et al., 2014).
Methods such as functional response, which measures the prey
consumption of a species along a prey abundance gradient, and
maximum feeding rate have been proposed to help elucidate, and
make predictions about impacts (Dick et al., 2013; Alexander et al.,
2014; Dick et al., 2014; Mofu et al., 2019). These methods are based
on the assumption that invaders are efficient resource users, thus
putting them in direct competition with native fishes (Alexander
et al, 2014). Although the impacts of invaders through predation
and competition with native species are well documented, these
processes are largely context dependent, confounding the ability to
make generalized predictions in invasion biology (Ricciardi et al.,
2013; Mofu et al., 2019).

Understanding the context-dependencies of invasion are
particularly relevant as changing environmental conditions driven
by climate change will affect all biological aspects of organisms
including physiology, morphology, and behavior that will result in
cascading effects that alter the strength of interactions between
species and prey resources (Rehage and Blanchard, 2016). Climate
change is expected to increase fluctuations in temperature and
precipitations increasing the frequency of heat waves, severe
storms, droughts, and flooding events that will impact native
ecosystems (Rahel and Olden, 2008; Rehage and Blanchard, 2016).
As global species distributions are influenced by climatic suitability,
climate change will have a major impact on the invasibility of native
ecosystems (Diez et al, 2012) and the relative impacts of those
successful invaders (Walther et al., 2009). Invasive species typically
have the ability to cope with environmental variability and have wide
environmental tolerances (Rehage and Blanchard, 2016), enabling
them to outperform native species in changing conditions, like those
caused by climate change. Therefore, robust experimental methods
that include environmental context are needed in invasion studies to
improve forecasting ability (Mofu et al., 2019).

Fishes are ectotherms and fundamentally linked to
environmental temperatures that governs physiological processes
such as metabolism (Morgan et al., 2001; Portner and Farrell, 2008;
Kuehne et al,, 2012; Figueiredo et al, 2019). Higher temperatures
increase metabolism, which can lead to higher growth rates if prey
consumption also increases. However, once species’ thermal optima
are exceeded, thermal stress reduces the ability to feed and reduces
growth (Nowicki et al., 2012), diverting energy to maintenance (Viant
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et al, 2003). In the Laurentian Great Lakes, climate change
predictions indicate a temperature increases of 3-8 °C (Zhang et al,
2020), and species feeding rates will likely increase with increased
metabolic demands. The relationship between temperature and
metabolism differs among species, including native and non-native
species, due to difference in evolutionary history (geographical
origins) and species-specific physiological tolerances (Sorte, 2013).
Climatic conditions shifting to warmer temperatures, often towards
the physiological optima of non-native species, will promote
increased feeding rates, growth, and reproduction than amplify
negative competitive effects (lacarella et al, 2015; Mofu et al,
2019). While a substantial body of knowledge exists regarding the
relationship between temperature and feeding, there is limited
understanding of the role that water flow velocity plays in changing
feeding rates. For example, in a study by Hazelton and Grossman
(2009) Rosyside Dace (Clinostomus funduloides) changed their
feeding strategy to cope with the increased energy demands of
increased velocity. While this does not link directly to metabolic
demands, it demonstrates that velocity gradients may influence
feeding ability in fishes through the increased energy expenditure
to capture prey. Lack of empirical studies examining the influence of
velocity on feeding rates represents a gap in our understanding of
climate-change effects on predator-prey interactions. Understanding
the relationship between feeding and water velocity may aid in
predicting which streams which streams will be colonized by
invasive species.

Environmental conditions influence individual behavior,
including feeding behavior, and the outcomes of the predator-
prey resource interactions (Lienart et al., 2014; Nagelkerken and
Munday, 2016; Ren et al, 2020). As temperature increases
metabolic rate, fishes increases their time spent foraging (Nowicki
et al, 2012; Como et al,, 2014; Nagelkerken and Munday, 2016;
Scott et al., 2017). While the context dependency of foraging rate
and physiology are well known, few studies have explicitly
examined the effect of temperature on fish behavior (Theodorou
et al,, 2012) and feeding behavior of fishes (e.g., Biro et al., 2010;
Nowicki et al., 2012; Theodorou et al., 2012). However, it is unclear
how such behavioral responses to environmental gradients may
influence invasion impacts. As invasive species are often
characterized with bold and aggressive traits that allow for
establishment and dispersal into novel environments (Pintor and
Sih, 2009), shifts in behaviour relating to environmental conditions
could not only affect individual fitness, but alter species interactions,
ecosystem structure, and function (Scott et al., 2017).

Our study focuses on a native and a non-native fish species that
co-occur in Laurentian Great Lakes tributaries of North America.
Round Goby (Neogobius melanostomus, Pallas 1814) is an invasive
fish species, native to the Ponto-Caspian region of Europe, with life-
history characteristics similar to native benthic species, resulting in
direct competition for resources such as food and habitat (Janssen
and Jude, 2001), with many studies documenting its implication in
the decline of native benthic species (Dubs and Corkum, 1996;
French and Jude, 2001; Lauer et al., 2004; Balshine et al., 2005).
Recent studies have shown a secondary invasion of Round Goby
through continued range expansion through tributaries of the
Laurentian Great Lakes (Lederer et al., 2006; Poos et al., 2010;
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Gutowsky and Fox, 2011; Myles-Gonzalez et al., 2015). The
expansion of Round Goby into tributaries creates concerns for
other species already experiencing declines that may be exacerbated
by competition for resources with the Round Goby (Poos et al., 2010).
One such species is White Sucker (Catostomus commersonii,
Lacepéde, 1803), a benthic species native to North America,
hypothesized to be an important link in the transfer of offshore
benthic energy to nearshore habitats and tributaries of the Laurentian
Great Lakes (Flecker et al., 2010; Jones and Mackereth, 2016). White
Sucker abundance in the Lake Ontario basin has been in decline, as
indicated by the declining size of their spawning runs (Toronto
Region Conservation Authority, unpublished data). It is hypothesized
that a contributor to this decline is the forage competition between
Round Goby juvenile White Sucker in tributaries (Kindree et al.,
2023). These two species were chosen to examine the role of
environmental context on maximum feeding rate and behaviour
due to their hypothesized competitive interactions and difference in
environmental tolerances. Round Goby is a generalist species with a
wide thermal tolerance, ranging -1-30 °C (Kornis et al., 2012) with an
energetic optima of 26°C (Lee and Johnson, 2005), while the optimal
temperature range of White Sucker is 17-23 °C (Coker et al., 2001).
White Sucker has a greater tolerance for high stream flows and has
been found in streams with flows up to 0.9 m/s (Minckley, 1963),
whereas Round Goby has a much lower tolerance, up to 0.34 m/s
(Marsden et al., 1996). These differences in temperature and velocity
tolerances can create competitive advantages that result in species
being a superior competitor under optimal conditions, but inferior
beyond that range (Taniguchi et al, 1998; Iacarella et al, 2015).
Understanding the physiological and behavioural responses along
environmental gradients is useful for disentangling the context-
dependency of invasive species impacts on native communities
(Tacarella et al., 2015).

Here, we experimentally test the interactive effects of elevated
temperature and flow velocity on the prey consumption and foraging
behaviour of two benthic fishes, invasive Round Goby and native
White Sucker. A maximum feeding-rate framework was used to
examine the effects of environmental gradients to determine the
conditions where invasive species may have the greatest per capita
effect on native food webs (Dick et al., 2013; Dick et al., 2014; Tacarella
et al,, 2015). Specifically, we aim to determine (i) whether temperature
outside the thermal optima of these species will result in declines of
feeding and foraging behaviour associated with thermal stress, and (ii)
the interactive effects of temperature and stream velocity on these
metrics. We expect that both species will experience a reduction in
feeding and foraging behaviour at temperatures outside of their optimal
range. Additionally, as coping with velocity has energetic consequences
for species, we expect that as velocity exceeds species optima, feeding
and foraging behaviour will decrease.

2 Methods

To simulate climate-change impacts, feeding trials were conducted
across thermal and velocity gradients to examine how they influence
prey consumption and foraging behaviour of White Sucker and Round
Goby. Feeding trials were conducted on each species acclimated to
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temperatures between 19 and 28°C to examine the influence of
temperature. The influence of water velocity on feeding was
examined across a gradient of 0 to 0.6 m/s at two testing
temperatures of 22 and 25°C. This research was conducted with the
approval of the University of Toronto’s Animal Care Committee
(Animal Use Protocol# 20012053).

2.1 Fish sampling

Juvenile White Sucker (mean mass = 5.54 + 2.67 g, mean total
length = 85.63 + 12.81 mm) and adult Round Goby of similar size
(mean mass = 16.79 * 6.50 g, mean total length = 105.55 + 18.48
mm) were captured from a tributary to Lake Ontario, Highland
Creek, in summer 2019 and 2020 using a combination of standard
non-lethal sampling gear: minnow traps and backpack
electrofishing. Owing to sampling constraints across the different
species, total lengths of White Suker were on average smaller than
Round Goby. Captured White Sucker and Round Goby were
transported in aerated containers to the nearby (~1 km)
University of Toronto Scarborough Aquatics Facility.

Fish were separated by species and held in 20-gallon tanks (76.2
cm x 30.5cm x 30.5cm) at a density of 7 individuals per tank. Fishes
were held at ambient temperature (22 + 1.0°C) and the photoperiod
was maintained for 12-hour dark: 12-hour light conditions for a
minimum acclimation time of two weeks before acclimation to
experimental temperatures (Bergstrom and Mensinger, 2009). As
these species were collected from the wild and prefer benthic
habitats, aquaria were equipped with gravel substrate and tube
shelters (PVC pipe) to reduce stress while housed. During the
laboratory and temperature acclimation, fish were fed frozen blood
worms, frozen Daphnia, and dry pellets once per day ad libitum.

Following the initial acclimation period, tanks housing each species
were randomly assigned a treatment temperature and, through the use
of heaters and chillers, each tank was brought to its experimental
temperature at a rate of change of 1°C per day to reduce the
physiological stress of temperature changes on the fishes (Taniguchi
etal,, 1998). Fishes were held at the testing temperature for a minimum
of 14 days prior to feeding trials to allow for thermal acclimation
(Taniguchi et al., 1998; Chretien and Chapman, 2016). To achieve the
reduced temperature from ambient (22 + 1.0°C) to trial temperatures
below 22, chillers were used to decrease the temperature and hold. For
trials at higher temperatures than ambient (22 + 1.0°C), heaters were
used to increase and maintain the tank temperatures. Fishes were fasted
for 48 hours prior to the trials to allow for standardization of hunger
levels (Alexander et al., 2014).

2.2 Temperature feeding experiments

Trials to examine the influence of temperature on feeding
behaviour and prey consumption were completed at four testing
temperatures (19, 22, 25, and 28°C), chosen to encompass
temperatures below and exceeding the thermal optima with a
minimum of 10 replicates per species. Feeding trials were conducted
in 10-gallon aquariums (50.8 cm x 25.4 cm x 30.5 cm), each trial tank
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was held at the appropriate trial temperature ( + 0.5°C) using either
heaters or chillers. Individual fish were moved from the acclimation
tank to the trail tank 24 hours before trails began to reduce the effect of
handling stress. Each individual trial tank was surrounded by black-out
curtains to reduce the influence of the investigator and fish in adjacent
tanks. Following the acclimation period, a fixed number of prey (225
thawed chironomid larvae, Chironomus sp., previously kept frozen,
mean total thawed mass 1.60 g + 0.04SE). This prey abundance was
chosen to ensure oversaturation of prey items in the tank by Round
Goby and White Sucker [preliminary experiments unpublished, (Reid
and Ricciardi, 2021)]. Once chironomids were introduced, feeding
behaviour was recorded for 2 hours. Prior to trial initiation, the filters in
each treatment aquarium were stopped to prevent the removal of prey
items via water filtration, and one aeration stone was provided per tank
to ensure adequate dissolved oxygen (DO) across all temperature
treatments (mean DO + SE = 847 + 0.13 mg/L). A camera
(SwannTM security camera 1080 p) was mounted above each tank to
capture the movements of fish throughout the duration of trial to be
scored for feeding behaviour (section 2.4). After each trial was
completed, each fish was measured (total length) and weighed. The
remaining prey items were collected and counted to determine the
number consumed by the fish during the trial period.

2.3 Velocity feeding experiments

Trials to examine the influence of temperature and velocity on
feeding behaviour and prey consumption were completed at four
testing velocities (0, 0.15, 0.3, 0.6 m/s) at two temperatures (22 and
25°C) with minimum of 6 replicates per species. Feeding trials were
conducted in a flow chamber (71.1 cm x 234 cm x 21.6 cm)
(Figure 1), the flow chamber was held at the appropriate trial
temperature (= 0.5°C) using a heater. The trial area of the flow
chamber was outfitted with 30 cork discs (1.9 cm x 1.9 cm x 1.0 cm)
randomly glued across flat rocks to allow for pinning of prey items,
pinning the prey items prevented prey displacement during trials.
Thirty thawed chironomid larvae, (Chironomus sp., previously kept

10.3389/fevo.2024.1290083

frozen, mean total thawed mass 0.44 g + 0.17SE) were counted and
weighed (with excess moisture removed) before one was pinned to
each cork. Individual fish were placed in the flow chamber for two
hours and feeding behaviour was video recorded. The flow chamber
was surrounded by black-outs curtain to shield fish from observers
and to reduce the influence of the investigator. A camera was
mounted above the testing chamber to capture fish activity and
feeding behaviour during the trial. Aeration was provided through
an air stone in the flow chamber to ensure adequate DO across all
temperature treatments (mean DO + SE = 8.33 + 0.10 mg/L). Upon
completion of the trial time, the fish was removed from the flow
chamber and total length and biomass were measured. The
remaining prey items were removed from the corks and counted.
As much water as possible was removed and the remaining
unconsumed prey were weighed.

2.4 Foraging behaviour

Each trial video was examined using the event-logging software
BORIS (Friard and Gamba, 2016). All behavioural scoring was
conducted by one individual to reduce observer-level bias. Each
video was scored, and the following variables were extracted from
the video: number of attacks, total duration of foraging time, and
time until fish began foraging. An attack was defined as a lunge
towards or active consumption of one or more prey items. Foraging
duration was the sum of foraging events defined as the movement or
orientation towards prey items and ended when no movement was
recorded for a duration of 5 seconds. The time until foraging event
is the duration of time from the start of the trial until the first
foraging event (observation of prey consumption).

2.5 Statistical analysis

All data were analyzed using R v. 4.0.3 (R Core Team, 2021).
Although the fish were of similar size, we first conducted a series of

0.8 m

Control box

Flow direction

Mesh screens

Viewing window
0.071 m

/_\/\_/\/\/‘\_/-\_’

FIGURE 1

Curtain

Top-view schematic of the flow chamber, not drawn to scale. Overhead camera was mounted to capture the viewing window where prey items

were pinned to cork.
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linear regressions of the dependent variables with body size (mass
and total length) to determine if any size variation influenced prey
consumption of feeding behaviour metrics. As there was a
relationship between size (length or biomass) and each individual
response variable (prey consumption and the four behaviors)
(p<0.05, in all cases), biomass was included as a covariate in all
subsequent analyses.

Generalized additive models (GAMs) were used to determine if
the prey consumption and foraging behaviour between species
across thermal and velocity gradients as trends were not linear.
GAMs allow for non-linear relationships between the response
variable and explanatory variables, allowing for both linear and
complex additive responses through the use of smoothing curves
(Scott et al., 2017). The GAMs were built with poisson distribution
and log link function using the mgcv package in R. All models were
fit with the REML (restricted maximum likelihood) method. The
poisson distribution was chosen because when testing different
distributions, we found that the poisson distribution was the best
fit for the data.

To examine the effect of temperature, prey consumed (number
of prey items consumed) or feeding behaviour were the response
variable with smooth functions of acclimation temperature
included in all GAMs, with factor-smooth interactions so that
smooths could differ by species. This approach allows the model
to apply unique smoothing curves for each species. To examine the
effect of velocity, prey consumed (number of prey items consumed)
or feeding behaviour were the response variable with smooth
functions of water velocity included in all GAMs, with factor-
smooth interactions so that smooths could differ by the
interaction of temperature and species. This approach allows for
the model to apply unique smoothing curves for each species and
temperature. To allow some complexity in the functions while
avoiding data overfitting, the basic dimension was defined as k=4
for each smooth. Species was included as a categorical explanatory
variable. Fish mass was included as a smooth term, with factor-
smooth interactions that could differ by species. Fish mass (g) and
total length (mm) were strongly collinear (concurvity >0.8), leading
to the exclusion of total length (mm) from the GAMs to meet the
GAM assumption that there is an absence of multicollinearity (see
Supplementary Material 1 for model forms for all GAMS).

The best-fitting models were selected using Akaike’s information
criterion (AIC) scores, where lower scores were selected to balance
model complexity with best fit (see Supplementary Materials 2 for full
AIC tables used in model selection), where two models were within 2
AIC values of each other the more complex model was used to
capture a larger deviance explained. All models were evaluated using
normal Q-Q plots, histograms of the residuals, plots of residuals and
responses versus fitted values to evaluate the residuals and test for
departure from the model assumptions or other anomalies in the data
or in the model fit.

3 Results

A total of 102 temperature-treatment trials were completed
across White Sucker (n=51) and Round Goby(n=51) and 113
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velocity-gradient trials at two temperatures were completed for
White Sucker (n=64) and Round Goby (n=49) (Table 1). Although
size matching was attempted, White Sucker on average were
significantly smaller than Round Goby included in each trial
(Temperature trials: t=10.949, df=101, p<0.0001; Velocity trials:
t=14.218, df= 111, p<0.0001; Table 1). Fish mass was included in
each model to account for species differences in body size.

3.1 Temperature feeding experiments:
prey consumption

Prey consumption across the four testing temperatures varied
significantly between species (Figure 2). Round Goby had significant
higher prey consumption than White Sucker across all temperatures
(p=0.004, Table 2) however, the biomass was significantly larger in
the Round Goby (p<0.001), accounting for the difference in prey
consumption between species. There was a significant interaction
between temperature and species (Round Goby p<0.0001, White
Sucker p<0.0001, Table 2). Round Goby and White Sucker had
higher prey consumption at 22°C and 25°C, respectively.

3.2 Temperature feeding experiments:
foraging behaviour

The number of attacks was significant different between species,
with Round Goby attempting more attacks at each temperature
than White Sucker (p<0.001, Table 2). Generally, the number of
attacks where different across all temperatures examined; however,
there was also a significant interaction between Round Goby and
temperature. Round Goby acclimated to 19 °C averaged 59% fewer
attacks than individuals at acclimated to 22°C, indicating a
temperature-driven effect on the attack behaviour of this species
(Figure 3A). The number of attacks by White Sucker did not
significantly change across temperatures. There was also a
significant influence of biomass (p <0.001) on the number of
attacks across both species, which was observed across all
behavioural metrics measured.

The amount of total trial time spent foraging did not significantly
differ between species (p=0.075, Table 2) but was significantly different
between temperatures for both species (Figure 3B). For example, the time
spent foraging by Round Goby was 7.6% (+ 1.84 SE) and White Sucker
9.3% (£ 2.31 SE) when acclimated to 19 °C. (Figure 3B).

Round Goby and White Sucker did not significantly differ in the
length of individual foraging events (Figure 3C). Mean length of
each individual foraging period within a trial was 35.69 second (+
13.60 SE) for Round Goby and 30.94 seconds (+ 24.01 SE) for White
Sucker. Length of foraging events increased significantly for Round
Goby with increasing temperatures (p<0.001, Table 2).

Latency to begin feeding showed a significant difference
between the species (p=0.004, Table 2). White Sucker took much
longer to begin feeding across all temperatures compared to Round
Goby (Figure 3D). There was a significant difference across
temperatures for both Round Goby and White Sucker, fish
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TABLE 1 Summary of the individuals used in the temperature and velocity gradient trials.

Environmental Parameter White Sucker Round Goby
Biomass (g) Total length (mm) Biomass (g) Total length (mm)

Temperature

19 12 12 47067 79.5 + 3.69 1310 | 17.7+281 107.3% 3.70

22 12 12 75+097 94.5 + 3.79 14 10 | 208+231 1111 + 417

25 13 13 69+£079 93.9 + 3.66 14 11 | 160+£125 106.1 + 3.08

28 14 | 14 49073 80.1 + 3.61 10 10 | 205+165 113.4 + 2,63

Temperature Velocity

22 0 8 7 6.9 + 1.00 94.0 + 4.24 6 6 19.6 +3.70 92.8 + 17.98
0.15 8 8 8.1+ 132 96.1 + 4.96 6 6 18.0 + 1.50 113.17 + 2.37
030 8 8 49 + 035 85.9 +2.83 7 7 149 +1.95 106.0 + 4.02
0.60 8 8 43 £0.34 79.5 +2.13 6 6 142 + 1.44 104.0 £ 3.29

25 0 8 8 3.3+0.28 735+ 176 6 6 16.5 + 1.94 109.8 + 3.92
0.15 8 8 4.7 +0.61 81.0 +3.26 6 5 119 + 1.20 101.7 + 4.68
0.30 8 8 42+033 80.9 + 1.87 6 6 13.8 + 1.4 1007 + 3.49
0.60 8 8 4.9 +0.34 86.3 + 3.03 6 6 13.4 +0.79 102.8 + 2,40

Number of trials with prey consumption data (n;) and trails with video footage (n,). Mean body size parameters for each species in each treatment group ( + SE).

acclimated to the 19 and 28°C have a significantly longer latency
than fish acclimated to 22 and 25°C (Figure 3D).

3.3 Velocity feeding experiments:
prey consumption

There was no significant difference between species (p=0.959) in
prey consumption but was significantly higher at 22°C for both
species (p<0.001) (Figure 4 and Table 3). Across velocities, there was
no significant difference in prey consumption in Round Goby and
White Sucker, likely due to the high variability in prey consumption

2254

200 1

[} ~
o 3l
1 1

1254

1004

Number of Prey Items Consumed
N [4)) ~
(4] o (]

o
1

in each treatment and significant influence of biomass (p<0.001).
There was a significant interaction between velocity, temperature and
species(p<0.05) with higher prey consumption was higher at 22°C
than 25°C and decreased as velocity increased. Also, both species
consumed fewer prey items at 25°C.

3.4 Velocity feeding experiments:
foraging behaviour

The number of attacks performed, regardless of success, was
significantly different between the two species (p<0.001), with

Species

® Round Goby
o White Sucker

19 22

Testing Temperature (°C)

FIGURE 2

Mean prey consumption (+ SE) of White Sucker and Round Goby across a temperature gradient.
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TABLE 2 Results of generalized additive models of prey consumption and foraging behaviours in White Sucker and Round Goby across the
temperature gradient.

. R-
Explanatory Variable ' arametric p- Dev s
P y Terms value Exp (%) a:
(adj.)

Prey Consumed (number of Species 1 8.086 | 0.004 Temperature 1.002 | 1.034 0.309 58.9 0.598
prey items)

Temperature 1.927 | 144.689 = <0.001

x Speciesgg

Temperature 2.947 | 59.063 <0.001

X Speciesys

Biomass (g) 8.492 | 716.073 | <0.001
Number of Attacks Species 1 11.77  <0.001 Temperature 2947 | 192.41 <0.001 17.0 0.030

Temperature 2.863 | 3647 <0.001

x Speciesgg

Temperature 0.002 | 0.00 0.994

X Speciesys

Biomass (g) 8.920 | 1326.53 | <0.001
Time Spent Foraging (% of Species 1 3.169  0.075 Temperature 2.840 | 32419 <0.001 8.69 0.05
trial duration)

Temperature 0.955 | 1.908 0.422

X Speciesgg

Temperature 1.001 | 0.792 0.374

X Speciesys

Biomass (g) 8.192 = 84.311 <0.001
Length of Foraging Event (s) Species 1 0.994  0.143 Temperature 2.861 | 33.49 <0.001 8.69 0.05

Temperature 1.649 | <0.01 <0.001

X Speciesgg

Temperature 1.002 | 11.90 0.978

x Speciesys

Biomass (g) 8.321 | 91.52 <0.001
Latency to Feed (min) Species 1 8.351  0.004 Temperature 2.794 | 21.15 <0.001 51.1 0.323

Temperature 2.867 | 89.23 <0.001

x Speciesgg

Temperature 0.001 | <0.001 <0.001

x Speciesys

Biomass (g) 7.550 | 208.09 <0.001

Parametric and smooth terms refer to linear and nonparametric functions, respectively; edf refers to effective degrees of freedom.

Significant p-values (0=0.05) are bolded.

Round Goby performing more attacks at the lower velocities than
White Sucker when acclimated to the higher temperature (25°C)
(Table 3 and Figure 5A). However, White Sucker preformed more
attacks at flow rates of 0.6m/s. There was an interaction between
species, temperature and flow velocity (p<0.001) (Table 3 and
Figure 5A). Number of attacks for both species at 22 °C were
higher at intermediate velocities of 0.15 m/s and 0.6 m/s, while at
25 °C, more attacks were performed at 0m/s and 0.6m/s. There was
also a significant influence of biomass (p <0.001) on the number of
attacks across both species, which was observed across all
behavioural metrics measured.

The amount of total time spent foraging was significantly
different between species (p<0.001) and temperature (p<0.001),
with Round Goby spending more time foraging at low flow rates
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(0in 25°C and 0.15 m/s in 22°C) and White Sucker spending more
time foraging at the higher velocities (0.3 and 0.6 m/s at 22 °C and
0.6 m/s at 25 °C) (Table 3 and Figure 5B). The total time spent
foraging varied significantly across flow velocities and had an
interaction with species and temperature. The foraging time for
Round Goby decreased significantly across both temperatures
with velocity.

The duration of individual foraging events differed significantly
between species (p<0.001), with Round Goby spending more time
foraging at lower velocities than White Sucker (Figure 5C). The
time spent foraging also differed between temperatures and
velocities. The trends in foraging duration were consistent with
other behavioural traits, as there was a significant interaction
between temperature and velocity. White Sucker foraging
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Feeding behaviours (mean + SE) of White Sucker and Round Goby across a temperature gradient. (A) Number of attacks; (B) percent of trial time
spent foraging; (C) average length of foraging event; (D) latency to begin feeding. N.B. Points offset to improve clarity.

duration varied across temperature, particularly in the highest
velocity (0.6m/s), they spent more time foraging. Round Goby
spent less time foraging at the higher velocities (0.3 and 0.6 m/s)
in both temperatures.

Latency to begin feeding differed significantly between the two
species and between the two testing temperatures (p<0.001)
(Figure 5D). There were significant interactions between velocity,
species and temperature. Flow velocity had a significant interaction
with temperature and species; the amount of time until feeding
began varied between the temperatures and across the flow velocity

gradient. White Sucker taking longer to begin feeding at
intermediate velocities (0.15 and 0.3 m/s), while Round Goby
took longer to begun feeding at lower velocities (0 and 0.15 m/s).

4 Discussion

Our study found that prey consumption and foraging behaviour
changed along environmental gradients of temperature and
velocity. Generally, both species had a higher prey consumption

22

25

Number of Prey Items Consumed

0.00 0.30 0.60

0.00 0.15 0.30 0.60

Velocity (m/s)

FIGURE 4

Prey consumption (mean + SE) of White Sucker and Round Goby across a flow velocity gradient at two testing temperatures. N.B. Points offset to

improve clarity.
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TABLE 3 Results of generalized additive models of prey consumption and foraging behaviours in White Sucker and Round Goby across the flow

velocity gradient at two testing temperatures.

Explanatory

Variable

Parametric
Terms

Smooth Terms

value

Dev.
Exp (%)

Prey Consumed (number of = Species 0.051 0.959 Velocity x Interaction = 2.701 | 60.46 <0.001 37.6 0.311
prey items) Sra: Taa
Temperature -7.482 <0.001 Velocity x Interaction = 2.730 | 10.22 0.012
Sws: Taa
Velocity x Interaction = 2.894 = 56.47 <0.001
Srat Tas
Velocity x Interaction 1.047 | 20.05 <0.001
Sws: Tas
Biomass (g) 7.882 | 169.44 <0.001
Number of Attacks Species 6.129 <0.001 Velocity x Interaction = 2.736 | 104.57 <0.001 225 0.053
Skt Taz
Temperature -7.055 <0.001 Velocity x Interaction = 2.961 | 64.56 <0.001
Swst Taa
Velocity x Interaction | 2.423 | 108.83 <0.001
Srat Tas
Velocity x Interaction | 2.613 = 94.69 <0.001
Sws: Tas
Biomass (g) 8.117 = 174.37 <0.001
Time Spent Foraging Species 51.36 <0.001 Velocity x Interaction | 2.980 = 2158 <0.001 34.6 0.192
St Taa
Temperature -25.37 <0.001 Velocity x Interaction = 2.999 | 2826 <0.001
Sws: Taz
Velocity x Interaction = 2.992 | 5160 <0.001
Srat Tas
Velocity x Interaction | 2.977 | 5030 <0.001
Sws: Tas
Biomass (g) 8.974 | 9102 <0.001
Length of Foraging Species -13.099 | <0.001 Velocity x Interaction | 2.995 = 854.17 <0.001 53.3 0.249
Event (s) Sra: Taa
Temperature 0.949 0.342 Velocity x Interaction = 1.824 = 77.28 <0.001
Sws: Taa
Velocity x Interaction = 2.978 | 2101.56 = <0.001
Srat Tas
Velocity x Interaction = 2.041 | 54.55 <0.001
Sws: Tas
Biomass (g) 8.937 | 1435.82 @ <0.001
Latency to Feed (min) Species -42.56 <0.001 Velocity x Interaction = 2.991 | 4151 <0.001 28.1 0.024
Skt Taa
Temperature 22.82 <0.001 Velocity x Interaction | 2.999 = 4062 <0.001
Sws: Taa
Velocity x Interaction = 2.990 | 2168 <0.001
Srat Tas
Velocity x Interaction = 2.997 | 8326 <0.001
Sws: Tas
Biomass (g) 8.987 | 5347 <0.001

Parametric and smooth terms refer to linear and nonparametric functions, respectively; edf refers to effective degrees of freedom. Interaction terms for species and temperature are simplified in

the table to Sgg (Species, Round Goby), Sws (Species, White Sucker), T,, (Temperature, 22°C), and T,5 (Temperature, 25°C).
Significant p-values (0=0.05) are bolded.
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FIGURE 5

Feeding behaviours (mean + SE) of White Sucker and Round Goby across a velocity gradient at two temperatures. (A) Number of attacks; (B) percent
of trial time spent foraging; (C) average length of foraging event; (D) latency to begin feeding. N.B. Points offset to improve clarity

within their thermal optimal temperatures with prey consumption
decreasing at the thermal extremes of 19 and 28 °C, likely due to
metabolic demands and stress shifting in response to temperature.
Invasive Round Goby consumed consistently more prey across
temperatures than native White Sucker. Within the optimal
temperatures of both species across a velocity gradient, we found
that prey consumption responded to velocity, with significant
differences in the trends between temperatures demonstrating an
interactive effect of these environmental variables on prey
consumption. Temperature also influenced foraging behaviour in
both species, with the number of attacks increasing with increasing
temperature. Behavioural responses in both species varied along
velocities, exhibiting different patterns of response between
temperatures, further providing evidence for context dependency
in feeding in both native and invasive species. The results from this
comparative study provide evidence for Round Goby superiority in
foraging across all temperature treatments, however, this
competitive advantage appears to decline in high velocity
conditions. The differences observed between native and non-
native species prey consumption could suggest that with the
continued invasion of Round Goby there would be likely be a
shift species that comprise the benthic invertebrate community.
Round Goby exhibits aggressive behavioral traits (Dubs and
Corkum, 1996; Balshine et al., 2005) and high prey capture
efficiencies, we would expect to see more Round Goby given their
competitive advantage, and fewer benthic competitors, like the
White Sucker.

Total prey consumption increased for both species in
intermediate temperatures of 22 and 25 °C before declining,
consistent with our expectation prey consumption in these species
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would decline outside of their thermal optima. The increase in prey
consumption in response to increasing temperature is well
documented as individuals need to consume additional energy to
compensate for metabolic costs associated with higher temperatures
(Morgan et al., 2001; Biro et al., 2010; Nowicki et al., 2012). Similar
to Englund et al. (2011), our prey consumption curves followed a
modal relationship, with optimal temperatures where performance
is expected to be highest within the range of species’ thermal
optima. We expect that, if fish were acclimated to higher
temperatures beyond 28 °C, consumption would continue to
decline as thermal stress required fishes to shift energy from
foraging to maintenance of critical physiological functions (Viant
et al, 2003). The decline in prey consumption with temperature
found in this study are consistent with Zanuzzo et al. (2019) as
temperature exceeded the thermal optima of Atlantic Cod (Gadus
morhua), individual food intake is reduced due to the physiological
stress of elevated temperatures. As climate warming increases
stream temperatures, species that live near the edge of their
thermal limits may be disproportionally affected. White Sucker is
a coolwater species with a lower thermal tolerance than Round
Goby (Kindree et al. submitted). Unexpectedly, the highest prey
consumption rate did not reflect the species thermal optima
based on previous studies, which suggested that optima would be
reached in White Sucker at 22 °C (n=3, Reutter and Herdendorf,
19765 Spotila et al., 1979; Coker et al,, 2001) and in Round Goby
near 26 °C (n=78, Lee and Johnson, 2005). In our study, the optima
temperatures, those with highest prey consumption reversed, 25 °C
for White Sucker and 22 °C for Round Goby. This suggests that
White Sucker may have a wider tolerance than previously reported
in the literature, which is likely given the restricted sample size of
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previous thermal optimum work. Consistent with other studies
comparing invasive species to native congeners (Rehage et al,
2005), we found that invasive Round Goby prey consumption
was 2-4 times higher, depending on temperature, compared to
the native White Sucker. While the prey consumption was higher in
Round Goby, the impact of higher biomass in the Round Goby
tested in our study is likely influencing those patterns. Similar
results have been found in native and invasive species comparisons
in South Africa, where Smallmouth Bass (Micropterus dolomieu)
introduced for angling had a higher prey consumption compared to
a functionally similar native species (Alexander et al., 2012). The
lack significant differences between species may be related to the
similar physiological optimal temperatures and generalist
behavioural traits of Round Goby and White Sucker.

As climate change is expected to increase temperatures and alter
local hydrology of streams (Rahel and Olden, 2008), our
understanding of the context dependency of flow-velocity impacts
on feeding are lacking. In addition to climate change, anthropogenic
changes to the landscape through urbanization can have significant
impacts on the hydrology and temperature of streams. The context
dependency of velocity on feeding is particularly relevant to Round
Goby invasion into lotic environments from lentic areas where
velocity is less important, may result in changes to their feeding
ability and behaviour thus affecting the strength of their ecological
effects (i.e., competition) on native species. There is a clear interaction
between temperature and velocity with prey consumption of both
species with the higher prey consumption, on average, occurring
across velocities at 22 °C. As expected, Round Goby prey
consumption decreased with increasing velocity, although the
response of that decline was stronger at 25 °C than 22 °C,
suggesting that the compounding effects of temperature on
physiology and velocity affecting energy expenditure decreased
overall performance. White Sucker did not have a strong response
to flow velocity, as expected given their reported higher flow velocity
tolerance (Minckley, 1963), and prey consumption surpassed Round
Goby at 0.6 m/s (25°C). Similar studies, only examining the role of
velocity on foraging, found that juvenile Chinook Salmon
(Oncorhynchus tshawytscha) decreased prey capture at velocities
exceeding 0.3 m/s (Donofrio et al., 2018). Our results suggest that
White Sucker may have competitive advantage in higher flow
velocities over Round Goby. Habitats with higher velocities, e.g.,
riffles, may provide refugia zones for White Sucker that are more
resistant to Round Goby invasion due to environmental conditions
not suitable for feeding, thus lowering individual fitness. These results
are supported by the findings of Kuehne et al. (2012), which
suggested that fish living near the physiological limit for one
environmental parameters will exhibit a magnified response to
additional stressors, such as velocity in our study. A limitation of
our study is that we could not acclimate individuals to flow velocities
prior to experimental treatment; housing fishes at treatment velocities
could allow for the evaluation of prey consumption in response to
higher energy demands required in high velocity zones. When fishes
exist in areas of high velocity, they will need to expend more energy to
feed and maintain position than in areas of low velocity.

Metabolism not only drives prey consumption, but is also linked
to increases in feeding activity and shifts in behaviour (Theodorou
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et al., 2012). While all behavioural metrics measures were affected
significantly by temperature, there was not a consistent response
(Figure 3). The number of attacks differed significantly between our
species, with native White Sucker consistently exhibiting fewer prey
capture attempts. In both species, the number of attacks increased
with temperature, with the highest number of attacks being
performed at 28 °C. This is consistent with existing studies, in
which rising temperatures increased metabolism, resulting in
higher foraging activity (Theodorou et al,, 2012; Como et al,, 2014;
Pink and Abrahams, 2016; Figueiredo et al, 2019) and aggressive
behaviours. For example, Theodorou et al. (2012) found that fishes
held that 13 °C were more aggressive than individuals held at 3 °C.
Interestingly, while the number of attacks increased with
temperature, the time spent foraging did not increase in
temperatures greater than 19 °C. Shifting more attacks into the
same foraging duration could be a feeding strategy to conserve
energy costs in feeding activity as metabolism increases (Como
et al,, 2014). While this provides evidence for a shift in feeding
strategy, i.e., the fishes have a higher rate of attacks, the total prey
consumption of both species declined at 28 °C suggesting the prey
capture efficiency or the ability to capture prey decreased with
thermal stress (Scott et al., 2017). While both species spent equal
time foraging, Round Goby were able to consume significantly more
prey over time compared to White Sucker. Time spent foraging is
often associated with increased risk of predation (Theodorou et al,
2012), as White Sucker consistently consume less prey at all
temperatures, they benefit less in terms of energy acquired during
risk-taking behaviour. Finally, we found evidence that bold
behavioural traits were more readily expressed within optimal
thermal temperatures, as expressed by the latency to begin feeding.
Both species begin foraging sooner at temperatures within their
thermal optima, but Round Goby began foraging 2-4 times faster
than White Sucker, exhibiting a generally bolder behaviour across
individuals. Studies on personality have shown that fishes in
temperatures closer to thermal optima were bolder and
commenced feeding three times sooner than fishes held at lower
temperatures (Theodorou et al., 2012).

There is a clear interactive effect between temperature and
velocity on the response of fish foraging behaviour observed in
our study. At 25 °C, there is a clear decline in Round Goby
behavioural foraging activity traits of attacks, time spent foraging,
and length of foraging intervals with increasing velocity (Figure 4).
However, at 22 °C, the highest levels of activity are found at flow
velocities of 0.3 m/s, providing further evidence of a thermal
optimum existing at 22 °C for Round Goby. At the highest
velocity treatment of 0.6 m/s, Round Goby had difficulty
maintaining position in the stream and spent more time among
refuge substrates and less time foraging. These results could suggest
that velocity tolerance of Round Goby may limit its ability to have
substantial impacts on native prey abundance in high flow velocity
areas (e.g. riffles). The effect of temperature and flow velocity
interactions are less clear for White Sucker, although we did find
a higher velocity tolerance, as expected. Most studies examining the
influence of velocity on the foraging activity of fishes is restricted to
drift-feeding salmonid species (e.g. Piccolo et al., 2008; Bozeman
and Grossman, 2019a; Bozeman and Grossman, 2019b) rather than
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active foraging species like Round Goby and White Sucker, limiting
comparison of these results due to differences in energy allocation
between the foraging strategies. As the first study to investigate the
interactive effects of temperature and flow velocity on the behaviour
of active foraging species, it is clear that species’ flow velocity
tolerance is a good predictor of species performance. Interactive
studies regarding elevated temperature and CO, on fish behaviour
suggested that long-term acclimation and adaptation potential may
play a role in future responses (Nowicki et al., 2012), although it
unlikely these mechanisms will function similarity with velocity as
flow tolerance is linked to morphology and physiology (e.g.
endurance and swimming ability).

Although we size-matched the individuals in each treatment to the
best of our ability, the Round Goby were consistently larger than White
Sucker and biomass was a significant covariate in each model. These
results are consistent with other studies that found body size affected
prey consumption and foraging in native and invasive species (Lee and
Johnson, 2005; Rehage et al., 2005; Como et al., 2014). The positive
relationship between biomass and foraging (prey consumption and
behaviour) suggests an influence of higher metabolic demands. While
the species sizes were different, with Round Goby being larger,
individuals from both groups were collected from the same stream
and time period. Thus, the size disparity would reflect the individuals
interacting in natural stream conditions biologically relevant to species-
interactions outside laboratory conditions. The higher prey
consumption of the Round Goby and more aggressive behaviours,
given their larger size, in stream environments could suggest an
advantage over the native White Sucker.

The utilization of GAMs in this analysis allowed for the
assessment of the non-linear feeding and foraging behaviour trends
observed. As with all statistical models, GAMs have limitations,
principally the flexibility of GAMs can lead to overfitting of data.
Therefore, proper parameterization and model evaluation are
necessary to ensure the interpretation is statistically robust.
Additionally, low sample sizes or replicates may not capture the
full suite of phenotypes to the treatments. However, given replicates
in the literature on feeding studies are often not large (often ranging
from 3 to 20, Taniguchi et al., 1998; Alexander et al., 2014; Bozeman
and Grossman, 2019a; Reid and Ricciardi, 2021) to balance the
number of animals needed to draw conclusions and experimental
effort. We feel confident that the number of replicates produced in
this work are sufficient to demonstrate the difference in prey
consumption and feeding behaviour within these two species across
environmental gradients.

This study provides an understanding of the possible predator-
prey interactions of native and invasive stream fishes under
environmental gradients as a proxy for climate change. Further
understanding of the impact of Round Goby and interactions with
trophically similar species like White Sucker should be explored using
a variety of methods including functional response experiments.
While the present study presents novel results regarding the
interaction of temperature and water velocity using a single prey
density, studies have shown that the shape of the feeding response to
environmental contexts vary with prey densities (Dick et al., 2013;
Alexander et al, 2014; Dick et al, 2014). Additionally, further
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understanding of the context dependencies related to other
environmental factors, such as turbidity, and population
characteristics, including density, sex, and sex rations should be
explored. It has been shown that turbidity affects the foraging
strategies of Brook Trout as they switch to energetically costly
methods when turbidity increases (Sweka and Hartman, 2001). The
additional foraging requirements to capture prey will have
consequences on species energy budgets and, ultimately, fitness.

Our study demonstrates the importance of assessing the
interactive effects of ubiquitous stressors (e.g., climate change).
Few experimental studies have been carried out to understand
behavioural change in co-occurring species under climate change.
Our results demonstrate the interactions between environmental
factors, species behaviour, and food consumption. We
demonstrated that competitive dominance of resource use is
skewed in favor of an invasive species as temperature increases.
However, the native species appears to be better suited for these
conditions at higher velocities. These higher-velocity streams within
stream networks might prove to be a refuge for White Sucker and
mitigate competition with the less velocity-tolerant Round Goby.
Our study enhances the current understanding of the interactive
effects of temperature and velocity on the foraging behaviour of
native and invasive stream fishes.
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