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Temperature is highly influential on the physiology and behaviour of ectotherms. In
fish, temperature affects social interactions such as schooling behaviour, a common
defence against predation. However, the effect of temperature on the ability of school-
ing fish to collectively respond to a predator is unknown. Here we used a loom stimu-
lus to simulate an approaching predator that elicited a fleeing response in schooling
fish over a range of water temperatures (9-29°C) and group sizes (1-16 fish). While
speed and acceleration always exhibited a positive curvilinear response to temperature,
the optimal temperature at which performance peaked was different during the preda-
tion threat versus when they were unperturbed. Similarly, group-level metrics were
sensitive to temperature immediately after a loom stimulus but showed no response
to temperature during unperturbed swimming. The time taken for fish to respond to
the loom stimulus was minimal at 20°C. The proportion of fish that startled, during a
loom, peaked at 13°C — around the same temperature at which speed, and acceleration
was maximum. Taken together, our results suggest that ectothermic fish may be able
to compensate for their slower swim speeds at lower temperatures during unperturbed
swimming by increasing their sensitivity to startle in response to a predation threat.
More generally, we show that in ectotherms the qualitative and quantitative effect of
temperature on a behavioural trait may be dependent on the context.

Keywords: behavioral ecology, collective behavior, golden shiners, predation, thermal
ecology

Introduction

Ectothermic animals are especially sensitive to changes in external temperatures com-
pared to endotherms because ambient temperature controls physiological rates in ecto-
therms. Ambient temperature not only affects the growth and development of ectotherms
(Brettetal. 1969, Zuo et al. 2012) but also their movement (Payne et al. 2016). Biological
responses to temperature are often characterized by thermal performance curves in which
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performance (e.g. metabolic rate, development time, move-
ment) increases gradually with temperature, peaks at some
optimum and then decreases rapidly at higher temperatures
(Huey and Stevenson 1979, Angilletta Jr and Angilletca 2009,
Dell et al. 2011, Clarke 2017). Ectothermic species encoun-
ter varying temperatures due to daily and seasonal temperature
cycles, the range and predictability of which may be altered due
to directional changes in climate (Deutsch et al. 2008).

As ectotherms, many aspects of fish behaviour are influ-
enced by temperature. In the presence of predators, guppies
Poecilia reticulata increase both the time spent in predator
inspection and foraging activities at higher temperatures than
at lower temperatures (Weetman et al. 1998). Additionally,
there is evidence for behavioural regulation of activity levels
as water temperatures rise. For example, the routine swim-
ming speed of juvenile walleye pollock Gadus chalcogrammaus
decreases as temperature increases, but their maximum swim-
ming speed increases as temperature increases (Hurst 2007).
This suggests a behavioural rather than physiological regula-
tion of their swimming speed.

Temperature also affects fish social behaviour. Some previ-
ous studies have shown that the average nearest neighbor dis-
tances increase (fish become more dispersed) with increasing
temperature (Hurst 2007, Bartolini et al. 2015, Colchen et al.
2017), but this is not always the case as Weetman et al. (1998)
found that average nearest neighbor distance was higher for
guppies at 22°C than at 26°C. The contrasting results of
these studies suggests either non-monotonic, or taxon-spe-
cific, behavioural responses to thermal conditions and merits
further investigation.

Schooling is a wide-spread behaviour in fishes that yields
a tradeoff of fitness benefits and costs. Schooling helps fish
to avoid predation, forage, navigate, find mates more easily
and, conserve energy by exploiting hydrodynamic factors and
offers protection from predators (Krause et al. 2002, Ioannou
2017, Berdahl et al. 2018, Li et al. 2020, Polyakov et al. 2022).
However, schooling can incur costs, including increased
intraspecific competition for food (Polyakov et al. 2022) and
increased parasites and disease transfer (Walsman et al. 2022).
The size of the group can influence the behaviour of individual
fish within that group. For instance, Gil and Hein (2017a)
found that each fish spends less time feeding when fewer fish
are present. However, given the abundance of factors promot-
ing and discouraging grouping listed above, the effect of group
size on the behaviour of fish is context specific. Group size and
temperature both influence fish behaviour and are biotic and
abiotic factors, respectively. Considered together, group size and
temperature may create a multi-stressor effect on the behaviour
of fish, with unknown interactions between these factors.

Since schooling is one of the primary ways in which many
fish species avoid predation (Foster and Treherne 1981,
Ioannou 2017), and schooling is ultimately driven by the
movement of individual fish, there is a need to understand
how temperature affects the ability of prey fish to collectively
escape from a predator. Moreover, fish can be preyed upon
by endotherms, whose performance may be much more
robust to changes in temperature, creating an asymmetry in
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performance with changing temperatures that shape ecologi-
cal interactions (Grady etal. 2019). Thus, thermally-mediated
changes in ectotherms’ individual and collective responses to
predation may be critical to their survival and fitness.

We addressed the knowledge gap of how water temperature
and group size affect the behaviour of schooling fish both dur-
ing unperturbed swimming and during response to a potential
predation event. We simulated predation events with looming
stimuli and quantified fish behaviour via automated tracking
of overhead videos. We hypothesized that: 1) following simu-
lated predation events, many responses relevant to escape (e.g.
speed, acceleration and proportion of individuals that startle)
would exhibit a positive curvilinear response to temperature,
indicating an optimal temperature for predation response;
2) during unperturbed swimming, speed and acceleration
would follow a similar positive curvilinear response to tem-
perature, but it would be attenuated, since fish would be less
likely to push their performance limits in non-life-threatening
situations; 3) collective behavioural traits like average near-
est neighbor distance exhibit a positive curvilinear response
to temperature during unperturbed swimming as well as fol-
lowing simulated predation events; and 4) there would be an
interaction between the effect of group size and the effect of
temperature on fish behaviour during a predation threat.

We used golden shiners Notemigonus crysoleucas, a small
cyprinid fish species, as they have been used in other collec-
tive behaviour experiments (Katz et al. 2011, Berdahl et al.
2013, Polverino et al. 2013), including those on collective
escape responses (Rosenthal et al. 2015). Golden shin-
ers aggregate when faced with risk of predation in the wild
(Johannes 1993), which renders them ideal to study col-
lective escape responses. In Missouri, where our fish were
sourced, water temperatures in golden shiner habitat ranges
from 2 to 25°C and is approximately 15°C when golden
shiners spawn (Supporting information). By the peak of
winter, water temperatures are as low as 2°C. We chose
experimental water temperatures of 9-29°C to reflect the
large range of temperatures golden shiners experience and
to study how warmer temperatures will affect their ability to
escape predators.

Studies of golden shiners in the wild observed single spe-
cies shoal size from 6 to 110 individuals with a mean of 31
(Krause et al. 1998). While group sizes are highly variable in
the wild, they tend to be distributed either exponentially or as
a power-law, and in each case the mode of the distribution is
at small group sizes (Bonabeau et al. 1999). We chose group
sizes of 1, 2, 4, 8 and 16 fish which span a 16-fold range in
increments of 27, which is thought to be distinguishable by
fish (Wong et al. 2007).

Material and methods

Study system

We obtained juvenile golden shiners from Welpman Springs
Goldfish Hatchery, in Stover, MO, USA, and transported
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them to the laboratory at Saint Louis Univ. in St. Louis,
MO, USA. In the laboratory, the fish were housed in
approximately equal numbers in 24 aquaria, which we will
call housing tanks, with dimensions of 60 X 30 X 40 cm
and a maximum volume of 72 L. Fish were fed a uniform
commercial fish food (Purina Aquamax Premium Fish Food)
daily and leftover food was removed after each feeding ses-
sion. Approximately a quarter of the water in each housing
tank was replaced every day with new dechlorinated water
matching the temperature of the housing tank to remove
nitrogenous waste. We tested the concentration of nitroge-
nous waste products (ammonia, nitrite and nitrate) approxi-
mately every 48 h using commercial test kits (API brand).
Concentrations of ammonia and nitrite were maintained
at undetectable levels and the concentration of nitrate was
maintained at five ppm or less according to our tests. We
also treated each tank with the instructed dose of Seachem
‘Prime’, a commercially available product designed to neu-
tralise the toxicity of all three forms of nitrogenous waste in
aquariums and aquaculture systems. We maintained a pH of
7.2 in each tank and light was provided on a 14L:10D cycle,
matching the approximate conditions of the hatchery during
the boreal summer. To avoid fish becoming acclimatised to
looming stimuli, the housing tanks were covered on all sides
by white curtains, which were only drawn for feeding and
tank cleaning.

Water temperature in the housing tanks was controlled
by aquarium chillers (JB] 1/10 HP Titanicum Arctica
Chiller DBA-075) and for warmer housing tanks also heat-
ers (EHEIM Jager Aquarium Thermostat Heater 100W).
Supplemental water circulation and aeration was provided by
a small aquarium air pump (100 1 h™") connected to each
housing tank. When the fish first arrived, all housing tanks
were set to 15°C (the approximate water temperature at the
fish hatchery). Water temperature was then increased or
decreased by < 3°C per day until the desired final tempera-
ture for that housing tank was attained. The final six tempera-
tures ranged from were 9 + 0.6, 13 + 0.4, 17 + 0.4, 21 =
0.3, 25 + 0.3 and 29 + 0.3°C, with four housing tanks per
temperature. The maximum temperature was lower than the
temperature at which heat stress is observed in golden shiners
(34°C) (Chen et al. 2003). All fish had two weeks to accli-
mate in the lab, of which at least one week was at their final
acclimation temperature. Experiments were conducted over
two weeks in July—August 2019. The body length (estimated
by considering the median of the diagonal of the images asso-
ciated to each individual (Romero-Ferrero et al. 2019)) of a
subset (33) of the fish were measured by idtracker.ai for which
the mean was 4.03 & 0.29 cm. See the Supporting informa-
tion for median body length of fish in each combination of
group size and temperature.

Experimental design and procedure

We used a factorial design in which we independently var-
ied water temperature and group size (number of fish). We
investigated the five different group sizes at each of the six

temperatures (listed above), for a total of 30 different treat-
ments. We performed 10 replicates of each combination of
water temperature and group size, for a total of experimental
300 trials. Within each replicate/trial the fish were presented
with five evenly spaced replicate loom stimuli (Fig. 1c¢), such
that in total we had response data from 1500 looms.

Trials took place simultaneously in six approximately
square (46 X 47 cm), shallow (- 5 cm water depth) experi-
mental arenas (Fig. 1). The shallow arenas constrained the
fish to move in mostly two-dimensions, greatly simplifying
our ability to track movement with a single camera from
above. Each experimental arena was situated in a larger (110
X 75 X 30 cm) water bath, in which the water was controlled
by either 1) a chiller (temperatures < 21°C), 2) a chiller and
heater (temperatures > 21°C) or 3) the ambient room tem-
perature (21°C). These experimental arenas were filled with
water from the housing tanks prior to the experiments and
the temperature in each arena was recorded with aquarium
thermometers to ensure that water temperature did not vary
more than 1°C.

Each experimental arena was backlit by an infra-red (IR)
LED panel and trials were filmed from directly above with
an IR light sensitive video camera (Basler acA1300-60-gm-
NIR). An electronic tablet (YUNTAB, 10.1 inch) was placed
beside each arena with the bottom edge of the tablet one
inch above the arena and tilted down at an angle of 10-15°.
Additional, visible-light cameras (Basler acA1300-60-gm-
NIR without the IR pass filter) were placed beside the arenas
facing the screens to record the loom stimulus. To make the
loom stimuli more apparent, the lights in the experimental
room were dimmed so that the surface of each experimen-
tal arena was approximately 400 lux (measured with a light
meter). This 400 lux light level corresponds to sunrise/sunset
conditions — times of heavy activity for golden shiners, which
are crepuscular.

During the experiments, the electronic tablets displayed a
video featuring a series of loom stimuli that had been gener-
ated using the R package loomeR (Carey 2019). Each loom
stimulus consisted of a black disk increasing in size at an
increasing rate that simulated an object (predator) approach-
ing at 500 cm s7". This method has been used previously (Dill
1974, 1990) and allowed us to control the timing and speed of
approach of the ‘predator’. The loom video began with a ten-
minute pre-looms period that we used to quantify the base-
line fish behaviour. This was followed by a series of five looms
events each spaced three minutes apart, allowing ample time
for the fish to resume normal activity (Gil and Hein 2017b).
Each trial lasted for about thirty minutes with recording being
stopped five minutes after the final loom (Fig. 1¢).

The order of trials was randomised to reduce any influence
of the timing of a trial. We randomly assigned group sizes to
each of the six experimental arenas. To transfer the fish from
the housing tank to the experimental arena, we first filled
portable containers with water from the housing tank. We
then transferred the desired number of fish from the housing
tank to the container with a net. We then transferred the fish
along with the water to the experimental arena. Once fish
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Figure 1. Experimental overview. (a) Schematic of one of our six experimental setups. Each experimental arena was contained in a larger
water bath to help with temperature control. Experiments were recorded using a near-IR camera positioned directly above the experimental
arena. A loom stimulus was displayed periodically on an electronic tablet located above the surface of the water on one side of the arena,
but angled downward. A second camera recorded the tablet so we could synchronize the timing of the loom with the fish tracking. (b)
Trajectory of each fish during a single loom event. Each trajectory is constructed with a marker every 0.033 s, so that the distance between
the markers is proportional to body speed. The dotted section of each trajectory indicated the fish is moving fast after being startled (either
by the loom directly, or by other fish in the arena). The polygons indicate the convex hull area of the group three times during the event
(pre-looms, loom, post-loom). (c) An example of a time series of body speed of each fish in the group during one trial, showing startles
during each stimulus. We define unperturbed swimming as the pre-looms period which occurs before any loom stimulus. The black circles
indicate loom events, with each experimental trial consisting of five loom stimuli separated by three minutes. (d) Each line represents the
convex hull area of a school of fish during a single loom event. The time axis is re-scaled for all loom events, so that 0 s coincides with the
end of the loom stimulus. ‘Loom’ is defined as the period from —1.67 s to 1.67 s. Post-loom’ is defined as period from 1.67 s to 5 s after
the end of the loom stimulus. The loom stimulus started growing at frame —10 s and increased in size at a rate that mimicked an object
approaching at a constant speed (500 cm s7").

were in the arenas, the curtains that separate the experimental  through an experimental trial. No individual fish was used in
arena from the rest of the lab were drawn and the fish were  the experiment more than once. All experimental trials were
allowed to acclimate for 20 min. Following this, the loom  conducted between 9:00 and 19:00.

video on cach tablet was started and we commenced filming,

signifying the beginning of one experimental trial. At theend  Figh tracking

of the trial, we transferred all the fish to a portable container

with a net and then transferred them to a different housing ~ Overhead video recordings of the experimental trials were
tank to keep them separate from fish that have not yet been  converted to pseudo 2D trajectories using idtracker.ai, which
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allows tracking of large number of unmarked animals using
deep neural networks to maintain identities and prevent error
propagation after crossovers (Romero-Ferrero et al. 2019).
Distance-related metrics, such as speed and acceleration,
were scaled by the body length (BL) of the fish (Romero-
Ferrero et al. 2019). All the videos used for analyses had a
tracking accuracy above 98%, which is calculated by idtracker.
ai based on the average probability of assigning an identity to
the fish. While idtracker.ai performed well with detections, in
videos with larger group sizes there were occasional temporary
mismatches in identities, which resulted in artificially elevated
spikes in velocity and acceleration when idtracker.ai corrected
these swapped identities. In order to avoid incorrectly classify-
ing these spikes in kinematic variables as real fish movement,
we created a filter that removed all frames in which the speed
or acceleration were above a certain threshold. Since mis-
matched identities do not occur in videos with a single fish,
the threshold was determined by the maximum speed (30 BL
s7!) and maximum acceleration (3338 BL s72) in all the single
fish videos. The sensitivity of our models to these thresholds
were determined in all our analyses. 75 videos were excluded
from analyses due to tracking failures (n=38), fish/debris in
water bath (n=19), dropped frames and corrupted video files
(n=10) or fish jumping from the experimental arena (n=38).
We were left with 225 videos with approximately 113 h of
recording in total. See Table 1 for the total number of trials for
each combination of group size and temperature.

Behavioural metrics

We calculated all behavioural parameters using the trajectory
data output from idtracker.ai and the trajectorytools package
in Python (Romero-Ferrero et al. 2019). We examined the
relationship between temperature and various behavioural
metrics during two different types of movement. The first type
of movement was unperturbed swimming, for which we used
the data from the ten-minute period before any loom stimulus
was presented to the fish, also known as the pre-looms period
(Fig. 1c). The second type of movement was the predation
threat escape, which we further divided into two phases. The
first phase was during the loom stimulus (—1.67 to 1.67 s)
and the second phase was after the loom stimulus or post-
loom (1.67-5 s) (Fig. 1b). In both the unperturbed swimming
and predation threat escape, we measured several individual
movement and collective spatial metrics that we list below.

Table 1. Total number of trials for each combination of group size
and temperature.

Number of trials

Group size
Temperature 1 2 4 8 16
29 8 9 8 7 7
25 7 6 6 6 9
21 6 8 6 6 6
17 4 9 8 9 9
13 6 8 9 7 7
9 7 8 10 10 9

We explored how the 99th percentile of speed and accel-
eration changes as a function of temperature. We also cal-
culated the mean and median speed and acceleration of all
fish over all frames, but found that the 99th percentile better
captured performance limits (Gannon et al. 2014), without
being sensitive to thresholds (30 BL s™', 3338 BL s~ respec-
tively) that we used to eliminate tracking errors. Since this
was an estimate of the maximum speed/acceleration, hence-
forth, we refer to the 99th percentile of speed/acceleration
as the maximum speed/acceleration. Maximum speed is a
measure of swimming performance that determines how fast
the fish can get away from the predator, but how quickly
a fish can accelerate to that speed also influences the out-
come of the interaction (Walker et al. 2005). We also exam-
ined the role of temperature on several collective behaviour
metrics of a school during both unperturbed swimming and
predation threat escape. The first collective behaviour trait,
local polarization, is a measure of alignment of swimming
direction between the focal individual and its nearest neigh-
bor ranging continuously from 0 (when fish are swimming
in perpendicular directions) to 1 (when fish are swimming
in parallel directions). Secondly, we considered the average
distance between the focal individual and its nearest neigh-
bor, known as average nearest neighbor distance (ANND).
Finally, we quantified the convex hull area, which is the area
of the smallest polygon enclosing all the fish in the group.
Convex hull area and ANND are complementary mea-
sures of the spatial distribution of fish. For example, if fish
are distributed in several clusters around the experimental
arena, ANND will be small but the convex hull area will be
large. In addition to the parameters listed above, we mea-
sured two parameters specific to the predation threat escape
behaviour. Since the time taken to respond to a threat is an
important factor in escaping predators, we measured latency
of response, which we defined as the time between the end
of the loom stimulus and the first fish in the experimental
arena to exhibit an escape response. Fish often startled before
the end of the loom, so this metric had potentially negative
values. The probability of responding to a predation threat is
also an important factor that determines survival, and so we
calculated the ’startle probability’ which we defined as the
proportion of individuals in the group that startled during
the loom. Latency and probability to startle are both impor-
tant but complementary parameters that determine the out-
come of predator evasion. For example, if a fish has a high
probability of responding to predation threats but takes a
long time to respond, the chances of evading a predator are
low. For both latency and startle probability, we defined a
startle response to occur when an individual’s speed exceeded
a threshold of 10 BL s™'. We examined the sensitivity of our
results to the startle threshold (10 BL s7'), speed thresh-
old (30 BL s7') and acceleration threshold (3338 BL s72).
However, our results were largely insensitive to the specific
value of these thresholds. Sensitivity analysis can be found in
the Supporting information.

Since in each trial the unperturbed swimming occurred
before the predation threat (Fig. 1c) the differences between
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unperturbed swimming and predation threat escape are
potentially confounded with time. However, we examined
the effect of temperature on all the behavioural metrics
immediately before each loom stimulus (—11.67 to —10 s)
and found the same results as the effect of temperature on
unperturbed swimming. Thus, we used the period before any
loom stimulus as the unperturbed swimming phase, since it
had more data and loom number was not a significant predic-
tor in these models.

Statistical methods

We used linear models (LMs) (www.r-project.org) to inves-
tigate the effect of temperature, the effect of group size and
the interaction between temperature and group size on each
behavioural metric described in section (d), during both
unperturbed swimming and behaviour following a predation
threat stimulus. Since performance traits in ectotherms gen-
erally show a curvilinear response to temperature (Huey and
Stevenson 1979, Angilletta Jr. and Angilletta 2009, Dell et al.
2011, Clarke 2017), we also included a nonlinear temperature
term (temperature?) as a covariate in all the statistical models.

Unperturbed swimming

The general form of the equation we used for all behav-
ioural metrics during unperturbed swimming is given in
Eq. 1. We examined the residuals for heteroscedasticity and
nonlinearity (<www.r-project.org>, Gelman and Su 2020)
and we transformed the response variable when appropriate
(Venables and Ripley 2002) as shown in Table 2. We also
log transformed the group size variable in all the models. In
addition to investigating the effect of temperature and group
size on unperturbed swimming behaviour, we also examined
whether group size mediates the way temperature affects
behaviour by testing a model with an additional interaction
term between temperature and group size (Eq. 2). We used
a likelihood ratio test (LRT) (Zeileis and Hothorn 2002) to
determine if the inclusion of the interaction term improved
the fit of our model. If the p-value of the LRT was < 0.05, we
used the more complicated model with the interaction term
to make predictions for that behavioural metric and to test
for the significance of each of the parameters. We examined
normality using Q-Q plots (Wilk and Gnanadesikan 1968).
For all the models used on unperturbed swimming, the errors
were normally distributed. We used these models to make
predictions with 95% confidence intervals to visualize the
relationship of the behavioural metrics with temperature.

Behaviour, = B, + B, Temperature, + B, Temperature, N

+B; log, (Group size;) + €,

Behaviour, = B, + B, Temperature, + B, Temperature,
+ B, log, (Group size; ) + B, Temperature;,  (2)

x log, Group size, + ¢,

Page 6 of 13

Predation threat

For behaviour following a predation threat stimulus, in
addition to temperature and group size, we investigated
the effect of loom number on different behavioural metrics
(Eq. 3). We examined normality using Q-Q plots (Wilk and
Gnanadesikan 1968). All the errors were normally distrib-
uted for all behavioural metrics except for proportion of
individuals that startled. Since the data for proportion of
individuals that startled were proportions (between 0 and
1), we used generalized linear model (GLM) with binomial
distribution and logit link function (logistic regression).
We used Pearson’s X* for goodness of fit to test whether
the GLM was correctly specified (Pearson 1900). We used
residual plots to examine for heteroscedasticity and non-
linearity for all the models except for logistic regression
where we used binned residual plots (<www.r-project.org>,
Gelman and Su 2020). We transformed the response vari-
able when appropriate (Venables and Ripley 2002) as shown
in Table 2. Since latency was the only behavioural metric
for which we could easily determine errors caused due to
tracking by watching the videos, we investigated influential
points with Cook’s distance (Cook 1977, Faraway 2016).
We removed four influential points after the raw videos
proved that they were affected by tracking errors. Similar
to unperturbed swimming, we also included the interac-
tion term between group size and temperature and used
the more complicated model with the interaction term for
predictions and significance of parameters, if the value of
the LRT was < 0.05. For maximum acceleration during the
loom, we used Eq. 4 since that model performed better than
the model without the interaction term. We used Eq. 4 to
make predictions with 95% confidence intervals to visualize
the relationship of these two behavioural metrics with tem-
perature and to test for the significance of each parameter.
For all other behavioural metrics under predation threat, we
used Eq. 3 to make predictions and test for significance. The
R? value for each model and the significance of each pre-
dictor variable is shown in Table 2 (<www.r-project.org>,
Zhang 2021).

Behaviour, = B, + B, Temperature, + 3, Temperature,

3
+B; log, (Group size; ) + f,Loom; + ¢, 3
Behaviour, = B, + B, Temperature, + B, Temperature;
+B; log, (Group size; ) + ,Loom, (4)

+ BsTemperature; x log, (Group size; ) +¢;

We also tried an alternate statistical modeling approach where
we used different candidate models for each behavioral met-
ric and chose the best fitting model using AIC (Supporting
information). Since there were minimal differences between
the results of both modeling approaches, we ultimately used
the results of the simpler approach with the same model for
all behavioural metrics.
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Results

Unperturbed swimming

Individual behaviour

Temperature was the only significant predictor of maxi-
mum speed during the unperturbed swimming phase
(Table 2). The maximum swimming speed had a positive
curvilinear relationship with temperature, with the peak
speed occurring at 28°C (Fig. 2a, Table 2). In contrast,
only group size was a significant predictor of maximum
acceleration during the unperturbed swimming phase.
Although the effect was not significant, the maximum
acceleration had a positive curvilinear relationship with
temperature with the peak approximately 26°C (Fig. 2a,
Table 2). While the same relationship was observed for
all group sizes, the intercept decreased for larger group
sizes (Table 2). The mean and median of acceleration also
exhibited a positive curvilinear relationship with tempera-
ture (Supporting information).

Collective behaviour

We did not observe a significant effect of temperature on
average nearest neighbor distance, convex hull area or polar-
ization during the unperturbed swimming portion of the tri-

als (Table 2).

Predation threat

Individual behaviour

Temperature, temperature?, group size and loom were all
significant predictors of maximum speed during the pre-
dation threat (Table 2). The maximum speed during the
loom stimulus had a positive curvilinear relationship with
temperature with the maximum at approximately 12°C
(Fig. 3a, Table 2). While the same relationship was observed
for all group sizes and looms, the intercept increased with
higher group sizes and decreased with subsequent looms
(Table 2). The optimal temperature at which speed was
maximum during an escape response (12°C) was much

—_—
Q
A

)]

Maximum speed (BL/s)
N I

9 13 17 21 25 29
Temperature (°C)

lower than the temperature at which speed peaks during
the unperturbed swimming phase (28°C) (Fig. 2a, Table 2).
In addition to temperature, temperature?, group size and
loom, the interaction between temperature and group size
was also a significant predictor of maximum acceleration
during the predation threat (Table 2). Maximum accelera-
tion had a positive curvilinear relationship with temperature
and reached a maximum at 13-16°C (Fig. 3b), which was
10-13°C lower than the optimal temperature during unper-
turbed swimming (Fig. 2b, Table 2). As group size decreased,
the optimal temperature at which maximum acceleration
peaks during predation threat increased (Fig. 3b). For group
size=1, the optimal temperature was approximately 16°C,
which was still 10°C lower than the optimal temperature
during unperturbed swimming (Fig. 2b). While the same
relationship between acceleration, temperature and group
size was observed for every loom, the intercept decreased
with subsequent looms (Table 2).

As shown in Table 2 temperature, temperature* and
group size were significant predictors of latency. Latency
exhibited a negative curvilinear relationship with tempera-
ture and had a minimum at approximately 20°C. Although
we observed the same relationship with temperature for all
group sizes, the intercept decreased with increased group
size (Table 2). temperature, temperature’ and loom were
significant predictors of the proportion of individuals star-
tling during the loom stimulus (Table 2). While the pro-
portion of individuals startling had a positive curvilinear
relationship with temperature with a maximum at approxi-
mately 13°C (though this exact value varied slightly with
the startle threshold as shown in the Supporting informa-
tion), we did not observe an effect of group size (Fig. 3d,
Table 2). While the same relationship held for all loom
stimuli, the intercept again decreased for subsequent
looms, suggesting an acclimation to the loom stimuli or

learning (Table 2).
Collective behaviour

During the post-loom period, the average distance between
individuals and their nearest neighbor decreased as group

(b)

Groupsize
1
2
4
8
16

200+

100+

Maximum acceleration (BL/s?)

9 13 17 21 25 29
Temperature (°C)

FiFure 2. Individual behaviour during unperturbed swimmin%_ (a) Maximum speed and (b) maximum acceleration had a positive curvilinear
re i

ationship with temperature but with the peak towards the

Page 8 of 13

ghest temperatures in this range. The same legend holds for both figures.

ASULOI'T suowwoy) 2Anea1) dqesrjdde oY) Aq pauIoA0S are sa[oNIe () SN JO sa[NI 10J KIRIqIT SUIUQ A[TAY UO (SUOTIPUOD-PUE-SULIA)/ WO KA[IM° ATeIqijaur[uo//:sdny) suonipuo)) pue swa [, 9yl 23S “[zz0z/11/01] uo Areiqry aurjuQ A3 ‘[0oyas Ansioarun) uoiurysepy q 70760 M10/11 11 01/10p/wod Ka[im° Areiqrjaurfuo//:sdny woiy papeoiumod ‘0 ‘90,0009 1



—_
Q
—r

Groupsize

~
(]
o

500

250+

Maximum speed (BL/s)
Maximum acceleration (BL/s?) g

9 13 17 21 25 29
Temperature (°C)
(c) - (d)
1.0+
[%)
©
=}
= i)
2 =
z 28
g 5E05
© cH
- S
£
o
Q.
o
a
0.0
9 13 17 21 25 29 9 13 17 21 25 29

Temperature (°C) Temperature (°C)

Figure 3. Individual behaviour during the predation threat. (a) Maximum speed and (b) maximum acceleration during the loom stimulus
exhibited a positive curvilinear relationship with temperature. However, the value of that optimal temperature at which acceleration peaked
varied with group size. (¢) Latency (reaction time in seconds after end of loom) also exhibited a minimum at an ostensibly optimal tempera-
ture. (d) The proportion of individuals that startled peaked at an optimal temperature. The same legend holds for all four figures.

Although the model with local polarization explained
less than 5% of the variance in our data, we found that

size increased and as temperature increased (Table 2). The
interaction effect of group size and temperature was also

significant and there was a reduced effect of temperature
on ANND in larger group sizes (Fig. 4a). We also found
that the convex hull area decreased monotonically as tem-
perature increased (Fig. 4b). While the same relationship
with temperature was observed for all group sizes, the con-
vex hull area increased with increased group sizes (Table 2).

temperature, temperature’, group size and loom were sig-
nificant predictors of local polarization (Table 2). Local
polarization was minimum at 19°C (Fig. 4c, Table 2)
for all group sizes and loom stimuli, although the inter-

cept decreased with increased group sizes and subsequent
looms (Table 2).

a b c
( ) 10! (A) ( ) 1.0 Groupsize
@ 30
— ; g
- 9] —
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= 5 :
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10-1 g 10
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Figure 4. Collective behavior during the predation threat. (a) Average nearest neighbor distance during post-loom phase decreased with increas-
ing temperature. The effect of temperature was less pronounced for larger group sizes as shown by the black curve for group size 16. (b) Convex
hull area of the group during post-loom phase decreased with temperature. (c) Local polarization of the group following a predation stimulus
has a minimum at 19°C. The same legend holds for all three figures, but convex hull area was calculated only for group size 4, 8 and 16.
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Discussion

Context dependence

While the importance of water temperature to the perfor-
mance of freshwater ectotherms has long been recognized,
ongoing and directional changes in climate have elevated the
importance of understanding these relationships due to the
likely novel thermal conditions that will be experienced by
freshwater taxa in the coming decades (Whitney et al. 2016,
Knouft and Ficklin 2017). In our experiments, temperature
had a context-dependent effect on the movement of indi-
vidual fish and the collective dynamics of schools. We found
support for our first hypothesis that traits relevant to escape
would exhibit a positive curvilinear response to temperature.
However, we found that the optimal temperature to escape
from their predators — the temperature at which speed and
acceleration were maximized — was different from their opti-
mal temperature during unperturbed swimming.

During unperturbed swimming, individual speed and
acceleration both increased with temperature, reaching a
maximum only at and beyond 25°C, respectively. This pat-
tern is consistent with the fact that biochemical reaction
rates, and thus metabolic rates increase exponentially with
temperature in ectotherms (Brown et al. 2004). However,
the increase was far lower than predicted by the metabolic
theory of ecology, pointing to the considerable variance that
accompanies macro ecological patterns. This was in sup-
port of our second hypothesis that the effect of tempera-
ture on unperturbed swimming would be attenuated since
fish would be less likely to push their performance limits in
non-life-threatening situations. In contrast to unperturbed
swimming, during a predation threat, individual speed
increased with temperature up to 12°C for speed and accel-
eration increased with temperature up to 13-16°C, after
which these response variables then decreased as temperature
continued to rise. Most studies have examined the influence
of external factors on only unperturbed swimming at the
individual and collective level (Herbert-Read et al. 2017,
Ginnaw et al. 2020). In this study, however, we compared
the unperturbed swimming and escape response. We found
an asymmetry in the effect of temperature between these
two behaviours, demonstrating that the effect of tempera-
ture on one measure of behaviour may not extend to other
behaviours and rates.

Behavioural regulation

Our results are consistent with findings from other species
that activity levels can be regulated by behaviour as tem-
perature changes (O’Steen and Bennett 2003). First, since
temperature affects maximum speed and acceleration dif-
ferently depending on whether the fish are trying to evade
a predator or not, the fish may be behaviourally regulat-
ing their maximum speed or acceleration as opposed to a
physiological change caused due to external temperature.
Second, the proportion of fish that startle during predation

Page 10 of 13

also peaks at 13°C, around the same temperature at which
maximum speed and acceleration of the fish peaks. Speed,
acceleration and probability to startle are also highly cor-
related during predation threat (Supporting information)
indicating that maximum speed and acceleration might be
driven by the probability to startle. For example, the maxi-
mum speed and maximum acceleration are more likely to
be higher when 50% of the fish are startling than if 25% of
the fish are startling. If the trends in speed and acceleration
during predation are being driven by the fish that startle,
then the fish may be compensating for their inability to
swim faster at lower temperatures by being more responsive
to potential threats at lower temperatures. However, there
might be physiological effects of temperature, such as lower

metabolic rate, that are influencing their swimming speeds
below 13°C.

Collective behaviour

In contrast to previous results (Bartolini et al. 2015,
Colchen et al. 2017), we did not observe a significant effect
of temperature on average nearest neighbor distance, convex
hull area or polarization during the unperturbed swimming.
While we did observe a significant effect of temperature on
average nearest neighbor distance during post-loom phase,
the effect of temperature was monotonic and opposite to that
found by Bartolini et al. (2015) and Colchen et al. (2017).
Polarization had a negative curvilinear response to tempera-
ture following simulated predation events. The effect of tem-
perature on all the collective behaviour traits contrasted with
our third hypothesis that the traits would exhibit a positive
curvilinear response to temperature during unperturbed
swimming as well as following simulated predation events.
We also found that ANND and convex hull area decreases
with increasing temperatures after each loom stimulus. These
results add to the existing literature about how temperature
affects social behaviour, but also provide insight on the asym-
metry in the effect of temperature on social behaviour in the
context of predation.

Multistress responses

The presence, decisions and performance of other animals
can act as social information to guide the behaviour of the
focal individual (Doligez et al. 2010). For species that use
social information, the effect of temperature on behaviour
might not be simple extensions of the effect of tempera-
ture on individuals. Maximum acceleration had an optimal
temperature that shifted to a lower temperature for larger
group sizes (Fig. 3b). This supports our fourth hypothesis
that there would be an interaction between the effect of
group size and the effect of temperature on fish behav-
iour during a predation threat. There is growing awareness
about how multiple stressors can have an interactive effect
on animals (Darling and Cé6té 2008) and our study pro-
vides empirical data for the ecology of multistress responses

in fish.
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Dampened response to temperature

Temperature was a significant parameter in most of the
models we fit to the data, however temperature explained
only a modest percentage of the variance. This dampened
response to temperature could be due to the large range
of temperatures throughout the year that golden shin-
ers experience in the Missouri region (Jones et al. 2011,
Knouft et al. 2021). Despite this large range in temperature
tolerance we still found a significant effect of temperature,
suggesting that temperature could have a stronger effect on
fish species with tolerance to a smaller range of temperature.
Another possible reason why we did not observe a stronger
effect of temperature is that we gave the fish at least one
week to acclimatize to the respective temperatures. Beitinger
and Bennett (2000) showed that acclimation can effectively
double thermal tolerance for some species and acclima-
tion played a larger role at lower temperatures than higher
thermal tolerance temperatures. This suggests that future
research should incorporate a wider range of temperatures
range and also test the effects of more abrupt changes in
temperature.

Laboratory conditions

In this study, like in many collective behaviour studies, fish
were restricted to mostly swimming in one plane (shallow
water) to ensure easy detection and tracking of individuals
and easier analysis of the data. Since many animal groups
move in three-dimensional space, more studies have extended
the models to three dimensions. These studies have shown
that many of the qualitative results obtained in 2D also hold
in 3D (Giardina 2008). Additionally, golden shiners are often
found in the littoral zone of shallow lakes (Krause et al. 1996).
Hence, while swimming in shallow water is not uncommon
for this species, it could change their schooling dynamics. In
this study, we found that the optimal temperature for golden
shiners to escape from predators is different from their opti-
mal temperature during unperturbed swimming. Future
research should test this result in wild conditions.

Rate asymmetry

Unperturbed swimming and predator escape responses both
play a major role in determining the strength and outcome
of consumer—resource interactions. Unlike previous work
examining the effects of thermal asymmetries on different
ecological rates (Dell et al. 2014, Amarasekare 2015), our
study reveals evidence of rate asymmetry within the same
species. Differences in thermal sensitivity of different behav-
iours of the same species can affect ecological dynamics and
food web structure. If fish are indeed able to compensate for
lower speeds at lower temperatures, this could indicate more
resistance to temperature changes and a more stable food web
structure (Vallina and Le Quéré 2011). On the other hand,
increasing global temperatures are likely to push prey fish
towards a temperature at which their speed and acceleration

are less than optimal when they are escaping from predators.
Odur results suggest that these changes may be more nuanced
than macro metabolic models, reflecting the variable role
temperature plays across traits and social structures.
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