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Abstract
Indirect effects of predators can manifest themselves as changes in prey behaviour and physiology. Given that digestion requires
energy, it has been suggested that prey will choose to eat smaller meals under predation risk to reserve a larger portion of the aerobic
metabolic scope they have available for energetically demanding tasks more critical than digestion, such as escape. To test this
prediction, we quantified food consumption and growth of juvenile corkwing wrasses (Symphodus melops) over 11 days in the
presence or absence of a predator (Atlantic cod, Gadus morhua). We then quantified behaviour and food consumption of the same
wrasses in behavioural arenas with a predator. All food consumption was examined in the context of the aerobic scope that would
have been available during the digestive period. Overall, there was no effect of predator exposure on food consumption or growth,
yet predator-exposed wrasses were more consistent in their daily food consumption, lending some support to our prediction of prey
bet-hedging on meal size under predation risk. The lack of a clear pattern may have resulted from a relatively low percentage of
aerobic scope (~ 20–27%) being occupied by digestion, such that fish retained ample capacity for activities other than digestion. In
the subsequent behavioural trials, predator-exposed wrasses were more active and spent more time near the cod than predator-naïve
wrasses, suggesting the former had habituated to predation threat and were more risk-taking. Our results highlight the complex and
often counter-intuitive effects that predator presence can have on prey populations beyond direct consumption.
Significance statement
Predators affect the behaviour of prey species by simply being present in the environment. Such intimidation by predators can
change activity patterns of prey and be as important as direct predation for ecosystem dynamics. However, compared to
behavioural changes, we know little about how predators indirectly affect prey physiology. We investigated if fish deliberately
eat less food when a predator is present, in order to retain sufficient physiological capacity for avoiding a potential attack, on top
of the energetically costly process of digesting. While our study confirms that predator encounters reduce prey activity, prey fish
appeared to rapidly habituate to predator presence and we did not see reduced food consumption in predator-exposed fish; these
were, however, more consistent than unexposed fish in their daily food consumption, suggesting that fish may still be mindful
about protecting their aerobic capacity under predation risk.
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Introduction
Predators eat prey. Although this relationship sounds straightforward, the dynamics between animals higher up the food chain
and the species they consume are, in fact, much more complicated. The mere presence of predators in an environment can have
dramatic effects on the behaviour, physiology, and life history of
potential prey (Preisser et al. 2005), including in fishes (Lima and
Dill 1990; Dugatkin and Godin 1992; Hawlena and Schmitz
2010a; Gallagher et al. 2016; Hasenjager and Dugatkin 2017).
Such non-consumptive effects of predators on prey are thought
to be at least as strong as direct consumptive effects, especially in
aquatic systems (Preisser et al. 2005), and can have cascading
effects on prey demographics and ecosystem processes (Preisser
et al. 2005; Hawlena and Schmitz 2010a). An example is the
growth–predation risk trade-off, where the presence of predators
reduces the foraging behaviour of prey species, resulting in reduced growth due to lost feeding opportunities (Lima and Dill
1990; Houston et al. 1993; Brown and Kotler 2004; McPeek
2004; Verdolin 2006). This cost is offset by increased survival
as predators are less likely to detect potential prey when prey are
less active and, similarly, prey are more likely to detect and
respond early to the presence of a predator when they are not
distracted by feeding. Although the growth–predation risk tradeoff is generally supported by the available experimental evidence
(Dugatkin and Godin 1992; Brown and Kotler 2004; Verdolin
2006), some studies have found that prey can maintain normal
growth rates despite reduced foraging activity, due to compensatory changes in their underlying physiology (McPeek 2004;
Thaler et al. 2012).
Predation risk affects the physiology of prey by inducing
stress (Boonstra et al. 1998; Hawlena and Schmitz 2010a;
Sheriff et al. 2009; Boonstra 2013), changing metabolic rate
(Steiner and Van Buskirk 2009; Hall and Clark 2016; Lagos
and Herberstein 2017), increasing oxidative damage (Janssens
and Stoks 2013; Culler et al. 2014; Manzur et al. 2014;
Jermacz et al. 2020), and altering the assimilation of nutrients
(McPeek 2004; Hawlena and Schmitz 2010a, b; Thaler et al.
2012; Dalton and Flecker 2014). The latter is deemed an important mechanism through which prey may compensate for adverse
impacts of predation risk (e.g. reduced foraging opportunities and
food consumption; Hawlena and Schmitz 2010b; Thaler et al.
2012), including compensating for the (transient) increase in prey
metabolic rate that is often observed in the presence of predators
(Steiner and Van Buskirk 2009; Hawlena and Schmitz 2010b;
Okuyama 2015; Hall and Clark 2016; Lagos and Herberstein
2017). Nonetheless, the consequences of predation risk on prey
physiology can be complex and variable (Thaler et al. 2012;
Handelsman et al. 2013; Tigreros et al. 2018), and the growth–
predation risk trade-off may manifest itself via a range of

different physiological pathways. For example, previous work
has found that fish eating relatively large meals benefit from a
higher digestion and growth efficiency, compared to fish eating
smaller meals, but are disadvantaged by the metabolic cost of
digestion (i.e. “specific dynamic action”, SDA; Secor 2009) occupying a larger portion of the aerobic scope available for activities other than digestion (Norin and Clark 2017). Aerobic scope
is the difference between an animal’s aerobic maximum metabolic rate (MMR) and its standard (resting) metabolic rate
(SMR), and represents the capacity to increase oxygen uptake
rate above baseline levels to support energy-demanding activities
(Clark et al. 2013). Therefore, animals should preferentially eat
large meals in the absence of predators (i.e. in an environment
perceived to be safe) to reap the associated growth benefits, but
smaller meals in the presence of predators to conserve a portion
of their aerobic scope in case energetically costly behaviours are
abruptly required to avoid or escape predators.
Here, we tested these ideas in a laboratory setting using juvenile corkwing wrasses (Symphodus melops) exposed to a natural
predator, the Atlantic cod (Gadus morhua). Wrasses, including
S. melops, are common prey for cod (Nordeide and Salvanes
1991; Salvanes and Nordeide 1993). We conducted three sets
of experiments, where we (1) fed wrasses meals of different sizes
and quantified their metabolic cost of digestion (SDA) using
respirometry in the absence of cod; (2) recorded growth and food
consumption of wrasses kept in holding tanks with or without a
cod for 11 days; and (3) transferred wrasses from their holding
tanks to behavioural arenas and quantified their behaviour and
food consumption with a cod present. We predicted that (1) SDA
from larger meals would occupy a greater percentage of the
wrasses’ aerobic scope; (2) predator-exposed wrasses would eat
smaller meals than wrasses held without predators; and (3)
wrasses held without predators would display lower food consumption and activity when acutely confronted with a predator in
a behavioural arena compared to wrasses that had been previously housed with a predator.

Methods
Fish collection and holding conditions
All experiments were performed at the Kristineberg Marine
Research Station, University of Gothenburg, located on the
west coast of Sweden, in June 2017. Juvenile corkwing
wrasses (Symphodus melops) of unknown sex were collected
on June 7–8 using a beach seine pulled by hand in bays of the
Gullmar Fjord near Kristineberg (58° 15′ N, 11° 28′ E).
Wrasses were initially housed in groups of ~ 10 individuals
in laboratory holding aquaria (58 × 30 × 36 cm (length ×
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width × height)) receiving flow-through, filtered seawater
pumped into the station from a depth of 7 m (surface water
supply). Artificial plastic plants were provided to all fish for
shelter. Wrasses were fed live shrimp (Crangon crangon and
Palaemon adspersus) and thawed chironomid larvae (“bloodworms”) ad libitum once every second day. Temperature and
salinity in the aquaria followed natural conditions in the area
(means ± SDs: temperature, 14.9 ± 0.92 °C; salinity, 27.6 ±
2.15 PSU; data from the continuous monitoring system at the
research station, June 7–30, 2017: http://www.weather.loven.
gu.se/kristineberg/en/data.shtml). The photoperiod was set to
18 h light and 6 h darkness to mimic natural conditions,
regulated by small lights on a timer from 06:00 to 24:00 in
both holding and experimental rooms. Additional room
lighting was manually switched on at ~ 08:00 and off at ~
22:00.
Juvenile Atlantic cod (Gadus morhua) of unknown sex were
cage-caught by local fishers in the waters off Lysekil, Sweden, in
June 2017, and brought by boat to the research station. At the
station, the cod were kept in four 1000-L tanks receiving thermoregulated, flow-through, filtered seawater pumped from a depth
of 32 m (deep water supply). The water temperature was increased from 10.7 °C (the natural deep-water temperature at the
time of capture) to a target temperature of ~ 14 °C over a period
of 3 days (actual mean ± SD temperature during cod holding:
13.5 ± 1.15 °C). The cod were fed cooked blue mussels (Mytilus
edulis) and shrimp (Pandalus borealis) once every second day.
Artificial plastic plants and cut plastic pipes were provided in the
tanks for shelter. The light cycle was the same as described for
the wrasses.

Aerobic scope and metabolic cost of digestion
To understand how digestion affects the available aerobic
scope of wrasses, the metabolic rate of 20 individuals (mean
± SD body mass: 3.92 ± 0.94 g) was estimated as the rate of
oxygen uptake (Ṁ O2 ) during and after the postprandial process (SDA), using intermittent-closed respirometry.
The respirometry setup consisted of eight 95-mL (total volume) glass respirometry chambers submerged in a 40-L (water
volume) tank receiving flow-through normoxic surface seawater maintained at 15.4 ± 0.5 °C (mean ± range) and at a
salinity following the natural conditions in the area (mean ±
SD: 28.4 ± 1.71 PSU; June 20–30, 2017). Each respirometry
chamber had an in-line pump (miniature DC pump; Loligo
Systems, Viborg, Denmark) that continuously recirculated
water through the chamber and past an optical oxygen probe
(PyroScience GmbH, Aachen, Germany) in a closed loop of
PVC tubing. The oxygen probe was connected to an oxygen
meter (FireStingO2; PyroScience GmbH, Aachen, Germany)
that recorded the oxygen concentration of the water every 2 s.
Another set of eight miniature DC pumps was controlled by a
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timer and was turned on for 3 min in every 7-min intermittent
respirometry cycle to flush the chambers with clean and
normoxic water from the ambient tank. The decrease in oxygen recorded over the other 4-min closed (sealed) period was
used for calculating Ṁ O2 by multiplying the slope for the
decrease in oxygen concentration over time (mg O2 L−1 s−1)
with the volume of the respirometry chamber after subtracting
the volume of the fish (assuming a fish density of 1 g mL−1).
The day before a respirometry experiment, wrasses were
moved from their holding aquaria and placed in individual
compartments (22 × 12 × 10 cm (length × width × height))
receiving flow-through water at the conditions described
above. After ~ 24 h with no food available, wrasses were fed
between 10 and 60 bloodworms and given about 30–45 min to
eat. All fish were monitored with a webcam to determine
precisely when they started eating. The wrasses were then
gently moved (in a water-filled container) to the respirometry
chambers, and Ṁ O2 recordings were started between 38 and
54 min after the fish had started eating. Any uneaten worms
were counted to calculate the final amount eaten by each individual, which ranged between two and 60 worms. The fish
remained in the respirometry chambers for 38.5‑43.2 h until
Ṁ O2 had plateaued at baseline values, yielding between 330
and 370 Ṁ O2 recordings per fish. We used these recordings to
quantify the wrasses’ specific dynamic action (SDA) responses using a modified version of the SDA script provided
by Chabot et al. (2016). Upon completion of these initial Ṁ O2
recordings, the wrasses were gently removed from the respirometry chambers and placed in a tub with water at the same
conditions as for the respirometry trials. The fish were then
chased by hand for 2 min by an experimenter before being
immediately reintroduced to the respirometry chambers for
another 6–10 Ṁ O2 recordings, of which the highest measurement (the first measurement for all but one fish) was taken to
represent the MMR of the fish (cf. Norin and Clark 2016).
The entire respirometry setup was cleaned with a bleach solution (approximately 1 part bleach in 100 parts water) before
each new respirometry trial (excluding the oxygen probes, which
were cleaned in ethanol). Background (microbial) respiration
was therefore near zero at the start of a trial. The mean of three
background recordings taken at the end of a trial, after removal of
the fish, was used to correct the Ṁ O2 of the wrasses for the
increase in background respiration during the trial by assuming
a linear increase between zero at the start of a trial and the mean
background value at the end of the trial.
The SDA script was used to calculate the SMR of the fish
as the 0.05 quantile of all the Ṁ O2 values for each fish (which
always occurred towards the end of the respirometry trial once
SDA was complete). The script was also used to calculate
peak net SDA (the peak Ṁ O2 during digestion, above SMR),
time to peak SDA (the time to reach peak Ṁ O2 from time of

SDA magnitude (mg O2 g−1)

feeding; corrections for handling effects outlined in the supplementary material), SDA duration (the time it took to complete the SDA response and reach SMR), and SDA magnitude
(the total amount of oxygen used in digesting the meal, i.e. the
area under the SDA curve but above SMR). Aerobic scope
was calculated as the absolute difference between MMR and
SMR.
Out of the 20 wrasses, two had to be excluded from the
final dataset: one because the recirculation pump
malfunctioned during the recording of MMR (meaning that
aerobic scope could not be calculated), and another due to a
loose connection to one of the oxygen probes that resulted in
erratic oxygen recordings, as noted during the experiment.
Final sample sizes are given in Fig. 1. Further details of the
SDA analyses are given in the supplementary material along
with all Ṁ O2 profiles (graphs of Ṁ O2 over time during digestion, annotated with SDA variables; Fig. S1).
The amount of food eaten by each fish was manually
counted and thus not recorded blind at the time of the experiment; the subsequent calculations of each individual’s Ṁ O2
and SDA were done blinded (i.e. without knowing how much
each fish had eaten until after the raw data analyses had been
completed).
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Food consumption and growth in holding tanks in the
presence or absence of a predator
We quantified food consumption and growth of wrasses being
held in the presence or absence of a predator (cod) for 11 days.
Fish were fasted for 24 h before the experiment began.
On the first day of the experiment (June 12, 2017), 24
wrasses from the holding aquaria were weighed and transferred to individual, transparent plastic boxes (18 × 16 ×
14 cm (length × width × height)). Four boxes were placed in
each of six larger holding tanks (glass aquaria measuring 61 ×
40 × 37 cm (length × width × height)) (Fig. S2), three of which
contained a cod (“predator-habituated” treatment; mean ± SD
wrasse body mass: 4.20 ± 0.39 g; mean ± SD cod body mass:
87.0 ± 6.46 g), and three of which did not (“predator-naïve”
treatment; mean ± SD wrasse body mass: 4.04 ± 0.63 g). Each
wrasse box had several ~ 5-mm holes on all sides (see photo in
Fig. S2) to allow water exchange between the box and the
surrounding holding tank. These boxes separated the wrasses
physically from the cod but allowed for both chemical and
visual cue exchange between predator and prey. Each of the
six holding tanks received flow-through surface water and had
an air stone for aeration and four artificial plastic plants. Each
wrasse box also contained an opaque plastic tube for shelter
(9.5 cm long, ∅3 cm). There was no significant difference in
the initial mass of wrasses between the two treatments (t22 =
0.75, p = 0.463).

Fig. 1 Specific dynamic action (SDA) responses of juvenile corkwing
wrasses fed different meal sizes of chironomid larvae (“bloodworms”).
The overall cost of digestion per gram of fish (i.e. the SDA magnitude)
increased with meal size (a; F2,16 = 6.050, p = 0.011, r2 = 0.431; n = 19),
and so did the oxygen uptake rate (Ṁ O2 ) at peak SDA, thus occupying a
larger percentage of the fish’s aerobic scope (AS) at the peak of the
digestive response (b; F1,16 = 6.716, p = 0.020, r2 = 0.296; n = 18).
Shaded areas are 95% confidence bands

To measure food consumption and growth, each wrasse
was initially given 40 bloodworms in the afternoon of the first
day of the experiment, followed by an additional maximum 40
bloodworms if the initial 40 were consumed within 1 h. The
next morning, all remaining bloodworms were siphoned from
each of the wrasse boxes into individual buckets and counted.
This initial trial allowed us to establish 80 bloodworms as the
satiation limit for wrasses of this size. We subsequently gave
each wrasse a total of 80 bloodworms in the morning of each
day. Uneaten bloodworms were siphoned and counted each
morning before the fish were fed fresh bloodworms. Data
from the first feeding event for three wrasses were excluded
due to technical issues preventing us from accurately quantifying food consumption (e.g. we accidentally siphoned bloodworms onto the floor, preventing the data from being included, as some worms could have gone down the drain).
We also quantified the sheltering behaviour of the wrasses
by noting whether individuals were sheltering or not (sheltering defined as more than ~ 90% of the fish being inside the
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shelter) at the time of observation. Visual observations were
made three times on the second day of the experiment (at
approximately 09:00, 15:00, and 18:00), four times per day
on the following 9 days (at approximately 09:00, 12:00,
15:00, and 18:00), and three times on the last day (at approximately 09:00, 15:00, and 18:00) before trials in the behavioural arenas commenced (see next section). The cod were fed
cooked shrimp (Pandalus borealis) every second day.
Temperature and salinity followed the natural conditions of
surface seawater in the area (June 12–23, 2017, means ± SDs:
temperature, 14.5 ± 0.97 °C; salinity, 28.0 ± 2.25 PSU).
Food consumption and sheltering were quantified directly
from each transparent holding tank with the predator visible,
and thus not recorded blind.

Behaviour and food consumption in behavioural
arenas in the presence of a predator
To quantify whether being exposed to a predator or not had an
effect on the behaviour and food consumption of wrasses in
the presence of a predator, we conducted video-recorded behavioural trials in a novel behavioural arena.
Four glass aquaria measuring 60 × 38 × 35 cm (length ×
width × height; water depth ~ 20 cm) were used simultaneously as behavioural arenas (Fig. S3). Each arena was divided
into two sections with a transparent glass plate glued (with
silicone) to the sides of the aquaria with a small (3 mm) gap
at the bottom, allowing for water exchange between sections.
A predator (cod; different individuals than used previously)
was placed in one section of the arena (40 × 38 cm (length ×
width)), with a wrasse placed in the other section (20 × 38 cm
(length × width)). The walls of the aquaria were covered with
a white waterproof paper to prevent fish in the four separate
behavioural arenas from seeing each other. Each of the four
cod had a shelter (opaque plastic pipe; 12.5 cm long, ∅7 cm)
placed at the opposite end of the aquaria to the wrasse section.
Each wrasse section also had a shelter (opaque plastic pipe;
8 cm long, ∅4.5 cm) placed on the opposite side relative to the
cod section. Cod were housed in the behavioural arenas for the
duration of the trials (2 days). Wrasses were placed in the
arenas at the start of a trial and given ~ 6 min to settle (mean
± SD: 5.8 ± 0.8 min), during which time they were video recorded with a USB camera (Kurokesu C1; Kurokesu, Vilnius,
Lithuania) mounted above the aquaria. After this habituation
period, a dish containing 40 bloodworms was added to each
wrasse section at the end opposite from the shelter (dish placement in all four arenas complete within 4 min; mean ± SD: 2.1
± 1.2 min), and the wrasses were monitored for another ~
30 min (mean ± SD: 31.2 ± 1.0 min) before the trial was
ceased and any uneaten bloodworms were counted. Water
temperature and salinity followed natural surface water conditions in the area (June 24–25, 2017, means ± SDs: temperature, 16.3 ± 0.14 °C; salinity, 27.0 ± 0.19 PSU).
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The behavioural videos were analysed using tracking software (ZebraLab; ViewPoint, France). For the wrasses, we
quantified time spent in four zones both before and after the
food was added to the arena: zone 1, within proximity to food
but away from the predator; zone 2, within proximity to food
but close to the predator; zone 3, in or near the shelter but
away from the predator; and zone 4, anywhere along the glass
divider near the predator section but away from the food (Fig.
S3). We also measured latency to inspect the food (defined as
the fish being within ~ 1 cm of the food dish and facing the
food), latency to feed (duration from food addition to consumption of first bloodworm), and percentage of bloodworms
consumed (out of 40). In two instances, a wrasse never
inspected the food and ate nothing; these fish were assigned
the maximum run time of their respective trial after the addition of food (31.2 and 31.9 min) for both latency to inspect
food and latency to feed. For both wrasses and cod, we quantified activity as swimming distance over time before and after
the food was added. For the cod, time spent in two zones was
analysed: zone 1, close to the wrasse; and zone 2, away from
the wrasse (Fig. S3).
Three of the 24 wrasses (two from the predator-naïve treatment, one from the predator-habituated treatment) exhibited
abnormal behaviour (constantly swimming in an atypical
manner at the surface) after being transferred to the behavioural arenas and were therefore excluded from these trials. We
had not observed any abnormal behaviour of these fish while
in their holding tanks, and they do not stand out as outliers in
the data analyses (see diagnostics in data analysis script). The
fish were therefore kept in the analyses of the holding tank
data.
Predator treatment history was known at the time of the
trials; however, the trials were video recorded and the subsequent video analyses were done blinded using automated
tracking software.

Calculation of bloodworm mass
To convert the number of bloodworms eaten by the wrasses
into a percentage of the wrasses’ body mass, we weighed 13
replicates of 80 bloodworms (i.e. 1040 bloodworms in total)
on an analytical balance both before and after drying the
worms for 26 h at 70 °C. From this, we calculated the overall
mean mass of one bloodworm, which was 7.144 mg wet mass
or 3.884 mg dry mass. Herein, we use wet bloodworm mass to
express food consumption as a percentage of fish body mass.

Statistical analyses
All statistical analyses were performed in R v. 4.0.2 (R Core
Team 2020).
The effect of digestion on metabolic rate was examined
with two general linear models (LMs) with either the SDA
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magnitude or the percentage of aerobic scope occupied at the
peak of SDA as the response variable, and meal size (as percent of body mass) and wrasse body mass as predictor
variables.
The effect of predator (cod) presence or absence on wrasse
food consumption and sheltering in the holding tank was examined with two linear mixed-effects (LME) models using the
package lme4 (Bates et al. 2015). p values were estimated
using lmerTest (Kuznetsova et al. 2017). These models included either the amount of bloodworms eaten (percent of
body mass) or the percentage time spent sheltering as the
response variable; treatment (predator present or absent), time
(day of the experiment), and wrasse body mass were included
as predictor variables; fish ID was nested within holding tank
and included as a random effect.
The growth of wrasses was calculated as their specific
growth rate (SGR; % day−1) across their time in the holding
tanks. This was determined as SGR = [ln(BMf) − ln(BMi)] ×
t−1 × 100, where BMf is the final body mass, BMi is the initial
body mass, and t is the time (days) over which the fish were
growing. These data were analysed with an LME with SGR as
the response variable and treatment, mean daily food consumption, and mean wrasse body mass across the growth
period as predictor variables; holding tank was included as a
random effect. We calculated how consistent the fish were in
the amount they ate across the experiment by computing the
adjusted repeatability (Radj, the repeatability after controlling
for fixed effects; Nakagawa and Schielzeth 2010) of meal
sizes using the same model structure as above in the package
rptR (Stoffel et al. 2017). Adjusted repeatability was also calculated for each treatment group separately, without treatment
as a predictor variable. Uncertainty in the repeatability estimates was evaluated by running 1000 parametric bootstraps.
For the behavioural arena trials, the effect of predator treatment (predator-habituated vs. predator-naïve wrasses) on
wrasse activity (distance moved over time), time spent near
vs. far from food and/or predator (i.e. time spent in each of the
four zones of the behavioural arena), and food consumption in
the presence of a predator were analysed with six LMEs.
These models had percentage time spent in a given zone,
activity, or amount of bloodworms eaten in the behavioural
arena as a response variable; treatment, presence of food (before vs. after food was added to the arena), wrasse body mass,
and cod behaviour (time spent close to the wrasse) were included as predictor variables in all models; behavioural arena
number was specified as a random effect.
Latency to inspect food and latency to feed in the behavioural arenas were analysed using two mixed-effects Cox proportional hazards models (COXME) with the package coxme
(Therneau 2020): Latency either to inspect food or to feed was
included as the response variable; treatment, wrasse body
mass, and cod behaviour were included as predictor variables;
behavioural arena number was specified as a random effect.
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Individual fish were censored in these models if they never
inspected the food or never fed.
Model simplification was performed by dropping nonsignificant (p > 0.05) variables sequentially and, at each step,
comparing models using likelihood ratio tests to identify the
best-fit model. Results presented in the text below are modelpredicted estimates for each treatment (predator present or
absent in holding tanks), evaluated at the means of the other
predictor variables in the models using ggpredict in the package ggeffects (Lüdecke 2018). Associated uncertainties are ±
SEs or, for repeatability estimates (Radj), 95% CIs in square
brackets. Graphs show the raw data.

Results
Aerobic scope and metabolic cost of digestion
The total increase in metabolic rate during digestion of a meal
(the SDA magnitude) increased with meal size (LM, effect of
meal size: F1,16 = 8.973, p = 0.0086) (Fig. 1a). Similarly, the
amount of aerobic scope occupied at the peak of the SDA
response increased with meal size (LM, effect of meal size:
F1,16 = 6.716, p = 0.0197), with wrasses fed between 0.4 and
8.4% of their body mass having, on average, between 11.4
and 36.1% of their aerobic scope occupied by the postprandial
process (Fig. 1b).

Food consumption and growth in holding tanks in the
presence or absence of a predator
In the holding tank trials, an average-sized (4.2 g) wrasse ate a
model-predicted meal of 4.4 ± 0.7% of its body mass (predator
present) or 5.5 ± 0.7% of its body mass (predator absent) (26
± 4.0 or 33 ± 4.0 bloodworms, respectively) on the first day of
the 11-day trial (Fig. 2). If the bloodworms had been consumed as one meal, digestion would have occupied an average
23.6 or 27.1% of the fish’s aerobic scope, respectively, at the
peak of the SDA response (based on the relationship
established between meal size and Ṁ O2 at peak SDA; Fig.
1b). Food consumption tended to increase slightly by 0.1%
of the wrasses’ body mass (0.6 worms) per day throughout the
experiment (LME, effect of day: t236.2 = 1.905, p = 0.058),
with no difference between treatments in this increase (supported by the non-significant and dropped interaction; LME,
day × treatment: t233.0 = 0.348, p = 0.728) (Fig. 2a). The overall difference in food consumption between treatment groups
across the 11 days was not significant (LME, effect of treatment: t22.05 = − 1.322, p = 0.200). Specific growth rates also
did not differ between predator treatments (LME, effect of
treatment: t20.00 = 0.487, p = 0.632) (Fig. 2b).
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Fig. 2 Daily food consumption (a) and resulting specific growth rates
(SGR; b) of juvenile corkwing wrasses being held in the presence (red) or
absence (blue) of a predator (cod) in their holding tanks for 11 days.

Diamonds (predator) and circles (no predator) represent data for individual fish. Shaded areas are 95% confidence bands

Individual wrasses were consistent in their food consumption throughout the experiment and across treatments (Radj =
0.360 [95% CI = 0.186–0.519], p < 0.0001). Interestingly,
within treatments, wrasses being held with predators were
more than twice as consistent (repeatable) in the amount of
food they ate each day (R adj = 0.480 [0.226–0.674],
p < 0.0001) compared to wrasses not exposed to predators
(Radj = 0.227 [0.046–0.408], p < 0.0001).
An average-sized wrasse held in the presence or absence of
a predator spent a model-predicted 60 ± 8.1% or 48 ± 8.1% of
its time sheltering on the first day of the 11-day experiment,
respectively. Time spent sheltering decreased significantly
thereafter by 3.9% per day (LME, effect of day: t239.0 =
8.502, p < 0.0001), with no difference between treatments in
this decrease (supported by the non-significant and dropped
interaction; LME, day × treatment: t238.3 = − 1.062, p =
0.289). The overall difference in sheltering between treatments was not significant (LME, effect of treatment: t4.000 =
1.172, p = 0.306).

Predator-habituated wrasses were most active in the behavioural trials (LME, effect of treatment: t40.00 = − 2.734, p =
0.0093), swimming 252 ± 18.6 cm min−1 compared to 179 ±
19.5 cm min−1 for predator-naïve wrasses (Fig. 3).
Predator-habituated and predator-naïve wrasses did not differ significantly in the time they took to inspect the food
(COXME, effect of treatment: z = 1.49, p = 0.14) (Fig. 4a) or
to feed (COXME, effect of treatment: z = 1.01, p = 0.31) (Fig.
4b).
Food consumption in the behavioural arenas also did not
differ between treatments (LME, effect of treatment: t19.00 =
1.100, p = 0.285), with predator-habituated wrasses eating 3.3
± 0.6% of their body mass, while predator-naïve wrasses ate
4.3 ± 0.6% of their body mass. Digestion of this food would
have occupied an average 20.3 or 23.2% of the wrasses’ aerobic scope at the peak of their SDA, respectively (cf. Fig. 1b).

Behaviour and food consumption in behavioural
arenas in the presence of a predator
In the behavioural arena trials, the predator treatment (predator-habituated vs. predator-naïve wrasses) had no effect on the
time wrasses spent near the food, regardless of whether the
wrasses were directly adjacent to the predator section (time in
zone 2; LME, effect of treatment: t38.00 = − 1.548, p = 0.130)
or on the far side of the food dish (time in zone 1; LME, effect
of treatment: t35.76 = 0.523, p = 0.604) (Table 1). However, the
predator-habituated wrasses spent less time in or near the shelter (time in zone 3; LME, effect of treatment: t38.00 = 2.023,
p = 0.050) and more time closer to the predator but away from
the food (time in zone 4; LME, effect of treatment: t37.11 = −
2.294, p = 0.028) compared to the predator-naïve wrasses
(Table 1).

Discussion
Corkwing wrasses exposed to a predator (Atlantic cod) for
11 days ate 20% less than wrasses being held without a predator, but this difference was not statistically significant (p =
0.200) and therefore does not support our prediction that
predator-exposed fish would significantly reduce food consumption compared to fish being held in the absence of predators. We also predicted that a reduction in food consumption
would occur in the presence of predators as a mechanism used
by prey to reserve a larger portion of their aerobic scope for
energetically costly behaviours associated with predator
avoidance and recovery from a possible predator attack.
However, a 20% lower food consumption would only have
reduced the portion of aerobic scope occupied by digestion
from, on average, 27.1 to 23.6% at the peak of the digestive
(SDA) response if the food was eaten as one meal. This suggests that the wrasses would have gained little by reducing
their food consumption, possibly explaining why we did not
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Zone of behavioural arena

Time spent in zone (% of total)
Predatorhabituated

Zone 1 (near food, far from predator) 3.9 ± 0.6
Zone 2 (near food, near predator)
11.5 ± 0.4
Zone 3 (in or near shelter, far
55.6 ± 4.7
from predator)
Zone 4 (far from food and
24.4 ± 4.3
shelter, near predator)

Predatornaïve

*

4.7 ± 0.6
6.7 ± 0.4
69.5 ± 5.0

*

14.1 ± 4.4

observe a stronger response to the presence of a predator.
While reduced food consumption under perceived predation
risk is often reported (Dugatkin and Godin 1992; Benard
2004; Thaler et al. 2012), there are also reports that foraging
does not decrease under predation risk (McPeek 2004).
Similarly, some studies have found that the effects of predators on prey foraging and food consumption are highly context-dependent, for instance, occurring only at certain (high)
temperatures (Culler et al. 2014) or for certain prey sizes
(Veldhuis et al. 2020). Since the SDA response is expected
to be completed faster but has a higher peak at warmer temperatures, thus occupying an increasing portion of aerobic
scope with increasing temperature (Jutfelt et al. 2020), it is

possible that our results would have been different had we
performed the experiment at higher temperatures. Another
possibility is that our prediction of differential feeding in
predator-exposed vs. unexposed fish might hold more strongly in prey fishes that tend to eat large meals rapidly (e.g.
juvenile carnivores) rather than species that graze on smaller
food items, such as the wrasses used here.
Some studies have found that food consumption and
growth can be decoupled in prey when exposed to predators
(McPeek 2004; Steiner 2007; Thaler et al. 2012), because
predator exposure induces a change in the intake, storage,
and/or use of nutrients (Hawlena and Schmitz 2010a, b;
Thaler et al. 2012). However, we found no differences in
growth rate between wrasses being held with or without predators, in line with our results for food consumption. The relatively short duration of our experiments (11 days) may not
have been long enough to detect differences in growth between treatments in this species, although the lack of such

Proportion inspecting food

Table 1 Time spent by wrasses in different zones of the behavioural
arenas (means ± SEs). “Predator-habituated” and “predator-naïve” refer
to the two treatments (wrasses being previously exposed to cod or not in
the holding tanks); there was always a cod present in the behavioural
arenas. The combined values for zones 1, 2, 3, and 4 do not necessarily
sum up to 100%, as these are model-predicted values. Significant differences (p ≤ 0.05) between treatments are indicated with an asterisk

1.0 a
0.8
0.6
0.4
0.2
Predator-naïve
Predator-habituated

0.0

Proportion eating food

1.0 b
Swimming activity (cm min−1)

400
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0.4
0.2
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Habituated

Naïve

Predator treatment
Fig. 3 Swimming activity of juvenile corkwing wrasses in behavioural
arenas with a predator present (behind a glass wall). Larger symbols with
error bars are means ± SEs, while smaller and semi-transparent symbols
represent individual fish. Predator treatments (habituated (n = 11) or naïve
(n = 10)) refer to the two treatments (wrasses being previously exposed to
cod or not in the holding tanks); there was always a cod present in the
behavioural arenas

5

10 15 20 25 30
Time (min)

Fig. 4 Latency to inspect food and to start feeding by juvenile corkwing
wrasses in behavioural arenas with a predator present (behind a glass
wall). The data are shown as the proportion of fish inspecting food (a)
or eating food (b) at a given time since food was introduced to the arena.
“Predator-habituated” (n = 11) and “predator-naïve” (n = 10) refer to the
two treatments (wrasses being previously exposed to cod or not in the
holding tanks); there was always a cod present in the behavioural arenas.
A cross indicates censoring (two fish never inspected and never ate any
food). Shaded areas are 95% confidence bands
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an effect of predators on prey growth rates has also been
reported in several other studies, particularly in experiments
lasting more than only a couple of days (Benard 2004; Van
Dievel et al. 2016). These results suggest that, even if food
consumption and growth are initially reduced under predation
risk, animals, including fishes, often have the capacity for
compensatory growth later on (Maclean and Metcalfe 2001;
Metcalfe and Monaghan 2001), although this may eventually
trade off with lifespan (Inness and Metcalfe 2008; Lee et al.
2013).
We found that wrasses exposed to predators in their holding tanks were more than twice as consistent in how much
food they ate each day, compared to wrasses not exposed to
predators (Radj = 0.480 vs. 0.227, respectively). This interesting result lends some support to our prediction that prey will
adjust meal size to protect their aerobic scope, as inconsistent
meal sizes, including eating a very large meal on a given day,
could compromise aerobic scope on that day; the largest
amount of food eaten in 1 day by an individual wrasse was
14% of the wrasse’s body mass, which would have occupied
an estimated 53% of aerobic scope if eaten as one meal (cf.
Fig. 1b). In comparison, southern catfish (Silurus
meridionalis) require ~ 44% of their aerobic scope at the peak
of SDA to digest a meal corresponding to 16% of the fish’s
body mass; this energetic cost caused a significant reduction
in the catfish’s maximum swimming speed by 14% (Fu et al.
2011; non-fasted treatment group), which could impair escape
from predators (Billerbeck et al. 2001; Lankford et al. 2001).
Temporal consistency in the size of a meal eaten in predator
presence may be an important behavioural adjustment in prey
that warrants further investigation.
In the behavioural arena trials with predators present,
predator-habituated wrasses were more active (Fig. 3) and
spent more time away from the shelter and near the predator
than predator-naïve conspecifics (Table 1). The lower activity
of predator-naïve fish when exposed to a predator is in general
agreement with the findings of other studies. For example,
Trinidadian guppies (Poecilia reticulata) and killifish (Hart’s
rivulus, Rivulus hartii) that infrequently experience predators
in their natural stream habitats decrease activity and hide more
when presented with both live and model predators (Fraser
and Gilliam 1987). Reduced activity under predation risk is
also a common response in many other animal species
(reviewed in Lima and Dill 1990; Laurila 2000; Takahara
et al. 2012). Although lower activity levels are sometimes
associated with reduced foraging opportunities, we did not
observe any measurable cost to reduced activity in terms of
food consumption. In fact, although the difference was not
statistically significant, the more active predator-habituated
wrasses consumed 23% less food than the less active fish from
the predator-naïve treatment during the ~ 30-min behavioural
arena trials. Other predator–prey studies have also shown that
activity levels are unrelated to food consumption, suggesting
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that cautious individuals may gain from being risk-averse
while also not suffering from lost foraging opportunities
(McPeek 2004; Steiner 2007).
Predator-habituated fish also spent more time away
from the shelter and near the predator than predator-naïve
individuals. Although predator inspection is common in
fishes as a way for to assess predation risk (Pitcher et al.
1986; Lima and Dill 1990; Dugatkin and Godin 1992), and
may lead to increased mortality in the prey species
(Dugatkin 1992), our results rather suggest that more time
spent out of a shelter and near a predator reflects habituation to a predator threat rather than risk assessment.
Increased risk-taking behaviour and boldness in predatorexperienced fish is a common observation (Fraser and
Gilliam 1987; Kelley and Magurran 2003; Brown et al.
2005, 2007; Riesch et al. 2009; Sommer-Trembo et al.
2016). However, displaying more risky behaviours may
be costly to the individual as the extra time spent near the
predator may result in a greater mortality risk. Increased
activity also elevates metabolic rate (Speers-Roesch et al.
2018), which, in the absence of compensatory food consumption, points to the more active predator-habituated
wrasses being at an energetic disadvantage.
Why, then, did the wrasses behave as they did? Fish and
other animals have the ability to gauge when a predator is
likely to attack (rather than simply pass by) and respond accordingly by adjusting their behaviour (e.g. freezing) or initiating escape (Stankowich and Blumstein 2005; McGhee et al.
2013; Lagos et al. 2014). Since the wrasses in the present
study were always separated from the cod by a transparent
divider, the prey was never in direct contact with the predator.
The predator-habituated wrasses may have learned this, thus
no longer perceiving the cod as an immediate threat. Such
habituation to the presence of a predator has previously been
found to reduce the perception of fear in prey (Stankowich and
Blumstein 2005). Our results are also consistent with the idea
that prey continuously living in the presence of predators simply have to accept the greater risk, as being chronically scared
and hiding would trade off with foraging and mating opportunities (Lima and Bednekoff 1999; Brown et al. 2005), with
resulting fitness consequences if prey over-respond to predator presence. Overall, our results add to a growing body of
literature suggesting that non-consumptive (indirect) effects of
predators on prey are complex, sometimes counter-intuitive,
and important to consider in the context of behavioural and
eco-physiological research.
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