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Mechanisms of increasing
predation by planktivorous fish
with rising temperature may
explain the temperature–body
size relationships in zooplankton

Piotr Maszczyk 1*, Wojciech Wilczynski 1,2,
Z. Maciej Gliwicz 1, Konrad Leniowski 3,
Marcin Lukasz Zebrowski 1, Jae-Seong Lee 4

and Ewa Babkiewicz 1,5

1Department of Hydrobiology, Institute of Functional Biology and Ecology, Faculty of Biology,
University of Warsaw, Warsaw, Poland, 2Department of Environmental Microbiology and
Biotechnology, Institute of Microbiology, Faculty of Biology, University of Warsaw, Warsaw, Poland,
3Institute of Biology, University of Rzeszow, Rzeszow, Poland, 4Department of Biological Sciences,
College of Science, Sungkyunkwan University, Suwon, Republic of Korea, 5Biological and Chemical
Research Centre, University of Warsaw, Warsaw, Poland
The temperature–size rule (TSR) has been consistently observed in numerous

studies, showing that ectotherms reared at higher temperatures experience

accelerated growth during the juvenile stage and ultimately reach smaller sizes

and younger ages at maturity. One explanation for this response is that it occurs

when the effect of temperature on mortality, including predation, outweighs its

effect on food intake and metabolism. While several studies have found that the

latter effect is close to the expected result based on the Q10 = 2 assumption,

confirmation of this hypothesis requires evidence that the effect of temperature on

mortality exceeds the Q10 = 2 threshold. To test this hypothesis, we conducted

experiments with two fish species: rudd and Malabar danio. We examined the

capture rate, which serves as a proxy for mortality, as well as the standard

metabolic rate (SMR) and several parameters characterising the mobility of the

fish and their planktonic prey (Daphnia) at different temperatures. The results

strongly supported our hypothesis, as the capture rate increased significantly more

than expected based on the Q10 = 2 assumption, especially for the danio. This

substantial effect cannot be attributed solely to the thermal sensitivity of the SMR,

as theQ10 for the SMRwas only around 2. The most likely explanation seems to be

amuchmore pronounced increase in the fish’smobility and resulting reaction field

volume compared to its planktonic prey at elevated temperatures. This increased

mobility leads to an improved attack rate by the fish, which exceeds the prediction
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made by the Q10 = 2 assumption. This mechanism may explain not only the TSR

pattern in zooplankton, but also their reduced mean body size and density at

population and community levels at elevated temperatures, and may

hypothetically be observed at other predator–prey interfaces.
KEYWORDS

body velocity, consumer–resource interaction, global warming, metabolic rate,
predation risk, temperature coefficient, temperature–size rule
Highlights
• Confirmed more than twofold increase in predation

mortality by planktivorous fish per 10°C increase in

temperature.

• Thermal sensitivity of fish attack rate, rather than standard

metabolic rate, explains the observed effect.

• The proposed mechanism explains the temperature–size

rule in zooplankton.

• Mechanism may also explain smaller average body size and

lower population density in zooplankton communities at

higher temperatures.
Introduction

Body size has long been considered a fundamental trait of an

organism, influencing almost every aspect of its biology, since

almost all traits of an individual (e.g. longevity and fecundity), a

population (e.g. intraspecific competitive ability, population growth

rate) and a community (e.g. interspecific competitive ability) are

related to body size (Peters, 1983). Therefore, with the onset of

global warming, elucidating the mechanisms responsible for the

effects of temperature on the body size of organisms at different

levels of organisation (among other ecological and evolutionary

responses to recent climate change) is an issue of great importance.

Numerous studies have consistently shown a phenotypically

plastic response, known as the temperature–size rule (TSR),

demonstrating that ectotherms reared under higher temperatures

experience accelerated growth during their juvenile stage and

ultimately reach smaller sizes and younger ages upon

maturation (Atkinson, 1994; Angilletta and Dunham, 2003).

Furthermore, studies have shown that average body size decreases

across different ectotherm populations and communities as

environmental temperatures increase (Moore and Folt, 1993;

Gardner et al., 2011; Sheridan and Bickford, 2011; Maszczyk and

Brzezinski, 2018). This pattern is commonly observed along

geographic clines, including latitude, altitude and depth

(Mauchline, 1972; Green, 1995; Gillooly and Dodson, 2000;

Anufriieva and Shadrin, 2014; Havens et al., 2015; Maszczyk and

Brzezinski, 2018), as well as in the seasonal and long-term
02
variability of size structure (Sommer et al., 1986; Adrian and

Deneke, 1996; Hawkins et al., 2008; Daufresne et al., 2009;

Gardner et al., 2011; Maszczyk and Brzezinski, 2018), especially

in aquatic environments (Forster et al., 2012; Horne et al., 2015).

While the observed patterns of temperature and body size at

different levels of biological organisation are widely recognised,

the mechanisms responsible for these patterns remain an open

question and are the subject of ongoing research.

Two general alternate explanations of the TSR pattern have

been proposed. First is attributed to higher metabolic rate, which is

seen as an inevitable consequence of elevated temperature, and

smaller size at stage are a negative consequence of insufficient

energy or oxygen available for growth (Atkinson et al., 2006;

Verberk and Atkinson, 2013; Verberk et al., 2021). Insufficient

oxygen available for growth is explained by a decrease in oxygen

supply as a net effect of temperature-dependent oxygen solubility,

viscosity, and the cost of ventilating respiratory surfaces not keeping

pace with the increased metabolic demand for oxygen due to

increased physiological rates, or the cost of supply being too high

(Verberk and Atkinson, 2013). The reduced susceptibility to oxygen

limitation in a smaller body may be due to several reasons,

including: (1) less demanding oxygen uptake due to a greater

surface to volume ratio of the body (Atkinson et al., 2006),

(2) shorter distances for oxygen transport within the body, and

(3) more efficient diffusion within tissues due to smaller cells

(Woods, 1999), as oxygen diffuses more efficiently through a cell

membrane than through the cytoplasm (Subczynski et al., 1989).

The second explanation emphasises trade-offs between growth and

reproduction at different temperatures to maximise individual

fitness (Kozłowski, 1992; Kozlowski et al., 2004; Wootton et al.,

2022; Thunell et al., 2023). It is proposed that one possible adaptive

pathway involves evolved responses to cope with shorter life spans

at elevated temperatures due to increased mortality, including

predation. These responses may include early maturation or

increased allocation of resources to reproduction, allowing

organisms to adapt to reduced opportunities for lifetime

reproductive success (Kozłowski, 1992; Kozlowski et al., 2004). In

support of this notion, one of the optimal resource allocation

models has shown that the TSR can occur when mortality risk,

including predation, increases with temperature (Kozlowski et al.,

2004). Specifically, TSR occurs when the thermal sensitivity of

mortality exceeds the thermal sensitivity of intake and metabolic

rates. An important question is whether this scenario applies to
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ectotherms, where the observed thermal sensitivity of body size is

consistent with TSR. To our knowledge, there is currently no study

in the literature that has directly addressed this question.

TSR has been extensively studied in zooplankton due to their

important ecological role as a critical link between primary

producers and higher trophic levels in marine and freshwater

food webs. The majority of studies have consistently

demonstrated the influence of temperature on the plasticity of life

history traits supporting TSR in different zooplankton species

(Atkinson, 1994; Maszczyk and Brzezinski, 2018; Roman and

Pierson, 2022). In addition, several studies have reported earlier

maturation at smaller body sizes and increased allocation of

resources to reproduction at the expense of somatic growth in

zooplankton in response to chemical cues from size-selective fish

predators (fish kairomones) (Stibor, 1992; Weetman and Atkinson,

2004; Maszczyk and Bartosiewicz., 2012). The similarity in the

phenotypic response of zooplankton to fish kairomones and

elevated temperature suggests that the response to TSR may

represent an adaptation to increased predation risk at elevated

temperatures (Weetman and Atkinson, 2004). However, this

hypothesis was not confirmed as Weetman and Atkinson (2004)

found no interaction between the two factors tested on life

history traits.

In addition, studies focusing on the fish perspective have

provided multiple lines of evidence suggesting that increased fish

predation is responsible for the negative relationship observed

between temperature and zooplankton body size at different

ecological levels. It is generally accepted that the seasonal

variation in body size of zooplankton communities is driven by

increased planktivore mortality that occurs during periods of high

juvenile fish densities in early summer (Sommer et al., 1986). A

similar explanation has been proposed for latitudinal changes in the

size structure of zooplankton communities, where the pattern is

attributed to the higher densities of small omnivorous fish,

characterised by short life spans, early maturation, high

reproductive frequencies and a prolonged spawning season, which

efficiently feed on zooplankton in subtropical and tropical latitudes

(Jeppesen et al., 2010; Iglesias et al., 2011). Furthermore, research

has shown that the increased foraging rate of planktivorous fish and

subsequent zooplankton mortality at elevated temperatures can be

influenced not only by changes in fish density and species

composition, but also by improved fish learning abilities

(Babkiewicz et al., 2021), altered fish behaviour (Persson, 1986;

Bergman, 1987; Linløkken et al., 2010; Gliwicz et al., 2018), more

efficient location of zooplankton patches (Gliwicz and Maszczyk,

2016), and changes in thermocline and oxycline shape that enhance

fish access to larger-bodied zooplankton in deeper water layers

(Maszczyk et al., 2019).

Elevated temperatures cause an increase in the kinetic energy of

biochemical reactions, resulting in a faster rate of metabolic

processes (Schmidt-Nielsen, 1979). This acceleration is often

measured by the Q10 coefficient, which represents the rate of

increase in enzymatic reactions and physiological processes per

10°C increase in temperature (Schmidt-Nielsen, 1979). The Q10

value is determined using the Van’t Hoff equation (formula 1):
Frontiers in Ecology and Evolution 03
Q10 = (R2=R1)(10=(T2−T1)) (1)

where R2 is the measured reaction rate at temperature T2

(where T2 > T1) and R1 is the measured reaction rate at

temperature T1. According to the Metabolic Theory of Ecology

(MTE), rates of chemical reactions can be used to predict rates and

processes at different ecological levels, including individuals,

populations, communities and ecosystems (Brown et al., 2004).

MTE is widely accepted and is commonly employed in models

aimed at predicting species and ecosystem responses to warming

(DeLong et al., 2017; Sentis et al., 2021). However, it is worth noting

that there has been debate in the past about the underlying

mechanisms and the allometric exponent in this theory (Tilman

et al., 2004; Hirst et al., 2014). One of the arguments against the

Metabolic Theory of Ecology (MTE) as a descriptor of thermal

sensitivity is based on evidence from various species showing

acclimation of metabolic rates in response to temperature changes

(Donelson et al., 2012). The use of Q10 as a descriptor of thermal

sensitivity is sometimes considered outdated, as it originated as a

simple predictor of how biochemical reaction rates change with

temperature. However,Q10 still serves as a useful tool for comparing

the thermal sensitivities of different processes, allowing the

identification of relative differences between them. It is generally

observed that most biological processes and rates have a unimodal

relationship with temperature, with a biologically relevant

temperature range on the rising part of the curve. Within this

range, the Q10 coefficient typically falls between 1 and 3, indicating

an exponential increase with increasing body temperature. This

pattern is also observed for various rates, including total

assimilation rates, respiration rates, and net growth and

reproduction rates. For example, similar Q10 values have been

reported for filtration rate (Burns, 1969) and respiration rate

(Chopelet et al., 2008) in zooplankton, and growth and

reproduction rates of algae (Raven and Geider, 1988),

zooplankton (Bottrell, 1976) and fish (Schulte, 2011; Schmidt-

Nielsen, 1979).

On the other hand, due to inherent differences in the

characteristics of fish and zooplankton, such as their visual,

cognitive and mobility abilities, it is possible that the increase in

foraging rate of planktivorous fish with temperature may exceed the

assumption of Q10 = 2, which in turn may be reflected in

zooplankton mortality greater than Q10 = 2. This is expected as

these characteristics may influence the thermal sensitivity of

foraging rate (and hence mortality) asymmetrically to the direct

effects of temperature on the metabolic processes of both fish and

their prey (Schulte, 2011; Dell et al., 2014). For example, fish tend to

have greater mobil ity , including greater body speed,

manoeuvrability and reaction distance, than their planktonic prey.

Elevated temperatures could increase the fish’s ability to respond

(attack) to a larger field volume than expected based on the

Q10 = 2 assumption, while having a minimal effect on the

prey ’s response (evasion and escape) field volume and

corresponding ability to avoid and escape. Consequently, elevated

temperatures may increase the attack rate of fish beyond that

predicted by the Q1 = 2 assumption. It should be noted that there
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is currently no experimental verification of these predictions in the

available literature.

The aim of this study was to test three hypotheses regarding the

thermal sensitivity of foraging and metabolic rates of planktivorous

fish. The first hypothesis postulates that elevated temperature leads

to a greater increase in foraging rate on zooplankton prey (Daphnia

magna) than expected from the Q10 = 2 assumption for a temperate

fish, a juvenile rudd (Scardinius erythrophthalmus), and a

subtropical fish, the Malabar danio (Devario malabaricus). The

second hypothesis proposes that the hypothetical deviation in the

thermal sensitivity of the fish’s foraging rate from the Q10 = 2

assumption cannot be explained solely by changes in the metabolic

rates of the predator and prey themselves. Lastly, the third

hypothesis postulates that the deviation can be explained by the

greater temperature sensitivity of the fish’s attack rate than

predicted by the Q10 = 2 assumption, due to a much greater effect

of temperature on its mobility (i.e. body speed, manoeuvrability and

reaction distance), and hence on the reaction (attack) field volume,

than on the reaction (evasion and escape) field volume of its prey.
Materials and methods

The approach

The hypotheses were tested in a two-stage experimental

procedure, each conducted at three temperature treatments (16,

21 and 26°C). The temperatures used in this experimental study are

well within the range of temperatures experienced by both fish

species in the field. During Step I, we assessed the capture rate as a

proxy for mortality and capture efficiency of 1-year-old rudd

(Scardinius erythrophthalmus) and Malabar danio (Devario

malabaricus) individuals offered zooplankton prey (Daphnia

magna), with two experimental fish allowed to forage at nearly

constant prey density. We also assessed the reaction field volume

and attack rate of the fish by measuring body speed, reaction (attack

or escape) angle and distance of both the fish and the Daphnia

during a fish attack on a prey item. In addition, we calculated: (i) the

visual field volume and encounter rate of the fish by assessing the

body speed, detection angle and distance of the fish, and the body

speed of theDaphnia when the fish searched for a prey item, and (ii)

handling time. Experiments were conducted with 6 different pairs of

juvenile fish of each of the species (each pair kept in separate

aquariums for at least two weeks) in an experimental system similar

to that used previously (Gliwicz and Maszczyk, 2016; Gliwicz et al.,

2018; Maszczyk et al. 2021). In Step II, we measured the standard

metabolic rate (SMR) of the same fish individuals kept individually

in respiration chambers placed in the same experimental system as

in Step I.
Test animals

Juveniles of both fish species were similar in length and fresh

weight (3.22 ± 0.17 cm and 1.66 ± 0.47 g for rudd and 3.48 ±

0.31 cm and 2.17 ± 0.24 g for danio, respectively). The rudd is a
Frontiers in Ecology and Evolution 04
temperate fish of the family Cyprinidae, widely distributed in

Europe and central Asia, around the basins of the North Sea,

Baltic Sea, Black Sea, Caspian Sea and Aral Sea. The Malabar

danio is a tropical fish of the Cyprinidae family, native to Sri

Lanka and the west coast of India. Juveniles of both species are

omnivorous and can efficiently feed on planktonic animals. All rudd

used in the experiments were the offspring of 10 females and 10

males hatched at the Institute of Inland Fisheries, Żabieniec,

Poland. All danio came as a cohort of 100 juveniles from a long-

term culture at Sumik Aquarium Fish Breeding in Kraków, Poland,

hatched as the offspring of several females and several males. The

fish were kept in 6 pairs of each species under laboratory conditions

(21.0°C ± 0.1, 12:12 L:D photoperiod) for at least 2 months prior to

the experiments. Each of the 6 pairs of each species was kept

separately in 6-litre home tanks throughout the experimental

period. The fish were acclimated to a given experimental

temperature for at least two days before the procedures of both

steps were performed. They were fed daily with small amounts of

live Daphnia and frozen chironomid larvae, except for 24 h before

the experiments. During the experiments, a cohort of 5-day-old

Daphnia magna (clone MB01 from the fish-inhabited Großer

Binnensee, Germany) was offered to the fish. This clone is highly

sensitive to chemical information on fish predation risk

(kairomones) (Wilczynski et al., 2019).
The experimental systems

The system used in Step I of the procedure was placed in an air-

conditioned laboratory room, which allowed constant temperatures

to be maintained (16, 21, 26 ± 0.1°C). It consisted of an 80-litre

main aquarium (800 × 667 × 150 mm, length, height and width,

respectively), and an annex aquarium (300 × 600 × 300 mm)

separated by a removable sliding gate with a 0.16 mm fine mesh

net. The main aquarium had an outflow at the bottom with a

plankton net at the end to facilitate the collection and counting of all

uneaten prey at the end of each replicate of the experiments from

Step I. The light source consisted of 4 evenly distributed LED lamps

(2.5 W, POLUX®) at a height of 1 m, shining through a semi-

transparent Plexiglas diffuser. This provided a light intensity of 0.8

± 0.2 mmol × m−2 × s−1 throughout the entire aquarium and during

each experiment, as confirmed by LI-COR (model 189)

measurements taken at depths of 30 and 60 cm. The system also

included (1) a colour camera (Panasonic HDC-HS60 full HD) to

record the foraging fish, which was separated from the main and

annex aquariums by a black curtain, (2) a tube dispenser to

replenish consumed prey during the experiment, (3) a small

EHEIM 1000.220 pump located in the annex aquarium, which

provided a slight water current in the main aquarium, which made

it possible to maintain an even distribution of zooplankton during

the experiments, and (4) a barrel with an aeration system under the

aquarium to hold the experimental water between experiments.

The system used in Step II of the procedure consisted of the

same 80 litre main aquarium as the system used in Step I of the

procedure. The system also included a flow-through respirometer.

It consisted of 5 respirometry chambers, each made of transparent
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Plexiglas and with a volume of 22 mL. The water in the respirometer

circulated in a loop. Each chamber had an inflow connected by

plastic tubing to a peristaltic 24-channel peristaltic pump

(Ismatec®), which supplied water from an intensively aerated

(using a Hailea® ACO-9630 air pump) glass tank (V = 20 L), and

an outflow connected to a measurement chamber, from which the
Frontiers in Ecology and Evolution 05
water was returned to the glass tank by the same peristaltic pump.

The respirometry chambers were placed one above the other in the

main aquarium. Dissolved oxygen measurements in the

measurement chambers were made with a probe (model 287,

UNISENSE) connected to the microsensor amplifier ,

thermometer and computer.
TABLE 1 The Q10 values for the whole temperature range (16–26°C) and two sub-ranges (16–21 and 21–26°C) for the mean values of capture rate (CR),
capture efficiency (Ceff), standard metabolic rate (SMR), fish body speed during search (SBVf), fish body speed during attack (ABVf), their detection distance
(DDf), and angle (af), visual field volume (VFVf), encounter rate (ERf), reaction (i.e. attack) distance (RDf) and angle (a’f), reaction field volume (RFVf), attack
rate (ARf) and handling time (HT), at temperatures of 16, 21 and 26°C, as well as the body speed of the Daphnia during search (SBVD) and escape (EBVD)
from the fish, and their reaction (i.e. escape) distance (RDD) and angle (a’D) during the attack by the fish at temperatures of 16, 21 and 26°C.

Temperature range

Parameter Species 16–26°C 16–21°C 21–26°C

CR (ind. × min−1 × fish−1)
Rudd 3.22 3.93 2.64

Danio 7.40 9.69 5.65

Ceff (%)
Rudd 1.00 1.05 0.97

Danio 0.96 0.96 0.96

SMR (mg O2 × kg−1 × h−1)
Rudd 2.04 2.28 1.83

Danio 1.87 1.76 1.91

SBVf (cm × s−1)
Rudd 1.78 2.11 1.50

Danio 1.48 1.56 1.40

ABVf (cm × s−1)
Rudd 1.41 1.51 1.30

Danio 1.57 1.36 1.81

DDf (cm)
Rudd 1.00 1.00 1.00

Danio 1.00 1.00 1.00

af (°)
Rudd 1.00 1.00 1.00

Danio 1.00 1.00 1.00

VFVf (cm
3)

Rudd 1.28 1.39 1.17

Danio 1.24 1.27 1.22

ERf (ind. × s-1)
Rudd 1.28 1.39 1.17

Danio 1.24 1.27 1.22

RDf (cm)
Rudd 1.75 1.85 1.66

Danio 1.83 1.50 2.26

a′f (°)
Rudd 1.23 1.35 1.13

Danio 1.22 1.56 0.96

RFVf (cm
3)

Rudd 8.19 6.76 9.93

Danio 7.63 4.42 13.18

ARf (ind. × s−1)
Rudd 8.20 6.76 9.93

Danio 7.63 4.42 13.18

HT (s)
Rudd 0.85 0.74 0.97

Danio 0.68 0.84 0.65

SBVD (cm × s−1)
Rudd 1.46 1.71 1.22

Danio 1.51 1.73 1.31

(Continued)
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The experimental design during Step I of
the procedure

We conducted a total of 144 experiments, each experiment on a

single pair of fish (2 fish species × 3 temperatures × 6 pairs of fish × 4

replicates, Appendix S1; Table 1). On each experimental day, we

performed 3 experiments for 3 (out of 6) pairs of each of the 2 fish

species in one of the 3 temperature treatments (Table 1). Prior to each

experiment, water from the barrel was poured into the aquariums.

One pair of fish was then transferred to the main aquarium and, after

10 min, moved to the annex to be locked behind the gate (where the

fish were acclimated for the next 15 min). An initial batch of 80

Daphnia (density 1 ind. × L−1) was then added to the main aquarium

and the light in the system was switched on. At the start of the

experiment, the video recording was started, the fish were released

into the main tank and allowed to forage for 5 min. During the

experiments, two observers counted the captures. The initial density

was maintained throughout the experiment by adding a new portion

of 10 prey individuals once 10 had been captured by the two

experimental fish. A new portion of 10 prey individuals was then

released into the aquarium through a dispenser. At the end of the

experiment, the light was switched off, the fish were transferred to

their home aquarium using fish net (mesh size = 1.0 cm) and the

video recording was stopped. Once the fish were transferred back to

their home aquarium, the water containing the uneaten prey was

drained through a plankton net (mesh size = 150 µm) suspended in a

barrel below the aquarium. The main aquarium was additionally

rinsed with several litres of water, and the water was again drained

through the plankton net. Uneaten prey were collected for further

enumeration. At the end of each experimental day, the entire volume

of water (100 L) was replaced with fresh tap water, which was allowed

to reach the new temperature for at least of 48 hours.

Foraging rate was calculated as the difference between the

number of Daphnia prey offered during a trial and the number of

uneaten prey collected in the net after the trial, divided by the

duration of a trial (5 min) and the number offish (2 ind.) in the trial.

Capture efficiency was calculated as the percentage of the total

number of prey captured in relation to the total number of observed

captures. The body speed of daphnids and fish was calculated
Frontiers in Ecology and Evolution 06
separately while the fish were searching for and attacking the

prey. It was based on the distance travelled measured from the

archived videos using VirtualDub 1.10.4 software. Manoeuvrability

was measured as the mean angle of attack (for fish) or escape (for

daphnids) between the trajectories before and after the fish

encountered the prey. The reaction (i.e. attack) distance of the

fish was measured as the distance between the earliest point at

which the fish turned towards the prey and the point of capture. The

reaction (i.e. escape and evasion) distance of the daphnids was

measured as the distance covered by the daphnids during the time

corresponding to the fish attack. Statistics for all of the above

parameters were performed on the means (i.e. a single value for

each of the Step I trials) of at least four measurements. Fish

detection distance and angle were taken as the mean of the top

5% of the largest reaction distances and angles measured for the

combined data for all temperature treatments (i.e. assuming that

detection distance and angle are independent of temperature)

separately for each of the fish species. Handling time was

measured as the top 5% of the shortest times between two

consecutive captures, separately in each of the temperature

treatments for each of the fish species. The visual and reaction

field volumes, as well as the encounter and attack rates of the fish

were calculated for each of the experiments in Step I. The visual and

reaction field volumes of the fish were assumed to have a cylindrical

shape combined with a hemisphere. The visual field volume was

calculated using the following formula:

VFVf = (P � (sinaf � DDf )2 � SBVf ) + (2=3�P � (sinaf

� DDf )3) (2)

where: af is the detection angle of the fish, DDf is the detection

distance of the fish, SBVf is the fish’s body velocity during its search

for prey. The encounter rate was expressed as the number of

Daphnia appearing in the visual field volume of the fish using the

following formula:

ERf = DensD� VFVf −1 (3)

Reaction field volume was calculated using the following

formula:
TABLE 1 Continued

Temperature range

Parameter Species 16–26°C 16–21°C 21–26°C

EBVD (cm × s−1)
Rudd 0.76 0.57 1.01

Danio 0.83 0.58 1.17

RDD (cm × s−1)
Rudd 0.85 0.85 0.84

Danio 0.86 0.84 0.88

a′D(°)
Rudd 1.05 2.00 0.56

Danio 1.05 1.84 0.61
Values greater than 2.5 are shown in bold.
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RFVf = (P � (sina 0 f � RDf )2)� ABVf + (2=3�P

� (sina 0 f � RDf )3) (4)

where: a′f is the attack angle of the fish, RDf is the reaction

distance of the fish, ABVf is the body speed of the fish during its

attack on the prey. The attack rate was expressed by the following

formula:

ARf = DensD� (RFVf − RFVD)−1 (5)

where RFVD is described by the formula:

RFVD = ((P � (sina 0 D� RDD)2 � EBVD) + (2=3�P

� (sina 0 D� RDD)3)) (6)

where RFVD = is the reaction field volume of the Daphnia, a′D
is the reaction (i.e. escape) angle of the Daphnia, RDD is the

reaction distance of the Daphnia, EBVD is the body speed of the

Daphnia during its escape from an attacking fish. Equations 2–6 are

slight modifications of the previous zooplankton encounter

probability models (Gerritsen and Strickler, 1977). They are

therefore expected to give similar estimates.

In addition, the effect of temperature on all measured and

calculated parameters was expressed as the Q10 value, which was

calculated according to the formula (1) given in (Schmidt-

Nielsen, 1979).
The experimental design during Step II of
the procedure

We performed 36 experiments, each with a control (in a single

chamber) and with 4 fish (2 individuals of the 2 fish species) in the

remaining 4 chambers at one of the 3 temperatures (Appendix S1;

Table 2, 6 sets of fish × 3 temperatures × 2 replicates). Prior to each

experiment, the fish were kept in their home tanks for 24 h without

food to avoid possible contamination and oxidation of organic

matter. Before starting the respirometry procedure, the fresh weight
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of each fish was measured. The four respirometry chambers were

then stocked with fish and one was left without fish. Water flow was

then started in the respirometry system. During the preliminary

tests, the flow rate provided by a peristaltic pump was set at 0.68 L ×

hour−1 to maintain the water–oxygen saturation level above 75%

inside the respirometry system. To avoid stressing the fish during

the experiments, the aquarium containing the respirometry

chambers was covered with black material to keep the fish in

complete darkness during the experiments. The fish were

acclimatised in the respirometry chamber for a period of 23 h

before the start of the oxygen measurements. 40 measurements of

mass-specific oxygen consumption were taken at 5-minute intervals

for each of the fish and the control after 23 h from the start of the

experiment. The mass-specific oxygen consumption for each fish

(mg O2 kg
−1 h−1) was calculated using the following formula (7):

MO2 = (O2INPUT − O2OUT)� F � BW−1 (7)

where: O2in is the oxygen content in the control respirometry

chamber representing the oxygen content in the water inflow (mg ×

L−1), O2out is the oxygen content in the water outflow (mg × L−1), F

is the water flow rate (L × hour−1), BW is the fresh body weight of

the fish placed in a given chamber (kg). The SMR of individual fish

was calculated as the average of the lowest 10% of the MO2

measurements (Herrmann and Enders, 2000). In addition, the

effect of temperature on fish SMR was expressed as the Q10 value

(Schmidt-Nielsen, 1979).
Statistical analyses

To assess the effect of 3 temperatures (temp.), 2 fish species

(spec.) and their interactions on fish capture rate, capture efficiency

and metabolic rate, we used a general linear model (GLM) with

bootstrap (n = 1000). We entered fish species and temperature as

factors and capture rate, capture efficiency, metabolic rate, body

speed, reaction distance and reaction angle as dependent

variables. Dependent variables were transformed as described in
TABLE 2 Results of the general linear model for the effect of temperature (Temp.), fish species – rudd or Malabar danio (Spec.) and their interactions
on the body speed of fish and Daphnia during the search for and attack of the prey by the fish, the reaction (i.e. attack) distance and angle of the fish
and the reaction (i.e. escape) distance and angle of Daphnia.

Factor or
interaction

Body velocity Attack angle RD Escape angle RD

Fish Daphnia Fish Daphnia

Searching Attacking Searching Attacking Attacking Attacking Attacking Attacking

P, F df1,df2 P, F df1,df2 P, F df1,df2 P, F df1,df2 P, F df1,df2 P, F df1,df2 P, F df1,df2 P, F df1,df2

Temp. < 0.001, 21.32, 143 < 0.001, 11.92, 143 < 0.001, 256.52, 143 0.077, 2.62, 143 0.011, 4.72, 143 < 0.001, 32.82, 143 0.040, 3.32, 143 0.561, 0.62, 143

Spec. < 0.001, 190.81, 143 0.135, 2.31, 143 0.602, 0.31, 143 0.990, 0.01, 143 0.832, 0.11, 143 0.002, 10.31, 143 0.963, 0.01, 143 0.850, 0.11, 143

Temp. ×
Spec.

0.710, 0.35, 143 0.241, 1.45, 143 0.246, 1.45, 143 0.898, 0.15, 143 0.822, 0.25, 143 0.531, 0.65, 143 0.984, 0.05, 143 0.981, 0.05, 143
Significant differences are shown in bold.
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Supplementary Material – Data and Analyses. The Bonferroni

procedure was used for GLM post-hoc tests. To assess the effect of

temperature, fish species and their interactions on the body speed of

fish and daphnids during prey seeking and attack by fish, reaction

distance and angle of fish and reaction distance and angle of

daphnids, we used a modified Welch-ANOVA test, also with

bootstrapping (n = 1000). The Games-Howell test was used for

post-hoc Welch-ANOVA analyses. Complete statistical analyses,

including polynomial linear contrasts, power analysis, and all F and

P values, are presented in the Excel file in Supplementary Material –

Data and Analyses. Statistics for detection distance and angle,

handling time, visual field volume, hit rate, reaction field volume

and attack rate were not performed as they were calculated from

measurements of other parameters. For all statistics, the significance

level was set at a = 0.05 and the confidence level at 95%. Statistics

were performed in SPSS 20.0 and G*Power V.3.1.9.6. 56 (Faul et al.,

2007). To assess the power of the models, we followed the code

available at: https://jakewestfall.shinyapps.io/crossedpower/.
Results

Increased temperature had a positive effect on the capture rate

(CR) of the experimental fish (P< 0.001, F = 143.62, 143). The CR of

the Malabar danio was greater than that of the rudd (P = 0.007, F =

7.41, 143, Figure 1). The effect of temperature was apparent in each of

the three comparisons between temperature treatments (post-hoc

test, Figure 1), and was greater in the Malabar danio than in the

rudd (P< 0.001, F = 9.55, 143, Figure 1). The Q10 value for the CR was

greater than 2 for both fish species in each of the three comparisons

between temperature treatments (Table 1). The value was the

highest for the Malabar danio between 16 and 21°C (Table 1).

Capture efficiency (Ceff) was not affected either by temperature or by

fish species (P = 0.846, F = 0.22, 143, Figure 1). The Q10 value for the

Ceff was close to 1 for both fish species in each of the three

comparisons between temperature treatments (Table 1).

Increased temperatures had a positive effect on the standard

metabolic rate (SMR) of the fish (P< 0.001, F = 71.92, 143, Figure 1).

The effect was evident in each of the three comparisons between

temperature treatments (post-hoc test). The SMR was similar in

both fish species (P = 0.573, F = 0.31, 143, Figure 1). TheQ10 value for

the SMR was close to 2 for both fish species in each of the three

comparisons between temperature treatments (Table 1).

Increased temperature had a positive effect on the body speed of

the fish during search for prey (SBVf, Table 2). The effect was

apparent in each of the three comparisons between temperature

treatments (post-hoc test), and was greater in the Malabar danio than

in the rudd in each of the three comparisons between temperature

treatments (post-hoc test). TheQ10 coefficient for SBVf was between 1

and 2 for both fish species in each of the three comparisons between

temperature treatments (Table 1). Since detection distance and angle

were assumed to be independent of temperature, the Q10 coefficient

for visual field volume depended only on the SBVf and was similar to

the Q10 coefficient for SBVf in each of the three comparisons between

temperature treatments (Table 1).
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The body speed of Daphnia during prey seeking (SBVD) was

significantly affected by temperature (in all of the three comparisons

between temperature treatments, post-hoc test) but not by fish

species (Table 2). The Q10 coefficient for SBVD was between 1 and

2 in all the comparisons (Table 1). As the SBVD (the only factor

differentiating the values of the visual field volume and encounter

rate) was much lower than SBVf (i.e. more than an order of

magnitude, Figures 2, 3), the Q10 coefficient for the encounter rate

was almost identical to that for visual field volume in all of the

comparisons between temperature treatments (Table 1).

The body speed of the fish during the attack on the prey (ABVf)

was affected by temperature, and was similar for both fish species

(Table 2). The effect of temperature for ABVf was only significant

between 16 and 26°C (post-hoc test, Figure 2). The Q10 coefficient

was between 1 and 2 for both fish species in each of the three

comparisons between temperature treatments (Table 1). The

reaction distance (RDf) of the fish was affected by temperature,

and differed between fish species (Table 2). The effect of

temperature on RDf was significant in all of the three

comparisons between temperature treatments for each of the fish

species (post-hoc test, Figure 2). The only exception was the

insignificant effect of temperature between the 16 and 21°C

treatments for the danio (post-hoc test, Figure 2). The Q10

coefficient was close to 2 for both fish species in each of the three

comparisons between temperature treatments (Table 1). The

reaction (attack) angle of the fish (a f) was affected by

temperature, and was similar for both fish species (Table 2). Of

the three comparisons between temperature treatments, the effect of

temperature was only significant between 16 and 26°C for the rudd

(post-hoc test, Figure 2). In general, the Q10 coefficient for the af was

slightly greater than 1 for both fish species in each of the three

comparisons between temperature treatments (Table 1). The only

exception was the value of the Q10 coefficient for the danio between

16 and 26°C, which was slightly less than 1 (Table 1). As all of the

three variables affecting the reaction field volume of the fish – RFVf

(i.e. ABVf, RDf, af) were positively affected by temperature, the Q10

coefficient for the RFVf was much greater than 2 for both fish

species in all of the three comparisons between temperature

treatments (Table 1).

The body velocity of Daphnia during fish’s attack on the prey

(EBVD) was not significantly affected either by temperature or by

fish species (Table 2). The Q10 coefficient for EBVD was close to 1 in

the presence of both fish species in each of the three comparisons

between temperature treatments (Table 1). EBVD was more than an

order of magnitude lower than ABVf (Figure 2). The reaction

(escape) distance of Daphnia (RDD) was significantly affected by

either temperature or fish species (Table 2). The Q10 coefficient for

the RDD was slightly below 1 in the presence of both fish species in

each of the three comparisons between temperature treatments

(Table 1). The RDD was more than one order of magnitude lower

than the RDf (Figure 2). The reaction (escape) angle of Daphnia

(a'D) was significantly affected by temperature (although post-hoc

test showed no significant difference between temperature

treatments), but not by fish species (Table 2). The Q10 coefficient

for a'D was less than 1 for the comparison between 21 and 26°C in
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FIGURE 1

Capture rate (mean ± 1SD, A, B), capture efficiency (mean ± 1SD, C, D) and standard metabolic rate (mean ± 1SD, E, F) of rudd (A, C, E) and danio
(B, D, F) at 16, 21 and 26 °C. The lines represent the best fit of the whole data set. Statistical significance of general linear model with the post-hoc
test was accepted at *P< 0.05, ns indicates no significance.
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the presence of the rudd and danio, slightly greater than 1 for the

comparison between 16 and 26°C in the presence of the rudd and

danio, and close to 2 for the remaining two comparisons between 16

and 21°C (Table 1). Since the RFVf was much greater than the

reaction (escape) field volume of Daphnia prey (i.e. by more than

the order of magnitude, Figures 2, 3), and the increase in the RFVf

was much greater than the increase in the reaction field volume of

Daphnia prey (an increase between 2.3 and 4.4 cm3 for the fish and

between 0 and 9.9 × 10−6 cm3 for Daphnia between 16 and 26°C),

the Q10 coefficient for the attack rate was almost identical to the

RFVf in all of the comparisons between temperature treatments

(i.e. being much greater than 2, Table 1).
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Handling time was similar in all of the temperature treatments

for each of the fish species, ranging from 0.7 to 0.9 seconds (with the

Q10 coefficient even slightly less than 1 for each of the

comparisons, Table 1).
Discussion

The results strongly supported our first hypothesis, as both fish

species (Malabar danio and rudd) exhibited a significantly greater

increase in foraging rate with increasing temperature compared to

the Q10 = 2 assumption. The observed Q10 values ranged from 2.64
DA B
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FIGURE 2

Body speed of rudd (A) and danio (B) during the attack on the prey, body speed of Daphnia during the attack on the prey by the rudd (C) and
danio (D), the reaction (i.e. attack) distance of rudd (E) and danio (F), the reaction (i.e. escape) distance of Daphnia during rudd (G) and danio
(H) attack on prey, the reaction (i.e. attack) angle of rudd (I) and danio (J) and the reaction (i.e. escape) angle of Daphnia during rudd (K) and danio
(L) attack on prey at 16, 21 and 26°C. Statistical significance of the general linear model with the post-hoc test was accepted at *P< 0.05, ns
indicates no significance.
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to 9.69 in the different experimental treatments. These results are

consistent with previous research on the effect of temperature on

fish foraging rate (Persson, 1986; Bergman, 1987; Linløkken et al.,

2010). For example, a study of roach (Rutilus rutilus) feeding on

dead chironomid larvae reported a Q10 value of approximately 4.8

over a temperature range of 9–17°C (Figure 2A in Linløkken et al.,

2010). Previous studies have also shown that Q10 values for

metabolic and feeding rates of various Daphnia species can reach

up to 2.7 at environmentally relevant temperatures (Burns, 1969;

Chopelet et al., 2008,) although they are usually much lower.

Consequently, our study shows that elevated environmental

temperatures can lead to a greater increase in the foraging

efficiency of planktivorous fish and consequently to higher

mortality of daphnids compared to their ingestion and metabolic

rates. These findings are consistent with the assumptions of the

optimal resource allocation model proposed by Kozłowski et al.
Frontiers in Ecology and Evolution 11
(2004) and suggest a potential mechanism contributing to the

temperature–size rule pattern in Daphnia. It is noteworthy that

the temperatures used in our study are within the natural

temperature range of both fish species. In particular, Q10 values

were particularly high for the Malabar danio, suggesting that it is

better adapted to foraging in warmer waters compared to the

temperate rudd. Although there is ample evidence in the

literature that the temperature sensitivity of metabolic rate in

various fish and zooplankton species closely follows the Q10 = 2

assumption (Clarke and Johnston, 1999), suggesting that the

difference in thermal sensitivity of metabolic rates between fish

and zooplankton cannot account for the substantial (Q10 > 2.64)

thermal sensitivity observed in foraging rates, we conducted

additional measurements of fish metabolic rates. The aim was to

compare the results of metabolic and foraging rates in the same

individuals under identical environmental conditions. The results of
FIGURE 3

Schematic representation of the reaction field volume (as a function of body speed, reaction distance and reaction angle during the fish’s attack on
the prey) of juvenile rudd (S. erythrophthalmus) and Daphnia at 16 and 26°C (upper panels), and of Malabar danio (D. malabaricus) and Daphnia at 16
and 26°C (lower panels).
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our study are consistent with previous studies and support our

second hypothesis, since the effect of temperature on the metabolic

rate of each of the two fish species was in the range of 1.76 and 2.28

in different comparisons of the temperature treatments.

As the simplest explanation for the high thermal sensitivity of

the foraging rate, based on the asymmetry in thermal sensitivity of

the metabolic rate of the fish and the metabolic rate of its prey,

proved invalid (as both are close to Q10 = 2), the next step was to

investigate the asymmetric responses to temperature increase in the

performance of the fish and its planktonic prey during different

foraging phases, such as prey encounter, attack and handling (Dell

et al., 2014). Mechanistic models of consumption rate and its

temperature dependence predict that temperature affects

consumer–resource interactions primarily through its effects on

body speed (of either of the consumer, the resource or both), which

determines how often consumers and resources encounter each

other (including how often a predator attacks its prey), and that

temperature effects through its effects on detection distance, capture

success and handling time, are of minor importance (Dell et al.,

2014). Our results seem to support these predictions. In our study,

elevated temperature had a positive effect on all of the measured

parameters characterising the fish’s mobility during the attack on

the prey, including their body speed, reaction distance and angle.

Therefore, the elevated temperature had a large effect on the

reaction (attack) field volume of the fish, which was much larger

than predicted by the Q10 = 2 assumption. Furthermore, the

increase in the reaction (attack) field volume of the fish was

much greater than the increase in the reaction (escape) field

volume of the Daphnia prey (the increase was between 2.3 and

4.4 cm3 for the fish and between 0 and 9.9 × 10−6 cm3 for the

Daphnia), resulting in a Q10 for the attack rate ranging between 4.4

and 13.2. Such a large effect of temperature on the attack rate

supports our third hypothesis and suggests that the thermal

sensitivity of the fish attack rate is responsible for the large

thermal sensitivity of their foraging rate. The effect of

temperature on other stages of fish foraging was either negligible

(in the case of capture success and handling time) or only a Q10

coefficient of between 1 and 2 (in the case of encounter rate).

Therefore, the thermal sensitivity of these stages alone cannot

explain the large (Q10 > 2.64) thermal sensitivity of the foraging

rate. Although several previous studies have shown a decrease in

handling time with increasing temperature (Persson, 1986;

Bergman, 1987), the fish in these studies were gape-limited as

they were fed large planktonic Chaoborus larvae rather than tiny

Daphnia. Although the thermal sensitivity of the encounter rate

(and also the visual field volume) in our study was lower than

predicted by the Q10 = 2 assumption, it should be pointed out that

its calculation in different temperature treatments was made by

measuring only the body speed of the fish during their search for

prey, while its two remaining components, i.e. detection distance

and angle, were not measured. These two components were only

estimated as the maximum reaction distance and reaction angle of

the fish and were assumed to be independent of temperature. This

assumption was based on the results obtained in our previous study,

in which we showed an even slightly negative effect of temperature

on detection distance in Danio rerio larvae (Babkiewicz et al., 2020).
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In order to more accurately assess the effect of temperature on

encounter rates, future studies should devote more effort to

determining the thermal sensitivity of detection distance and

angle in juvenile and adult fish.

It should be noted that in our study we determined Q10 for

mortality resulting solely from changes in the foraging behaviour of

individual fish in a homogeneous environment with respect to

biotic and abiotic conditions over a short period of time. In light of

previous research suggesting that the increased impact of fish on

zooplankton at higher temperatures may also be due to: (i) changes

in fish density and species composition (Sommer et al., 1986;

Jeppesen et al., 2010; Iglesias et al., 2011), (ii) their enhanced

learning abilities (Babkiewicz et al., 2021), (iii) their more efficient

localisation of zooplankton patches (Gliwicz and Maszczyk, 2016),

and (iv) changes in thermocline and oxycline shape that improve

fish access to larger-bodied zooplankton in deeper water layers

(Maszczyk et al., 2019), it is plausible to speculate that the

thermal sensitivity of mortality resulting from increased foraging

by planktivorous fish at elevated temperatures in natural

environments may be even greater than assessed in our study.
Conclusion

The literature on the thermal sensitivity of consumer–resource

interactions is inconclusive, with numerous examples of studies

suggesting that warming either strengthens (Őhlund et al., 2016;

Frances and McCauley, 2018; South et al., 2018) or weakens (Rall

et al., 2010; Pawar et al., 2012) the interaction. It is therefore

important to build experimental datasets to quantify and predict

predator effects in different contexts and using a range of different

organisms (Dell et al., 2014). Mechanistic models predict that the

scaling of interaction strength depends on both the foraging

strategy (e.g. active-capture, sit-and-wait, harvesting) and the

spatial dimension in which foraging occurs (2D vs. 3D) (Pawar

et al., 2012; Dell et al., 2014). In our study, we investigated the

thermal sensitivity of the planktivorous fish–Daphnia interface,

where the fish is a typical predator–harvester foraging in a three-

dimensional environment. This interface is characterised by a large

disproportion in body size and mobility between the predator (large

and mobile) and its planktonic prey (small and almost static). This

large disparity in body size results in a low thermal sensitivity of

handling time and a large disparity in the mobility of fish and

Daphnia living in a three-dimensional environment, resulting in a

large asymmetry in the effect of temperature on the mobility (i.e.

body speed, manoeuvrability and reaction distance) of the fish and

its prey. The study revealed much greater sensitivity of the foraging

rate of the planktivorous fish to temperature increase than was

expected from the Q10 = 2 assumption, which is typical of the

thermal sensitivity of predator and prey metabolism and their

population growth. Therefore, the results suggest that

temperature has a greater effect on the fish foraging rate than on

consumer–resource metabolism, most likely due to the asymmetric

effect on predator and prey mobility. This simple mechanism may

have very important consequences, being responsible not only for

the life history responses consistent with TSR, but also for the
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smaller mean body and lower density of zooplankton populations

and communities at an elevated temperature. Furthermore, the

mechanism may hypothetically be observed in other predator-

prey interfaces.
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