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Climate warming can destabilize interactions between competitors as smal-

ler organisms gain advantages in warmer environments. Whether and how

warming-induced effects on competitive interactions are modified by preda-

tion remains unknown. We hypothesized that predation will offset the

competitive advantage of smaller prey species in warmer environments

because of their greater vulnerability to predation. To test this, we assembled

a litter arthropod community with two Collembola species (Folsomia candida
and Proisotoma minuta) of different body sizes across a temperature gradient

(three thermal environments) and in the presence and absence of predatory

mites. Predatory mites reduced Collembola coexistence with increasing

temperatures. Contradicting our hypothesis, the larger prey species always

outperformed the smaller prey species in warmer environments with preda-

tors. Larger prey probably benefited as they expressed a greater trait (body

length) plasticity to warming. Warming can thus magnify predation effects

and reduce the probability of prey coexistence.
1. Introduction
Temperature is one of the key abiotic forces regulating community dynamics

and structure across ecosystems [1–3]. Increasing temperature owing to on-

going climate change can potentially alter community dynamics by changing

species interactions, such as competition and predation [4–8]. Given that com-

munities are primarily structured by the interactive effects of competition

(within trophic groups) and predation (across trophic groups) [9,10], tempera-

ture-induced changes in these interactions can have major implications for

the organization of biological communities in a warmer environment.

The signature of predation effects on prey competition was emphasized by

Paine [11], who showed that predator removal increased local extinction of

prey species. Since then, numerous experimental studies have found that the

presence of predators, particularly that of generalists, tends to decrease inter-

specific competition and increase diversity of prey species [12]. This was

mainly attributed to predator-induced regulation of dominant prey species—

the process known as keystone predation [13,14]. However, some theoretical and

empirical works have provided evidence that predators may conversely increase

interspecific competition among their prey species [15,16]. Such an effect is

argued to emerge from predation of prey species that are relatively inefficient

in resource consumption and are rare within communities [15]. Moreover, in a

review of the interactive effects between competition and predation, Chase

et al. [17] highlighted that predator effects on prey diversity can be positive, neu-

tral or negative, depending on the effects of predators on stabilizing mechanisms

within and among prey species (e.g. intra- versus interspecific competition).

Warming effects on competition and predation can be directly linked to

how species change their vital rates at elevated temperature [18]. Ectothermic
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species in particular have greater metabolic demands in

warmer environments, which may pose serious constraints

on their ability to compete and forage [19–21]. A key

response of ectothermic species in a warmer environment

is to thus reduce their body size to lessen their metabolic

demands and thereby optimize their fitness [22–24]. Cell

size and numbers decline in ectotherms as a general physio-

logical response to warming, which eventually reduces their

body size and has been shown true for a large group of ecto-

thermic taxa, both aquatic and terrestrial [22,24,25]. Further,

warming-induced faster developmental rate (e.g. time to

become adult from juvenile) in ectotherms could also result

in body size reductions in their adult population [26].

There are, however, also exceptions for temperature-body

size rules as warming may also increase body sizes of certain

taxa [26]. Besides, traits other than body size could also

be important to understand species responses to climate

warming [27].

Small body-sized prey species may have a competitive

advantage over large-sized prey species in warmer environ-

ments [24] due to their lower metabolic costs [18,26] and

greater interference among large species in response to

warming [28]. However, such size-related competitive advan-

tages in warmer conditions may be offset under predation,

since small-sized prey are more vulnerable to predation pro-

vided predator body sizes are not too large relative to the

prey’s [29]. Hence, if predation and warming have counter-

vailing effects on competition among prey species of

varying sizes, prey coexistence is a likely outcome. However,

predation effects can also get stronger as climate warms

within the thermal limits of predators, which has been

shown to destabilize communities via predation-induced

extinction of prey species [30,31]. Predators are also often

more vulnerable to warming than their prey, which may

reduce predation effects on prey species at higher tempera-

ture [4,32]. It is, therefore, crucial to understand the nature

of higher-order interactions among temperature, competition

and predation to understand how community structure may

change in warmer environments.

Here, we experimentally tested the interactive effects of

temperature, predation and competition on the population

of two detritivore prey species of different body sizes (small

and large). The elevated temperature treatments were estab-

lished in order to represent moderate to extreme climate

warming scenarios, whereas the lowest temperature treat-

ments were based on the climate at which model species

were thermally acclimated. We hypothesized that a warmer

environment will benefit the smaller prey over the larger

prey [24,25]. By contrast, we expected that predators will

greatly reduce the population of smaller prey in comparison

with larger prey [29]. Consequently, we hypothesized that

the presence of predators in a warmer environment will

make competition between the two detritivore prey species

less asymmetric with a subsequent increase in the coexistence

probability of two prey species, i.e. predation will counteract

warming-induced asymmetric competition. In contrast with

our expectations, our results show that predators promoted

prey coexistence only in the lowest temperature treatment.

We report a complete exclusion of the smaller prey species

in warmer environments in the presence of predators. We

also show that the large prey species exhibited greater trait

plasticity by reducing their body size in warm environments

than the small prey species.
2. Material and methods
(a) Prey species
Two Collembola species were used in this experiment as the prey

species: Folsomia candida and Proisotoma minuta. Both prey species

had been cultured at 148C with dry yeast since 2014 at Leipzig

University. The adult body length of P. minuta ranges between

600 and 1100 mm [33], whereas the mean adult body length of

F. candida ranges from 1500 to 3000 mm [33] (also see the elec-

tronic supplementary material, figure S2). Both prey species

have short generation times depending on the environmental

conditions like temperature and pH [34,35]. The egg hatching

time of F. candida is about 7–10 days at 208C [35]. The egg hatch-

ing time of P. minuta also varies from 6 to 10 days in a

temperature range of 17–238C [34]. Studies have reported 15–

228C as the desired temperature for the optimal hatching success

of both prey species [34,35]. The time to reach reproductive stage

also varies from two to three weeks depending on environmental

conditions [32,33]. Both species belong to the Isotomidae family,

and species belonging to Folsomia and Proisotoma genera have

been reported to co-occur in nature [36]. Our own experiments

have shown that F. candida and P. minuta can coexist in exper-

imental set-ups [37,38]. The larger size of F. candida may make

it more vulnerable to higher temperature but less vulnerable to

predation, compared with the smaller prey P. minuta, which we

expected to be more vulnerable to predation and a less inferior

competitor in a warmer environment.
(b) Predator species
Predatory mites were used as generalist predators in the exper-

iment. To test the generality of our results, we used two closely

related predatory mite species, which were included separately to

avoid competition between the two predator species: Hypoaspis
aculeifer and Hypoaspis miles. Both predators (purchased from

Schneckenprofi in Germany) are reported to feed on Collembola

species [39]. We also visually confirmed the predation of Collem-

bola prey species used in this study by the Hypoaspis predators

(electronic supplementary material, movie S1).
(c) Experimental design
Prey and predator populations were established in microcosms

(Petri dish of 14 cm in diameter with tiny air ventilators to

allow air circulation) with the mix of litter and yeast as the

main substrate for the prey species (electronic supplementary

material, figure S3). Litters were cut into small pieces and steri-

lized twice (1218C) before being used as a substrate. The C : N

ratio of the litter was estimated using a CHNO elemental analy-

ser (Vario EL II, Elementar Analysensysteme GmbH) and found

to be 17.60 (+0.35 s.e.). We added 1.5 g dry weight of this ster-

ilized litter material into the Petri dishes. In order to keep the

base of Petri dishes moist, litters were added on top of a

double layer of filter papers (electronic supplementary material,

figure S3). In order to stimulate fungal growth on the litter, we

added 10 mg of yeast in 1 ml of deionized water on top of the

litter. The litter and yeast mix were made adequately moist

before animals were added.

We established prey monocultures of F. candida and P. minuta
with initial populations of 20 individuals per microcosm. For the

prey mixtures, we applied a substitutive design with 10 individ-

uals each for the two prey species. To both prey monocultures

and prey mixtures we added six individuals of either of the

predator species.

Three warming treatments were used in this experiment with

8 D : 16 L cycle of temperature: low warming with 128C (night)

and 158C (day), intermediate warming with 178C (night) and

208C (day) and high warming with 228C (night) and 258C



Table 1. Effects of warming, predation and competition (between two prey species) on the population of two prey species based on count data (Poisson’s error
and log-link function) of zero-inflated model. (The bold values are statistically significant ( p , 0.05). The 95% confidence intervals (CIs) that do not overlap
zero are statistically significant. coef. stands for regression coefficients of zero-inflated models. Warming was used as a linear term (levels ¼ 0, 1 and 2). HM,
Hypoaspis miles; HA, Hypoaspis aculeifer.)

treatments

Folsomia candida

coef. 95% CI z-value p-value

intercept 6.24 6.21, 6.28 346.08 <0.001

warming (W) 0.13 0.11, 0.16 10.10 <0.001

predator (P) 0.41 0.37, 0.45 19.95 <0.001

competitor (C) 0.16 0.14, 0.18 13.46 <0.001

W � P 0.01 20.01, 0.05 1.12 0.26

W � C 0.25 0.24, 0.27 29.06 <0.001

P � C 20.56 20.60, 20.54 235.90 <0.001

W � P � C 20.05 20.07, 20.03 24.57 <0.001

presence of HM 20.67 20.70, 20.65 249.86 <0.001

presence of HA ,0.01 20.01, 0.02 0.74 0.45

Proisotoma minuta

intercept 8.19 8.08, 8.30 142.81 <0.001

warming (W) 20.51 20.66, 20.36 26.84 <0.001

predator (P) 0.50 0.36, 0.65 6.76 <0.001

competitor (C) 21.57 21.67, 21.48 232.41 <0.001

W � P 0.37 0.04, 0.70 2.21 0.02

W � C 20.04 20.17, 0.08 20.67 0.49

P � C 20.58 20.71, 20.45 29.08 <0.001

W � P � C 20.43 20.74, 0.12 22.73 0.006

presence of HM 0.21 0.17, 0.25 11.61 <0.001

presence of HA 20.75 20.81, 20.70 228.00 <0.001
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(day). The low warming treatment is within the prey animal cul-

ture temperature (148C), whereas the intermediate warming

treatment represents þ58C increase which corresponds to climate

scenarios predicted by the Intergovernmental Panel on Climate

Change for the next 100 years at many locations around the

globe [40]. The higher warming treatment (þ108C) represents

an extreme climate scenario, although some studies have indi-

cated þ108C as a realistic scenario in some regions [41], as heat

extremes are getting more common [42]. Note, however, that Col-

lembola may experience temperature differences of 108C or more

in the field owing to seasonal temperature fluctuations. Thermal

images of the Petri dishes confirmed that Petri dishes closely

resembled the treatment specific temperature levels (electronic

supplementary material, figure S4).

The experiment ran in reach-in growth chambers (CLF Plant

Climatics GmbH) with a constant air humidity of 70%. On day 3

of the experiment, 10 mg of yeast in 1 ml of deionized water was

added again to each microcosm to further stimulate fungal

growth on the litter. The microcosms were kept moist by

adding 1 ml deionized water every day for the first 7 days of

the experiment. After fungal growth had been visually observed

after the first week of the experiment (electronic supplementary

material, figure S3), we added 1 ml deionized water every third

day for the entire period of the experiment. In order to investi-

gate microbial growth at three temperatures, additional

microcosms with the same set-up (e.g. litter, amount of yeast

and water addition) were established without any animals
(electronic supplementary material, figure S5). Competition, pre-

dation and warming treatments were fully crossed (competition¼

prey monocultures and prey mixtures; predation¼ predator absent

and predator present; warming¼ three levels: 0, 1 and 2) and

replicated five times.

(d) Harvest
The experiment ran for a total of 60 days providing an adequate

time for several generations for both Collembola species. At the

end of the experiment, we extracted animals using heat extrac-

tion with a gradual heating of 258C up to 558C (58C increase

per day) for 6 days [43]. The animals were collected initially in

glycol water solution (1 : 1) and later transferred to 70% ethanol

solution. In order to observe the population patterns of

Collembola species, additional microcosms were established for

another harvest at day 30 using the same experimental set-ups

and number of replicates. We also extracted and counted the

Collembola population at day 30 from the start of the experiment

with the same procedure (e.g. heat extraction; electronic sup-

plementary material, figure S6). Collembola species were

counted under a dissecting microscope.

Collembola adult body length was determined for five ran-

domly selected larger individuals (per microcosm) assuming

that they had attained reproductive stage. Folsomia individuals

greater than 1.5 mm are often considered adult, whereas

Proisotoma individuals greater than 0.6 mm are presumably
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Figure 1. Effects of warming, predation and competition on Folsomia candida (larger prey) and Proisotoma minuta (smaller prey) mean density (+s.e.). Larger and
smaller prey are indicated pictorially in the panels. Details of statistical analyses are provided in table 1. (Online version in colour.)
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adults [33]. However, Collembola are ametabolous, and body size

cannot be easily used to differentiate juvenile and adult individuals

[44]. Further, a clearer differentiation between the two prey species,

such as in their body size, occurs when they become larger.

Body length was measured using the inverted microscope at 40�
magnification (electronic supplementary material, figure S2).

(e) Data analysis
The total number of Collembola individuals for both species at the

final harvest were overdispersed (residual deviance .. degrees

of freedom when analysed using generalized linear models

with Poisson error) owing to numerous zero counts (zero-inflated;

electronic supplementary material, figure S7). Models also

failed to converge and were still overdispersed with generalized

linear models with either negative binomial or quasi-Poisson

error structure. Hence, we used zero-inflated regression models

(ZIMs), which handles zeroes and ones (animal absence versus

presence as a binary response) and counts separately [45]. We

used binomial errors (logit link) to account for the binary

responses and Poisson errors (log-link) for the prey counts in the

ZIMs (also called zero-inflated Poisson model, sensu Zuur et al.
[45]). ZIMs were run for total population for both prey

species separately. The model structure was: Prey population �
(Warming�Predation�Competition)poisson j (Warming�Predation �
Competition)binomial (see Zuur et al. [45]). We used predation and

competition as the initial treatments rather than the realized pred-

ator and the competitor densities from the end of the experiment.

Linearity assumptions for all ZIMs were met, i.e. no correlation

between the model residuals versus fitted values from the model

was found. ZIMs were run with the ‘pscl’ package [46] built for

the R Statistical Software [47].

Further, we also calculated prey coexistence from the prey

mixtures as a binary response. The absence of one prey species

was scored as ‘0’, whereas ‘1’ was scored for the cases when

both prey species ( juvenile or adult) were present together.
This coexistence measure allowed us to estimate exclusion in

the experimental setting (0 being an exclusion event), however,

it may not fully resemble the steady-state equilibrium as

assumed by theoretical models of species coexistence [48].

Non-steady-state populations have been used to evaluate species

coexistence in experimental studies [16,49]. Also note that as

no additional resources were added to microcosms (only twice

at the starting week of the experiment, see above), the steady-

state population would very likely be the total extinction of all

species, however, the time to reach this will differ among treat-

ments. Nevertheless, we acknowledge that our study does not

estimate the carrying capacity population of prey species as

some populations may have still increased after the 60 days of

experiment. We used a generalized linear model with binomial

error to test warming and predation effects on prey coexistence.

Finally, we also analysed warming and predation effects on

the body length of prey species. We were not able to incorporate

prey mixtures in this analysis because of lack of samples with an

adequate number of individuals of both prey species for body

length measurements—particularly in treatments with predators

and higher temperature. We used linear mixed models with

Gaussian error to predict the effect of warming and predation

on the body length of prey species in their monocultures.

All regression models met the linearity assumptions. We also

used predator identity as a covariate in our models in order to

account for potential differences between predator-specific

effects on prey density. All statistical analyses were carried out

in R Statistical Software [47].
3. Results
(a) Prey density
We found a significant three-way interaction effect of warm-

ing, predation and competition on the number of F. candida



Table 2. Effects of warming and predation on prey coexistence based on
generalized linear models (with binomial errors and logit link function).
(The bold values indicate statistically significant effects ( p , 0.05). coef.
stands for regression coefficients of generalized linear models. The 95%
confidence intervals (CIs) that do not overlap zero are statistically
significant. Warming is used as a linear term (levels ¼ 0, 1 and 2). HM,
Hypoaspis miles; HA, Hypoaspis aculeifer.)

treatments

prey coexistence

coef. 95% CI z-value p-value

intercept 22.59 26.94, 1.28 21.29 0.19

warming (W) 3.56 20.36, 8.10 1.70 0.08

predator (P) 2.36 20.08, 5.64 1.74 0.08

W � P 23.23 26.79, 20.55 22.12 0.03

presence

of HM

0.86 21.07, 2.80 0.87 0.38

presence

of HA

0.52 21.89, 3.72 0.40 0.68

1.00 warming × predator*
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Figure 2. Interactive effects of warming and predation on prey coexistence
measured as a binary response in prey mixtures. Each dot represents
mean+ s.e. for the warming and predation treatment levels (*p , 0.05).
(Online version in colour.)
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and P. minuta after 60 days (table 1). The negative three-way

interaction suggests that predation and competition in a

warmer environment generated detrimental conditions

for both of the prey species (table 1 and figure 1). We also

found that the two prey species were differentially affec-

ted by the two predator species (table 1). The density of

F. candida was more suppressed by H. miles, whereas that

of P. minuta was more suppressed by H. aculeifer (table 1).

(b) Prey coexistence
Prey coexistence, within the timeframe of our experiment,

was significantly affected by the interaction between warm-

ing and predation (table 2 and figure 2). That is, the

probability of prey coexistence was promoted by predation

in low warming treatments, whereas the probability of prey

coexistence was hindered by predation at higher temperature.

Predator identity explained no additional variance in prey

coexistence (table 2).

(c) Prey trait plasticity
Mean body length of F. candida (the large-sized prey) signifi-

cantly decreased with warming, whereas no effect of

predation was found (table 3, figure 3). Further, we found

no interaction effect between warming and predators on the

mean body length of F. candida individuals (table 3). Warm-

ing and predation treatments did not significantly change

the mean body length of P. minuta individuals (table 3 and

figure 3). Predator identity also had no effect on changes in

body lengths of either of the prey species (table 3).
4. Discussion
Our study can be summarized by three key findings. First,

under warming, predation and competition had negative

interactive effects on the density of both prey species

(table 1, figure 1a,b), contradicting our hypothesis that
predators would nullify a warming-induced advantage to

smaller prey species. Second, the positive effect of predator

presence on prey coexistence was only observed in the low

warming treatment, but lost in warmer environments where

smaller prey species were driven to extinction in the pre-

sence of predators (figure 2). Third, the larger prey species

always outperformed the smaller prey species in warmer

environments, also contradicting our expectations (figure 1b).

The maintenance of species diversity in a community

emerges from symmetric interactions, such as trade-offs

between competitive ability and vulnerability to predation

[9,10]. Our study supports the prediction that coexistence of

two prey species is enhanced in the presence of a generalist

predator. However, such predator-induced reduction of inter-

specific competition between two prey species was limited to

the temperature regime (lowest temperature treatments) in

which both prey species were cultured (separately) for more

than 2 years (a number of generations). These results suggest

that positive effects of predation on prey coexistence can be

realized at temperatures to which prey species are acclimated.

Consistent with previous studies [20,30], predation effects

became stronger in warmer environments in our study, in

particular, in intermediate warming treatments (electronic

supplementary material, figure S1), which would be expected

to most strongly impact small prey. However, the same prey

was also expected to have a competitive advantage over large

prey in warmer environments. Nevertheless, we failed to

detect an increase in the population of the smaller prey species

in the presence of predators in warmer environments. This

breakdown of positive predation effects by the presence of

predatory mites appears to have resulted from the failure

of the small prey to benefit from warming in the absence

of predation, and the failure of large prey to suffer a cost

from warming in the presence of predation, when the prey

species were together (figure 2). This meant the trade-off

between warming and predator responses, a requirement of

coexistence, was not met in the two prey species.

The poor performance of the smaller prey species in

warmer environments suggests that traits other than body

size may explain their vulnerability to warming [50]. For

instance, the small-sized prey species inhabits the soil subsur-

face [37,51], which might be cooler than the soil surface,



Table 3. Results from linear regression models (Gaussian error) for the effects of warming and predation on the body length of two prey species. (The bold
values indicate statistically significant effects ( p , 0.05). coef. stands for regression coefficients of generalized linear models. The 95% confidence intervals (CIs)
that do not overlap zero are statistically significant. Warming is used as a linear term (levels ¼ 0, 1 and 2). HM, Hypoaspis miles; HA, Hypoaspis aculeifer.)

treatments

Folsomia candida body length

coef. 95% CI t-value p-value

intercept 2306.90 2165.19, 2448.60 32.51 <0.001

warming (W) 2250.35 2366.04, 2134.64 24.32 <0.001

predator (P) 123.73 247.83, 295.29 1.44 0.15

W � P 254.60 2198.28, 89.08 20.75 0.45

presence of HM 98.58 268.90, 266.07 1.17 0.24

presence of HA 11.17 2154.90, 177.24 1.37 0.17

Proisotoma minuta body length

intercept 1095.79 882.67, 1308.89 10.35 <0.001

warming (W) 271.98 2285.64, 141.68 20.68 0.50

predator (P) 115.40 2156.12, 386.92 0.85 0.39

W � P 17.02 2249.57, 283.61 0.12 0.89

presence of HM 214.93 2291.74, 261.87 20.10 0.91

presence of HA 181.14 2127.85, 490.14 1.18 0.24

2500 warming**
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Figure 3. Changes in mean body length (+standard error) of Folsomia candida (larger prey) and Proisotoma minuta (smaller prey) in response to warming and
predation in their monocultures (**p , 0.01). (Online version in colour.)
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hence making them more vulnerable when exposed to higher

temperatures. Thus, even small body-sized species if exposed

to temperature near or above their thermal limits, may

decline in population in response to climate warming.

Accordingly, measuring traits other than body size, such as

related to organismal thermal performance traits [52], could

enhance our understanding of species performance in a

warmer world independent of their body size. It is also note-

worthy that the larger prey species, F. candida, have an

asexual mode of reproduction providing them an advantage

over the smaller prey species [35], despite their comparable

growth rates. Further, in order to avoid confounding

single versus multi-species and total density, we opted

for the substitutive design, but this comes with its own

limitation of confounding single versus multi-species with
component species’ densities. In our previous cultures,

populations of both Collembola species have grown very

fast in monocultures, when supplied with adequate

substrate, and should therefore be minimally affected by

the differences in initial densities. Nevertheless, future

studies should consider manipulating prey densities across

warming and predation gradients to help disentangle density

and predation effects.

Our results of better performance (i.e. greater density) of

larger prey species in warmer environments contradict studies

that have shown a relative advantage of smaller species in

warmer environments [24,25,53]. Smaller individuals should

have a relative advantage at the cellular level in a warmer

environment [23,24]. However, this advantage may be offset

by the presence of predators, as small-sized prey tend to be
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more vulnerable to predation [29]. Indeed, a recent study

reported that large phytoplankton species prevailed over

smaller phytoplankton species in warmer environments

when their grazers were present [54]. The relative advantage

of smaller prey may also be undermined if larger prey are

able to plastically reduce their body size in order to remain

within their metabolic constraints, while staying sufficiently

large to reduce predation risk. The larger prey probably

showed such an adaptation in our study. Their mean body

length decreased significantly in warmer environments. By

contrast, we found no statistically significant change in the

body length of the smaller prey species with warming

(figure 3). Although, these body size results are based on

prey monocultures we speculate that the observed warming-

induced plasticity of the larger prey population can result in

a subsequent exclusion of the smaller prey species. Also note

that the prey responses in our study were not owing to

resource limitations as microbial availability (resource of

prey species) was greater at higher temperature (electronic

supplementary material, figure S5), indicating that the

observed prey responses were mainly because of interference

between the prey species leading to physiological stresses in

response to warming and predation. The question that

emerges from our results is whether warming will shift com-

munities to smaller prey species, as widely argued [22],

when warming simultaneously may enhance predation

pressure (electronic supplementary material, figure S1).

Both theoretical and empirical research will be required to

comprehensively address this question.

The main conclusion of our study is that positive effects of

predation on prey coexistence may be lost in warmer
environments. Moreover, our results demonstrate that com-

petition and predation effects (presence of predatory mites)

got stronger in warmer environments for smaller prey

species, particularly where larger-bodied species retained

lower vulnerability to predation than smaller prey species.

This could be due to a plastic response of the larger prey

species in warmer environments, namely by reducing their

body length. Future experiments are needed in more open

and complex systems to probe the generality of these find-

ings. Our results encourage future studies to incorporate

interspecies trait variability in response to warming to predict

species coexistence in a changing world.
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