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one week at 26-30°C, representing + 10°C above ambient conditions). Furthermore,
we investigated potential shifts in the body size distribution of recovering populations
to better understand if extreme heat events can restructure body size spectra within
populations. While resistance remained unaltered across species in our study, the
recovery response of the most heat-sensitive species (Protaphorura pseudovanderdrifii,
predominantly a boreal species) was strongly affected by the extreme heat event (—54%
population change compared to ambient conditions). Given that the fecundity (linked
to recovery) of P pseudovanderdrifti was more sensitive to heat than their survival
(linked to resistance), we detected a decoupling between population resistance and
recovery to an extreme heat event in this species. In addition, the detrimental effects of
heat on fecundity were largely responsible for a drop in the proportion of small-sized
(juvenile) individuals in the recovering populations of P pseudovanderdrifii. Thermally
insensitive resistance and recovery in the other three species (2 armata, P fimata, 12
tricampata; predominantly temperate species) can be explained by their high survival
and fecundity at warmer temperatures. We highlight that life-history trait responses to
warming can help explain population resistance and recovery after extreme heat events.

Keywords: body size, climate change, fecundity, functional traits, survival

Introduction

Climate extremes are getting more frequent as a result of anthropogenic global
warming, with detrimental consequences for biodiversity (Meehl and Tebaldi 2004,
Christidis et al. 2015, Buckley and Huey 2016, IPCC 2021). Extreme heat events,
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in particular, compromise the fitness of organisms as a result
of severe physiological stress (Harvey et al. 2020, Ma et al.
2020, Thakur et al. 2022) and increased metabolic costs
(Gillooly etal. 2001, Dillon et al. 2010). Ectothermic animals
are especially vulnerable to extreme heat events as their body
temperatures get pushed towards their upper critical thermal
limits (Deutsch et al. 2008, Buckley and Huey 2016), poten-
tially triggering large ecological responses (Harris et al. 2018).
These responses are composed of both the magnitude of the
impact on a species, reflected in an initial reduction of its
population size (also known as resistance) and the ability of
that species to return to a reference state — such as the popula-
tion size in absence of disturbance (also known as recovery;
Hillebrand et al. 2018). While recent syntheses have shown
that several species usually return close to their reference
population levels after pulse disturbances, including extreme
heat events, we still know little about when and how do
species recover (Hillebrand and Kunze 2020, Neilson et al.
2020), and whether population resistance can predict recov-
ery (Isbell et al. 2015, Capdevila et al. 2022, Thakur et al.
2022). Establishing links between resistance and recovery can
provide a comprehensive picture of how organisms respond
to climate extremes, as even if populations may not show an
immediate response (i.e. greater resistance), there could be a
cost in the longer run, which would be reflected only through
studying their recovery over a period of time (Harris et al.
2018, Ma et al. 2020). To this end, we here aim to apply
trait-based approaches to better understand population resis-
tance and recovery of various species exposed to extreme heat
events (Neilson et al. 2020, Thakur 2020).

Among the suite of traits potentially affected by
temperature, life-history traits deserve particular attention
since they could directly relate to population-level responses
(McLean et al. 2016, Sinclair et al. 2016, Capdevila et al.
2022). These comprise all traits influencing the schedule of
the life cycle of an individual ranging from reproduction,
growth, and maturation to survival. During extreme heat
events, physiological responses to warming can trigger shifts
in life-history traits that, in turn, might scale up to higher
levels of ecological organization (Harvey et al. 2020). For
instance, regular periods of extreme or moderate warming
induce small effects on mortality that accumulate over time,
thereby triggering population crashes even below critical
temperatures (Rezende et al. 2020). Negative impacts at
the population level may also emerge from declines in the
reproductive output of surviving individuals (Harvey et al.
2020, Ma et al. 2015), as a result of tradeoffs between stress
tolerance or avoidance and reproduction (Klockmann et al.
2017, Walsh et al. 2019). Predicting population-level
responses to extreme heat events may therefore require the
consideration of warming impacts on reproductive traits,
given that the thermal ranges of these traits are narrower than
those of survival (Rezende and Bozinovic 2019, Walsh et al.
2019, Ma et al. 2020). Indeed, heat-induced shifts in
reproductive strategies can arise as a result of altering the
number of offspring in each reproductive event (i.e. brood/
clutch size), a delay or altered frequency of reproductive events
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(e.g. skipping reproduction), or simultaneously affecting both
(Forsman 2001). Such effects of heat on reproductive traits
will only translate into changes in the population size after
a time period necessary for recruitment, which underscores
the need to consider this time lag in assessing population
recovery (Neilson et al. 2020).

In addition to life-history traits, relationships between
population size and trait variation within populations in
changing environments can be further linked to functional
traits like body size. Warming can trigger changes in the
relative abundances of distinct life stages in a population
when thermal tolerance differs across stages (Ohlberger
2013), which can be linked to variation in their body sizes
(Franken et al. 2018, Peralta-Maraver and Rezende 2021).
Across species, it has been shown that smaller organisms could
be more tolerant to short periods of extreme heat (e.g. hours
or days), whereas larger organisms can endure longer periods
of moderate warming (e.g. weeks; Peralta-Maraver and
Rezende 2021). Population size structures might also shift
in response to warming as a result of altered life-history traits
(Gardmark and Huss 2020). For instance, extreme heat events
could induce lowered proportions of small-sized (juvenile)
individuals in a population because of detrimental impacts of
heat on fecundity. As opposed to the general pattern of body
size reductions at higher temperatures (Gardner et al. 2011,
Sheridan and Bickford 2011), this mechanism could actually
produce greater average body sizes in the short-term response
to warming, making it further challenging to predict how
heat events affect population size structures.

Population responses to extreme heat events might also
be shaped by their biotic environments (Stoks et al. 2017,
Boukal etal. 2019). One such biotic environment is predation,
which itself is temperature sensitive and a key determinant of
prey population dynamics (Rall et al. 2010, Brose et al. 2012,
Thakur 2020). Predation can shape prey responses to heat
events in various ways, which obscure predictions of resistance
and recovery purely on prey traits. For instance, because
trophic interactions are often strong when prey are smaller
than their predators (Brose et al. 2006, Rall et al. 2012), prey
population recovery after extreme heat might be constrained
if their body sizes put them at risk of predation, regardless of
their thermal sensitivity (Thakur 2020). However, predators
could also be more vulnerable to extreme heat than their
prey as they often have higher metabolic demands and
could easily reach the risk of starvation if prey availability at
higher temperatures is low (Fussmann et al. 2014, Huey and
Kingsolver 2019). Altogether, how predation can modulate
trait-based predictions of prey population responses to
extreme heat events remains unclear.

Here, by using two complementary experiments, we aim
to apply information obtained from life-history responses to
warming to predict population level responses to an extreme
heat event. We first measured thermal reaction norms (i.e.
phenotypic changes as a function of temperature) of life-
history (survival and reproductive traits) and physiological
traits (lipid concentration and dry body mass) for one week
in four closely related species of Collembola (from the genus
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Protaphorura). Collembola are among the largest groups of
terrestrial invertebrates (in terms of density and diversity)
living in soils (Potapov et al. 2023). This first experiment
allows us to build testable hypotheses to predict population-
level responses to an extreme heat event (simulating a
one-week heat wave) in our second experiment, using the
same four study species together with a predator in soil
microcosms. We expect that the distinct climatic niches
of our four study species (details in Methods section) will
underlie differences in their thermal performance, which will
then affect their resistance and recovery after the extreme heat
event. Specifically, we predict that the population resistance
response will reflect thermal effects on survival, whereas the
population recovery response will depend on thermal effects
on fecundity (i.e. reproductive output). Given that warming
induces higher metabolic rates and may therefore reduce
organisms’ energy reserves (e.g. storage lipids; Meehan et al.
2022), we predict that the lipid concentration of collembolans
will decline at higher temperatures, thereafter limiting their
population’s ability to recover after the extreme heat event.
Moreover, since changes in life-history traits affect particular
life stages and could subsequently alter the population size
structure, we expect that the body size distribution (as a
measure of functional trait in our study) will shift in response
to extreme heat. More precisely, we predict that changes
in the body size distribution in the resistance response will
depict size-specific effects on survival, as a result of distinct
thermal tolerances across body sizes (e.g. a lower proportion
of small-sized individuals will indicate lower survival of
juveniles compared to other size stages). In turn, the body
size distribution in the recovery response will depict thermal
effects on fecundity (e.g. a lower proportion of small-sized
individuals will indicate negative impacts on fecundity
during the week of extreme heat). Finally, we hypothesize
that predation will constrain prey recovery, particularly for
prey of smaller size (e.g. juvenile individuals) as they might
be more susceptible to predation. Our study offers potential
links among life-history, population size and functional
trait responses to extreme heat events to help improve our
predictions on climate change effects on population resistance
and recovery.

Material and methods
Study species

We used four species of the genus Protaphorura (Collembola:
Onychiuridae): 2 armata, P fimata, P pseudovanderdrifii and
P tricampata (Supporting information). These are sexually
reproducing, euedaphic invertebrates (i.e. permanently living
in the soil) commonly found in various habitats across Europe
(Gisin 1960, Fjellberg 1998). These four closely related spe-
cies differ markedly in their geographic distributions, which
in turn reflect their distinct climatic niches (Supporting
information). Specifically, P armata is typically a warm-tem-
perate species; P fimata and P tricampara are cold-temperate

species; and P pseudovanderdrifti is found in boreal and arctic
regions at high laticudes (Gisin 1960, Fjellberg 1998). These
species further differ in body size (potentially related to pre-
dation risk as well as to thermal tolerance; Rall et al. 2012,
Franken et al. 2018), with P, fimata (mean + SD body length
at the start of the life-history experiment: 1829 + 233 pm;
n=180) and P, pseudovanderdrifii (1698 + 198 pm; n=180)
being larger species than P #ricampata (1487 + 158 pm;
n=181) and P armara (1373 + 166 pm; n=181). Hence,
using these four closely related species not only offers a con-
servative experimental design due to their evolutionary relat-
edness, but their ecological differences further help to capture
important organismal variation to offer some level of gener-
ality to understand what underlies the relationship between
population resistance and recovery. Therefore, we aimed to
capture variation in their population responses when each of
the four species are exposed to the same extreme heat event,
and link these population responses to their distinct thermal
performances.

The origin of the animals that initiated the cultures as
well as their local climatic conditions are provided in Table
1 in Xie et al. (2023). All species were reared for several
generations (since the time of their collection in the field)
in incubators at 20°C and fed with dry yeast before we
used them for the experiments (Supporting information).
We therefore adopted 20°C as the ambient temperature
in our experiments. To recreate typically dark conditions
experienced by soil-dwelling collembolans, as those used
in our study (Hopkin 1997), we kept all cultures and
experiments under constant darkness. Additionally, we
measured egg development time (i.e. time from egg laying
to hatching) of all four species at the ambient temperature
(20°C) of our experiments (Supporting information). Egg
development time at 20°C was shorter in P fimata (estimated
mean = SE: 12.7 + 0.7 days; n=96), followed by P armata
(13.9 = 0.6 days; n=145) and P, pseudovanderdrifti (14.8 +
0.7 days; n=35), and was longest in P tricampata (15.8 +
0.5 days; n=55). Based on our own observations as well as
developmental times from other Collembola species (Siepel
1994), we estimate that the generation time of the study
species at 20°C is around 4-5 weeks.

Experiment 1. Life-history responses to warming

We established experimental units by adding 20 adult indi-
viduals into 60 mm petri dishes with a moist substrate of
plaster of Paris and activated charcoal (9:1), and measured
the body length of ten individuals at 5X. Petri dishes were
then exposed to three different temperatures separately: 20,
25 and 30°C. This temperature range spans+10°C from
the control conditions, which aims to simulate an extreme
heat event as predicted in temperate regions for the next
100 years (CH2018 2018, IPCC 2021). Furthermore, the
highest experimental temperature is considerably above the
warmest soil temperatures experienced by the four species in
their collection sites (Lembrechts et al. 2022, Xie et al. 2023),
demonstrating the thermal extremity of our treatments. We
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established a total of 72 experimental units: 4 Collembola spe-
cies X 3 temperature regimes X 6 replicates. Every day for the
entire duration of the experiment (i.e. one week), we counted
the number of dead animals (i.e. individuals not responding
to a tactile stimulus), clutches (i.e. discrete groups made of at
least three eggs; further details in Supporting information),
and the number of eggs in each clutch. All dead individuals
and eggs were removed daily, and food (dry yeast) was pro-
vided ad libitum and replaced once during the experimental
period to prevent any excessive fungal growth. At the end
of the experiment, all living animals (12-20 individuals per
plate) were collected and stored in the freezer at —20°C for
ten days, before the lipid analysis. Lipid concentration, an
indicator for stored energy reserves, was determined with the
gravimetric method, adapted from Williams et al. (2011).
After being dried at 60°C, animals were transferred to glass
vials with 1 ml of analytical chloroform. The chloroform
containing dissolved lipids was withdrawn daily and replaced
three times to ensure the complete extraction of lipids. Later,
the animals were dried again in the oven and weighed to
obtain lipid-free dry mass, which was used as a measure of
body mass at the end of the experiment. The lipid concen-
tration was then calculated as the weight difference between
total dry body mass (with lipids) and lipid-free dry mass, and
afterwards divided by total dry body mass. All weight mea-
surements were determined to the nearest 0.001 mg.

Experiment 2. Population response to extreme heat
event

We established soil microcosms with monocultures of
the same four Protaphorura species used above in the life-
history experiment, and this time further with a generalist
predatory mite, Stratiolaelaps scimitus (formerly known as
Hypoaspis miles), which is known to prey on Collembola
(Koehler 1999), even those of similar or greater size as the
predator itself (Thakur et al. 2017, 2018). Predatory mites
were purchased from Andermatt Biocontrol Suisse AG and
acclimated at 20°C for ten days before they were added to
the microcosms.

Soil microcosms consisted of polypropylene pots (height:
7.5 ¢cm and diameter: 8 cm) filled with 100 g of commer-
cial soil (3:1 mixture of garden soil and sand; pH=06.8,
C:N ratio=10.1, organic matter=10.5%) and 500 mg of
hay litter on the surface to provide habitat structure and
resources for the soil animals (Klironomos and Kendrick
1995, Kalinkat et al. 2013). Both substrates were sterilized
at 121°C (autoclaved), and hay litter was then dried at 50°C
for 72 h. To further promote fungal colonization, 20 mg of
baker’s yeast was added on top of the substrates (the same
yeast used in culturing of the four Collembola species), and
then incubated for five days at 20°C. After this period, we
added 20 adult Collembola individuals of similar body size
(based on the measurement of body size for experiment 1)
in every microcosm, and those with the predation treatment
received six individuals of S. scimitus one week later to allow
some time for collembolan (prey) populations to establish.
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To prevent animal escape from the microcosms, we installed
a 90 pm mesh at the bottom and a 5 cm high plastic fence
from the top of the microcosm (Supporting information)
coated with olive oil around the upper edge of the pots.
The experimental populations were thus established and
incubated at control conditions from week 1 until week
5, exposed to an extreme heat event on week 6, and were
allowed to recover at control conditions from week 7 until
week 12, i.e. until the end of the experiment. The length of
the recovery period was chosen according to the estimated
generation time of the study species at 20°C, as suggested
by Neilson et al. (2020). Even though the generation times
might differ to some extent across species and temperature
regimes (Siepel 1994), our five-week recovery period encom-
passes at least one full generation time for all four species,
and thus manages to capture possible effects of the extreme
heat event on their reproduction and recruitment. Further,
to add more realism to our temperature regimes in the pop-
ulation dynamics experiment, we adopted a diel tempera-
ture cycle (8:00:16:00 h, constant darkness) set at 16-20°C
for control conditions, and 26-30°C for the extreme heat
treatment. The extreme heat event (+10°C above control
conditions) was chosen to simulate a heat wave scenario as
described for the life-history experiment. Air temperature
and relative humidity were monitored at 30 min intervals
throughout the experiment, and soil temperature at 5 cm
depth was recorded twice every day during the extreme heat
phase to capture the night (measurement at 08.00-10.00
h) and day (measurement at 14.00-18.00 h) soil tempera-
tures. The realised air temperatures during extreme heat
were +9.4°C compared to control conditions (mean + SD,
extreme heat: 27.5 + 2.2°C; control: 18.1 + 2.2°C), while
in the soil this difference reached + 8.4°C (extreme heat: 25.4
+ 1.5°C; control: 17.0 + 1.4°C; Supporting information).
As a result of the buffering effect of the soil, the temperature
conditions experienced by the animals during extreme heat
closely resembled those of the 25°C regime from the life-
history experiment.

We measured Collembola densities and body size at three
time points: before the extreme heat event (harvest 1, week
5), after the extreme heat event (harvest 2, week 6), and at
the end of the experiment (harvest 3, week 12). All treat-
ment combinations and harvests were replicated five times
except for the first harvest of P pseudovanderdrifti, which had
only four replicates because of the low numbers of animals of
this species in our stock cultures. This resulted in a total of
236 experimental units: 4 Collembola species treatments X
2 temperature treatments X 2 predation treatments X 3 har-
vests X 5 replicates. In each harvest, soil animals were sam-
pled using heat extraction with gradual heating from 25°C
up to 55°C for 7 days following the Macfayden extraction
method (Macfadyen 1961). All animals were collected in gly-
col water solution (1:1) and later transferred to 70% ethanol.
Counts of Collembola and predatory mites as well as body
size measurements of Collembola were performed under a
stereomicroscope with high performance camera. For each
sample, we measured body length from 20% of the animals
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at 20X, with a minimum number of 20 individuals when
available. We took measurements at random (i.e. adults and
juveniles indiscriminately) with the aim of detecting shifts in
the body size distribution triggered by the experimental treat-
ments. This yielded a total of 9480 body size measurements
from 42 039 collected Collembola individuals.

Statistical analyses

In the life-history experiment, we tested the effect of tem-
perature, species, and their interaction on survival by
means of Cox proportional hazards (R package ‘survival’,
ver. 3.2-13; https://CRAN.R-project.org/package=survival,
Therneau, 2021). Given that mortality was negligible at
20°C, we restricted this analysis to the 25 and 30°C tem-
perature regimes. Furthermore, we fitted linear regressions
to investigate the effect of the experimental treatments on
reproduction (i.e. fecundity, clutch size and egg laying fre-
quency) and physiological variables (i.e. lipid concentration
and dry body mass). We did not include the 30°C treatment
in the linear models including reproduction-related variables
since this temperature regime induced a complete infertil-
ity in nearly all study species. Fecundity (i.e. total number
of eggs laid over the study period) was analysed with zero-
inflated negative binomial models to account for overdis-
persed and zero-inflated counts (R package ‘glmmTMB’,
ver. 1.1.2.3; https://cran.r-project.org/web/packages/glm-
mTMB, Brooks et al. 2017). Clutch size (i.e. number of
eggs per clutch) and egg-laying frequency (i.e. number of
clutches per day) were tested using generalized linear mixed
models with negative binomial and Poisson distribution,
respectively. In these mixed models, sample ID was added
as a random intercept to account for repeated observations
during the experimental period. For the physiological vari-
ables, we used linear models to analyse lipid concentration,
as well as generalized linear models for lipid-free dry body
mass (R package ‘Ime4’, ver. 1.1-26; https://cran.r-project.
org/web/packages/Ime4, Bates et al. 2015). The Gamma dis-
tribution was adopted for the latter, given that this variable
can only take positive values (Zuur et al. 2009), and because
linear models with Gaussian distribution provided higher
AIC values and linearity assumptions (e.g. homogeneity of
variance) were not met. An overview of all models fitted for
the life-history experiment and their structure is provided in
the Supporting information.

In the population response experiment, Collembola den-
sities were examined using generalized linear models with
negative binomial distribution (R package ‘MASS’, ver.
7.3-54; https://cran.r-project.org/web/packages/ MASS,
Venables and Ripley 2002). Fixed effects were species,
extreme heat, predation, and the interaction between spe-
cies and extreme heat. Interactions with predation lacked
statistical support and always resulted in higher AIC values,
so they were not retained in the final models (Supporting
information). In order to examine population responses to
extreme heat, we decomposed population responses into two
components: resistance and recovery (e.g. Hillebrand et al.

2018). First, we fitted separate models for each sampling
time: baseline (harvest 1), resistance (i.e. harvest 2, at the
end of the extreme heat), and recovery (i.e. harvest 3, after
five weeks, equivalent to the estimated species generation
time). We then obtained Cohen’s 4 standardised effect sizes
with 95% confidence intervals (CI) using the function ¢ff”
size (R package ‘emmeans’, ver. 1.7.0; https://cran.r-project.
org/web/packages/emmeans, Lenth 2021). Cohen’s 4 effect
sizes were calculated using differences of estimates between
control and extreme heat treatments, divided by the pooled
standard deviation (Lenth 2021). This method allowed us
to compare means between treatments while adjusting for
differences in scale among species (Koricheva et al. 2013).
Therefore, Cohen’s 4 immediately after the week of extreme
heat (i.e. harvest 2) is considered as resistance in our study,
and Cohen’s 4 obtained five weeks after extreme heat (i.e.
harvest 3) is a measure of recovery. In addition, we visu-
ally explored relationships between population responses
to extreme heat by plotting standardised effect sizes of
resistance against recovery across the four study species.
Finally, we examined the effects of the experimental treat-
ments on the body size distribution with quantile regres-
sions (R package ‘lqmm’, ver. 1.5.6; https://cran.r-project.
org/web/packages/lqgmm, Geraci 2014), using sample ID as
a random intercept to account for non-independent mea-
surements from individuals of the same population. This
method allows estimatation of conditional quantiles of the
response distribution (Cade and Noon 2003), enabling us
to explore how our treatments might have particular effects
across the body size distribution within populations. More
specifically, we assessed the response on the 0.1, 0.5, and 0.9
quantiles, which represent small (juveniles), medium (young
adults), and large (old adults) individuals of the population
(Jorgensen et al. 2008). Linearity assumptions for all lin-
ear models from both life-history and population response
experiments were tested and visually inspected with the
‘DHARMZ package (ver. 0.4.1; https://cran.r-project.org/
web/packagessrDHARMa, Hartig 2021). We performed post
hoc tests to obtain all p-values, using the function emmeans
from the package ‘emmeans’ (Lenth 2023). All statistical
analyses were carried out in R statistical software (ver. 4.0.2;
WWW.I-PIOject.org).

Results

Life-history responses to warming

After exposing our study species for one week to one of the
three temperature regimes (20, 25 and 30°C), we found
that warming affected life-history traits differently across
the four species. Survival declined strongly in Protaphorura
pseudovanderdrifii from 25 to 30°C, with no individuals
remainingalive after five days of exposure at 30°C. We detected
effects on survival of a moderate magnitude in 2 tricampata
(hazard ratio + SE: 8.40 + 5.36; p < 0.001), while no
differences in survival between 25 and 30°C were found in P
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armata and P, fimata (Fig. 1). In contrast, the 30°C treatment
drastically affected reproduction in all species as barely any
eggs were found in this temperature regime, thereby causing
a complete infertility across study species (Fig. 2). Focusing
on the response of fecundity from 20 to 25°C (Fig. 2), this
again depended on the species considered: egg production in
P, pseudovanderdrifii dropped by 71.9% as a result of a lower
frequency of reproductive events, whereas P armara produced
76.6% more eggs at the higher temperature because of an
increase in clutch size (Supporting information). Clutch size
declined in P tricampata at 25°C (Supporting information),
but this did not cause any detectable change in the fecundity
of this species (Fig. 2). All reproductive traits remained
unaltered in P fimata between 20 and 25°C (Supporting
information). Regarding the physiological traits, the lipid
concentration in living animals at the end of the one-week
study period did not differ across temperature regimes in any
of the species, but lipid-free dry body mass declined in all
species from 25 to 30°C (Supporting information). Overall,
our results suggest that P pseudovanderdyifii is the most heat-
sensitive species among the four Collembola species due to
its lowest survival at 30°C and fecundity at 25°C, whereas
the other three Collembola only ceased their reproduction at
30°C with little effects on their survival. All detailed model
outputs are provided in Supporting information.

Population response to an extreme heat event

Population growth was generally slower at the start of the
experiment (from HO to H1), but later increased by the end of
the experiment (from H2 to H3), especially in Protaphorura
armata and P, fimata (Fig. 3). One week of an extreme heat
event did not affect population resistance responses in any of
the four study species (Fig. 3, 4, Supporting information).
Later, after a recovery period of one generation time, we
detected an incomplete recovery in the most heat-sensitive
species, I pseudovanderdrifti, showing a —54% population
change in the extreme heat treatment compared to the control

(Fig. 3, Supporting information). We did not detect any
significant impacts of extreme heat on the recovery responses
of the other three species (Fig. 4, Supporting information).
Note that even in the species with the strongest warming-
driven decline in fecundity (2 pseudovanderdrifti), population
growth was positive from H2 to H3 in the extreme heat
treatment, but with a much shallower population increase
compared to the control treatment.

The body size distribution within the P pseudovanderdrifti
population was also not affected during its resistance
response, but it shifted during the recovery response (Fig. 5).
More specifically, the individuals at the lower end of the
distribution (quantile 0.1) were larger in size in the extreme
heat treatment within P pseudovanderdrifii, while the sizes at
the median (quantile 0.5) and higher end of the distribution
(quantile 0.9) were little affected (Fig. 5, Supporting
information). The body size distribution did not change
for any of the other three Collembola species during both
resistance and recovery phases.

Predation did not have any detectable effect on Collembola
densities but altered their body size distribution at the baseline
harvest, by reducing the number of the largest individuals
in the populations for all Collembola species (quantile 0.9;
Supporting information). Nonetheless, the effect of predation
faded out in subsequent harvests, as predatory mites did not
manage to reproduce and persist until the end of the study
period (Supporting information). All model outputs are
provided in the Supporting information.

Discussion

Our results from two complementary experiments highlight
that population responses (i.e. resistance and recovery) to an
extreme heat event can to some extent be explained by depict-
ing how life-history traits, namely survival and fecundity,
respond to warming. We found that although population
resistance was not affected across four species, the recovery

P. tricampata P. pseudovanderdrifti

*k*

Temperature
25°C

== 30°C

P. armata P. fimata
1.00 q =
. __\—\_\*\q-
b=
S 0.751
©
Qo
2
a 0.50+
©
2
S 0.254
=
(/2]
0.00+

Days

01234567 01234567 01

Figure 1. Survival probability as a function of temperature across four study species of Protaphorura in the life-history experiment. Survival
curves were plotted with the package ‘survminer’ (ver. 0.4.9; Kassambara et al. 2021). Species are displayed by ranking of heat tolerance,
from higher (left side) to lower (right side) tolerance, based on their survival. We present the same order of species in all following figures.
Symbols show significant differences between temperature treatments: n.s. p > 0.05, ***p < 0.001.
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Figure 2. Fecundity as a function of temperature across four study species of Protaphorura in the life-history experiment. Solid points
represent means, dark solid bars represent standard errors, and faded points are raw data. The red faded area indicates that the 30°C
temperature regime was not included in the models because this treatment induced nearly complete infertility across four species. Symbols
show significant differences between temperature treatments: n.s. p > 0.05, *p < 0.05, **p < 0.01.

response was negatively affected in the most heat-sensitive
species. In contrast, the other three species did not have any
detectable recovery response to extreme heat, implying a cou-
pling between their population resistance and recovery after
an extreme heat event. The decoupling between population
resistance and recovery responses in one of the species, P
pseudovanderdrifti, could be linked to thermal effects on its
fecundity, which also affected the body size distribution of
its recovering populations. More specifically, the detrimen-
tal effects of heat on fecundity were most likely responsible
for a decline in the number of small (juvenile) individuals
within recovering populations of P pseudovanderdrifti. Taken
together, our study provides a novel insight by demonstrat-
ing trait-based explanations (both life-history and functional
traits) for how temperature extremes could impact popula-
tions during their recovery.

We found that reproductive traits were consistently more
heat sensitive than survival. Indeed, the highest temperature

regime of 30°C induced a substantial mortality in P psex-
dovanderdrifii, whereas in the other three species there were
minor or no effects on their survival, which could have con-
tributed to negligible resistance responses to extreme heat. In
contrast, the 30°C temperature regime caused near complete
infertility across four species, while all species managed to
lay eggs at 25°C. Quantitative differences in fecundity across
species at 25°C might underlie distinct adaptations to the
thermal conditions in their distribution ranges. The species
that showed the lowest survival at 30°C, P pseudovander-
drifti, was also the only one that reduced egg production
(-70%) from 20 to 25°C, whereas the change in fecundity
in the species P armata was of similar magnitude but in the
opposite direction (Fig. 2). Remarkably, warming affected
fecundity in these two species by altering their reproductive
strategies in different ways: egg laying frequency declined
in P pseudovanderdrifii, whereas clutch size increased in P
armata (Supporting information). In the case of P tricampata

P. armata P. fimata P. tricampata P. pseudovanderdrifti

< 800 1
E * *kk
»
8 6001
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Figure 3. Temporal dynamics of the densities across four study species of Protaphorura in the population response experiment. ‘Harvest
specifies the different time points in which Collembola densities were assessed during the experiment: HO: start of the experiment; HI:
baseline; H2: resistance; H3: recovery. Solid points represent means, dark bars represent standard errors, and faded points are raw data. Note
that raw data points for densities above 800 individuals are not displayed for visualisation purposes. Colours indicate different experimental
treatments: blue: control (C); orange: extreme heat (EH;+10°C on ambient temperature). Stars show significant differences between

treatments: *p < 0.05, ***p < 0.001.
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are statistically indifferent to zero. Negative values indicate a population decline in response to extreme heat, compared to the control
treatment. Colours indicate different population responses: green: resistance; turquoise: recovery. (b) Resistance against recovery response,
using standardised effect sizes with 95% CI. The solid diagonal line shows the 1:1 relationship between resistance and recovery. Collembola
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and P, fimata, our results suggest that their thermal optimum
for fecundity might lie between 20 and 25°C, which would
explain the apparent lack of fecundity responses in these two
species. It has been shown that acute thermal limits vary sub-
stantially across the four Collembola species, given the varia-
tion in their geographic range, and are related to the warmest
soil temperatures found in their natural habitats (Xie et al.
2023). Our results also confirm that variation in thermal
performance of ectotherms could depend on their latitudi-
nal origin (Sunday et al. 2011, Sengupta et al. 2017), as spe-
cies collected from temperate regions (P armata, P, fimata, P
tricampata) maintained a more constant performance across
experimental temperatures than boreal species (2 pseudovan-
derdrifti). It is worth noting that dry body mass declined only
at 30°C across species, which indicates that animals were
experiencing significant heat stress at this temperature, hin-
dering their growth and development (Mallard et al. 2020).
Although collembolans attained lower body masses at 30°C,
their lipid concentration remained constant across species
in all temperature regimes. We speculate that the organisms’
energy reserves in terms of lipid concentration were possibly
maintained as a result of downregulating their metabolism
(e.g. reduced physiological and/or behavioural activities)
at 30°C to avoid further heat stress (Ehnes et al. 2011) or,
alternatively, that lipid concentration may be responsive to
warming only over longer exposure times (Meehan et al.
2022). Altogether, these findings allowed us to predict that
P, pseudovanderdrifti would show the lowest population resis-
tance due to high mortality, and the lowest recovery after an
extreme heat event due to cessation of reproduction — hence
a coupling between its population resistance and recovery.
In contrast, we expected that the other three species would
display a decoupling between resistance (high survival)
and recovery (low reproduction) after the week of extreme
heat event.

Agreeing with our expectations based on the results from
the life-history experiment, we found that the most heat-
sensitive species, P pseudovanderdrifii, was also showing
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the lowest population recovery after an extreme heat event
(+10°C above ambient conditions). However, no effects
on population resistance were detected in P pseudovander-
drifti nor in the other three species. Such strong resistance
to extreme heat can potentially be explained by the buffer-
ing effect of the soil in the moist conditions of our experi-
ment, which produced conditions on average 2°C cooler
and with more dampened thermal fluctuations than in the
air (Lembrechts et al. 2022). Indeed, the average tempera-
tures reached in the soil during the week of extreme heat
remained just above 25°C, and the population responses
nearly mirrored our results of the life-history experiment at
this temperature regime. For instance, survival in 2 pseu-
dovanderdrifti was hardly affected but fecundity dropped
by 72% at 25°C, which can be linked to the strong resis-
tance (demonstrating high survival) and a 54% population
decline at recovery (demonstrating the legacy of thermal
impacts on fecundity). By contrast, a 77% increase in fecun-
dity in P armata at 25°C was surprisingly not reflected in
the population recovery response, which did not differ from
control conditions. It is possible that such warming-driven
increase in fecundity came at the cost of compromising
egg viability, although this merits further investigation.
Alternatively, differences in daily temperature fluctuations
between the life-history experiment (constant temperature)
and the population experiment (daily fluctuation of 4°C)
could further explain quantitative discrepancies between
both, given that temperature cycles provide greater popu-
lation growth, as shown by Liefting et al. (2017) in the
collembolan Orchesella cincta. One limitation from the
temperature buffering in the soil at the 30°C treatment in
the population experiment is that it prevents comparison
between the corresponding population responses and life-
history responses at 30°C. Nevertheless, we interpret that
the coupling between population resistance and recovery
in P armata, P fimata, and P tricampata (i.e. strong resis-
tance and recovery) can be explained by the high survival
and lack of thermal impact on fecundity for these species in
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Figure 5. Pooled body size distribution of the four Protaphorura species during the resistance phase (a, ¢, ¢, g; left column) and the recovery
phase (b, d, f, h; right column) of the population response experiment. The number of body size measurements in each species is provided
for the resistance and recovery responses, respectively: P armata (n=487 and n=1407), P fimata (n=977 and n=2402), P tricampara
(n=245 and n=1142) and P, pseudovanderdrifti (n=336 and n==841). Dashed lines display the estimates of quantile regressions at the 0.1
and 0.9 quantiles with sample ID as a random intercept. Colours indicate different experimental treatments: blue: control (C); orange:
extreme heat (EH). Symbols show significant differences between temperature treatments: n.s. p > 0.05, *p < 0.05.

the temperature conditions of our experiment. Our findings
are consistent with theoretical and empirical evidence show-
ing lower thermal tolerances at higher levels of organisa-
tion (Rezende and Bozinovic 2019, Bozinovic et al. 2020),
since recovery (mostly affected by fecundity) was more heat-
sensitive than resistance (mostly affected by individual sur-
vival), particularly in P pseudovanderdrifii.

Our results show that the extreme heat event triggered
shifts in the population body size distribution in P pseudo-
vanderdrifii that were detectable only during the recovery
period, mirroring the responses of recovering populations.
By measuring the body size from a large set of individuals
(minimum 20% of the population), and through the use of
quantile regression, we provide a mechanistic link between
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warming effects on life-history traits and population level
responses. An extreme heat event reduced the number of
small individuals (juveniles) in the population of the most
heat-sensitive species P pseudovanderdrifii during the recov-
ery response, while no such body size-specific shifts were
found during the resistance phase. In this species, reproduc-
tion was disrupted during the week of extreme heat, thus
the individuals that should have recruited in the population
failed to do so during the recovery period. Importantly, the
body size distribution of the other three species remained
unaltered, where a strong coupling between resistance and
recovery was also observed in response to extreme heat. In
contrast to our findings, Lindo (2015) and Holmstrup et al.
(2018) showed that positive effects of warming on fecun-
dity contributed to a greater representation of smaller
invertebrate species in natural soil communities, therefore
causing an overall decline in body size at the community
level. The occurrence of heat-tolerant species in these com-
munities might thus explain the discrepancy in our results
related to the shifts in the body size distribution of 2
pseudovanderdrifti.

Predation had a negligible role on the population responses
of their prey to the extreme heat event in our study. We argue
that although predators initially removed prey individuals,
as detected by shifts in the body size distribution, their top-
down control became weak as prey populations outpaced
predators by several fold. In fact, predators also did not man-
age to effectively reproduce, perhaps due to the excretion of
deleterious defence substances by prey species in our study
system (Jensen et al. 2019).

We conclude that distinct effects of warming on life-
history traits can scale up to population level responses
after pulse disturbances like extreme heat events, and
can be effectively linked through shifts in the body size
distribution of recovering populations. Our findings related
to the (de)coupling between population resistance and
recovery responses to an extreme heat event have important
implications for a better understanding of both the short-
and long-term responses of species exposed to climate
extremes. Without an appropriate consideration of recovery
periods tailored according to the species generation time, one
might risk overlooking the shifts in life-history traits, such as
fecundity, that subsequently could shape population recovery
responses. We demonstrated this even with one generation
time of our study species, which essentially resembles a shorter
recovery period. Our study is a step towards establishing
relationships between thermal effects on life-history traits
and population responses to climate warming, and we call for
future studies exploring these relationships by incorporating
trait-based approaches (e.g. life-history and functional traits)
to predict both population- and community-level resistance
and recovery in a changing world.

Acknowledgements — We greatly appreciate the whole Terrestrial
Ecology group of the University of Bern and Elisenda Peris i Morente
for their unconditional support throughout this study. We further
thank Catherine Peichel for her suggestions on the experiment and

Page 10 of 12

results. We also thank Zdenek Gavor, Elin Jorgensen, Stine Slotsbo,
and Maarika Bischoff for their technical assistance.

Funding — MPT acknowledges the funding from the Swiss State
Secretariat for Education, Research and Innovation (SERI) under
contract no. (M822.0029).

Author contributions

Gerard Martinez-De Leén: Conceptualization (equal);
Data curation (lead); Formal analysis (lead); Investigation
(lead); Methodology (lead); Project administration (equal);
Validation (equal); Visualization (lead); Writing — original
draft (lead); Writing — review and editing (lead). Arianne
Marty: Investigation (supporting); Writing — review and
editing (supporting). Martin Holmstrup: Methodology
(supporting); Resources (equal); Writing — review and
editing (equal); Madhav P. Thakur: Conceptualization
(equal); Formal analysis (supporting); Funding acquisition
(lead); Methodology (equal); Project administration (equal);
Resources (lead); Supervision (lead); Validation (equal);
Writing — review and editing (equal).

Data availability statement

Data are available from the figshare Repository: hteps://
doi.org/10.6084/m9.figshare.19494665.v4 ~ (Martinez-De
Ledn et al. 2023).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Bates, D., Michler, M., Bolker, B. and Walker, S. 2015. Fitting
linear mixed-effects models using Ime4. — J. Stat. Softw. 67:
1-48.

Boukal, D. S., Bideault, A., Carreira, B. M. and Sentis, A. 2019.
Species interactions under climate change: connecting kinetic
effects of temperature on individuals to community dynamics.
— Curr. Opin. Insect Sci. 35: 88-95.

Bozinovic, E, Cavieres, G., Martel, S. 1., Alruiz, J. M., Molina, A.
N, Roschzttardtz, H. and Rezende, E. L. 2020. Thermal effects
vary predictably across levels of organization: empirical results
and theoretical basis. — Proc. R. Soc. B 287: 20202508.

Brooks, M. E., Kristensen, K., Benthem, K., Magnusson, A., Berg,
C., Nielsen, A., Skaug, H., Michler, M. and Bolker, B. 2017.
glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. — R J. 9:
378-400.

Brose, U. et al. 2006. Consumer—resource body-size relationships
in natural food webs. — Ecology 87: 2411-2417.

Brose, U., Dunne, J. A., Montoya, J. M., Petchey, O. L., Schneider,
E D. and Jacob, U. 2012. Climate change in size-structured
ecosystems. — Phil. Trans. R. Soc. B 367: 2903-2912.

Buckley, L. B. and Huey, R. B. 2016. Temperature extremes: geo-
graphic patterns, recent changes, and implications for organis-
mal vulnerabilities. — Global Change Biol. 22: 3829-3842.

5U80 |7 SUOWIWOD 3AKEaID 3|qedljdde au Aq pausencb aJe sajole O ‘8sn JO Sa|nJ 10} AreiqiT8ulUQ A8 UO (SUOIPUOD-PUe-SWBYW0D A8 1M ARe.q)1BUI|UO//SANY) SUORIPUOD PUe Swid | 81 88S *[£202/60/22] U0 Ariqiauliuo A8|Im ‘ulg RISRAIIN AQ £200T MI0/TTTT OT/I0PA00" AB| 1M AReiqjouljuo//Sdiy LWoi) papeojumoq ‘0 ‘9020009T


https://doi.org/10.6084/m9.figshare.19494665.v4
https://doi.org/10.6084/m9.figshare.19494665.v4

Cade, B. S. and Noon, B. R. 2003. A gentle introduction to quan-
tile regression for ecologists. — Front. Ecol. Environ. 1: 412-420.

Capdevila, P, Stott, 1., Cant, J., Beger, M., Rowlands, G., Grace,
M. and Salguero-Gémez, R. 2022. Life history mediates the
tradeoffs among different components of demographic
resilience. — Ecol. Lett. 25: 1566-1579.

CH2018 2018. CH2018 — Climate scenarios for Switzerland,
Technical Report, National Centre for Climate Services, Zurich,
Switzerland.

Christidis, N., Jones, G. S. and Stott, 2 A. 2015. Dramatically
increasing chance of extremely hot summers since the 2003
European heatwave. — Nat. Clim. Change 5: 46-50.

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S.,
Ghalambor, C. K., Haak, D. C. and Martin, P R. 2008.
Impacts of climate warming on terrestrial ectotherms across
latitude. — Proc. Natl Acad. Sci. USA 105: 6668—-6672.

Dillon, M. E., Wang, G. and Huey, R. B. 2010. Global metabolic
impacts of recent climate warming. — Nature 467: 704-706.

Ehnes, R. B., Rall, B. C. and Brose, U. 2011. Phylogenetic group-
ing, curvature and metabolic scaling in terrestrial invertebrates.
— Ecol. Lett. 14: 993-1000.

Fjellberg, A. 1998. The Collembola of Fennoscandia and Denmark.
Part I: Poduromorpha. — Brill.

Forsman, A. 2001. Clutch size versus clutch interval: life history
strategies in the colour-polymorphic pygmy grasshopper Zetrix
subulata. — Oecologia 129: 357-366.

Franken, O., Huizinga, M., Ellers, J. and Berg, M. P. 2018. Heated
communities: large inter- and intraspecific variation in heat
tolerance across trophic levels of a soil arthropod community.
— Oecologia 186: 311-322.

Fussmann, K. E., Schwarzmiiller, E, Brose, U., Jousset, A. and Rall,
B. C. 2014. Ecological stability in response to warming. — Nat.
Clim. Change 4: 206-210.

Géardmark, A. and Huss, M. 2020. Individual variation and interac-
tions explain food web responses to global warming: emergent
warming effects on food webs. — Phil. Trans. R. Soc. B 375:
20190449.

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L. and Heinsohn,
R. 2011. Declining body size: a third universal response to
warming? — Trends Ecol. Evol. 26: 285-291.

Geraci, M. 2014. Linear quantile mixed models: the lgmm package
for laplace quantile regression. — J. Stat. Softw. 57: 1-35.

Gillooly, J. E, Brown, J. H., West, G. B., Savage, V. M. and Char-
nov, E. L. 2001. Effects of size and temperature on metabolic
rate. — Science 293: 2248-2251.

Gisin, H. 1960. Collembolenfauna Europas. — Museum D’Histoire
Naturelle Genéve.

Harris, R. M. B. et al. 2018. Biological responses to the press and
pulse of climate trends and extreme events. — Nat. Clim.
Change 8: 579-587.

Hartig, E 2021. DHARMa: residual diagnostics for hierarchical
(multi-level/mixed) regression models. R package version 0.4.1,
hteps://CRAN.R-project.org/package=DHARMa.

Harvey, J. A., Heinen, R., Gols, R. and Thakur, M. P. 2020. Cli-
mate change-mediated temperature extremes and insects: from
outbreaks to breakdowns. — Global Change Biol. 26: 6685-6701.

Hillebrand, H. and Kunze, C. 2020. Meta-analysis on pulse distur-
bances reveals differences in functional and compositional
recovery across ecosystems. — Ecol. Lett. 23: 575-585.

Hillebrand, H., Langenheder, S., Lebret, K., Lindstrém, E., Ost-
man, O. and Striebel, M. 2018. Decomposing multiple dimen-

sions of stability in global change experiments. — Ecol. Lett. 21:
21-30.

Holmstrup, M., Ehlers, B. K., Slotsbo, S., Ilieva-Makulec, K., Sig-
urdsson, B. D., Leblans, N. I. W., Ellers, J. and Berg, M. P.
2018. Functional diversity of Collembola is reduced in soils
subjected to short-term, but not long-term, geothermal
warming. — Funct. Ecol. 32: 1304-1316.

Hopkin, S. P 1997. Biology of the springtails: (Insecta: Collem-
bola). — Oxford Univ. Press.

Huey, R. B. and Kinggsolver, J. G. 2019. Climate warming, resource
availability, and the metabolic meltdown of ectotherms. — Am.
Nat. 194: E140-E150.

IPCC 2021. IPCC, 2021: Summary for policymakers. — In: Mas-
son-Delmotte, V., Zhai, P, Pirani, A. S. L. et al. (eds), Climate
change 2021: The physical science basis. Contribution of work-
ing group I to the sixth assessment report of the intergovern-
mental panel on climate change.

Isbell, E et al. 2015. Biodiversity increases the resistance of ecosys-
tem productivity to climate extremes. — Nature 526: 574-577.

Jensen, K., Toft, S., Serensen, J. G., Sigsgaard, L., Kristensen, T.
N., Overgaard, J. and Holmstrup, M. 2019. Prey-specific
experience affects prey preference and time to kill in the soil
predatory mite Gaeolaelaps aculeifer Canestrini. — Biol. Control
139: 104076.

Jorgensen, H. B., Hedlund, K. and Axelsen, J. A. 2008. Life-history
traits of soil collembolans in relation to food quality. — Appl.
Soil Ecol. 38: 146-151.

Kalinkat, G., Brose, U. and Rall, B. C. 2013. Habitat structure
alters top—down control in litter communities. — Oecologia
172: 877-887.

Kassambara, A.,Kosinski, M.and Biecek, P.. 2021. survminer: draw-
ing survival curves using “ggplot2”. R package version 0.4.9,
hteps://CRAN.R-project.org/package=survminer.

Klironomos, J. N. and Kendrick, W. B. 1995. Stimulative effects
of arthropods on endomycorrhizas of sugar maple in the
presence of decaying litter. — Funct. Ecol. 9: 528-536.

Klockmann, M., Giinter, FE and Fischer, K. 2017. Heat resistance
throughout ontogeny: body size constrains thermal tolerance.
— Global Change Biol. 23: 686-696.

Koehler, H. H. 1999. Predatory mites (Gamasina, Mesostigmata).
— Agric. Ecosyst. Environ. 74: 395-410.

Koricheva, J., Gurevitch, J. and Mengersen, K. 2013. Handbook of
meta-analysis in ecology and evolution. — Princeton Univ. Press.

Lembrechss, J. J. et al. 2022. Global maps of soil temperature. —
Global Change Biol. 28: 3110-3144.

Lenth, R. V. 2021. emmeans: estimated marginal means, aka least-
squares means. R packageversion 1.7.0, hteps://CRAN.R-project.
org/package=emmeans.

Liefting, M., Cosijn, J. and Ellers, J. 2017. Synergistic effect of daily
temperature fluctuations and matching light-dark cycle
enhances population growth and synchronizes oviposition
behavior in a soil arthropod. - J. Insect Physiol. 96: 108-114.

Lindo, Z. 2015. Warming favours small-bodied organisms through
enhanced reproduction and compositional shifts in belowground
systems. — Soil Biol. Biochem. 91: 271-278.

Ma, C.-S., Ma, G. and Pincebourde, C.-S. 2020. Survive a warm-
ing climate: insect responses to extreme high temperatures. —
Annu. Rev. Entomol. 66: 163-184.

Ma, G., Rudolf, V. H. and Ma, C. S. 2015. Extreme temperature
events alter demographic rates, relative fitness, and community

structure. — Global Change Biol. 21: 1794-1808.

Page 11 of 12

5U80 |7 SUOWIWOD 3AKEaID 3|qedljdde au Aq pausencb aJe sajole O ‘8sn JO Sa|nJ 10} AreiqiT8ulUQ A8 UO (SUOIPUOD-PUe-SWBYW0D A8 1M ARe.q)1BUI|UO//SANY) SUORIPUOD PUe Swid | 81 88S *[£202/60/22] U0 Ariqiauliuo A8|Im ‘ulg RISRAIIN AQ £200T MI0/TTTT OT/I0PA00" AB| 1M AReiqjouljuo//Sdiy LWoi) papeojumoq ‘0 ‘9020009T


https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans

Macfadyen, A. 1961. Improved funnel-type extractors for soil
arthropods. — J. Anim. Ecol. 30: 171-184.

Mallard, E, Le Bourlot, V., Le Coeur, C., Avnaim, M., Péronnet,
R., Claessen, D. and Tully, T. 2020. From individuals to popu-
lations: how intraspecific competition shapes thermal reaction
norms. — Funct. Ecol. 34: 669-683.

Martinez-De Ledn, G., Marty, A., Holmstrup, M. and Thakur, M.
P. 2023. Data from: Population resistance and recovery after an
extreme heat event are explained by thermal effects on life-
history traits. — Figshare Repository, https://doi.org/10.6084/
m9.figshare.19494665.v4.

McLean, N., Lawson, C. R., Leech, D. I. and van de Pol, M. 2016.
Predicting when climate-driven phenotypic change affects pop-
ulation dynamics. — Ecol. Lett. 19: 595-608.

Meehan, M. L., Turnbull, K. E, Sinclair, B. J. and Lindo, Z. 2022.
Predators minimize energy costs, rather than maximize energy
gains under warming: evidence from a microcosm feeding
experiment. — Funct. Ecol. 36: 2279-2288.

Meehl, G. A. and Tebaldi, C. 2004. More intense, more frequent,
and longer lasting heat waves in the 21st century. — Science 305:
994-997.

Neilson, E. W., Lamb, C. T., Konkolics, S. M., Peers, M. J. L.,
Majchrzak, Y. N., Doran-Myers, D., Garland, L., Martinig, A.
R. and Boutin, S. 2020. There’s a storm a-coming: ecological
resilience and resistance to extreme weather events. — Ecol. Evol.
10: 12147-12156.

Obhlberger, J. 2013. Climate warming and ectotherm body size -
from individual physiology to community ecology. — Funct.
Ecol. 27: 991-1001.

Peralta-Maraver, I. and Rezende, E. L. 2021. Heat tolerance in
ectotherms scales predictably with body size. — Nat. Clim.
Change 11: 58-63.

Potapov, A. M. et al. 2023. Globally invariant metabolism but den-
sity—diversity mismatch in springtails. — Nat. Commun. 14: 674.

Rall, B. C., Vucic-Pestic, O., Ehnes, R. B., Emmerson, M. and
Brose, U. 2010. Temperature, predator—prey interaction strength
and population stability. — Global Change Biol. 16: 2145-2157.

Rall, B. C., Brose, U., Hartvig, M., Kalinkat, G., Schwarzmiiller,
E, Vucic-Pestic, O. and Petchey, O. L. 2012. Universal tem-
perature and body-mass scaling of feeding rates. — Phil. Trans.
R. Soc. B 367: 2923-2934.

Rezende, E. L. and Bozinovic, E 2019. Thermal performance across
levels of biological organization. — Phil. Trans. R. Soc. B 374:
20180549.

Rezende, E. L., Bozinovic, E, Szildgyi, A. and Santos, M. 2020.
Predicting temperature mortality and selection in natural Dros-
ophila populations. — Science 369: 1242-1245.

Sengupta, S., Ergon, T. and Leinaas, H. P 2017. Thermal plasticity
in postembryonic life history traits of a widely distributed Col-
lembola: effects of macroclimate and microhabitat on genotypic
differences. — Ecol. Evol. 7: 8100-8112.

Page 12 of 12

Sheridan, J. A. and Bickford, D. 2011. Shrinking body size as an
ecological response to climate change. — Nat. Clim. Change 1:
401-406.

Siepel, H. 1994. Life-history tactics of soil microarthropods. — Biol.
Fertil. Soils 18: 263-278.

Sinclair, B. J., Marshall, K. E., Sewell, M. A., Levesque, D. L.,
Willett, C. S., Slotsbo, S., Dong, Y., Harley, C. D., Marshall,
D. J., Helmuth, B. S. and Huey, R. B. 2016. Can we predict
ectotherm responses to climate change using thermal perfor-
mance curves and body temperatures? — Ecol. Lett. 19:
1372-1385.

Stoks, R., Verheyen, J., Van Dievel, M. and Tiiziin, N. 2017. Daily
temperature variation and extreme high temperatures drive per-
formance and biotic interactions in a warming world. — Curr.
Opin. Insect Sci. 23: 35-42.

Sunday, J. M., Bates, A. E. and Dulvy, N. K. 2011. Global analysis
of thermal tolerance and latitude in ectotherms. — Proc. R. Soc.
B 278: 1823-1830.

Thakur, M. P. 2020. The role of predators in driving warming-prey
diversity relationships : an invertebrate perspective. — Basic
Appl. Ecol. 47: 23-34.

Thakur, M. P, Kiinne, T., Griffin, J. N. and Eisenhauer, N. 2017.
Warming magnifies predation and reduces prey coexistence in
a model litter arthropod system. — Proc. R. Soc. B 284:
20162570.

Thakur, M. P, Griffin, J. N, Kiinne, T., Dunker, S., Fanesi, A. and
Eisenhauer, N. 2018. Temperature effects on prey and basal
resources exceed that of predators in an experimental commu-
nity. — Ecol. Evol. 8: 12670-12680.

Thakur, M. P, Risch, A. C. and van der Putten, W. H. 2022. Biotic
responses to climate extremes in terrestrial ecosystems. — iSci-
ence 25: 104559.

Therneau, T. M. 2021. A package for survival analysis in R. R
package  version  3.2-13,  https://CRAN.R-project.org/
package=survival.

Venables, W. N. and Ripley, B. D. 2002. Modern applied statistics
with S. — Springer.

Walsh, B. S., Parratt, S. R., Hoffmann, A. A., Atkinson, D.,
Snook, R. R., Bretman, A. and Price, T. A. R. 2019. The
impact of climate change on fertility. — Trends Ecol. Evol. 34:
249-259.

Williams, C. M., Thomas, R. H., MacMillan, H. A., Marshall, K.
E. and Sinclair, B. J. 2011. Triacylglyceride measurement in
small quantities of homogenised insect tissue: comparisons and
caveats. — J. Insect Physiol. 57: 1602-1613.

Xie, L., Slotsbo, S. and Holmstrup, M. 2023. Tolerance of high
temperature and associated effects on reproduction in eue-
daphic Collembola. — J. Therm. Biol. 113: 103439.

Zuur, A. E, Ieno, E. N., Walker, N., Saveliev, A. A. and Smith, G.
M. 2009. Mixed effects models and extensions in ecology with
R. — Springer.

5U80 |7 SUOWIWOD 3AKEaID 3|qedljdde au Aq pausencb aJe sajole O ‘8sn JO Sa|nJ 10} AreiqiT8ulUQ A8 UO (SUOIPUOD-PUe-SWBYW0D A8 1M ARe.q)1BUI|UO//SANY) SUORIPUOD PUe Swid | 81 88S *[£202/60/22] U0 Ariqiauliuo A8|Im ‘ulg RISRAIIN AQ £200T MI0/TTTT OT/I0PA00" AB| 1M AReiqjouljuo//Sdiy LWoi) papeojumoq ‘0 ‘9020009T


https://doi.org/10.6084/m9.figshare.19494665.v4
https://doi.org/10.6084/m9.figshare.19494665.v4
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival

	1
	Material and methods
	Study species
	Experiment 1. Life-history responses to warming
	Experiment 2. Population response to extreme heat event
	Statistical analyses

	Results
	Life-history responses to warming
	Population response to an extreme heat event

	Discussion
	Funding – MPT acknowledges the funding from the Swiss State Secretariat for Education, Research and Innovation (SERI) under contract no. (M822.0029).
	Author contributions
	Data availability statement
	Supporting information

	References

