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Increased climate variability as a result of anthropogenic climate change can
threaten the functioning of ecosystem services. However, diverse responses to
climate change among species (response diversity) can provide ecosystems
with resilience to this growing threat. Measuring and managing response
diversity and resilience to global change are key ecological challenges.
Here, we develop a novel index of climate resilience of ecosystem services,
exemplified by the thermal resilience of predator communities providing bio-
logical pest control. Field assays revealed substantial differences in the
temperature-dependent activity of predator species and indices of thermal
resilience varied among predator communities occupying different fields.
Predator assemblages with higher thermal resilience provided more stable
pest control in microcosms where the temperature was experimentally
varied, confirming that the index of thermal resilience developed here is
linked to predator function. Importantly, complex landscapes containing a
high number of non-crop habitat patches weremore likely to contain predator
communities with high thermal resilience. Thus, the conservation and restor-
ation of non-crop habitats in agricultural landscapes—practices known to
strengthen natural pest suppression under current conditions—will also
confer resilience in ecosystem service provisioning to climate change.
1. Introduction
A major determinant of the vulnerability of ecosystem services to environ-
mental change is their resilience to disturbance [1,2]. Resilient ecosystem
services can absorb a substantial amount of disturbance before transitioning
to an alternate state, whereas services of low resilience are likely to transition
when exposed even to a relatively small level of disturbance [2,3]. In addition,
resilient ecosystem services can recover faster and/or persist better in response
to disturbance than their low resilience counterparts [2,3]. Resilient services are
characterized by two complementary properties of their service-providing
communities: functional redundancy, defined as the diversity of functionally
equivalent species [4–6], and response diversity, defined as the diversity in
responses to changes in environmental conditions within a community [4,7].
The resilience of ecosystem services is expected when functionally redundant
species differ in their responses to environmental change so that some species
can ensure the continuation of the service when other species are lost, or
their efficiency is reduced [8–10].

Accelerating rates of environmental change are increasing the need for the
development of metrics to quantify the resilience of ecosystem services [11],
and efforts to measure resilience have been numerous [1]. Yet, our understand-
ing of its drivers in natural systems remains limited and quantifying resilience
has proven notoriously difficult [12]. As a result, estimates of the resilience of
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ecosystem services of high economic importance [13] are
commonly based on the effects of disturbance on taxonomic
diversity rather than quantifications of diversity in process-
relevant traits and response diversity to a disturbance
within communities [2,14]. Because the trait and response
diversity of ecosystem service providers are directly related
to how they function, and taxonomic diversity is only
indirectly related, a focus on the former may better enable
ecologists to engineer ecosystems for resilience through
carefully targeted conservation strategies [2].

Here, we describe a new approach to estimate climate
resilience of ecosystem services that directly addresses this
problem by basing resilience estimates on both, redundancy
in process-relevant functions and response diversity to vari-
ation in ambient temperature within functional groups. We
exemplify the approach by calculating the climate resilience
of insect pest control by naturally occurring predators in
cereal fields. Biological pest control is an ecosystem service
that is of critical importance for sustainable agriculture
[13,15,16] and both habitat degradation and climate change
can affect it negatively [16,17]. Independently, it has been
demonstrated that the presence of natural habitats in
human-dominated landscapes can increase species diversity,
redundancy and response diversity [6,18]. Nevertheless, it
remains unclear whether conservation strategies at the land-
scape level can increase both redundancy and response
diversity within the same community and thus improve the
chances of continued provisioning of valuable ecosystem
services in the face of global change.

Increased variability in temperatures resulting from
anthropogenic climate change can dramatically affect ecosys-
tems and threaten important ecosystem services humans are
relying on [19]. Changes in ambient temperature can influence
prey consumption rates of ectotherm predators [20,21], with
their ability to maintain functioning constrained by their
thermal tolerance, i.e. the ability to maintain homeostasis
under varying temperatures [22]. As a result, exposure to
temperature regimes outside of temperature optima can
reduce the performance of species [23,24]. Ectotherm preda-
tors are therefore likely to increase foraging when ambient
temperatures are within their preferred range and decrease
foraging when ambient temperatures are outside of their pre-
ferred range. Facing increased climate variability under future
scenarios [25], realistic predictions of the effects of climate
change on biological control services thus need to incorporate
effects of climate variability on the performance of individual
predator species and the resulting climate resilience of entire
predator communities.

Here, we extend our recently introduced metric of func-
tional redundancy in biological control services under
current conditions [6] by including a measure of response
diversity to ambient temperatures in order to calculate the resi-
lience of biological control services to increased temperature
variability under future climate conditions. We measured
the field activity of predators of aphids, which are globally
important pests, in relation to ambient temperature to assess
diversity in temperature niches among species. We then quan-
tified the climate resilience of biological control in different
predator communities using a novel index that combines
functional redundancy with response diversity to climate
variability (figure 1). To test whether temperature-dependent
activity in the field has functional relevance for prey consump-
tion and the climate resilience of biological control, we
conducted feeding trials in environmentally controlled climate
chambers with selected predators. We then tested whether
climate resilience of biological control is higher in complex
compared with simplified agricultural landscapes.
2. Methods
(a) Study location and period
The study was conducted in spring-sown barley fields surround-
ing the city of Uppsala (59.86° N, 17.64° E) in south-central
Sweden. We selected 10 fields located along a gradient of land-
scape complexity ranging from complex (i.e. landscapes with a
high proportion of semi-natural habitat) to simple landscapes
(i.e. landscapes dominated by arable land) with five fields under
conventionalmanagement and the other fivemanaged organically
for aminimum consecutive period of 10 years. Selected fields were
arranged in pairs with one conventionally and one organically
managed field, with a mean distance of 1.6 km (ranging from 1.1
to 2.2 km) within each pair and a maximum distance of 52.7 km
between pairs. Differences between conventional and organic
barley fields in our study region are mainly due to the use of her-
bicides and inorganic fertilizers under conventional management
with only a limited application of insecticides [26].

Field sampling was carried out over periods of five weeks
from the end of May until the beginning of July in 2011 and
2017, respectively. This period covers the two phases most critical
for biological control of the bird cherry-oat aphid Rhopalosiphum
padi by economically important generalist arthropod predators
[27], initial colonization during the crop tillering stage and popu-
lation build-up during the stem extension and heading stages [28].
We sampled the activity density of two key taxonomic groups of
actively hunting ground-dwelling arthropod predators, wolf spi-
ders (Araneae: Lycosidae) and carabid beetles (Coleoptera:
Carabidae) in each field along two 75 m long transects located
approximately 5 m from, and in parallel with, randomly selected
field margins. Along each transect, we placed 30 pitfall traps
(11.5 cm diameter × 11 cm depth; Noax Lab, Farsta, Sweden)
spaced 5 m apart. Pitfall traps were filled with water and a
small quantity of detergent (Yes, Procter & Gamble, Stockholm,
Sweden) to reduce surface tension.

(b) Sampling of predator abundance and molecular gut
content analysis

In 2011, wemonitored the activity density as a proxy for the abun-
dance of wolf spiders and carabid beetles. Pitfall traps were kept
open for the entirety of the sampling period of five weeks and
emptied once per week with the exception of one field (JC)
which was only sampled during weeks 2–5 of the study. We col-
lected a total of 2043 wolf spiders belonging to 15 species and a
total of 5122 carabid beetles belonging to 45 species, respectively.
Furthermore, we collected a total of 3755 specimens of the same
species for molecular gut content analysis (MGCA) (for bioassay
specificity, material and methods description, see [29]).

(c) Sampling of temperature-dependent activity density
In 2017, we monitored temperature-dependent activity densities
for the calculation of species-specific temperature niches in five
spring barley fields located in the same region as the previous
sampling. Each field was sampled 1 day per week over a total
period of five weeks. During each day of sampling, traps were
open for one 2 h period in the morning (10.00–12.00) and one
2 h period in the afternoon (13.00–15.00), emptied immediately
after each 2 h period and kept closed before and after sampling
sessions.
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Figure 1. Flowchart illustrating the links between species-specific traits, redundancy and climate resilience of biological control services. Service-relevant traits (i.e.
aphid preference based on aphid frequency in gut contents and body weight-dependent metabolic rate), response traits (i.e. temperature-dependent activity density
determined by temperature optimum µ and temperature-niche breadth σ) and taxonomic diversity are combined to calculate functional redundancy of biological
control along a gradient of ambient temperature. Climate resilience of biological control is then expressed as the integral of functional redundancy across temp-
eratures and allows for a direct comparison of climate resilience between communities.
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We used miniature temperature loggers (SL54TH, Signatrol,
Tewkesbury, UK) to monitor ambient temperature during the
surveys. Six loggerswere placed at equal distance along each trans-
ect and programmed to take temperature readings in 5 min
intervals. Each logger was located approx. 2 cm above the soil
surface and protected from direct sunlight by a plastic tray located
an additional 5 cm above the logger. For each transect and
sampling session, the average of temperature readings of the six
loggers was calculated and used as ambient temperature for the
subsequent analysis of species-specific temperature niches. Over
the course of sampling, predators were collected at ambient
temperatures near the soil surface ranging from 8.0 to 44.0°C.

(d) Species-specific temperature niches
We calculated species-specific temperature niches by translating
temperature-dependent activity patterns recorded in the field
into a weighted thermal optimum (mean, µ) and weighted
temperature niche breadth (standard deviation, σ):

mi ¼
ð44�C
T¼8�C

ni
Ni

� T

si ¼
ð44�C
T¼8�C

ni
Ni

� (T � mi)
2,
where n is the number of captures of predator i at temperature T and
N the total number of captures of predator i across all temperatures.

(e) Climate resilience of biological control
Analyses of the climate resilience of biological control were con-
ducted on a subset of the arthropod predator communities and
comprised seven wolf spider species (1775 individuals, 86.9%
of all captures) and nine carabid beetle species (4722 individuals,
92.2% of all captures) for which we were able to gather infor-
mation on all three field-monitored components of the
resilience metric: abundance, gut content and temperature niche.

We defined the climate resilience of biological control as the
sum of redundancy within aphid predator communities along a
gradient of ambient temperature. In a first step, we calculated the
risk of predation PT,i for aphids to predator species i for a given
ambient temperature T, weighted by an approximation of meta-
bolic rates and the temperature-dependent likelihood of
predator activity (figure 1):

PT,i ¼ pi �Ni � b0 �Ma
i � exp

�(T � mi)
2

(2� s2
i )

 !
,

where p is the probability of predator i feeding on aphids
(expressed as the fraction of specimens within a species tested



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20210547

4
positive for aphid DNA in their gut content), N is the total
number of captures of predators belonging to species i over the
duration of one sampling period, b0 is a taxon-specific normaliza-
tion constant [30], M is the average body weight of species i, a is
the taxon-specific allometric exponent [30], μ is the temperature
optimum and σ the temperature-niche breadth of species i.

Adapting the redundancy metric described by Feit et al. [6],
we then calculated functional redundancy FT,i within predator
community i for a given ambient temperature T, expressed as
the exponential of the Shannon entropy (figure 1):

FT,i ¼ exp �
XmaxðiÞ

i¼1

PT,i � lnPT,i

 !
:

Finally, we calculated the climate resilience of biological con-
trol of aphids Ri within a predator community i as the integral of
functional redundancy along the temperature gradient (figure 1):

Ri ¼
ð44�C
T¼8�C

FT,i:

Similar to the method to quantify redundancy presented in
Feit et al. [6], this approach of summing re-transformed entropy
has a doubling property that allows for a direct comparison of
resilience between communities. A community with an Ri of 2
is considered to have double redundancy of a community with
an Ri of 1, etc.

( f ) Functional relevance of temperature niches
We conducted feeding trials in environmentally controlled cli-
mate chambers to test whether temperature-dependent activity
patterns determine prey consumption and whether response
diversity provides service stability under varying temperature
scenarios. We used two common carabid species in our study
system, Poecilus cupreus, a predator preferably active under
warm conditions (µ = 30.2°C, σ = 8.9°C), and Pterostichus melanar-
ius, a predator preferably active under cold conditions (µ =
16.5°C, σ = 8.1°C). Like all other predators in our study, both
carabids employ active hunting strategies and exhibit distinct
temperature-dependent activity niches in the field. Therefore, it
is reasonable to expect that the results of the feeding trials can
be generalized to other predators in our study system. The like-
lihood of predation on aphids, based on MGCA, was similar
between the two species with 42.1% of P. cupreus specimens
and 51.9% of P. melanarius specimens tested positive for aphid
predation. To assess prey consumption, we manufactured senti-
nel aphid cards from conventional 360-grain sandpaper. We
glued clutches of 10 live adult aphids (R. padi) central onto 1 ×
1 cm pieces of sandpaper using egg white as glue [31]. After
gluing, the cards were immediately frozen at −15.0°C and used
within 24 h.

Over a period of three weeks in June 2019, we collected live
predators in the field using pitfall traps in a similar set-up as for
the activity density monitoring in 2017, with the exception of
replacing water and detergent with wood chips to provide shel-
ter and reduce the likelihood of predation. Traps were emptied
twice a week. During this collection phase, captured carabids
were separated by species and stored in large plastic containers
at 4.0°C with ad libitum access to water and dry dog food
(Royal Canin, Aimargues, France). Two days prior to exper-
iments, carabids were separated into small plastic containers
and starved at room temperature with ad libitum access to water.

During the experiments, carabids were kept in plastic con-
tainers (11.5 cm diameter × 11 cm depth; Noax Lab, Farsta,
Sweden) filled 4 cm with conventional potting soil and provided
with shelter in the form of two 2 × 4 cm strips of bent sandpaper.
In each container, two carabids were placed in either a single-
species (two P. cupreus (n = 30) or two P. melanarius (n = 30))
or multi-species design (one P. cupreus and one P. melanarius
(n = 30)). The containers were then placed in environmentally
controlled climate chambers (KB8000FL, Termaks AS, Bergen,
Norway) with half of the containers of each design kept at the
temperature optimum of P. cupreus (30.2°C) and the other half
at the temperature optimum of P. melanarius (16.5°C). In
addition, light conditions in the climate chambers were set to
mimic natural conditions at the ground level in barley fields
under both temperature scenarios with 3750–7500 lux on a hot,
sunny day and 375–750 lux on a cold, cloudy day [32].

After an acclimatization phase of 1 h, we placed a sentinel
aphid card in each of the containers. Subsequently, aphid cards
were checked for signs of predation in 30 min intervals over a
total duration of 5 h (n = 10 aphid cards). After each interval,
the occurrence of either partial or complete predation was
recorded as a positive predation event and attacked aphid
cards were replaced.

To investigate differences in aphid card attack rates between
temperature treatments in feeding trials, we used generalized
linear mixed models (GLMM) with a binomial distribution and
container identity as a random factor. To test the robustness of
our climate resilience modelling approach, we employed one-
sample t-tests to compare measured variation in aphid card
attack rates at the respective optimum temperature of each
multi- and single-species design against predicted mean aphid
card attacks. To do this, we first calculated average aphid card
attack rates for each design during each temperature treatment.
Predicted mean attack rates (PM) were then calculated for each
design by multiplying measured mean attack rates at the optimal
experimental temperature with expected differences in predation
rates between temperatures as predicted by the approximated
risk of predation (P) at both temperatures:

PMTsubopt ,i ¼ MTopt,i �
PTopt,i

PTsubopt,i

 !
:

where M is the measured attack rate of species, i at its tempera-
ture optimum Topt and P the approximated risk of predation
by species i at their respective temperature optima Topt and
sub-optima Tsubopt.

(g) Effects of landscape heterogeneity
We used raster-based land-use data from the national land cover
data project (NMD) of the Swedish Environmental Protection
Agency for the reference year of 2012 (no data were available
for the sampling year of 2011) to identify the structure and com-
position of the landscape surrounding each field. NMD accounts
for 25 classes of vegetation and land use with a resolution of
10 m. We merged classes into five larger habitat categories:
arable land, grassland, forest, water bodies and settlement.
Using the ‘buffer’ tool in ArcGIS (v. 10.5.1), we created circular
buffers of 1 km radius around the centre of each field, a relevant
scale to understand population dynamics of arthropod predators
in crop fields [33,34]. Within each polygon, we quantified land-
scape heterogeneity by calculating the exponential of the
Shannon diversity (eH’) to quantify the variance in the
proportion of area covered by each habitat category and by
counting the number of distinct habitat patches irrespective of
habitat type as an expression of landscape patchiness.

We used GLMM with a normal distribution to investigate the
respective effects of landscape complexity (i.e. number of distinct
habitat patches and exponential Shannon diversity (eH’)), farm-
ing system (i.e. conventional or organic), and their interactions,
on climate resilience of biological control. Field identity was
included as a random factor in each model. We selected
models based on Akaike’s information criteria corrected for
small sample sizes (AICc) [35]. We determined empirical support
for each model by calculating the relative likelihood of a model
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(Akaike weight, AICw) [35] with the weight of any particular
model depending on the entire set of candidate models, varying
from 0 (no support) to 1 (complete support). All multivariable
generalized linear modelling was carried out using IBM SPSS
Statistics 26.0.
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Figure 3. Attack rates on aphid cards in temperature-controlled mesocosm
experiments. Mean (black bars) and standard deviations (coloured bars) of
aphid card attack rates in single species (Pterostichus melanarius or Poecilus
cupreus) and diverse (P. melanarius and P. cupreus) designs under cold and
warm conditions in climate chambers are shown. (Online version in colour.)
3. Results
(a) Species-specific temperature niches
We calculated temperature niches for 16 actively hunting
arthropod predator species, nine carabids and seven wolf spi-
ders (figure 2). On average, the weighted thermal optimum
(mean, µ) was higher for ground-dwelling spiders (29.5°C,
ranging from 26.5 to 34.8°C) than carabid beetles (20.8°C, ran-
ging from 15.6 to 30.2°C; Mann–Whitney U = 16.0, p < 0.01;
figure 2). By contrast, weighted temperature-niche breadth
(standard deviation, σ) was, on average, greater for carabid
beetles (8.9°C, ranging from 5.7 to 11.2°C) than spiders
(6.2°C, ranging from 4.0 to 8.1°C; Mann–Whitney U = 76.0,
p < 0.05; figure 2). As neither µ (ANOVA, F = 0.10 p = 0.76)
nor σ were affected by sample size (ANOVA, F = 0.01,
p = 0.92), we are confident that our method of calculating
temperature niches was robust and is adequately reflecting
actual behavioural patterns of predators in the field.

(b) Functional relevance of temperature niches
Attack rates on aphid cards in single-species P. cupreus trials
were, on average, 2.9 times higher under warm (aphid card
attack rate = 0.35 ± 0.08) than cold conditions (0.12 ± 0.06;
GLMM, F1,298 = 6.66, p < 0.05; figure 3). By contrast, attack
rates on aphid cards in single-species P. melanarius trials,
were, on average, 3.3 times higher under cold (0.20 ± 0.04)
than warm conditions (0.06 ± 0.02; GLMM, F1,298 = 23.18,
p < 0.001; figure 3). Attack rates on aphid cards in trials
with a multi-species P. cupreus and P. melanarius design did
not differ between warm (0.24 ± 0.08) and cold conditions
(0.23 ± 0.04; GLMM, F1,298 = 0.001, p = 0.97; figure 3). Impor-
tantly, variations in measured aphid card attack rates at
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their respective optimum temperature did not differ from
predicted mean attack rates generated from our climate
niche models for the P. cupreus (mean predicted rate at
30.2°C = 0.44, mean measured rate = 0.35; t=−1.09, p = 0.29),
P. melanarius (mean predicted rate at 16.5°C = 0.22, mean
measured rate = 0.20; t=−0.45, p = 0.66) or diverse designs
(mean predicted rate at 30.2°C = 0.29, mean measured
rate = 0.24; t=−1.47, p = 0.16).

(c) Landscape effects on climate resilience of biological
control

Landscape complexity had a positive effect on the climate
resilience of biological control of aphids. Predator commu-
nities in landscapes with low numbers of distinct habitat
patches and low habitat diversity exhibited, on average,
lower climate resilience compared to predator communities
in landscapes characterized by high numbers of distinct habi-
tat patches and high habitat diversity (figures 4 and 5 and
table 1). We found no difference in climate resilience of
biological control between organic and conventional fields
when farming system was the sole predictor (table 1). How-
ever, the model that best-predicted climate resilience of
biological control at the landscape level included an inter-
action term between the number of distinct habitat patches
in the landscape surrounding the spring barley fields and
farming system and indicated that organic farming had
a positive effect on the climate resilience of biological control
only in more complex landscapes (AICc = 444.8, AICcw = 0.56;
table 1 and figure 5).
4. Discussion
We have developed a novel approach to quantify the resili-
ence of ecosystem services to climate change that combines
measures of functional redundancy and response diversity
in a single metric. To exemplify the approach, we quantified
the climate resilience of biological control provided by
generalist predators as the sum of redundancy along a gradi-
ent of ambient temperature. The 10 communities we sampled
showed considerable variation in their resilience indices. We
found the climate resilience of biological control to increase
with landscape complexity. While biological pest control in
landscapes of high agricultural intensification, characterized
by low numbers of distinct habitat patches and low habitat
diversity, was less resilient to climate variability, biological
pest control in complex landscapes, characterized by high
numbers of distinct habitat patches and high habitat diver-
sity, was, on average, more resilient. A likely explanation
could lie within the previously documented negative effects
of habitat loss on the diversity of natural predators and the
biological control services they provide [15,36]. In contrast
with arable land, typically characterized by frequent disturb-
ances, semi-natural habitat is comparatively stable, thus
allowing higher diversity of natural predators in complex
landscapes with a particular benefit for species that require
stable environments for overwintering and reproduction as
well as habitat generalists [37–39].

In addition, we found the type of farming system (i.e. con-
ventional and organic farming) to affect the climate resilience
of biological control in interaction with landscape complexity.
However, while such interactive effects are well established
[40], we found positive effects of organic farming on climate
resilience of biological control to be strongest in complex land-
scapeswhich is in contrastwith frequently reported [40,41], but
not uncontested [42], stronger increases in taxonomic diversity
in organic farms located in simplified landscapes. This discre-
pancy provides further evidence to the notion that measures of
trait and response diversity may better inform conservation
strategies targeting the preservation of ecological resilience
than taxonomic diversity [2,43–46].

The results of the feeding trials in climate-controlled
environments provide further support for the hypothesis
that communities exhibiting higher levels of response diver-
sity along a temperature gradient are likely to be more
resilient to climate change [10]. First, they show that tempera-
ture-dependent activity patterns of aphid predators in the
field can translate into temperature-dependent predation
pressure on aphids and thus have functional relevance for
biological control services under natural conditions. While
the species preferably active at warmer field temperatures
increased their feeding on aphids when we simulated warm
sunny conditions in the laboratory, the species preferably
active under colder field temperatures increased feeding on
aphids when we simulated cool, cloudy conditions in the
laboratory. As variations in aphid card attacks between treat-
ments were in line with predictions generated from our
climate niche models, these results provide support for the
robustness of our modelling approach. A limitation of this
study is that we validated the climate niche models with
only two species. We therefore caution that additional exper-
iments are warranted to further corroborate the postulated
link between response diversity and resilience of biological
control services to future climate conditions. However, all
the other predators in our study use an active hunting strat-
egy similar to P. cupreus and P. melanarius and show
similarly distinct climate niches, so it is reasonable to expect
that their temperature-dependent consumption patterns can
be generalized to other predators in our study system.
Thus, we can expect predators to increase their contribution
to biological control of aphids when ambient temperatures
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line organic, dashed line conventional farming) are fitted by a GLMM. (Online version in colour.)

Table 1. Model selection results for candidate sets of GLMM for landscape effects within 1 km radius on the level of climate resilience of biological control of
aphids by generalist arthropod predators in spring barley fields in south-central Sweden. Parameter estimates (PE) and 95% confidence intervals (CI) are
presented for each factor when it was the sole predictor. Significant interactions (i.e. 95% confidence intervals not crossing zero) are highlighted in italics.
Farming system includes conventional and organic management. AICc is the Akaike information criterion corrected for small sample sizes. ΔQICc is the difference
in AICc in relation to the best model. AICcw is the relative likelihood of the respective model.

model AICc ΔAICc AICcw PE (95% CI)

landscape complexity

farming system × patches 444.8 — 0.56

farming system (conventional) 446.4 1.6 0.25 −11.3 (−36.1–13.4)

patches 447.8 3.0 0.12 1.3 (0.4–2.3)

landscape eH’ 449.6 4.8 0.05 38.4 (15.2–61.5)

farming system × landscape eH’ 453.7 8.9 0.01

null 454.1 9.3 0.01
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are within their preferred range and to decrease their contri-
bution under climatic conditions outside their preferred
range. Second, the similarity between aphid card attacks
under warm and cold conditions found in the multi-species
design shows that response diversity within the community
directly results in more stable biological control of aphids
under varying climatic conditions. These findings are consist-
ent with the insurance hypothesis which states that systems
characterized by greater response diversity are more resilient
to disturbance [47].
5. Conclusion
The ability to predict how drivers of global environmental
change will shape the structure and composition of eco-
systems in the future is central to the development of
mitigation strategies aimed at the protection of ecosystem
functionality. Linking process-relevant determinants of
functional redundancy with a metric of response diversity
to environmental variation in a single model enabled us
to compare the thermal resilience of biological control of
aphids along a gradient of landscape simplification. Complex
landscapes comprising a high number of non-crop habitat
patches contained predator communities with higher thermal
resilience. Thus, the conservation and restoration of non-crop
habitats in agricultural landscapes—practices that are known
to increase predator diversity and strengthen natural pest
suppression under current conditions [6,18,26,48]—will also
confer resilience in ecosystem service provisioning within a
changing climate. However, focusing solely on taxonomic
diversity as a proxy for the resilience of ecosystem services
could lead to inappropriate management advice for conser-
vation and bolstering of ecosystem services under global
change. Efforts to enhance the climate resilience of eco-
system services should thus particularly aim to increase
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functional evenness and response diversity within predator
communities. This might be achieved by increasing the
availability and diversity of permanent habitat and tempor-
ary refugia to bolster diversity of seemingly redundant
species already present in the system but could also
require assisted migration and/or targeted reintroduction of
species [3,49,50].

Data accessibility. Data used for calculation of predator-specific climate
niches and climate resilience are available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.np5hqbzrq [51].
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