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Abstract

Land-use intensification is often associated with a decline in functional diversity,
potentially undermining the provision of ecosystem services. However, how
changes in traits affect ecosystem processes remains poorly understood. Variation
in trait values among species in a community may drive ecosystem processes.
Alternatively, the mass ratio hypothesis proposes that trait values of the domi-
nant species in a local community are related to ecosystem processes. Using
data from 159 farms in six European countries, we quantified the impact of
local and landscape-level land-use intensity on ground beetles as pest control
agents. We then assessed the extent to which functional diversity and
community-weighted mean trait values relate to pest control and cereal yield.
In addition, we assessed how the responses to land use and the effects of
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different species on pest control and yield varied with their traits to compare
the relative impact of the traits studied. Functional diversity of ground beetles
improved aphid removal, but did not translate into higher crop yields. Pest
control of aphids was enhanced by a higher proportion of smaller, mobile
ground beetles with a preference for the vegetation layer. Smaller, predatory
ground beetles in communities improved crop yield. The magnitude of
responses to land-use intensification and the effects on pest control and yield
were more strongly influenced by body size than other traits. Our study pro-
vides evidence that reduced management intensity can improve pest control
by supporting small-sized, macropterous ground beetles. In contrast to the
claims of ecological intensification, our joint analysis of the direct effects of
land use on yield and indirect effects via functional diversity of ground beetles
and pest control suggests that ecosystem services by ground beetles cannot

KEYWORDS

INTRODUCTION

Land-use intensification is a major driver of global
change (Diaz et al., 2019; Sala et al., 2000). While land-
use intensification has contributed to food security for
growing demand, it is often paralleled with a dramatic
decline in biodiversity, undermining the sustainable pro-
vision of multiple ecosystem services (Cardinale et al.,
2012; Naeem et al., 1994). If ecosystem services such as
pest control and pollination are impaired, it jeopardizes
food production and human well-being (Dainese et al.,
2019; Hooper et al., 2005). As an alternative, ecological
intensification aims to reduce negative impacts on nature
and to improve food production by supporting ecosystem
service providers (e.g., by mixed cropping and diversified
crop rotation, set-asides, or increasing the quality and
quantity of semi-natural habitats; Bommarco et al., 2013;
Kleijn et al., 2019). To halt the loss of ecosystem function-
ality due to conventional agricultural intensification, but
simultaneously increase agricultural production in an
environmental-friendly way, a better understanding of
the links between land use, biodiversity, and ecosystem
service provision is crucial (de la Riva et al., 2023; Martin
et al., 2019; Ulrich et al., 2023).

Land-use intensification occurs at different spatial
scales. At the local field scale, the application of fertilizers
and pesticides as well as the frequency of mechanical
management practices are increased. At the landscape
scale, the average field size is increased, and semi-natural
habitats such as field margins, hedges, and forests are

compensate for the yield gap due to a reduction in land-use intensity.

ecological intensification, ecosystem services, landscape composition, land-use intensity,
pest control, predation, traits

replaced by arable land, leading to landscape homogeni-
zation. In addition, the effects of fertilizer and pesticide
applications can expand into neighboring fields via sur-
face waters, leaching into the ground, and airborne drift
(Kleijn & Snoeijing, 1997). Land-use intensification at
both scales reduces biodiversity and leads to a multi-
trophic homogenization of biological communities
(Tscharntke et al., 2005). This is not a random process,
with individuals of some species being more prone to
extinction than others (e.g., Rader et al., 2014). Trait anal-
ysis can help explain and predict how different organisms
respond to land-use intensification (i.e., response traits)
and how changes in community composition affect eco-
system functioning (i.e., effect traits; Violle et al., 2007).
These traits are phenotypic characteristics that can be
measured on individual organisms (Diaz & Cabido, 2001;
Wong et al., 2019) and are linked to individual fitness: a
particular trait or combination of traits might be favor-
able for survival and reproduction in a certain environ-
ment but not in another (Shipley et al., 2016). Analyses
based on traits are therefore very useful to understand
natural community assembly, but also indicate how
anthropogenic environmental changes affect community
composition (Shipley et al., 2006). Trait-based analyses
can provide a more mechanistic understanding of how
organisms respond to land-use intensification revealing
patterns across taxonomic and geographic boundaries.
Two main hypotheses have emerged on how species
traits might influence ecosystem functioning at the
community level. The mass ratio hypothesis proposes
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that the trait value of dominant species in a community
(i.e., community-weighted means; Garnier et al., 2004) is
expected to be related to ecosystem processes (Grime
et al., 1988; Kleijn et al., 2015). Alternatively, the niche
complementarity hypothesis predicts that variation in
trait values among species in a community (functional
diversity sensu stricto) leads to more efficient use of
resources among co-existing species, thereby enhancing
ecosystem processes (Flynn et al.,, 2011; Tilman et al.,
1996). While the mass ratio hypothesis is more targeted
at traits that facilitate functioning (e.g., plant biomass
production in the presence of plant species capable of
nitrogen fixation), the complementarity hypothesis
proposes higher ecosystem stability in space and time
(i.e., different functional groups complement each other
under different environmental disturbance regimes or
take over if a particular group of organisms is lost;
Loreau et al., 2001). Previous studies revealed inconsis-
tent results regarding the relative importance of mass
ratio and complementarity hypothesis, suggesting that
complementarity effects drive most of the relationships
between biodiversity and ecosystem functioning (Gagic
et al., 2015; Greenop et al., 2018; Woodcock et al., 2019).
In contrast, other studies report that ecosystem function-
ing is primarily driven by trait dominance (Garnier
et al., 2016; Kleijn et al., 2015; Lavorel et al., 2011).
Trait-based approaches are well established in plant
ecology, whereas relationships between functional diver-
sity and ecosystem service provision are less well studied
in arthropods (but see Ricotta & Moretti, 2011 for an
example evaluating the mass ratio and complementary
hypothesis in arthropod taxa). This is due to the high
abundance and diversity as well as due to the difficulty to
measure and standardize traits across taxonomic groups
(Gallé & Batary, 2019; Wong et al., 2019). In order to
overcome the obstacle of trait measurement, it is often
assumed that intraspecific trait variation is smaller than
interspecific variation in trait values/levels (Shipley
et al., 2016), and species identity is used to infer the level
of a certain trait from literature sources (i.e., species
traits). In generalist predators, the relationship between
the structure of communities and pest control is particu-
larly complex and less predictable compared to more spe-
cialized antagonists (Segoli et al., 2023; Straub et al,
2008). This is due to the large diet breadth of generalist
predators (e.g., Birkhofer et al., 2008) but also because of
negative interactions between predators such as intra-
guild predation or behavioral interference (e.g., Ostandie
et al., 2021; Staudacher et al., 2018), which can dampen
top-down control of pests (Finke & Denno, 2005;
Scheu, 2001). In addition, it is often unclear to which
extent functional diversity effects cascade to regulatory
and provisioning ecosystem services such as pest control

and crop yield as they are often studied in isolation
(see Ulrich et al., 2023). Among arthropods, ground bee-
tles (Coleoptera, Carabidae) are diverse and ubiquitous
generalist predators in various agroecosystems and effects
of land-use intensification on ground beetle diversity are
well-studied due to their sensitivity to environmental
change (e.g., Diekdtter et al., 2010; Gallé et al., 2019;
Gayer et al., 2019; Rusch et al., 2013). Ground beetles
exhibit versatile trophic lifestyles, with many species
being exclusively carnivorous while others feed on plant
material or are omnivorous (e.g., scavengers). Although
ground beetles spend most of their adult life on the
ground, they prey on aphids that feed on crop plants or
drop to the ground (Roubinet et al, 2017; Torok
et al., 2021). Thus, ground beetles are interesting and rel-
evant model organisms to study how traits mediate the
response to land-use intensity as well as to which extent
traits influence the pest control potential of generalist
arthropod predators.

In this study, we aimed to address these knowledge
gaps by simultaneously quantifying direct and indirect
relationships between land-use intensification, functional
diversity of ground beetle communities, pest control ser-
vices, and crop yields. We used information about local
and landscape-level land-use intensity and crop yields of
159 farms from six European countries together with the
functional diversity and community-weighted means of
ground beetle traits and aphid removal to assess the
respective relationships in structural equation models. In
addition, we assessed to what extent impacts of local and
landscape-level land-use intensity as well as influences
on pest control and crop yield vary with the different
traits of ground beetles. We expected that local land-use
intensity (amount of N fertilizer application and fre-
quency of herbicide and insecticide application) and land
use in the surrounding landscape (the proportion of ara-
ble land) reduce the functional diversity of ground beetles
due to the homogenization of biotic communities.
In addition, we expected a lower community-weighted
mean body size and a higher proportion of mobile beetles
in fields and landscapes with increasing land-use inten-
sity because smaller and mobile species are less vulnera-
ble to frequent disturbances. Larger ground beetles can
increase or decrease pest control depending on the rela-
tive role of size-related predation rates and higher
intraguild predation of larger ground beetles on smaller
ones. Furthermore, a higher proportion of exclusively
predatory ground beetles and ground beetles that climb
on plants are expected to enhance aphid control and con-
sequently crop yield. These functional aspects of ground
beetles could also directly enhance crop yield via the con-
trol of other pest organisms (i.e., independent of their
impact on aphid predation). We were also interested in
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which specific traits mediate the community response to
land-use intensity and which traits in the ground beetle
community relate to pest control and crop yields. This
multivariate approach allowed us to estimate the relative
importance of specific traits in relation to land-use inten-
sity, functional diversity, and ecosystem services.

MATERIALS AND METHODS
Study area and intensification variables

The underlying data are a subset of a broader European
project (AGRIPOPES; Emmerson et al., 2016) selected
based on the availability of reliable biological control
data. The data used here were acquired in six European
countries (France, Germany, Ireland, the Netherlands,
Poland, and Sweden), allowing a large-scale assessment
of the interrelationship between land-use intensification,
functional diversity, biological control potential, and
yield across European cereal-dominated agroecosystems.
In each country, 21-30 farms separated by at least 1 km
were selected so that the range of cereal productivity in
each region (an area between 30 X 30 km and 50 X 50 km,
see Appendix S1: Table S1) was as large as possible based
on the average cereal yield in the 3 years before sampling.
Thus, a farm was considered the administrative and eco-
logical unit under study (i.e., decision-making level).
Local land-use variables were obtained via questionnaires
conducted by personal interviews with all farmers. Here,
we focused on fertilization (the total amount of N
applied) as well as on the frequency of insecticide and
herbicide applications during the previous year. The
three local land-use variables were later divided by the
mean across all regions and summed in a land-use
intensity index (according to Bliithgen et al., 2012). To
measure landscape-level land-use intensification, the
AGRIPOPES consortium quantified the percentage cover
of non-irrigated, annually tilled arable crops (CORINE
CLC5-Code 211) within a 1000 m radius centered on
focal fields. This is a well-defined habitat category that
can reliably be retrieved from raster satellite data
(CORINE,; Biittner, 2014) of the studied region. Similar to
the standardization in the land-use intensity index, the
cover of arable crops in the landscape and yield data was
divided by the mean across all regions.

Ground beetle sampling
A set of one to three winter wheat fields per farm was

selected to sample ground beetles and estimate biological
control potential. Winter barley was used instead if no

winter wheat fields were available (less than 20% of all
studied fields). Sampling took place during spring and
summer 2007 and was synchronized using the phenologi-
cal stages of winter wheat in each region. Ground beetles
were sampled using two pitfall traps per field. Pitfall traps
were covered with a plastic lid to protect the traps from
precipitation and were filled with 150 mL of ethylene gly-
col. The traps were located at 10 m distance from the
edge toward the center of the field and were active during
two periods of 7 days each. The first sampling period
started 1 week after the appearance of spikes of winter
wheat and the second sampling period coincided with
the milk-ripening stage of winter wheat. Ground beetles
caught in pitfall traps were stored in 70% ethanol, and
beetles of one randomly selected trap per field were iden-
tified to species level (see Appendix S1: Table S2 for infor-
mation about the number of individuals and species
found in each region).

Biological control potential

During the emergence of the first inflorescence of winter
wheat, the biological control potential was estimated by a
2-day trial, which was repeated once within 8 days. In
the morning of the first day, three living pea aphids
(Acyrthosiphon pisum) of the third or fourth instar were
glued to plastic labels. At 12.00, three labels were placed
on the ground at the sampling point of the pitfall traps.
At 18.00 the following day, the labels were removed and
the number of remaining aphids was counted (see
Ostman et al., 2001). In some regions, aphid removal
measurements were unreliable or interrupted (e.g., by
heavy rain), and only data of one of the two rounds were
used. If biological control potentials are compared across
regions, the proportion of removed aphids is used as a
response or explanatory variable.

Ground beetle traits

We collected information about available traits of ground
beetles that are relevant for the relationship to the stud-
ied environmental gradient and ecosystem function. The
choice and coding of traits further depended on the avail-
ability and quality of trait information for the sampled
species in the literature (see Table 1). The five traits
selected were; body size, trophic position, mobility, stra-
tum, and phenology. Body size is probably the most fre-
quently used response and effect trait, known to be
affected by land-use intensity (Birkhofer, Meub, et al.,
2015; Birkhofer, Smith, et al., 2015) and related to the
predation rate of aphids (Rusch et al., 2015). We included
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TABLE 1 Summary of all traits included to calculate functional diversity as well as in the multivariate 4th corner models and the

respective main literature sources.

Trait Variable quality
Body size Numerical®
Binary
Binary
Binary
Trophic position Binary
Binary
Mobility Binary
Binary
Stratum Binary
Binary
Binary
Phenology Binary

Binary

Trait value/levels Source

[mm] Benisch (2023), Lompe (2023)
1-12 mm

12-24 mm

>24 mm

Predator Lindroth (1985/1986), Turin (2000)
Herbivore

Macropterous Lindroth (1985/1986), Turin (2000)
Brachypterous

Endogeic Luka et al. (2009)

Epigeic

Vegetation

Spring breeding Lindroth (1985/1986), Turin (2000)

Autumn breeding

Note: Trait values/levels in bold were used to calculate community-weighted means. Categorical traits allow species to be assigned to more than one category

(e.g., omnivorous to be predator and herbivore).

“Numerical body size was used to calculate community-weighted mean body size, whereas the three size categories were used in the multivariate 4th corner
models and to calculate functional diversity to achieve comparable variable qualities across traits.

ground beetle body size as a numerical variable to calcu-
late community-weighted means (see below) but also as
binary coded trait with three size categories (see Table 1)
to achieve a comparable trait quality with regard to the
other traits for the calculation of functional diversity as
well as for the comparison of the explanatory importance
among the different traits. Binary coded traits with sev-
eral trait levels (so-called fuzzy coded traits) further allow
species to be assigned to several trait levels (e.g., omnivo-
rous beetles were assigned to herbivorous and carnivo-
rous categories). We collected body size information for
all species sampled, whereas, for the other traits, we
lacked information for nine rare species. These species
had to be excluded from the calculation of community-
weighted means and functional diversity. The phenology
of ground beetles (spring vs. autumn breeders) may also
provide information about which species respond to land
use or affect aphid control, which is temporarily more
confined to springtime (e.g., Hanson et al., 2016). Ground
beetle wing morphology is a further morphological char-
acteristic related to land-use intensity (brachypterous
vs. macropterous). The trophic position (herbivorous
vs. carnivorous) might indicate the impact of ground bee-
tle communities on pest control and yield (i.e., only car-
nivorous beetles contribute to pest control). Finally, the
preference for strata (in the soil vs. on the ground vs. in
the vegetation) can be related to complementarity in pre-
dation or if ground beetles can reach pest organisms on
crop plants. While some traits are considered to be

response and effect traits (e.g., body size and phenology),
others are expected to mainly respond to land-use change
(e.g., wing morphology) or mainly affect pest control
(e.g., trophic position and stratum preference). Because
the separation into response and effect traits is often
ambiguous, we simultaneously quantified responses and
effects for all traits in the respective structural equation
models.

Functional index calculation

For the calculation of functional metrics of the ground
beetle communities, we proceeded in two steps corres-
ponding to the mass ratio and the niche complementarity
hypotheses. First, we calculated community-weighted
means of selected trait values/levels (see Table 1) using
the R-package FD (Laliberté et al., 2022). Among the cho-
sen traits, community-weighted mean body size was neg-
atively correlated (p < 0.001) with the proportion of
spring breeding, macropterous, and predatory ground
beetles in the community but uncorrelated to the propor-
tion of ground beetles with a preference for living on
plants. Second, we calculated Gower distances between
the species based on all five traits. For this, we standard-
ized the binary coded traits so that trait values across trait
categories (e.g., soil/ground/vegetation) summed up to
one for each trait (stratum in this example). We used the
gawdis function in R to group and weight trait categories
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to equalize the influence of each trait on species similarity
regardless of the number of categories per trait (de Bello
et al., 2021). Based on this similarity matrix, we calcu-
lated Rao Quadratic Entropy as a measure of functional
diversity sensu stricto. Rao Quadratic Entropy is the aver-
age of the dissimilarity between each pair of species in a
local community, weighted by the abundances of both
species (script in de Bello et al., 2010). Rao Quadratic
Entropy should be independent of species richness at
higher numbers of species (approximately more than
10 species per site; Carmona et al., 2017). However, in
our relatively species-poor arable fields (see Appendix S1:
Table S2) functional diversity increased with species rich-
ness (t = 9.049, df = 157, p < 0.001).

Structural equation models

We evaluated the direct impacts of local and landscape-
level land-use intensity on functional diversity and
community-weighted means in separate piecewise struc-
tural equation models (model no. 1: LME; R-Package
nlme, Pinheiro, 2009). We further quantified influences
of either functional diversity or community-weighted
means on pest control (model no. 2: GLMM following
binomial error distribution including an observation level
random effect to account for overdispersion; R-Package
Ime4, Bates et al., 2009). Finally, we quantified to which
extent local land use, functional diversity or community-
weighted means, and pest control contributed to yields
(model no. 3: LME). The community-weighted mean stra-
tum (i.e., the proportion of ground beetles living on plants)
showed a quasi-Poisson distribution. Impacts of local
and landscape-level land-use intensity on community-
weighted mean stratum were therefore modeled with a
GLMM following Poisson-error distribution, including
an observation level random effect to account for
overdispersion. All other relationships with community-
weighted means were evaluated with LME’s. All models
included country identity as a random effect. Since piece-
wise structural equation models produce no valid global
covariance matrix, p-values across the set of Shipley’s
tests of directed separation were combined in Fisher’s
C statistics as an alternative goodness-of-fit (Shipley,
2000). Marginal and conditional R*-values and Fisher’s
C as well as standardized coefficients (with the exception
of the GLMM) were calculated with the piecewiseSEM
R-package (Lefcheck et al., 2023). Marginal R*values
consider only the variance of fixed effects, while the
conditional R?-values additionally take random effects
(i.e., country identity) into account. Thus, the two
R*-values indicate to which extent relationships can be
attributed to the included variables or due to differences

in respective variables between the countries. In
non-Gaussian response models (log) odds ratios are not
comparable across models, and they cannot be exactly
standardized since coefficients are reported on the link
(linear) scale, while variance can only be computed from
the raw data on the non-linear scale. In these cases, the
SD used for the standardization of coefficients is computed
as the square root of the variance of the predictions
(on the linear scale) plus the correlation between the
observed and predicted values of dependent variables (see
Grace et al., 2018).

Fourth-corner model

In a second step, we were interested in the extent to
which local and landscape level land-use intensity effects
on ground beetle communities are mediated via the dif-
ferent traits, as well as to which extent the various traits
contribute to aphid removal and yield. For this, we calcu-
lated a fourth-corner model, which evaluates multivariate
relationships between ground beetle communities, any
environmental variable (land use, yields, etc.), the trait
matrix, and the interaction between environmental vari-
ables and the trait matrix (i.e., the fourth corner; Dray &
Legendre, 2008). In order for the models to converge, we
had to run the fourth corner analysis for each country
separately because ground beetle species composition
differed quite substantially between the countries
(see Appendix S1: Figure S1). Data and R-code used for
all analyses are available in Dryad (Bucher et al., 2024).

RESULTS

Structural equation model for functional
diversity

Local land-use intensity and the percentage of arable
land in the surrounding landscape were not significantly
related to the functional diversity of ground beetle com-
munities (land use: t = 0.349, df = 151, p = 0.728; per-
centage of arable land: ¢t = 0.437, df = 151, p = 0.663).
The comparison of marginal versus conditional R*-values
indicated that variation in the functional diversity of
ground beetles was mainly explained by differences
between the countries (R%, = 0.01, R, = 0.46). Local
land-use intensity strongly increased crop yield (Figure 1;
t = 10.620, df = 150, p < 0.001). The functional diversity
of ground beetles was positively correlated with pest
control (¢t = 3.488, df = 159, p < 0.001), but not directly
(t = —0.819, df =150, p = 0.414) or indirectly (via pest
control of aphids; t =0.171, df =150, p = 0.011) with

858017 SUOWWOD BAII8.D 8(ceoljdde ay) Aq peusenob ae sooile VO ‘88N JO S8|nJ o} AkeiqiTauljuO AB[IA UO (SUOTIPUOO-PUE-SWIBLO0D" AB 1WA eiq U [UO//SdnL) SUONIPUOD pue swie 1 8y} 89S *[Z0Z/TT/90] o Akeidi8uluo 8|1 ‘Souel aueiyood Ag GE0E des/Z00T 0T/I0p/W0d Ao | i Ake.d 1 jpulu0'S euIno fess//sdny Wiolj pepeojumoq ‘0 ‘Z8SS6E6T



ECOLOGICAL APPLICATIONS

7 of 16

+0.70%%*

\
'd Functional diversity i
1 R?*,=0.01,R%.=046 -

4
/

/
|7 +0.04

, 7
%0.01
Pest control % T
0
Arable % [ R2,=0.10,R%.=0.10

FIGURE 1
use intensity, the percentage of arable land in the landscape, the

+0.35%**

Proposed causal relationships between local land-

functional diversity of ground beetles and crop yield as well as
relationships between functional diversity, pest control (measured
as the percentage of removed aphids), and crop yield. Marginal
R?-values (R?,) indicate the variation explained by fixed effects,
conditional R>-values (R?.) indicate the variation explained by
fixed and random effects (country identity). Blue arrows indicate
positive, red arrows negative correlations and the strength of
arrows corresponds to standardized path coefficients (--- = ns,
#kp < 0.001).

crop yield. Overall, the observed data did not contra-
dict our a priori causal structure linking land-use
intensity, pest control, and crop yield with the func-
tional diversity of ground beetles (Fisher’s C = 5.77,
df =6, p = 0.45).

Structural equation models for different
traits

Among the structural equation models for the different
traits, the proportion of macropterous ground beetles
declined with increasing land-use intensity but not with
a higher percentage of arable land in the surrounding
landscape (Figure 2; land use: t= —2.326, df =151,
p = 0.021; percentage of arable land: (= —1.422,
df = 151, p = 0.157). The community-weighted mean of
all other traits was neither related to local land-use inten-
sity nor to the percentage of arable land within the
1000 m radius (land use: t < +1.305, df = 151, p > 0.128;
percentage of arable land: < +0.840, df=151,
p > 0.402). Similar to the structural equation model for
functional diversity, local land-use intensity strongly
increased crop yield in all structural equation models for
the community-weighted means of the different traits
(t > 10.045, df = 150, p < 0.001).

A higher proportion of macropterous ground beetles
in communities was positively associated with pest con-
trol (Figure 3b; t = 3.107, df = 159, p < 0.01). In contrast,

1.00 A

0.75 1

0.50 1

CWM Macropterous

0.25 1 ¢ .

0.0 2.5 5.0 7.5
Land-use intensity

FIGURE 2 The negative relationship between local land-use
intensity and the proportion of macropterous (high mobility)
ground beetles in communities (p < 0.05). CWM, community-
weighted mean.

larger ground beetles in communities reduced pest
control (Figure 3c; t = —3.021, df = 159, p < 0.01). We
found a tendency for increased pest control in commu-
nities with a higher proportion of ground beetles living
in the vegetation (Figure 3d; t=1.818, df =159,
p = 0.069). The percentage of predatory ground beetles
in the community or the proportion of spring breeding
ground beetles in communities had no influence on
pest control (¢ < 1.537, df = 159, p > 0.124). For struc-
tural equation models with all community-weighted
mean trait values, pest control measured as the per-
centage of removed aphids was not related to crop yield
(t = —0.090, df = 150, p = 0.928).

Larger ground beetles in local communities reduced
crop yield (Figure 4a; t = —2.333, df = 150, p = 0.021),
whereas the percentage of predatory ground beetles in
the community significantly increased crop yield
(Figure 4b; t = 2.810, df = 150, p < 0.01). The propor-
tion of macropterous ground beetles, ground beetles
with a preference for the vegetation stratum, or the
proportion of spring breeding ground beetles in com-
munities were not related to crop yield (< 0.224,
df = 150, p < 0.823).

Overall, the observed data did not contradict our a
priori causal structure linking land-use intensity, pest
control, and crop yield with the community-weighted
mean values of the different traits (Body size: Figure 5a,
Fisher’'s C = 5.749, df = 6, p = 0.452; Predatory: Figure 5b,
Fisher's C=4.745, df=6, p=0.577, Macropterous:
Figure 5c, Fisher’'s C = 6.634, df = 6, p = 0.356; Vegetation:
Figure 5d, Fisher’s C = 6.016, df =6, p = 0.421). We
found no significant relationships between the proportion
of spring breeding ground beetles in communities and
the other variables.
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FIGURE 3 (a) The positive relationship between the functional diversity of ground beetles and pest control (measured as the

percentage of removed aphids) (p < 0.001). (b) The positive relationship between the percentage of macropterous ground beetles and pest

control (p < 0.01). (c) The negative correlation between the community-weighted mean (CWM) body size of ground beetles with pest control

(p < 0.01). (d) The tendency of increased pest control of ground beetle communities with a higher proportion of beetles with a preference to

live in the vegetation (p < 0.1).
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(a) The negative correlation between the community-weighted mean (CWM) body size of ground beetles and standardized

crop yield (p < 0.05). (b) The positive relationship between the proportion of predatory ground beetles in communities and standardize crop

yield (p < 0.01).
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Fourth corner models

Relationships between local land-use intensity, the per-
centage of arable land in the surrounding landscape, pest
control, or crop yield and respective trait levels differed
between countries (see Appendix S1: Table S3). Body size

+0.71***
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was generally more strongly affected by local land-use
intensity and by the percentage of arable land than the
other traits, as indicated by the higher mean magnitude
of coefficients for body size (Table 2). The body size of
ground beetles also contributed more to the interaction
of ground beetle communities with pest control as well as
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FIGURE 5 Structural equation models with local land-use intensity, the percentage of arable land in the landscape, the community-
weighted mean (CWM) of (a) body size, (b) proportion of predatory ground beetles, (c) proportion of macropterous (high mobility), and

(d) the proportion of ground beetles with a preference for the vegetation stratum. Marginal R-values (R*,) indicate the variation explained
by fixed effects, conditional R>-values (R2.) indicate the variation explained by fixed and random effects (country identity). Blue arrows
indicate positive, red arrows negative correlations and the strength of arrows corresponds to standardized path coefficients (--- = ns,

*)p < 0.1; *p < 0.05; **p < 0.01; **p < 0.001).

TABLE 2 Summary of the mean magnitude of interaction coefficients (coef. + SE) of each trait with local land-use intensity, the

percentage of arable land in the landscape, pest control, and crop yield across the six regions.

Trait Coef. land-use Coef. arable % Coef. pest control Coef. yield

Body size 1.812 + 0.892 2.717 + 2.135 3.821 + 2.544 1.702 + 0.614
Trophic position 0.067 + 0.018 0.106 + 0.042 0.117 + 0.026 0.081 + 0.033
Mobility 0.143 + 0.079 0.049 + 0.014 0.118 + 0.039 0.055 + 0.014
Stratum 0.181 + 0.106 0.170 + 0.107 0.165 + 0.079 0.145 + 0.077
Phenology 0.065 + 0.021 0.117 + 0.013 0.053 + 0.012 0.098 + 0.033

Note: The consistently higher coefficients for body size for all target variables compared to the other traits (see Appendix S1: Table S3 for country-wise

interaction coefficients).
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crop yield compared to all other traits (Table 2). The
relationship between the three body size classes of
ground beetles and aphid removal (i.e., negative associa-
tion with ground beetles larger than 24 mm) mirrors the
relationship between community-weighted body size and
pest control (Figure 3c) but indicates high variation
between the study regions.

DISCUSSION

Besides the prominent positive land-use intensity-crop
yield relationship, the proportion of macropterous beetles
was the only functional aspect of ground beetle commu-
nities that were related to land-use intensity. Functional
diversity, the proportion of macropterous ground beetles,
and the proportion of ground beetles with a preference
for the vegetation stratum were positively associated with
pest control while a larger community-weighted mean
body size reduced pest control. The community-weighted
mean body size was negatively related to crop yield,
whereas a higher proportion of predatory ground beetles
resulted in higher crop yields. Our trait-specific analyses
for the different regions revealed a heterogeneous pattern
with specific response/effect-trait relationships being pos-
itive in one region but negative in another. Across all
regions, the magnitude of the response of different taxa
as well as their effect on pest control and yield, was more
strongly influenced by body size than by other traits. Our
results contrast with the general hypothesis that higher
functional diversity of natural enemies improves pest
control and thereby contributes to increased crop yield.
While pest control was improved in communities with
smaller, mobile ground beetles that climb up the vegeta-
tion, crop yield was higher in fields with a higher propor-
tion of smaller, predatory ground beetles. Furthermore,
these relationships were mainly driven by differences
between the study regions instead of land-use intensity
gradients within the region.

Impact of land-use intensity on the
functional diversity of ground beetles

In contrast to our expectation, we did not detect an over-
all decline in the functional diversity of ground beetles
with increasing land-use intensity. This is surprising,
since our fields covered an extensive land-use intensifica-
tion gradient ranging from organically managed farms
(no synthetic fertilizer and no pesticides) up to heavily
managed farms with a mean fertilizer input of 529 kg/ha
(see Appendix S1: Table S1 for more information about
the land-use intensity for the different countries).

Previous studies demonstrated a decline in arthropod
diversity with increasing local management intensity and
also in landscapes with a higher proportion of arable land
(Habel et al., 2019; Seibold et al., 2019). However, many
of these studies originate from grasslands with relatively
higher species richness. While plant species richness
strongly decreases with land-use intensity in our crop
fields (mainly driven by fertilizer application), the species
richness of ground beetles was unaffected (Geiger
et al., 2010). Species richness in our fields was already
strongly reduced, with only a few disturbance-tolerant
ground beetle species remaining (Winqvist et al., 2014).
Alternatively, the relatively low sampling effort at the
field scale resulting from the trade-off with the high
number of farm scale replicates might have contributed
to low species numbers. We suppose that current land-
use intensity or a higher proportion of arable land in the
landscape is no longer reducing the functional diversity
of ground beetles because ground beetle species richness
is already strongly diminished and source populations of
species with rare trait combinations are lacking.
Although our study design was targeted to maximize the
regional land-use intensity gradient, the observed rela-
tionships with functional diversity were mainly due to
regional differences rather than management differences
between farms within regions (see marginal vs. conditional
R? values in the structural equation models). The different
European regions differed in management intensity with
higher land-use intensity in Ireland (particularly N fertil-
izer and insecticide application) compared to the
remaining regions (see Appendix S1: Table S1; Emmerson
et al., 2016). In addition, weed control differed between
countries with the highest herbicide application frequency
in Germany while agricultural weeds were mostly
mechanically controlled in the Netherlands and Poland
(Emmerson et al., 2016). Both aspects and many more
unquantified parameters (e.g., biogeographical differences
between communities, or differences in climate and soil
types) likely contributed to the region-specific trait
responses and effects.

The proportion of macropterous ground beetles was
the only community-weighted mean trait value that
was related to land-use intensity. Macropterous ground
beetles are more mobile than brachypterous beetles with
reduced wings. The dispersal ability of organisms is a key
response trait to land-use intensification or to other dis-
turbances. More disturbed sites are often characterized
by more highly mobile arthropods that can escape dis-
turbance regimes or quickly re-colonize fields after
disturbances (Entling et al., 2011). However, the direction
of the relationship is difficult to interpret in such observa-
tional studies: for example, the proportion of macropter-
ous ground beetles can be smaller in more intensively
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used fields because these mobile individuals were able
to avoid disturbances during the sampling period.
Alternatively, some macropterous ground beetles
might prefer more natural habitats (e.g., they feed on
seeds of weeds largely lacking in conventional fields;
Griffiths et al., 2007).

We were surprised that we did not find a general
decline in the community-weighted body size with
increasing land-use intensity across our regions. Previous
studies reported a decline in ground beetle body size
(i.e., lower abundance of large species) with increased
land-use intensity (Birkhofer et al., 2017; Simons
et al., 2016; Wingvist et al., 2014). Although body size
turned out to be the most important response trait, the
direction of the land-use effects differed between
the regions likely due to differences in management prac-
tices, land-use history, or other environmental factors.

Influence of functional diversity on pest
control and yield

The diversity in trait levels was positively related to pest
control potential. According to our predictions, comple-
mentarity in traits might lead to a more efficient use of
resources. For example, the variation in body size and
different trophic levels likely widen the spectrum of food
sources. Differences in predator phenology likely contrib-
ute to the temporal continuity of top-down control. In
addition, complementarity in predator traits can reduce
predator-predator encounters, for instance, due to differ-
ences in the use of space (i.e., preference for different
strata) and thus reduce intraguild interference. Despite
the positive relationship between functional diversity and
pest control, functional diversity did not increase crop
yield. Both aphids and ground beetles might play only a
minor role as pests and biological control agents in win-
ter wheat. Indeed, the severity of aphids as pests is fur-
ther mediated by the transmission of diseases (Dedryver
et al., 2010). However, aphid predation by ground-living
polyphagous predators has been shown to increase yield
in spring barley (Ostman et al., 2003). Our study also
indicates that the functional diversity of ground beetles
did not directly contribute to crop yield (e.g., via the con-
trol of other pest organisms) and was negligible in light
of the stark positive influence of land-use intensity on
crop yield.

The relationship between the community-weighted
mean body size of generalist predators and pest control is
difficult to predict (Segoli et al., 2023). Across the studied
regions, a higher proportion of larger ground beetles
(body size >24 mm) was negatively associated with the
number of removed aphids. This contradicts assumptions

at the individual level where larger beetles consume
more prey and are thus expected to have a higher pest
control potential (Bertleff et al., 2021; Brose et al., 2008).
At the community level, however, interactions become
more complex with the possibility of switching to other
prey sources including conspecifics or other predators
(i.e., cannibalism, intraguild interference, or predation;
Polis et al., 1989; Staudacher et al., 2018). There is both
theoretical and empirical evidence that in such size-
structured food webs, larger predators tend to feed on
other predators and thus dampen predator top-down con-
trol of prey (Schneider et al., 2012). Our findings confirm
former studies detecting a decline in aphid predation
with a higher proportion of larger ground beetles (Rusch
et al., 2015). Our trait-specific analysis points in the same
direction, with smaller body size classes (<24 mm),
tending to be positively associated with pest control,
while the largest body size trait category (>24 mm) indi-
cated a negative relationship with pest control. However,
the variation between the study regions was relatively
large (see marginal vs. conditional R* in Figures 1 and
5a-d). Aphids are small prey, and larger ground beetles
likely prefer larger prey or other predators for food
(e.g., spiders; Rusch et al., 2015). However, it is difficult
to obtain a good quantification of aphid predation in the
field because predator-aphid interactions are complex
(e.g., predators in the vegetation induce dropping behav-
ior and increase aphid predation on the ground; Losey &
Denno, 1998). Ideally, different methods of aphid quanti-
fication should be applied to achieve a more realistic esti-
mation of pest control. Negative relationships between
the community-weighted mean body size and yield but
positive relationships between the proportion of preda-
tory ground beetles and yield also point to the mecha-
nism that mainly smaller predatory ground beetles
contribute to pest control and yield. In comparison,
larger ground beetles are often scavengers or herbivores
and dampen the pest control potential of ground beetles.
Although methods were identical across the regions, pit-
fall traps have been shown to overestimate densities of
large-bodied ground beetles and data collected in this
way should, therefore, be taken cautiously (Arneberg &
Andersen, 2003). Further studies at the community level
deploying methods that quantify true densities
(e.g., quadrat sampling data), including different prey
and predator taxa, are needed to test whether this is a
general pattern or merely a study organism and method-
specific result.

The positive relationship between the proportion of
macropterous ground beetles in communities and pest
control was also unexpected. This is most likely due to
the strong negative correlation with the community-
weighted mean body size and unrelated to the mobility of
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ground beetles. The proportion of ground beetles with a
preference to climb up the vegetation was not correlated
with the community-weighted mean body size and
tended to improve pest control. This functional group of
ground beetles typically gets in contact with aphids and
feeds on them.

Response/effect-trait framework and
consequences for ecological intensification

If traits that respond to land-use change are identical to
traits that affect pest control and yield, we should be able
to predict and manipulate land-use effects to improve
ecosystem services (Lavorel & Garnier, 2002). Our results
indicate that the body size of ground beetles is indeed a
key trait (largest positive and negative effects across
the different regions) regarding impacts of local and
landscape-level land use on ground beetle communities,
as well as influencing pest control and crop yield.
Although body size is easy to measure and universally
applicable to a wide range of organisms, the mechanisms
of relationships with community-weighted body size are
tricky to interpret because body size is often correlated
with other traits such as physiological rates, dispersal
ability, and trophic position (Gallé & Batary, 2019). The
simultaneous analysis of community-weighted means of
various traits can help better understand which func-
tional characteristics of communities are particularly
favorable for ecosystem services. Nonetheless, lacking
consistent land-use relationships with most community-
weighted means across study regions makes it difficult to
give management recommendations. Here, a reduction
in land-use intensity did improve pest control of aphids
by promoting macropterous ground beetles in local com-
munities (see Figure 5c).

Similar to most of the analyzed traits, functional
diversity was unrelated to local and landscape-level land-
use intensity, and observed differences were due to differ-
ences between the regions. Differences in functional
diversity between the different countries (i.e., lower in
France and The Netherlands than in Sweden and Poland,
see Appendix S1: Table S2) due to national land-use his-
tories cannot easily be manipulated by short-term man-
agement changes. As the functional diversity of ground
beetles was not directly influenced by land-use intensity
across regions, the ability to improve functional diversity
and ecosystem services of ground beetles by reducing
local land-use intensity or the proportion of arable land
in the landscape is questionable. This highlights the
importance of alternative conservation or restoration
measures to enhance functional diversity, such as
existing or newly created semi-natural landscape ele-
ments (e.g., single-standing trees, hedges, or flowering

strips). The diversification of crops and livestock would be
another measure to potentially increase functional diver-
sity (diversified farming systems, Kremen et al., 2012). Fur-
thermore, organic farms or semi-natural habitats should
be better connected at the landscape scale to enhance the
mobility of organisms and establish larger populations
(Tscharntke et al., 2012).

Conclusion

In our pan-European study, we found a positive relation-
ship between the functional diversity of ground beetles
and pest control as well as positive and negative relation-
ships of community-weighted mean trait values with pest
control and crop yield, respectively. Although the func-
tional diversity of ground beetles increased the pest con-
trol potential, it did not significantly contribute to crop
yield, which was strongly determined by local land-use
intensity. The body size of ground beetles was the key
trait mediating communities’ response to land-use
changes and effects on pest control and yield. However, a
lack of relationships with land-use intensity, inconsistent
relationships across the regions, and correlations among
traits complicate simple management recommendations.
Our results also question whether local ecological intensi-
fication can support pest control if biotic communities
are already strongly diminished. Nonetheless, reducing
land-use intensity can improve aphid control by favoring
more mobile ground beetles. How land-use practices
interact with intraguild interference (e.g., via the com-
plexity of vegetation structure) in size-structured predator
communities could be a promising research field to
improve our ability to foster pest control of generalist
predators. In addition, trait-based approaches in arthro-
pods can still improve by measuring traits on the individ-
uals found at the sites instead of inferring species traits
from the literature. So far, larval stages of ground beetles
(and of other holometabolic groups of insects) are largely
ignored in functional land use and ecosystem functioning
studies despite the fact that the larval life stage makes up
the major portion of the total lifespan. This contribution
focuses on the direct and indirect relationships of func-
tional ground beetle diversity with pest control of aphids.
To achieve a more holistic picture of the link between
land use and ecosystem services, the interplay of multiple
taxonomic groups and ecosystem functions needs to be
included.
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