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Objectives  In this study, we aimed to disentan-
gle the effects of local and landscape-scale land-use 
intensification on arthropod communities and their 
contribution to ecosystem services and crop yield. 
A set of meta-analytic structural equation models 
allowed us to assess direct and indirect relationships 
in the cascade from land use to yield.
Methods  We selected 37 datasets containing infor-
mation on land use, community composition, lev-
els of pollination and natural pest control services, 
and crop yield. We quantified functional diversity of 

Abstract 
Context  Land-use intensification to increase yields 
is often detrimental to biodiversity undermining the 
provision of ecosystem services. However, it is ques-
tionable if ecosystem service providers contribute 
to ecological intensification by achieving the same 
or higher yields than conventional high-intensity 
agriculture.
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communities by collecting trait information for three 
exemplary groups of service-providers: bees, ground 
beetles, and spiders.
Results  Local land-use intensification reduced the 
abundance of all arthropod groups. Spiders were the 
only group whose species richness was negatively 
related to a higher percentage of arable land in the 
landscape. High abundance of bees related positively 
to oilseed rape pollination and crop yields. In the 
models for the two predator groups, crop yield was 
strongly determined by land use, independent of the 
pest control services provided by natural enemies.
Conclusions  Our results suggest a potential for eco-
logical intensification mediated by land-use change 
in crops where pollination benefits yield, but suggest 
more nuanced effects for pest control. Our study also 
calls for experiments on multiple taxonomic groups 
and ecosystem services that apply comparable meth-
ods at similar scales.

Keywords  Agroecology · Ecological 
intensification · Meta-analytic structural equation 
models · Pollination · Pest control · Trait-based 
approach

Introduction

High-intensity conventional agriculture is important 
for global food production. However, increases 
in land-use intensity are often detrimental to the 
environment, threatening biodiversity and associated 
ecosystem functions (Hooper et  al. 2012). Impaired 
ecosystem functions could undermine the sustainable 
productivity of agroecosystems through reduced 
supporting and regulating ecosystem services 
(Cardinale et  al. 2012; de la Riva et  al. 2023). It 
remains unclear to what extent agroecological 
practices, which aim to promote supporting and 
regulating ecosystem services in agricultural 
landscapes, can contribute to crop yields when land-
use intensity is reduced to diminish collateral damage 
to nature (Bommarco et al. 2013; Kleijn et al. 2019).

Over the last century, land-use intensification 
at all scales has shaped European farmland with 
profound impacts on landscapes and biodiversity 
(Tscharntke et  al. 2005; Gámez-Virués et  al. 
2015; Hallmann et  al. 2017). High-intensity local 
management, such as intensive tillage and application 
of pesticides, can directly lead to population declines 
and local extinctions of disturbance-sensitive 
species (Geiger et  al. 2010; Martin et  al. 2020). 
In addition, ploughing, harrowing, fertilizer and 
herbicide application can indirectly reduce species 
richness at higher trophic levels due to their impact 
on primary producers that are potential food sources 
or contribute to suitable vegetation structure and 
microclimatic conditions (Kleijn et  al. 1997; Farooq 
et al. 2022). Organic farming is seen as an alternative, 
by reducing local land-use intensity by avoiding 
synthetic pesticides and inorganic fertilizers and 
therefore using more complex crop rotations to 
support biodiversity and ecosystem services at the 
farm level (Bengtsson et  al. 2005; Muneret et  al. 
2018). In addition, there is growing evidence that 
land use in the surrounding landscape also plays a 
crucial role for animal biodiversity and that the local 
management extends into adjacent fields (Kleijn et al. 
1997; Tscharntke et al. 2021). For example, declines 
in arthropod biomass, abundance, and species 
richness have been attributed to a higher agricultural 
land cover in addition to local land-use intensity 
(Seibold et al. 2019). Therefore, studies investigating 
land use and biodiversity relationships as well as 
biological conservation efforts ideally consider both 
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local land-use intensity and landscape-level variables 
(Tscharntke et al. 2012).

Several lines of evidence suggest that there is 
a positive relationship between biodiversity and 
ecosystem services (Hooper et  al. 2005; Cardinale 
et  al. 2012). However, intertwined aspects of 
community structure have been found to influence 
ecosystem functioning. Firstly, the sheer number of 
individuals or amount of biomass can contribute to 
ecosystem resilience or improve functioning (i.e. 
mass ratio hypothesis; Grime et al. 1988). Secondly, 
a high number of species can enhance ecosystem 
functioning if they differ in their functional 
characteristics (Blüthgen and Klein 2011). For 
example, organisms using different resources or active 
at different times are expected to enhance ecosystem 
functioning (i.e. complementarity hypothesis; 
Tilman et al. 1996). However, species that share the 
same functional characteristics are considered to be 
redundant from a purely functional perspective, but 
still contribute to the resilience of functions in the 
event of major environmental changes (see insurance 
hypothesis; Loreau et  al. 2001). Many ecologists 
have suggested that a functional approach is likely 
to improve our understanding of the relationships 
between biodiversity and ecosystem functioning and 
enhances our ability to predict the consequences 
for the provision of ecosystem services (Hooper 
et  al. 2005; Violle et  al. 2007). Functional diversity 
is a measure of variation in the characteristics of 
individual organisms (i.e. traits) in a community, with 
the assumption that greater trait variation improves 
ecosystem functioning. Trait-based approaches are 
likely to reveal more general patterns because they 
can be applied across wider biogeographical areas. 
Empirical evidence on the relationships between 
abundance, species richness, and functional diversity 
with ecosystem services shows predominantly 
positive correlations (see Harris on et al. 2014 for a 
review), with some support that functional diversity 
may be a better predictor than species-based indices 
(Gagic et al. 2015).

Arthropods are a highly diverse taxonomic group, 
and many species are involved in vital ecosystem 
services in temperate farmland, such as biological 
control of pests and weeds, or pollination of flowering 
crops (Birkhofer et  al. 2024; Garibaldi et  al. 2013). 
Arthropods are also a functionally heterogeneous 
group that vary widely in many traits. For example, 

the dispersal ability of arthropods determines the 
spatial scale that is relevant to their abundance 
(Schmidt et al. 2008). Thus, the response of different 
arthropod groups to land-use intensity at local and 
landscape scales is expected to vary between species 
and functional groups (Karp et al. 2018; Martin et al. 
2019). Similarly, relationships between biodiversity 
and ecosystem services are likely to differ between 
taxonomic and functional groups: While pollination 
is mostly beneficial for flowering plants, predation 
of natural enemies is not limited to pests, but often 
include other predators, which is expected to 
weaken top-down control (Rosenheim et  al. 1995). 
Consequently, the role of arthropods in responding to 
land-use intensity and in affecting ecosystem services, 
is likely to differ between different functional groups 
(see Harrison et  al. 2014). However, the role of 
arthropod functional diversity in these relationships 
still remains understudied (Wong et al. 2019).

To date, few empirical studies have examined how 
agricultural yields are affected by land-use intensity 
through a combination of direct effects and indirect 
effects mediated by ecosystem service providers 
(but see Gagic et  al. 2017). Furthermore, the extent 
to which increases in ecosystem services actually 
contribute to crop productivity is often unknown. 
Single-link approaches (e.g. correlations between 
land use and biodiversity or between biodiversity and 
ecosystem services) are not suitable for quantifying 
the relative importance of the direct effects of 
land use on yield versus the indirect effects via 
biodiversity and ecosystem services (Ulrich et  al. 
2023). Where structured path analyses have been 
used, they have been technically limited to individual 
studies (Jak 2015), with limited ability to generalize 
results. We are not aware of any synthesis study using 
meta-analytic structural equation models to address 
the land use—biodiversity—ecosystem services—
yield cascades, quantifying the direct effects of land-
use intensity on yield and the indirect contribution of 
biodiversity via ecosystem services.

We present a pan-European meta-analysis 
that quantifies the direct effects of local land-use 
intensity on crop yield, as well as the effects of local 
and landscape-level land use on arthropods in the 
fields, crop-related regulating ecosystem services, 
and crop yield. We calculated separate models for 
the abundance, species richness, and functional 
diversity of three important providers of pollination 
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and pest control services: Bees (Apoidea), ground 
beetles (Carabidae), and spiders (Araneae). Thereof, 
we compared the roles of mass ratio and species/
trait complementarity hypotheses for the effects 
of land use on ecosystem services and crop yields. 
We expected positive direct effects of local land-
use intensity on crop yields. In contrast, high land-
use intensity at the farm and the landscape scale is 
expected to reduce arthropod abundance, species 
richness and functional diversity in crop fields. Higher 
abundance, species richness, and functional diversity 
of these arthropod groups should improve pollination 
and pest control, which in turn should contribute 
to crop yield. This could also be done directly by 
predatory arthropods via beneficial effects beyond 
the quantified pest control (e.g. if ground beetles and 
spiders control pests that were not monitored in the 
respective studies).

Methods

Data identification and screening

Datasets were compiled from the database of an 
international consortium of experts in environmen-
tal change, agroecology, ecosystem services, and 
human health as part of an EU synthesis project 
(Biodiversa—FunProd). Criteria for data selection 
were the availability of (i) information on local and/
or landscape-level land-use information, (ii) in-field 
community data, (iii) quantification of ecosystem 
services, and (iv) yield data. While the availability 
of species-level community composition data was 
mandatory, not all studies quantified all target vari-
ables. Initially, the consortium identified 60 datasets 
that met the above criteria. As the datasets collected 
largely lacked information on the traits of the spe-
cies involved, which is required for the calculation of 
functional diversity, we were limited in the number of 
taxonomic groups that could be included as represent-
atives of ecosystem providers in the re-analysis of the 
studies. Three arthropod groups were selected: bees, 
ground beetles, and spiders, as they were well repre-
sented in the datasets covering Europe (Fig.  1) and 
are highly relevant in agroecosystems either as polli-
nators or as pest control agents (Birkhofer et al. 2024; 
Cardoso et al. 2024). Focusing on these three arthro-
pod groups reduced the number of suitable datasets 

to 53. To further reduce the heterogeneity among 
included studies, we decided to focus on annual crops 
such as wheat, barley, and oilseed rape by excluding 
data originating from grasslands or perennial culti-
vations such as vineyards or fruit orchards, resulting 
in a final number of 37 datasets (see Supplementary 
Table T1).

For the majority of selected datasets, local land-
use intensity was represented by the contrast between 
organic and conventional farming. For datasets with 
multiple numerical local land-use variables (e.g. fer-
tilizer, herbicide, and insecticide applications), the 
variables were divided by the arithmetic mean of the 
respective variable across all sites and then summed 
into a land-use intensity index per site (see Blüthgen 
et al. 2012). For our focus on European croplands, we 
used the percentage of arable land in the vicinity as 
a measure of landscape-level land-use intensity. This 
choice was motivated by an extensive dataset that was 
included in our selection, for which we had no other 
way to quantify other landscape-level variables (due 

Fig. 1   Map showing the distribution of datasets among Euro-
pean countries. Coloured symbols indicate the taxonomic 
group (first number gives the number of datasets). The size 
of the symbols is proportional to the number of sites per taxo-
nomic group (second number in the legend)
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to missing coordinates) than the percentage of arable 
land within a 1000 m radius provided by the primary 
study (Emmerson et  al. 2016). For all the remain-
ing datasets, the proportion of arable land within a 
1000  m radius around the centre of the study sites 
was extracted from CORINE land cover data (Büttner 
2014) using QGIS (2023). The selection of ecosys-
tem service variables (e.g. seed set, aphid removal, 
pest abundance) and information on yield (e.g. grain 
and straw mass) for the reanalysis was discussed in 
the expert consortium. Either the most appropriate 
variable provided by the primary study was selected 
or similar aspects of an overarching variable (e.g. 
the abundance of different pest organisms in a single 
pest abundance index) were combined per study site 
as described above for the local land-use intensity. 
All variables were subsequently normalized by scal-
ing the data values to a range between zero and one 
per study (if no numerical local land-use variable was 
available, organic field were classified with the low-
est land-use intensity of zero vs. conventional farm-
ing with the maximum land-use intensity of one). 
An overview of the included land use, ecosystem 
service, and yield variables is provided as metadata 

for each included dataset (study-level: Supplementary 
Table T1; site-level: Supplementary Table T2).

Integration of trait information

For bees, we had access to co-author Stuart Roberts’ 
trait database. Here, we used intertegular distance, 
nesting type, lecty, pollen transportation mode, and 
tongue length guild (Table  1). For ground beetles, 
we collected information on body size, mobility, 
trophic position, stratum preference, and breeding 
type (Table  1). For spiders, we collected trait infor-
mation on body size, mobility, stratum preference, 
and hunting mode from multiple sources (Table  1). 
We standardized the binary coded traits so that trait 
values across trait categories (e.g. soil/ground/vegeta-
tion) summed up to one for each trait (stratum in this 
example). We used the gawdis function in R to group 
and weight trait categories to equalize the influence 
of each trait on species similarity, regardless of the 
number of categories per trait (see de Bello et  al. 
2021). Based on the Gower distance matrix, we cal-
culated Rao Quadratic Entropy (hereafter Rao) as a 
measure of functional diversity. Rao is the average 

Table 1   Detailed information on the traits included for the three arthropod groups: Identity of trait levels, quality of trait variables, 
and the respective literature sources for each trait

Group Trait Trait value/levels Quality Source

Bees (Apoidea) Intertegular distance [mm] Numerical Stuart Roberts
Nesting type Carder, excavator, mason, 

parasite, renter
Categorical

Lecty Monolectic, mesolectic, 
oligolectic, polylectic

Categorical

Pollen transportation Body, legs, legs and abdomen, 
crop, accidental transport

Categorical

Tongue length Long, short Categorical
Ground beetles (Carabidae) Body size 1 mm–12 mm, 

12 mm–24 mm, > 24 mm
Categorical Benisch (2023), Lompe (2023)

Phenology Spring breeding, autumn 
breeding

Categorical Lindroth (1985)/86, Turin (2000)

Mobility Macropterous, brachypterous Categorical Lindroth (1985)/86, Turin (2000)
Trophic position Predator, herbivore Categorical Lindroth (1985)/86, Turin (2000)
Stratum Endogeic, epigeic, vegetation Categorical Luka et al. (2009)

Spiders (Araneae) Body size 1 mm–6 mm, 
6 mm–11 mm, > 11 mm

Categorical Nentwig et al. (2024)

Mobility Ballooning, non ballooning Categorical Blandenier (2009)
Hunting mode Cursorial, web building Categorical Cardoso et al (2011)
Stratum Endogeic, epigeic, vegetation Categorical Maurer & Hänggi (1990)
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of the dissimilarity between each pair of species in a 
local community, weighted by the abundances of both 
species. There is growing consensus that Rao can 
be used to partition diversity across scales (de Bello 
et al. 2010).

Statistical analysis

Structural equation models (SEM, also referred 
to as ‘path analysis’) allow the assessment of an 
a priori defined causal structure with direct and 
indirect links based on correlation and covariance 
matrices of empirical data from a single study by 
testing for conditional dependence between variables 
(Shipley 2016). In order to incorporate data from 
many studies, researchers face the challenge that 
studies differ in the completeness of the variables 
quantified. Meta-analytic structural equation models 
(metaSEM) address this challenge in two steps. 
First, multigroup SEM is used to pool the correlation 
coefficients. Second, the structural model is fitted to 
the pooled correlation matrix, using weighted least 
squares estimation (Cheung and Chan 2005). This 
ensures that associations quantified in more studies 
receive more weight in the estimation of the model 
parameters.

In preparation for the metaSEMs, we compiled 
pairwise correlation coefficients between the two 
explanatory variables local land-use intensity and 
the percentage of arable land within a 1000 m radius, 
the three biodiversity-related metrics (abundance, 
species richness or functional diversity), ecosystem 
services (crop pollination or pest  control), and crop 
yield, as response variable only. From this list, we 
created correlation matrices for each study in three 
versions, including either (1) abundance, (2) species 
richness, or (3) functional diversity as the arthro-
pod metric. Differences in the relationships between 
the variables may be due to many factors (e.g. spa-
tio-temporal differences, differences in the methods 
used to quantify the variables, etc.). Random effects 
metaSEMs are able to deal with heterogeneity in 
correlation coefficients by accounting for study-
level variance. We used the tssem1 function from 
the R-package metaSEM (Cheung and Chan 2005) 
to fit the first step of a random effects model. In the 
second step, we first defined the causal structure for 
our models by specifying all regression coefficients 
and all variances/co-variances in the model (see Jak 

2015). Each model included the following direct 
links: (a) links from the explanatory variable local 
land use to the response variables arthropod metric, 
ecosystem service and crop yield, (b) links from the 
explanatory variable landscape-level land use to the 
response variables arthropod metric and ecosystem 
service, (c) links from arthropod metric to ecosystem 
service and crop yield, and (d) links from ecosystem 
service to crop yield that served as response variable 
only (see e.g. Figure  2a). We used the tssem2 func-
tion from the R-package metaSEM (Cheung and Chan 
2005) to fit the hypothesized model to the data. In 
a third step, we split the models into the three taxo-
nomic groups to test for relationships that were idi-
osyncratic for each taxonomic group and ecosystem 
service (i.e. pollination in studies with bees and pest 
control in studies with either ground beetles or spi-
ders). The output provides estimates of standardized 
coefficients as a measure of effect size (i.e. one stand-
ard deviation increase in the explanatory variable 
will lead to an increase of the respective standardized 
correlation coefficient in the response variable, see 
standardized correlation coefficients in the figures) 
and test statistics (z- and p-values in the tables) for 
all specified relationships. As a goodness-of-fit index 
for metaSEMs including either abundance, species 
richness, or functional diversity, we report root mean 
square errors of approximation (RMSEA) assessing 
the fit of the model to the observed data.

Results

Overall model across taxonomic groups

Higher local land-use intensity strongly increased 
crop yields regardless of the arthropod metric 
included in the model (Table 2, Fig. 2a–c). Increasing 
local land-use intensity reduced arthropod abundance 
and richness, but not functional diversity and ecosys-
tem services. The proportion of arable land in the sur-
rounding landscape tended to reduce species richness, 
but abundance and functional diversity were not sig-
nificantly influenced. The proportion of arable land 
in the landscape was not significantly related to eco-
system services. Arthropod richness, and to a lesser 
extent, abundance enhanced ecosystem services. Spe-
cies richness was negatively correlated with yields, 
whereas abundance and functional diversity were 
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Fig. 2   Effects of local land-
use intensity and the per-
centage of arable land in the 
landscape on a Abundance, 
b Species richness, and c 
Functional diversity across 
taxa as well as on ecosys-
tem services. The models 
illustrate to which extent the 
three biodiversity metrics 
influence pollination and 
pest control and how these 
ecosystem services relate to 
crop yields. Furthermore, 
the models illustrate direct 
impacts of local land-use 
and the three biodiversity 
metrics on crop yield. Blue 
arrows indicate positive, red 
arrows indicate negative, 
and grey arrows indicate 
non-significant relation-
ships (p > 0.1). The width 
of arrows indicates the 
strength of the relationships 
based on standardized cor-
relation coefficients (values 
provided next to the arrows; 
*** p < 0.001, ** p < 0.01, 
* p < 0.05, (*) p < 0.1)
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not related. In the model including species richness, 
we found a significant positive relationship between 
ecosystem services and yield, while in the models 
including abundance and functional diversity, higher 
ecosystem service values only tended to be posi-
tively correlated with crop yields. All three models 
achieved a satisfactory fit below the commonly used 
RMSEA threshold of 0.08 (see Jack 2015; Abun-
dance: RMSEA = 0.031; Richness: RMSEA = 0.027; 
Functional diversity: RMSEA = 0.028).

Bees

Increasing local land-use intensity reduced bee abun-
dance and richness in crop fields, but not their func-
tional diversity (Table  3, Fig.  3a–c). We found no 
direct increase in yield with increasing local land-use 
intensity, regardless of the bee metric included. Land-
use intensity directly reduced pollination in the mod-
els including richness and functional diversity, but not 
in the model including abundance. Abundance was 
the only bee metric that directly enhanced pollination. 

Table 2   Test statistics (z- and p-values) for each quantified 
relationship in the metaSEM for all three arthropod groups 
separated by arthropod metrics (see Fig.  2 for standard-

ized coefficients). Note that combinations of explanatory and 
response variables that were not included in the a priori struc-
ture are blank

Across taxa (n = 909) Explanatory variable Arthropod [Metric] Ecosystem services Yield

Abundance Local land-use intensity z = − 4.593, p < 0.001 z = 0.584, p = 0.589 z = 3.771, p < 0.001
Arable fields % z = 1.165, p = 0.244 z = − 0.103, p = 0.918
Arthropod [Metric] z = 2.263, p = 0.024 z = − 1.426, p = 0.154
Ecosystem services z = 1.829, p = 0.067

Richness Local land-use intensity z = − 3.680, p < 0.001 z = 0.632, p = 0.527 z = 3.644, p < 0.001
Arable fields % z = − 1.664, p = 0.096 z = 0.291, p = 0.770
Arthropod [Metric] z = 4.071, p < 0.001 z = − 1.968, p = 0.049
Ecosystem services z = 1.982, p = 0.048

Functional diversity Local land-use intensity z = − 0.498, p = 0.618 z = 0.059, p = 0.953 z = 4.085, p < 0.001
Arable fields % z = − 1.406, p = 0.160 z = 0.058, p = 0.954
Arthropod [Metric] z = 0.999, p = 0.318 z = − 0.841, p = 0.400
Ecosystem services z = 1.741, p = 0.082

Table 3   Test statistics (z- and p-values) for each quantified 
relationship in the metaSEM for bees (Apoidea) separated by 
bee metrics (see Fig. 3 for standardized coefficients). Combi-

nations of explanatory and response variables that were not 
included in the a priori structure are blank

Bees (n = 183) Explanatory variable Bee [Metric] Pollination Yield

Abundance Local land-use intensity z = − 2.063, p = 0.039 z = − 1.479, p = 0.139 z = 1.571, p = 0.116
Arable fields % z = 0.093, p = 0.926 z = 0.014, p = 0.989
Bee [Metric] z = 2.179, p = 0.029 z = − 0.637, p = 0.524
Ecosystem services z = 2.884, p = 0.004

Richness Local land-use intensity z = − 2.190, p = 0.029 z = − 2.270, p = 0.023 z = 1.496, p = 0.135
Arable fields % z = − 0.818, p = 0.414 z = 0.227, p = 0.820
Bee [Metric] z = 0.376, p = 0.707 z = 0.040, p = 0.968
Ecosystem services z = 3.247, p = 0.001

Functional diversity Local land-use intensity z = − 0.600, p = 0.549 z = − 2.439, p = 0.015 z = 1.565, p = 0.118
Arable fields % z = − 1.548, p = 0.122 z = 0.298, p = 0.766
Bee [Metric] z = 0.801, p = 0.423 z = 0.026, p = 0.979
Ecosystem services z = 3.00, p = 0.003
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Fig. 3   Effects of local 
land-use intensity and the 
percentage of arable land 
in the landscape on bees. 
Biodiversity metrics of 
bees include a Abundance, 
b Species richness, and c 
Functional diversity. The 
models illustrate to which 
extent the three calculated 
biodiversity metrics influ-
ence pollination and how 
this ecosystem service 
relates to crop yields. 
Furthermore, the models 
illustrate direct impacts of 
local land-use and the three 
biodiversity metrics on crop 
yield. Blue arrows indicate 
positive, red arrows indicate 
negative, and grey arrows 
indicate non-significant 
relationships (p > 0.1). The 
width of arrows indicates 
the strength of the relation-
ships based on standardized 
correlation coefficients 
(values provided next to 
the arrows; *** p < 0.001, 
** p < 0.01, * p < 0.05, (*) 
p < 0.1)
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The percentage of arable land in the landscape did 
not affect bees or pollination. Pollination increased 
yield regardless of the bee variable included, 
whereas none of the bee metrics could be directly 
related to crop yield. All three models achieved 
a satisfactory fit (Abundance: RMSEA = 0.018; 
Richness: RMSEA = 0.044; Functional diversity: 
RMSEA = 0.047).

Ground beetles

Increases in local land-use intensity strongly 
increased crop yields (Table 4, Fig. 4a–c). Similar to 
the model for bees, intensive land use reduced ground 
beetle abundance and richness, but not functional 
diversity. We found no direct relationship between 
land-use intensity and natural pest control. The per-
centage of arable land in the landscape was not asso-
ciated with ground beetles in the field or with natural 
pest control. Higher ground beetle species richness 
was associated with increased pest control, and a 
higher ground beetle abundance tended to improve 
natural pest control. In contrast, the functional diver-
sity of ground beetles was not related to pest control. 
Higher ground beetle species richness and functional 
diversity were associated with lower yields, and 
higher abundance tended to result in lower yields. 
We found no relationship between pest control and 
crop yield. All three models achieved a satisfactory fit 
(RMSEA < 0.001 for all models).

Spiders

Local land-use intensity was the only significant pre-
dictor of crop yield, regardless of the spider metric 
included (Table 5, Fig. 5a–c). Local land use reduced 
spider abundance, but not species richness or func-
tional diversity. Instead, spider richness, but not abun-
dance or functional diversity, was reduced in fields 
with a higher proportion of arable habitats in the sur-
rounding landscape. We found trends towards higher 
pest control with increasing spider species richness 
and local land-use intensity. We found no significant 
relationships between the percentage of arable habi-
tats in the landscape and pest control, between pest 
control and yield, or between spider metrics and yield. 
All three models achieved a satisfactory fit (Abun-
dance: RMSEA = 0.029; Richness: RMSEA = 0.052; 
Functional diversity: RMSEA = 0.027).

Discussion

Across all three taxonomic groups, increasing local 
land-use intensity reduced arthropod abundance and 
species richness, both of which contributed to an 
increase in ecosystem services (i.e. pollination or pest 
control). Although local land-use intensity generally 
reduced the abundance of all three taxonomic groups 
when analysed separately, it is important to note that 
the pathway from land use to yield showed contrast-
ing patterns between the two functional groups (i.e. 

Table 4   Test statistics (z- and p-values) for each quantified relationship in the metaSEM for ground beetles (Carabidae) separated by 
ground beetle metrics (see Fig. 4 for standardized coefficients)

Ground beetles (n = 480) Explanatory variable Ground beetle [Metric] Pest control Yield

Abundance Local land-use intensity z = − 3.117, p = 0.002 z = 0.803, p = 0.422 z = 2.999, p = 0.003
Arable fields % z = 1.406, p = 0.160 z = 0.477, p = 0.634
Ground beetle [Metric] z = 1.869, p = 0.062 z = − 1.864, p = 0.063
Ecosystem services z = 0.485, p = 0.628

Richness Local land-use intensity z = − 2.662, p = 0.008 z = 0.974, p = 0.330 z = 2.920, p = 0.004
Arable fields % z = 0.109, p = 0.913 z = 0.588, p = 0.556
Ground beetle [Metric] z = 3.277, p = 0.001 z = − 2.360, p = 0.018
Ecosystem services z = 0.579, p = 0.563

Functional diversity Local land-use intensity z = − 0.359, p = 0.720 z = 0.335, p = 0.738 z = 3.224, p = 0.001
Arable fields % z = − 0.242, p = 0.809 z = 0.718, p = 0.473
Ground beetle [Metric] z = 0.177, p = 0.859 z = − 2.302, p = 0.021
Ecosystem services z = 0.282, p = 0.778
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Fig. 4   Effects of local 
land-use intensity and 
the percentage of arable 
land in the landscape on 
ground beetles. Biodiversity 
metrics of ground beetles 
include a Abundance, b 
Species richness, and c 
Functional diversity. The 
models illustrate to which 
extent the three calculated 
biodiversity metrics influ-
ence pest control and how 
this ecosystem service 
relates to crop yields. 
Furthermore, the models 
illustrate direct impacts of 
local land-use and the three 
biodiversity metrics on crop 
yield. Blue arrows indicate 
positive, red arrows indicate 
negative, and grey arrows 
indicate non-significant 
relationships (p > 0.1). The 
width of arrows indicates 
the strength of the relation-
ships based on standardized 
correlation coefficients 
(values provided next to 
the arrows; *** p < 0.001, 
** p < 0.01, * p < 0.05, (*) 
p < 0.1)
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pollinators vs. predators). For pollinators crop yield 
was primarily enhanced by the abundance of bees and 
the resulting increase in pollination services, while for 
ground beetles and spiders, crop yield was strongly 
influenced by land-use intensity. These results call for 
a more nuanced discussion of the different aspects of 
ecological intensification depending on the functional 
group and ecosystem service involved.

Impact of local‑ and landscape‑level land use on 
arthropods

Across all three taxonomic groups, local land-use 
intensity reduced the abundance and species richness 
but not functional diversity. When analysed sepa-
rately, local land-use intensity reduced the abundance 
of all three taxonomic groups as well as the species 
richness of bees and ground beetles. This result is in 
line with many recent studies documenting declines 
in insect biomass during the last decades (Hallmann 
et al. 2017; Samu et al. 2023; Ziesche et al. 2024) and 
that land use is a key driver of the ongoing decline 
of insects (Seibold et al. 2019; Cardoso et al. 2020). 
In addition, land-use intensity (e.g. high fertilizer, 
herbicide, and insecticide inputs) reduced the rich-
ness of bees and ground beetles, likely due to direct 
negative effects on food resources (i.e. floral diversity, 
arthropods for prey; resource-mediated effects: Diehl 
et al. 2012; Goulson et al. 2015). Reduction in species 
numbers may also be the result of lower availability 

of specific microhabitats (structure-mediated effects: 
Diehl et al. 2012).

Spider species richness was the only arthropod 
metric that was significantly influenced by the 
percentage of arable land in the surrounding 
landscapes. Although spiders have no wings, many 
species are very successful long-distance dispersers 
via ballooning (Bonte 2012). As this is a passive 
process with no directional control by the spider, the 
local spider community can be expected to reflect 
the local habitat conditions but also the composition 
and configuration of the surrounding landscape 
(Schmidt et  al. 2008; Bucher et  al. 2010). Although 
foraging bees differ vastly in their mobility, many 
bee species pollinating crops are also using resources 
outside the crop fields. As such, they are affected by 
the structure of the surrounding landscape to provide 
supplementary food resources or complementary 
nesting sites (Jha and Kremen 2013; Redhead et  al. 
2016). To better understand the role of the landscape 
context for bees, more detailed landscape-level 
information related to availability of flower resources 
and nesting habitat would thus be needed.

Reasons for the absence of a significant 
relationship between local- and landscape-level land 
use and functional diversity in our metaSEMs across 
all three groups might be due to the long-term effects 
of agriculture resulting in homogeneous, species-poor 
arthropod communities in crop fields with very few 
disturbance-tolerant species lacking extreme trait 
values (i.e. shifting baseline, see also Birkhofer et al. 

Table 5   Test statistics (z- and p-values) for each quantified relationship in the metaSEM for spiders (Araneae) separated by spider 
metrics (see Fig. 5 for standardized coefficients)

Spiders (n = 246) Explanatory variable Spider [Metric] Pest control Yield

Abundance Local land-use intensity z = − 3.355, p < 0.001 z = 1.486, p = 0.137 z = 2.268, p = 0.023
Arable fields % z = 0.084, p = 0.933 z = − 1.043, p = 0.297
Spider [Metric] z = 0.020, p = 0.984 z = − 0.618, p = 0.537
Ecosystem services z = 0.116, p = 0.907

Richness Local land-use intensity z = − 1.422, p = 0.155 z = 1.676, p = 0.094 z = 2.075, p = 0.038
Arable fields % z = − 2.476, p = 0.013 z = − 0.485, p = 0.628
Spider [Metric] z = 1.799, p = 0.072 z = − 0.179, p = 0.858
Ecosystem services z = 0.209, p = 0.835

Functional diversity Local land-use intensity z = − 0.085, p = 0.932 z = 1.607, p = 0.108 z = 2.429, p = 0.015
Arable fields % z = − 0.756, p = 0.449 z = − 0.952, p = 0.341
Spider [Metric] z = 1.291, p = 0.197 z = 0.642, p = 0.521
Ecosystem services z = 0.033, p = 0.974
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Fig. 5   Effects of local 
land-use intensity and the 
percentage of arable land 
in the landscape on spiders. 
Biodiversity metrics of spi-
ders include a Abundance, 
b Species richness, and c 
Functional diversity. The 
models illustrate to which 
extent the three calculated 
biodiversity metrics influ-
ence pest control and how 
this ecosystem service 
relates to crop yields. 
Furthermore, the models 
illustrate direct impacts of 
local land-use and the three 
biodiversity metrics on crop 
yield. Blue arrows indicate 
positive, red arrows indicate 
negative, and grey arrows 
indicate non-significant 
relationships (p > 0.1). The 
width of arrows indicates 
the strength of the relation-
ships based on standardized 
correlation coefficients 
(values provided next to 
the arrows; *** p < 0.001, 
** p < 0.01, * p < 0.05, (*) 
p < 0.1)
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2015; Forrest et al. 2015). In addition, measurements 
of traits at the individual level would be desirable 
to better understand the relationship between land 
use and trait composition. These measures are not 
available in a meta-analysis that is based on the 
synthesis of multiple primary studies and species trait 
information from the literature.

Effect of arthropods on ecosystem services and yield

Pollination was positively related to the abundance 
but not to the species richness or functional diversity 
of bees in the studied oilseed rape fields (see also 
Kleijn et  al. 2015). In metaSEMs with species 
richness or functional diversity, pollination was 
negatively influenced by local land-use intensity. 
This direct effect can be explained by the indirect 
relationship via bee abundance not included in these 
models (compare Fig.  3a with Fig.  3b and Fig.  3c). 
The abundance of honey bees in the oilseed rape 
studies may overrule the role of wild bees, which 
contribute to increase species richness and functional 
diversity and can enhance pollination in the absence 
of honey bees (e.g. Hoehn et  al. 2008). However, a 
global meta-analysis showed that additional wild bee 
species can often increase fruit set regardless of the 
total abundance of honey bees (Garibaldi et al. 2013). 
Pollination increased crop yield regardless of the bee 
metric included in the model. For oilseed rape, we 
demonstrate a full causal chain from local land-use 
intensity reduncing bee abundance which was in turn 
positively associated with pollination and yield. As 
the benefit of pollination for seed set was even larger 
than the contribution of increasing land-use intensity, 
suporting bee abundance via a reduction in land-use 
intensity can increase crop yields in oilseed rape.

The species richness of ground beetles, but not 
their abundance or functional diversity, enhanced 
pest control services. Similarly, the standardized 
correlation coefficient from spider species richness 
to pest control was even higher compared to the 
same relationship for ground beetles but larger 
variations in the relationship for spiders prevented 
the rejection of the null hypothesis. Our results 
indicate that higher species richness of ground 
beetles is important for reducing potential pests or 
weeds in crop fields regardless of their abundance 
or functional diversity (see also Letourneau et  al. 
2009). For example, even if different ground 

beetle species are of the same body size or prefer 
the same vegetation layer, they can still differ in 
activity period (e.g. phenology; Winqvist et  al. 
2011) and therefore vary in their ability to reduce 
pest organisms. A previous Pan-European study on 
the role of functional diversity of ground beetles on 
aphid control revealed a positive effect of functional 
diversity, which incorporated the same traits 
(Bucher et  al. 2024). Incorporating more relevant 
traits in this meta-analysis or trait measurements 
at the individual level might have revealed stronger 
relationships between functional diversity and pest 
control that are potentially underlying the observed 
positive relationship between species richness and 
pest control.

Interestingly, the species richness and functional 
diversity of ground beetles were negatively related 
to crop yields. We believe that this unexpected 
result highlights the complexity of the relationships 
between predators and pest control: ground 
beetles can feed on beneficial arthropods and pests 
(Prasad and Snyder 2006; Staudacher et  al. 2018). 
Intraguild predation is relatively common among 
generalist predators and can dampen top-down 
control of pest organisms (Finke and Denno 2003; 
Rusch et  al. 2015). These relationships can also 
include alternative food sources (e.g. prey that 
is not a pest, but also seeds) or any other variable 
affecting ground beetle diversity and yield and that 
were not included in the available studies for our 
meta-analysis. Several ground beetle species (but 
not spiders) are granivorous or herbivorous and 
can benefit from crop fields in the landscape (e.g. 
Raderschall et  al. 2022). Ground beetles in arable 
fields might directly reduce grain yield or harvested 
biomass whereas in natural habitats they would 
more likely engage in weed control due to the 
lack in grain (Rusch et  al. 2016; Yvoz et  al. 2021; 
Carbonne et  al. 2023). Thus, generalist predators 
such as ground beetles or spiders can influence crop 
yields negatively or positively depending on either 
their food preference, the availabitity of prey types, 
and interactions with the habitat (see Tscharntke 
et  al. 2016). A larger food web perspective, 
including specialist natural enemies, should 
therefore be applied to more deeply investigate 
these multilayer interaction networks.
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Comparison between the taxonomic groups

When comparing the cascading effects from land use 
to yield, differences between the taxonomic groups 
and associated ecosystem services are striking: 
higher land-use intensity reduced bee abundance 
and bee abundance was positively associated with 
pollination and crop yield in oilseed rape. Although, 
high land-use intensity reduced the abundance of 
both predatory groups and ground beetle richness, 
these biodiversity metrics were either positively, 
negatively or not significantly related to pest control 
or yield of wheat and barley fields. In these crops, 
agricultural inputs mainly determined yield, with no 
substantial contribution from natural pest control. 
Note that agricultural impact also contributed directly 
to pest control likely via insecticide applications 
(see Fig.  5b). Our comparison suggest that the 
contribution of service providers to crop yield 
differs between mutualistic and antagonistic species 
interactions (i.e. pollination vs. pest control).

However, such an interpretation needs to be 
treated with caution, as both ecosystem services were 
quantified at different scales: pollination, including 
self-/wind-pollination, was either quantified based 
on the seed set of individual flowers or the role of 
insects for pollination was quantified by comparing 
enclosed flowers with control flowers (i.e. presence 
and absence of insect pollinators). However, yield 
measurement at the plant or field scale can offer 
differing estimates (Bishop et al. 2020). Predation, on 
the other hand, was quantified on the basis of aphid 
and seed removal from cards or bite marks on dummy 
caterpillars as a proxy for predation by any predator 
(Meyer et  al. 2015, Bötzl et  al. 2020) and harvested 
grain or dry biomass at the field scale is taken as a 
measure of yield. A recent study on the damage of 
cereal leaf beetles (Oulema spp.) showed that damage 
is very heterogeneously distributed across fields: For 
example, grain weight decreased only by 1.6% for 
75% of the plants but by 18% for 10% of the plants 
(Samu et  al. 2024). Thus, taking the mean per field 
(or only having one sampling point of leaf damage 
per field) is more relevant for farmers but often 
insufficient to capture the full potential of pest control 
for yield. Future studies on the role of natural pest 
agents on crop yield should deploy a higher sampling 
effort in the fields to better detect the indirect effect 
of predators on crop plants and should consider 

larger taxonomic ranges for natural enemies (i.e. also 
considering specialist enemis such as parasitoids).

In addition to spatial scales, temporal variability 
in ecosystem services and crop yield are critical to 
uncover the contribution of biodiversity to stabilize 
yields (Schellhorn et  al. 2015). For example, if 
certain species are absent in one year, others with 
similar trait syndromes may compensate and maintain 
service levels, reflecting the insurance hypothesis 
or portfolio effect (Loreau et  al. 2001). While the 
most efficient trait syndromes might lead to peak 
performance, the resilience of ecosystem services 
heavily relies on complementarity among species. 
This dynamic is often overlooked in studies limited to 
a single season. Long-term studies are better suited to 
capturing changes in both taxonomic and functional 
diversity over multiple years, providing a more 
accurate estimation of their roles and contributions to 
ecosystem services.

Finally we note that our study is associative, such 
that in a strict sense we do not prove causality in spite 
of using SEMs. This calls for future studies that use 
experimental approaches to disentangle the separate 
and joint consequences of land-use intensity and 
effects of  biodiversity on yields. Such experimental 
approaches would also be desirable to disentangle the 
role of land-use intensity and ecosystem services for 
crop yield in different farming systems, to reveal the 
extent to which an increase in land-use intensity can 
compensate for a loss in ecosystem services versus 
a reduction in land-use intensity where ecosystem 
services can overcompensate the resulting yield loss 
as suggested under the ecological intensification 
paradigm (Bommarco et al. 2013).

Conclusion

Our meta-analysis based on 37 datasets quantifying 
the cascade from land use to crop yield via arthropods 
and ecosystem services resulted in contrasting 
patterns depending on the arthropod metric and 
taxonomic group but also on the way ecosystem 
services were quantified. Although local land-use 
intensity reduced the abundance of all three arthropod 
groups, only bee abundance enhanced pollination 
services and crop yield, supporting the potential of 
this taxonomic group for ecological intensification 
in oilseed rape fields. For the two generalist 
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predatory groups, however, wheat and barley yield 
was primarily determined by the agricultural inputs 
with contrasting effects of predator metrics on pest 
control and yield. Understanding the role of generalist 
predators in pest control remains a major challenge 
in ecological studies. Additionaly, the potential of 
ecosystem service providers to increase resilience in 
food production and to overcompensate yield losses 
under ecological intensification warrants further 
research efforts. Our meta-analysis highlights the 
detrimental impact of agriculture on the abundance 
of arthropods across taxa. Differences in the 
response and effect of pollinators and predators in 
agroecosystems ask for a more nuanced view on 
ecological intensification and for experimental studies 
on multiple taxonomic groups and ecosystem services 
that apply comparable methods at similar scales to 
quantify the intertwined interaction between land use, 
ecosystem services, and food production.
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