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Abstract 
Context  The recent decline in biodiversity, which 
is of particular concern in agriculturally managed 
landscapes, pushes researchers and practitioners 
to evaluate potential solutions, such as agricultural 
diversification. This requires the ability to provide 
robust conclusions about causal relationships in agro-
ecosystems, which is hindered by limitations of con-
ventional research methods. Findings from controlled 
plot experiments do not always translate to real-world 
conditions, while analysis of real-world data is often 
constrained by methodological difficulties.
Objectives  The objectives of this study are (1) to 
apply a novel analytical framework in ecological and 

agricultural sciences in order to (2) provide robust 
evidence on ground beetle responses to different 
aspects of diversification in real-world agricultural 
landscapes.
Methods  We applied the propensity-score analytical 
framework to ecological data collected in the land-
scape experiment patchCROP on species richness and 
activity density of carabid beetles.
Results  The shift from large sole-cropped to small-
scale and diversified fields and reduced agricultural 
management intensity led to a significant increase 
in species’ richness and activity density of carabids. 
Edge effects mainly manifested through increased 
species richness. Locations adjacent to flower strips 
did not show a significant increase in either response 
variable on average, but temporal variation of this 
effect was observed.
Conclusion  Patch cropping combines the effects of 
small‑scale crop heterogeneity and high edge density. 
Combined with less intense agricultural management, 
it represents a beneficial strategy for supporting car-
abid beetle species richness and activity density. Fur-
ther research is needed to explain the effect of flower 
strips, including sampling within the flower strips and 
accounting for predation.
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Introduction

Understanding of causal relationships in agroecosys-
tems is fundamental for paving the way to sustainable 
agriculture (Wezel et al. 2020; FAO 2021; Ewert et al. 
2023). While healthy ecological communities provide 
services that support agriculture, sustainable farm-
ing may support these communities (Landis 2017; 
Convention on Biological Diversity 2018). Benefits 
brought by biodiversity include, e.g., support for soil 
fertility, pollination and pest control, which can also 
be translated into (socio) economic benefits (Landis 
2017). In recent decades, however, agricultural biodi-
versity has experienced a major decline (Habel et al. 
2019) caused by conventional farming practices, such 
as large-scale intensive cropping, focusing on max-
imising yield at the expense of decreased structural 
landscape diversity and a decline in associated biodi-
versity (Duprat et al. 2018; FAO 2019).

Since farmland heterogeneity has been identified 
as key for sustaining biodiversity in agroecosystems 
(Benton et  al. 2003), agricultural diversification at 
different scales is envisioned as the main strategy to 
mitigate biodiversity decline (Tamburini et al. 2020; 
Arndt and Helming 2025) and is central to major 
European Union-scale initiatives, such as Farm to 
Fork. It is promoted, e.g., in the frame of integrated 
pest management  (IPM) or eco-schemes (European 
Commission 2020). While most of the current gov-
ernance instruments focus solely on individual crops, 
fields or measures, there is a growing concern that a 
transition to landscape-scale implementation of eco-
schemes is needed for higher ecological efficiency 
(Pe’er et al. 2022). Yet there is a need for more repre-
sentative and particularly quantitative evidence on the 
impact of different aspects of agricultural diversifica-
tion on biodiversity (Beillouin et al. 2021).

One way to address this research gap is the use 
of indicator taxa. Carabid beetles (Coleoptera: Car-
abidae) are suitable candidates due to their well-
documented ecological relevance and sensitivity to 
environmental changes (Koivula 2011). They are 
among the most intensively studied and diverse insect 
families (Holland 2002), and play a major role in 
agroecosystem food webs, including the provision 
of regulating ecosystem services such as weed seed 
predation (Westermann et  al. 2003) and biological 
pest control (Kromp 1999; Boetzl and Knapp 2024). 
They colonize almost all terrestrial habitats with a 

wide geographical range and are relatively easy to 
collect (Ivanič Porhajašová and Babošová 2022), 
which makes them ideal indicators for biodiversity 
responses in agricultural landscapes.

Recent studies (Croijmans et  al. 2025; De Smedt 
et al. 2019; Ditzler et al. 2023; Labruyere et al. 2016; 
Seibold et  al. 2019; Thompson et  al. 2025; Trichard 
et al. 2013) report on the successful use of carabid bee-
tle taxa to evaluate diversification approaches in terms 
of the ecological footprint of agricultural production. 
For example, the effects on carabid abundance, spe-
cies richness and community composition, and result-
ing pest control from different spatial arrangements of 
intercropping and strip cropping have been evaluated 
by Thompson et al. (2025) and Croijmans et al. (2025), 
respectively, with no reduction in yield in either case. 
An increase in activity density of natural pest enemies, 
including carabid beetles, was observed with increasing 
compound diversification (consisting of genetic, tempo-
ral and spatial diversification measures) in agricultural 
systems (Ditzler et  al. 2023). Labruyere et  al. (2016) 
have demonstrated the impact of management intensity, 
crop types and their spatial distribution on the activity 
density of granivorous carabids. Smaller field sizes and 
larger edge densities, among other factors, were shown 
to promote arthropod diversity by Rischen et al. (2023).

These studies demonstrate that the presence of car-
abid beetles is governed by a complex interplay of mul-
tiple factors within agroecosystems. Comprehensive 
studies in real-world agricultural landscapes accounting 
for this complexity are needed to estimate the average 
effect sizes of different management practices, consid-
ering natural heterogeneities like topography, microcli-
mate and soil properties (e.g. Holland et al. 2016).

Landscape experiments (LEs) provide a robust 
framework to study interacting ecological and 
management processes simultaneously across spa-
tial and temporal scales by using fractal designs 
with multiple nested functional units (Pereponova 
et al. 2023). The patchCROP landscape experiment 
exemplifies this approach, enabling empirical inves-
tigation of both natural and anthropogenic drivers of 
biodiversity within a real-world agricultural setting 
(Grahmann et  al. 2024). patchCROP aims to test 
spatial and temporal crop diversification approaches 
by dividing large fields into smaller patches with 
site-specific crop rotations and adjacent perennial 
flower strips, thus increasing landscape heterogene-
ity. The experiment investigates different levels of 



Landsc Ecol           (2026) 41:76 	 Page 3 of 25     76 

Vol.: (0123456789)

agricultural management intensity and was set up in 
an on-farm context with a runtime of ten years.

The analysis of comprehensive datasets from 
landscape experiments poses substantial challenges. 
In real landscapes, the outcomes are shaped by the 
concurrent and interacting effects of multiple driv-
ers, frequently involving non-linear dynamics. Thus, 
LE lack real replicates while randomized sampling is 
also not applicable. In contrast to controlled experi-
mental designs under ceteris paribus conditions or 
randomized trials, the application of traditionally 
used methods of data analysis for effect size estima-
tion—such as factorial models (e.g., ANOVA-type 
tests) or General Linear Models (GLMs)—is limited 
(Sun et al. 2021; Pereponova et al. 2023). Factorial 
models fail to capture the context-dependence of the 
treatment effects and complex interactions among 
multiple drivers in realistic ecological settings, 
while GMLs become increasingly problematic as 
more drivers need to be included, particularly when 
relationships are not linear. Alternative methods 
exist but have not gained prominence in agricultural 
and environmental research.

For addressing such challenges, a group of causal 
inference methods, known as propensity score (PS) 
methods, have been developed and widely applied in 
observational studies in medical, social and economic 
sciences (Rosenbaum and Rubin 1983; Angrist et  al. 
1996; D’agostino 1998; Pearl 2009). In such studies, 
treatment groups often differ systematically from candi-
date control groups (Shadish 2002; Olmos and Govin-
dasamy 2015). In contrast to causal inference meth-
ods like structural equation modelling (e.g. Sun et  al. 
2021) commonly applied in ecology, PS methods do 
not require strong assumptions about the function form 
of relationships between variables. PS methods apply 
statistical techniques to directly address the potential 
bias brought by non-target covariates, thereby creating 
adequate counterfactuals that approximate randomised 
trials when random assignment is not feasible (e.g. 
D’agostino 1998; Olmos and Govindasamy 2015; Zhao 
et al. 2021; Sun et al. 2021). Hence, PS methods offer 
a dimensionality-reduction technique, which allows to 
quantify treatment effects in complex high-dimensional 
datasets with multiple potential confounders.

We applied two types of PS methods, matching 
and weighting, to a comprehensive multiannual data-
set collected in the patchCROP landscape experiment 
to answer the following research questions:

1)	 To what extent does small-scale diversification 
affect the activity density and species richness of 
carabid beetles compared to large-scale conven-
tional cropping systems?

2)	 How do field-edge proximity and the presence of 
edge structures affect carabid beetle activity den-
sity and species richness?

3)	 How much does agricultural management inten-
sity contribute to the activity density and species 
richness?

Materials and methods

Study area

The study was conducted within the patchCROP land-
scape experiment in Tempelberg, Brandenburg, Ger-
many (52°27′05.4"N, 14°09′41.5"E) (Grahmann et  al. 
2024). The field site, with elevations ranging from 67 
to 81 m above sea level, features a young moraine land-
scape with sandy soils of heterogeneous texture (loamy 
sand to sandy loam). Soil organic carbon content was 
low (0.78–0.87%), and soil pH ranged from 6.5 to 6.7 
(Hernández-Ochoa et al. 2024). The regional climate is 
temperate with an annual mean air temperature of 8.9 °C 
and annual precipitation of 533 mm (1981–2020).

patchCROP was established in 2020 on a 70-ha 
field, previously managed under conventional crop-
ping. The field was divided into two zones of con-
trasting low and high yield potential based on 
multi-annual yield maps and soil properties (Donat 
et al. 2022), each subdivided further into 15 patches 
(72 × 72 m, ~ 0.5 ha each) with site-specific crop rota-
tions (Table 1).

Additionally, data collection was carried out in 
large reference fields in the vicinity to the diversified 

Table 1   Site-specific crop rotations at patchCROP. aCC—
cover crops

Year High-yield Low-yield

1 Winter rapeseed Sunflower
2 Winter barley, CCa Summer/Winter Oats, CC
3 Soybean, CC Maize
4 Maize Narrow-leafed lupin
5 Winter wheat Winter rye, CC
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patch field, with similar crops in rotations, and loca-
tions varying between the years (Fig.  1a). Both, 
patches and reference fields varied in agricultural 
management intensity, differing in the number of 
pesticide applications (treatment frequency index), 
the intervention through mechanical weed manage-
ment, and the presence of flower strips adjacent to 
field edges (only in the case of the patches) (Table 2, 
Fig.  1) (see Grahmann et  al. (2024) for details on 
the  patchCrop experimental design). Four permanent 
quadrants (18  × 18 m) were established centrally in 
each patch and in each field to facilitate standardized 
sampling across disciplines for plant, soil, biodiver-
sity and multipurpose surveys (Table 3).

Sampling design

Carabid beetles were sampled in the biodiversity 
quadrants of patches and fields as part of the inte-
grated monitoring program. The sampling was con-
ducted from 2021 to 2023 using pitfall traps (7.5 
cm diameter, 11 cm height), a particularly effective 
technique for monitoring ground beetles among other 
ground-dwelling arthropod communities (Bundesamt 
für Naturschutz 2020). The traps consist of containers 
filled with a preservative fluid (40% propylene glycol) 
and are buried in the ground with their rim level at 
the ground surface, allowing crawling invertebrates to 
fall into the preservative fluid.

During each sampling period, pitfall traps were 
installed in both patchCROP patches and reference 
fields. In each patch, two traps were deployed: one 
in the central area (within the permanent biodiversity 

Fig. 1   A Locations of sampling points including the patch-
CROP experiment and traps in surrounding reference fields. 
The orange line marks the borders of the main field with 

patches; B Arrangement of pitfall traps in the patchCROP main 
field and key characteristics of the patches; C Locations of pit-
fall traps within patches
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quadrant) and a second trap positioned 2 m from the 
patch edge, adjacent to a neighbouring patch with a 
different crop or to a flower strip (Fig. 1). Each crop 
within the patch cropping system was replicated three 
times. In the reference fields, two central traps were 

installed per sampling period to account for the larger 
field size and were characterized by a substantially 
greater distance to field margins. Given three man-
agement intensities in the patches and two in refer-
ence fields, two traps were deployed per treatment 

Table 2   Variables considered in the propensity score analyses

Variable Description Categories/Levels

Agricultural management intensity Level of weed and pest management through 
different established measures: number and 
concentration of pesticide applications, 
interventions through mechanical weeding 
(harrow and hoe), and the presence of flower 
strips adjacent to field edges; in case of 
situation-specific integrated pest manage-
ment (IPM), the need for pesticide applica-
tion is assessed weekly through monitoring, 
scoring and threshold assessment of pests, 
diseases and weeds

1—Standard farm management according 
to best management practices for pesticide 
usage and common agricultural policy 
compliance

2—Situation-specific IPM
3—Situation-specific IPM and flower strips 

(only in patches)

Crop Crop species grown during the time of the trap 
allocation

Barley, Lupine, Maiz, Rapeseed, Rye,  Oats, 
Soybean, Sunflower, Wheat

Crop coverage Vertical projection of the crop vegetation area 
per unit ground area

Values between 0 and 100%

Cropping system Differing between trap locations in large, sole 
cropped field (50–100 ha), serving as refer-
ence, or in smaller patches (ca 0.5 ha)

Reference field, Patch

Flower strips Presence of 12 m wide perennial flower strips 
at the northern and southern patch edges; 
perennial mixture of six cultivable plant spe-
cies and 28 wildflower species was selected 
for dry habitats as recommended by the 
Brandenburg state ministry of agriculture

Yes, No

Insecticide application Presence of insecticide application within 14 
days before and during the period of the trap 
opening

Yes, No

Location Trap location either in the centre or 2 m from 
the edge of a patch (applies to patches only)

c for Centre, e for Edge

Mechanical weeding intervention Execution of mechanical weeding (harrowing, 
hoeing or rotary harrow seedbed preparation) 
within 14 days before and during the period 
of the trap opening. Only conducted in Inten-
sity 2 or 3 in spring crops maize, soybean 
and lupine

Yes, No

Sampling period Period of trap allocation as a combination of 
the month (May–September) and its temporal 
segment

Beginning (days 1–10), Middle (days 11–20), 
or End (days 21–end of month), e.g., “May 
beginning”

Soil texture Proximal soil-sensed based, interpolated 
percentage of clay, silt and sand from a 
geoelectric survey

Binary site classification is based on texture 
data

Fractions of clay, silt and sand content, in %
Soil texture group Low (65–78%) sand content, High (78–83%) 

sand content

Weed coverage Vertical projection of the total weeds’ vegeta-
tion area per unit ground area

Values between 0 and 100%

Year Year of trap allocation 2021, 2022, 2023
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(Cropping system x Crop x Agricultural manage-
ment intensity) and sampling period. Traps were 
operated continuously between May and August 
and were opened for 14-day collection intervals, fol-
lowed by closed container periods of another 14 
days. The number of collection campaigns and the 
total number of traps per campaign varied between 
years. Some traps were not included in the analysis 
because of damages by technical (e.g. through agri-
cultural machinery) or natural events like prolonged 
and intense precipitation. A total of 733 pitfall traps 
were included (200 in 2021, 289 in 2022 and 244 in 
2023). A summary is given in the Online Resource 
(Appendix S1). After collection, the trap content 
was processed in the laboratory to separate carabids 
from the by-catch, with carabids being stored in 70% 
ethanol until further processing. Adult carabid bee-
tles were identified to species level using the taxo-
nomic nomenclature by Müller-Motzfeld (2004). In 
some cases, dissections of genitals were necessary for 
determination (Trechus, Amara, Microlestes).

Species represented by less than 5 specimens in 
total were excluded as outliers, following the expert 
opinion. Since some of the traps were opened for 
more or less than 14 standard days, rarefaction and 
extrapolation methods (Chao et  al. 2014) were used 
to approximate the species numbers by common 
sampling effort, which was done using the iNEXT 

package (Hsieh et  al. 2015) in R (R Core Team, 
2024). The specimens’ numbers in these cases were 
adjusted using ordinary interpolation or extrapolation.

In the following, we use “abundance” as a more 
intuitive term to address a broader audience, though it 
should be noted that in fact we refer to “activity den-
sity” (Siewers et al. 2014), considering the data col-
lection methods used here. We will also use “diver-
sity” to refer to “species richness” for brevity.

Collection of environmental covariates

Soil texture was estimated using the GEOPHILUS 
proximal soil sensor system (Lueck and Ruehlmann 
2013) that has been calibrated with 30 soil samples, 
one in each patch taken at 25 cm soil depth (Bönecke 
et al. 2021), and rasterized to 2 m spatial resolution. 
Soil texture classes (in %) were extracted for each 
pitfall trap point from the produced raster map, using 
their GPS coordinates. From that, sand content was 
used as a proxy and where necessary, as a categori-
cal covariate (high/low sand content). The coverage 
of crops and weeds was assessed through terrestrial 
monitoring for fixed rectangles with an area of 2 × 1 
m2. The sampling area was allocated 1 m beside the 
pitfall trap location. Crop and weed coverage were 
estimated using a modified Braun-Blanquet scale 
with intermediate values (Pfadenhauer 1997). The 
assessments were adjusted to the catching periods of 
the pitfall traps.

Data analysis

The statistical analysis was performed using R (R 
Core Team, 2024).

Description of variables

Table 2 provides descriptions of all variables included 
in the analyses. Some of the variables were used both 
as treatment variables and covariates depending on 
the specific research question (please see Tables 4 and 
5 for details). Temporal covariates (year and sampling 
periods) were used to account for climatic variations, 
which were assumed to be spatially uniform within 
the experimental area. This was done to minimise 
the number of additional covariates. Other covariates 
(crop type and vegetation coverage) helped to account 
for the microclimatic effects. Weed coverage data was 

Table 3   Overview of the most abundant species at patch-
CROP: total abundances across three years (Total), relative 
proportions of all specimens collected and annual abundances

Species Total Share out 
of total 
(%)

2022 2023 2021

Harpalus rufipes 26,336 35.2 9857 3554 12,925
Poecilus cupreus 13,777 18.4 6991 2440 4346
Calathus fuscipes 11,907 15.9 3051 1263 7593
Calathus ambiguus 3319 4.4 1418 694 1207
Pterostichus mela-

narius
2869 3.8 935 368 1566

Harpalus dis-
tinguendus

1674 2.2 1096 428 150

Bembidion prop-
erans

1254 1.7 481 181 592

Calathus cinctus 1249 1.7 545 366 338
Poecilus lepidus 1193 1.6 338 377 478
Harpalus signati-

cornis
1030 1.4 420 504 106
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highly positively skewed and was therefore subjected 
to a logarithmic (log(1 + x)) transformation.

Propensity score analysis

Propensity score (PS) analysis was used to quantify 
the effects of drivers, represented by different aspects 
of agricultural diversification, on the carabid beetles’ 
abundance and diversity. The method has been devel-
oped for assessing the effect size of a treatment per-
formed in high-dimensional settings that lack a rand-
omized or ceteris paribus design.

As a conceptual preparation, the desired estimand 
is selected, such as the average treatment effect (ATE) 
in this study (see Online Resource—Appendix S2 for 
details). Then, the first step includes the identifica-
tion of relevant covariates—related to the treatment 
and the outcome in specific ways (as described in 
Online Resource—Appendix S2)—on which the pro-
pensity scores (PS) estimation is based. PS is defined 
as the probability of assignment of an observation to 
a particular treatment group conditional on observed 
background covariates (Rosenbaum and Rubin 1983; 
Imai and van Dyk 2004). It is estimated via model-
ling to predict specific treatment assignment prob-
ability based on these covariates, which relies on 
the assumption that two observations with similar 
PSs are characterized by the covariates which come 
from similar distributions (Zhao et  al. 2021). To 
arrive at a balanced set of covariates in the samples 
on which the effect size of the treatment (independent 
variable) is studied, in the general case of propensity 
score matching (PSM) the available observations are 
pruned to align (balance) the samples of treatment 
and control groups by similarity in covariates distri-
bution (see Zhao et al. (2021), Stuart (2010)). Some 
matching methods do not discard the observations 
and may include weighting. In inverse probability of 
treatment weighting (IPTW), the observations are 
weighted to adjust for differences in covariate dis-
tributions across the treatment groups (McCaffrey 
et al. 2013). PSM was used in this study for quantify-
ing the effects of binary treatments, which works by 
crea by creating and comparing pairs (1:1 matching) 
or groups (1:n matching) of observations with simi-
lar estimated PSs. Out of several possible matching 
methods, optimal full matching was used in the cur-
rent study. This approach first creates matched sets 
of observations with one treated and one or more 

controlled observations, or one controlled and one 
or more treated observations based on similarity in 
their PSs. Then it weights the observations accord-
ing to their matched set membership. The method 
does not discard any observations and thus allows 
for ATE estimation (see e.g. Stuart and Green 2008; 
Austin and Stuart 2015a for more detail). IPTW was 
used as a more practical solution for multi-category 
treatments. In this case, the weights are calculated as 
the inverse of the PSs globally, which are then used 
to create a new pseudo-population from the original 
study population with confounders equally distributed 
across the treatment groups (McCaffrey et  al. 2013; 
Chesnaye et al. 2022). After balancing, in both cases 
the resulting covariates’ balance is evaluated, using 
(standardized) mean difference (SMD). The treat-
ment effect can then be estimated by contrasting the 
adjusted treatment groups. Optionally, sensitivity 
analysis is used for estimation of the strength of the 
estimated effects against bias by potential unmeas-
ured confounder(s) on a risk-ratio scale. Moderation 
analysis can be done to check whether the estimated 
effect varies significantly across the levels of another 
covariate (such as the effect of flower strips presence 
in relation to yearly changes in this study). Please see 
Fig. 2 and Online Resource (Appendix S2) for more 
details on each step. 

An important consideration is that the results 
(ATE) presented here are not necessarily additive 
across comparisons. First, each result represents a 
population-average effect of individual drivers; non-
linear relationships between outcomes and predictors, 
as well as differences in weighting across cases, may 
occur. Second, the results are also conditional on the 
region of common support (i.e. the subset of covari-
ate values represented across all treatment groups) 
and apply to a restricted portion of the entire popu-
lation. For example, ATE for cropping-system com-
parison was estimated excluding traps under agri-
cultural management intensity level 3 from patches 
because this level was absent in the reference fields 
(see Tables  4 and 5, column “Levels excluded”). In 
the case of contrasting samples from edge and cen-
tre trap locations, reference fields were excluded from 
the comparison because the quadrants selected for 
sampling were not located in close proximity to field 
margins.
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Results

Descriptive statistics

Information on the number of installed and collected 
traps in different campaigns, diversity and abundance 
of carabid beetles per trap is provided in Online 
Resource (Appendix S1). A total of 74,900 ground 
beetles’ specimens were collected, with the maximum 
in 2021 (31,970 specimens) and the minimum in 2023 
(12,458 specimens), while 2022 resulted in 30,472 
specimens. Across all years, a total of 95 species was 
recorded, with the maximum observed in 2022 (74 
species), and 68 species each recorded in 2021 and 
2023, respectively. See also Online Resource (Appen-
dices S1 and S3) for more details on carabid abun-
dance and species composition across the years and 
weekly climatic data.

The observed ground beetle communities are typi-
cal for agroecosystems of the Northeast German low-
lands. The most abundant species in all years was 
Harpalus rufipes (26,336 specimens, 35,2% of total 
specimens collected), a xerophilous species, char-
acteristic of agricultural fields in the study location. 
Information on the 10 most abundant species is pro-
vided in Table 3. A total of 19 species was registered 
only once. Please see Online Resource—Appendix 
S3 for details on species composition. After exclud-
ing species with less than five observed specimens, 65 
species remained: 55 species in 2021, 61 species in 
2022, and 58 species in 2023. A total of 74,643 speci-
mens remained for the analyses after data cleaning.

Results of the propensity score methods

A detailed overview on the PS methods outcome 
is provided in Tables  4 (effects on diversity) and 5 
(effects on abundance).

The effect estimates are shown as incidence rate 
ratios (a ratio of an event occurrence, i.e. in our 
case, specimens or species counts between treat-
ment groups). Tables 4 and 5 also provide details on 
the final model choices and specifications for both 
PS estimation models and outcome models. In all 
cases, a satisfactory covariate balance (SMD < 0.1) 
was achieved (see Online Resource—Appendix S4). 
In the moderation analysis of the flower strips’ adja-
cency effects by year, several covariates showed SMD 
values slightly above 0.1. To account for the residual 

imbalance, they were included in the outcome model 
along with their important interactions.

In deciding on the best model and specification 
for PS estimation, we considered balance achieved 
criteria, the effective sample sizes and weights distri-
butions in the adjusted sample.

In all cases of PSM, probit and logistic regres-
sion performed better than random forest, particu-
larly when continuous covariates were added to the 
analyses.

Diversity

On average, 13% more species were collected in 
smaller-scale patches than in large reference fields 
under agricultural management intensity 1 or 2.

The average species numbers were considerably 
higher (by 12%) in the edge locations of the patches 
compared to the central locations.

The analysis of the impact of agricultural man-
agement intensity excluded reference fields, as only 
agricultural management intensity levels 1 and 2 were 
present in the latter. On average, IPM (management 
intensity level 2) resulted in a 9% higher diversity 
compared to conventional management. However, 
the average effect of applying IPM with adjacent 
flower strips (3%) was not confirmed to be signifi-
cant. No significant effect was found for the pres-
ence of the adjacent flower strips on species diversity 
across the years. However, moderation analysis indi-
cated that these effects varied between years, with 
a significant decline from 2022 to 2023 (p = 0.003), 
while the increase from 2021 to 2022 was not statis-
tically significant (p = 0.072). Specifically, in 2023, a 
significantly lower number of species (by 11%) was 
found in patches adjacent to flower strips compared 
to patches without adjacent flower strips. It should 
be noted, however, that this year-specific subgroup 
analysis required subsetting the data and additional 
PS balancing, resulting in a relatively small effective 
sample size (the smallest treatment group comprised 
22 observations after matching and reweighting). 
This reduction in sample size may lead to a decrease 
in precision. The same limitation applies to year-spe-
cific effect estimates of flower strips on abundance.
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Abundance

Patches resulted in an average of 31% more speci-
mens than reference fields, both being under agri-
cultural management intensity 1 or 2. No significant 
difference was observed between the edge and centre 
locations of the patches. Patches with IPM resulted 
on average in 46% more specimens compared to those 
with conventional management. However, significant 
differences in carabid abundance between IPM with 
adjacent flower strips and conventional management 
were not detected. The effect of flower strip presence 
also varied for abundance between years, showing 
significantly lower abundances in adjacent patches in 
2021 and 2023 (by 24 and 36% respectively). In this 

1. Selection of
covariates for

balancing

Covariates selection relied on
expert opinion and variable
importance diagrams using

random forest (see Table 4 and
5). Initial balance check was

done as in step 4 (see section
2.4.2)

“randomForest” (Breiman et al.
2002), “tidymodels” (Kuhn and

Wickham 2020 )

2. Propensity scores
(PS) estimation

Logistic or probit regression
were selected for PSM;

Generalized linear models
were selected for IPTW

“MathchIt“ (Ho et al. 2011),
“WeightIt” (Greifer 2017)

3. Data matching or
weighting

Optimal full matching was
used in case of binary

treatments;
IPTW was used in case of

multi-categorical treatments

“MathchIt“ (Ho et al. 2011),
“WeightIt” (Greifer 2017)

4. Balance
diagnostics for

adjusted sample

Threshold of SMD < 0.1
was selected

“cobalt” (Greifer 2025a)

If balance is poor

7. Moderation analysis

The analysis was applied to the
flower strips treatment to check
for moderation of the effects by

year

“MathchIt“ (Ho et al. 2011),
“marginaleffects” (Arel-
Bundock et al. 2024)

5. Treatment effect
estimation

G-computation (Snowden et
al. 2011, Greifer 2025b) was

used, with cluster
bootstrapping for standard

errors in PSM and fractional
weighted bootstrapping for

standard errors in IPTW

“boot” (Canty and Ripley
2024), “marginaleffects”

(Arel-Bundock et al. 2024)

“Evalue” (Mathur et al. 2017)

6. Sensitivity analysis

E-values (VanderWeele and
Ding 2017) were calculated

Fig. 2   Summarized propensity score methods framework 
(adapted from Zhao et  al. 2021, Greifer 2025, Arel-Bundock 
2024, Breiman 2002,  Canty 1999, Greifer 2017, Greifer 
2025a, Greifer 2025b, Ho DE 2011, Kuhn 2018, Snowden 
2011, VanderWeele 2017). The blue boxes name each step, 
the text below provides details for each step, and the green 
boxes specify the R packages used in each step. The boxes 

with dashed frames are optional steps: step 6 was applied to 
all comparisons in this study, step 7 was applied only to the 
analyses of flower strips effect to capture the impact of this 
variable depending on specific year. A more detailed descrip-
tion is provided in Online Resource—Appendix S2. PSM: pro-
pensity score matching; IPTW: inverse probability of treatment 
weighting; SMD: standardized mean difference

case, a significant increase of the effect from 2021 to 
2022 (p = 0.012) and a significant decrease from 2022 
to 2023 (p < 0.001) were observed.

Discussion

Effects on diversity

Our results have confirmed that shifting from conven-
tionally managed large homogeneous fields towards a 
more diversified patch cropping system had a signifi-
cant positive effect on carabid diversity, with a 13% 
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increase (Table 4), which supports previous findings 
(Palmu et al. 2014; Duflot et al. 2016; Aguilera et al. 
2020). Site-specific crop rotations in patchCROP pro-
vide both temporal and spatial heterogeneity through 
temporal asynchrony in crop phenology and novel 
spatial configuration of the patches. Thus, they offer 
potential refuge for ground beetles in different peri-
ods of the year, which is in line with Duflot (2016). 
While we did not specifically address species com-
position, other authors (e.g. Raderschall et  al. 2022) 
highlighted between-year legacy effects of carabid 
beetles’ diversity and crop diversity, particularly ben-
eficial for granivorous species, which were related to 
larger-scale spatial composite heterogeneity (micro-
climate, weed species composition, vegetation archi-
tecture and management practices) and thus to crop 
type. In agroecosystems, granivorous species feed on 
both weeds and crops, so the implications of these 
findings for agricultural production require further 
analysis.

The role of cropping system design with respect 
to diversity manifests through increased edge den-
sity, which is the field border length per unit area 
and can serve as an indicator of habitat connectiv-
ity (Ma et  al. 2013; Gallé et  al. 2019). In the case 
of patchCrop, edge density increased considerably 
through the patch design (from 3914 m in the origi-
nal 70 ha field to 7464 m across 30 patches and six 
flower strips) (Grahmann et al. 2024) and constituted 
an important component of the integral diversifica-
tion within the patches. Field margins are known to 
have higher diversity due to the edge effect, which 
promotes more diverse resources and habitat con-
ditions suitable for a higher variety of species. Fac-
tors such as spillover effects, but also specialization 
of single species on edge habitats, may explain this 
increased diversity (Rischen et al. 2023). Our results 
confirmed an increase in carabid species numbers 
in edges by 12% compared to centre traps (Table 4) 
within the patches, which is in line with other studies 
(e.g. Anjum‐Zubair et al. 2010; Rouabah et al. 2015; 
Fusser et al. 2018; Jowett et al. 2019). Evidence from 
Boetzl et al.(2024), who examined data from multiple 
study sites in Western and Central Europe, indicates 
that both carnivorous and granivorous species exhibit 
higher richness in edge locations. Furthermore, it 
has been demonstrated that edges host carabids with 
larger weights, less flying ability and more carnivo-
rous species (Gayer et al. 2019), which is likely due 

to more stable habitat conditions in those locations, 
as well as a higher number of predator species impor-
tant for effective pest control (Rouabah et  al. 2015). 
While many studies highlight the role of edges 
between contrasting habitats (Ma et  al. 2013; Lang-
hans and Tockner 2014; De Smedt et  al. 2019), our 
results show that the increasing edge density between 
different crops within arable fields is a way to support 
a higher diversity of arthropods on its own. This ech-
oes the findings of Boetzl et al. (2024) or Gallé et al. 
(2019), who though focused on functional arthro-
pod diversity. While judgements about the effects 
on functional diversity and provision of any specific 
ecosystem service based on the current results remain 
limited, an increase in diversity itself does generally 
imply greater ecosystem resilience in response to 
environmental changes in their environment (Gallé 
et  al. 2019). The positive effect of edge density has 
been demonstrated for plant diversity by Jauni and 
Hyvönen (2010) and Ma et  al. (2013), with the lat-
ter noting the role of field margins as interconnected 
metacommunities, where species movement shapes 
diversity across scales (alpha- to gamma-diversity). 
While this was discussed with respect to seminatu-
ral margins, similar principles may apply to borders 
between different crops in intercropping systems like 
patchCROP.

Flower strips are considered important for arthro-
pod communities, including carabid beetles, due to 
their role as shelters, reproduction and overwinter-
ing sites (Ganser et  al. 2019; Makwela et  al. 2025). 
Our results did not confirm a significant increase in 
carabid diversity in patches adjacent to flower strips 
across the years, which aligns with findings by Palmu 
et  al. (2014) or Thomas and Marshall (1999). This 
may be due to factors such as a preference for flower 
strips as habitat instead of adjacent cropped patches, 
as demonstrated by Kujawa et  al. (2020), or other 
unaccounted factors (e.g. higher predation rate). In 
line with a pitfall trap-based study by Thomas and 
Marshall (1999), our results may suggest that the 
presence of field margins and associated edge effects 
is the primary driver of increased carabid diversity, 
rather than their botanical composition. A significant 
decline in species numbers from 2022 to 2023 repre-
sents a rather typical colonization pattern, where the 
species numbers peak in the first years after the flower 
strip establishment, toward dominance by more com-
petitive species (Schmied et  al. 2023). In our case, 
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this pattern is probably reinforced by a subset of spe-
cies that spilled over from the flower strips into the 
patches, while on average, the number of species here 
was lower than in the patches without flower strips.

As anticipated, patches with situation-specific IPM 
(agricultural management intensity 2) have demon-
strated a significant increase in diversity (9% on aver-
age) (Table 4) compared to those under conventional 
management. This is a composite effect of several fac-
tors encompassed by the management intensity defi-
nition: first, the frequency of pesticide applications 
which, however, did not appear to be decisive for 
diversity based on variable importance analysis using 
Random Forest (results not shown). This outcome 
aligns with conclusions by Kosewska et al. (2019) for 
sugar beet but contradicts the results of their study in 
pea and lupine (Kosewska 2016). Second, mechani-
cal weed control causes temporal changes in habitat 
conditions, including microclimate and vegetation 
structure, species-specific food availability, as well 
as direct lethal effects (Navntoft et  al. 2016; Müller 
et al. 2022). In contrast, Carbonne et al. (2022) con-
cluded for a cross-European dataset that management 
intensity in general affects carabid beetles indirectly. 
There is general disagreement about the direction and 
strength of both pesticide and mechanical treatment 
effects among studies (Kosewska 2016; Kosewska 
et al. 2019; Müller et al. 2022), which highlights the 
need to account for the respective context and multi-
ple other potential drivers in each case study. Notably, 
we did not observe a significant increase in diversity 
in patches with situation-specific IPM and adjacent 
flower strips (management intensity 3) compared 
to conventional management. This may indicate a 
stronger attractivity of flower strips themselves for 
carabids or could reflect higher predation rates of car-
abids by birds or mice in patches located near flower 
strips.

Effects on abundance

The effects of small-scale diversification were higher 
(31% on average) on carabid beetles’ abundance com-
pared to diversity (see Table 5).

Bertrand et al. (2016) and Raderschall et al. (2022) 
have demonstrated that this dynamic is not uniform 
for all species. They differentiate between temporal 
(supporting less mobile species) and spatial (sup-
porting more mobile species) heterogeneity, which 

are both implemented in patchCROP. Under undis-
turbed conditions, carabids show seasonal dynamics 
with multiple peaks caused by the dominance of spe-
cies with different traits like body size (Russell et al. 
2017) or hibernating type (adult or larvae) (Thiele 
1977). While in sole-crop fields, agricultural manage-
ment (e.g. tillage or plant protection activities) acts as 
a filter (Booij 1994), excluding some of the seasonal 
groups, combining crops with different cropping sea-
sons—as implemented in patchCROP—may mask 
responses of species groups with different seasonal 
peaks. This makes it complicated to elucidate how 
temporal variability could have influenced the treat-
ment effect estimates in this study.

While the analysis of species composition or dis-
tribution was not the focus of this study and we can-
not conclude on significance, more species had gen-
erally lower average per-trap abundances in the large 
reference fields compared to patches (see Fig. S4 in 
Online Resource) This difference was particularly 
noticeable for the most abundant granivorous species 
Harpalus rufipes in patchCROP.

No significant effect of edge or centre trap loca-
tion was found for the average abundance of carabid 
beetles (Table 5). In line with that, some authors have 
identified a decrease in carabid beetles’ abundance 
towards the field edges (Anjum‐Zubair et  al. 2010; 
Jowett et  al. 2019). Considered together with the 
observed patterns in diversity, findings indicate spe-
cies-specific responses, likely reflecting differences in 
habitat preferences such as vegetation structure and 
ground cover (Rouabah et al. 2015).

No significant effect of the adjacent flower strips 
was detected on average across the years (Table 5), 
which is in line with Marshall et  al. (2006), but 
differs from Killewald et  al. (2025). Some authors 
mention that carabids’ abundance declined within 
the crop fields in the closer vicinity to the flower 
strips or with their higher proportion in the sur-
roundings (Anjum‐Zubair et  al. 2010; Fusser et  al. 
2018; Aguilera et  al. 2020). Kujawa et  al. (2020) 
reported that a decline in arthropod abundance with 
increasing distance from flower strips was accom-
panied by decreasing pest insect abundance. Per-
ennial flower strips are known to serve as valuable 
overwintering habitat, but with distinct responses 
of different arthropod taxa depending on the age of 
the flower strips (Ganser et al. 2019), which might 
result in seasonal variations in carabid abundance. 
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Studies reported that carabids’ abundance within 
the flower strips was initially higher compared to 
natural margin types (Killewald and Gibbs 2025) 
or adjacent crops (Ganser et al. 2019) but declined 
in the following years. This could be partly due to 
changes in vegetation density and microclimate. 
Unfortunately, carabid abundances were not meas-
ured directly in the flower strips in this study. Yet 
variable importance analyses in our study (results 
not shown) have detected that temporal covariates, 
such as year and sampling interval, were the most 
influential. Our results have shown a significant 
effect variation between years, with an increase in 
abundance from the first to the second year, fol-
lowed by a decrease in the third year after the 
flower strip establishment. Gonzalez et  al. (2025) 
have further demonstrated that the effect of flower 
strips for carabid abundance in adjacent fields was 
dependent on crop type and flower strip age. How-
ever, besides the latter fact, this temporal varia-
tion may reflect species turnover, or other natural 
or management variations. Altogether, while our 
average effect estimation across the years did not 
directly indicate a positive effect of flower strips on 
carabids in adjacent crops, and even demonstrated a 
negative effect in specific years, their potential ben-
efit may be masked by other interacting processes, 
such as increased predator pressure or preference 
for the habitat within the flower strips, and by the 
fact that the reported effects are generalized over 
time. Understanding these underlying mechanisms 
through further investigation would be important 
for more conclusive judgments and could help 
refine management strategies.

Reduced management intensity had an even 
stronger positive effect (46%) on carabid abun-
dance than on richness (Table 5), which is probably 
because the dominant species benefited the most. 
Legrand et al. (2011) demonstrated for Pterostichus 
melanarius that IPM supported the most stable pop-
ulations compared to conventional or organic sys-
tems through reduced adult (related mainly to insec-
ticide use), egg and larvae (related to mechanical 
operations) mortality. Several authors (Kosewska 
2016; Kosewska et al. 2019; Zilnik et al. 2023) have 
demonstrated the negative impact of chemical plant 
protection on carabids or beneficial insects in gen-
eral, affecting their weed seed or pest predation.

Small‑scale diversification as a system

Interpretation of the final set of selected covariates 
serves to assess the plausibility of the results and to 
clarify how different components of the patchCROP 
diversification strategy contribute to ecological goals. 
This is important for prioritizing specific agricultural 
management practices when developing recommen-
dations for sustainable agricultural transformation. 
Here, average treatment effects are reflected, while 
both diversity and abundance may also vary across 
years, sampling intervals, soil texture, crop species 
and vegetation coverage, which is expressed by rather 
large confidence intervals.

Crops and residual weeds affect carabids through 
resource- and structure-mediated effects (Diehl et al. 
2012) and indirectly by shaping temporal and spa-
tial heterogeneity among the patches (Bertrand et al. 
2016; Duflot et  al. 2016; Aguilera et  al. 2020). The 
effects of boundaries and transition zones rely on 
similar mechanisms, related largely to crop density 
and residual weed cover (Rischen et  al. 2023). The 
abundance trends may be led by the dominant species 
(Jowett et al. 2019) while species-wise responses vary 
by specific trait groups (Rouabah et  al. 2015; Gayer 
et  al. 2019; Boetzl and Knapp 2024). Flower strips 
may be more beneficial when intense mechanical 
weed control is implemented, as they provide a refuge 
and facilitate recolonization after the disturbance due 
to spillover effects (Rischen et al. 2023).

The large confidence intervals for the effects of 
IPM also indicate the role of other covariates. Besides 
the management factors targeted in this study, the 
environmental context plays a crucial role (Muneret 
et al. 2023). For example, the year 2023 was charac-
terized by a relatively wet April (Fig. 2) with a few 
freezing nights, which could affect larvae emergence 
and partially explain the lower number of specimens 
in that year, as well as a more significant effect by 
IPM with flower strips, which could help mitigate 
the harsh conditions. The effect of agricultural man-
agement intensity is also crop-type dependent, and 
mechanical weeding is only relevant in spring crops. 
While most literature focuses on comparing organic 
and conventional agriculture in relation to biodiver-
sity, it was shown that IPM may provide beneficial 
conditions for some carabid species through a combi-
nation of reduced pesticide applications and mechani-
cal weeding (Legrand et  al. 2011), and through 
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indirect effects (Zilnik et al. 2023). Here we demon-
strate the impact of IPM on carabid beetles in general.

Considerations on the analytical approach

Both propensity score methods used in this study, 
PS (full optimal) matching and inverse probability of 
treatment weighting (IPTW), allowed to estimate the 
average effects of different diversification aspects on 
carabid diversity and abundance in a landscape exper-
iment. By minimizing the difference in distributions 
of covariates between the treatment groups, these 
non-parametric methods allow to minimize potential 
bias by confounders, without assumptions about the 
functional form of relationships between variables. 
Yet the assumptions of the PS-method as a causal 
inference method should be met (i.e., consideration 
of causal relationships among the outcome, treatment 
and covariates, inclusion of all relevant covariates and 
sufficient overlap between the treatment groups). This 
approach simplifies the problem of effect estimation 
to a direct comparison of treatment groups, as under 
randomized experimental design. At the final step, 
robust estimations of marginal effects using g-compu-
tation, which is agnostic to the form of the outcome 
model and robust to the model misspecification once 
good balance is achieved, allow for valid inference on 
the marginal effect. Optimal full matching was used 
for binary treatments, as it makes use of all observa-
tions while providing a good balance, and is suitable 
for estimating ATE (Hansen 2004; Stuart and Green 
2008). IPTW is a more practical solution for multi-
categorical treatments but may be sensitive to model 
misspecification (Austin and Stuart 2015b), which 
makes balance and weights diagnostics steps particu-
larly important for this method.

While the methods eliminate bias from other 
covariates, importantly, the selection of the covariates 
to be balanced requires expert opinion and under-
standing of the experimental setup. Not all covariates 
can always be included. Therefore, E-values were cal-
culated (Tables 4 and 5), which allow us to judge the 
robustness of our results against bias from potentially 
unmeasured confounders.

As mentioned in Sect. "Propensity score analysis" 
the results are not necessarily additive, both due to 
that the resulting effects are marginal (non-linearity 
of treatment effects and difference in weighting in 
each case may be present), and to the need to exclude 

some observations in case of lack of overlap by any 
specific covariate values between the treatment 
groups in a comparison (see Table 4 and 5).

On a technical note, logistic and probit regression 
for PS estimation generally led to a better balance 
among covariates than RF in matching, and General-
ized Linear Models (GLM) performed slightly bet-
ter than gradient boosted models (GBM) in weight-
ing (see Online Resource – Appendices S4 and S5). 
This might be caused by higher sensitivity of RF and 
GBM to hyperparameter tuning and a higher risk of 
overfitting – particularly in the presence of continu-
ous covariates – which may reduce common support 
and covariate balance (Leite et al. 2024). These mod-
els are optimized for prediction accuracy but may be 
problematic for covariate balancing. An additional 
step, prognostic score (Hansen 2008; Greifer 2025) 
calculation, can be implemented, and was done in this 
study, to check for robustness of the estimated effects 
calculated using these methods (see Appendix  6 in 
Online Resource).

Conclusion

In complex systems like agricultural landscapes, 
where numerous biotic and abiotic processes act 
simultaneously and often interact nonlinearly, com-
prehensive real-world data and powerful analytical 
frameworks are essential to disentangle the effects 
of interest. In this study, the combination of compre-
hensive datasets collected in a landscape experiment 
and propensity score-based methods allowed us to 
derive robust conclusions on carabid diversity and 
abundance in relation to different aspects of agricul-
tural diversification. The framework can be adapted 
for other taxa or agroecological contexts. A gener-
ally positive effect of small-scale diversification was 
observed, being more pronounced for carabid abun-
dance than for diversity. Our results demonstrate 
that this effect emerges from the combined effects of 
structural heterogeneity (patch configuration and edge 
density) and management aspects. The higher abun-
dance likely reflects the response of dominant species 
to specific habitat qualities, while diversity appears 
more closely linked to habitat heterogeneity, particu-
larly spatio-temporal crop diversity. While significant 
effects in the patches from adjacent flower strips were 
not identified in our study across years, following 
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the literature, this finding may be explained by pro-
cesses, such as higher predation by mice and birds, 
or by migration from patches to these more attrac-
tive habitats, which were not investigated separately 
here. Additionally, variation in this effect between 
the years could be observed. In accordance with prior 
knowledge, overall, an increase in carabid abundance 
through diversification suggests potential benefits 
such as natural pest regulation, while higher diver-
sity may contribute to greater ecosystem stability and 
resilience. However, more detailed analysis, includ-
ing species and functional community structure, as 
well as expanding temporal coverage and including 
additional confounders (e.g. carabid predators which 
could not be included here), could help to elaborate 
on these effects.
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