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Abstract

Agricultural intensification poses a major threat to the conservation of biodiversity and
associated ecosystem services. Since non-crop habitats are regarded as important refuges
for farmland biodiversity, various greening measures have been proposed to halt biodiver-
sity loss. However, the effectiveness of these measures for biodiversity conservation is still
under debate. Therefore, we here compared ground-dwelling beetle (Coleoptera) assem-
blages of different non-crop habitats (field margins, set-aside fields sown with wildflowers,
and permanent grassland fallows) and wheat fields within an intensively used agricultural
landscape in western Germany. Taxonomic diversity of Carabidae, Staphylinidae and other
coleopteran families and their conservation value were higher in all non-crop habitats than
on wheat fields. Surprisingly, though, different types of non-crop habitats did not differ in
species richness or the number of threatened species. Thus, field margins and sown wild-
flower fields were as effective in promoting beetle diversity as grassland fallows. However,
different non-crop habitats supported different species assemblages, and several species, in
particular especially large ones, were restricted to grassland fallows. These results suggest
that different greening measures are effective in promoting the biodiversity of beetles, and
that permanent grassland fallows are essential for nature conservation. The fact that habitat
types harbored different assemblages stresses the need to combine a variety of greening
measures to yield the highest benefit for biodiversity.
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Introduction

Due to the growing demand of the human population for agricultural products, farmland
management has intensified considerably in recent decades, resulting in a simplification
of agricultural landscapes (Tscharntke et al. 2012). Agricultural intensification includes
an increasing use of agrochemicals and resources, the conversion of semi-natural habitats
into arable land, and the dominance of few crop species on ever larger fields (Benton et al.
2003; Tscharntke et al. 2012). These developments lead to a loss of habitats that are impor-
tant for the conservation of biodiversity in arable land (Fahrig et al. 2011). Consequently,
agricultural intensification poses a major threat to the conservation of biodiversity and
associated ecosystem services (Benton et al. 2003). While biodiversity is under pressure
at a global scale, farmland species have suffered particularly strong declines over recent
decades (Seibold et al. 2019).

Since arable fields are highly disturbed, unstable and short-lived habitats, they are
unsuitable for many species (Schneider et al. 2016). Landscape heterogeneity, reflected by
the diversity of habitat types, is an important determinant of biodiversity in agricultural
landscapes (Fahrig et al. 2011). Non-crop habitats may connect isolated patches of natural
vegetation and thus contribute to a heterogeneous environment in agricultural landscapes
(Kovacs-Hostyanszki et al. 2011). They may comprise important biodiversity reservoirs,
as they provide refuges for species not able to survive in crop fields themselves or which
have to migrate for overwintering (Tscharntke et al. 2005). The importance of non-crop
habitats in agricultural landscapes has already been established for several arthropod taxa
(e.g. Clough et al. 2005).

Arthropods are important elements of agroecosystems, as they may contribute, amongst
others, to pollination and pest control (Tscharntke et al. 2005). For example, generalist
predators such as Carabidae and Staphylinidae (Coleoptera) may reduce aphid densities
in winter wheat (Collins et al. 2002). However, the occurrence of beneficial arthropods is
strongly related to landscape structure and composition, as is known for Carabidae (Knapp
and Reza¢ 2015). The habitat selection of these beetles can also be influenced by morpho-
logical characteristics. In particular, it has been shown that large carabids tend to avoid
disturbed habitats (Cole et al. 2002), presumably because of their limited dispersal ability.
Thus, differences in body size and mobility may lead to differences in habitat use (Rainio
and Niemela 2003), and body size may consequently serve as an indicator of habitat qual-
ity (Eyre et al. 2013). While many carabids have limited dispersal ability, flight-capable
rove beetles (Staphylinidae) may colonize arable fields quickly after having overwintered
in semi-natural habitats (Thomas et al. 1991). Nevertheless, they show a preference for
non-crop habitats, such as grassy field margins, in agricultural landscapes (Pfiffner and
Luka 2000). Both beetle families are considered to be important indicators of changes in
management practices in agricultural landscapes (Bohac 1999; Kromp 1999).

To protect and restore biodiversity in agricultural landscapes, European agri-environ-
mental schemes, funded under the Common Agricultural Policy (CAP), aim at creating
and maintaining non-crop habitats (Holland et al. 2017). While some agri-environmental
schemes are considered successful (Perkins et al. 2011), the benefits of others have been
widely discussed (Kleijn et al. 2011). So called greening measures were introduced with
the last CAP reform to reduce the negative impact of agriculture on the environment and
to counteract the loss of biological diversity (Birkhofer et al. 2018; Boetzl et al. 2021).
There is broad agreement that remnants of (semi-)natural vegetation and long-term fallows
comprise important conservation areas for arthropods in agricultural landscapes (Geiger
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et al. 2009; Holland et al. 2017), but the effectiveness of grassy field margins versus short-
term set-aside, wild-flower-sown fields is rather unclear. Grassy field margins comprise
relatively stable habitats, but their small width and close proximity to arable fields make
them susceptible to, for example, drifting pesticides (Longley et al. 1997). Set-aside fields
are more unstable habitats, typically available for a few years only (Van Buskirk and Willi
2004), thus strongly depending on immigration. In summary, both greening measures may
be considerably less valuable compared to permanent fallows. However, it is currently
largely unclear whether one or the other is more effective in promoting biodiversity in agri-
cultural landscapes, as only few studies have compared grassy field margins with sown
wildflower fields (e.g. Meek et al. 2002). Such data are necessary though for evidenced-
based conservation recommendations.

Against this background, we here set out to compare ground-dwelling beetle diversity
across different habitat types permanent grassland fallows, grassy field margins, set-aside
sown wildflower fields, and crop fields) within an intensively used agricultural landscape
in western Germany. Specifically, we set out to evaluate the effectiveness of permanent
fallows, grassy field margins, and sown wildflower fields, comprising widespread conser-
vation measures for promoting biodiversity. We include Staphylinidae and other beetle
families in addition to Carabidae to test the following hypotheses: (1) Permanent grass-
land fallows with their large patch sizes and relatively stable conditions hold the highest
and crop fields the lowest beetle diversity. (2) Grassy field margins and sown wildflower
fields show intermediate levels of diversity (i.e. in between the above two) due to the less
favorable conditions compared to permanent fallows but do not differ among each other.
(3) Community mean body size is on average smaller on wheat fields as compared with
semi-natural habitats, since large beetles can be negatively affected by disturbance (Blake
et al. 1994). We do not expect specific differences among Carabidae, Staphylinidae and the
remaining beetle families, but use different taxonomic groups to explore the consistency of
patterns.

Materials and methods
Study area

The study area (‘Maifeld’), an intensively used agricultural landscape, is located in the
Eifel mountain range in western Germany (50°14'N, 7°21'E; Fig. 1). The region is char-
acterized by an oceanic climate, with an average annual precipitation of ~598 mm and
an average annual temperature of ~ 10 °C (Agrarmeteorologie Rheinland-Pfalz 2020). The
landscape is dominated by crop fields, with occasional non-crop habitats such as meadows,
permanent grassland fallows or field margins. In 2018, 72.2 % of the Maifeld consisted of
agricultural land, while only 11.8% was covered with forests and 13.9 % with settlement
and traffic areas (Statistisches Landesamt Rheinland-Pfalz 2018). To assess the impact of
land use on beetle assemblages, we compared five habitat types using 10 replicate plots
for each (Fig. 1; Table A1, Supplementary Material): (1) wheat fields sown with Triticum
aestivum (conventional management with fertilizing, fungicide and herbicide spraying),
(2) grassy field margins bordering oilseed rape fields (mown once during sampling), (3)
grassy field margins bordering wheat fields (mown once during sampling), (4) set-aside
sown wildflower fields (1-2 years old fallows, sown with a mixture of wildflower seeds as
‘greening’ measure; hereafter ‘sown wildflower fields’), (5) grassland fallows (unmanaged,
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Fig. 1 Location of the study area near the city of Koblenz within Germany and of the study sites (enlarged)
within the ‘Maifeld’. The map was generated using QGIS version 3.14 (www.qgis.org)

permanent fallows with a diverse semi-natural vegetation cover, formerly used as meadows
but abandoned decades ago).

Field methods and data analyses

From 23rd May to 3rd July 2019, beetles were sampled by pitfall trapping during four time
periods of approximately 12 days each using PET cups (@ = 5.6 cm, volume 125 ml, filled
with 70% water and 30% monopropylene glycol). The number of trapping days per site
ranged between 41 and 42 days. Per site, three pitfall traps, covered with a plastic roof for
protection, were buried into the ground at distances of ten meters in a straight line. All
pitfall traps were placed into the respective plots with a minimum distance of 20 m from
the nearest edge, except for field margins. Collected beetles were preserved in 70% ethanol
until species identification using taxonomic keys (Freude et al. 1964-83). Critical taxa were
determined via genital preparation or only to the morpho-species level (5 species in total).
Morpho-species were used in the genera Aleochara (2 species, 1741 individuals), Staphyli-
nidae; Atheta (1, 7), Staphylinidae; Afomaria (2, 633), Cryptophagidae. The data of the
three traps per site were pooled over the entire sampling period for subsequent analyses.
As different beetle families may differ in ecology including habitat requirements (Lange
et al. 2014), we decided to analyze the two most abundant families, Carabidae and Staphyli-
nidae, separately. Therefore, our data were analyzed according to the following groups: (1)
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all beetle families / species found, (2) all Carabidae, (3) all Staphylinidae, and (4) all spe-
cies from the remaining families (i.e. excluding Carabidae and Staphylinidae). We com-
piled the numbers of species, individuals, threatened species, and individuals of threatened
species (according to Geiser 1998) per plot. We estimated the effective number of species,
a derivative of the Shannon-Wiener-index representing the actual diversity (Jost 2006). In
addition, we calculated the ‘conservation value’ according to Gorn and Fischer (2011) by
assigning each species a point score according to its German red list status (Geiser 1998):
not threatened=1 point, near threatened (V)=35 points, vulnerable (3)=10, endangered
(2)=20. The conservation value represents the sum of all species-specific point scores for
all species present at a plot. Moreover, the body size of each species was determined by
using data available in Freude et al. (1964—83) and Homburg et al. (2014; for carabid bee-
tles). Community weighted mean (CWM) values for body sizes were calculated by weight-
ing the respective body size by each species’ abundance (Ricotta and Moretti 2011).

Based on Freude et al. (1964-83) and Homburg et al. (2014), all carabids, staphylinids
and all other species were classified according to their food preferences as zoophagous,
phytophagous, or other). Other diets included omnivorous, mycetophagous, and sapropha-
gous species, which occurred only in low numbers. While the staphylinds are almost exclu-
sively zoophagous, nearly 40% of all species in the remaining families belong to the phy-
tophagous Chrysomelidae and Curculionidae. Furthermore, all carabids and staphylinids
were assigned according to their habitat preferences (o: open landscape species, e: eury-
topic species, h: hygrophilic species). Homburg et al. (2014) was also used to classify all
carabids according to their flight ability as good (winged) or poor (wingless and dimorphic
species). For subsequent analyses, we standardized the above data by giving the respec-
tive proportion per plot. Furthermore, for species with >100 individuals, the preference
for a certain habitat type was determined if more than 50 % of all individuals were found
in a specific habitat type. In addition, we determined the size, lengths and widths of each
investigated plot with the distance tool in GoogleMaps. The perimeter-to-area ratio was
calculated to determine the shape of the plots.

Statistical analyses

To analyze variation in the numbers of species, individuals, threatened species, individu-
als of threatened species, the effective number of species, conservation value, and CWM
body size, we used general linear models (GLMs) with habitat type as fixed effect and
sampling day, habitat size and shape as covariates. However, effects of covariates were
non-significant throughout, except for a significant effect of habitat shape on CWM body
size in staphylinid beetles, which did not affect the effect of habitat type. We therefore
removed all covariates from the models and performed one-way ANOVAs with habitat
type as fixed effect. Tukey HSD post-hoc tests were used to determine significant differ-
ences between habitat types. Note that not all indices were measured in all four taxonomic
groups. Specifically, numbers of threatened species and individuals of threatened species
as well as conservation value were only analyzed for all species together, as the number
of threatened species was too low to perform separate analyses. To achieve normal dis-
tribution and homogeneity of variance, the values for (1) the number of individuals for
carabid, staphylinid beetles and remaining families, (2) the effective number of species of
carabid beetles and remaining families and (3) the CWM body size for staphylinid beetles
and remaining families were LN-transformed, and (4) the individuals of threatened spe-
cies were LN+ 1-transformed prior to analyses. We tested for spatial autocorrelation of
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dependent variables using Moran’s I tests and the function autocov_dist in the ‘ape’ pack-
age (Dormann et al. 2007; Paradis and Schliep 2019). However, significant autocorrela-
tions were not found throughout.

Permutational multivariate analyses of variance (PERMANOVAs, with 999 permuta-
tions) were used to test for significant differences between habitat types in the proportion of
species with specific food (carabids, staphylinids, and species from the remaining families)
and habitat preferences (carabids and staphylinids only) or flight ability (carabids only).
For standardization, we used the relative abundance of species throughout. For carabids,
staphylinids, remaining families, and all beetles together, community composition among
the five habitat types was analyzed using non-metric multidimensional scaling (NMDS),
also based on the relative abundance of species (Bray-Curtis distance matrix). Subse-
quently, PERMANOVAs (999 permutations) were used to test for significant differences
between habitat types. Statistical analyses were performed with Statistica 12.0 (Tulsa, Stat-
Soft) or using the vegan package in R 3.4.0 for NMDS and PERMANOVA (R Develop-
ment Core Team 2017; Oksanen et al. 2020).

Results

We collected in total 32,414 beetles belonging to 284 species (Table A2, Supplementary
Material). The most numerous families were the ground-dwelling beetle families Carabi-
dae and Staphylinidae, which accounted for about 81% of all individuals. Eight species
accounted for 43% of all individuals: Philonthus cognatus (Staphylinidae; 2439 indi-
viduals), Poecilus cupreus (Carabidae; 2321), Anchomenus dorsalis (Carabidae; 2210),
Tachyporus hypnorum (Staphylinidae; 1832), Pterostichus melanarius (Carabidae; 1618),
Bembidion lampros (Carabidae; 1311), Drusilla canaliculata (Staphylinidae; 1136), and
Tachinus signatus (Staphylinidae; 1083). Five species are listed in the Red List of Germany
as near threatened, ten as vulnerable, and six species as endangered (Table A2, Supplemen-
tary Material). Of the species with > 100 individuals, three showed a preference for wheat
fields and six species for oilseed rape margins (Table 1). Moreover, five species showed a
close association with grassy wheat margins and six species to sown wildflower fields. A
preference for grassland fallows was found for eight species.

Habitat type significantly influenced (1) the number of species in all taxonomic groups,
(2) the number of individuals in Staphylinidae and remaining families, (3) the effective
number of species in all beetles together and in the Carabidae, and (4) the CWM body size
in all beetles together and in the remaining families (Table 2; Fig. 2). In addition, habitat
type significantly affected the number of threatened species, the individuals of threatened
species, and conservation value in all beetles (Fig. 3). Typically, wheat fields showed the
lowest values, though note that not all differences to non-crop habitats were significant.
Non-crop habitats were generally statistically indistinguishable (Figs. 2 and 3).

PERMANOVASs indicated significant differences among habitat types in food prefer-
ences, habitat preferences, and flight ability of carabid beetles (food preference: Fy 45 =
4.92, p=0.001, R?=0.30; habitat preference: F,45 = 2.93, p=0.009, R2=0.21; flight
ability: F, 45 = 11.84, p=0.001, R2:O.51), in food preferences of all other beetle fami-
lies (Fy45 = 5.98, p=0.001, R%=0.35), and in habitat preferences of staphylinid bee-
tles (Fy45 = 3.11, p=0.014, R2=0.22). Regarding food preferences, the proportion
of zoophagous carabid species was highest on wheat fields and grassy wheat margins
(Fig. 4). For other beetle families, the highest proportion of phytophagous species was
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Table 1 List of species with

> 100 individuals showing a Species > 100 individuals Family %
E);gierence for a certain habitat Wheat ficld
Dinaraea angustula Staphylinidae 61
Anotylus insecatus Staphylinidae 56
Loricera pilicornis Carabidae 53
Oilseed rape margin
Tachinus signatus Staphylinidae 75
Philonthus decorus Staphylinidae 70
Philonthus laminatus Staphylinidae 65
Sepedophilus marshami Staphylinidae 56
Amara similata Carabidae 79
Amara communis Carabidae 58

Grassy wheat margin

Calathus fuscipes Carabidae 64
Pterostichus melanarius Carabidae 55
Ootypus globosus Cryptophagidae 60
Atomaria spec. 2 Cryptophagidae 66
Atomaria spec. 1 Cryptophagidae 52
Sown wildflower field
Anthicus antherinus Anthicidae 82
Atomaria linearis Cryptophagidae 67
Microlestes minutulus Carabidae 58
Aleochara spec. 2 Staphylinidae 75
Aleochara spec. 1 Staphylinidae 52
Phyllotreta atra Chrysomelidae 83
Chaetocnema hortensis Chrysomelidae 74
Grassland fallow
Agonum viduum Carabidae 100
Carabus granulatus Carabidae 100
Anisodactylus binotatus Carabidae 96
Pterostichus anthracinus Carabidae 96
Poecilus versicolor Carabidae 93
Carabus auratus Carabidae 60
Amara lunicollis Carabidae 54
Onthophagus joannae Scarabaeidae 59

The percentage of individuals found in the given habitat type is given
in percent

found in sown wildflower fields. Regarding habitat preferences, open landscape species
dominated throughout in the Carabidae, but grassland fallows showed a much higher
proportion of hygrophilic species than all other habitat types. Staphylinid assemblages
showed an increase in the proportion of open landscape and hygrophilic species but
a decrease in the proportion of eurytopic species from wheat fields to grassland fal-
lows. Wheat fields were dominated by carabid beetles with good flight ability. Variation
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Table 2 Results of ANOVAs for the effects of habitat type on dependent variables in all beetle families ana-
lyzed together, Carabidae, Staphylinidae, and the remaining beetle families

DF MS F p
All families Species number 4,45 759 5.95 0.001
Number of individuals 4,45 235,098 2.30 0.073
Effective species number 4,45 92.3 3.49 0.014
CWM body size 4,45 6.83 3.27 0.020
Red list species 4,45 5.55 2.77 0.039
Red list individuals 4,45 2.47 2.86 0.034
Conservation value 4,45 2777 5.04 0.002
Carabidae Species number 4,45 67.6 2.73 0.041
Number of individuals 4,45 0.30 0.63 0.642
Effective species number 4,45 0.29 2.78 0.038
CWM body size 4,45 431 1.33 0.272
Staphylinidae Species number 4,45 93.3 3.83 0.009
Number of individuals 4,45 1.84 3.53 0.014
Effective species number 4,45 21.08 241 0.063
CWM body size 4,45 0.09 1.79 0.148
Other families Species number 4,45 157.3 5.84 0.001
Number of individuals 4,45 3.52 9.03 <0.001
Effective species number 4,45 0.08 0.64 0.639
CWM body size 4,45 0.49 3.37 0.017

Significant p-values are given in bold. CWM community weighted mean

in food preferences were not significant for staphylinid beetles, as zoophagous species
dominated in all habitat types (F, 45 = 0.85, p=0.541, R2=0.07).

The NMDS ordinations demonstrated strong variation in species assemblages among
habitat types for all taxonomic groups (PERMANOVAs; Carabidae: F, 45 = 4.51, p=0.001,
R?=0.29; Staphylinidae: F,4s =35, p=0.001, R?=0.31; remaining families: Fy45 = 5.15,
p=0.001, R?>=0.31; all beetles: F 45 = 4.87, p=0.001, R2:0.30). Throughout, within-
group variation of beetle assemblages was much higher for grassland fallows than for any
other group (Fig. 5). For carabid beetles, there was a clear separation of the assemblages of
wheat fields / margins, oilseed rape margins, and sown wildflower fields, while grassland
fallows overlapped with all other habitat types. In staphylinid beetles and all beetles, wheat
fields differed strongly from all other habitat types. The remaining families, finally, showed
clearly different assemblages for all habitat types except from grassy wheat and oilseed
rape margins.

Discussion

Our results support the notion that non-crop habitats are valuable for ground-dwelling bee-
tles in intensively used agricultural landscapes (e.g. Meek et al. 2002), as evidenced by a
higher species richness in non-crop habitats than in wheat fields for Carabidae, Staphyli-
nidae, and remaining beetle families. Similar patterns were found for the numbers of spe-
cies and individuals of threatened species and concomitantly conservation value, where
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permanent grassland fallows consistently showed the highest values. Thus, while a low bio-
diversity of wheat fields is clearly demonstrated by our data, it is remarkable that non-crop
habitats did not differ significantly in any of the above indices. Beetle diversity was, as pre-
dicted, higher on grassland fallows than on wheat fields, but grassy field margins and sown
wildflower fields were partly equally effective in promoting biodiversity. This is despite
the fact that field margins were very narrow, such that edge and spillover effects seemed
likely. However, such effects may not necessarily be negative, they may even increase
species richness and activity density (Schneider et al. 2016). Similarly, sown wildflower
fields do not seem to suffer substantially from their former use as crops fields. This may
be related to the typically high spatio-temporal dynamics of beetle assemblages in agricul-
tural landscapes. Beetles may respond rapidly, for instance, to crop rotations (Marrec et al.
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Fig.4 Distributions of habitat preferences a, food preferences b, and flight ability ¢ for Carabidae, habitat d
and food preferences e for Staphylinidae, and food preferences for the other families f in wheat fields (WF),
oilseed rape margins (ORM), grassy wheat margins (GWM), sown wildflower fields (SWF), and grassland
fallows (GF). Data according to Freude et al. (1964-83) and Homburg et al. (2014)

2017). Thus, beetles were probably attracted to sown wildflower fields by the diversity of
wildflowers and other resources. This is further supported by the high species richness and
activity-density of the remaining beetle families on the sown wildflower fields (Fig. 2a),
including many species of Curculionidae and Chrysomelidae being often related to plant
species richness (e.g. Frank et al. 2012). Carabid and staphylinid beetles are often attracted
to older wildflower areas (Frank and Reichhart 2004), such that the period since setting
aside an area may be an important factor. Overall, many beetle species found in non-crop
habitats were completely absent from wheat fields, as also found in other studies (Knapp
and Reza¢ 2015). This is presumably caused by the ephemeral nature of wheat fields due to
frequent disturbance (Kosewska et al. 2014). Accordingly, non-crop habitats can be crucial
for the survival of various animal taxa that are unlikely to survive in arable fields (Knapp
and Reza& 2015). For instance, non-crop habitats are used by beetles for breeding, as shel-
ter, stepping stones for dispersal (Holland and Luff 2000) or as hibernation sites (Geiger
et al. 2009).

Beetle assemblages differed strongly among habitat types, being most pronounced in
the remaining families and least pronounced in the Carabidae. Assemblages of wheat
fields were remarkably homogeneous throughout, while those of grassland fallows
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on 79 species and 14,055 individuals), Staphylinidae (b based on 79 species and 12,154 individuals), all
remaining beetle families (¢ based on 124 species and 6205 individuals), and all beetles combined (d based
on 184 species and 32,414 individuals) across five habitat types (n=50 plots, 2 dimensions, Bray-Curtis
distance)

showed the largest within-group variation. Overall, wheat fields, grassy field mar-
gins, sown wildflower fields and grassland fallows harbored strikingly different beetle
assemblages. In addition, all non-crop habitats also provided suitable habitats for vari-
ous threatened species, which is reflected in the high conservation values compared to
wheat fields. Thus, all conservation measures investigated here promote beetle diversity
in different ways and complement each other. Improving local beetle diversity through
the availability of different non-crop habitats in agroecosystems underlines the impor-
tance of landscape composition and configuration for the conservation of farmland bio-
diversity (Martin et al. 2019). For beetles, habitat type (vegetation; Weibull and Ost-
man 2003), size and spatial configuration of landscape elements (Duflot et al. 2017)
are important factors explaining variation in local assemblages. Although Carabidae
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were hitherto mainly investigated in agroecosystems (e.g. Kosewska et al. 2014), the
Staphylinidae were similarly abundant in our study. On farmland, the abundance of
staphylinid beetles may even be higher than that of Carabidae (Bohac 1999), possibly
due to their higher flight ability and thus dispersal rates (Lange et al. 2014). Due to dif-
ficulties in species identification, knowledge on staphylinid beetles is often limited, but
this understudied group may serve as important bioindicators (Hoffmann et al. 2016).

The high variation in the assemblages of Carabidae, Staphylinidae and the remaining
beetle families on grassland fallows likely results from a more diverse habitat struc-
ture, including variation in soil moisture (partly high), different coverages of herbs, and
sometimes a few trees and shrubs. This is also mirrored by the habitat and food pref-
erences of the Carabidae and Staphylinidae. While in wheat fields almost exclusively
open landscape and eurytopic individuals occurred, grassland fallows additionally
hosted substantial numbers of hygrophilic individuals (Fig. 4). Likewise, the number
of phytophagous individuals of the Carabidae was higher in all non-crop habitats than
in wheat fields, probably reflecting increased vegetation cover (grasses and herbs) rel-
evant for food supply (Schirmel et al. 2016). Compared to the predatory carabid beetles,
phytophagous species are probably more specialized and dependent on the local habitat
type (Woodcock et al. 2010). The high proportion of phytophagous individuals found
in sown wildflower fields in the remaining beetle families may be related to the seed
mixtures that favour the establishment of plant species preferred by many phytophagous
species (Marshall and Moonen 2002). In addition, some pest species such as Chaetoc-
nema hortensis (Chrysomelidae) and Sitona lineatus (Curculionidae) (Lethmayer et al.
1997) were found in wildflower fields. Especially the cereal pest species C. hortensis
occurred in high activity densities, which may be related to the former use as cropland
or the absence of pesticide use. However, the presence of some threatened species in
the sown wildflower fields that were absent in wheat fields indicates the importance of
these areas. In contrast to simplified monocultures, wildflower fields with a high struc-
tural and botanical diversity, including perennial plant species, can be very attractive for
many arthropods in agricultural landscapes (Haaland et al. 2011).

In contrast, wheat fields were clearly dominated by zoophagous individuals, probably
due to the high availability of prey such as aphids. Thus, predatory beetle species may
contribute to biological pest control (Dennis and Wratten 1991). This may also explain the
lack of significant differences in activity-density between land use types (Fig. 2b), although
higher activity densities in beetles have been recorded in non-crop habitats (e.g. Knapp
and Rez4& 2015). Still, some predaceous species may thrive on wheat fields showing high
activity densities (e.g. Tachyporus hypnorum and Anchomenus dorsalis). In addition, fre-
quent movement of ground-dwelling carabid and staphylinid beetles between wheat fields
and adjacent habitats may cause higher activity-densities in field margins (Birkhofer et al.
2018). We can also not rule out biases due to our sampling method, since the results of
pitfall trapping may depend on both vegetation structure and the activity of invertebrates
(Thomas et al. 2006). It is conceivable that the higher vegetation density in non-crop habi-
tats compared with wheat fields reduced activity levels and thus the catch. Possibly, the use
of multiple sampling methods would have been more effective to assess activity-density
(Gobbi et al. 2018). Finally, Sirami et al. (2019) and others point to the importance of
landscape-level effects on the decline of biodiversity in agricultural landscapes. Given that
such effects are strong, they will reduce any differences among habitat types within a given
landscape. This may further apply to species numbers, and may explain the lack of varia-
tion among non-crop habitats. Perhaps, beetle assemblages are impoverished even in semi-
natural sites within our study area with its long history of intensive agriculture.
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Our results do not show a general decrease in mean community body size with increas-
ing agricultural disturbance, unlike some other studies (see Kosewska et al. 2014). In par-
ticular large ground beetles tend to avoid disturbed and to prefer undisturbed habitats (Cole
et al. 2002). They often have limited dispersal ability and therefore take longer to colonize
habitats. This is also reflected in our results on flight ability, where carabids with poor
flight ability dominated in all non-crop habitats (Fig. 4c). However, decreased body size
on wheat fields could only be found in the remaining beetle families, but not in Carabidae
and Staphylinidae. In our study, we found higher activity-densities of large carnivorous
ground beetles, such as Pterostichus melanarius, in wheat fields and grassy wheat margins,
possibly due to the availability of prey in the productive crop fields (Collins et al. 2002)
or because they can benefit from increasing management intensity (Winqvist et al. 2014).
However, we did find that large ground beetle species (> 10 mm) such as Carabus granu-
latus, Anisodactylus binotatus, and Carabus auratus preferred grassland fallows (100% for
C. granulatus). In addition, some species, e.g. A. binotatus and C. auratus, were also found
in other non-crop habitats but not in wheat fields. Thus, at least for specific species and
taxa, adjacent non-crop habitats may contribute to the conservation of large predatory bee-
tle species in croplands (Hanson et al. 2016).

Conclusions

As expected, wheat fields represented suboptimal habitats for Carabidae, Staphylinidae
and other beetle families, while the nearby non-crop habitats comprised important refuge
areas for the beetle fauna. Interestingly, grassy field margins and sown wildflower fields,
which had been used as crop fields in the previous year, were as effective in promoting
beetle diversity as grassland fallows, most of which have presumably never been used as
crop fields. The unexpectedly poor performance of the latter may reflect landscape level
effects of agriculture, resulting in an impoverished fauna in these highly isolated habitat
fragments surrounded by intensively used crop fields. Nevertheless, our data clearly show
that both field margins and sown wildflower fields promote biodiversity in an agricultural
landscape, and are thus valuable for restoring biodiversity and ecosystem services. A com-
bination of approaches will likely yield highest benefits, evidenced by variation among the
assemblages of different habitat types (see also Boetzl et al. 2021). Nevertheless, perma-
nent fallows are indispensable for conservation, as they comprise refuge areas for different
specialists or particularly large species (e.g. several carabids).
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