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ABSTRACT
Semi- natural grasslands and their biodiversity decline rapidly, although they are key elements of agricultural landscapes. 
Therefore, there is a need for the re- establishment of semi- natural grasslands in intensively managed farmlands (e.g., via sowing 
wildflower seeds). Our knowledge, however, is limited on how different arthropod groups may respond to such newly established 
wildflower fields. This knowledge gap is especially relevant for the Pannonian biogeographical region, and more generally for 
Central Europe, where there is little to no evidence so far. We aimed to compare three different habitats (i.e., sown wildflower 
fields (WFF), semi- natural road verges and adjacent crop fields) in terms of their species and individual numbers and assemblage 
compositions to reveal differences between primary producers (plants), pollinators (bees and hoverflies) and predators (spiders). 
We selected eight landscapes in Central Hungary within conventionally managed crop areas. We analysed species and individual 
numbers by generalised linear mixed models (GLMM) and the assemblage composition with non- metric multidimensional scal-
ing for each taxon in the three habitats. Crop, road verge and WFF habitats had distinct assemblages for each studied group, indi-
cating clear separation among habitats. There are, however, contrasting patterns in the diversity measures of the studied groups. 
Crop fields are the poorest in both species and individual numbers, road verges harboured the highest abundance of spiders, 
while WFF had the most bees and plants. No clear pattern for hoverflies emerged. Our results suggest that the studied habitats 
do not harbour all groups in equal share. We propose that the design of future restorations in Central European farmlands should 
target a diversity of habitat types needed to support a wide range of functional groups.
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1   |   Introduction

The diversity of species and their habitats is declining globally 
mostly due to land- use change caused by agriculture and con-
sequent habitat loss (Díaz et al. 2019). About half of Europe's 
surface area is currently used for agriculture (European 
Environment Agency  2019) and is increasingly intensified 
(Emmerson et al. 2016). Over the last decades, that has led to 
the decrease in diverse semi- natural habitats such as grassland 
patches, road and field verges, hedgerows and woody structures 
(Benton, Vickery, and Wilson  2003; Emmerson et  al.  2016). 
Such areas are important habitats for arthropods, such as wild 
bees or spiders, that provide important ecosystem services in 
farmlands, namely pollination or predation as invertebrate 
pest control on crops (Kaur et al. 2019; Krimmer et al. 2019). 
In addition, linear landscape elements such as road verges con-
nect the fragments of semi- natural habitat in otherwise highly 
converted landscapes (Kaur et  al.  2019; Batáry et  al.  2021). 
Preserving and promoting such habitats in farmlands is crucial 
to sustain biodiversity and food- providing ecosystem services 
(e.g., Finch 2020; Maas et al. 2021; Savage et al. 2021).

With the current UN Decade on Ecosystem Restoration, 
the need for additional semi- natural habitats in farmlands 
has been brought to international attention (UNGA  2019). 
The European Union's Biodiversity Strategy and the Nature 
Restoration Law pave the way to promote farmland biodiversity 
by re- establishing semi- natural habitats (Hermoso et al. 2022). 
Particularly, semi- natural grasslands are a prominent target of 
such efforts because of their high biodiversity value (Habel 
et al. 2013). Restored semi- natural grasslands (e.g., overseeded 
grassland set- asides, or newly created grasslands via sowing 
diverse wildflower seed mixtures) promote plant species rich-
ness and subsequently a diverse arthropod assemblage already 
shortly—although not necessarily immediately—after estab-
lishment (Hyvönen et  al.  2021; Hussain et  al.  2022; Dolezal, 
Esch, and MacDougall 2022; Bihaly et al. 2024). The success 
of such new semi- natural grasslands (e.g., wildflower fields) is 
generally higher when sowing high- diversity seed mixtures, 
although site history is an important determinant of estab-
lishment success (Kiehl et al. 2010; Török et al. 2011; Brandl 
et al. 2022) and plant species number may decrease over time 
due to natural succession (Hussain et al. 2022).

Arthropod groups differ in how they respond to the estab-
lishment of species- diverse semi- natural grasslands (e.g., 
sown wildflower fields) in farmlands. The primary produc-
ers, that is, plants are largely established because of direct 
seeding or/and emergence from the seed bank (Bossuyt and 
Honnay 2008; Kiehl et al. 2010; Török et al. 2011) and create 
habitat for other functional groups. Groups such as pollinators 
benefit directly from the flowers as food resources (Balzan, 
Bocci, and Moonen  2014). Other functional groups, such as 
predators, that are less dependent on abundant and diverse 
flower resources, may not be influenced directly by newly 
established fields, because they may find an adequate habi-
tat, for example, in grassy road verges in the landscape (Kaur 
et al. 2019; Maas et al. 2021).

In this paper, we aim to compare recently established, sown 
wildflower fields with permanent, semi- natural road verges 

and the adjacent crop fields in terms of their species numbers, 
individual numbers and assemblage compositions to reveal dif-
ferences between primary producers (i.e., plants), pollinators 
(i.e., bees and hoverflies—as major pollinators in the temperate 
zone (IPBES 2016; Klecka et al. 2018)) and predators (i.e., spi-
ders—as they are considered important predators (Nyffeler and 
Sunderland 2003)).

Similar studies were conducted in Western and northern 
Europe (e.g., Öckinger and Smith 2007; Li et al. 2020; Hussain 
et al. 2022), but largely lacking from East Central Europe, more 
specifically from the Pannonian region. This is an urgent issue 
as knowledge for each region is needed for the effective im-
plementation of the recently adopted EU's Nature Restoration 
Law. We aim to contribute to closing this knowledge gap with 
this study.

2   |   Methods

2.1   |   Study Area and Design

We selected eight landscape circles (r = 500 m; Concepción 
et  al.  2012; Grass et  al.  2020) in the Great Hungarian Plain, 
Central Hungary (Figure 1). The landscape is characterised by 
vast conventionally managed (ca. 100 kg N/ha on average) ag-
ricultural fields and alternating semi- natural grasslands and 
wetlands; arable land amounted to more than 40% of every 
landscape circle. Due to rotational agriculture, five different 
crops (alfalfa, barley, corn, sunflower and wheat, Table  A1) 
were around our wildflower fields (WFFs). We pooled the crop 
biodiversity data irrespective of which crop was there, as it was 
clearly distinct from the WFF and road verges where agrochem-
icals and soil tillage were not applied. The road verges in the 
area either consist of tree hedgerows or grassy margins just a 
few metres wide. Each landscape circle contains a 0.5 ha- sized 
(50 × 100 m) sown WFF in the middle. The fields were sown in 
early 2020 on the edge of former crop fields with a seed mixture 
of 32 local insect- visited flowering plant species (for a detailed 
list of sown species, see Appendix 1 in Báldi et al. 2022) that pro-
vide food resources over the whole vegetation period and habi-
tat for nesting, resting and mating for many animal taxa (Báldi 
et al. 2022).

2.2   |   Biodiversity Sampling

Within the landscape circles, we sampled the bee, hoverfly and 
spider assemblage and the vegetation within three habitat types, 
namely the WFFs, the existing road verges and inside the crop 
field surrounding a given WFF (Figure 1). We defined two tran-
sects in each habitat type:

1. In the WFF at 12.5 and 25 m from the crop field edge;

2. In the existing road verge at 100–200 m distance from the 
WFF, with the transects being in one line, separated by 
25 m. The road verge was at the same crop field in which 
the WFF is located; and.

3. Inside the crop field at 95 and 120 m away from the crop 
field edge—to avoid edge effect.
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We recorded vascular plant species number and cover on every 
transect of each habitat by using two 1 × 1 m quadrats (Martin 
et  al.  2021) per transect (at least 10 m apart). The survey took 
place in June 2022, as the plant diversity of our WFFs can be 
estimated the most reliably during that month. In each quadrat, 
we recorded all vascular plant species using Király (2009), the 
cover of each plant species, bare soil and litter, with a total cover 
of 100% (i.e., no multiple vegetation layers). Species with very 
small cover were noted with 0.01% cover. We used the non- crop 
plant species for the analyses and used species names according 
to The World Flora Online (http:// www. world flora online. org).

Bees (including wild bees and honeybees) and hoverflies 
were surveyed during transect walks of 50 m in length and 
an observation width of 1.5 m. During a net sampling time of 
7.5 min (handling time of specimens excluded), we aimed to 
capture all observed (foraging, flying or basking) individuals 
(except bumblebee queens and honeybees) with a sweep net 
for later identification. Captured bees and hoverflies from a 
given transect were pooled in vials containing 70% alcohol. 
Specimens which were neither successfully caught nor identi-
fied to the species level in the field were noted in broad cate-
gories such as ‘wild bee’, ‘bumblebee’ or ‘hoverfly’ (22.12% of 
bees at the early summer sampling occasion, 23.18% of bees at 
the mid- summer sampling occasion and 47.06% of hoverflies 
at the early summer sampling occasion). We also recorded 
information on the date and the location of the transect (i.e., 
landscape circle ID, transect ID, habitat type), measured tem-
perature [°C] and estimated cloud cover [%] before starting the 

sampling to verify that the sampling was conducted during 
favourable weather conditions (min. temperature 18°C, av-
erage 26°C, max. 34°C, not more than 5 m/s wind and min. 
0%, average 15%, max. 100% cloud cover). We sampled twice a 
year in 2022: early summer (late May—early June) and mid- 
summer (early August). We performed the survey at a time 
when the target taxa are most active: in early summer be-
tween 8:30 and 17:00 and in mid- summer between 7:00 and 
17:00. In case the temperatures were higher than 34°C in mid- 
summer, and the observed activity of the bees and hoverflies 
decreased, we suspended the work for that period (i.e., 13:00 
or 14:00). Specimens were identified to the species level in the 
lab by Zsolt Józan and Zoltán Soltész, using Móczár  (1957), 
Ebmer  (1969, 1971), Speight  (2020) and Tóth  (2011) as refer-
ence guides.

Spiders were caught by suction- sampling using a modified leaf 
blower (Stihl SH 86) where a gauze bag was fixed into its noz-
zle; the method was adapted from the BioBio project's protocol 
(Kovács- Hostyánszki et  al.  2013). We took five sub- samples 
per transect at least 20 m apart (exceeding the length of the 
pollinator transect). Each of the five sub- samples was taken 
within a 0.357 m internal diameter sample ring pre- placed on 
the target vegetation (total sampled area per transect: 0.5 m2). 
The suction nozzle was placed over and pushed into the veg-
etation and moved within the sample ring for 30 s. The five 
sub- samples were pooled in a polyethene zip- seal bag and 
filled with 70% alcohol. Later in the lab, they were stored in a 
freezer until sorting. We surveyed twice a year: in landscape 

FIGURE 1    |    Study location within Hungary and schematic setup of the study area. The wildflower field (WFF) is set up in the middle of the circle, 
with two transects at 12.5 m and 25 m from the road edge. Transects in the road verge were 100–200 m from the WFF, and those in the crop fields 
were 95 m and 120 m from the road edge. See the locations here. Satellite image from Google maps (No date). Available at: https:// www. Google. com/ 
maps/d/ edit? mid= 1Aot_ UHrCB p1g_ BCnBW 7pjCb GkojP 2RA& usp= sharing (Last accessed: 20 October 2024).
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circles with barley and wheat 3 and 10 weeks after dandelion 
(Taraxacum officinalis) was in bloom (early May and mid- 
June), and in landscape circles with corn, sunflower and 
alfalfa 6 and 20 weeks after dandelion bloom (late May and 
early September). Adult spiders were identified at the species 
level, while juvenile spiders (45.56% of all individuals) were 
identified at the family level. Heimer and Nentwig 1991 and 
Nentwig et  al.  (2023) were used as reference guides during 
identification.

2.3   |   Statistical Analysis

We used generalised linear mixed models (GLMM) with Poisson 
distribution to study the effect of the different habitat types on 
species and individual numbers; in the models landscape and 
transect IDs were nested random factors. In the case of vegeta-
tion cover, we applied beta distribution in the GLMM. We used 
Tukey's test to evaluate the significance of differences in species 
and individual/cover numbers for the three habitat groups. We 
included only the individuals identified to the species level for 
species number but included all individuals (i.e., observed- only 
bees, hoverflies, and juvenile and adult spiders) to the individ-
ual number. The two sampling rounds were analysed separately 
for bees, while data analysis of the second sampling round was 
impossible for hoverflies and spiders due to the low number of 
individuals.

We used the glmmTMB (‘1.1.8’, Brooks et  al.  2017) packages 
for modelling, the multcomp (‘1.4.25’, Hothorn, Bretz, and 
Westfall 2008) for post hoc Tukey test to know which habitat 
types were significantly different from each other, the tidyverse 
(‘2.0.0’, Wickham et  al.  2019) and dplyr (‘1.1.4’, Wickham 
et al. 2022) packages for data manipulation and ggplot2 (‘3.5.1’, 
Wickham  2016) and ggpubr (‘0.6.0’, Kassambara  2023) to vi-
sualise the number of species, individuals and the vegeta-
tion cover.

We performed PERMANOVA using zero- adjusted Bray- Curtis 
dissimilarities (the number of permutations was 999) to evalu-
ate the effect of habitat types on the assemblages of non- crop 
vegetation, bees, hoverflies and spiders. We also visualised the 
assemblage composition of different habitat types for non- crop 
vegetation, bees, hoverflies and spiders with non- metric mul-
tidimensional scaling (NMDS). Since we did not observe indi-
viduals on every transect, a dummy species with abundance = 1 
was added to all transects to facilitate the inclusion of blank or 
nearly empty transects (Clarke, Somerfield, and Chapman 2006; 
Borcard, Gillet, and Legendre  2018) and data points were jit-
tered for better visibility. We also added convex hulls to the fig-
ures to visualise the overlap between the three habitat types. 
To perform the NMDS, we used the following packages: vegan 
(‘2.6.4’, Oksanen et  al.  2022), labdsv (‘2.1.0’, Roberts  2023), 
TeachingDemos (‘2.13’, Snow  2024) and goeveg (‘0.7.5’, Goral 
and Schellenberg 2024).

Based on the average species composition in each taxon in 
each habitat type, we calculated the Bray–Curtis dissimilar-
ity (as a beta diversity index; see Schroeder and Jenkins 2018) 
for pairwise comparisons of habitat types (road verge—crop; 
WFF—crop; WFF—road verge) for non- crop vegetation, bees, 

hoverflies and spiders. Finally, we calculated the significance 
of difference in dissimilarity using the adonis function of the 
vegan package (‘2.6.4’, Oksanen et al. 2022).

We used the R statistical environment (version 4.4.0) to perform 
all the analyses.

3   |   Results

3.1   |   Primary Producers—Plants

The number of non- crop plant species was significantly dif-
ferent in the three habitats according to the GLMM (Tukey 
tests), with the crop field habitats having the lowest species 
numbers, followed by road verges and WFFs (all p < 0.001; 
Figure 2a; Table 1; Table A2). We found similar results for the 
cover percentages of non- crop plant species: the crop habitats 
were covered with only a few percent of non- cultivated plants, 
while in the WFF and the road verge habitats, the cover 
was significantly higher (all p < 0.001; Figure  2b; Table  1; 
Table  A2). The NMDS analysis showed that the assem-
blage composition of the three habitats is distinctly different 
(PERMANOVA: R2 = 0.36221, p = 0.001; Figure 2c; Figure A1, 
Table  A3). According to the Bray–Curtis dissimilarity, WFF 
and crop habitats were the most different in their plant assem-
blages, while WFF and road verge habitats were more similar 
(Table 2).

3.2   |   Pollinators—Wild and Honey Bees 
and Hoverflies

We found no significant differences in species numbers of 
bees (Figure 3a,d; Table 1; Table A2). We observed significant 
differences between the three habitats' individual numbers, 
with only a few bee individuals inside the crop fields, interme-
diate levels in the road verge habitat and highest in the WFF 
(Figure  3b,e; Table  1; Table  A2). In the early summer sam-
pling occasion, road verge and WFF habitats were different 
in their bee assemblage composition according to the NMDS 
(R2 = 0.4468, p- value = 0.001; Figure 3c; Table A3). In the later 
sampling session, the assemblages of the bees captured within 
the crop field overlapped with the assemblage of the road 
verge, and the assemblage of the road verge and WFF habi-
tats partially overlapped with each other, but still differed sig-
nificantly (R2 = 0.52732, p- value = 0.001; Figure 3f; Table A3). 
In terms of species compositions, the pairwise Bray–Curtis 
dissimilarities suggest a bigger difference between WFF and 
crop, and WFF and road- verges, while showing a smaller dis-
similarity between crop and road verge in both sampling oc-
casions (Table 2).

In early summer, we did not capture any hoverflies that could 
be identified at the species level in the crop habitats and only 
a few species were captured on the transects in the road verge 
and WFF habitats. We did not find any significant differences in 
either species (Figure 4a; Table 1; Table A2). Hoverfly individ-
ual numbers at the WFF habitats were significantly higher com-
pared to the crop habitats (Figure 4b; Table 1; Table A2). The 
NMDS plot showed some overlap between the road verge and 
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the WFF habitats‘hoverfly assemblage composition at the ear-
lier sampling occasion (PERMANOVA: R2 = 0.37678, p = 0.003; 
Figure 4c, Table A3). In terms of species compositions, the road 
verges and the WFF habitats were similar, as the pairwise Bray–
Curtis dissimilarity suggests (Table 2). The number of species 
and individuals captured and observed during the second sam-
pling round was too low to use in a robust statistical analysis and 
to have a reliable conclusion.

3.3   |   Predators—Spiders

According to the Tukey test, the number of spider species 
was similar in the three habitats (Figure  5a; Tables  1 and 2). 
However, we found a significantly lower number of individuals 
(Figure  5b; Table  1; Table  A2) at the crop and the WFF habi-
tats compared to the road verges in the early summer sampling. 
This could also be observed in the spider assemblage compo-
sition, where the crop and WFF differed from the road verge 
(R2 = 0.19178, p = 0.002; Figure 5c; Table A3). In terms of species 
compositions, the pairwise Bray- Curtis dissimilarities suggest a 
bigger difference between road verge and crop, and WFF and 
road verge, while showing a smaller dissimilarity between crop 
and WFF (Table 2). Due to the high number of juvenile individu-
als that could not be identified at the species level, the data from 
the second sampling round was omitted.

4   |   Discussion

In this study, we aimed to compare different habitat types 
regarding their functional group composition in farmlands. 

We collected data during 1 year, once for vegetation during 
peak flowering time and twice for arthropods, which raises 
the uncertainty resulting from large annual variability of 
arthropod populations. We acknowledge the limitation of a 
1 year study, but as we found evidence that the communities 
inhabiting crop fields, road verges or WFFs are distinguished 
from each other, our conclusions can be regarded as valid. 
We can offer a snapshot into the restoration process 2 years 
after the establishment of the WFFs that turned a species- 
poor arable field into a new grassland rich in forbs. We also 
recognise the issue of botanical sampling, as vegetation data 
is based on rather few 1 × 1 m quadrats per landscape circle. 
However, the observed pattern of plants is robust, and fits to 
field observations, thus is an appropriate method to predict 
plant and related insect assemblages in future restoration 
efforts. According to our results, crop fields are not suitable 
habitats for the investigated functional groups because they 
do not find their required resources and nesting places; how-
ever crop fields heavily depend on the ecosystem services of 
these functional groups, thus the existing or newly created 
surrounding semi- natural habitats (i.e., road verge, WFF) are 
important parts of the agricultural landscapes. The combina-
tion of these habitats is important since the demands of dif-
ferent functional groups are met in dissimilar ways: we found 
that pollinators (bees and hoverflies) and predators (spiders) 
did not favour the same habitat types. While pollinators pre-
ferred the flower- rich wildflower fields, predators were more 
abundant in the densely vegetated road verges. We also found 
that the different habitats had mostly non- overlapping species 
composition (especially non- crop vegetation, bees in the early 
summer sampling occasion and spiders), suggesting fine spa-
tial scale differences within the taxa.

FIGURE 2    |    Results of the non- crop plant (a) species number, (b) cover percentages and (c) assemblage composition. The colourful crosses (×) 
in (a) and (b) show the species number and vegetation cover in each of the eight landscape plots separated by habitat types (mean ± SD); full circles 
crosses are jittered to increase visibility. Letters A, B and C above the boxplots in subplots (a) and (b) indicate significant differences according to the 
Tukey test. In (c), the observed species are abbreviated with the first four letters of their genus name and the first four letters of their species name—a 
list of species names and their abbreviations can be found in the Appendix Dataset; sampling sites are represented by colourful crosses (×); species 
names and crosses are jittered for better visibility. R2 and p- value of the PERMANOVA and stress value of the NMDS are indicated in the top right 
corner. For better visibility, the NMDS subplot can be found in the Appendix in a separated, enlarged form (Figure A1).
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4.1   |   Primary Producers—Plants

Unsurprisingly, the crop fields were the most species- poor 
habitat type in terms of plant species due to the frequent soil 
ploughing, the subsequent crop rotation and herbicide treat-
ments. Non- crop plant species are regularly eradicated in 
intensive agriculture as they may host crop pests (Kumar, 
Bhowmick, and Ray  2021) and are considered weeds poten-
tially interfering with crop growth (Gallandt and Weiner 2015; 
Korav et al. 2018). Road verges are valuable semi- natural habi-
tats in farmland landscapes due to their connectivity function 
(Phillips et al. 2020; Dániel- Ferreira et al. 2022) and important 

abiding habitat in an otherwise impoverished arable sur-
rounding (Phillips et al. 2020). In our study, we found these 
road verges to mainly consist of a few plant species, such as 
grasses and weedy, generalist and ruderal species, with few 
flower resources. That is in strong contrast to the sown WFFs, 
where we found more specialists (according to the definition of 
Borhidi (1995) and Horváth et al. (1995)), including sown plant 
species, but even more species that had emerged from the soil 
seed bank or dispersed into the fields (Malo and Suárez 1995). 
Continued management, such as mowing, will be needed for a 
sustained diverse habitat (Báldi, Batáry, and Kleijn 2013; Kiss 
et al. 2017). The number of plant species in the WFF habitat 

TABLE 1    |    Summary statistics of the generalised linear mixed models (GLMMs) evaluating the relationship between species or individual 
numbers or cover and different habitat types (semi- natural road verge, crop field, sown wildflower field [WFF]) for non- crop vegetation, bees, 
hoverflies and spiders at the early and mid- summer sampling occasions. Significant p- values are in bold.

Explanatory variables Estimate SE Z p

Vegetation, early summer
species number

Intercept (crop) 1.4028 0.1280 10.9564 < 0.0001

Road verge 0.9183 0.1501 6.1184 < 0.0001

WFF 1.6447 0.1391 11.8200 < 0.0001

Vegetation, early summer
cover

Intercept (crop) −3.6572 0.4093 −8.9360 < 0.0001

Road verge 6.1479 0.5578 11.0218 < 0.0001

WFF 5.4526 0.5216 10.4547 < 0.0001

Bees, early summer
species number

Intercept (crop) < 0.0001 1.0000 < 0.0001 1.0000

Road verge 0.4055 1.0541 0.3847 0.7005

WFF 1.0986 1.0104 1.0873 0.2769

Bees, early summer
individual number

Intercept (crop) −1.0576 0.4900 −2.1582 0.0309

Road verge 1.5053 0.5117 2.9420 0.0033

WFF 3.2198 0.4783 6.7312 < 0.0001

Bees, mid- summer
species number

Intercept (crop) 0.2877 0.5000 0.5754 0.5650

Road verge 0.3409 0.5627 0.6058 0.5446

WFF 0.6286 0.5244 1.1987 0.2306

Bees, mid- summer
individual number

Intercept (crop) −1.3430 0.4927 −2.7255 0.0064

Road verge 2.1946 0.5623 3.9027 0.0001

WFF 3.3140 0.5446 6.0852 < 0.0001

Hoverflies, early summer
species number

Intercept (road verge) < 0.0001 0.5000 < 0.0001 1.0000

WFF 0.2624 0.5718 0.4589 0.6463

Hoverflies, early summer
individual number

Intercept (crop) −1.1186 0.5107 −2.1902 0.0285

Road verge 1.1241 0.6054 1.8568 0.0633

WFF 1.8438 0.5495 3.3552 0.0008

Spiders, early summer
species number

Intercept (crop) 0.2346 0.6101 0.384 0.701

Road verge 0.7714 0.6063 1.272 0.203

WFF −0.1279 1.3108 −0.098 0.922

Spiders, early summer
individual number

Intercept (crop) −1.2687 0.5599 −2.2661 0.0234

Road verge 2.2185 0.5781 3.8379 0.0001

WFF 0.0513 0.6642 0.0772 0.9385
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was the highest and may therefore support more diverse and 
complex insect assemblages (Ebeling et  al.  2018). The three 
habitat types had distinct plant assemblages that supported 
separate pollinator and predator assemblages, a finding which 
concurs with previous studies (Schaffers et al. 2008; Hussain 
et al. 2021; Brandl et al. 2022).

Species associated with the crop habitat were mostly weeds (clas-
sification after Borhidi  (1995)), while the road verges mainly 
hosted disturbance tolerants. The WFFs were characterised by 
natural pioneers and stress tolerants for the seeded and naturally 
appearing species.

4.2   |   Pollinators—Wild and Honey Bees 
and Hoverflies

We observed rather few bees and hoverflies inside the crop field, 
although some species of the latter lay eggs close to aphid col-
onies (Almohamad et  al.  2007; Almohamad, Verheggen, and 
Haubruge 2009; Miličić et al. 2021; Vujanović et al. 2023) and 
are considered an important pest control (and pollinator) agent 
(Almohamad et  al.  2007; Rodríguez- Gasol et  al.  2020). Since 
most crops in our study area were wind- pollinated, it might 
not surprise to observe only a few pollinators, although honey 
bees have been shown to forage on maize pollen, among others 
(Danner, Härtel, and Steffan- Dewenter 2014). In the road verges, 
bees were significantly less abundant than in the WFFs, which 
can be explained by the wide array of pollinator- friendly plant 
species in the latter and the low number of herbs in the verges 

(Albrecht et al. 2020; Threadgill et al. 2020; Wen et al. 2022). A 
further reason might be the higher percentage of bare soil in the 
WFFs, which ground- nesting bees may profit from for nesting 
(Gardein et al. 2022). We observed a similar pattern for hoverfly 
species numbers, although individual numbers did not signifi-
cantly differ between road verges and WFFs. This observation is 
supposedly due to a preference for areas with higher plant den-
sity (Dániel- Ferreira et al. 2022) and shelter from predators or—
for larvae—the provision of additional food resources in road 
verges (Sutherland, Sullivan, and Poppy  2001). Therefore, we 
conclude that the pollinator groups do not benefit equally from 
newly established wildflower fields, but for hoverflies, perma-
nent semi- natural grasslands such as road verges may be more 
important. Pairwise Bray–Curtis dissimilarities were the lowest 
among crops and road verges, indicating higher similarity in 
terms of their bee assemblages (Table 2).

4.3   |   Predators—Spiders

Although spiders are considered important pest control 
agents in farmland (Nyffeler and Sunderland 2003; Michalko 
et  al.  2019), we found only a few spiders in the crop fields 
(e.g., Agyneta rurestris, Trichoncoides piscator, Xysticus 
kochi). This may be due to regular ploughing that recurrently 
erases the spider populations (and their prey) in the crop 
fields (Schneider, Krauss, and Steffan- Dewenter  2013; Plath 
et  al.  2021), meaning that the road verges could become re-
fugia in the absence of more natural habitat. The varied and 
dense vegetation structure provided by the road verge habitat 
can be an important benefit for spiders (Balzan, Bocci, and 
Moonen 2014; Plath et al. 2021; Mei et al. 2021). Surprisingly, 
the WFFs hosted only a few spiders, supposedly because the 
time since the establishment of the field was insufficient for 
them to occupy the new habitat (Maas et  al.  2021; Hussain 
et al. 2021) or because the vegetation is not yet dense enough 
to provide optimal habitat (McDonald 2007). WFFs have the 
potential to provide additional resources to predators, such as 
undisturbed overwintering and reproductional sites and in-
creased prey resources (Hoffmann et al. 2021; Mei et al. 2021; 
Plath et al. 2021), but some of these are also provided by road 
verges. Furthermore, sown WFFs enhance pest control in the 
adjacent or surrounding agriculturally managed fields, as not 
only spiders but other pest control agent groups are also pro-
moted (Blaauw and Isaacs 2012; Albrecht et al. 2020; Bischoff 
et al. 2022; but see Török et al. 2021).

We found generalist grassland spider species in the road verge 
habitats (e.g., Aulonia albimana; Talavera aequipes) and dis-
turbance tolerant agrobiont species (i.e., that reach high dom-
inance in agroecosystems; Samu and Szinetár  2002) inside 
the crop fields (e.g., Agyneta rurestris). The latter use road 
verges as overwintering sites when the crop fields lay bare. 
Our WFFs may be similar to the crop field in that they are rel-
atively newly established and do not have a complex vertical 
structure yet. We expect that spiders will increasingly use the 
WFFs habitats within a few years because the WFFs will be-
come more similar to the road verges—currently, their assem-
blage composition is already moderately similar (Table 2)—as 
grass species will colonise the WFFs and more vertical struc-
tures will develop.

TABLE 2    |    Bray- Curtis dissimilarities of pairwise comparisons of 
non- crop vegetation, bees, hoverflies, and spiders in three habitat types 
(semi- natural road verge, crop field, sown wildflower field [WFF]) in an 
agricultural landscape. A higher value indicates a bigger dissimilarity, 
that is, a bigger difference between two habitats. Values can be between 
0 (no difference) and 1 (complete difference).

Pairwise 
comparison

Bray–Curtis 
dissimilarity

Vegetation, early 
summer

road verge – crop 0.7152

WFF – crop 0.8069

WFF—road verge 0.7417

Bees, early summer road verge—crop 0.3043

WFF—crop 0.8298

WFF—road verge 0.8000

Bees, mid- summer road verge—crop 0.4839

WFF—crop 0.7946

WFF – road verge 0.7488

Hoverflies, early 
summer

WFF – road verge 0.3200

Spiders, early 
summer

road verge – crop 0.5556

WFF – crop 0.1500

WFF – road verge 0.5152
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4.4   |   The Broader Context

Our results suggest no habitat fits all, and a diversity of habitat 
types is key if different functional groups are to be supported 
(Balzan, Bocci, and Moonen 2014; Gayer et al. 2021; Hussain 
et al. 2022). Furthermore, our results show similar patterns for 
the studied insect groups as in other agricultural systems in 
western and northern Europe. In conclusion and beyond our 
results, there is massive evidence of the beneficial role of non- 
crop habitats in supporting a wide range of essential ecosys-
tem service providers and biodiversity (e.g., Haaland, Naisbit, 
and Bersier 2011; Balzan, Bocci, and Moonen  2014; Dolezal, 

Esch, and MacDougall  2022). Our study showed, however, 
that different non- crop habitats support different functional 
groups; thus the ecology of the different targeted functional 
groups should be taken into account when planning effective 
conservation and restoration (Holl and Aide 2010). Beyond di-
versity protection per se, the maintenance of ecosystem func-
tioning also requires a diversity of habitats on the landscape. 
Such knowledge will be valuable input for the implementa-
tion of the EU's Nature Restoration Law by member states 
when agricultural landscapes and pollinators are targeted, 
and more broadly to the transformation of agriculture (Báldi 
et al. 2023). Note, however, that due to large yearly variations 

FIGURE 3    |    Results of the bee (a) species number, (b) individual number, (c) assemblage composition in early summer and mid- summer (d, e, f), 
respectively. The crosses (×) in (a) and (b) show the number of species and individuals in each of the eight landscape plots separated by habitat types 
(mean ± SD); crosses are jittered to increase visibility. Letters A, B and C above the boxplots in subplots (a) and (b) indicate significant differences 
according to the Tukey test. In (c), the observed species are noted by the first four letters of their genus name and the first four letters of their species 
name—a list of species names and their abbreviations can be found in Appendix Dataset; sampling sites are represented by colourful crosses (×); 
species names and crosses are jittered for better visibility. R2 and p- value of the PERMANOVA and stress value of the NMDS are indicated in the top 
right corner. Note that only individuals identified at the species level were included in the species number and NMDS indices, while all observed 
individuals were included in the abundance indices.
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in arthropod abundance, and the diversity of farm systems 
across Europe, these results need to be validated locally be-
fore applying to the design of local or regional multifunctional 

landscapes. Thus, we encourage further research to help fill 
the knowledge gaps, especially in East Central European 
landscapes.

FIGURE 4    |    Results of the hoverfly (a) species number, (b) individual number, (c) assemblage composition in early summer. The colourful crosses 
(×) in (a) and (b) show the number of species and individuals in each of the eight landscape plots separated by habitat types (mean ± SD); crosses are 
jittered to increase visibility. Letters A and B above the boxplots in subplots (a) and (b) indicate significant differences according to the Tukey test. In 
(c), the observed species are noted by the first four letters of their genus name and the first four letters of their species name—a list of species names 
and their abbreviations can be found in Appendix Dataset; sampling sites are represented by colourful crosses (×); species names and crosses are 
jittered for better visibility. R2 and p- value of the PERMANOVA and stress value of the NMDS are indicated in the top right corner. Note that only 
individuals identified at the species level were included in the species number and NMDS indices, while all observed individuals were included in 
the abundance indices.

FIGURE 5    |    Results of the spider (a) species number, (b) individual number, (c) assemblage composition in early summer. The colourful crosses 
(×) in (a) and (b) show the number of species and individuals in each of the eight landscape plots separated by habitat types (mean ± SD); crosses are 
jittered to increase visibility. Letters A and B above the boxplots in subplots (a) and (b) indicate significant differences according to the Tukey test. In 
(c), the observed species are noted by the first four letters of their genus name and the first four letters of their species name—a list of species names 
and their abbreviations can be found in Appendix Dataset; sampling sites are represented by colourful crosses (×); species names and crosses are 
jittered for better visibility. R2 and p- value of the PERMANOVA, and stress value of the NMDS are indicated in the top right corner. Note that only 
individuals identified at the species level were included in the species number and NMDS indices, while all observed individuals were included in 
the abundance indices.
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Appendix A

TABLE A1    |    List of crop species cultivated at different fields, with 
their size in hectares.

Field number Crop species Field size (ha)

1 Corn 157.55

2 Barley 60.75

3 Wheat 50.68

4 Alfalfa 50.52

5 Corn 232.97

6 Barley 108.14

7 Barley 55.97

8 Sunflower 72.02

TABLE A2    |    Summary statistics of the Tukey test evaluating the 
relationship between species or individual number or cover and different 
habitat types (semi- natural road verge, crop field, sown wildflower field 
[WFF]) for non- crop vegetation, bees, hoverflies and spiders at the early 
and mid- summer sampling occasions. Significant p- values are in bold.

Estimate SE Z p

Vegetation, early summer species number

Road verge 
– crop

0.9183 0.1501 6.1180 < 1e- 04

WFF – crop 1.6447 0.1391 11.8200 < 1e- 09

WFF – road 
verge

0.7263 0.0954 7.6130 < 1e- 09

Vegetation, early summer cover

Road verge 
– crop

6.1479 0.5578 11.0220 < 1e- 04

WFF – crop 5.4526 0.5216 10.4550 < 1e- 04

WFF – road 
verge

−0.6952 0.4045 −1.7190 0.1950

Bees, early summer species number

Road verge 
– crop

0.4055 1.0541 0.3850 0.9160

WFF – crop 1.0986 1.0104 1.0870 0.5000

WFF – road 
verge

0.6931 0.3632 1.9080 0.1230

Bees, early summer individual number

Road verge 
– crop

1.5053 0.5117 2.9420 0.0086

WFF – crop 3.2198 0.4783 6.7310 < 1e- 04

(Continues)

Estimate SE Z p

WFF – road 
verge

1.7145 0.2899 5.9140 < 1e- 04

Bees, mid- summer species number

Road verge 
– crop

0.3409 0.5627 0.6060 0.8110

WFF – crop 0.6286 0.5244 1.1990 0.4420

WFF – road 
verge

0.2877 0.3028 0.9500 0.5970

Bees, mid- summer individual number

Road verge 
– crop

2.1946 0.5623 3.9030 0.0003

WFF – crop 3.3140 0.5446 6.0850 < 1e- 04

WFF – road 
verge

1.1194 0.3795 2.9500 0.0086

Hoverflies, early summer species number

WFF – road 
verge

0.2624 0.5718 0.4590 0.6460

Hoverflies, early summer individual number

Road verge 
– crop

1.1241 0.6054 1.8570 0.1474

WFF – crop 1.8438 0.5495 3.3550 0.0022

WFF – road 
verge

0.7197 0.4093 1.7580 0.1793

Spiders, early summer species number

Road verge 
– crop

0.7714 0.6063 1.2720 0.3840

WFF – crop −0.1279 1.3108 −0.0980 0.9940

WFF – road 
verge

−0.8992 1.0845 −0.8290 0.6620

Spiders, early summer individual number

Road verge 
– crop

2.2185 0.5781 3.8380 0.0004

WFF – crop 0.0513 0.6642 0.0770 0.9967

WFF – road 
verge

−2.1672 0.5626 −3.8520 0.0003

TABLE A2    |    (Continued)
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TABLE A3    |    NMDS model results from analysing the assemblage 
composition for non- crop vegetation, bees, hoverflies and spiders at the 
early and mid- summer sampling occasions. Significant p- values are in bold.

df
Sum of 
squares R2 F p

Vegetation, early summer

Model 2 2.9642 0.3622 5.963 0.001

Residual 21 5.2195 0.6378

Total 23 8.1836 1.0000

Bees, early summer

Model 2 1.8080 0.4468 8.480 0.001

Residual 21 2.2387 0.5532

Total 23 4.0467 1.0000

Bees, mid- summer

Model 2 2.3723 0.5273 11.714 0.001

Residual 21 2.1265 0.4727

Total 23 4.4987 1.0000

Hoverflies, early summer

Model 2 0.2972 0.3768 6.348 0.003

Residual 21 0.4915 0.6232

Total 23 0.7887 1.0000

Spiders, early summer

Model 2 0.3630 0.1918 2.491 0.002

Residual 21 1.5297 0.8082

Total 23 1.8927 1.0000

FIGURE A1    |    Results of the non- crop plant assemblage composition. The observed species are abbreviated with the first four letters of their genus 
name and the first four letters of their species name – a list of species names and their abbreviations can be found in Appendix Dataset S1; sampling 
sites are represented by colourful crosses (×); species names and crosses are jittered for better visibility. R2 and p- value of the PERMANOVA and 
stress value of the NMDS are indicated in the top right corner.
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