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INTRODUCTION

Biodiversity is declining worldwide and intensified agri-
cultural practices are considered to be one of the major 
drivers of this decline (IPBS,  2019). On the one hand, 
intensified management practices, such as increased 
fertiliser and pesticide inputs, have reduced biodiver-
sity (Kleijn et al., 2009). On the other hand, to facilitate 
management, semi- natural landscape elements have 
been removed (Benton et al., 2003), which has simplified 
landscape complexity with negative consequences for 
biodiversity (Clough et al., 2014; Le Provost et al., 2021).

To counteract the negative effects of intensified ag-
ricultural practices on biodiversity, various conser-
vation measures were implemented. However, despite 

considerable efforts, we continue to lose farmland 
species (Díaz et al.,  2019). As most previous efforts to 
conserve farmland biodiversity focused on biodiver-
sity at local scale (i.e. biodiversity measured on a field 
patch), there is growing consensus that conservation 
efforts should additionally incorporate processes that 
affect farmland biodiversity at a larger scale (Ekroos 
et al., 2016). Accordingly, several recent studies called for 
conservation measures being designed form a landscape 
perspective (Landis,  2017; Tscharntke et al.,  2021). To 
meet these calls, knowledge on how intensified agricul-
tural practices and other factors affect farmland biodi-
versity at the landscape scale are needed. Yet, studies on 
farmland biodiversity at the landscape scale are rare (but 
see Bennett et al., 2006; Billeter et al., 2007; Hendrickx 
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Abstract

To stop the ongoing decline of farmland biodiversity there are increasing claims for 

a paradigm shift in agriculture, namely from conserving and restoring farmland 

biodiversity at field scale (α- diversity) to doing it at landscape scale (γ- diversity). 

However, knowledge on factors driving farmland γ- diversity is currently limited. 

Here, we quantified farmland γ- diversity in 123 landscapes and analysed direct and 

indirect effects of abiotic and land- use factors shaping it using structural equation 

models. The direction and strength of effects of factors shaping γ- diversity were 

only partially consistent with what is known about factors shaping α- diversity, 

and indirect effects were often stronger than direct effects or even opposite. Thus, 

relationships between factors shaping α- diversity cannot simply be up- scaled to γ- 

diversity, and also indirect effects should no longer be neglected. Finally, we show 

that local mitigation measures benefit farmland γ- diversity at landscape scale and 

are therefore a useful tool for designing biodiversity- friendly landscapes.
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et al., 2007; Duflot et al., 2017; Zingg et al., 2019). Further, 
these studies, to the best of our knowledge, focus on the 
direct effects of drivers of farmland biodiversity only 
and neglect indirect effects.

Diversity at the landscape scale can be defined as 
γ- diversity (Lecoq et al.,  2022), which is shaped by the 
local- scale biodiversity measured on a field patch (i.e.  
α- diversity), and the variation in species composition be-
tween different field patches (i.e. β- diversity). According 
to theory, α- diversity is largely determined by local abi-
otic conditions, land use and biotic interactions, as well 
as by landscape factors (e.g. Concepción et al.,  2012). 
In contrast, β- diversity is largely determined by the di-
versity of resources and microclimates in a landscape 
(Mori et al., 2018). Accordingly, γ- diversity is most likely 
affected by all those factors, suggesting that the impor-
tance of factors known to affect farmland biodiversity 
varies between α-  and γ- diversity. This idea is supported 
by for example Gossner et al. (2016), who found a moder-
ate increase in land- use intensity to have a weak effect on 
α- diversity of belowground taxa, but to strongly reduce 
β- diversity.

As factors may affect α-  and γ- diversity differently, 
local- scale management efforts to conserve and pro-
mote α- diversity might even have negative effects on 
γ- diversity. For example it is widely agreed that crop het-
erogeneity, which is increased either spatially (Alarcón- 
Segura et al.,  2022; Sirami et al.,  2019) or temporally 
(Marja et al.,  2018), benefits biodiversity (Alignier 
et al.,  2020; Tscharntke et al.,  2021). However, agri- 
environmental schemes that aim to promote farmland 
biodiversity currently largely ignore the benefits of in-
creased heterogeneity, probably because they largely 
focus on α- diversity. Key elements of agri- environmental 
schemes are ecological focus areas (EFAs), i.e.  patches 
on which low- intensity, biodiversity- friendly manage-
ment is prescribed. Depending on the EFA type, they are 
non- productive set- aside sites or fields that provide less 
yield, but harbour generally more biodiversity compared 
to conventionally managed sites (Batáry et al.,  2015; 
Boetzl et al., 2021; Kleijn et al., 2006; Knop et al., 2006). 
At landscape scale, however, the strict and uniform EFA 
management that is not designed from a landscape per-
spective, could lead to a decrease in the diversity of hab-
itats in a landscape, resulting in fewer different niches 
available, which might have negative effects on farmland 
γ- diversity as it was suggested by Benton et al. (2003). To 
date, to our knowledge, we do not know whether this is 
indeed the case.

Here, we have examined the strength and direction 
of the direct and indirect effects of factors, which are 
known to affect the farmland α-  and/or β- diversity, on 
farmland γ- diversity (Figure 1, see Supplementary 1 for 
detailed expectations). We focused on factors represent-
ing abiotic conditions, such as topography or climate, 
and on factors related to land use, such as land- use type, 
land- use intensity, conservation measures (i.e. EFAs) 

and landscape heterogeneity (i.e. landscape composition 
and configuration). To disentangle the causal structure, 
we built structural equation models (SEM; Grace, 2006) 
based on a large dataset on plants, butterflies and birds 
collected in the farmland of 123 investigation squares 
of 1 km2 each, evenly distributed over a large gradient 
of abiotic and land- use conditions in Switzerland. For 
quantifying farmland γ- diversity, we calculated an over-
all diversity measure, namely species richness per inves-
tigation square across different taxonomic groups (i.e. 
multitrophic species richness, MSR). We did so to assess 
the overall effect of factors on species diversity while 
being aware that the responses of individual taxa can 
differ (Allan et al., 2014). Additionally, to obtain a better 
mechanistic understanding of the underlying processes, 
as they are expected to respond distinctly to land- use 
factors (Gámez- Virués et al., 2015; Perović et al., 2015), 
we calculated a trait- specific farmland γ- diversity, that 
is the number of individuals per investigation square 
within specific trait groups. We classified plants regard-
ing their dispersal ability, butterflies regarding their 
feeding specialisation, and birds regarding their migra-
tion behaviour. Species of a sessile taxa group like plants 
that are particularly limited in their dispersal ability may 
be especially sensitive to disturbances and the spatial ar-
rangement of landscape features (e.g. Fahrig et al., 2011). 
More mobile species, however, may hardly shift to alter-
native habitats due to high feeding specialisation as in 
the case of certain butterflies, or migration- limited birds 
require a large number of different habitats within the 
landscape, especially during wintertime (Tscharntke 
et al., 2012; Weibull et al., 2003). As we recorded the di-
versity of our organisms at the landscape scale, we an-
alysed γ- diversity, compared the results to patterns of 
α-  and β- diversity known from literature, and specif-
ically asked the following questions (i) how do factors 
related to abiotic conditions and land use directly and 
indirectly affect landscape- scale MSR, and (ii) how do 
these relationships vary across specific trait groups with 
specific requirements, in particular requirements related 
to dispersal, food and overwintering?

M ETHODS

Study area

The study area was the Swiss farmland (45°81́   N– 
47°81́  N, 5°57′  E– 10°49′  E; ~41.000 km2; Figure 2), which 
showed a strong species loss in the last decades (Bühler 
& Roth, 2011). Meadows and pastures (~58%) and arable 
land (~38%) accounted for the largest share of farmland, 
while orchards, vineyards and other uses accounted 
for only a small share (Bundesamt für Landwirtschaft 
BLW, 2021).

Within the study area, we examined 123 investiga-
tion squares of each 1 km2 (Figure 2). They were evenly 
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2424 |   FACTORS DRIVING BIODIVERSITY IN LANDSCAPES

distributed across a large gradient of abiotic conditions 
and land use. Within the investigation squares, we inves-
tigated exclusively the farmland by excluding buildings, 
settlement area, forest, water bodies, glaciers and rocks 
(Swisstopo, 2021).

Species data and metrics for farmland 
γ- diversity

Species surveys of vascular plants, butterflies, and birds 
were done in the same year and conducted between 2015 

and 2019. During this 5- year period, each investigation 
square was visited once.

Data on vascular plant species were obtained from 
the ‘Swiss farmland biodiversity monitoring program’ 
(www.allema.ch). In each investigation square, first veg-
etation types were determined within 10 m2 circular plots 
on a 50 × 50 m sampling grid (Figure 2), then on average 
19 of these grid plots per investigation square were se-
lected so that the frequency of their vegetation types was 
inversely proportional to the frequency of the vegetation 
types in the study area. On those plots (further referred 
to as vegetation plots), all vascular plant species and 

F I G U R E  1  Hypothetical structural equation models (SEMs) representing hypothesised direct and indirect effects of abiotic conditions 
and land use (i.e. land- use type, land- use intensity, ecological focus areas (EFAs) and landscape heterogeneity) on farmland γ- diversity (i.e. 
multitrophic species richness (black), dispersal- limited plants (green), food- specialised butterflies (red) and migration- limited birds (yellow)). 
Grey arrows indicate indirect pathways which do not differ for the individual components of farmland γ- diversity. See supplementary 1 for the 
description of the individual expectations on direct and indirect relations.
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their percentage cover were determined once at the peak 
of flowering in the year of survey. Invasive plant species 
were also recorded, but these were only found on 2% of 
the vegetation plots and therefore not specially treated in 
the analyses.

Data on butterfly species (i.e. Hesperiidae, Lycaenidae, 
Nymphalidae, Papilionidae and Pieridae) were obtained 
from the ‘Swiss Biodiversity Monitoring’ (www.biodi 
versi tymon itori ng.ch). Each investigation square was 
surveyed along a 2.5 km transect (width 10 m) at seven 
time points during the year of survey. During the sur-
vey, the identity of all observed butterfly species and 
the coordinates of their position were recorded. For our 

analyses, we included all observations within the farm-
land (Figure 2).

Bird data originated from the common breeding bird 
survey of the Swiss Ornithological Institute (www.vogel 
warte.ch). Each investigation square was surveyed at 
three time points in the year of recording. Based on the 
individual observations of the birds, ornithologists de-
lineated the breeding bird territories and indicated the 
number of individuals per territory. For our analyses, all 
territories were included which had their centroid within 
the farmland (Figure 2).

As a metric for overall farmland γ- diversity, we esti-
mated the number of plant, butterfly and bird species 

F I G U R E  2  The location of the study area in Europe and the 123 1- km2 investigation squares within the study area (a). Sampling of 
farmland within an exemplary investigation square in terms of (b) vegetation types and plant species on a sampling grid, (c) butterfly 
occurrences along transects and (d) bird territories across the entire area.

(a)

(b) (c) (d)
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in the farmland of each investigation square, and then 
calculated the multitrophic species richness (MSR) 
across all taxonomic groups (Allan et al., 2014). For this 
purpose, the species richness values of each taxonomic 
group were first z- standardised (i.e. by subtracting the 
mean and dividing by the standard deviation), and then 
the mean of these standardised values was calculated.

The abundances of species with specific traits related 
to dispersal, food and overwintering were analysed to 
gain a better mechanistic understanding of the factors 
driving farmland γ- diversity, as they are expected to re-
spond differently to abiotic conditions and land use. We 
used plants to investigate effects from dispersal limita-
tion. Non- dispersal- limited plants were defined as spe-
cies that disperse primarily by long- distance dispersal 
through anthropochory, dyszoochory, endozoochory, 
epizoochory, trichometeorochory and cystometeoro-
chory (Landolt et al., 2010; Vittoz & Engler, 2007), while 
dispersal- limited plants were defined as plant species 
that exhibit other dispersal modes (see Table S0). Based 
on this classification, we calculated the percentage 
cover of (non- )dispersal- limited plants by summing the 
percentage cover of (non- )dispersal- limited plants per 
vegetation plot, and then calculating the mean of the 
vegetation plot values per investigation square. We used 
butterflies to investigate effects from food specialisation. 
Food- specialised butterfly species were defined as spe-
cies that feed as caterpillars on one single plant species, 
several plant species of one genus or several plant species 
of one family (i.e. monophagous to oligophagous; Fauna 
Indicativa, http://www.cscf.ch/cscf/de/home/proje kte/
fauna - indic ativa.html). The remaining species were de-
fined as food- non- specialised butterflies (see Table S0). 
Based on these traits, we calculated the abundance of 
food- (non- )specialised butterflies by summing the num-
ber of individuals from food- (non- )specialised species 
per investigation square. We used birds to investigate 
effects from wintering requirements. Migration- limited 
bird species were defined as species that are resident 
(Storchová & Hořák,  2018), all others were defined as 
migratory (see Table  S0). Based on this classification, 
we calculated the abundance of migration- limited (or 
migratory) birds by summing the number of individuals 
from migration- limited (or migratory) species per inves-
tigation square.

The species richness values of the individual com-
ponents of MSR were each strongly correlated (>0.6), 
whereas the abundances of individuals with specific 
traits were only weakly correlated with each other and 
with MSR (<0.6) (Table S1). All metrics were generated 
using R version 4.1.2 (R Core Team, 2021).

Data on abiotic condition and land use

As drivers of farmland γ- diversity, we tested abi-
otic and land- use variables that have been shown to 

explain spatial patterns of α-  and/or β- diversity, and 
thus possibly explain farmland γ- diversity (Table  S3). 
Only variables with a Pearson correlation of |rp| < 0.6 
and a Variance Inflation Factor <5 in relation to the 
farmland γ- diversity metrics were selected to reduce 
multicollinearity (Table  1, Table  S2). An exception 
was made for slope and LUI index, which were cor-
related with rp  = −0.8 (Table  S2), therefore slope was 
only used as an explanatory variable of the LUI index, 
but was omitted in the other paths. Abiotic conditions 
were described with a 25 m grid resolution by slope (°) 
(Swisstopo, 2005), yearly precipitation days (d) and an-
nual degree- days using a 0°C threshold (°C*d) (Hijmans 
et al., 2005; Zimmermann & Kienast, 1999). To charac-
terise land use, shares of land- use types (i.e. % arable 
and % wood) were derived by classifying the vegetation 
types assed on the grid plots (see above) (Figure 2) into 
grass, arable and wood (for classification see Table S4). 
Further, land- use intensity (i.e. LUI index) was derived 
by classifying the vegetation types into a land- use inten-
sity index (for details see Meier et al., 2020). Two meas-
ures of landscape heterogeneity were analysed: First, 
landscape composition, which was defined as land- 
cover richness based on the number of different vegeta-
tion types grouped into 14 classes. Second, landscape 
configuration, which was defined as land- cover inter-
spersion based on the interspersion- index of 14 classes 
of vegetation types (R- library ‘landscapemetrics’, func-
tion ‘lsm_l_iji’; Hesselbarth et al., 2019). Furthermore, 
several characteristics of ecological focus areas (EFAs) 
were derived from polygon data of the authorities, in 
particular the share of grass EFAs, the share of arable 
EFAs, the share of wood EFAs, the number of different 
EFA types, the mean EFA patch size and the mean near-
est distance between EFA patches. To account for the 
area effect in farmland γ- diversity, we added the share 
of farmland in the 1 km2 investigation squares as a co- 
variable. A detailed description of the explanatory vari-
ables can be found in Supplementary 2. All explanatory 
variables were generated with R version 4.1.2 (R Core 
Team, 2021).

Structural equation models

We used structural equation models (SEMs) to sepa-
rate direct and indirect effects of abiotic conditions 
and land use on farmland γ- diversity (Grace,  2006). 
Therefore, we first built a priori theoretical SEMs 
ref lecting hypothesised relationships among all vari-
ables (Figure 1 and Supplementary 1). To test if pat-
terns were due to traits, we also calculated SEMs for 
inverse trait groups (e.g. migration limited and mi-
gratory birds). Based on the theoretical SEMs, we 
calculated empirical SEMs to investigate whether im-
portant paths between variables were missing or vari-
ables could be omitted, to evaluate how strongly and 
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in which direction which paths explained the patterns. 
Missing paths were identified by high modification in-
dices and large residual correlations between pairs of 
variables and were subsequently incorporated in the 
model. Variables that did not explain patterns were 
identified by omitting them from the model and check-
ing if there was no difference in model fit compared to 
the model with the variable included. As measures of 
model fit, we used model Chi- squared (good fit indi-
cated by Chisq p- value > 0.05), Comparative Fit Index 
(good fit indicated by CFI >0.90) and Root Mean 
Square Error of Approximation (good fit indicated by 
RMSEA <0.08, and its lower 90% confidence interval, 
RMSEA_90, close to 0). For these calculations, all 
variables were z- standardised to obtain standardised 
coefficients. SEMs were constructed using the ‘piece-
wiseSEM’ package version 2.1.2 in R (Lefcheck, 2016). 
Indirect effects and total effects of variables were cal-
culated by multiplying the standardised coefficients 
of the involved paths and summing all resulting prod-
ucts using the ‘semEff’ package version 0.6.0 in R 
(Lefcheck,  2016). All data analysis was done with R 
version 4.1.2 (R Core Team, 2021).

RESU LTS

Relationships among explanatory variables and 
overall effect on γ- diversity

Across all analysed farmland γ- diversity metrics, that 
is MSR and the abundance of trait groups with specific 
requirements for dispersal, food and overwintering 
(Figure 3, Table 2 and Table S5), we found that abiotic 
conditions were directly related to farmland γ- diversity, 
though the direction of the effect varied among the 
farmland γ- diversity metrics. However, shallow slopes, 
moist and warm climates were all indirectly, strongly 
negatively related to farmland γ- diversity, because 
these conditions were associated with increased land- 
use intensity. Increased land- use intensity was further-
more positively related to increasing shares of arable 
land and decreasing shares of woody habitats and 
grass EFAs. Increasing land- use intensity was directly 
strongly negatively related to farmland γ- diversity, and 
was indirectly negatively related to it over landscape 
heterogeneity. Contrarily, landscape heterogeneity was 
positively associated with a high number of EFA types 

TA B L E  1  Variables used as dependent variables (i.e. farmland γ- diversity) and as explanatory variables (i.e. share of farmland, abiotic 
condition and land use). The values always refer only to the farmland within the 1 km2 investigation squares (i.e. means and standard deviations 
over all 123 investigation squares)

Category Variable Description Unit Mean ± SD

Farmland γ- diversity MSR Multitrophic species richness (averaged 
standardised species richness of plants, 
butterflies and birds)

— 0.00 ± 0.77

Dispersal- limited plants Percentage cover of plants with low dispersal 
ability

% 2.91 ± 3.12

Food- specialised butterflies Abundance of food- specialised butterflies — 51.62 ± 75.78

Migration- limited birds Abundance of migration- limited birds — 86.07 ± 41.74

Share of farmland % agriculture Share of farmland % 67.71 ± 20.85

Abiotic condition Slope Mean slope ° 11.86 ± 7.03

Precipitation days Mean yearly precipitation days d 36.18 ± 4.14

Degree days Mean annual degree- days (0°C threshold) °C d 2778.74 ± 567.86

Land use

Land- use type % arable Share of land- use “arable” % 6.27 ± 11.20

% wood Share of land- use class “wood” % 2.84 ± 8.29

Land- use intensity LUI index Mean land- use intensity index derived from 
habitat types

— 0.59 ± 0.22

Landscape heterogeneity

Composition Land- cover richness Number of detailed land- cover types — 7.45 ± 1.72

Configuration Land- cover interspersion Interspersion (spatial intermixing) of the 
detailed land cover types

% 54.12 ± 14.43

Ecological focus area % grass EFA Share of grass EFAs % 12.43 ± 11.79

% arable EFA Share of arable EFAs % 0.13 ± 0.48

% wood EFA Share of wood EFAs % 0.74 ± 0.96

Number of EFA types Number of different EFA types — 4.29 ± 1.75

Mean EFA size Mean EFA patch size m2 3074.75 ± 12226.38

Mean EFA distance Mean nearest distance between EFA patches m 352.62 ± 130.99
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2428 |   FACTORS DRIVING BIODIVERSITY IN LANDSCAPES

in the landscape: they introduced land- cover types (i.e. 
changing landscape composition), and interspersed 
the management units of the agricultural landscape 
(i.e. changing landscape configuration). High land- 
cover richness was directly strongly positively related 
to farmland γ- diversity, while land- cover interspersion 
was not related to farmland γ- diversity. In addition to 
the positive indirect relationship of EFAs with farm-
land γ- diversity through their overall negative asso-
ciation with land- use intensity and positive association 
with landscape heterogeneity, EFAs also were mostly 
directly positively related to farmland γ- diversity.

Direct and indirect effects on multitrophic 
species richness

Multitrophic species richness (MSR; model fit: 
Chisq p- value = 0.11, CFI = 0.98, RMSEA = 0.06 and 
RMSE_90 = 0.00; Figure 3 and Table 2) was indirectly 
more strongly related to abiotic conditions (via land- 
use intensity and landscape composition) than directly. 
A higher wood share was directly related to a lower 
MSR, but indirectly to a higher MSR. Land- use in-
tensity was directly and indirectly strongly negatively 
related to MSR (via landscape composition). Share of 

F I G U R E  3  Structural equation models (SEMs) representing direct and indirect effects of abiotic conditions and land use (i.e. land- use 
type, land- use intensity, ecological focus areas (EFAs) and landscape heterogeneity), on farmland γ- diversity (i.e. multitrophic species richness 
(black), dispersal- limited plants (green), food- specialised butterflies (red) and migration- limited birds (yellow)). Shown are the final SEMs, and 
only variables that were retained in the final SEMs. Line thickness of paths is proportional to the values of the standardised coefficients (if 
variables are presented as groups, the largest standardised coefficient is used). The direction of the standardised coefficients is indicated with a 
‘+’ or ‘−’ behind the explanatory variable. The amount of explained variance is indicated by ‘R2’. The exact values of standardised coefficients, 
standardised errors and significance values are given in Table S5.
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grass EFAs, the number of EFA types and smaller- sized 
EFA patches were directly and indirectly (via land- use 
intensity and landscape composition) positively related 
to MSR.

Direct and indirect effects on dispersal- 
limited plants, food- specialised butterflies and 
migration- limited birds

The abundance of dispersal- limited plants (model fit: 
Chisq p- value = 0.05, CFI = 0.97, RMSEA = 0.07 and 
RMSE_90 = 0.00; Figure 3 and Table 2) was only indi-
rectly related to abiotic conditions and land- use shares 
(via land- use intensity), while it was directly nega-
tively related to high land- use intensity. Landscape 
heterogeneity was not related to the abundance of 
dispersal- limited plants. Increasing shares of arable 
EFAs and number of EFA types were directly posi-
tively related to the abundance of dispersal- limited 
plants, while increasing shares of grass EFAs were 
indirectly positively related, negatively to the abun-
dance of dispersal- unlimited plants (Table S5 and S6), 
respectively.

The abundance of food- specialised butter-
f lies (model fit: Chisq p- value  =  0.7, CFI  =  0.98, 
RMSEA  =  0.07 and RMSE_90  =  0.00; Figure  3 and 
Table 2) was directly more strongly related to abiotic 
conditions than indirectly through land- use intensity. 
Land- use shares were only indirectly related to the 
abundance of food- specialised butterflies through 
land- use intensity, while a high land- use intensity 
was directly negatively related to it. Landscape het-
erogeneity was not related to it. Increasing shares of 
grass EFAs and decreasing number of EFA types were 
directly positively related to the abundance of food- 
specialised butterflies (but not to food non- specialised 
butterflies, Table  S5 and S6), and also indirectly via 
land- use intensity.

The abundance of migration- limited birds (model 
fit: Chisq p- value = 0.10, CFI = 0.98, RMSEA = 0.06 and 
RMSE_90  =  0.00; Figure  3 and Table  2) was directly 
and indirectly related to abiotic conditions in opposite 
directions (via land- use intensity and landscape com-
position). Increasing arable shares were directly neg-
atively related to the abundance of migration- limited 
birds, increasing wood shares to the abundance of mi-
gratory birds (Table S5 and S6), respectively. Land- use 
intensity was only indirectly negatively related to the 
abundance of migration- limited birds via landscape 
composition, but it was directly positively related to the 
abundance of migratory birds. Besides the positive in-
direct relationships between EFAs and the abundance 
of migration- limited birds, an increasing number of 
EFA types, smaller- sized EFAs and decreasing shares 
of arable EFAs were directly positively related to it.

DISCUSSION

Strong negative direct and indirect relationships 
of land- use intensity and γ- diversity

High land- use intensity was positively related to shallow 
slopes, moist and warm climates, large arable shares, 
and negatively related to high shares of woody elements 
a EFAs in the landscape. For its part, it had a strong 
direct negative relationship with farmland γ- diversity 
(MSR, dispersal- limited plants and food- specialised 
butterflies), which is in line with previous studies that 
focused on farmland α- diversity (e.g. Allan et al., 2015; 
Hendrickx et al.,  2007; Kleijn et al.,  2009), β- diversity 
(e.g. Gossner et al., 2016; Karp et al., 2012), γ- diversity 
(e.g. Billeter et al., 2007; Hendrickx et al., 2007) or spe-
cies with low dispersal and high feeding specialisation 
(e.g. Gámez- Virués et al.,  2015; Mangels et al.,  2017). 
Interestingly, in contrast to migratory birds, non- 
migratory birds were not directly related to land- use 
intensity. One reason might be that non- migratory farm-
land birds breed less often on the ground than migratory 
farmland birds (Storchová & Hořák,  2018) and hence 
are less affected by an intense management. Further, in 
order to survive the winter, they are often less specialised 
on insects (Storchová & Hořák, 2018), which might make 
them less susceptible to low abundances of insects in in-
tensively managed farmland.

Because of the negative relationship between land- 
use intensity and landscape heterogeneity (Bergholz 
et al.,  2022; Liu et al.,  2018) and between landscape 
heterogeneity and farmland γ- diversity (Lecoq 
et al.,  2022), several studies suggested that land- use 
intensity affects farmland γ- diversity not only directly 
but also indirectly through a change in landscape het-
erogeneity (e.g. Benton et al., 2003; Gossner et al., 2016; 
Hendrickx et al., 2007; Landis, 2017). Indeed, here we 
show that part of the negative relationship between 
land- use intensity and farmland γ- diversity (MSR as 
well as migration- limited birds) was explained by the 
negative relationship of land- use intensity with both 
components of landscape heterogeneity. Landscape 
composition was most likely negatively affected 
through the elimination of small, semi- natural areas 
in intensively used farmland, landscape configuration 
through merging smaller management units into larger 
units, respectively. However, the negative relationship 
may also have resulted from a homogenisation of the 
landscape leading to an increase in land- use intensity. 
Nevertheless, specific measures to promote landscape 
heterogeneity in areas with high land- use intensity 
could mitigate the negative effects of land- use intensity 
on farmland biodiversity (Perović et al., 2015). In sum, 
our results suggest that land- use intensity is directly 
and indirectly a key driver for the ongoing decline of 
farmland biodiversity.
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Positive direct and indirect relationships of 
EFAs and γ- diversity

Similar to their well- known, largely positive effects 
of EFAs on α- diversity (e.g. Batáry et al.,  2015; Boetzl 
et al., 2021; Kleijn et al., 2006; Knop et al., 2006) and the 
rare existing studies on their effect on γ- diversity (Zingg 
et al., 2019), our results showed that EFAs were generally 
positively related to farmland γ- diversity, both through 
a direct positive relationship with it, and through mod-
ifying factors that were in turn related to farmland γ- 
diversity, such as land- use intensity. The importance of 
the different EFA types or characteristics of EFAs, how-
ever, varied between trait groups.

For example we found a direct positive relation-
ship between the share of grass EFAs and MSR, 
food- specialised butterflies, respectively, but not for 
the other trait groups. We assume that this resulted 
from the biodiversity- friendly local management of 
grass EFAs, such as delayed mowing, which facili-
tates reproduction of plants and insects. Arable EFAs 
directly benefitted mainly dispersal- limited plants, 
probably because they were sown in the arable EFAs 
and thus dispersal limitation in these areas was not 
limiting. Interestingly, increased mean size of EFAs 
had a negative effect on MSR and migration- limited 
birds, which is in contrast to findings on the effects 
of patch sizes due to fragmentation on γ- diversity in 
general (Chetcuti et al.,  2020; Fahrig,  2017), but con-
sistent with the negative trend of EFA size on butterfly 
richness in the study of Zingg et al.  (2019). A reason 
for these contrasting findings might be that in frag-
mentation studies the focal habitat usually harbours a 
specialised community of rare and specialised species. 
Fragmentation increases the edge length, thereby add-
ing more generalist species, but reducing the number 
of specialists in the focal habitat by decreasing habitat 
size. As EFAs are known to fail to promote rare and 
specialised species (e.g. Kleijn et al., 2015), the positive 
effect of fragmentation on habitat generalists due to 
increased edge length might drive our results.

In addition to their direct positive relationship with 
farmland γ- diversity, EFAs also had an indirect rela-
tionship with it by modifying other drivers of farmland 
γ- diversity, such as land- use intensity or landscape 
heterogeneity. In particular, a large share of EFAs was 
related to a lower land- use intensity, a high number 
of different EFA types related to a higher landscape 
heterogeneity, respectively. The finding of an indirect, 
positive relationship of EFAs farmland γ- diversity 
by reducing land- use intensity in a landscape was ex-
pected, although to our knowledge this has hardly 
been quantified so far. On the other hand, the indirect, 
positive relationship with farmland γ- diversity by in-
creasing landscape heterogeneity was unexpected, be-
cause previous studies proposed that due to their strict 

management practices EFAs would not promote land-
scape heterogeneity (Benton et al., 2003).

Overall, our results suggest that EFAs have on top of 
their direct positive effect also a positive indirect effect 
on farmland γ- diversity by modifying the landscape. 
They are thus an important conservation tool to halt the 
ongoing loss of farmland biodiversity. In particular, the 
indirect positive effect on farmland biodiversity through 
a reduction in land- use intensity seems to be valuable. 
Our results also indicate that their effectiveness could 
further be improved by establishing many different EFA 
types to increase land- cover richness. For example new 
EFA types could be included, which are specifically de-
signed for rare and specialised species or for providing 
more food and shelter resources for resident species in 
winter. In that way, EFAs would more strongly promote 
farmland γ- diversity and contribute to biodiversity- 
friendly landscapes (Grass et al.,  2021; Landis,  2017; 
Tscharntke et al., 2021).

Mixed relationships of landscape 
heterogeneity and land- cover types with  
γ- diversity

Other than expected from studies focusing on α- diversity, 
landscape heterogeneity showed mixed relationships with 
farmland γ- diversity. Increasing land- cover richness (i.e. 
landscape composition) was positively related to MSR 
and the abundance of migration- limited birds, which is 
in line with previous studies (Ben- Hur & Kadmon, 2020; 
Billeter et al., 2007; Gámez- Virués et al., 2015; Hendrickx 
et al.,  2007; Tscharntke et al.,  2012). However, in con-
trast to the landscape- moderated insurance hypothesis 
(Tscharntke et al., 2012), we found no such positive rela-
tionships with food- specialised butterflies. Interestingly, 
we found a negative relationship with land- use intensity 
and a positive relationship with grassland EFAs with 
them. It seems that they were more dependent on low 
land- use intensity (e.g. late mowing) than on high land- 
cover richness, which might be related to the availability 
of host plants for reproduction.

In contrast to the positive effects of higher config-
urational heterogeneity in the surroundings of a patch 
on α- diversity through increasing cross- habitat spill- 
over (Fahrig et al.,  2011; Grass et al.,  2021; Zambrano 
et al., 2019), increasing landscape configuration was not 
related to farmland γ- diversity. One explanation for this 
unexpected result could be that spill- over effects at field 
scale were often observed in sessile or barely mobile or-
ganism groups. This idea is supported by the positive 
relationship of landscape configuration with plant spe-
cies diversity that we have found (Table  S5). Spill- over 
effects at field scale might be less important for mobile 
organism groups such as butterflies and birds (Perović 
et al., 2015). For those organism groups, spill- over effects 
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probably take place on a larger spatial scale, for example 
from non- farmland to farmland.

Interestingly, the share of arable land was not only 
indirectly negatively related with farmland γ- diversity 
by increasing land- use intensity and reducing landscape 
heterogeneity, but also directly with the abundance 
of overwintering birds. This suggests that arable land 
provides poor habitats for overwintering organisms 
(Redhead et al., 2018). It also seems that the small share 
of arable EFAs cannot compensate the lack of suitable 
winter habitats in landscapes that are dominated by ara-
ble land, so EFA shares should be increased there.

Strong indirect relationships of abiotic 
conditions and γ- diversity

Except for the abundance of migration- limited birds, 
harsher abiotic conditions were not generally negatively 
related to farmland γ- diversity. This is in contrast to 
what is widely known for local communities regard-
ing environmental filtering (Kraft et al.,  2015), but see 
Buckley et al. (2012) for similar findings on birds. Our 
findings might be explained by the fact that farmland  
γ- diversity is assembled by various communities that all 
require slightly different abiotic factors (Udy et al., 2021). 
Therefore, the effects are only evident in communities 
that are clearly dependent on favourable conditions, 
such as, for example migration- limited birds, which have 
to maintain their metabolism even under temporarily 
very harsh conditions.

Indirectly, however, more favourable abiotic con-
ditions were clearly negatively related with farmland  
γ- diversity by favouring intensive land- use. In particular, 
the absence of steep slopes (i.e. enabling the use of heavy 
machines), high precipitation (i.e. no water limitation) 
and high temperatures was directly positively related 
with land- use intensity (Meier et al.,  2020), indirectly 
negatively with farmland γ- diversity, respectively. To our 
knowledge, we were able to show such indirect relation-
ships empirically for the first time. They turned out to be 
rather strong and should therefore be taken into account 
when designing biodiversity- friendly landscapes.

Recommendations for improving 
conservation measures

Our results show that a paradigm shift in the design 
of biodiversity conservation in agriculture would be 
important— away from optimising local management 
to promote local biodiversity, towards redesigning ag-
ricultural landscapes to promote biodiversity- friendly 
landscapes. Specifically, our results suggest that key for 
halting the ongoing decline of farmland biodiversity is 
a reduction of land- use intensity at the landscape scale, 
particularly in areas with favourable abiotic conditions 

(i.e. shallow slopes, humid and warm climate). This 
could be achieved on the one hand by a particularly high 
share of EFAs in those landscapes, and on the other hand 
by reducing the intensity on conventionally managed 
fields (Alarcón- Segura et al., 2022; Alignier et al., 2020; 
Marja et al.,  2018; Sirami et al.,  2019). In addition, the 
EFA landscape design could be improved by specifically 
aiming at increasing landscape heterogeneity through 
adding many EFAs (also small ones) and EFAs that are 
suitable habitats throughout the year.

CONCLUSIONS

By revealing the causal structure of factors that were 
directly and indirectly related to farmland γ- diversity, 
our results provide one of the rare pieces of evidence 
on the drivers of the large- scale declines in farmland 
biodiversity. We found that when focusing on farmland 
γ- diversity, the direction and strength of the effects of 
factors might deviate from what is known from α-  or 
β- diversity. Therefore, knowledge on farmland α-  or 
β- diversity cannot simply be up- scaled to γ- diversity. 
Moreover, the direction and strength of factors related 
to farmland γ- diversity depended on whether their di-
rect and indirect relationship was considered. We thus 
conclude that it is important to consider both, the di-
rect and indirect pathways, which is currently rarely 
done. Finally, we show, how management, for example 
overall land- use intensity or specific management ac-
tions designed for promoting biodiversity at the local 
scale (i.e. EFAs), are related to farmland γ- diversity at 
the landscape scale. Thus, reducing land- use intensity 
in an area combined with a high share of EFAs would 
benefit farmland γ- diversity. Further studies examining 
the effects of management on farmland γ- diversity are 
needed, however, to improve our knowledge on design-
ing biodiversity- friendly landscapes aimed at halting the 
on- going loss of farmland γ- diversity.
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