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Email: claudia frank@dda-web.de 1. Agricultural intensification has simplified landscape composition and configura-

Funding information tion, which has led to biodiversity declines. Increasing landscape-wide crop heter-
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on how the effects of configurational and compositional crop heterogeneity (i.e.

Handling Editor: Péter Batdry field size and crop diversity) are modulated by the amount of semi-natural habi-
tats in the landscape, especially across large scales.

2. We tested how mean field size and functional crop diversity affect farmland bird
diversity and abundance over three consecutive years, and how these effects are
modulated by the amount of small woody features (SWF) in the landscape. We
related data from a national bird monitoring scheme to field-level information
from a novel, high-resolution remote sensing-based crop type map.

3. Smaller field sizes and higher functional crop diversity were not generally associ-
ated with a higher diversity or abundance of farmland birds. Associations varied
with species' breeding habitat preferences and were modulated by the amount of
SWEF.

4. In landscapes with a low SWF amount, species diversity and the abundance of
species breeding in field edges or shrubs were negatively associated with increas-
ing field size. However, where the amount of SWF was high, larger field size was
associated with higher species diversity and abundance of field and shrub breed-
ers. Diversity increased with higher functional crop diversity, as did the abun-
dance of non-field breeders in landscapes with a medium to high SWF amount.

Field size tended to have a stronger effect on bird diversity and abundance than

functional crop diversity.
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1 | INTRODUCTION

The expansion and intensification of agriculture are major drivers of
biodiversity loss (Diaz & Malhi, 2022). As a large proportion of the
world's surface is shaped by agriculture, biodiversity conservation in
human-dominated agricultural landscapes is of crucial importance
(Tscharntke et al., 2005). Given the ongoing decline of farmland bio-
diversity (Rigal et al., 2023), there is an urgent need to redesign ag-
ricultural landscapes.

Across Europe, land management and landscape structure
have been changing for centuries. Since the 1950s, changes were
mainly due to agricultural intensification, industrialisation and aban-
donment (Jepsen et al., 2015). Crop rotations and crop portfolios
became less diverse (Martin, Cadotte, et al., 2019a), while the size
of management units increased (Jepsen et al., 2015), leading to an
increasing homogenisation of the landscape (Clough et al., 2020).
The configuration of landscapes (size, shape and spatial arrange-
ment of land-use patches) and their composition (varying propor-
tion and heterogeneity of land-use types) are key determinants of
biodiversity patterns and associated ecosystem services (Dunning
etal., 1992; Fahrig et al., 2011).

More heterogeneous landscapes allow for a greater variety of
organisms and species to coexist, accompanied by greater resource
diversity across the life cycle due to complementation and niche
differentiation effects (Benton et al., 2003; Dunning et al., 1992;
Fahrig et al., 2011). In simplified agricultural landscapes, attempts
to restore landscape heterogeneity by increasing the amount of
semi-natural habitat (e.g. species-rich grassland and woody fea-
tures) affect biodiversity positively (Tschumi et al., 2020; Vallé
et al., 2023). However, given the strong competition for land on
productive soils, increasing the amount of semi-natural habitats
by taking agricultural land out of production might be difficult
(McKenzie et al., 2013). Therefore, in addition to the protection
of the remaining (semi-) natural habitats, increasing crop hetero-
geneity in terms of configuration (i.e. reducing crop field size) and

5. Policy implications: National and EU agricultural policies should adopt a landscape
perspective by considering the amount of semi-natural habitats when designing
biodiversity-enhancing measures that target field size and functional crop diver-
sity. In landscapes with low SWF amount, decreasing field sizes may be particu-
larly effective to promote farmland bird diversity and the abundance of non-field
breeders. In landscapes with a medium to high SWF amount, increasing func-
tional crop diversity is likely more effective than reducing field sizes. Field and
shrub breeders may be promoted by maintaining landscapes with large fields,

only if these offer a high SWF amount, low agronomic yield potential and low

agricultural intensification, biodiversity conservation, Common Agricultural Policy, farmland
biodiversity, landscape heterogeneity, monitoring, small woody features

composition (i.e. diversifying crop types) can make agricultural
landscapes more biodiversity-friendly without sacrificing produc-
tive land (Sirami et al., 2019; Tscharntke et al., 2021).

Farmland biodiversity benefits from increased configura-
tional crop heterogeneity through decreasing field size (Clough
et al., 2020; Fahrig et al., 2015) and increasing field border length
(Alignier et al., 2020; Martin, Dainese, et al., 2019b). Decreasing
landscape-level field size can have equally strong effects on the
multitrophic diversity of farmland biota as increasing the cover
of semi-natural habitats (Sirami et al., 2019). Increasing crop di-
versity is assumed to benefit biodiversity, but results are incon-
sistent showing positive (Ekroos et al., 2019; Fahrig et al., 2015),
negative (Martin et al., 2020) and mixed effects (Hiron et al., 2015;
Josefsson et al., 2017; Sirami et al., 2019). The relative contribu-
tions of compositional and configurational crop heterogeneity
to increase farmland biodiversity have rarely been tested (but
see Fahrig et al., 2015; Sirami et al., 2019). However, disentan-
gling these two components is important because it is not yet
clear which of these is more effective in promoting biodiversity
in agricultural landscapes. Variation in responses to differences
in compositional or configurational crop heterogeneity can be
species-specific (Miguet et al., 2013; Salek et al., 2021), but has
also been attributed to ecological species traits, for example in
birds (Ekroos et al., 2019; Josefsson et al., 2017). Farmland bird
specialists, often ground-nesters originating from tree-less
steppes (hereafter field breeders), require large, contiguous hab-
itat patches and avoid breeding close to small woody features
(hereafter SWF) such as hedgerows and woodlots. Other farmland
birds breed within SWF (hereafter shrub breeders), whereas some
require open herbaceous vegetation at field edges (hereafter edge
breeders) to build their nests and use SWF as requisites (e.g. song
posts or for cover).

The amount of SWF varies regionally and constitutes ‘semi-
natural’ habitats or features of cultural landscapes that increase
landscape complexity. As species' breeding habitat preferences
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may drive responses to landscape heterogeneity (Hironetal., 2015;
Pickett & Siriwardena, 2011), the effects of compositional and
configurational crop heterogeneity on species abundance and di-
versity might be modulated by the amount of SWF (Bretagnolle
et al., 2019; Sirami et al., 2019). Field breeders, for example, may
benefit from smaller fields because of the higher availability of
food resources in field borders (Thomas & Marshall, 1999). Yet,
if SWF amount is high, they might prefer larger fields as they
can keep a certain distance to SWF and avoid the associated
predation risk (Laux et al., 2022). For more details on potential
mechanisms of how SWF could modulate the effects of crop het-
erogeneity on the bird abundance of species groups, see Text S1
in Supporting Information. Therefore, considering the amount of
SWF when separating the effects of compositional and configu-
rational heterogeneity on biodiversity in agricultural landscapes
is important to support the efficient design of landscape-scale,
agri-environmental policies. Potential interactions between SWF
amount and crop heterogeneity have rarely been considered (but
see e.g. Ekroos et al.,, 2019; Sirami et al., 2019). Previous stud-
ies aiming at disentangling the effects of crop configuration and
composition were often conducted at small spatial scales and used
data collected only at local or regional levels or at few study sites
from a single year. As crop rotation may cause differences in the
effects of crop heterogeneity between years, these might have
remained undetected in such studies.

To address these key limitations, we studied the effects of func-
tional crop diversity and mean field size on farmland bird abundance
and richness in landscapes with a variable amount of SWF over
three consecutive years. We combined a large, national-scale mon-
itoring dataset on common farmland bird abundance and diversity
with novel crop type maps from remote sensing to test the following

hypotheses:

H1. Farmland bird diversity and abundance de-
crease with increasing mean field size, because
larger fields reduce the access to adjacent fields and
edge habitats that provide foraging resources and
breeding habitat.

H2. Farmland bird diversity and abundance increase
with increasing functional crop diversity, because
a higher diversity of functional crop types creates
foraging and breeding niches for more species, ben-
efits species with complex habitat requirements and
insures against the temporal loss of habitat types

during important life cycle periods.

Beyond these directional hypotheses, we tested whether the
amount of SWF modulates the responses of bird diversity and abun-
dance to mean field size and functional crop diversity. We expected
that predation risk and the availability of foraging and nesting sites
shift along a gradient of SWF amount and depending on species'
breeding habitat preferences.

Journal of Applied Ecology Eggé?g"e;m :

2 | MATERIALS AND METHODS
2.1 | Birddata

We used data on bird occurrence and abundance for the years
2017-2019 from the Common Breeding Bird Survey (CBBS) of
Germany (Kamp et al., 2021), which is organised regionally and co-
ordinated by the DDA. In this scheme, volunteers annually map all
birds along routes of ca. 3km length four times between 10 March
and 20 June. Routes are situated within quadratic plots of 100 ha
(hereafter CBBS plots) that were selected across Germany in a
randomly stratified approach (for details, see Kamp et al., 2021).
Bird raw data are combined into territories within the boundaries
of the CBBS plots using standard territory mapping methods at the
end of each season. We selected 18 common bird species using
farmland as breeding or feeding habitat (Hertzog et al., 2023). We
excluded species mainly breeding in buildings or in forests be-
cause factors other than those covered in this study might affect
their populations. Based on their breeding habitat preferences, we
allocated the species to three functional groups: (i) in-field ground
breeders (field breeders) that avoid SWF in agricultural landscapes;
(i) field-edge ground breeders (edge breeders) that preferentially
breed at the edges of fields but also use SWF as habitat requisites;
and (iii) shrub breeders that breed in hedgerows or trees in the ag-
ricultural landscape (Figure S1).

We used the number of territories as the abundance value per
CBBS plot, year and species group. We calculated the exponent of
Shannon's entropy (Hill-Shannon diversity) in package ‘vegan’ v.
2.5-7 (Oksanen et al., 2020) as a value of species diversity, as it ac-
counts for differences in abundance between species without over-

emphasising common or rare species:

D= exp( - 2;1 p,—In(p;)), 1)

where p; is the proportion of species i and s is the number of species
(Hill, 1973).

We constrained our analysis to CBBS plots that contained at
least 30% agricultural land (arable and grassland) based on national
land-use maps (GeoBasis-DE/BKG, 2015).

2.2 | Land cover data and landscape metrics

We used Sentinel- and Landsat-based crop type maps of Germany
(years 2017-2019, 24 crop types, 10 mresolution) from Blickensdorfer
et al. (2022) to calculate compositional and configurational crop het-
erogeneity. We calculated both metrics for each CBBS plot and year
to provide landscape-level characteristics that are ecologically rel-
evant to birds and several other taxa (Sirami et al., 2019). We used R
4.1.3 (R Core Team, 2022) for spatial data processing with package
‘sf’ v.1.0-7 (Pebesma, 2018).

Previous studies have used the area of a contiguous patch of the
same crop as a measure of field size (Noack et al., 2022). However,
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several fields of the same crop in direct vicinity might appear as a sin-
gle field, and field borders that act as important refuges for farmland
birds might be missed (Figure S2A). We aimed to approximate real-
istic management units (Figure S2B) by applying the multiresolution
segmentation algorithm (Baatz & Schiape, 2000) in the eCognition
software (Trimble Germany GmbH, 2019) to a time series of monthly
Sentinel-1 and Sentinel-2 composites (Tetteh et al., 2021). We inter-
preted segments as individual fields and calculated arithmetic mean
field size as a measure of configurational crop heterogeneity based
on all segments intersecting a CBBS plot (for details, see Text S2).

We used Hill-Shannon diversity of crop types (including grass-
land) as a measure of compositional crop heterogeneity analogous
to the bird diversity measure (Equation 1). A distinction of habitats
representing farmland birds' requirements was suggested as an im-
portant factor in studies on the effects of landscape heterogene-
ity on birds (Fahrig et al., 2011; Josefsson et al., 2017). Therefore,
rather than treating each crop as a different category (e.g. winter
wheat and winter barley), we grouped crops into categories of similar
structure, sowing time, height and cover (e.g. winter cereals) and cal-
culated the functional diversity of crop groups (i.e. functional crop
heterogeneity; Table S1).

We calculated the amount of SWF (trees, hedgerows and wood-
lots) in hectares based on data from Blickensdérfer et al. (2022). We
observed annual differences in SWF between the three study years.
This was unexpected, as there are high legal obstacles in Germany
to clear-fell small woody features and to remove hedgerows. Hence,
classification accuracy likely varied across years; SWF gains or
losses were rather artefacts than actual changes. To account for dif-
ferences in the amount of SWF per CBBS plot between years, we
retained only those pixels that were classified as SWF in at least 2
out of the 3years (for details, see Text S3). Our approach resulted
in a final set of 842 CBBS plots used for analysis (Figure S3). Spatial

patterns of all variables can be found in Figures S4-Sé.

2.3 | Statistical analysis

We modelled bird diversity and abundance as a function of mean
field size and functional crop diversity using Bayesian generalised
linear mixed effects models. We fitted all models in R 4.1.3 (R Core
Team, 2022) using package ‘brms’ v2.16 (Biirkner, 2017) with weakly
informative priors (Table S2). We fitted models for all 3years sepa-
rately, as we were interested in the temporal robustness of the
results.

To assess whether the amount of SWF in agricultural landscapes
modulates the effects of crop heterogeneity on farmland birds, we
fitted interactions between field size and SWF amount, as well as
functional crop diversity and SWF amount. We added total farm-
land area and grassland area per CBBS plot as covariates to account
for differences in habitat availability. We included an interaction of
the two variables, as available farmland area might drive farmland
bird abundance and diversity differently in arable versus grassland-
dominated landscapes. All predictor variables were scaled and

centred prior to analysis. Correlations between variables were al-
ways below Pearson's r=|0.4| (Table S3).

We stratified our sample by soil climate regions (RoBberg et al.,
2007) and allowed intercepts to vary with region. Thereby, we aimed
to account for regional variability in the abundance and diversity of
farmland birds as a result of varying pedo-climatic conditions that
potentially also reflect differences in agricultural production. We
used a truncated Gaussian (TN) error structure to model species di-
versity with truncation values of 0.9, as Hill-Shannon diversity does
not reach values below 1. Models fitted to species diversity data
followed the form:

Yij~ ™ (”ij* O species diversity)

where y is species diversity modelled as an outcome of a TN distribu-
tion with an expected value i and a standard deviation o. Index i refers
to the individual plot and j to the soil climate region. Expected values
were modelled as follows:

1 =Boj+ B4 (field size;) + B, (functional crop diversity;)
+ B3 (SWF;) + B4(field size; x SWF;)
+ B (functional crop diversity;x SWF;)
+ B4 (farmland;) + g (grassland;)
(

+ Bg (farmland; x grassland;)

We further summed the number of territories per CBBS plot,
species group and year to estimate the effects of crop heterogeneity
on the abundance of species with similar breeding habitat prefer-
ences (field, edge and shrub breeders). We fitted abundance mod-
els per species group with a negative binomial (NB) error structure.
Abundance models for edge and shrub breeders followed the form:

Yij ~ NB([J,‘,’, o'abundance)

where y corresponds to the abundance modelled as an outcome of a
NB distribution with an expected value ; and a deviation parameter o.
Expected counts were modelled as follows:

log(u;) = o; + 1 (field size; ) + B, (functional crop diversity; )
+ 3 (SWF;) + 8,4 (field size; x SWF;)
+ Bs (functional crop diversity;x SWF;)
+ B4 (farmland;) + g, (grassland;)
(

+ fg(farmland; x grassland;)

A zero-inflation term 6 was added to the model of the abundance
of field breeders, as we observed zero inflation (ZI) in this dataset.

This model followed the form:

Yij ~ ZINB (”ij' O abundance’ '96)

where y corresponds to the abundance modelled as an outcome of a
zero-inflated negative binomial distribution with an expected value u
and a deviation parameters ¢ and 6. Expected counts were modelled in

the same way as for the NB models and the coefficient 0 as:

logit(8;) = ag + a; (farmland cover;) + a, (SWF;)
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For all models, we allowed intercepts to vary between soil cli-
mate regions. Intercepts varying between regions were modelled as

an outcome of a normal distribution (N) as follows:

Boj ~ N(O’ o'region)

We used default sampling settings but ran four chains with 4000
iterations each, half of which were used as burn-in and discarded. To
assess model fit, we compared the cumulative density of observed
abundances with 50 samples derived from the model using the func-
tion ‘pp_check’ from package ‘brms’, ensuring that all model parame-
ters showed Rhat values below 1.1 and an effective number of samples
larger than 400 (Vehtari, 2021). We used the package ‘DHARMa’ v4.5
(Hartig, 2019) for posterior model checks based on simulated scaled
residuals. We tested for residual spatial autocorrelation using Moran's
| and inspected spatial correlograms using functions implemented in
package ‘ncf’ v1.2-9 (Bjernstad & Falck, 2001). Goodness-of-fit was
assessed with conditional and marginal R? (function ‘bayes_R2’). We
also considered unimodal responses of field size and functional crop
diversity and estimated the difference in predictive performance
between models using a linear and a hump-shaped relationship with
function ‘loo_compare’ from package ‘brms’. We calculated the poste-
rior probability of the effect of field size being larger than the effect
of functional crop diversity to assess which variable had a stronger
impact on the diversity and abundance of farmland birds with the
function ‘hypothesis’ from package ‘brms’.

We extracted posterior draws of mean field size, functional crop
diversity and their interactions with the amount of SWF. We com-
puted the conditional effects of mean field size and functional crop
diversity along an SWF gradient comprising 95% of the observed
values, ranging from 0.2 to 20ha. We derived model predictions of
functional crop diversity and mean field size for a low (1 ha), medium
(5ha) and high (13ha) amount of SWF, representing the 10%, 50%
and 90% quantiles of the data. Farmland and grassland areas were

kept constant at their mean.

3 | RESULTS

All model parameters were sampled efficiently (effective sample size
>400) and converged (Rhat<1.1). A comparison of models with lin-
ear versus quadratic effects of mean field size and functional crop
diversity showed similar or higher predictive accuracy for linear
models (Table S4). We thus only present results of the more par-
simonious linear models. Posterior predictive checks suggested
that predicted values were similar to observed data (Figure S7) and
there was no spatial autocorrelation in the scaled model residuals
(Figures S8 and S9). Generally, the effects of mean field size, func-
tional crop diversity and their interactions with the amount of SWF
on the different responses were of similar magnitude and showed
similar effect directions in at least 2 out of 3years (Figure 1). We
hence present predictions of species groups' abundance and species
diversity only for the year 2018 (Figure 2), but show predictions for
all 3years in Figures S10-S13.

Journal of Applied Ecology Eggﬂfg?;m °

There was no evidence for a consistent negative effect of increasing

3.1 | Fieldsize

mean field size on species diversity or abundance per species group
(Figure 1a). Field breeders' abundance was even higher where fields
were large. Edge breeders' abundance and species diversity tended
to decrease with increasing mean field size. We therefore reject H1.
The effect of mean field size on diversity and abundance varied with
the amount of SWF in at least 2 years (Figure 1b).

The negative effects of increasing mean field size were highly
probable (95% Crl) in landscapes with SWF below two to four hect-
ares (Figure 3a). Yet, edge breeders' abundance and species diversity
were negatively associated (80% Crl) with larger fields up to 6 ha of
SWEF, representing approximately 50% of the examined CBBS plots
(median: 5ha). Where SWF amount was larger than ca. 3ha, field
breeders' abundance was positively associated with larger fields in
all 3years (Figure 3a). With an increasing amount of SWF, a posi-
tive effect of mean field size on shrub breeders and species diver-
sity became more likely. In landscapes with SWF amount above ca.
12ha, shrub breeders' abundance and species diversity increased in

at least 2 years with high probability.

3.2 | Functional crop diversity

Higher functional crop diversity was associated with higher
farmland bird diversity and abundance of shrub breeders, but not
necessarily of field and edge breeders (Figure 1c). There was no
clear response in field breeders' abundance to higher crop di-
versity along the SWF gradient (Figures 2b and 3b), giving only
partial support to H2. In contrast, the effects of functional crop
diversity on species diversity and shrub and edge breeders in-
creased with the amount of SWF (Figure 1d), and positive ef-
fects were highly probable for medium to high amount of SWF
(>4-6ha) (Figure 3b).

3.3 | Comparing effects of field size and functional
crop diversity

There was large variation in the responses to increases in mean field
size and functional crop diversity between species groups (Figures 2
and 3), but the magnitude was often larger for mean field size, espe-

cially in landscapes with high or low SWF amount (Figure 4).

3.4 | Joint effects of field size and functional crop
diversity along the SWF gradient

In landscapes with a low amount of SWF, edge and shrub breeders'
abundance decreased with increasing mean field size, as did species
diversity. Only field breeders remained unaffected by changes in
mean field size (Figure 2a).
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FIGURE 1 Effects of field size (a), interaction between field size and small woody features (SWF) (b), functional crop diversity (c) and
its interaction with SWF (d) on farmland bird diversity and abundance of field, edge and shrub breeders per year. Density, mean and 95%
credible intervals (Crl) of posterior distributions of effect sizes are given. Credible intervals are printed bold if the probability of an effect

reached values of over 80%.

There was no clear effect of functional crop diversity on any re-
sponse variable in landscapes with low SWF amount. With medium
SWF amount, the magnitude of functional crop diversity or mean
field size effects was similar, except for field breeders (Figure 4). In
such landscapes, an increase in functional crop diversity was asso-
ciated with higher species diversity and abundance of shrub breed-
ers, but an increase in mean field size was negatively associated with
edge breeders' abundance and species diversity (Figures 2 and 3).
Only field breeders' abundance increased with increasing mean field
size in landscapes with medium SWF amount.

Where SWF amount was high, landscapes with a larger mean
field size were associated with higher field and shrub breeders'
abundance and tended to harbour higher species diversity. Effects
on edge breeders varied between years if SWF amount was high
(Figure S11). In such landscapes, increases in functional crop diver-
sity had a positive effect on non-field breeders and species diversity.
Yet, increasing mean field size had a stronger and more positive im-
pact than functional crop diversity on all response variables except

for edge breeders in 2018.

4 | DISCUSSION

We found that landscapes with larger fields were not generally
associated with a lower diversity or abundance of farmland birds.
Similarly, a higher functional crop diversity did not show consistently
higher abundance and diversity of farmland birds. Both relationships
were largely modulated by the amount of SWF in the landscape
and were dependent on species' breeding habitat preferences. It is
therefore essential to consider woody semi-natural habitats when
assessing the effects of crop heterogeneity on biodiversity in agri-
cultural landscapes.

Landscapes with smaller fields have been shown to be associ-
ated with higher abundance (Fahrig et al., 2015; Salek et al., 2021)
and diversity (Ekroos et al., 2019; Noack et al., 2022) of farmland
birds, within-field plant diversity (Alignier et al., 2020), arthropod
abundance (Martin, Cadotte, et al., 2019a) and multitrophic diver-
sity across regions (Sirami et al., 2019). Our results support ear-
lier findings that the effect of decreasing field size varies with the

cover of semi-natural habitat (Martin, Cadotte, et al., 2019a; Sirami
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et al., 2019). We observed higher bird diversity and abundance of
edge and shrub breeders with smaller mean field size in landscapes
characterised by low to medium SWF amount (<2-6%). Smaller
mean field size usually leads to a higher density of margins and
higher microhabitat diversity. Especially when semi-natural habitats
are scarce, field margins act as refuge foraging or breeding habitat
(Vickery et al., 2002). Recent studies, however, found higher within-
field plant diversity with smaller field size (Alignier et al., 2020) and
higher multitrophic diversity even in the absence of semi-natural veg-
etation between fields (Sirami et al., 2019). Smaller fields could thus
increase seed and arthropod availability, even if vegetation between
fields is lacking. Beyond the large, positive effects of landscape-level
reductions in field size (Tscharntke et al., 2021), smaller field sizes

— 2017 2018 — 2019

may negatively affect farm- and field-level economics through a
variety of mechanisms, for example increased working time, input
costs and lower yields (Clough et al., 2020), but can also facilitate
pollination and pest control from field edges, leading to higher yields
in arable-dominated landscapes (Martin, Cadotte, et al., 2019%a).
Consequently, reducing field sizes in arable-dominated landscapes
with few SWF might not only increase farmland bird diversity and
abundance but potentially could also leverage synergies with agri-
cultural production goals by promoting functional biodiversity and
yield-enhancing ecosystem services.

Field breeders (e.g. Eurasian Skylark or Meadow Pipit) re-
mained unaffected by mean field size in landscapes with low SWF
amount, and showed higher abundance with larger field sizes in most
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landscapes, mirroring results from Sweden (Josefsson et al., 2017).
Their preference for larger fields is likely explained by an avoidance
of SWF (Donald, 2004) that are frequently visited by predators (Laux
et al., 2022). Contrarily, field edges do not seem to negatively af-
fect field breeders' abundance in landscapes where SWF are scarce.
There, field margins might even provide valuable feeding habitat
(Thomas & Marshall, 1999) and lead to increased numbers of field
breeders (Guerrero et al., 2012). However, we did not observe higher
abundances of field breeders in landscapes with smaller fields, even
if SWF amount was low. As we excluded fields smaller than 0.5ha
because of the low accuracies of segmentation results (Tetteh
et al., 2021; Text S2), mean field size is likely overestimated, espe-
cially in fine-grained landscapes. This might limit the explanatory
power of estimated effects for landscapes with small field sizes. In
addition, landscapes with low amount of SWF showed a high ag-
ronomic yield potential (soil quality rating, Figure S14B). Hence, a
higher management intensity might mask the positive effects of
smaller fields.

We found no effect of functional crop diversity on field breed-
ers' abundance, irrespective of the amount of SWF. This is surprising,
because species breeding within fields can also benefit from habitat
complementation during the breeding season (Ekroos et al., 2019;
Miguet et al., 2013). Yet, no effects of functional crop diversity on
field breeders (Josefsson et al., 2017) or on farmland bird diversity
(Redlich et al., 2018) have been shown at landscape scale. Higher
functional crop diversity leads to higher resilience and provides an
insurance effect due to higher heterogeneity in harvest phenology
and therefore resource availability (Benton et al., 2003). Other fac-
tors, such as reduced invertebrate availability through pesticide use
(Geiger et al., 2010), could potentially overrule this. However, higher
functional crop diversity might still contribute to habitat comple-
mentation at home-range scale (Pickett & Siriwardena, 2011) and
lead to higher nest success of field breeders (Pittmanns et al., 2022).

We found a positive effect of functional crop diversity on
non-field breeders, consistent with Josefsson et al. (2017). Yet,
the effects of functional crop diversity on abundance and species

diversity of farmland birds were negligible in landscapes with low
SWF amount, and were positive only at higher amount of SWF.
Especially for shrub breeders, breeding habitat availability is likely a
limiting factor in landscapes with low SWF amount, perhaps explain-
ing the observed pattern. With higher SWF availability, this limita-
tion should no longer hold, and a positive effect on shrub breeders'
abundance and farmland bird diversity is likely the result of greater
food availability (Vasseur et al., 2013). Differences in crop manage-
ment possibly result in more continuous access of and higher resil-
ience in food resources in space and time for farmland birds (Benton
et al., 2003; Schellhorn et al., 2015). Similar results indicating a more
positive effect in landscapes with high semi-natural vegetation cover
have been reported for multitrophic diversity, including birds (Sirami
et al.,, 2019). The interaction of crop diversity with semi-natural veg-
etation might also explain the large variation in study results on crop
diversity effects (Guerrero et al., 2012; Martin et al., 2020; Redlich
etal., 2018).

In landscapes with medium to high SWF amount, field breeders'
abundance and species diversity increased with field size. This could
be explained by large fields providing potential breeding habitat for
field breeders, as these can keep a preferred minimum distance from
SWE. Contrary to earlier studies, we found a positive effect of larger
fields on shrub breeders' abundance in landscapes with high SWF
amount. The uncertainty around the estimated effect is high (see
credible intervals in Figures 2 and 3), most likely because these land-
scapes are rare in Germany (ca. 15% of all our study plots). Therefore,
these results should be treated with caution, also because model
results only explained up to 10% of the variance in shrub breeders'
abundance (Table S5).

Our findings of the positive effects of larger fields on shrub
breeders' abundance in landscapes with high SWF amount could be
due to methodological or ecological reasons. The detection proba-
bility of shrub breeders might vary with SWF configuration, but we
could not account for this because data of repeat visits were not
available. Excluding plots with very large fields (>20ha) or both
high amount of SWF and large fields (SWF>10ha & mean field size
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>10ha) did not change our results (Figure S15). Therefore, our find-
ings likely reflect ecological patterns potentially linked to (1) higher
within-field vegetation heterogeneity; (2) lower agronomic yield
potential and related lower management intensity; and (3) reduced
predation risk in landscapes characterised by large fields offering a
high SWF amount.

First, large fields situated in landscapes with a high amount
of SWF might show high within-field vegetation heterogeneity,
caused by uneven plant growth due to environmental and manage-
ment heterogeneity (Clough et al., 2020). Large fields are mostly
found in north-eastern Germany (Figure S14A), where they are
dotted with small water bodies of glacial origin (kettle holes) that
have not been ameliorated yet and are usually surrounded by SWF
(Kalettka & Rudat, 2006). As such within-field heterogeneity can
enhance foraging and nesting success for edge and shrub breed-
ers (Vickery & Arlettaz, 2012), they might prefer large fields that
include such isolated, high-quality habitats (Batary et al., 2012).
As we assigned crop types to fields based on the dominant crop
type (Text S2), we could not consider within-field heterogeneity,
perhaps a worthwhile endeavour for future analysis using high-
resolution satellite data such as Rapid Eye or Planet Scope (Silveira
et al., 2023).

Second, considering only plots with the highest amounts of SWF
(>10ha), we found evidence for lower yield potential (Figure S14B)
and lower crop productivity (lower values of the Enhanced
Vegetation Index, Figure S16) in plots with large field sizes. Hence,
large fields situated in such landscapes might be managed less in-
tensively (e.g. less fertiliser and pesticide applications). Such low-
intensity croplands can provide increased structural vegetation
diversity and higher food resources for foraging farmland birds, in-
cluding shrub breeders (Newton, 2004). In contrast, the agronomic
conditions for agriculture (i.e. yield potential) are more favourable in
landscapes characterised by a high amount of SWF and small fields in
Germany (Figure S14B). These conditions could promote a more in-
tensive land use with higher inputs per unit area (Clough et al., 2020;
Kapfer, 2007), reflected by higher crop productivity (Figure S16). As
a result, the positive effects of small field sizes on shrub breeders'
abundance could be compromised. However, available data on the
use of agro-chemical inputs (pesticides and fertilisers) are still very
coarse (Rigal et al., 2023) which prevented us from testing the influ-
ence of land-use intensity on our results.

Third, a higher abundance of shrub breeders could be linked to
reduced predation risk in landscapes with large field sizes caused
by differences in SWF configuration. Where fields are large, SWF
patches are also larger and their density is lower (Figures 514C and
S17). For (especially aerial) predators, nests of shrub breeders are
more difficult to detect and access in wide hedgerows and larger
woodlots (Barkow, 2002). The influence of arboreal mammalian
predators may decrease where connectivity between SWF patches
and between SWF and forests is low (Ludwig et al., 2012).

Although farmland bird diversity and abundance of field and
shrub breeders might benefit from larger fields in areas with high
SWF amount, enlarging fields would be detrimental to a variety of

Journal of Applied Ecology Eggﬂfg?;m ?

other taxa and, as such, to farmland biodiversity overall (Martin,
Cadotte, et al., 2019a; Sirami et al., 2019). In such landscapes, al-
though the effects of functional crop diversity were weaker than the
effects of mean field size, increasing functional crop diversity not
only supports farmland bird diversity and non-field breeders, as we
show here, but can also increase the resilience of agricultural land-
scapes to extreme weather events (Renard et al., 2023) and even
lead to higher cereal yields (Smith et al., 2023).

5 | CONCLUSIONS

We show that the responses of farmland bird diversity and abun-
dance to field size and functional crop diversity were largely modu-
lated by the amount of woody semi-natural habitats in the landscape
and by species' breeding habitat preferences. Clearly, a landscape
perspective is needed to harness the benefits of reductions in field
size and increases in functional crop diversity on farmland biodiver-
sity. With respect to the European Union's Common Agricultural
Policy, we therefore emphasise that biodiversity conservation
measures should be adapted and prioritised to different landscape
contexts. To promote bird-friendly agricultural landscapes, policy
measures should be tailored to contexts where they will be most
effective. Reducing mean field size may be particularly effective
to promote bird diversity and the abundance of non-field breeders
in landscapes where SWF are scarce. In landscapes with a medium
to high amount of SWF, increasing functional crop diversity may
be more effective than reducing field sizes. In landscapes offering
a high SWF amount, farmland bird diversity and the abundance of
field and shrub breeders may even benefit from maintaining larger
fields because predation risk is likely reduced and larger fields are
characterised by low agronomic yield potential and low productivity.
Future studies integrating information on field-level land-use inten-
sity and within-field heterogeneity based on a larger sample in land-
scapes with a high amount of SWF and a broad range in field sizes
are needed to fully understand the effects of crop heterogeneity on

farmland birds and possibly other organisms.

AUTHOR CONTRIBUTIONS

Claudia Frank, Johannes Kamp and Sebastian Klimek conceived
the idea; Claudia Frank, Johannes Kamp, Lionel Hertzog, Sebastian
Klimek, Norbert Roder und Hannah GS Béhner defined the questions
and the methodological approach; Claudia Frank, Marcel Schwieder,
Gideon Okpoti Tetteh, Christian Levers and Jakob Katzenberger
prepared, assembled and provided the data; Claudia Frank carried
out analyses and led the writing; Johannes Kamp and Holger Kreft
supervised; All authors contributed substantially in the writing pro-
cess and gave final approval for publication.

ACKNOWLEDGEMENTS

We especially thank the volunteers of the Common Breeding Bird
Survey (CBBS). The German CBBS is coordinated by Dachverband
Deutscher Avifaunisten and financially supported by the Federal

85UB01 7 SUOWIWIOD SAee1D 3|(dedl (dde 8Ly Aq peusenof ae sl O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1A UO (SUONIPUOD-pUe-SWLB)W00" A8 1M Ake.q Ul [Uo//Sdiy) SUONIPUOD pue SWLB | 8U18eS " [720z/20/8T] Lo AiqiTauluo A8 Imisul uyenyi sniine AQ #094T 7992-G9ET/TTTT OT/I0p/uoo A3 | 1m Aiq1pUI|UO S fPUINOBaq)//:SdNY WOy pepeojumoa ‘0 ‘v992S9eT



FRANK ET AL.

= Journal of Applied Ecology E%ﬁfﬁm

Agency for Nature Conservation (BfN) through funds provided by
the Federal Ministry for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection (BMUV). We thank
Christoph Sudfeldt for constant support of the project. Funding was
provided by the German Federal Ministry of Food and Agriculture
(BMEL) as part of the project ‘Monitoring der biologischen Vielfalt
in Agrarlandschaften’ (MonViA). We are grateful to two anonymous
reviewers for thoughtful and constructive comments that helped to
improve this manuscript. Open Access funding enabled and organ-
ized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest or personal

relationships that could have influenced this work.

DATA AVAILABILITY STATEMENT

Code and data to reproduce the analysis and main figures are availa-
ble via Zenodo at https://doi.org/10.5281/zenodo.10354740 (Frank
et al., 2024).

ORCID

Claudia Frank "= https://orcid.org/0000-0001-8558-599X
Lionel Hertzog = https://orcid.org/0000-0003-0869-9672
Sebastian Klimek "= https://orcid.org/0000-0002-2544-640X

Marcel Schwieder "= https://orcid.org/0000-0003-2103-8828

Gideon Okpoti Tetteh "= https://orcid.org/0000-0001-5430-5967
Hannah G. S. Béhner "= https://orcid.org/0000-0003-4878-5401
Norbert Réder "= https://orcid.org/0000-0002-2491-2624
Christian Levers "= https://orcid.org/0000-0003-4810-92024
Jakob Katzenberger "= https://orcid.org/0000-0003-2385-5987
Holger Kreft " https://orcid.org/0000-0003-4471-8236
Johannes Kamp ¥ https://orcid.org/0000-0002-8313-6979

REFERENCES

Alignier, A., Solé-Senan, X. O., Roblefio, |., Baraibar, B., Fahrig, L., Giralt,
D., Gross, N., Martin, J., Recasens, J., Sirami, C., Siriwardena, G.,
Bosem Baillod, A., Bertrand, C., Carrié, R., Hass, A., Henckel,
L., Miguet, P., Badenhausser, |., Baudry, J., ... Batary, P. (2020).
Configurational crop heterogeneity increases within-field plant di-
versity. Journal of Applied Ecology, 57(4), 654-663. https://doi.org/
10.1111/1365-2664.13585

Baatz, M., & Schépe, A. (2000). Multiresolution segmentation: An opti-
mization approach for high quality multi-scale image segmentation.
Strobl, J., Blaschke, T., & Griesebner, G. (Eds.), Angewandte geogra-
phische informations-verarbeitung XII, 12-23. Wichmann Verlag.

Barkow, A. (2002). Die &kologische Bedeutung von Hecken fiir Végel.
[Doctoral thesis]. https://ediss.uni-goettingen.de/handle/11858/
00-1735-0000-0006-ABE8-1

Batary, P., Kovacs-Hostyanszki, A., Fischer, C., Tscharntke, T., &
Holzschuh, A. (2012). Contrasting effect of isolation of hedges
from forests on farmland vs. woodland birds. Community Ecology,
13(2), 155-161. https://doi.org/10.1556/ComEc.13.2012.2.4

Benton, T. G., Vickery, J. A., & Wilson, J. D. (2003). Farmland biodiversity:
Is habitat heterogeneity the key? Trends in Ecology & Evolution, 18(4),
182-188. https://doi.org/10.1016/5S0169-5347(03)00011-9

Bjgrnstad, O. N., & Falck, W. (2001). Nonparametric spatial covariance
functions: Estimation and testing. Environmental and Ecological
Statistics, 8(1), 53-70. https://doi.org/10.1023/A:1009601932481

Blickensdorfer, L., Schwieder, M., Pflugmacher, D., Nendel, C., Erasmi,
S., & Hostert, P. (2022). Mapping of crop types and crop sequences
with combined time series of Sentinel-1, Sentinel-2 and Landsat
8 data for Germany. Remote Sensing of Environment, 269, 112831.
https://doi.org/10.1016/j.rse.2021.112831

Bretagnolle, V., Siriwardena, G., Miguet, P., Henckel, L., & Kleijn, D.
(2019). Local and landscape scale effects of heterogeneity in shap-
ing bird communities and population dynamics. In Agroecosystem
diversity (pp. 231-243). Elsevier. https://doi.org/10.1016/B978-0-
12-811050-8.00014-5

Biirkner, P.-C. (2017). brms: An R package for Bayesian multilevel models
using Stan. Journal of Statistical Software, 80(1), 1-28. https://doi.
org/10.18637/jss.v080.i01

Clough, Y., Kirchweger, S., & Kantelhardt, J. (2020). Field sizes and
the future of farmland biodiversity in European landscapes.
Conservation Letters, 13, e12752. https://doi.org/10.1111/conl.
12752

Diaz, S., & Malhi, Y. (2022). Biodiversity: Concepts, patterns, trends, and
perspectives. Annual Review of Environment and Resources, 47(1),
31-63. https://doi.org/10.1146/annurev-environ-120120-054300

Donald, P. F. (2004). The skylark. T & AD Poyser.

Dunning, J. B., Danielson, B. J., & Pulliam, H. R. (1992). Ecological pro-
cesses that affect populations in complex landscapes. Oikos, 65(1),
169-175. https://doi.org/10.2307/3544901

Ekroos, J., Tiainen, J., Seimola, T., & Herzon, I. (2019). Weak effects of
farming practices corresponding to agricultural greening measures
on farmland bird diversity in boreal landscapes. Landscape Ecology,
34(2), 389-402. https://doi.org/10.1007/s10980-019-00779-x

Fahrig, L., Baudry, J., Brotons, L., Burel, F. G., Crist, T. O., Fuller, R. J.,
Sirami, C., Siriwardena, G. M., & Martin, J.-L. (2011). Functional
landscape heterogeneity and animal biodiversity in agricultural
landscapes: Heterogeneity and biodiversity. Ecology Letters, 14(2),
101-112. https://doi.org/10.1111/j.1461-0248.2010.01559.x

Fahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A., Javorek, S., King, D.,
Lindsay, K. F., Mitchell, S., & Tischendorf, L. (2015). Farmlands with
smaller crop fields have higher within-field biodiversity. Agriculture,
Ecosystems & Environment, 200, 219-234. https://doi.org/10.
1016/j.agee.2014.11.018

Frank, C., Hertzog, L., Klimek, S., Schwieder, M., Tetteh, G. O., Béhner,
H. G. S., Réder, N., Levers, C., Katzenberger, J., Kreft, H., & Kamp,
J. (2024). Data from: Digital repository for: Woody semi-natural
habitats modulate the effects of field size and functional crop di-
versity on farmland birds. Zenodo https://doi.org/10.5281/zenodo.
10354740

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W. W., Emmerson, M.,
Morales, M. B., Ceryngier, P, Liira, J., Tscharntke, T., Winqvist, C.,
Eggers, S., Bommarco, R., Part, T., Bretagnolle, V., Plantegenest,
M., Clement, L. W., Dennis, C., Palmer, C., Ofate, J. J., ... Inchausti,
P. (2010). Persistent negative effects of pesticides on biodiversity
and biological control potential on European farmland. Basic and
Applied Ecology, 11(2), 97-105. https://doi.org/10.1016/j.baae.
2009.12.001

GeoBasis-DE/BKG. (2015). Digitales Basis-Landschaftsmodell (Ebenen)
(Basis-DLM). https://gdz.bkg.bund.de/index.php/default/digitales-
basis-landschaftsmodell-ebenen-basis-dim-ebenen.html

Guerrero, |., Morales, M. B., Onate, J. J., Geiger, F., Berendse, F., Snoo,
G. d., Eggers, S., Part, T., Bengtsson, J., Clement, L. W., Weisser,
W. W., Olszewski, A., Ceryngier, P., Hawro, V., Liira, J., Aavik, T,
Fischer, C., Flohre, A, Thies, C., & Tscharntke, T. (2012). Response
of ground-nesting farmland birds to agricultural intensification
across Europe: Landscape and field level management factors.

85UB01 7 SUOWIWIOD SAee1D 3|(dedl (dde 8Ly Aq peusenof ae sl O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1A UO (SUONIPUOD-pUe-SWLB)W00" A8 1M Ake.q Ul [Uo//Sdiy) SUONIPUOD pue SWLB | 8U18eS " [720z/20/8T] Lo AiqiTauluo A8 Imisul uyenyi sniine AQ #094T 7992-G9ET/TTTT OT/I0p/uoo A3 | 1m Aiq1pUI|UO S fPUINOBaq)//:SdNY WOy pepeojumoa ‘0 ‘v992S9eT


https://doi.org/10.5281/zenodo.10354740
https://orcid.org/0000-0001-8558-599X
https://orcid.org/0000-0001-8558-599X
https://orcid.org/0000-0003-0869-9672
https://orcid.org/0000-0003-0869-9672
https://orcid.org/0000-0002-2544-640X
https://orcid.org/0000-0002-2544-640X
https://orcid.org/0000-0003-2103-8828
https://orcid.org/0000-0003-2103-8828
https://orcid.org/0000-0001-5430-5967
https://orcid.org/0000-0001-5430-5967
https://orcid.org/0000-0003-4878-5401
https://orcid.org/0000-0003-4878-5401
https://orcid.org/0000-0002-2491-2624
https://orcid.org/0000-0002-2491-2624
https://orcid.org/0000-0003-4810-9024
https://orcid.org/0000-0003-4810-9024
https://orcid.org/0000-0003-2385-5987
https://orcid.org/0000-0003-2385-5987
https://orcid.org/0000-0003-4471-8236
https://orcid.org/0000-0003-4471-8236
https://orcid.org/0000-0002-8313-6979
https://orcid.org/0000-0002-8313-6979
https://doi.org/10.1111/1365-2664.13585
https://doi.org/10.1111/1365-2664.13585
https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-ABE8-1
https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-ABE8-1
https://doi.org/10.1556/ComEc.13.2012.2.4
https://doi.org/10.1016/S0169-5347(03)00011-9
https://doi.org/10.1023/A:1009601932481
https://doi.org/10.1016/j.rse.2021.112831
https://doi.org/10.1016/B978-0-12-811050-8.00014-5
https://doi.org/10.1016/B978-0-12-811050-8.00014-5
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1111/conl.12752
https://doi.org/10.1111/conl.12752
https://doi.org/10.1146/annurev-environ-120120-054300
https://doi.org/10.2307/3544901
https://doi.org/10.1007/s10980-019-00779-x
https://doi.org/10.1111/j.1461-0248.2010.01559.x
https://doi.org/10.1016/j.agee.2014.11.018
https://doi.org/10.1016/j.agee.2014.11.018
https://doi.org/10.5281/zenodo.10354740
https://doi.org/10.5281/zenodo.10354740
https://doi.org/10.1016/j.baae.2009.12.001
https://doi.org/10.1016/j.baae.2009.12.001
https://gdz.bkg.bund.de/index.php/default/digitales-basis-landschaftsmodell-ebenen-basis-dlm-ebenen.html
https://gdz.bkg.bund.de/index.php/default/digitales-basis-landschaftsmodell-ebenen-basis-dlm-ebenen.html

FRANK ET AL.

11

Biological Conservation, 152, 74-80. https://doi.org/10.1016/j.bio-
con.2012.04.001

Hartig, F. (2019). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models. https://CRAN.R-project.org/packa
ge=DHARMa

Hertzog, L. R., Klimek, S., Réder, N., Frank, C., Béhner, H. G. S., & Kamp,
J. (2023). Associations between farmland birds and fallow area at
large scales: Consistently positive over three periods of the EU
Common Agricultural Policy but moderated by landscape complex-
ity. Journal of Applied Ecology, 60(6), 1077-1088. https://doi.org/10.
1111/1365-2664.14400

Hill, M. O. (1973). Diversity and evenness: A unifying notation and its
consequences. Ecology, 54(2), 427-432. https://doi.org/10.2307/
1934352

Hiron, M., Berg, A., Eggers, S., Berggren, A., Josefsson, J., & Part, T.
(2015). The relationship of bird diversity to crop and non-crop het-
erogeneity in agricultural landscapes. Landscape Ecology, 30(10),
2001-20183. https://doi.org/10.1007/s10980-015-0226-0

Jepsen, M. R., Kuemmerle, T., Miiller, D., Erb, K., Verburg, P. H., Haberl,
H., Vesterager, J. P., Andri¢, M., Antrop, M., Austrheim, G., Bjorn, I.,
Bondeau, A., Biirgi, M., Bryson, J., Caspar, G., Cassar, L. F., Conrad,
E., Chromy, P., Daugirdas, V., ... Reenberg, A. (2015). Transitions
in European land-management regimes between 1800 and 2010.
Land Use Policy, 49, 53-64. https://doi.org/10.1016/j.landusepol.
2015.07.003

Josefsson, J., Berg, A., Hiron, M., Part, T., & Eggers, S. (2017). Sensitivity
of the farmland bird community to crop diversification in Sweden:
Does the CAP fit? Journal of Applied Ecology, 54(2), 518-526.
https://doi.org/10.1111/1365-2664.12779

Kalettka, T., & Rudat, C. (2006). Hydrogeomorphic types of glacially cre-
ated kettle holes in North-East Germany. Limnologica, 36(1), 54-64.
https://doi.org/10.1016/j.limno.2005.11.001

Kamp, J., Frank, C., Trautmann, S., Busch, M., Droschmeister, R., Flade,
M., Gerlach, B., Karthiuser, J., Kunz, F., Mitschke, A., Schwarz, J., &
Sudfeldt, C. (2021). Population trends of common breeding birds in
Germany 1990-2018. Journal of Ornithology, 162(1), 1-15. https://
doi.org/10.1007/s10336-020-01830-4

Kapfer, M. (2007). Okonomische Auswirkungen ausgewdhlter Verfahren der
Flurneuordnung [Doctoral thesis]. Technische Universitat Miinchen.
https://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss-
20070329-618930-0-8

Laux, A., Waltert, M., & Gottschalk, E. (2022). Camera trap data suggest
uneven predation risk across vegetation types in a mixed farmland
landscape. Ecology and Evolution, 12(7), e9027. https://doi.org/10.
1002/ece3.9027

Ludwig, M., Schlinkert, H., Holzschuh, A., Fischer, C., Scherber, C., Trnka,
A., Tscharntke, T., & Batéary, P. (2012). Landscape-moderated bird
nest predation in hedges and forest edges. Acta Oecologica, 45,
50-56. https://doi.org/10.1016/j.actao.2012.08.008

Martin, A. E., Collins, S. J., Crowe, S., Girard, J., Naujokaitis-Lewis, 1.,
Smith, A. C., Lindsay, K., Mitchell, S., & Fahrig, L. (2020). Effects
of farmland heterogeneity on biodiversity are similar to—Or
even larger than—The effects of farming practices. Agriculture,
Ecosystems & Environment, 288, 106698. https://doi.org/10.1016/j.
agee.2019.106698

Martin, A. R., Cadotte, M. W,, Isaac, M. E., Milla, R., Vile, D., & Violle,
C. (2019a). Regional and global shifts in crop diversity through the
Anthropocene. PLoS One, 14(2), e0209788. https://doi.org/10.
1371/journal.pone.0209788

Martin, E. A., Dainese, M., Clough, Y., Baldi, A., Bommarco, R., Gagic, V.,
Garratt, M. P. D., Holzschuh, A., Kleijn, D., Kovacs-Hostyanszki, A.,
Marini, L., Potts, S. G., Smith, H. G., Al Hassan, D., Albrecht, M.,
Andersson, G. K. S., Asis, J. D., Aviron, S., Balzan, M. V., ... Steffan-
Dewenter, I. (2019b). The interplay of landscape composition and
configuration: New pathways to manage functional biodiversity

Journal of Applied Ecology E Egé?ﬁ;m

and agroecosystem services across Europe. Ecology Letters, 22(7),
1083-1094. https://doi.org/10.1111/ele.13265

McKenzie, A. J., Emery, S. B., Franks, J. R., & Whittingham, M. J. (2013).
FORUM: Landscape-scale conservation: Collaborative agri-
environment schemes could benefit both biodiversity and ecosys-
tem services, but will farmers be willing to participate? Journal of
Applied Ecology, 50(5), 1274-1280. https://doi.org/10.1111/1365-
2664.12122

Miguet, P., Gaucherel, C., & Bretagnolle, V. (2013). Breeding habitat se-
lection of Skylarks varies with crop heterogeneity, time and spa-
tial scale, and reveals spatial and temporal crop complementation.
Ecological Modelling, 266, 10-18. https://doi.org/10.1016/j.ecolm
0del.2013.06.029

Newton, I. (2004). The recent declines of farmland bird populations in
Britain: An appraisal of causal factors and conservation actions.
Ibis, 146(4), 579-600. https://doi.org/10.1111/j.1474-919X.2004.
00375.x

Noack, F., Larsen, A., Kamp, J., & Levers, C. (2022). A bird's eye view of
farm size and biodiversity: The ecological legacy of the iron cur-
tain. American Journal of Agricultural Economics, 104(4), 1460-1484.
https://doi.org/10.1111/ajae.12274

Oksanen, J., Blanchet, F. G, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., Minchin, P.R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H.H.S,, Szoecs, E., & Wagner, H. (2020). vegan: Community ecol-
ogy package. (R package version 2.5-7). https://CRAN.R-project.
org/package=vegan

Pebesma, E. (2018). Simple features for R: Standardized support for spa-
tial vector data. The R Journal, 10(1), 439. https://doi.org/10.32614/
RJ-2018-009

Pickett, S. R. A., & Siriwardena, G. M. (2011). The relationship between
multi-scale habitat heterogeneity and farmland bird abundance.
Ecography, 34(6), 955-969. https://doi.org/10.1111/j.1600-0587.
2011.06608.x

Piattmanns, M., Lehmann, F., Willert, F., Heinz, J., Kieburg, A., Filla, T.,
Balkenhol, N., Waltert, M., & Gottschalk, E. (2022). No seasonal
curtailment of the Eurasian Skylark's (Alauda arvensis) breeding
season in German heterogeneous farmland. Ecology and Evolution,
12(9), €9267. https://doi.org/10.1002/ece3.9267

R Core Team. (2022). R: The R project for statistical computing. R
Foundation for Statistical Computing. https://www.r-project.org/

Redlich, S., Martin, E. A., Wende, B., & Steffan-Dewenter, I. (2018).
Landscape heterogeneity rather than crop diversity mediates bird
diversity in agricultural landscapes. PLoS One, 13(8), e€0200438.
https://doi.org/10.1371/journal.pone.0200438

Renard, D., Mahaut, L., & Noack, F. (2023). Crop diversity buffers the
impact of droughts and high temperatures on food production.
Environmental Research Letters, 18(4), 045002. https://doi.org/10.
1088/1748-9326/acc2dé

Rigal, S., Dakos, V., Alonso, H., Aunins, A., Benké, Z., Brotons, L.,
Chodkiewicz, T., Chylarecki, P., de Carli, E., del Moral, J. C., Domsa,
C., Escandell, V., Fontaine, B., Foppen, R., Gregory, R., Harris, S.,
Herrando, S., Husby, M., leronymidou, C., ... Devictor, V. (2023).
Farmland practices are driving bird population decline across
Europe. Proceedings of the National Academy of Sciences of the
United States of America, 120(21), e2216573120. https://doi.org/
10.1073/pnas.2216573120

RoRberg, D., Michel, V., Graf, R., & Neukampf, R. (2007). Definition
von Boden-Klima-Raumen flr die Bundesrepublik Deutschland.
Nachrichtenblatt des Deutschen Pflanzenschutzdienstes, 59(7),
155-161.

Salek, M., Kalinova, K., Daikova, R., Grill, S., & Zmihorski, M. (2021).
Reduced diversity of farmland birds in homogenized agricultural
landscape: A cross-border comparison over the former Iron Curtain.
Agriculture, Ecosystems & Environment, 321, 107628. https://doi.
org/10.1016/j.agee.2021.107628

85UB01 7 SUOWIWIOD SAee1D 3|(dedl (dde 8Ly Aq peusenof ae sl O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1A UO (SUONIPUOD-pUe-SWLB)W00" A8 1M Ake.q Ul [Uo//Sdiy) SUONIPUOD pue SWLB | 8U18eS " [720z/20/8T] Lo AiqiTauluo A8 Imisul uyenyi sniine AQ #094T 7992-G9ET/TTTT OT/I0p/uoo A3 | 1m Aiq1pUI|UO S fPUINOBaq)//:SdNY WOy pepeojumoa ‘0 ‘v992S9eT


https://doi.org/10.1016/j.biocon.2012.04.001
https://doi.org/10.1016/j.biocon.2012.04.001
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1111/1365-2664.14400
https://doi.org/10.1111/1365-2664.14400
https://doi.org/10.2307/1934352
https://doi.org/10.2307/1934352
https://doi.org/10.1007/s10980-015-0226-0
https://doi.org/10.1016/j.landusepol.2015.07.003
https://doi.org/10.1016/j.landusepol.2015.07.003
https://doi.org/10.1111/1365-2664.12779
https://doi.org/10.1016/j.limno.2005.11.001
https://doi.org/10.1007/s10336-020-01830-4
https://doi.org/10.1007/s10336-020-01830-4
https://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss-20070329-618930-0-8
https://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss-20070329-618930-0-8
https://doi.org/10.1002/ece3.9027
https://doi.org/10.1002/ece3.9027
https://doi.org/10.1016/j.actao.2012.08.008
https://doi.org/10.1016/j.agee.2019.106698
https://doi.org/10.1016/j.agee.2019.106698
https://doi.org/10.1371/journal.pone.0209788
https://doi.org/10.1371/journal.pone.0209788
https://doi.org/10.1111/ele.13265
https://doi.org/10.1111/1365-2664.12122
https://doi.org/10.1111/1365-2664.12122
https://doi.org/10.1016/j.ecolmodel.2013.06.029
https://doi.org/10.1016/j.ecolmodel.2013.06.029
https://doi.org/10.1111/j.1474-919X.2004.00375.x
https://doi.org/10.1111/j.1474-919X.2004.00375.x
https://doi.org/10.1111/ajae.12274
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.1111/j.1600-0587.2011.06608.x
https://doi.org/10.1111/j.1600-0587.2011.06608.x
https://doi.org/10.1002/ece3.9267
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0200438
https://doi.org/10.1088/1748-9326/acc2d6
https://doi.org/10.1088/1748-9326/acc2d6
https://doi.org/10.1073/pnas.2216573120
https://doi.org/10.1073/pnas.2216573120
https://doi.org/10.1016/j.agee.2021.107628
https://doi.org/10.1016/j.agee.2021.107628

FRANK ET AL.

B ol of Applied Ecology E%ﬁfﬁ;m

Schellhorn, N. A., Gagic, V., & Bommarco, R. (2015). Time will tell: Resource
continuity bolsters ecosystem services. Trends in Ecology & Evolution,
30(9), 524-530. https://doi.org/10.1016/j.tree.2015.06.007

Silveira, E. M. O,, Pidgeon, A. M., Farwell, L. S., Hobi, M. L., Razenkova,
E., Zuckerberg, B., Coops, N. C., & Radeloff, V. C. (2023). Multi-grain
habitat models that combine satellite sensors with different reso-
lutions explain bird species richness patterns best. Remote Sensing
of Environment, 295, 113661. https://doi.org/10.1016/j.rse.2023.
113661

Sirami, C., Gross, N., Baillod, A. B., Bertrand, C., Carrié, R., Hass, A.,
Henckel, L., Miguet, P., Vuillot, C., Alignier, A., Girard, J., Batary, P.,
Clough, Y., Violle, C., Giralt, D., Bota, G., Badenhausser, |., Lefebvre,
G., Gauffre, B., ... Fahrig, L. (2019). Increasing crop heterogene-
ity enhances multitrophic diversity across agricultural regions.
Proceedings of the National Academy of Sciences of the United States
of America, 116(33), 16442-16447. https://doi.org/10.1073/pnas.
1906419116

Smith, M. E,, Vico, G., Costa, A., Bowles, T., Gaudin, A. C. M., Hallin, S.,
Watson, C. A., Alarcon, R., Berti, A., Blecharczyk, A., Calderon, F. J.,
Culman, S., Deen, W., Drury, C. F,, Garcia, A. G. y., Garcia-Diaz, A.,
Plaza, E. H., Jonczyk, K., Jick, O., ... Bommarco, R. (2023). Increasing
crop rotational diversity can enhance cereal yields. Communications
Earth & Environment, 4(1), 1-9. https://doi.org/10.1038/s43247-
023-00746-0

Tetteh, G. O., Gocht, A., Erasmi, S., Schwieder, M., & Conrad, C. (2021).
Evaluation of Sentinel-1 and Sentinel-2 feature sets for delineat-
ing agricultural fields in heterogeneous landscapes. IEEE Access, 9,
116702-116719. https://doi.org/10.1109/ACCESS.2021.3105903

Thomas, C. F. G., & Marshall, E. J. P. (1999). Arthropod abundance and di-
versity in differently vegetated margins of arable fields. Agriculture,
Ecosystems & Environment, 72(2), 131-144. https://doi.org/10.
1016/50167-8809(98)00169-8

Trimble Germany GmbH. (2019). eCognition developer 9.5.0 reference
book. Trimble Germany GmbH.

Tscharntke, T., Grass, |., Wanger, T. C., Westphal, C., & Batary, P. (2021).
Beyond organic farming—Harnessing biodiversity-friendly land-
scapes. Trends in Ecology & Evolution, 36(10), 919-930. https://doi.
org/10.1016/j.tree.2021.06.010

Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, I., & Thies, C.
(2005). Landscape perspectives on agricultural intensification and
biodiversity—Ecosystem service management. Ecology Letters, 8(8),
857-874. https://doi.org/10.1111/j.1461-0248.2005.00782.x

Tschumi, M., Birkhofer, K., Blasiusson, S., Jérgensen, M., Smith, H. G.,
& Ekroos, J. (2020). Woody elements benefit bird diversity to a
larger extent than semi-natural grasslands in cereal-dominated
landscapes. Basic and Applied Ecology, 46, 15-23. https://doi.org/
10.1016/j.baae.2020.03.005

Vallé, C., Le Viol, I., Kerbiriou, C., Bas, Y., Jiguet, F., & Princé, K. (2023).
Farmland biodiversity benefits from small woody features.
Biological Conservation, 286, 110262. https://doi.org/10.1016/j.bio-
con.2023.110262

Vasseur, C., Joannon, A., Aviron, S., Burel, F., Meynard, J.-M., & Baudry,
J. (2013). The cropping systems mosaic: How does the hidden het-
erogeneity of agricultural landscapes drive arthropod populations?
Agriculture, Ecosystems & Environment, 166, 3-14. https://doi.org/
10.1016/j.agee.2012.08.013

Vehtari, A. (2021). Comparison of MCMC effective sample size estimators.
https://avehtari.github.io/rhat_ess/ess_comparison.html

Vickery, J., & Arlettaz, R. (2012). The importance of habitat heterogene-
ity at multiple scales for birds in European agricultural landscapes.
In Birds and habitat: Relationships in changing landscapes (pp. 177-
204). Cambridge university Press.

Vickery, J., Carter, N., & Fuller, R. J. (2002). The potential value of man-
aged cereal field margins as foraging habitats for farmland birds in
the UK. Agriculture, Ecosystems & Environment, 89(1), 41-52. https://
doi.org/10.1016/S0167-8809(01)00317-6

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Text S1. Description of potential mechanisms behind modulating
effects of small woody features (SWF) on the effects of field size
and functional crop diversity on bird abundance of species groups.
Text S2. Detailed description of crop-type map pre-processing and
of the segmentation procedure to delineate individual agricultural
fields and to calculate measures of mean field size.

Text S3. Calculation of the amount of small woody features (SWF)
and discussion of associated data limitations.

Table S1. Summary statistics of landscape variables used in the
analysis.

Table S2. Prior distributions of model coefficients.

Table S3. Correlation matrix (Pearson's correlation coefficients) of
predictor variables.

Table S4. Pairwise comparisons of predictive accuracy for models
with linear and quadratic effects of field size and crop diversity for
species diversity and abundance of species groups per year.

Table S5. Conditional and marginal R? values for annual models of
species diversity and abundance of species groups.

Figure S1. Prevalence for all considered species and years.

Figure S2. Examples of original pixel-based land cover data
compared to processed land cover data within a 3km? buffer around
bird monitoring sampling plots.

Figure S3. Distribution of the 842 bird monitoring sampling plots
used for analysis across Germany.
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plots used for analysis.
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categories of small woody feature amount.
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of mean field size and functional crop diversity for each year and
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of mean field size and functional crop diversity for each year and
categories of small woody feature amount.

Figure S13. Predicted species diversity along gradients of mean field
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mean SWF patch size are given per categories of SWF amount and
field size categories (quartiles).

Figure S15. Results of a sensitivity analysis excluding observations
with either very large field size (>20ha) or both a high amount of
small woody features (SWF) and large field sizes (SWF>10ha &
mean field size >10ha).

Figure S16. Boxplot of mean enhanced vegetation index (EVI) on
arable land for all sampling plots for the year 2018. Differences
are displayed per field size category quartiles and separately for
categories of small woody feature amount.

Figure S17. Correlation matrix (Spearman' rho) of mean field size and
three metrics representing configuration and composition of small

woody features (SWF) for observations with a high SWF amount
(>10ha).
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