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A B S T R A C T   

Agricultural intensification has profoundly changed agricultural landscapes with important biodiversity impacts. 
There is increasing knowledge on the general effects of landscape structure and management practices on plant 
and animal species but understanding the role of surrounding landscape structure for patch-scale biodiversity is 
more complex. While it can be reasonably assumed, that adjacent habitats are more important than more distant 
ones, the importance of landscape structure has often been tested at the landscape scale but rarely at smaller 
scales such as patch-surroundings. We assessed the influence and interdependences of landscape composition and 
configuration (LCC) and land use/land cover (LULC) on bird species richness and abundance through a multi- 
scale analysis with specific focus on the surrounding patches. In two agricultural regions in Switzerland, we 
collected point data of birds on 36 transects (500 m) and combined them with detailed spatial data on LULC. Bird 
richness and abundance were correlated to sets of landscape metrics as proxies for LCC computed at the transect- 
scale as well as for the patch surroundings. We analysed patch LULC as well as the most important patch- 
surrounding metrics using generalized linear mixed models. The results illustrate that patch LULC is the most 
important predictor of bird richness and abundance. Woody structures increase bird richness, followed by 
extensive management on patch scale. On the transect-scale semi-natural structure and heterogeneous LCCs are 
beneficial for bird richness and abundance. The effect of patch-surrounding structure LCCs is only small and 
interacts with patch LULC. Birds in grassland benefit from fallows in the surroundings, while in cropland they 
tend to respond positively to surrounding extensive grassland. Our results highlight that considering sur
roundings can help improve patch-based biodiversity assessments, which will then better predict the conse
quences of farmland management and make the outcome more applicable for practice.   

1. Introduction 

Agricultural land is a major component of Earth’s terrestrial area, 
making up >30% of land cover and about 50% of habitable land (FAO, 
2019). In many western countries, growing urbanization is steadily 
shrinking this area, putting high pressures on agriculture, which 
simultaneously needs to ensure food supply for an ever-growing popu
lation (FAO, 2018; United Nations Economic and Social Council, 2019). 
In many western regions, increased agricultural productivity has often 
been achieved by the use of improved varieties, chemical inputs and 
modern machines, leading to increased field sizes and yields. These 
processes negatively influence plant and animal species resulting in 
strong population declines in the last decades (Hallmann et al., 2017; 

Knaus et al., 2018). Despite efforts to combat biodiversity loss, the 2020 
goals to preserve biodiversity (AICHI CBD targets) have not been met in 
most countries nor at the global scale (Secretariat of the Convention on 
Biological Diversity, 2020). To improve the status of biodiversity and to 
sustain its associated functions and services, we need to be able to 
reliably understand and predict the impact of land management on 
farmland biodiversity. 

Both land use/cover (LULC) and landscape structure are known to 
play an important role for farmland biodiversity (Marcacci et al., 2020). 
Local field-scale management effects as well as larger landscape effects 
on biodiversity have been thoroughly investigated (e.g. Assandri et al., 
2016; Hinsley and Bellamy, 2000; Zingg et al., 2018). Yet, less is known 
about the intermediate scale, here defined as patch and its immediate 

* Corresponding author at: Agricultural Landscapes and Biodiversity, Agroscope, Reckenholzstrasse 191, 8046 Zurich, Switzerland. 
E-mail address: nklein@ethz.ch (N. Klein).  

Contents lists available at ScienceDirect 

Ecological Indicators 

journal homepage: www.elsevier.com/locate/ecolind 

https://doi.org/10.1016/j.ecolind.2023.110197 
Received 9 June 2022; Received in revised form 11 August 2022; Accepted 28 March 2023   

mailto:nklein@ethz.ch
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2023.110197
https://doi.org/10.1016/j.ecolind.2023.110197
https://doi.org/10.1016/j.ecolind.2023.110197
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2023.110197&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ecological Indicators 150 (2023) 110197

2

surroundings (i.e. 100 m buffers). For example, Martin et al. (2020) 
investigated the effect of farmland biodiversity in relation to crop di
versity and found positive effects on large spatial extent, while on small 
spatial extent the effects were negative. These contradictory results 
spotlight the need to understand the intermediate scale. This scale is 
particularly important for practical issues, as it is the scale of farmers’ 
decision making on management practices as fertilization and pest 
management (e.g. Pivato et al., 2015; Souza et al., 2015). This scale has 
rarely been investigated (especially for birds), even though it is assumed 
that nearby habitats are more important than habitats that are further 
away (Martin et al. 2020). 

The majority of species inhabiting agricultural landscapes depend on 
a specific landscape composition and configuration (LCC) with specific 
landscape elements. They need combinations thereof as habitats for 
nesting, food provisioning or shelter (Chiron et al., 2014; Vickery and 
Arlettaz, 2012). To assess spatial characteristics of landscapes, various 
landscape metrics have been developed, describing their composition 
and configuration (McGarigal and Marks, 1994) and which are exten
sively used in many studies such as Evelin et al. (2009); Lausch et al. 
(2015); and Syrbe and Walz (2012). The predictive power of landscape 
metrics for farmland biodiversity, however, depends on the spatial and 
thematic resolution (number and type of LULC categories) of the maps 
that are used (Bailey et al., 2007) and may differ between species 
groups, depending e.g. on their mobility and activity range (Jeanneret 
et al., 2003). 

Amongst the numerous species groups that constitute farmland 
biodiversity, birds are a well-monitored species group across Europe and 
have a long history as bioindicators (Benton et al., 2002; Temple and 
Wiens, 1989; Zingg et al., 2019). The close link to agriculture and their 
efficiency as bioindicators makes them suitable study organisms to 
explore the relationships between agricultural LULC patterns, patch- 
surrounding landscape structure and species richness (e.g. Borges 
et al., 2017; Hiron et al., 2015). 

Generally, bird richness is higher in non-crop areas, such as hedges, 
extensive meadows or wildflower strips (Vickery and Arlettaz, 2012). 
On the broader scale, bird richness increases with higher landscape 
heterogeneity (Benton et al., 2003). In addition, interactions between 
patch LULC and surrounding LCC can be assumed. For example, hedges 
could play a different role for mobile species in grassland landscapes 
than in arable landscapes. Tschumi et al., (2020), for example, found 
that in cereal-dominated landscapes, woody structures were more 
important than semi-natural grasslands for promoting bird richness, 
although semi-natural grasslands had general positive effects on the 
landscape-scale. Bird richness, however, depended on the amount of 
semi-natural habitats at the landscape-scale (and on land use intensity) 
(Billeter et al., 2008). Thus, even though we know a lot about the im
pacts of patch-scale and landscape-scale agricultural management on 
biodiversity (e.g. heterogeneity and semi-natural structures), it is not 
always clear whether this is actually transferable to smaller scales (i.e. 
patch-surroundings). Increasing knowledge on the intermediate scale 
and the importance of surrounding habitats for understanding farmland 
biodiversity at the patch-scale can help improve impact predictions and 
make the outcome more applicable for practice. 

The aim of our study is to analyse the importance and in
terdependences of landscape composition and configuration (LCC, 
landscape) and land use/cover (LULC, patch) on bird species richness 
and abundance through a multi-scale analysis. We investigate the 
discrete importance of I) LCC on landscape-scale (transect) and II) LULC 
on patch-scale. Bringing these results together, we explore the interde
pendency of III) LCC and LULC at intermediate scale by analysing the 
effect of patch-surroundings. 

2. Methods 

In the following, we give an overview of (1) the study areas and the 
sampling design, (2) the data collection, (3) the computation of the 

landscape metrics at three different spatial scales, and (4) the statistical 
analyses. The analyses were conducted on three distinct spatial scales: I) 
transect (100 m buffer around transect line), II) patch (here often part of 
an agricultural field) and III) patch-surroundings (100 m buffer around 
every patch). See Fig. 2 for illustration of the terminology. 

2.1. Study areas and sampling design 

The study was conducted in two agricultural study regions in 
Switzerland: The Schwarzbubenland (Canton Solothurn, SO) and the 
Reuss Valley (Canton Aargau, AG). While the Reuss Valley is a typical 
lowland landscape mainly composed of arable land and grassland, 
Schwarzbubenland is a hilly region with a high proportion of grassland 
and traditional cherry orchards. 

In each study region, 18 transects (Fig. 1) of 500 m length were 
randomly chosen along paths (rural roads with very little traffic). The 
number of transects was maximised for the region, and transects were 
selected not to be overlapping, avoiding forest, urbanised area as well as 
big rivers. Transects were selected to cover the highest possible gradient 
of land use diversity and to provide a high variance of landscape 
structure. 

2.2. Data collection 

2.2.1. Bird data 
Bird surveys were conducted three times during the breeding season 

between mid-April and mid-June 2020 (14.4. − 22.4, 7.5. − 20.5., 2.6. −
13.6.) up to five hours after sunrise (05:47 am − 11:29 am) under 
favourable conditions (no wind, no rain). The method followed pro
tocols of the Swiss biodiversity monitoring (Schmid et al., 2004) and 
previous field studies on birds (Assandri et al., 2016; Marcacci et al., 
2020). All transects were slowly walked by a single observer (NK) for 
20–40 min per transect (as long as it took to map all birds, while keeping 
a standardized pace). The position of each observed bird inside a buffer 
of 100 m around each transect was marked on a printed map. The 
number of bird species (richness) and number of bird individuals 
(abundance) for each transect were recorded. Survey time and transect 
order were randomized between the surveys. Subsequently, all obser
vation points were manually digitalized using the software ArcGIS Pro 
(Version 2.6.0, Esri Inc, 2021). 

2.2.2. Land use/land cover (LULC) mapping 
LULC (=land use/cover at the patch-scale) was mapped in a 200 m 

buffer around each transect (Fig. 2). The data were extracted from 
several map sources originating from cantonal and federal authorities 
(BLW, 2020). For each study area, detailed spatial information about 
crop cultivation, management and ecological focus area (EFA) was 
available at the patch-scale (i.e. a patch with a homogenous LULC, see 
Fig. 2). Point data of single trees were derived from the Swisstopo TLM 
vector layer (Bundesamt für Landestopografie, 2020). Maps were veri
fied and completed in the field and then digitalized using aerial images 
with ArcGIS Pro (Version 2.6.0, Esri Inc., 2021). 

LULC classes differed between cantons and were thus not uniform 
between the two regions. Therefore, they were harmonised and then 
aggregated to eight classes (woody, non-agricultural, extensive grass
land (<5 trees/ha), standard grassland (<5 trees/ha), extensive orchard 
(>5 trees/ha), standard orchard (>5 trees/ha), fallow, and arable land). 
See Table 1 for details and explanations of all LULCs. 

2.3. Landscape composition and configuration (LCC) indices 

LCC (=composition and configuration of landscape) was expressed 
through a set of indices, computed for transect and patch-surrounding 
scales. A representative set of different landscape-level and class-level 
spatial metrics was chosen to evaluate LCC based on Cushman et al. 
(2008) and calculated for two spatial scales (transect and patch- 
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surrounding). As landscape-level metrics, edge density (ED), largest 
patch index (LPI), interspersion/juxtaposition index (IJI), and shape 
index coefficient of variation (shape_CV) were calculated. For each of 
the eight LULC classes, we also calculated the mean shape index 
(shape_MN), aggregation index (AI), mean nearest neighbour distance 
(enn_MN), nearest neighbour distance coefficient of variation (enn_CV), 
largest patch index (LPI) and edge density (ED) (Table A.1). All metrics 
were computed with the “sample_lsm” function of the landscape_metrics 
R package (Hesselbarth, 2021), using polygon-layers (transect/patch- 

surrounding) on a raster (LULC, 1x1m resolution). First, the metrics 
were computed for “transects” (n = 36, 100 m buffers around every 
transect). Second, the same metrics were also computed for “patch- 
surroundings” (n = 903, 100 m buffers around every single patch). All 
metrics containing NA values were excluded from further analyses and 
high correlating metrics were excluded (>0.7). 

Fig. 1. Overview map of Switzerland with the two study regions, the Reusstal valley (left) and the Schwarzbubenland (right) with all 36 transects depicted.  
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2.4. Statistical analyses 

Bird counts were computed per transect and per patch. On transect- 
scale, a correlation plot was used to inspect the large-scale interactions 
between landscape metrics and richness/abundance. At the patch-scale, 
a generalized linear mixed model was built to investigate the role of 
LULCs for richness/abundance. For patch-surroundings, correlation 
plots and generalized linear mixed models were used to assess the re
lationships between the patch-surrounding metrics and patch richness/ 
abundance separately for the two major agricultural LULCs: arable and 
grassland. All analyses were conducted using the software R (R Core 
Team, 2021), see Fig. 3 for an overview of all analyses and results. 

2.4.1. LCC and biodiversity at transect-scale 
We analysed the relationship between the different landscape- 

metrics and bird richness and abundance for each transect. To do so, 
the “corrplot” function of the Hmisc R package (Harrell, 2021) was used 
to build a correlation plot. As input for the plot, the function “rcorr” 
(Harrell, 2021) computes Pearson’s correlation coefficients with their 
significance. For our analyses, only correlations with p < 0.05 were 
displayed, and multicollinear metrics (>0.7) with significant 

relationship to the response variables were removed. To limit 
complexity and as we focussed our analysis on the patch-surrounding 
scale, we did not include models for this part of the analysis. 

2.4.2. LULC and biodiversity at patch-scale 
To analyse the relationship between the eight LULC classes (see 

Table 1) and bird richness and abundance, we built models with the 
”glmer” function of the lme4 package (Bates et al., 2022) using richness 
or abundance as response and LULC as explanatory variable. Region and 
transect ID were included as nested random factors considering their 
spatial structure. To account for patch size, area was added using the 
“offset” function (Aarts et al., 2012; O’Hara and Kotze, 2010). We 
checked all models for overdispersion (“dispersion_glmer” function of 
the blmeco package, Korner-Nievergelt et al., 2018) and zero-inflation 
(comparing model predicted (“predict” function) and observed num
ber of zeros for the model). In case overdispersion was detected in a 
model, negative binomial distribution was used instead of poisson, using 
the “glmer.nb” function of lme4 (Bates et al., 2022). 

2.4.3. LCC, LULC and biodiversity at patch-surrounding scale 
We investigated the relationships between patch-level richness/ 

Fig. 2. Conceptual sketch of a transect, indicated as horizontal red line. Separate patches on a 100 m buffer around transects (on which birds were monitored) are 
delineated with black lines, while colours indicate different LULC classes (patch-scale). Transect-scale metrics were calculated for the 100 m transect buffer (n = 36), 
and patch-surrounding metrics were calculated on 100 m buffers around individual patches (n = 903). In the example, transect-scale metrics would be calculated for 
the outer black line, and patch-surrounding metrics would be calculated separately for every patch in this buffer as shown with the dotted line around the orange 
patch with purple border. 

Table 1 
LULC variables, short names and description of all explanatory variables included in the analyses. Short names were used as plot labels. N is the number of patches, 
classified as this specific category, with a total of 903.  

Variable Short Description n 
total 

Woody woody Hedges, shrubs, big trees with smaller bushes underneath 116 
Non-agricultural non- 

agricultural 
Urban, forest, unused land, canals along paths, standing water 52 

Extensive 
grassland 

ext_grass Classified as extensively managed by canton, <5 trees per ha 91 

Standard 
grassland 

grass Fertile permanent grassland, <5 trees per ha 117 

Extensive orchard ext_orchard Classified as extensively managed by canton, >5 trees per ha 38 
Standard orchard orchard Fertile permanent grassland, >5 trees per ha 110 
Fallow fallow Flower strips, wildflower fallows, litter fields 37 
Arable land arable Crop cultivation (clover, maize, oilseed rape, potatoes, sugar beet, winter cereals, summer cereals, peas, rotational grassland and 

other crops/grains/arable) 
342  
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abundance and the landscape metrics, now computed at the patch 
surrounding-scale. As summarizing landscape metrics for all LULCs 
would balance the results out (through varying interactions of LULCs 
with different landscape metrics), we focussed on the two major land 
uses for this part of the analysis (arable and grassland). We built two 
separate correlation plots with the Hmisc package following the above- 
mentioned method and chose the metrics with the best correlation to 
richness/abundance. 

We then built separate grassland and arable models using the 
“glmer” function (Bates et al., 2022) with richness/abundance as 
response, the respective metric as explanatory variable and region/ 
transect ID as nested random factors. Due to the large variance of 
richness/abundance between different types of grassland, we addition
ally included grassland LULC (4 categories, Table 1) as predictor in the 
grassland model. 

3. Results 

3.1. LULC and bird data 

Both regions are dominated by agriculture, with regional differences 
in the coverage of grasslands and substantial variation of LULC cover
ages within each region. In Reuss Valley (RV), transects were dominated 
by arable land (58–94% transect cover), followed by extensive grassland 
(0.12–26.3%), fallow (0–26.9%), standard grassland (0–21.2%), non- 
agricultural land (0–11.3%) and woody structures (0–10%). The tran
sects in Schwarzbubenland (SBL) also mainly consist of arable land 
(0–90.9%) but also standard grassland (7–87.7%), followed by extensive 
grassland (0–44.0%), non-agricultural (0–11%), woody structures 
(0.05–10%) and fallow (0–8%). 

The bird data consisted of 2783 individual observation points of 61 
species (Table A.2). The number of species was comparable between the 
two regions (RV: 50, SBL: 51), with differences in individual species 
densities. On the transects, total bird richness ranged from 8 to 22, and 
total abundance (i.e. number of seen and heard individuals) from 18 to 
128. On the individual patches, bird species richness ranged from 0 to 14 
species and abundance from 0 to 67 individuals. 

3.2. LCC correlation analyses at transect-scale 

First, we explored the relationships between transect bird richness/ 
abundance and the LCC metrics computed at the transect-scale. All 
significant correlations of the landscape metrics (transect ED, IJI, LPI, 
shape_CV; AI, ED, LPI, shape_MN, enn_MN, enn_CV, for each class) with 
bird richness/abundance are illustrated in the correlation plot (Fig. A1). 
There were four significant correlations with richness and five signifi
cant correlations for abundance. For richness, the highest correlations 
were found with fallow AI (0.50), extensive grassland ED (0.41) and 
transect shape_CV (-0.42). For abundance, the highest correlations were 
found with extensive grassland ED (0.49), fallow AI (0.48) and woody 
shape_MN (0.41). In summary, bird richness and abundance at the 
transect-scale were mainly correlated with each other and an aggrega
tion of fallows (higher AI), the configuration of extensive grassland 
(higher ED) as well as the shape of patches in the transect (shape_CV). 

3.3. LULC and biodiversity analyses at patch-scale 

The patch-scale models showed significant effects of LULC class on 
both, richness and abundance (Table 2, Fig. 3). Both, richness-patch- 
model, and abundance-patch-model showed highest bird numbers in 
woody structures, followed by non-agricultural areas and extensive or
chards, with lowest abundances in arable land. 

All grassland types as well as fallows had higher richness and 
abundance compared to arable land. For both patch-models, the nested 
random factor region/transect explained only small proportions of 
variance, with 0.06 (0.03 only region) for the richness model, respec
tively 0.09 (0.08 only region) for the abundance model (Table 2). The 
richness-patch-model (conditional R2: 0.69) performed better than the 
abundance-patch-model (conditional R2: 0.59), but both explained 
major proportions of variance. Richness was modelled with poisson 
distribution and abundance with negative binomial, while both final 
models did not show signs of overdispersion or zero-inflation. In sum
mary, at the patch-scale, LULC is the major predictor of bird richness/ 
abundance (as is apparent from the high conditional R2 of the models), 
which explains substantial differences between LULC classes and illus
trates a high value of woody and (extensive) orchard LULC classes. 

Fig. 3. Overview of the analyses and results for bird richness and abundance on all scales. 1) LCC (spatial metrics) on transect-scale, 2) LULC (land use/cover) on 
patch-scale and 3) LCC on patch-surrounding scale for grassland and arable land, n = sample size. Correlation analyses are summarized in green boxes, model results 
in grey boxes. 
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3.4. LCC, LULC and biodiversity analyses at patch surrounding-scale 

Third, we explored the relationship between bird richness/abun
dance and LCC patch-surrounding landscape metrics (surrounding ED, 
LPI, IJI, shape_CV and shape_MN, AI, enn_MN, enn_CV, LPI, ED for each 
class) through correlation plots and statistical models. The correlation 
plots for grassland-surroundings (Fig. A2) and arable-surroundings 
(Fig. A3) show all significant correlations between surrounding land
scape metrics and patch richness/abundance (standardized per patch 
area). 

For grassland patches, richness/ha and abundance/ha both showed 
highest correlation with fallow LPI (both 0.36). For arable land patches, 
richness/ha and abundance/ha both showed highest correlations with 
extensive grassland shape_MN (both 0.18), and orchard shape_MN (both 
− 0.18). In summary, surrounding fallow largest patch index (LPI) 
showed highest correlations with bird richness/abundance of grassland 
patches, while the surrounding shape_MN of extensive grassland and 
orchards had contrasting correlations with bird richness and abundance 
in arable patches. 

From the patch-scale analysis, we chose the respective best corre
lating landscape metric to build the patch-surrounding models: fallow 
LPI for bird richness and abundance on grassland patches, and extensive 
grassland shape_MN for bird richness and abundance on arable patches. 
The abundance surrounding-model found a significant positive effect of 
higher fallow LPI patch surrounding-scale for grassland, while it was 
only marginally significant in the richness surrounding-model (Table 3). 
In addition, as shown in chapter 3.3, the type of grassland patch LULC 
influenced bird richness and abundance, with higher numbers for 
extensive orchard and orchard. The nested random factor region/tran
sect explained variances of 0.09 (0.31 only region) for the richness 
surrounding-model and 0.15 (0.12 only region) for the abundance 
surrounding-model. As for the patch-scale models, the richness 
surrounding-model (conditional R2: 0.52) performed better than the 
abundance surrounding-model (conditional R2: 0.36). See Fig. 3 for a 

summary of the most significant results on all scales. 
For the arable subset, richness and abundance surrounding-models 

both showed a positive trend (marginally non-significant) of higher 
mean shape index of extensive grasslands patch surrounding-scale for 
arable land (Table 4). The nested random factor region/transect 
explained only small variances of 0.06 (0.01 only region) for the 
richness-surrounding-model and 0.07 (0 only region) for the abundance- 
surrounding-model. Both arable-surrounding-models had a relatively 
low explanatory power (conditional R2: 0.1 for both models). Again, no 
final model showed signs of overdispersion or zero-inflation. In sum
mary, the chosen metrics with highest correlation to the response vari
able showed significant effects for both, grassland and arable 
surrounding-models, but the variance explained by both models is low. 

4. Discussion 

Our results illustrate that bird richness and abundance are influenced 
by LCC on transect-scale, and patch-scale LULC, with high importance of 
extensively managed and unproductive LULCs. Patch-surrounding LCC 
interact with patch LULC, with positive trends of surrounding fallows for 
grassland and extensive grasslands for arable land. 

4.1. Importance of LCC on transect-scale 

We found bird richness and abundance influenced by LULC structure 
on the transect-scale (mainly configuration of extensive grasslands, ED; 
aggregation of fallow, AI; and patch compactness, shape_MN). This is 
supported by previous research on the importance of heterogeneity on 
different spatial scales (Benton et al., 2003), as well as on beneficial 
effects of semi-natural areas (such as extensive grassland and fallows; 
Batáry et al., 2017; Marcacci et al., 2020). In line with our results, 
findings of Tschumi et al., (2020) highlighted the role of extensive 
grasslands for birds at the landscape-scale, which is associated with 
decreased mowing pressure and higher richness of plants and 

Table 2 
Summary of the coefficients of the patch-scale models investigating bird richness (BD) and abundance (ABU). Predictors, estimates with confidence intervals and p- 
values as well as r-squared and random effects are shown, see Table 1 for details and descriptions on the LULC categories.   

BD ABU 

Predictors Estimate CI P Estimate CI P 

(Intercept) Arable  0.00 0.00–0.00  <0.001  0.00 0.00–0.00  <0.001 
Fallow  2.35 1.67–3.30  <0.001  1.56 0.94–2.60  0.09 
Ext_grass  1.48 1.12–1.95  <0.05  1.29 0.89–1.88  0.17 
Ext_orchard  3.89 2.82–5.37  <0.001  3.92 2.41–6.38  <0.001 
Grass  1.35 1.05–1.75  <0.05  1.28 0.91–1.80  0.16 
Orchard  3.02 2.43–3.76  <0.001  3.36 2.40–4.70  <0.001 
Non-agricultural  8.87 7.19–10.94  <0.001  7.62 5.15–11.28  <0.001 
Woody  21.25 18.16–24.87  <0.001  21.26 16.18–27.94  <0.001 
Conditional R2  0.69 0.59 
Region  0.03 0.08 
Region/transect  0.06 0.09  

Table 3 
Summary of the coefficients of the grassland patch-surrounding models investigating bird richness (BD) and abundance (ABU). Predictors, estimates with confi
dence intervals and p-values as well as r-squared and random effects are shown, see Table 1 for details and descriptions on the LULC categories. LPI: Largest patch 
index.   

BD ABU 

Predictors Estimate CI P Estimate CI P 

(Intercept) Ext_grass  0.00 0.00–0.00  <0.001  0.00 0.00–0.00  <0.001 
Ext_orchard  4.51 2.79–7.30  <0.001  2.97 1.57–5.63  <0.05 
Grass  1.55 1.02–2.36  <0.05  1.06 0.62–1.83  0.83 
Orchard  4.04 2.61–6.26  <0.001  2.92 1.64–5.20  <0.001 
Fallow LPI  1.02 1.00–1.04  0.08  1.03 1.00–1.06  <0.05 
Conditional R2  0.52 0.34 
Region  0.31 0.12 
Region/transect  0.09 0.15  
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invertebrates. Grasslands currently defined as “extensive” still provide a 
high value for generalized bird richness and abundance (Eggenberg 
et al., 2001; Masé, 2005) and their actual configuration in the landscape 
is important, as illustrated by the positive effect of extensive grassland 
ED on bird richness/abundance. Richness and abundance were corre
lated with higher fallow aggregation (AI) and shape compactness 
(shape_MN), indicating that the spatial arrangement of fallows can in
fluence bird richness and abundance. This result is in line with recent 
findings of Schoch et al. (2022), who found that flower strips have 
interacting effects with the surrounding landscape and are more bene
ficial if surrounded by high-quality semi-natural areas. Richness as well 
as abundance also increased with compactness of patches (shape_CV), 
potentially associated with higher landscape heterogeneity (i.e. more 
compact patches), known to positively affect birds (Vickery and Arlet
taz, 2012). 

4.2. Importance of LULC for biodiversity at patch-scale 

At patch-scale, highest bird richness and abundance were recorded in 
woody structures. Woody structures are known to play an important role 
for biodiversity in agricultural land (Hinsley and Bellamy, 2000; Maskell 
et al., 2019), providing habitat to build nests, find food, or shelter 
(Knaus et al., 2018). The second highest richness and abundance values 
were found in non-agricultural areas, which in our study consisted of 
farmsteads, small patches of forest, unused land, canals along paths, 
standing water and villages. Several of these have high biodiversity 
values, such as forests and standing waters, small natural areas with 
ponds that attract water-bound species (Skórka et al., 2006). As this 
study focuses on farmland, we did not investigate non-agricultural 
patches in detail, but the relatively high bird numbers indicate that 
they play a role for many common bird species. The third highest rich
ness and abundance were found in extensive orchards. In line with the 
high values for woody structures, higher tree counts in both extensive 
and other grasslands were associated with higher bird richness and 
abundance, similar to recent findings in grasslands with more trees 
(Ernst et al., 2017). The results also fit previous findings on the value of 
extensively managed grasslands and again confirm the importance of 
maintaining extensive grasslands (Assandri et al., 2019; Klein et al., 
2020). In addition, fallows, namely flower strips, wildflower fallows and 
litter fields were recorded to have higher bird richness and abundance 
than arable land. This is in line with other studies that highlight the role 
of such structures for birds, while their actual effectiveness varies 
depending on the bird species (Birrer et al., 2007). Nevertheless, 
compared to woody structures, their overall effect seems to be modest. 
Yet, those differences should not be over-interpreted, as many birds 
require multiple habitats, e.g. using woody areas as shelter, while fal
lows primarily act as potential food resources. Lastly, lowest bird rich
ness and abundance were observed in arable fields. In contrast to woody 
structures or trees, the structure of arable fields is more variable across 
the year. Starting with bare ground or low vegetation in winter, crops 
develop during summer or autumn. Crop fields are frequently disturbed 
during the season by management activities such as weed control, pest 
management and harvesting. Although some species are adapted to e.g. 
nesting in crops, such as the fieldlark (Alauda arvensis), most species 

require semi-natural habitats, or combinations of semi-natural habitats 
with crop fields or intensively managed grassland (Jeanneret et al., 
2021). The LULC models explained major proportions of variance, 
indicating that local LULC is the most important factor for richness/ 
abundance of birds, as supported by previous research (Concepción 
et al., 2012). 

4.3. Interdependences of LCC/LULC and biodiversity at patch 
surrounding-scale 

4.3.1. Grassland patches 
The metrics describing dominance and spatial configuration of fal

lows (LPI, ED) showed considerably higher correlations with grassland 
richness and abundance than all other metrics. In addition to the cor
relation analysis for grassland patch-surroundings, the grassland 
surrounding-model showed significant differences between grassland 
types, illustrating positive effects of extensive management and more 
trees, as shown by the patch LULC model. The grassland patch- 
surrounding model was the only model with a substantial amount of 
variance explained by the random factors region and transect, in line 
with the higher number of (extensive) grasslands in the Schwarzbu
benland region. The grassland-surrounding-model showed that bird 
abundance (and richness marginally) increased when fallows were more 
dominant on the patch surrounding-scale, even though fallows were not 
among the LULC classes with highest richness/abundance on patch- 
level. Therefore, fallows can potentially foster birds in grassland, pre
sumably by providing food resources and shelter in their surroundings. 
Previous research has also shown other examples where surroundings 
can have positive effects on specific structures, such as hedgerows when 
combined with wildflower strips (Hinsley and Bellamy, 2000). Fallows 
had positive effects on both spatial scales, transects and patch- 
surroundings, supporting recent findings on the beneficial effects of 
(high quality) ecological focus areas on local and landscape-scale 
biodiversity (Schoch et al., 2022; Zingg et al., 2019). 

4.3.2. Arable patches 
Bird richness/abundance positively correlated with extensive grass

land shape_MN, again highlighting the importance of extensive grass
lands (Eggenberg et al., 2001; Masé, 2005), although the effects were 
not statistically significant in the models. Extensive grasslands provide 
high value habitats for many bird species and seem to have “spillover” 
effects on arable land in their surroundings, especially if they have a 
compact shape. In line with this, recent studies have called for diversi
fying agricultural landscapes through a mosaic combination of grass
lands with arable land (e.g. Bretagnolle et al., 2018), which would be 
beneficial for landscape biodiversity on different trophic levels. 
Compared to the grassland surrounding LCC metrics, the correlation 
coefficients were quite low, which could be explained by the lower bird 
numbers as well as a bigger temporal and structural variance in arable 
land compared to grasslands. 

5. Limitations 

We analysed our data on patch and transect-scale to get a close link 

Table 4 
Summary of the coefficients of the arable patch-surrounding model investigating bird richness (BD) and abundance (ABU). Predictors, estimates with confidence 
intervals and p-values as well as r-squared and random effects are shown. Shape_MN: mean shape index.   

BD ABU 

Predictors Estimate CI P Estimate CI P 

(Intercept)  0.00 0.00–0.00  <0.001  0.00 0.00–0.00  <0.001 
Ext_grass shape_MN  1.09 0.99–1.19  0.08  1.19 1.00–1.42  0.05 
Conditional R2  0.10 0.11 
Region  0.01 0.00 
Region/transect  0.06 0.07  
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to agricultural management units while being able to compare the 
respective surroundings. This scale is reasonable for such analyses, 
especially in combination with landscape metrics (Morelli et al., 2013), 
and has often been used in previous studies (e.g. Assandri et al., 2016; 
Marcacci et al., 2020). The approach provides information that can be 
used for patch-based biodiversity indicators, such as LCA approaches 
(Souza et al., 2015) and comprehensive modelling approaches (Duru 
et al., 2015). A drawback of this method is the simplification when 
summarizing all observations per patch and summing up all species to 
one richness and abundance score, which does not allow to test for 
species-specific patterns (i.e. habitat preferences (i.e. Theux et al., 
2022), but also detectability (i.e., Sanz-Pérez et al., 2020), rarefaction 
curves (i.e. Katayama, 2016)). Such single-species analyses could be 
explored in future studies to complement our results. We thus draw 
conclusions benefitting the majority of species, while they do not always 
benefit all individual species (e.g. fieldlark preferring open habitat over 
woody (Knaus et al., 2018)). Even though we analysed fine spatial 
scales, some small-scaled elements, which can influence birds, such as 
piles of stones or branches, pylons or road signs, could not be accounted 
for (Pustkowiak et al., 2021). 

5.1. Potential for practical application 

Statistical models can be used to predict habitat suitability for 
selected species (Guisan et al., 2013), investigate efficient placement of 
protected areas (Vincent et al., 2019), analyse the impact of land use 
change on species richness (Zebisch et al., 2004), or compare specific 
management options (Humbert et al., 2010). Nevertheless, it remains 
challenging to develop predictions and models that can be extrapolated 
and applied outside specific case studies (Duru et al., 2015), especially 
when these are spatially-explicit or operating at multiple spatial scales. 
We show that across regions, patch LULC is the most important factor to 
describe patch bird richness and abundance. Birds as mobile species are 
influenced by the LCC of agricultural landscapes, with positive effects of 
semi-natural structures (fallow AI, extensive grassland ED) and hetero
geneity (shape_CV), at the transect-scale. These findings are in line with 
numerous studies on the biodiversity benefits in agriculture through 
active promotion of natural habitats and increased heterogeneity at the 
landscape-scale (Tscharntke et al., 2021). 

Our investigations of the importance of surrounding habitats for 
predicting bird richness and abundance showed that they indeed 
contribute to explaining bird occurrence, even for such a mobile species 
group. The results underline the importance of considering the spatial 
context on different scales and show that surroundings have interacting 
effects with patch LULC, as shown also by other studies (Schoch et al., 
2022; Tschumi et al., 2020). While the effects are small, as compared to 
patch and transect-scale, taking them into account can improve the 
prediction of birds on individual patches at the scale at which farmers 
actually operate. Individual farm and landscape management actors 
thus have the potential to improve patch-scale biodiversity. 

6. Conclusion 

Our study uses high-resolution species, LCC and LULC data to study 
the importance of patch-surrounding structure as a driver of biodiversity 
by investigating different spatial scales: landscape/transect, patch, and 
patch-surroundings. We show that suitable habitat (LULC) on patch- 
scale is the most important factor explaining bird richness and abun
dance. In addition, the structure of different habitat types (LCC) at 
transect-scale plays an important role, as birds are mobile species that 
move between different types of LULC. On transect-scale, most of the 
avian community benefits from landscape elements such as extensive 
grassland or fallows, as well as increased landscape heterogeneity. The 
influence of patch-surroundings on individual patches depends on their 
respective LULC. There is a positive trend on birds with nearby fallows 
for grasslands and nearby extensive grasslands for arable land. The 

results show the potential of integrating patch-surroundings into patch- 
scale bird predictions. Even though the effects are rather weak, adding 
high-resolution data on patch-surroundings can help improve biodi
versity models, which ultimately inform farmers and decision makers. 

Our results support the high importance of landscape structure and 
heterogeneity (LCC) for birds in different landscapes and at different 
spatial scales, thus highlighting the need for their inclusion in biodi
versity models. They illustrate the high complexity of agricultural 
landscapes which add together a huge variety of entangled unique in
teractions between biodiversity and specific components of the land
scape, that need to be considered on different spatial scales. Considering 
surroundings can help improve patch-based biodiversity assessments, 
which will then also better predict e.g. the consequences of agricultural 
management and agricultural policies. Adding context-based spatial 
information and disentangling components into standardized classifi
cations that need to be considered on different spatial scales and by 
application of different indicators could provide huge benefits and a 
clear step forward to enhanced biodiversity prediction to better foster 
biodiversity. 
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Moreno, G., Nascimbene, J., Oschatz, M.-L., Paoletti, M.G., Sarthou, J.-P., 
Siebrecht, N., Sommaggio, D., Wolfrum, S., Herzog, F., 2021. An increase in food 
production in Europe could dramatically affect farmland biodiversity. Commun. 
Earth Environ. 2, 1–8. https://doi.org/10.1038/s43247-021-00256-x. 

Katayama, N., 2016. Bird diversity and abundance in organic and conventional apple 
orchards in northern Japan. Sci. Rep. 6, 1–7. https://doi.org/10.1038/srep34210. 

Klein, N., Theux, C., Arlettaz, R., Jacot, A., Pradervand, J.N., 2020. Modeling the effects 
of grassland management intensity on biodiversity. Ecol. Evol. 10, 13518–13529. 
https://doi.org/10.1002/ece3.6957. 
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