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Abstract
Land-use intensification in agroecosystems has led to population declines in many taxonomic groups, especially farmland 
birds. Two contrasting conservation strategies have therefore been proposed: land sharing (the integration of biodiversity 
conservation in low-intensity agriculture) and land sparing (the spatial separation of high-yielding agriculture and areas for 
conservation). Despite the large academic interest in this field, only few studies have taken into account stakeholders’ per-
spectives of these strategies when assessing conservation implications. We modeled the effects of three land-use scenarios 
(a business-as-usual, a land-sharing, and a land-sparing scenario), developed together with regional stakeholders, on the 
habitat area of 13 regionally endangered bird species in the Middle Mulde River Basin (Saxony, Germany). We used random 
forest models based on environmental variables relating to land-use/cover, climate and soil characteristics, occurrence of 
linear landscape elements (hedges and tree rows), and distance to water and major roads. Responses to the three land-use 
scenarios were species-specific, but extensively managed permanent grassland and the density of forest edges were positively 
associated with the occurrence of most bird species. Overall, the land-sharing scenario provided the largest breeding habitat 
area: 76% of the species had a significant (p < 0.05) increase in breeding habitat, and none showed a significant decrease. 
Our findings confirm that balancing the different, often contrasting habitat requirements of multiple species is a key chal-
lenge in conservation and landscape management. Land sharing, which local stakeholders identified as the most desirable 
scenario, is a promising strategy for the conservation of endangered birds in agricultural landscapes like our study region.
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Introduction

Since 1962, the Common Agricultural Policy (CAP) has had 
a major impact on land use in the European Union (EU). 
Aided by CAP subsidies, the scale and intensity of agri-
cultural operations have increased (e.g. holding size and 
agrochemical inputs; Pe’er et al. 2014). This development, 
together with crop specialization at both farm and landscape 
levels and the removal of semi-natural habitats, is one of the 
main causes of the dramatic population declines in European 
farmland birds in recent decades (Jerrentrup et al. 2017; 
Stjernman et al. 2019). The abolition of set-aside within the 
CAP in 2008 reduced food sources for many bird species and 
led to a loss of suitable nesting sites (Gillings et al. 2010). 
Along such international policy changes, the key driving 
factors of population declines are likely to vary regionally, 
as abiotic conditions such as topographic, pedo-climatic, 
and geomorphological features shape field and pasture size, 
type of cultivated crops, and farming practices at the local 
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scale (Busch et al. 2020). While there is ample evidence 
that farmland biodiversity declines with increasing land-
use intensity and homogeneization of the landscape, little 
is known about the shape of this relationship (Kleijn et al. 
2012), which is likely species- and context-dependent, vary-
ing with the land-use history of each region (Batáry et al. 
2017; Finch et al. 2020). Moreover, heterogeneous agricul-
tural landscapes have been recognized as a valuable habitat 
for farmland birds, indicating that a certain level of land-use/
management is not only tolerated but also necessary for the 
subsistence of certain species (Stjernman et al. 2019).

Birds are considered good proxies to measure ecosystem 
integrity and play vital roles in the structuring and func-
tioning of ecosystems (Vallecillo et al. 2016); a decline in 
their numbers is likely to reduce key ecosystem processes 
and services such as decomposition, pest control, pollina-
tion, and seed dispersal. For many farmland birds, extensive 
grasslands offer foraging and nesting habitats (Vickery et al. 
2001). Linear landscape elements (e.g. tree rows, hedges) 
and scattered trees are known as biodiversity hotspots in 
agricultural landscapes (Ernst et al. 2017). They often have 
higher total abundance and species richness, as they offer 
a range of benefits for nesting, roosting, and maintaining 
connectivity and therefore may allow forest and forest-edge 
bird species to extend their range into the agricultural land-
scape (Wilson et al. 2017). In addition, rural villages and old 
farmsteads are important habitats for many farmland birds 
(Rosin et al. 2016). Modeling the distribution of bird spe-
cies in agricultural landscapes is a particular challenge due 
to the high inter-annual variability of crops and agricultural 
management. However, species distribution models (SDMs), 
which are established tools in biogeography, landscape ecol-
ogy, and conservation biology (Elith and Leathwick 2009), 
have been used as a species-based approach to develop a 
European-wide habitat quality indicator for common birds 
(Vallecillo et al. 2016). Previous studies have also shown 
that environmental suitability modeled with SDMs is linked 
to key reproduction parameters of birds (e.g. breeding output 
and territory size; Brambilla and Ficetola 2012).

Two contrasting management strategies to reconcile 
agricultural production and biodiversity conservation in 
agricultural landscapes have been proposed and have led 
to a heated scientific debate (Fischer et al. 2014). In a 
land-sparing (LSP) strategy, some land is set aside for con-
servation while other land is used intensively to produce 
agricultural commodities; in a land-sharing (LSH) strat-
egy, low-yielding and less intensive production techniques 
are used to maintain biodiversity within agricultural land. 
However, there is a wide variation in definitions of what 
constitutes spared or shared land. While some research-
ers argue that only (semi)natural habitats should be used 
to represent land-sparing strategies (Phalan et al. 2011), 
others have used grazed/managed grasslands (Kamp et al. 

2015) or low-intensity farmland with sparse vegetation 
(Jerrentrup et al. 2017) to represent land sparing. The 
same variety of definitions applies to land sharing, which 
has been exemplified by organic farming (Gabriel et al. 
2013), silvopastures (Macchi et al. 2013), woodland islets 
in agricultural land (Rey Benayas and Bullock 2012), or 
landscapes with low human population densities (Chapron 
et al. 2014). The discussion on which land-use strategy 
offers the best integration between agricultural yields and 
biodiversity protection is further complicated by the differ-
ent perspectives of stakeholders, which depend largely on 
their preferred management goals (Manning et al. 2018). 
However, their involvement in environmental planning is 
important because (i) stakeholders with different views can 
help to find balanced and realistic outcomes, (ii) their con-
tribution can help to avoid conflicts later on, and (iii) they 
often have information on the local needs and opinions 
in the region that is otherwise not readily available (Jol-
ibert and Wesselink 2012; Vogler et al. 2017). Especially 
in scenario planning at the local scale, stakeholders can 
help to consider desirable and undesirable future aspects 
and relevant trade-offs (Bennett et al. 2016). Neverthe-
less, stakeholders were rarely involved in LSH/LSP studies 
and in the development of regional land-use management 
scenarios (but see Karner et al. 2019), which limits the 
practical applicability of the concept (e.g. criticized in 
Scariot 2013; Fischer et al. 2014) and the credibility of 
future forecasts in the local context (Volkery et al. 2008).

In this study, we model the impacts of three stakeholder-
driven land-use scenarios (business-as-usual, which follows 
the current trends of development—LBA, LSH, and LSP) 
on the breeding habitat area of 13 regionally endangered 
bird species in the Middle Mulde River Basin, a rural area 
in Central Germany. The three land-use scenarios were 
developed in a stakeholder co-design process as described 
in Karner et al. (2019). We agree with previous studies (e.g. 
Rey Benayas and Bullock 2012; Fischer et al. 2014) that 
land sharing and land sparing should not be seen as mutu-
ally exclusive alternatives, but as a set of measures that can 
be combined to best reconcile agricultural production and 
biodiversity conservation in agroecosystems. We use them 
here to illustrate and assess the potential impacts of a range 
of available and realistic management options. Our research 
questions are as follows:

1. What are the main environmental variables that deter-
mine the habitat of each endangered bird species in the 
Middle Mulde River Basin?
2. How will species-specific habitat area change in the 
three land-use scenarios?
3. Which land-use scenario overall provides the largest 
habitat area, since all species have different and some-
times contradictory habitat preferences and requirements?
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Materials and methods

Study area

The Middle Mulde River Basin is located in the federal 
state of Saxony, Germany, and comprises an area of 
1,624  km2 (Fig. 1). The average annual precipitation var-
ies between 570 and 880 mm and depends mainly on the 
altitude, which ranges from 70 to 505 m asl. The pres-
ence of fertile loess soils favours intensive arable farm-
ing (especially winter wheat, rapeseed, winter barley, and 
corn). The area is therefore mostly covered with cropland 
(54%), and with permanent grassland (14%), especially 
in the Mulde floodplains. About 10% of the area is used 
for settlements or road infrastructure. Only 20% is cov-
ered with forest, which is well below the average of for-
est cover in Saxony (28%) and Germany (31%) (SMUL 
2016). The afforestation of deciduous forests is therefore 
one of the political goals of the federal state of Saxony 
until 2050 (SMUL 2016). At the same time, the increasing 
land consumption for settlements—in Saxony on average 

4.3 ha/day (Meinel et al. 2018)—causes high losses of 
agricultural land and leads to habitat loss for biodiversity. 
About 10% of the study area is protected as part of Nat-
ura2000 sites, which cover the entire length of the Mulde 
River within the study region and the Pressel heathland-
woodland complex and peatlands in the north (Sächsis-
ches Landesamt für Umwelt, Landwirtschaft und Geologie 
2011). Around 240 bird species live in this area, 47 of 
which are listed in the Saxon Red List of Breeding Birds 
in the categories ‘endangered’, ‘critically endangered’, or 
‘threatened with extinction’ (Sächsisches Landesamt für 
Umwelt, Landwirtschaft und Geologie 2015) (Table 1). 
The Middle Mulde River Basin is therefore an ideal region 
to study the effects of future land use on endangered birds, 
with the main drivers being agricultural intensification, 
settlement expansion, and afforestation.

Stakeholder‑driven land‑use scenarios

Based on the status quo land use reflecting the year 2010 
and described in the “Land-use predictors” section (Fig. 1), 
three land-use scenarios were developed for the year 2030 

Fig. 1  Land use in the Middle 
Mulde River Basin in Saxony, 
Germany, based on the refer-
ence year 2010, and location 
of the study region within 
Germany
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by applying a participatory co-design approach described 
in detail in Karner et al. (2019). In short, stakeholders rep-
resenting local and regional public administration bodies 
from the agricultural, forestry, environmental, and political 
sectors, as well as NGOs, developed explorative land-use 
scenarios based on contrasting developments of agricultural 
input and output prices, direct payment funding, green-
ing requirements, agri-environmental program funding, 
environmental and nature protection legislation, EU food 
consumption, and other aspects until 2030 (Karner et al. 
2019). The scenarios were designed as three possible future 
developments along the land sharing/sparing gradient. The 
stakeholders agreed upon (i) total amounts of change per 
land-use class for each land-use scenario and (ii) priority 
areas for specific land-use transitions based on current land 
use. In the LBA scenario, which follows the current trends 

of development, stakeholders forecasted an expansion in set-
tlements and an increase in deciduous forest (as part of the 
Saxon afforestation program), with a concurrent reduction 
of cropland and a decrease in the number of linear land-
scape elements (Table 2). The LSP scenario was defined by 
agricultural intensification and homogenization of the land-
scape, i.e. conversion from grassland to cropland in areas 
with high soil fertility, intensification in the management of 
the remaining grassland, and a considerable reduction in the 
number of linear landscape elements. Of the three scenarios, 
LSP involved the largest increase in semi-natural cover, spe-
cifically deciduous forest, at the expense of agricultural land 
(‘set aside’ area), and no change in urban cover. Finally, the 
LSH scenario was characterized by agricultural extensifica-
tion, i.e. extensive management of formerly high-intensity 
grasslands, reduction in cropland area, and increase in the 

Table 1  Endangered bird species included in the present study, 
including information on the number of presence records (i.e. occur-
rence points collected between 2003 and 2008 and used for model-
ling) and the conservation status according to the Saxon Red List of 

Breeding Birds (Sächsisches Landesamt für Umwelt, Landwirtschaft 
und Geologie 2015). Habitat description and habitat requirements are 
from Steffens et al. (1998)

Bird species (abbreviation, common name) Number of 
presence 
records

Conservation status Habitat description and requirements

Alcedo atthis (Aa, common kingfisher) 271 Endangered Breeding holes are on riverbanks or in open pits; 
always close to surface water; preference for the 
presence of overhanging branches

Acrocephalus schoenobaenus (As, sedge war-
bler)

60 Endangered Settles in/next to silt up shores of lakes with reeds 
and shrubs on land

Coloeus monedula (Cm, western jackdaw) 52 Endangered Favors high buildings for nesting; grasslands are 
the main foraging habitat

Galerida cristata (Gc, crested lark) 69 Threatened with extinction Ground-breeding bird on dry, warm soils with 
sparse vegetation

Gallinago gallinago (Gg, common snipe) 53 Threatened with extinction Ground-breeding bird in wetland or in open 
grassland with wet soil; linear landscape ele-
ments (trees rows, hedgerows) increase habitat 
suitability

Hirundo rustica (Hr, barn swallow) 74 Endangered Nests usually in buildings, often in livestock 
farms and small houses in villages; grasslands 
and water bodies are the main foraging habitat

Lullula arborea (La, wood lark) 125 Endangered Nests in sparsely covered areas (clear-cut forests, 
open pits, etc.) with a preference for dry, sandy 
soil

Oenanthe oenanthe (Oo, northern wheatear) 35 Threatened with extinction Nests in caves and prefers the open countryside 
with spots of bare soil and linear landscape ele-
ments; often found in open pit-mining areas

Phoenicurus phoenicurus (Pp, common red-
start)

77 Endangered Nests in cavities; prefers open forest, parks, gar-
dens, and orchards; often found in settlements

Saxicola rubetra (Sr, whinchat) 217 Critically endangered Ground-breeding with a preference for humid 
grassland with linear landscape elements

Streptopelia turtur (St, turtle dove) 122 Endangered Prefers forest margins and nests in trees; avoids 
settlements

Tyto alba (Ta, barn owl) 166 Critically endangered Nests in settlements with surrounding open coun-
tryside; avoids closed forests

Vanellus vanellus (Vv, lapwing) 36 Threatened with extinction Ground-breeding bird on wetland, grass- and 
cropland; prefers humid soils
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number of linear landscape elements. In addition, forest and 
(to a lesser extent than in the LBA scenario) settlements 
were assumed to be established on former cropland in the 
LSH scenario. Several land-use classes (e.g. water body, 
bare land) were not changed in any of the scenarios.

The location of the land-use change within the Middle 
Mulde River Basin was determined by a set of spatial rules 
taking into account the following criteria: distance to existing 
land-use classes, distance to existing road infrastructure, soil 
productivity, and soil erosion risk. For example, the conversion 
of cropland to settlement was assumed to occur near existing 
settlements, near existing roads, and on soils with low pro-
ductivity. Following this logic, we calculated the conversion 
potential (CP) for each grid cell using a multi-criteria evaluation 
approach (Jiang and Eastman 2000). This approach allowed (i) 
ranking the values of all considered criteria in a standardized 
way and (ii) weighting them in order to modulate the magnitude 
of their effect on the conversion potential, calculated as follows:

where x is the criterion score standardized to a range 
between 0 and 100 (higher values representing a higher 
conversion potential) and w is the weight assigned to each 

CP = w1x1 + w2x2 ⋯ + w
n
x
n
,

criterion. We used w = 1 for simplicity to give the same 
weight to all considered criteria. Once CP was determined 
for each land-use conversion and scenario, we converted the 
appropriate amount of land (based on Table 2) in locations 
with the highest CP. All spatial analyses were conducted 
in ArcGIS 10.4 (ESRI, Redlands, CA) and Python (Python 
Software Foundation, version 2.7, http:// www. python. org). 
This procedure resulted in three land-use maps for the year 
2030 with 25-m cell size (Supplementary file S1). The extent 
of land-use change in the different scenarios is summarized 
in Table 2.

Bird occurrence data

The bird data were collected as part of the breeding bird 
monitoring and Natura 2000 monitoring projects led by the 
Saxon State Agency for Environment, Agriculture and Geol-
ogy (Steffens et al. 2013; Ulbricht 2018). We considered 
all endangered bird species with more than 30 observations 
after removing pseudo-replicates (i.e. multiple records in the 
same environmental raster cell), for the period 2003–2008, 
which led to 13 study species (Table 1). Since no informa-
tion on the absence of species was available, we used coor-
dinates of observation points of other species as absences, 

Table 2  Changes in land use, number of linear landscape elements, and density of forest edges in the different scenarios. Values in brackets rep-
resent the change compared to the status quo

Status quo Business as usual 
(± change)

Land sparing (± change) Land sharing (± change)

Proportion (%) of land covered by:
  Agricultural area 68.6 63.8 (− 4.8) 63.9 (− 4.7) 65.4 (− 3.2)
  Cropland 54.0 49.2 (− 4.8) 57.4 (+ 3.4) 50.8 (− 3.2)
  Orchard 0.8 0.8 1.5 (+ 0.7) 0.8
  Grassland 13.8 13.8 5.0 (− 8.8) 13.8
  Extensive grassland 7.0 7.0 0.0 (− 7.0) 13.8 (+ 6.8)
  Intensive grassland 6.8 6.8 5.0 (− 1.8) 0.0 (− 6.8)
  Semi-natural cover 21.4 23.8 (+ 2.4) 26.1 (+ 4.7) 23.8 (+ 2.4)
  Forest 19.6 22.0 (+ 2.4) 24.3 (+ 4.7) 22.0 (+ 2.4)
  Deciduous forest 4.6 7.0 (+ 2.4) 9.3 (+ 4.7) 7.0 (+ 2.4)
  Mixed forest 5.8 5.8 5.8 5.8
  Coniferous forest 9.2 9.2 9.2 9.2
  Wetland 0.1 0.1 0.1 0.1
  Bare land 0.4 0.4 0.4 0.4
  Water body 1.3 1.3 1.3 1.3
  Urban cover 10.1 12.5 (+ 2.4) 10.1 10.9 (+ 0.8)
  Settlement 9.9 12.3 (+ 2.4) 9.9 10.7 (+ 0.8)
  Road infrastructure 0.2 0.2 0.2 0.2
Linear landscape elements:
  Proportion by area (A) (%) 0.42 0.37 (− 0.05) 0.11 (− 0.31) 0.67 (+ 0.25)
  Proportion by perimeter (P)  (m2/m) 0.24 0.20 (− 0.04) 0.08 (− 0.16) 0.39 (+ 0.15)
  Density of forest edges  (m2/m) 15.5 24.4 (+ 8.9) 18.5 (+ 2.9) 21.4 (+ 5.8)
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excluding data within a radius of 500 m around the pres-
ence coordinates of each focal species (‘target-group back-
ground’; Barbet-Massin et al. 2012). This approach is an 
effective means to reduce the influence of spatially biased 
samples, e.g. towards more accessible or protected areas, as 
is typical for citizen science-derived data and monitoring 
projects at national and subnational levels (Ranc et al. 2017). 
To avoid model overfitting (Barbet-Massin et al. 2012), we 
used only 300 absence records, randomly selected from the 
full dataset of absences.

Environmental predictors

Based on the habitat requirements of our study species 
(Table 1), we identified pedo-climatic characteristics, dis-
tance-related parameters, and land-use characteristics as par-
ticularly important for modeling habitat suitability. To avoid 
using collinear variables in the same model, we calculated 
the Pearson’s correlation coefficient for each pair of vari-
ables and removed variables with |r|> 0.85 (Supplementary 
file S2), following other studies employing machine learning 
methods (Elith et al. 2006).

Pedo‑climatic characteristics and distance‑related 
parameters

From 49 precipitation and 17 climate stations of the German 
Weather Service (Deutscher Wetterdienst, https:// www. dwd. 
de), information on multiannual mean temperature, tempera-
ture range, and average annual precipitation sum between 
1980 and 2005 was retrieved. We corrected precipitation for 
sampling errors according to Richter (1995) and aggregated 
all three parameters to the level of sub-watersheds using the 
Thiessen polygon method in R Version 3.4.1 (R Core Team 
2016). We further used the BK50 digital soil map (Digitale 
Bodenkarte 1:50.000 für den Freistaat Sachsen 2012, Säch-
sisches Landesamt für Umwelt, Landwirtschaft und Geolo-
gie) in combination with pedotransfer functions (Eckelmann 
et al. 2005) to obtain spatially explicit parameters for the top 
soil, namely bulk density, available water capacity, saturated 
hydraulic conductivity, and organic carbon content. Distance 
to water bodies (both standing and running surface water) and 
to main roads was calculated based on the land-use informa-
tion described in the following section “Land-use predictors” 
in ArcGIS 10.3.1. Given the scope of this study, we left all 
climate and soil parameters unchanged in the scenario devel-
opment, focusing solely on land-use change.

Land‑use predictors

To describe the status quo land use, we used a land cover 
map at 25-m resolution reflecting the year 2010 (Fig. 1), 
which combined information from the ATKIS Basis DLM 

(Digitales Basis-Landschaftsmodell des Amtlichen Topog-
raphisch-Kartographischen Informationssystems 2010, 
Arbeitsgemeinschaft der Vermessungsverwaltungen der 
Länder der Bundesrepublik Deutschland), CORINE Land 
Cover data (CLC 2012 Version 18.5.1, European Environ-
ment Agency), and a colour-infrared (CIR) biotope and 
land-use map (Biotoptypen- und Landnutzungskartierung 
2005, Sächsisches Landesamt für Umwelt, Landwirtschaft 
und Geologie). For linear landscape elements, we used infor-
mation on tree rows and hedgerows from the ATKIS Basis 
DLM as in Jerrentrup et al. (2017). Assuming a standard 
width of 5 m, we calculated the proportion of linear land-
scape elements by area, but also by perimeter at the level 
of hydrological response units (HRUs). We chose HRUs, 
as used in the Soil and Water Assessment Tool—SWAT 
(Bieger et al. 2017), as spatial units of analysis because we 
aim to simulate the combined effects of land-use changes on 
biodiversity (modeled in this study) and ecosystem services 
(according to the SWAT model) in future studies. The devel-
opment of the LBA, LSP, and LSH scenarios is based on 
this land-use map, and differences in the proportion of land 
cover types across the scenarios are summarized in Table 2.

Species distribution models

We used random forest (RF) (Breiman 2001), a machine 
learning method that is on par with or better than other algo-
rithms used to model species distributions, especially for 
species with few observation points (Mi et al. 2017). We 
fitted the RF models as regression models with 500 trees. 
The number of variables randomly sampled as candidates at 
each split was the total number of variables which entered 
the model (reported under ‘remaining variables’ in Table 3) 
divided by 3. All analyses were performed in R (R Core 
Team, 2016) using the randomForest package (Liaw and 
Wiener 2002).

Predictor selection We used the backwards feature selec-
tion (rfe() function) from the caret package (Kuhn 2016) 
to identify the most influential predictors for each species. 
This method was shown to be effective for variable selection 
in RF models and to reduce the effect of variable correla-
tion on the importance measure (Gregorutti et al. 2017). 
In this approach, RF models are first built using the full 
set of environmental variables (Table 3, left). Based on the 
total decrease of node impurities (MDI = mean decrease 
impurity), variables are then ranked by importance. Highly 
important variables will create ‘purer’ nodes (with higher 
MDI value) than less important ones. At each step, we 
assessed two measures of model accuracy: the RMSE (root 
mean squared error) and the pseudo-R2 (pseudo-coefficient 
of determination). We repeated the feature selection ten 
times with different random sets of absences to ensure 
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representative coverage of environmental conditions in the 
study area. For each repetition and each species, the best set 
of predictors was determined by using the smallest variable 
subset with a quality loss of less than 5% for both RMSE 
and pseudo-R2. All predictors that remained at least once in 
the selected variable subset were included in the final set of 
variables for model training (Table 3). We also verified the 
selected predictor sets by comparing them with the reported 

habitat requirements of each species (Steffens et al. 1998) 
(Table 1). We produced partial dependence plots, which give 
a graphical depiction of the marginal effect of a variable 
on bird occurrence, using the partialPlot() function of the 
randomForest package (Liaw and Wiener 2002).

Model training and testing We randomly split presence 
records of each species into training (5/6 of the data) and 

Table 3  Variable importance and model accuracy measures of the 
random forest models. The table lists the mean variable importance 
(indicated by the mean decrease impurity) for all environmental vari-
ables, the mean area under the curve (AUC) of the receiver operat-
ing characteristic and the mean pseudo-R2 and root mean squared 
error (RMSE) values of the ten models per species. Species abbre-

viations are explained in Table 1. The two most important variables 
per species are highlighted in bold. Only the variables marked with * 
changed in the land-use scenarios. Mean and standard deviation val-
ues of the evaluation metrics and the variable importance scores are 
reported in Supplementary files S3 and S4

Aa As Cm Gc Gg Hr La Oo Pp Sr St Ta Vv

Land use
  Cropland * 6.0 3.9 5.1 2.6 - 2.4 2.4 2.0 2.4 5.7 3.6 4.1 5.4
  Orchard - - - - - - - - - - - - -
  Grassland * 8.2 5.6 1.9 2.2 1.9 2.2 - 1.4 2.5 7.3 5.8 3.2 3.0
  Extensive * - 4.6 - - - 6 - 0.7 1.4 3.5 - - -
  Intensive * - - 0.5 1.5 - - - 1.3 - 4 0.8 2.1 -
  Forest * - 3.6 0.9 4.7 - 1.3 12.2 1.3 6.9 6.3 22.9 6.2 1.7
  Deciduous * - - - - 0.3 - 1.7 0.2 - 1.6 0.7 - -
  Mixed - - 0.4 - 1 - 2.3 - 2.7 3.2 1.9 - -
  Coniferous - - - - 1.3 - - 0.3 1.6 2.8 22.0 - -
  Wetland - - - - 9.6 - - - - - - - 0.5
  Bare land - - 0.9 - - - - 4.4 - 1.6 - - -
  Water body 21.8 3.5 0.3 - - 0.8 0.8 0.8 0.8 - - 2.8 -
  Settlement * - - 11.9 10.8 - 9.8 - - 2.8 7.6 1.2 31.4 -
  Road infrastructure - - - - - - - - - - - - -
Linear elements
  Share by area * - - - - - - - 0.6 - 11.5 - - -
  Share by perimeter * - - 0.3 - - - - 0.7 - 12.3 - - 2.1
  Forest edges * 12.1 3.1 - - 0.5 1.1 2.8 1.2 3.7 3.6 0.6 2.4 -
Climate
  Temperature 11.1 - 1.7 - 0.3 5.1 5.7 1 2.5 3.2 2.4 4.9 1.4
  Precipitation - - 3.8 5.8 0.3 3 5.5 0.8 3.4 3.7 1.6 3.3 2.3
  Temp. range 13.8 8.5 0.8 2.5 1.2 6.3 17.1 1.1 2.5 4.1 5.6 2.3 1.7
Soil
  Available water content - 5.6 2.1 2.7 4.3 5.5 4.7 0.6 1.7 5.1 0.7 11.1 2.5
  Bulk density - - 0.5 - 6.2 - - 0.8 1.9 3.7 0.8 - -
  Carbon content - 1.8 0.8 - 9.1 - - 0.2 1.4 2.8 0.9 4.3 1.9
  Hydraulic conductivity - - 1 1.9 0.3 - - 1.2 1.7 3.7 1 6.8 -
Distance to …
  Next waterbody 44.8 - 1.2 7.8 0.7 3.0 10 1.5 1.8 7 0.9 3.8 1.6
  Major road 6.5 - 2.3 3.6 0.5 3.2 9.5 2.7 8.1 4.1 0.9 3.3 1.9
Summary
  Remaining variables 8 9 18 11 15 13 12 21 18 22 18 15 8
RF models
  AUC 0.99 0.96 1 1 1 1 0.99 0.92 0.92 0.98 1 0.99 1
  RMSE 0.2 0.21 0.14 0.15 0.1 0.15 0.19 0.18 0.22 0.27 0.16 0.21 0.14
  pseudo-R2 [%] 83.7 64.2 82.9 83.1 90.3 83.1 81.3 61.4 67.3 69.3 87 80.3 75.2
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testing data (1/6). For all selected predictors (Table 3), we 
estimated the proportion of area covered (e.g. for land use) 
or the mean value (e.g. for precipitation) within a radius of 
250 m around each presence or absence point as input for the 
RF models. RF model training was repeated ten times, each 
with 300 different random absence records for each species 
(see the “Bird occurrence data” section). Each model was 
then evaluated by cross-validation using the test data. We 
calculated the area under the curve (AUC) of the receiver 
operating characteristic, a threshold-independent evalua-
tion metric (Fletcher and Fortin 2018), using the evaluate() 
function from the dismo package (Hijmans et al. 2017). The 
mean values of AUC were calculated across the ten model 
runs. RF models, trained and tested for the status quo, were 
finally applied to the three land-use scenario maps (predict() 
function).

Breeding habitat area We used the ‘maximum sensitivity 
and specificity’ threshold to convert continuous predictions 
into binary presence/absence maps (threshold() function; 
dismo package). Since ten independent RF models existed 
for each bird species and land-use scenario, the average 
change in breeding habitat area was calculated from ten 
pairs of predictions. Using a Wilcoxon signed-rank test, we 
assessed whether this change from the status quo was sig-
nificant. To ascertain which specific land-use change (e.g. 
loss of extensive grasslands) was responsible for the pre-
dicted habitat changes, we performed permutation tests and 
replaced one land-use-related variable at a time in the status 
quo with the values of the respective future scenario. The 
permutations were repeated 10 times for each substituted 
variable, using the previously trained and tested RF models. 
The change in the modeled breeding habitat area due to this 
sole replacement enabled us to identify the land-use changes 
with the greatest impacts.

Results

Model accuracy and variable importance

All models showed high accuracy, with AUC scores above 
0.9, and good predictive power with mean pseudo-R2 values 
between 62 and 90% and RMSE values between 0.1 and 
0.27 (Table 3; Supplementary file S3). Between 8 and 22 
environmental variables were retained as model predictors 
for the different study species (Table 3; Supplementary file 
S4). The most frequently selected variables were the main 
land-use classes, climatic predictors, and distance-related 
parameters. Rare land-use classes (i.e. with low coverage 
in the study region) were only relevant for a few special-
ized species. For example, wetland was the most important 
predictor for the common snipe, which corresponds to its 

known habitat preferences. Similarly, bare land was the 
most important variable for the northern wheatear, which 
breeds in open, sparsely vegetated areas. Orchards and road 
infrastructures were not selected for any of the species. The 
settlement area strongly influenced species that commonly 
breed in or near buildings (western jackdaw, barn swallow, 
barn owl). The distance to main roads and to water bodies 
had effects on all species except for the sedge warbler, but 
with varying levels of importance (see Supplementary file 
S5 for partial dependence plots). Linear landscape elements 
like hedges and tree rows were chosen by the feature selec-
tion routine for only four species and had a high importance 
only for the whinchat (1st and 2nd rank). Forest edges, on 
the other hand, influenced the occurrence of ten study spe-
cies of low to medium importance (3rd to 18th rank) and 
generally showed a positive correlation between species 
occurrence and density of forest edges (Supplementary file 
S5). Of the soil parameters, available water content was the 
most frequently selected predictor, but with varying impor-
tance (2nd to 15th rank).

Changes in breeding habitat area

We found the largest increase in modeled habitat area for the 
crested lark in the LBA scenario (+ 53.8%) and the largest 
decrease for the barn swallow in the LSP scenario (− 84.4%) 
(Fig. 2, left columns). Across all species, the total increase in 
modeled breeding habitat area was the largest according to the 
LSH scenario (Fig. 2c). Ten of the 13 study species had a sig-
nificant (p < 0.05) increase in breeding habitat in this scenario, 
and none showed a significant decrease. It was the only scenario 
in which no species was significantly negatively affected. On 
the contrary, six species lost a significant part of their breeding 
habitat in the LSP scenario—while six other species gained 
habitat. In the LBA scenario, the size of the breeding habitat 
increased significantly for eight and decreased for three species.

Relative importance of land‑use changes

The permutation tests showed that each species benefited 
from certain changes in land use and was negatively affected 
by others (Fig. 2). For example, of the species that gained 
breeding habitat in the LBA scenario (Fig. 2a), two species 
primarily benefited from the expansion of the settlement area 
(Gc, Ta) and one from the afforestation (Pp), while two other 
species suffered from the loss of cropland (Oo, Vv).

Focusing on bird species with significant expansion or 
reduction of their habitat (Fig. 3), we were also able to 
assess the effect of individual land-use variables across the 
three scenarios. For species gaining habitat area, the most 
relevant land-use changes were the increase of the settle-
ment area (especially in the LBA scenario), the changes in 
cropland area (in all scenarios, but especially in LSP), and 
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the increase of forest area and forest edges (in particular 
in LSP, but also LSH). With regard to grasslands, both the 
loss of grassland in the LSP scenario and the increase in 
extensively managed grasslands in the LSH scenario can 
have positive effects on habitat area—depending on habi-
tat preferences. On the contrary, for species losing habi-
tat, this was mainly due to cropland losses and settlement 
expansion (LBA scenario) as well as the loss of (extensively 
used) grasslands and forest expansion (LSP scenario). With 
the exception of the LBA scenario, changes in linear land-
scape elements were of minor importance. In summary, the 

proportion of extensively managed permanent grassland 
and the density of forest edges were the variables that had 
positive effects on most species when they increased and 
negative effects when they decreased (Fig. 2, Fig. 3).

Discussion

This model-based analysis helps us understand how poten-
tial land-use changes represented by stakeholder-defined 
scenarios in an agricultural landscape affect the habitat 

Fig. 2  Modeled changes in breeding habitat according to future land-
use scenarios. Left columns show the modeled change in the size 
of the breeding habitat (%). Top rows show the change (%) of each 
land-use variable compared to the status quo. Central cells indicate 
the relative contribution (%) of each land-use variable to the modeled 
change in habitat area according to permutation tests. For example, 

the habitat area of the crested lark increased by 53.8% in the LBA 
scenario, mainly caused by the 24.4% increase in settlement area, 
which explains 61.4% of the modeled change in habitat area. If the 
cells are empty, the corresponding land-use variables were not used 
in the models. Significance levels: *p < 0.05, **p < 0.01
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of endangered farmland birds. Studies on the trade‐offs 
between agricultural expansion/intensification and biodi-
versity conservation have attracted much attention recently 
(Egli et al. 2018; Zabel et al. 2019), but comprehensive 
empirical assessments of the biodiversity outcomes are 
rare. Knowing how and why different elements in agri-
cultural landscapes influence biodiversity is therefore a 
key step in this process. Protected areas without any agri-
culture are important, because some species are intoler-
ant of any form of agricultural use or conversion (Wilson 
et al. 2017), but there is a limit to how much land can be 
set aside. Therefore, we need to understand how to man-
age ‘working’ agricultural landscapes to complement the 

biodiversity conservation goals of protected areas (Kre-
men and Merenlender 2018).

Importance of land‑use changes

The complexity of conserving biodiversity across multi-
ple species or taxa is well represented in our study, as the 
analyzed dataset of regionally endangered birds comprises 
farmland species (a predominant category in a region with 
substantial areas of anthropogenic farmed habitats), as well 
as shrubland-, woodland-, and wetland-associated species 
(Table 1). Our study species depend upon different eco-
logical niches and therefore respond to diverse pressures 

Fig. 3  Summarized effects of future land-use scenarios on the size 
of breeding habitat of 13 endangered bird species. (a) Proportional 
changes (%) in individual land-use variable between the status quo 
land use and the scenarios. Middle and bottom panels summarize 

relative contributions (%) of each land-use variable to the modelled 
change in habitat area according to permutation tests for (b) species 
with significant habitat gain and (c) species with significant habitat 
loss
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and threats. Our analysis showed that higher proportions of 
extensively managed permanent grassland and the density 
of forest edges had positive impacts on most bird species. 
This aligns with our expectations, as the majority of the 
species in our dataset are associated with open dry or wet 
habitats (Table 1). Two species in particular (barn swallow 
and sedge warbler) were heavily dependent on extensively 
used grasslands. Benefits seem to arise for the barn swallow 
both from presence of domestic animals per se, and from 
availability of nesting sites and foraging areas in the grass-
lands (Musitelli et al. 2016). A priority for bird conservation 
is thus to ensure that grassland habitats are protected from 
conversion to cropland (Kamp et al. 2015). Grassland and 
fallow land areas were especially important for farmland 
species in our study, and their loss has been identified as 
the main driver of farmland bird declines in Germany and 
across Europe (Busch et al. 2020). In addition, the inten-
sity of grassland management is a key factor influencing 
bird diversity. Intensively used grasslands provide less food 
(seeds, invertebrates) and fewer nesting opportunities for 
ground-breeding species (Vickery et al. 2001). Although 
we could only consider a binary classification of land-use 
intensity (intensive vs. extensive grasslands), our results 
show that extensively managed grasslands are essential for 
maintaining bird habitat in agricultural landscapes.

Forest edges and linear landscape elements like tree rows 
and hedges are important features in European agricultural 
landscapes, often having higher species richness and sup-
porting many rare bird species (Terraube et al. 2016). While 
the density of forest edges was a relevant predictor for 77% 
of the considered species, the extent of linear landscape ele-
ments influenced only 30% of them. Linear landscape ele-
ments included in the ATKIS Basis DLM are often alleys 
in which low-hanging branches and shrubs are cleared for 
visibility and traffic safety reasons, which may severely 
limit their value for biodiversity conservation. In compari-
son, forest edges represent a relatively undisturbed habitat 
in our study region, with a complex vegetation structure and 
mature undergrowth of hedge species and grasses.

Five species benefited from the expansion of the settle-
ment area whereas only two species (turtle dove and whin-
chat) were negatively affected by it. Rural villages are often 
overlooked as biodiversity hotspots (Rosin et  al. 2016) 
and can be, in many cases, regarded as more biodiversity-
friendly than intensively used agricultural areas because they 
offer various habitat types and contain numerous niches. The 
Middle Mulde River Basin is an area with many small vil-
lages, typically with one-family dwellings with surrounding 
gardens, and some towns, of which the largest is Döbeln 
with around 24,000 residents. All study species that ben-
efited from the settlement expansion are known to prefer 
this environment for nesting. Thus, the increase of the set-
tlement area in this region is not necessarily harmful for bird 

diversity as such if adequate nesting opportunities and food 
sources are provided.

Based on our results, the LSH scenario provided the larg-
est increase in total breeding habitat across species. This 
is in contrast to similar studies in agricultural regions of 
England and Poland, in which LSP outperformed LSH in its 
effects on bird population sizes (Feniuk et al. 2019; Finch 
et al. 2019). However, both studies present how a mixed 
strategy that combines high-yield farming, natural habitat, 
and low-yield farming often outperforms both LSH and 
LSP. Low-yield farming is indeed an essential habitat for 
farmland birds, and our results showed how the increases of 
extensive grassland, landscape elements, and forest edges 
in the LSH scenario are the drivers of the breeding habitat 
expansion for most species in our dataset (Fig. 3). Most spe-
cies in our analysis are openland species, and our results 
may have differed substantially with the inclusion of more 
forest and wetland species. We focused on endangered bird 
species in a region with a substantial extent of human-altered 
habitat as one effective strategy to minimize local species 
loss in the near future, by protecting the habitat of those 
species which are most sensible. Our results highlight that, 
in such a region, an LSH strategy is the best to mitigate, 
or stop, breeding habitat loss for the regionally endangered 
birds considered here.

Evaluation of the scenarios by the stakeholders

We discussed the developed spatially explicit representations 
of the land-use scenarios and the model results in a sec-
ond workshop with the same stakeholders. All participants 
agreed that the most likely future development would be 
similar to the LBA scenario, since no major changes regard-
ing land use and current policies are expected (Karner et al. 
2019). The LSP scenario was perceived as unrealistic due 
to the drastic transformations in land-use change trends (e.g. 
soil sealing and afforestation) from the present situation. The 
participants agreed that the LSH scenario (which provided 
the largest habitat area according to our findings) is indeed 
the most desired future for the Middle Mulde River Basin 
due to the reduction in land-use intensity and the presumed 
benefits for biodiversity and ecosystem functioning. How-
ever, in order to achieve land use as in the LSH scenario, 
stakeholders pointed out that remarkable changes in local 
and regional decision-making and in agricultural policy in 
general would be necessary. This is true also at the inter-
national level. The current CAP supports wildlife-friendly 
farming practises, such as crop diversification, maintenance 
of permanent grassland, implementation and maintenance 
of Ecological Focus Areas (EFAs) and Agri-environment-
climate schems (AESs), and payments for organic farming. 
However, to the extent at which they are currently imple-
mented, such measures have proven insufficient in halting 
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biodiversity loss and ecosystem degradation related to agri-
cultural expansion and intensification (Pe’er et al. 2014). 
Though the recently adopted regulations for the period 
2023–2027 are promoted as a ‘greener CAP’ (European 
Commission 2021), it has to be seen if and how the new 
CAP will in practice result in more widespread adoption of 
extensive and biodiversity-supporting agricultural practices.

Future research directions

The crop type and the complexity of the crop rotation are 
of key importance for the habitat quality of birds (Jerren-
trup et al. 2017). While field-scale mapping of crop types 
is possible with the latest remote sensing imagery (Griffiths 
et al. 2019), the bird data used here related to the period 
2003–2008, so it was unfortunately not possible to include 
such information here. Previous empirical studies have shown 
that increased nitrogen fertilizer and pesticide use on crop-
land has a negative impact on the abundance of farmland 
birds (e.g. Billeter et al. 2008). It will be crucial to include 
such information in future analyses in order to refine the 
results of this study. We also suggest that future studies 
should aim at differentiating the structure and quality of lin-
ear landscape elements to provide more detailed information 
on these important landscape features. While habitat loss is 
one of the main causes of farmland bird decline, we encour-
age future research to investigate the relationship between 
habitat availability and population size of different species, to 
estimate what is the minimum habitat area needed for species 
subsistence in the region. This can be done by modeling bird 
abundances (Finch et al. 2021), rather than occurrences as in 
our study, or by developing metrics to link area of habitat to 
likelihood of local population persistence (Durán et al. 2020).

Conclusions

This study contributes to our understanding of the effects 
of land use on birds in agricultural landscapes in several 
aspects. It is one of the few studies that uses stakeholder-
driven land-use scenarios on LSH and LSP and combines 
them with a state-of-the-art species distribution modeling 
approach. The variable responses of individual bird species 
to changes in agricultural land use in our study illustrate the 
complexity of conserving biodiversity across multiple spe-
cies or taxa. We agree with others (Rey Benayas and Bullock 
2012; Fischer et al. 2014) that the dichotomy of LSH vs. LSP 
is too simplistic and that these management strategies should 
be combined to best reconcile crop production and biodiver-
sity conservation, as also supported by recent empirical find-
ings (Feniuk et al. 2019; Finch et al. 2021). While areas of 
natural and semi-natural habitats are of pivotal importance 
for species subsistence and should be protected from further 

anthropogenic encroachment, the integration of agricultural 
production and biodiversity conservation can be achieved 
by applying less-intensive, wildlife-friendly land-use strate-
gies (Walker et al. 2018; Busch et al. 2020). Stakeholders 
particularly valued the reduction in land-use intensity and 
the benefits for biodiversity and ecosystem functioning in 
the LSH scenario, which provided the largest total habitat 
area for the bird species considered here. Already existing 
schemes like organic farming and AESs can be effective 
tools in combating biodiversity decline in agricultural land-
scapes, if appropriate funding, widespread uptake (through 
stakeholder support), and continuous monitoring of biodi-
versity responses are ensured at the regional, national, and 
international scale. To achieve this, however, significant 
changes in local and regional decision-making and in agri-
cultural policy in general would be required.
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