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Abstract 
Context  Land-use change and intensification are 
major drivers of biodiversity loss. However, estimates 
of the effects of land use and land-use intensity on 
biodiversity on broad spatial scales rarely account for 
species-specific responses across large areas, instead 
averaging effects on local assemblages. Current 
understanding of biodiversity effects on broad spatial 
scales is therefore limited.
Objective  To investigate the broad-scale effects 
of land use and land-use intensity on habitat suit-
ability for cropland and forest vertebrates throughout 

their contemporary ranges in Europe. To summarise 
regional-scale effects on vertebrate biodiversity pat-
terns in Europe by synthesising the effects on range-
wide habitat suitability for individual species.
Methods  Cropland and forest vertebrate occur-
rence records and geographic range estimates were 
combined with a European land-systems map. Spe-
cies distribution models (SDMs) were used to esti-
mate the effects of land use and land-use intensity 
on habitat suitability on a landscape scale throughout 
species’ ranges. Linear coefficients were specified 
to keep models interpretable, avoid overfitting and 
facilitate the use of priors based on expert knowl-
edge. Regional-scale effects were explored for spe-
cies groups based on habitat preferences, taxonomic 
groups and range sizes.
Results  Land use and land-use intensity signifi-
cantly affected cropland and forest vertebrate habitat 
suitability on a landscape scale across Europe. The 
effects of land use and land-use intensity on habitat 
suitability varied among species groups. Land‑use 
intensification and urbanisation disproportionately 
favoured more widespread species.
Conclusions  Landscape-scale land use and land-
use intensity help shape regional biodiversity patterns 
across Europe via their influence on habitat suitability 
throughout species’ contemporary ranges.
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Introduction

Global biodiversity is in decline, with approximately 
one quarter of animal and plant species threatened 
with extinction (IPBES 2019). Land-use change – or 
the change in use of land by humans – is among the 
leading causes of terrestrial biodiversity loss, pre-
dominantly driven by agricultural expansion, com-
mercial forestry and urbanisation (IPBES 2019). The 
negative effects of land-use change on biodiversity 
are usually associated with the loss and fragmenta-
tion of natural vegetation (Haddad et al. 2015; Pow-
ers and Jetz 2019). Land-use intensification, however, 
refers to changes in the management of a particular 
land use that increase land productivity, and usu-
ally decrease biodiversity (e.g. Newbold et al. 2015, 
Beckmann et  al. 2019, Semenchuk et  al. 2022, Van 
’T Veen et  al. 2025). While there are different ways 
to define land-use intensity, it is generally measured 
in relation to inputs (e.g. fertilisers, pesticides or irri-
gation), outputs (e.g. yield) or land-system properties 
(e.g. disturbance regimes) (Erb et  al. 2013; Kehoe 
et al. 2015; Dullinger et al. 2021). Land-use intensi-
fication modifies the suitability of different land uses 
for biodiversity (Semenchuk et al. 2022), but land-use 
intensity is often overlooked in models of the effects 
of land use on biodiversity (Dullinger et al. 2021). In 
the future, both intensification and de-intensification 
(e.g. agricultural land abandonment or restoration) 
are likely to occur (Stehfest et  al. 2019). Therefore, 
the exclusion of land-use intensity from models pre-
dicting the effects of land-use change on biodiversity 
could result in under- or over-estimation of biodiver-
sity trends (Kehoe et al. 2015; Dullinger et al. 2021).

Current knowledge of the effects of land use and 
land-use intensity on biodiversity typically comes 
from spatial comparisons of local assemblages (e.g. 
Semenchuk et al. 2022; Zhao et al. 2024). Such com-
parisons have identified negative effects of land-use 
change and intensification on, for example, bird taxo-
nomic diversity (Hevia et al. 2016) and herpetofauna 
abundance (Falaschi et al. 2019) in Europe. However, 
land-use changes can affect biodiversity to different 
extents depending on spatial scale (e.g. Flohre et  al. 
2011), such that local-scale diversity increases can co-
occur with broader-scale diversity decreases (Gaüzère 
et  al. 2025). Furthermore, averaging the results of 
local-scale biodiversity assessments over larger areas 
can lead to underestimations of biodiversity loss on 

broader scales (Socolar et  al. 2025). For example, 
there is evidence that land-use changes may cause 
more severe biotic homogenisation at regional rather 
than local spatial scales; yet, few studies directly 
assess regional-scale effects (Socolar et  al. 2025). 
Indeed, relatively little is understood about the spatial 
scale at which species respond to land-use changes, 
despite its importance for predicting species’ vulner-
abilities to future changes (Duncan et al. 2020).

Other sources of variation in the response of bio-
diversity to land-use change and intensification also 
exist. For example, different taxonomic and func-
tional groups of species can show different responses 
(e.g. Wood et  al. 2017; Beckmann et  al. 2019; Gra-
ham et  al. 2019). Importantly, there are indications 
that intensification may be linked to a disproportion-
ate loss in habitat specialists (e.g. Šálek et  al. 2018; 
Rédei et  al. 2020; Kuipers et  al. 2023; Etard and 
Newbold 2024) and species with smaller range sizes 
(Newbold et al. 2018; Etard and Newbold 2024). An 
associated shift in community composition towards 
more geographically widespread species can result 
in increased similarity between communities across 
space, with negative consequences for the conserva-
tion of rare species (Olden & Rooney 2006; Ripple 
et  al. 2017). Previous reviews also suggest that ver-
tebrates may be more resilient to intensification in 
wood- rather than crop-production systems (Beck-
mann et al. 2019; Cordeiro Pereira et al. 2024; Jones 
et  al. 2024). Lastly, vertebrates are also affected by 
the availability of suitable habitats on a landscape-
scale; thus, landscape structure can influence the 
effects of land-use change and intensification on 
biodiversity (Gonthier et  al. 2014; Le Provost et  al. 
2021). Therefore, consideration of variation in the 
effects of land use and land-use intensity on different 
species groups, especially on broad spatial scales, is 
important for conservation.

Europe has a long history of intensive land use and 
related losses in biodiversity (Pereira et al. 2024). For 
example, the EU 27 + region contains relatively little 
land that has not been modified by humans (Sand-
ström et al. 2023). Since 1900, urbanisation, affores-
tation and cropland-grassland transitions have been 
among the most important land-use changes to occur 
(Fuchs et  al. 2015). Additionally, most land uses 
(including cropland, forest, grassland and urban) are 
managed intensively. For example, the EU 27 + region 
contains less than 1% by area of primary forest and 
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low-intensity arable cropland combined, but approxi-
mately 10% by area of intensively-managed forest and 
13% high-intensity arable cropland (Sandström et al. 
2023). Therefore, due to the region’s land-use history, 
extant European species may be relatively tolerant of 
land-system pressures (Marjakangas et al. 2024). For 
example, low-intensity management can sometimes 
enhance biodiversity, such as with low levels of fer-
tilisation in nutrient-poor grasslands (Dengler et  al. 
2020).

However, cropland species in particular have been 
declining in Europe due to agricultural intensification 
(Reif and Vermouzek 2019; Rigal et  al. 2023). For-
est species are also subject to increasing management 
intensity, with potential implications for the persis-
tence of affected populations of such species (Sabatini 
et  al. 2020; Jung et  al. 2022). Yet, target 10 of the 
Kunming-Montreal Global Biodiversity Framework, 
to which many European countries are committed, 
focuses specifically on increasing biodiversity and 
sustainability in agriculture and forestry (CBD 2022). 
Furthermore, the EU Nature Restoration Regulation, 
which aims to reverse biodiversity declines across the 
EU, includes specific targets to increase farmland and 
forest bird populations, chosen as indicators of the 
biodiversity status of agricultural and forest habitats 
(Regulation (EU) 2024/1991). These targets are in 
place against a backdrop of projected changes in land 
use and land-use intensity over the coming decades 
(Alexander et  al. 2017; Visconti et  al. 2024), which 
could affect species’ habitat availability (e.g. Finch 
et al. 2023). Therefore, a more detailed assessment of 
the effects of changes in land use and land-use inten-
sity on cropland and forest vertebrates in Europe, on a 
broad spatial scale, could help with strategic land-use 
planning that accounts for impacts on these species.

Species distribution models (SDMs) are widely 
used to assess how environmental – mainly climatic 
– variables influence the likelihood of occurrence of 
species, and thus to estimate species’ distributions in 
space and time. Yet, research into how non-climatic 
human predictors – including land-use variables 
– affect species distributions is rare (Titeux et  al. 
2016; Milanesi et  al. 2020; Frans and Liu 2024). 
Additionally, SDM-based approaches focused on 
understanding the effects of landscape-scale changes 
on multiple taxa, over large spatial extents, are scarce 
(Pearman-Gillman et  al. 2020). Nevertheless, some 
recent studies have demonstrated the applicability of 

land-use predictors to SDMs (Marshall et  al. 2021; 
Gábor et  al. 2024), and several studies have used 
land-use predictors to help understand changes in 
the availability and distribution of suitable habitat 
for vertebrate species (e.g. Cardador and Blackburn 
2019; Pearman-Gillman et  al. 2020; Devenish et  al. 
2021; Davoli et al. 2024). Consideration of land-use 
intensity, however, is even rarer than land use, likely 
because of the challenge of obtaining meaning-
ful coefficients (Duncan et  al. 2020; Chapman et  al. 
2025).

In this study, we used a novel methodological 
approach – based on SDMs – to estimate the broad-
scale effects of landscape-scale land use and land-use 
intensity on habitat suitability for cropland and for-
est vertebrates across Europe. Our data comprised 
biodiversity occurrence records from the literature, 
a recent fine-resolution land-system map (Sandström 
et  al. 2023) and expert-derived species-ecosystem 
associations (Roscher et al. 2015). We used the ibis.
iSDM modelling framework (Jung 2023) and the 
area of habitat – or extent of suitable habitat – con-
cept (Brooks et al. 2019) to model habitat suitability 
throughout species’ contemporary ranges. Large-
scale SDM-based studies rarely use existing knowl-
edge about species habitat preferences to constrain 
model predictions, despite the potential for ecologi-
cal knowledge to help improve model realism (Gaget 
et  al. 2025). For example, while ecological knowl-
edge is primarily used for variable selection, using it 
to directly influence predictor coefficients can help to 
strengthen patterns based on species occurrence data 
alone (Murray et  al. 2009) and make more ecologi-
cally plausible models (Hofner et  al. 2011). Expert 
ecological knowledge, in particular, can be useful for 
making informed priors in SDMs that guide and con-
strain predictor coefficients (Murray et al. 2009), but 
it has thus far been underused for inferring the effects 
of land-use and land-use intensity.

Here, we used the best available expert knowl-
edge of species-ecosystem associations that we could 
find, provided by the European Environment Agency 
(Roscher et  al. 2015), to make informed priors for 
each species. Priors were based on the known suit-
ability of different habitats and were used to derive 
more ecologically realistic response functions. We 
were interested in assessing the responses of spe-
cies to land use and land-use intensity within their 
contemporary ranges, and not in predicting species’ 
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distributions. However, a model validation approach 
that is based on response functions rather than spa-
tial predictions is currently lacking. Such an approach 
would require not only unbiased testing data, but 
also a way to include expert knowledge (e.g. priors) 
in the validation. Thus – in contrast to previous stud-
ies – we focused on the robustness of estimated sta-
tistical relationships to assess model performance, 
rather than using traditional spatial model validation 
metrics. We explored variability in the partial effects 
of land use and land-use intensity on habitat suitabil-
ity according to species’ known habitat preferences, 
taxonomic groups and geographic range sizes, given 
previous indications that these variables could be 
important (Graham et  al. 2019; Etard and Newbold 
2024). We hypothesised that 1) landscape-scale land-
use and land-use intensity predictors would signifi-
cantly affect vertebrate habitat suitability throughout 
species’ contemporary ranges, and 2) the relative suit-
ability of different land uses – and the effects of inten-
sification – would differ according to species’ habitat 
preferences, taxonomic groups and range sizes.

Methods

Biodiversity data

We collated occurrence records and geographic 
ranges for terrestrial vertebrates from a range of data 
sources, using the following criteria:

1)	 The species occurred within the European areas 
mapped by Sandström et al. (2023),

2)	 The species had at least one of “cropland” and 
“woodland and forest” as a preferred ecosystem, 
according to expert knowledge gathered for spe-
cies of the Habitats and Birds Directives and held 
within a database detailing species’ associations 
with ecosystem types (Roscher et al. 2015),

3)	 The species had at least 100 occurrence records 
since 2000 in the Global Biodiversity Informa-
tion Facility (GBIF 2024) and/or eBird (Sullivan 
et  al. 2009), chosen as a compromise between 
avoiding small sample sizes and maximising the 
number of species included (Santini et al. 2021), 
and

4)	 The species’ range was available from the IUCN 
Red List (IUCN 2024), BirdLife International 

Important Bird Areas (BirdLife International 
2006) or reporting for the EU Habitats (Coun-
cil Directive 92/43/EEC) and/or Birds Directive 
(Directive 2009/147/EC). Alternatively, the spe-
cies had been recorded in at least one Natura 
2000 site checklist (Council Directive 92/43/
EEC).

Occurrence records from GBIF were filtered to 
remove those with missing or uncertain metadata 
(including occurrences where coordinate uncer-
tainty was > 5  km, the coordinates intersected water 
or where there were other reported issues) using the 
“CoordinateCleaner” R package (Zizka et  al. 2019). 
Occurrence records were pooled into one dataset per 
species. eBird records were considered presence-
only observations for consistency with the GBIF 
records. As the land-use and land-use intensity pre-
dictors were only available for the European areas 
mapped by Sandström et  al. (2023), we only con-
sidered contemporary range distributions of species 
within these areas. The “st_area()” function from the 
“sf” R package was used to calculate the geographic 
range size (m2) of each species (Pebesma 2018). If 
a species’ range consisted of multiple non-overlap-
ping polygons, from one or more data sources, total 
range size was calculated as the sum of the areas of 
all individual polygons. We then categorised spe-
cies ranges into small-sized (≤ 33rd percentile, 
or ≤ 5.76 × 1011 m2), medium-sized (33rd to 66th per-
centile, or 5.76 × 1011 to 1.71 × 1012 m2) or large-sized 
(≥ 66th percentile, or ≥ 1.71 × 1012  m2), based on the 
distribution of range sizes of the species included. On 
a global – rather than a European – scale, the range-
size groups could therefore be different. Additionally, 
other methods of delimiting species’ ranges, such as 
by joining non-overlapping polygons to form con-
tiguous areas, could also affect calculations of range 
size and range-size groups. Species were grouped 
taxonomically into mammals, birds and herpetofauna, 
and each species’ European Regional IUCN Red List 
Category was taken from IUCN (2024). All further 
analyses were conducted in R version 4.3.1 (R Core 
Team 2023).

Land‑use and land‑use‑intensity data

We used the 1  km2 resolution land-system map (v3) 
from Sandström et  al. (2023), which distinguished 



Landsc Ecol (2026) 41:122	 Page 5 of 18  122

Vol.: (0123456789)

land systems into 20 land-use and land-use-intensity 
classes. Classes that had low spatial coverage were 
combined to increase overlap with species ranges 
and enable more robust estimation of their effects. 
We thereby obtained 11 classes and re-coded each 
pixel to zero (not present) or one (present) at 1  km2 
resolution. Then each binary layer was aggregated to 
5  km2 resolution using the arithmetic mean, result-
ing in 11 continuous rasters representing the frac-
tional share (proportional cover) of each land-use 
or land-use-intensity class within each 5  km2 pixel 
(Table 1). This approach captured broader landscape-
scale effects – which have been shown to be impor-
tant for modelling vertebrate species distributions 
(e.g. Devenish et al. 2021) – and reduced computation 
time. Additionally, proportional land-use cover vari-
ables have been recommended for SDMs at > 1  km2 
resolution (Gábor et al. 2024). We categorised crop-
land, forests, grassland and urban areas each into low 
and high land-use intensity. Ideally, these land uses 
would each have retained three land-use-intensity 
classes. However, imbalance in the spatial coverage 
of each intensity necessitated combining at least two 
intensities together for each land use. Combining the 
low- and medium-intensity categories and retaining 

the high-intensity categories resulted in the best spa-
tial balance between the resultant categories, allowed 
for more focus on the effects of high-intensity land 
use, and eased interpretation and comparison of the 
results. See Online Resource 1 for further details on 
land-use intensity differences.

Species‑ecosystem associations

We used expert ecological knowledge of species-
ecosystem associations from Roscher et  al. (2015) 
to infer species’ habitat preferences, and to deter-
mine the suitability of land uses for each species. 
The species-ecosystem associations were later used 
in the modelling process to specify informed priors 
that constrained the effect of a suitable land use for 
a species to be positive (i.e. the model coefficient for 
that land use could not be < 0) (Hofner et  al. 2011, 
Fletcher Jr. et al., 2019, Jung 2023), and to spatially 
define likely unsuitable habitat for pseudoabsence 
sampling. A species could have more than one suit-
able or unsuitable land use (we determined a suitable 
land use as one where the corresponding ecosystem 
was listed as either preferred, occasional or suit-
able). Table 1 shows the linkages between ecosystem 

Table 1   Re-classification of land-use and land-use-intensity 
classes from Sandström et  al. (2023) into land-use and land-
use-intensity classes used in this study, which were inferred 
to be suitable habitats based on the corresponding ecosystem 

association data from Roscher et  al. (2015). Mosaic habi-
tats did not have a corresponding ecosystem in Roscher et al. 
(2015), so no inferences were made about the suitability of 
mosaic habitats for species

Land-use or land-use-intensity class(es) from Sandström et al. (2023) Land-use or land-use-
intensity class used in this 
study

Suitable ecosystem(s) 
based on Roscher et al. 
(2015)

Water and glaciers; wetland Water and wetland Wetlands; marine 
inlets and transitional 
waters; rivers and 
lakes

Bare, rock and shrub Bare, rock and shrub Sparsely vegetated land
Forest, shrub and cropland mosaic; forest, shrub and grassland mosaic Mosaic N/A
Low-density rural settlement; medium-density peri-urban settlement Low-intensity urban Urban
High-density urban settlement High-intensity urban Urban
Unmanaged forest nature reserve; close-to-nature-forestry; combined-objective 

forestry
Low-intensity forestry Woodland and forest

Intensive-even-aged-forestry; short-rotation forestry High-intensity forestry Woodland and forest
Low-intensity grassland; medium-intensity grassland Low-intensity grassland Grassland
High-intensity grassland High-intensity grassland Grassland
Low-intensity arable cropland; medium-intensity arable cropland; permanent 

cropland
Low-intensity cropland Cropland

High-intensity arable cropland High-intensity cropland Cropland
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associations and suitable land uses. A preferred eco-
system was the most important ecosystem for a spe-
cies according to Roscher et  al. (2015), which was 
usually used for the life cycle of the species or was 
linked to the largest population of the species. Thus, 
we summarised our model results for cropland-prefer-
ring (hereafter called cropland) and forest-preferring 
(forest) species separately.

Species distribution modelling

We tested for multicollinearity  in our land-use and 
land-use-intensity variables using the “usdm” R 
package (Naimi 2023). All variance inflation fac-
tors were < 1.3; thus, collinearity was not deemed 
problematic (Dormann et  al. 2013) and all variables 
were used as predictors in our models. We con-
strained model parameterisation to within each spe-
cies’ contemporary range, assuming that species 
ranges broadly reflected species climatic niches, as 
we were specifically interested in the current relative 
suitability of different land uses and land-use inten-
sities within each species’ range. We did not include 
other predictors in our models to increase the inter-
pretability of our results with respect to land use and 
land-use intensity (Merow et  al. 2014). Although 
including other predictors – such as bioclimatic vari-
ables – could result in better spatial predictions of 
species distributions (Marshall et  al. 2021; Tsiftsis 
et al. 2024), our focus was on identifying the statisti-
cal relationships between land use, land-use intensity 
and habitat suitability within species contemporary 
ranges (Araújo et al. 2019).

To improve SDM accuracy, we generated pseudo-
absence points within each species’ range, the number 
of points being equal number to the number of pres-
ence points gathered for each species (Barbet-Massin 
et  al. 2012). We geographically restricted pseudoab-
sence sampling to land uses in Sandström et al. (2023) 
that were deemed unsuitable for each species – based 
on expert knowledge – following the species-ecosys-
tem association methodology described above. If no 
land uses were unsuitable for a species, we randomly 
generated pseudoabsence points throughout the spe-
cies’ range. As we were only interested in species 
presence or pseudoabsence, we thinned observations 
for each species to ≤ 1 per pixel (i.e. present or not). 
Additionally, we looked for potential sampling biases 
in the biodiversity data by assessing the proportion of 

occurrence points that fell within each land-use and 
land-use-intensity class.

No single SDM method is best suited to all spe-
cies and situations (Valavi et  al. 2022). Here, we 
wanted to explicitly include informed priors on pre-
dictor coefficients in our models, which is not possi-
ble using, for example, the common MaxEnt method 
(Elith et al. 2011). Coefficient priors can counterbal-
ance the effects of biased SDM predictions, which 
can arise due to environmental and spatial bias of 
occurrence points (Santini et al. 2021), by constrain-
ing coefficients in line with prior knowledge of spe-
cies ecology. Therefore, coefficient priors can help 
to derive more ecologically realistic response func-
tions. Thus, we used the “ibis.iSDM” R package ver-
sion 0.1.5 to fit our SDMs, which provides a flexible 
framework with convenient functions for integrating 
data in SDMs, including for specifying priors (Jung 
2023; Jung and Hesselbarth 2023). Within the ibis.
iSDM package we used the “glmnet” engine (Fried-
man et  al. 2010), which allows for the addition of 
penalisation priors on coefficients.

We focused on linear relationships to avoid overfit-
ting and to strike a balance between data availability, 
model complexity and interpretability (García-Calle-
jas and Araújo 2016; Duguma et al. 2023). Addition-
ally, rather than using variable selection methods 
to select the best model for each species, we used 
regularisation, which is a more risk-averse method 
(Reineking and Schröder 2006) that can result in bet-
ter-performing models (Valavi et al. 2022). Regulari-
sation aims to reduce the complexity of models and 
avoid overfitting, prioritising generalisability and reli-
ability (Reineking and Schröder 2006). We used ridge 
regularisation, which penalises and shrinks variables 
towards zero. However, we used the informed priors 
to specify that coefficients for suitable land uses could 
not be regularised. Reineking and Schröder (2006) 
found that regression models with ridge regularisa-
tion could be expected to perform well under a range 
of species-habitat relationships; thus, they were well 
suited to our multi-taxa, regional-scale assessment.

Therefore, for each species, we fitted regular-
ised linear regression models with ridge regularisa-
tion using the glmnet engine within the ibis.iSDM 
R package. Informed priors for suitable land uses 
were added to each species’ model, specifying that 
the coefficients for suitable land uses could not be 
negative and could not be regularised out (Jung and 
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Hesselbarth 2023), with the aim of minimising non-
sensical response functions and aiding model infer-
ence. From each fitted SDM, we extracted model 
coefficients for each predictor. Further, across all spe-
cies, we fitted additional linear models to test whether 
our predictors significantly affected the occurrence 
rate of species, i.e. inferred habitat suitability, and to 
test for significant differences in predictor coefficients 
due to land-use intensity and per species group (taxo-
nomic group and range-size group).

Effective evaluation of SDM performance remains 
challenging, and development of reliable methods 
that prioritise the objectives and ecological relevance 
of results are necessary (Fourcade et al. 2018). Limi-
tations of traditional model validation metrics, such 
as the commonly used area under the receiver oper-
ating characteristic curve (AUC), mean that accurate 
models can have low spatial predictive performance, 
especially for widespread species (Lobo et  al. 2008; 
Tessarolo et al. 2014). Conversely, low model spatial 
predictive performance according to AUC does not 
necessarily invalidate estimates of the relative effects 
of model predictors, or their ecological importance, 
and does not imply an inaccurate assessment of habi-
tat suitability (Lobo et al. 2008) (see Online Resource 
1 for further discussion).

Here, we focused on the robustness of estimated 
predictor effects, rather than on model spatial predic-
tive accuracy or generalisability outside the modelled 
system (Araújo et al. 2019), in line with the objectives 
of our study. To estimate the robustness of estimated 
effects, we assessed model coefficient stability (i.e. 
the reliability of the estimated effects of each land-
use and land-use-intensity class) using spatial block 
cross-validation with five spatially separated blocks 
and five folds of the data, made with the “blockCV” 
R package (Valavi et al. 2019). For each species, we 
compared the magnitude and direction of the model 
coefficients for each predictor in each cross-valida-
tion model (using four folds of the data, withholding 
one fold for an evaluation of predictive performance 
at a  later stage) with the full model. We then calcu-
lated, for each species, the coefficient of variation 
(CV) of the coefficient for each predictor, then the 
mean CV of all predictors. Mean CV was used as an 
indicator of the robustness of coefficient estimates, 
with values close to zero reflecting comparatively 
more stable coefficient estimates. Negative mean CV 
values indicated directional disagreement in model 

coefficients during cross-validation. We excluded 
from further analysis species for which the mean CV 
of coefficients was < 0 or exceeded the upper quartile 
of the distribution of values for all remaining species 
(1.06), due to having less confidence in the robust-
ness of the estimates for those species. We used the 
withheld fold of data to generate statistics for the pre-
dictive performance of each cross-validation model 
using the “validate” function from the ibis.iSDM 
package, solely to aid interpretation in relation to the 
wider literature. For each species, we calculated the 
mean AUC of the cross-validation models (Pearce 
and Ferrier 2000), for which a threshold of ≥ 0.7 is 
typically used to indicate sufficient predictive accu-
racy (Van Proosdij et al. 2016).

Results

We generated results for 229 species: 123 birds, 20 
herpetofauna and 86 mammals (see Online Resource 
2 for a species list and Online Resource 3 for species-
land-use suitability). Seven species had negative val-
ues of mean CV and were excluded from further anal-
ysis. The average mean CV of model coefficients for 
the remaining 222 species was 0.61 (Online Resource 
4). Of the 75% of remaining species (166 species) 
with the least variable coefficient estimates – whose 
results were thus considered the most robust – aver-
age mean CV of model coefficients was 0.40, includ-
ing 112 birds, 12 herpetofauna and 42 mammals. 
Most of these species (73%) were forest-preferring 
(122 species), while 39% were cropland-preferring 
(65 species); both cropland and forest were preferred 
ecosystems for 21 species.

Overall, our predictors had significant effects on 
habitat suitability for cropland and forest species 
(Table  2). Urban was the most suitable land use for 
both cropland and forest species, on average (Fig. 1). 
However, our assessment of potential sampling bias 
did not find that most occurrence records originated 
from urban areas (Online Resource 5). Additionally, 
there were clear differences in the relative suitability 
of urban areas among range-size groups (Fig. 2). On 
average, for cropland species, cropland and grassland 
land uses of low land-use intensity were more suit-
able than the equivalent land uses of high intensity; 
however, the differences were non-significant. On 
the other hand, cropland species were significantly 
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Table 2   Results of six linear models that tested for the significance of the effects of land use and land-use intensity predictors on 
species’ habitat suitability, based on SDM predictor coefficients

Predictors comprised 11 land use and land-use intensity classes. A colon represents an interaction between two model variables. 
Only species with the most stable predictor coefficient estimates (0 ≤ species’ mean coefficient of variation of predictor coeffi-
cients ≤ 1.06, as measured with cross-validation) were included (n = 166)

Preferred 
ecosystem of 
species

Model structure Model term Degrees 
of free-
dom

F-value Sig-
nificance 
(p-value)

Cropland Predictors Predictors 11 24.84  < 0.001
Predictors + taxonomic group + predictors: taxo-

nomic group
Predictors 11 25.70  < 0.01
Taxonomic group 1 10.47  < 0.001
Predictors: taxonomic group 11 2.18 0.01

Predictors + range size + predictors: range size Predictors 11 28.77  < 0.001
Range size 2 10.58  < 0.001
Predictors: range size 22 4.82  < 0.001

Forest Predictors Predictors 11 42.00  < 0.001
Predictors + taxonomic group + predictors: taxo-

nomic group
Predictors 11 45.85  < 0.001
Taxonomic group 2 31.00  < 0.001
Predictors: taxonomic group 22 3.44  < 0.001

Predictors + range size + predictors: range size Predictors 11 47.36  < 0.001
Range size 2 17.58  < 0.001
Predictors: range size 22 6.68  < 0.001

Fig. 1   Mean change in log-odds of species occurrence for a 
one unit increase in land-use share of land-use and land-use-
intensity SDM predictors for cropland and forest vertebrates 
across Europe. Predictor coefficients were interpreted as 
changes in log-odds of species occurrence. The magnitude of 
change in log-odds of species occurrence represents the impor-
tance of each predictor in relation to habitat suitability. Positive 
values means that the predictor had a positive effect on habi-

tat suitability. Error bars represent 95% confidence intervals. 
Data point labels show the number of species included in each 
mean. Brackets represent a significant difference (p ≤ 0.05) 
between a land use of different use-intensity. Results are shown 
for the species with the most stable predictor coefficient esti-
mates (0 ≤ species’ mean CV ≤ 1.06), as measured with cross-
validation (n = 166)
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more likely to occur in high-intensity rather than low-
intensity forestry, on average. For forest species  on 
average, land-use intensity did not significantly affect 
habitat suitability for any land use.

Overall, the relative suitability of different land-
use and land-use-intensity classes for cropland and 
forest species differed significantly among taxonomic 
groups. However, the effect of land-use intensity on 

Fig. 2   Mean change in log-odds of species occurrence for a 
one unit increase in land-use share of land-use and land-use-
intensity SDM predictors for cropland and forest vertebrates 
across Europe, by taxonomic group and range size. Predictor 
coefficients were interpreted as changes in log-odds of spe-
cies occurrence. The magnitude of change in log-odds of spe-
cies occurrence represents the importance of each predictor in 
relation to habitat suitability. Positive values means that the 

predictor had a positive effect on habitat suitability. Error bars 
represent 95% confidence intervals. Data point labels show the 
number of species included in each mean. Brackets represent 
a significant difference (p ≤ 0.05) between a land use of differ-
ent use-intensity. Results are shown for the species with the 
most stable predictor coefficient estimates (0 ≤ species’ mean 
CV ≤ 1.06), as measured with cross-validation (n = 166)
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habitat suitability was only significant for cropland 
birds, for whom high-intensity forestry was sig-
nificantly more suitable than low-intensity forestry 
(Fig.  2). Nevertheless, low-intensity cropland and 
grassland were more suitable than the equivalent land 
uses of high intensity for cropland birds, whereas 
the opposite was true for cropland mammals. On the 
other hand, land-use intensity did not significantly 
affect the suitability of any land use for any taxo-
nomic group of forest species.

Overall, the relative suitability of different land-
use and land-use-intensity classes for cropland and 
forest species differed significantly among range-
size groups. Urban was the most suitable land use for 
large-range-sized cropland and forest species. How-
ever, low-intensity grassland was the most suitable 
land use for small-range-sized cropland species, and 
low-intensity forestry was the most suitable land use 
for small-range-sized forest species. For large- and 
medium-range-sized cropland species, forestry inten-
sification had a significant positive effect on habitat 
suitability. For large-range-sized forest species, crop-
land, grassland and forestry intensification all had 
significant positive effects on habitat suitability. On 
the other hand, low-intensity grassland was signifi-
cantly more suitable than high-intensity grassland for 
medium-range-sized cropland species.

The mean AUC of all 229 species was 0.62, while 
for the 166 species with the most robust coefficient 
estimates, mean AUC was 0.60, neither of which 
would typically indicate good model discrimina-
tory capacity (see Online Resource 6). However, our 
aim was not to generate accurate predictions of spe-
cies distributions according to existing occurrence 
records, but to assess the identifiability and relative 
effects of land-use and land-use intensity variables on 
habitat suitability. We therefore report AUC values 
for informative purposes only.

Discussion

Understanding the effects of land use and land-use 
intensity on biodiversity at different spatial scales is 
crucial for conservation planning (Duncan et al. 2020; 
Pearman-Gillman et al. 2020). However, few studies 
have used SDMs to assess how land-use and land-
use intensity variables affect habitat suitability for 
individual vertebrate species on broad spatial scales. 

Here, we used a novel SDM approach to investigate 
land use and land-use-intensity effects on habitat suit-
ability for vertebrates throughout their contemporary 
ranges across Europe, summarising the effects for 
different species groups on a regional scale. For 166 
cropland and forest species, we identified significant 
effects of land use and land-use intensity on habitat 
suitability. We found variability in the effects among 
species groups, including groups based on range size, 
providing important insights into the relationship 
between land management and the occurrence of dif-
ferent species. Our approach was innovative in several 
key ways: the application of land-use intensity data to 
SDMs, the integration of ecologically-informed pri-
ors based on expert knowledge of species-ecosystem 
associations to derive more ecologically realistic 
response functions, the identification of unsuitable 
land uses for pseudoabsence sampling, the focus on 
the stability and robustness of model coefficients to 
inform model performance (in lieu of traditional vali-
dation metrics), and the assessment of regional-scale 
effects of land use and land-use intensity. Compared 
to the more commonly applied approach of sum-
marising local-scale effects across a broader area 
(Newbold et  al. 2015; Beckmann et  al. 2019), our 
prior-informed SDM approach explicitly accounts for 
broad-scale (range-wide) effects on biodiversity, ena-
bling new insights into how land use influences biodi-
versity on broad spatial scales.

Previous research has shown that land-system vari-
ables can be important drivers of vertebrate habitat 
suitability and species distributions, including land-
use (Cardador and Blackburn 2019; Pearman-Gillman 
et al. 2020; Devenish et al. 2021) and land-use-inten-
sity variables (Duncan et  al. 2020; O’Connor et  al. 
2024). Although we found that our set of 11 land-
use and land-use-intensity variables had a significant 
effect on vertebrate habitat suitability, significant dif-
ferences in habitat suitability due to land-use intensity 
of the same land use were relatively rare. Therefore, 
while we could identify landscape-scale land-use and 
land-use intensity as important factors influencing 
habitat suitability, our results suggested that – over-
all – land use generally led to greater differences in 
habitat suitability than land-use intensity. However, 
we found that the effects of land-use intensity were 
greater for certain species groups; notably, cropland 
birds, medium- to large-range-sized cropland spe-
cies and large-range-sized forest species. Thus, our 
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findings support previous studies which also found 
that geographic range size was an important deter-
minant of species’ responses to land-use change and 
intensification (Newbold et al. 2018; Etard and New-
bold 2024).

In cropland systems, intensification has resulted 
in increased mechanisation, enhanced suppression of 
non-target vegetation with chemicals, increased size 
and homogeneity of individual farms and decreased 
habitat and landscape heterogeneity (Van Der Sluis 
et  al. 2016; Maskell et  al. 2019; Dullinger et  al. 
2021). The loss of landscape-scale habitat diversity 
that is associated with intensive cropland systems 
has been shown to negatively affect cropland bird 
diversity (Bosco et  al., 2024). Studies using SDMs 
have also found negative correlations between crop-
land or agricultural area and mammal habitat suit-
ability (Devenish et al. 2021; Davoli et al. 2024). In 
line with previous research, we found that the occur-
rence of cropland vertebrates was negatively associ-
ated with cropland intensification on a landscape 
scale (although the difference was not statistically 
significant). Furthermore, we found that cropland 
birds were more sensitive to cropland and grassland 
use-intensity than cropland mammals, perhaps sup-
porting previous indications that cropland mammals 
could be more resilient to agricultural intensification 
than cropland birds (Šálek et al. 2018).

In forestry systems, variables such as rotation 
length, tree species composition and type of forest 
regeneration are important factors relating to inten-
sification (Duncker et  al. 2012; Schall and Ammer 
2013) and habitat suitability. While there is limited 
SDM-based research on the effects of forestry inten-
sification, Hofner et al. (2011) showed that bird SDM 
partial response curves could differ depending on for-
est type (e.g. coniferous v. broadleaf). Overall, we 
found little effect of forestry intensification on ver-
tebrate habitat suitability, in line with previous find-
ings that forestry intensification had limited effect on 
carnivorous mammal habitat use (Jones et al. 2024), 
forest bird richness (Sabatini et al. 2016; Asbeck et al. 
2021) and bat richness (Asbeck et al. 2021). However, 
forestry intensification can cause changes in species 
composition, to the detriment of rare (Leso et  al. 
2019) or threatened (Jones et  al. 2024) species. For 
example, shorter rotation periods, indicative of more 
intensive management, can decrease habitat suit-
ability for undisturbed forest specialist species, while 

encouraging other, non-specialist species (Van ’T 
Veen et al. 2025). We did find evidence for some neg-
ative – albeit statistically insignificant – effects of for-
estry intensification on small-range-sized vertebrates. 
Forestry intensification also had significant positive 
effects on habitat suitability for several other species 
groups, particularly large-range-sized species. These 
results thus support previous findings that vertebrates 
in general may be more resilient to forestry intensifi-
cation than to agricultural intensification (Beckmann 
et al. 2019), while suggesting that this pattern may be 
particularly evident for wider-ranging species.

Previous SDM-based studies have shown that 
urban land area (Hofner et al. 2011) and urban land-
use intensity can negatively affect vertebrate habitat 
suitability (Duncan et al. 2020), with human popula-
tion density having been identified as a major driver 
of large mammal habitat loss in Europe (Davoli et al. 
2024). Other research has also found that human land 
uses typically have more wide-ranging, generalist 
species, and fewer narrow-ranged, specialist species 
than natural vegetation (Slatyer et al. 2013; Newbold 
et  al. 2018). Indeed, we found that the difference in 
habitat suitability between small- and large-range-
sized species was greatest in urban landscapes, with 
urban land uses particularly benefitting wide-ranging 
species. Conversion of more suitable habitats (e.g. 
cropland or low-intensity grassland for cropland spe-
cies or forest for forest species) to urban areas could 
therefore have a negative effect on habitat suitabil-
ity for more specialised species, but a positive effect 
for more widespread species. Similarly, we found 
that land-use intensification generally favoured spe-
cies with larger ranges, which were less likely than 
narrow-ranged species to be threatened with extinc-
tion, in line with previous research (Newbold et  al. 
2018). These findings therefore indicate that land-use 
intensification can affect community structure by dis-
proportionately reducing habitat suitability for nar-
row‑ranged species. The loss of rarer, narrow-ranged 
species – that have more specific climatic niches, dis-
tinct traits and unique functional roles – can have neg-
ative consequences for ecosystem functioning as well 
as biodiversity conservation (Mouillot et al. 2013). At 
the same time, the beneficial effects of land-use inten-
sification on wide-ranging species highlight that com-
mon, generalist species can be important drivers of 
regional biodiversity patterns (Wayman et al. 2024).
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Over the coming decades, increased demand for 
agricultural and forestry products for the bioeconomy, 
alongside terrestrial conservation and climate-mitiga-
tion measures, are likely to cause land-use and land-
use intensity changes (Dou et al. 2023; Visconti et al. 
2024). However, there is considerable uncertainty in 
land-use projections (Alexander et al. 2017) and – as 
we have shown – different species groups can respond 
differently to the same changes. Therefore, having a 
flexible approach to predicting the potential effects of 
future land-use changes on biodiversity – which can 
be applied to different regions or taxonomic groups 
– is useful for guiding land-use planning and sup-
porting decisions about conservation, management, 
agriculture and forestry (Urban et  al. 2021). Our 
prior-informed SDMs can also be used to guide con-
servation actions for specific groups. For example, 
our results suggest that reaching the target of increas-
ing farmland bird populations in the EU (Regulation 
(EU) 2024/1991) could be facilitated by reducing the 
intensity of cropland and grassland management, or 
by increasing the availability of water and wetland 
habitats on a landscape scale (see also Chapman et al. 
2025). Furthermore, our results suggest that reducing 
forestry intensity could be beneficial for rarer, more 
specialised forest species, but less so for more com-
mon forest species.

Here, we used prior-informed SDMs to provide a 
regional-scale, multi-taxa summary of the effects of 
land use and land-use intensity on a specific group 
of vertebrates, within their contemporary ranges. We 
prioritised identifying robust statistical relationships 
between species occurrence rates and SDM predic-
tors, rather than on aligning model spatial predic-
tions with existing occurrence records. As a result, 
our study included models with poor discriminatory 
capacity according to AUC. Nevertheless, known 
limitations of traditional SDM validation metrics, 
including AUC, mean that alternative approaches to 
evaluating model performance are required (Lobo 
et al. 2008; Fourcade et al. 2018). Thus, our approach 
addressed a current challenge in SDM evaluation. We 
also prioritised the integration of expert ecological 
knowledge into our SDMs to increase the realism of 
the estimated effects of land use and land-use inten-
sity. Therefore, our approach could be used in other 
studies with similar aims. Nevertheless, our results 
rely on the accuracy of the expert knowledge used, 

and on the modelling decisions made, and further 
testing and validation of our approach is necessary.

Limitations

Our models were subject to the same limitations and 
biases common to all large-scale biodiversity synthe-
ses, only reflecting patterns supported by the available 
data (Hughes et al. 2021). For example, the biodiver-
sity records may have been subject to sampling biases 
(although we did not find evidence of particular bias 
e.g. towards urban areas). Similarly, species ranges 
may have been oversimplified (Herkt et  al. 2017) or 
temporally outdated (Henry et al. 2024); however, we 
combined estimates from multiple sources, wherever 
possible, making our estimates conservative. Our 
approach used static biodiversity and land-use data 
and did not account for the potential effects of time 
lags on biodiversity (Essl et  al. 2024). Furthermore, 
to improve model interpretability, we did not account 
for the effects on biodiversity of climate (Newbold 
et  al. 2018; Festa et  al. 2023), interactions between 
land uses (Outhwaite et al. 2022), landscape connec-
tivity (Gil-Tena et al. 2014), or other landscape-con-
figuration variables (Duflot et al. 2017).

Further research

Improvements to SDM predictive performance, espe-
cially for generalist species, could be made by using 
binary land-use predictors (Gábor et  al. 2024) at a 
finer thematic (Marshall et  al. 2021) or spatial reso-
lution (Connor et al. 2018), or by using independent 
training and testing datasets rather than spatial block 
cross-validation (Roberts et al. 2017; Fourcade et al. 
2018). The use of other SDM methods – for exam-
ple those allowing for more complex relationships 
– could further improve model predictive perfor-
mance, provide more accurate partial effects for some 
species (Valavi et al. 2022), and enable identification 
of threshold responses to increasing landscape shares 
of different land uses, which may be more informative 
than linear responses (Melo et  al. 2018). However, 
the importance of coefficient priors in such models, 
and the form such priors should take, requires further 
exploration. Additionally, to our knowledge, a generic 
framework for the validation of coefficients, rather 
than spatial predictions, does not yet exist.
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Although beyond the scope of this study, inclusion 
of priors that account for species’ responses to land-
use intensity, in addition to land use, could improve 
the realism of the results. More detailed investiga-
tions into the effects of different aspects of land-use 
intensity could provide insights into the mechanisms 
behind species’ responses to land-use intensity. Addi-
tionally, the analysis could be expanded to include 
urban-, grassland- and wetland species, and further 
research could explore how the changes in biodiver-
sity identified affect ecosystem functioning and resil-
ience on a regional scale. Lastly, we prioritised the 
estimation of realistic, interpretable and robust rela-
tionships between land use and land-use intensity and 
species habitat suitability over model spatial predic-
tive performance. However, further research should 
explore alternative approaches that can better balance 
statistical robustness, ecological realism, interpret-
ability and model predictive performance.

Conclusion

Land use and land-use intensity are key drivers of 
global biodiversity change. However, in contrast to 
climate change, few studies have used SDMs to esti-
mate the effects of land-use and land-use intensity on 
biodiversity on broad spatial scales, instead summa-
rising local-scale biodiversity effects. Here, we devel-
oped a novel SDM-based approach that can be used to 
estimate the effects of land use and land-use intensity 
on biodiversity on broad spatial scales, taking into 
account expert ecological knowledge. Based on our 
assessment of cropland and forest vertebrates across 
Europe, we show that land use and land-use intensity 
affect species’ habitat suitability and biodiversity pat-
terns on broad spatial scales, with likely implications 
for the structure of ecological communities, biodiver-
sity conservation and ecosystem functioning.

Author contributions  ST, MJ and AE conceived the ideas 
and designed the methodology; ST performed the analyses, 
wrote the manuscript and prepared all the figures. All authors 
contributed to the interpretation of the results and critically 
reviewed the manuscript.

Funding  S.J.T was supported by a PhD studentship from the 
University of Surrey and the Turing Scheme. S.J.T would like 
to acknowledge financial support from the International Insti-
tute for Applied Systems Analysis, Laxenburg (Austria), and 
the National Member Organizations that support the Institute, 

for enabling participation in the 2024 Young Scientists Summer 
Programme (YSSP). MJ acknowledges funding from the Euro-
pean Union Biodiversity and Climate Strategies Assessment 
(EU BIOCLIMA, Service Contract 07.0202/2020/836131/
SER/ENV.D.2) as well as the ‘NaturaConnect’ project. Natura-
Connect receives funding under the European Union’s Horizon 
Europe research and innovation programme under grant agree-
ment number 10106042.

Data availability  The data used in this study are available 
from the sources detailed in the Methods section.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Alexander P, Prestele R, Verburg PH, Arneth A, Baranzelli C, 
Batista E Silva F, Brown C, Butler A, Calvin K, Den-
doncker N, Doelman JC, Dunford R, Engström K, Eitel-
berg D, Fujimori S, Harrison PA, Hasegawa T, Havlik 
P, Holzhauer S, Humpenöder F, Jacobs-Crisioni C, Jain 
AK, Krisztin T, Kyle P, Lavalle C, Lenton T, Liu J, Mei-
yappan P, Popp A, Powell T, Sands RD, Schaldach R, 
Stehfest E, Steinbuks J, Tabeau A, Van Meijl H, Wise 
MA, Rounsevell MDA (2017) Assessing uncertainties in 
land cover projections. Glob Change Biol 23:767–781

Araújo MB, Anderson RP, Márcia Barbosa A, Beale CM, 
Dormann CF, Early R, Garcia RA, Guisan A, Maiorano 
L, Naimi B, O’hara RB, Zimmermann NE, Rahbek C 
(2019) Standards for distribution models in biodiversity 
assessments. Sci Adv 5:eaat4858

Asbeck T, Sabatini F, Augustynczik ALD, Basile M, Helbach 
J, Jonker M, Knuff A, Bauhus J (2021) Biodiversity 
response to forest management intensity, carbon stocks 
and net primary production in temperate montane forests. 
Sci Rep 11:1625

Barbet-Massin M, Jiguet F, Albert CH, Thuiller W (2012) 
Selecting pseudo-absences for species distribution 

http://creativecommons.org/licenses/by/4.0/


	 Landsc Ecol (2026) 41:122122  Page 14 of 18

Vol:. (1234567890)

models: how, where and how many? Methods Ecol 
Evol 3:327–338

Beckmann M, Gerstner K, Akin-Fajiye M, Ceaușu S, Kam-
bach S, Kinlock NL, Phillips HRP, Verhagen W, Gure-
vitch J, Klotz S, Newbold T, Verburg PH, Winter M, 
Seppelt R (2019) Conventional land-use intensification 
reduces species richness and increases production: a 
global meta-analysis. Glob Chang Biol 25:1941–1956

Birdlife International (2006) Monitoring important bird 
areas: a global framework, Version 1.2 ed. BirdLife 
International, Cambridge, UK

Bosco L, Lehikoinen A, Piha M, Seimola T, Tiainen J, 
Ekroos J (2024) Relative effects of arable land-use, 
farming system and agri-environment schemes on land-
scape-scale farmland bird assemblages. Landsc Ecol 
39:113

Brooks TM, Pimm SL, Akçakaya HR, Buchanan GM, Butch-
art SHM, Foden W, Hilton-Taylor C, Hoffmann M, Jen-
kins CN, Joppa L, Li BV, Menon V, Ocampo-Peñuela N, 
Rondinini C (2019) Measuring terrestrial area of habitat 
(AOH) and its utility for the IUCN Red List. Trends Ecol 
Evol 34:977–986

Cardador L, Blackburn TM (2019) Human-habitat associations 
in the native distributions of alien bird species. J Appl 
Ecol 56:1189–1199

Cbd (2022) Report of the Open-ended Working Group on the 
Post-2020 Global Biodiversity Framework on its third 
meeting (part II). Geneva, Switzerland.

Chapman M, Jung M, Leclère D, Boettiger C, Augustynczik 
ALD, Gusti M, Ringwald L, Visconti P (2025) Meeting 
European Union biodiversity targets under future land-
use demands. Nat Ecol Evol 9:810–821

Connor T, Hull V, Viña A, Shortridge A, Tang Y, Zhang J, 
Wang F, Liu J (2018) Effects of grain size and niche 
breadth on species distribution modeling. Ecography 
41:1270–1282

Cordeiro Pereira JM, Mikusiński G, Storch I (2024) A system-
atic review of the effects of multi-purpose forest manage-
ment practices on the breeding success of forest birds. 
Curr for Rep 10:175–195

Council Directive 92/43/Eec of 21 May 1992 on the conserva-
tion of natural habitats and of wild fauna and flora (OJ L 
206 22.7.1992, p. 7)

Davoli M, Kuemmerle T, Monsarrat S, Crees J, Cristiano A, 
Pacifici M, Svenning J-C (2024) Recent sociocultural 
changes reverse the long-term trend of declining habitat 
availability for large wild mammals in Europe. Divers 
Distrib 30:e13921

Dengler J, Biurrun I, Boch S, Dembicz I, Török P (2020) 
Grasslands of the Palaearctic biogeographic realm: 
introduction and synthesis. In: Goldstein MI, Dellasala 
DA (eds) Encyclopedia of the World’s biomes. Elsevier, 
Oxford

Devenish C, Lees AC, Collar NJ, Marsden SJ (2021) Multi-
decadal land use impacts across the vast range of an 
iconic threatened species. Divers Distrib 27:2218–2230

Directive 2009/147/Ec of the European Parliament and of the 
Council of 30 November 2009 on the conservation of 
wild birds (Codified version)

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré 
G, Marquéz JRG, Gruber B, Lafourcade B, Leitão PJ, 

Münkemüller T, Mcclean C, Osborne PE, Reineking 
B, Schröder B, Skidmore AK, Zurell D, Lautenbach S 
(2013) Collinearity: a review of methods to deal with 
it and a simulation study evaluating their performance. 
Ecography 36:27–46

Dou Y, Zagaria C, O’connor L, Thuiller W, Verburg PH (2023) 
Using the Nature Futures Framework as a lens for devel-
oping plural land use scenarios for Europe for 2050. 
Glob Environ Change 83:102766

Duflot R, Ernoult A, Aviron S, Fahrig L, Burel F (2017) Rela-
tive effects of landscape composition and configuration 
on multi-habitat gamma diversity in agricultural land-
scapes. Agric Ecosyst Environ 241:62–69

Duguma DW, Law E, Shumi G, Rodrigues P, Senbeta F, 
Schultner J, Abson DJ, Fischer J (2023) Spatial predic-
tions for the distribution of woody plant species under 
different land-use scenarios in southwestern Ethiopia. 
Landsc Ecol 38:1249–1263

Dullinger I, Essl F, Moser D, Erb K, Haberl H, Dullinger S 
(2021) Biodiversity models need to represent land-use 
intensity more comprehensively. Glob Ecol Biogeogr 
30:924–932

Duncan SI, Pynne JT, Parsons EI, Fletcher RJ, Austin JD, 
Castleberry SB, Conner LM, Gitzen RA, Barbour M, 
Mccleery RA (2020) Land use and cover effects on an 
ecosystem engineer. For Ecol Manage 456:117642

Duncker PS, Barreiro SM, Hengeveld GM, Lind T, Mason WL, 
Ambrozy S, Spiecker H (2012) Classification of forest 
management approaches: a new conceptual framework 
and its applicability to European forestry. Ecol Soc 17:51

Elith J, Phillips SJ, Hastie T, Dudík M, Chee YE, Yates CJ 
(2011) A statistical explanation of MaxEnt for ecologists. 
Divers Distrib 17:43–57

Erb K-H, Haberl H, Jepsen MR, Kuemmerle T, Lindner M, 
Müller D, Verburg PH, Reenberg A (2013) A conceptual 
framework for analysing and measuring land-use inten-
sity. Curr Opin Environ Sustain 5:464–470

Essl F, García-Rodríguez A, Lenzner B, Alexander JM, Cap-
inha C, Gaüzère P, Guisan A, Kühn I, Lenoir J, Richard-
son DM, Rumpf SB, Svenning J-C, Thuiller W, Zurell 
D, Dullinger S (2024) Potential sources of time lags 
in calibrating species distribution models. J Biogeogr 
51:89–102

Etard A, Newbold T (2024) Species-level correlates of land-
use responses and climate-change sensitivity in terrestrial 
vertebrates. Conserv Biol 38:e14208

Falaschi M, Manenti R, Thuiller W, Ficetola GF (2019) 
Continental-scale determinants of population trends in 
European amphibians and reptiles. Glob Change Biol 
25:3504–3515

Festa F, Ancillotto L, Santini L, Pacifici M, Rocha R, Toshkova 
N, Amorim F, Benítez-López A, Domer A, Hamidović 
D, Kramer-Schadt S, Mathews F, Radchuk V, Rebelo 
H, Ruczynski I, Solem E, Tsoar A, Russo D, Razgour 
O (2023) Bat responses to climate change: a systematic 
review. Biol Rev 98:19–33

Finch T, Bradbury RB, Bradfer-Lawrence T, Buchanan GM, 
Copping JP, Massimino D, Smith P, Peach WJ, Field RH 
(2023) Spatially targeted nature-based solutions can miti-
gate climate change and nature loss but require a systems 
approach. One Earth 6:1350–1374



Landsc Ecol (2026) 41:122	 Page 15 of 18  122

Vol.: (0123456789)

Fletcher RJ Jr., Hefley TJ, Robertson EP, Zuckerberg B, 
Mccleery RA, Dorazio RM (2019) A practical guide for 
combining data to model species distributions. Ecology 
100:e02710

Flohre A, Fischer C, Aavik T, Bengtsson J, Berendse F, Bom-
marco R, Ceryngier P, Clement LW, Dennis C, Eggers S, 
Emmerson M, Geiger F, Guerrero I, Hawro V, Inchausti 
P, Liira J, Morales MB, Oñate JJ, Pärt T, Weisser WW, 
Winqvist C, Thies C, Tscharntke T (2011) Agricultural 
intensification and biodiversity partitioning in European 
landscapes comparing plants, carabids, and birds. Ecol 
Appl 21:1772–1781

Fourcade Y, Besnard AG, Secondi J (2018) Paintings predict 
the distribution of species, or the challenge of selecting 
environmental predictors and evaluation statistics. Glob 
Ecol Biogeogr 27:245–256

Frans VF, Liu J (2024) Gaps and opportunities in modelling 
human influence on species distributions in the Anthro-
pocene. Nat Ecol Evol 8:1365–1377

Friedman J, Hastie T, Tibshirani R (2010) Regularization paths 
for generalized linear models via coordinate descent. J 
Stat Softw 33:1–22

Fuchs R, Herold M, Verburg PH, Clevers JGPW, Eberle J 
(2015) Gross changes in reconstructions of historic land 
cover/use for Europe between 1900 and 2010. Glob 
Chang Biol 21:299–313

Gábor L, Cohen J, Moudrý V, Jetz W (2024) Assessing the 
applicability of binary land-cover variables to species 
distribution models across multiple grains. Landsc Ecol 
39:66

Gaget E, Jung M, Lewis M, Hofhansl F, Jane Graham L, War-
ren-Thomas E, Visconti P (2025) Reviewing and bench-
marking ecological modelling practices in the context of 
land use. Ecography. https://​doi.​org/​10.​1002/​ecog.​07745

García-Callejas D, Araújo MB (2016) The effects of model and 
data complexity on predictions from species distributions 
models. Ecol Model 326:4–12

Gaüzère P, Violle C, Schrodt F, Grenié M, Santini L, Hedde M, 
Porcher E, Goury R, Beck M, Thuiller W (2025) Bridg-
ing macroecology and temporal dynamics to better attrib-
ute global change impacts on biodiversity. Glob Ecol 
Biogeogr 34:e70086

Gbif (2024) GBIF Home Page [Online]. Available: https://​
www.​gbif.​org/ Accessed 2024

Gil-Tena A, Nabucet J, Mony C, Abadie J, Saura S, Butet A, 
Burel F, Ernoult A (2014) Woodland bird response to 
landscape connectivity in an agriculture-dominated land-
scape: a functional community approach. Community 
Ecol 15:256–268

Gonthier DJ, Ennis KK, Farinas S, Hsieh H-Y, Iverson AL, 
Batáry P, Rudolphi J, Tscharntke T, Cardinale BJ, Per-
fecto I (2014) Biodiversity conservation in agricul-
ture requires a multi-scale approach. Proc Biol Sci 
281:20141358

Graham SI, Kinnaird MF, O’brien TG, Vågen T-G, Win-
owiecki LA, Young TP, Young HS (2019) Effects of 
land-use change on community diversity and composi-
tion are highly variable among functional groups. Ecol 
Appl 29:e01973

Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, 
Holt RD, Lovejoy TE, Sexton JO, Austin MP, Collins 

CD, Cook WM, Damschen EI, Ewers RM, Foster BL, 
Jenkins CN, King AJ, Laurance WF, Levey DJ, Margules 
CR, Melbourne BA, Nicholls AO, Orrock JL, Song DX, 
Townshend JR (2015) Habitat fragmentation and its last-
ing impact on Earth’s ecosystems. Sci Adv 1:e1500052

Henry EG, Santini L, Butchart SHM, González-Suárez M, 
Lucas PM, Benítez-López A, Mancini G, Jung M, Car-
doso P, Zizka A, Meyer C, Akçakaya HR, Berryman AJ, 
Cazalis V, Di marco M (2024) Modelling the probability 
of meeting IUCN Red List criteria to support reassess-
ments. Glob Chang Biol 30:e17119

Herkt KMB, Skidmore AK, Fahr J (2017) Macroecological 
conclusions based on IUCN expert maps: a call for cau-
tion. Glob Ecol Biogeogr 26:930–941

Hevia V, Carmona CP, Azcárate FM, Torralba M, Alcorlo P, 
Ariño R, Lozano J, Castro-Cobo S, González JA (2016) 
Effects of land use on taxonomic and functional diver-
sity: a cross-taxon analysis in a Mediterranean landscape. 
Oecologia 181:959–970

Hofner B, Müller J, Hothorn T (2011) Monotonicity-
constrained species distribution models. Ecology 
92:1895–1901

Hughes AC, Orr MC, Ma K, Costello MJ, Waller J, Provoost 
P, Yang Q, Zhu C, Qiao H (2021) Sampling biases shape 
our view of the natural world. Ecography 44:1259–1269

Ipbes (2019) Summary for policymakers of the global assess-
ment report on biodiversity and ecosystem services of 
the Intergovernmental Science-Policy Platform on Biodi-
versity and Ecosystem Services. Bonn, Germany

Iucn (2024) The IUCN Red List of Threatened Species. Ver-
sion 2024-1

Jones EM, Koch AJ, Hamede RK, Jones ME (2024) A system-
atic global review of mammalian carnivore responses to 
production forests. Mamm Rev 54:133–149

Jung M (2023) An integrated species distribution modelling 
framework for heterogeneous biodiversity data. Ecol 
Inform 76:102127

Jung M, Lewis M, Lesiv M, Arnell A, Fritz S, Visconti P 
(2022) The global exposure of species ranges and pro-
tected areas to forest management. Divers Distrib 
28:1487–1496

Jung M, Hesselbarth HKM (2023) An integrated species distri-
bution modelling framework for heterogeneous biodiver-
sity data, R package version 0.0.5

Kehoe L, Kuemmerle T, Meyer C, Levers C, Václavík T, 
Kreft H (2015) Global patterns of agricultural land-
use intensity and vertebrate diversity. Divers Distrib 
21:1308–1318

Kuipers KJJ, Sim S, Hilbers JP, Van Den Berg SK, De Jonge 
MMJ, Trendafilova K, Huijbregts MAJ, Schipper AM 
(2023) Land use diversification may mitigate on-site land 
use impacts on mammal populations and assemblages. 
Glob Chang Biol 29:6234–6247

Le Provost G, Thiele J, Westphal C, Penone C, Allan E, Neyret 
M, Van Der Plas F, Ayasse M, Bardgett RD, Birkhofer K, 
Boch S, Bonkowski M, Buscot F, Feldhaar H, Gaulton 
R, Goldmann K, Gossner MM, Klaus VH, Kleinebecker 
T, Krauss J, Renner S, Scherreiks P, Sikorski J, Baulech-
ner D, Blüthgen N, Bolliger R, Börschig C, Busch V, 
Chisté M, Fiore-Donno AM, Fischer M, Arndt H, Hoe-
lzel N, John K, Jung K, Lange M, Marzini C, Overmann 

https://doi.org/10.1002/ecog.07745
https://www.gbif.org/
https://www.gbif.org/


	 Landsc Ecol (2026) 41:122122  Page 16 of 18

Vol:. (1234567890)

J, Paŝalić E, Perović DJ, Prati D, Schäfer D, Schön-
ing I, Schrumpf M, Sonnemann I, Steffan-Dewenter I, 
Tschapka M, Türke M, Vogt J, Wehner K, Weiner C, 
Weisser W, Wells K, Werner M, Wolters V, Wubet T, 
Wurst S, Zaitsev AS, Manning P (2021) Contrasting 
responses of above- and belowground diversity to mul-
tiple components of land-use intensity. Nat Commun 
12:3918

Leso P, Kropil R, Kajtoch L (2019) Effects of forest manage-
ment on bird assemblages in oak-dominated stands of the 
Western Carpathians - Refuges for rare species, Forest 
Ecology and Management, 453

Lobo JM, Jiménez-Valverde A, Real R (2008) AUC: a mislead-
ing measure of the performance of predictive distribution 
models. Glob Ecol Biogeogr 17:145–151

Marjakangas E-L, Johnston A, Santangeli A, Lehikoinen A 
(2024) Bird species’ tolerance to human pressures and 
associations with population change. Glob Ecol Biogeogr 
33:e13816

Marshall L, Beckers V, Vray S, Rasmont P, Vereecken NJ, 
Dendoncker N (2021) High thematic resolution land use 
change models refine biodiversity scenarios: a case study 
with Belgian bumblebees. J Biogeogr 48:345–358

Maskell LC, Botham M, Henrys P, Jarvis S, Maxwell D, Rob-
inson DA, Rowland CS, Siriwardena G, Smart S, Skates 
J, Tebbs EJ, Tordoff GM, Emmett BA (2019) Exploring 
relationships between land use intensity, habitat hetero-
geneity and biodiversity to identify and monitor areas of 
high nature value farming. Biol Conserv 231:30–38

Melo I, Ochoa-Quintero JM, De Oliveira Roque F, Dalsgaard 
B (2018) A review of threshold responses of birds to 
landscape changes across the world. J Field Ornithol 
89:303–314

Merow C, Smith MJ, Edwards TC Jr, Guisan A, Mcmahon SM, 
Normand S, Thuiller W, Wüest RO, Zimmermann NE, 
Elith J (2014) What do we gain from simplicity versus 
complexity in species distribution models? Ecography 
37:1267–1281

Milanesi P, Della Rocca F, Robinson RA (2020) Integrating 
dynamic environmental predictors and species occur-
rences: toward true dynamic species distribution models. 
Ecol Evol 10:1087–1092

Mouillot D, Bellwood DR, Baraloto C, Chave J, Galzin R, 
Harmelin-Vivien M, Kulbicki M, Lavergne S, Lavorel 
S, Mouquet N, Paine CET, Renaud J, Thuiller W (2013) 
Rare species support vulnerable functions in high-diver-
sity ecosystems. PLoS Biol 11:e1001569

Murray JV, Goldizen AW, O’leary RA, Mcalpine CA, Possin-
gham HP, Choy SL (2009) How useful is expert opin-
ion for predicting the distribution of a species within 
and beyond the region of expertise? A case study using 
brush-tailed rock-wallabies Petrogale penicillata. J Appl 
Ecol 46:842–851

Naimi B (2023) usdm: uncertainty analysis for species distribu-
tion models, R package version 2.1-7

Newbold T, Hudson LN, Hill SLL, Contu S, Lysenko I, 
Senior RA, Börger L, Bennett DJ, Choimes A, Collen 
B, Day J, De Palma A, Díaz S, Echeverria-Londoño 
S, Edgar MJ, Feldman A, Garon M, Harrison MLK, 
Alhusseini T, Ingram DJ, Itescu Y, Kattge J, Kemp V, 
Kirkpatrick L, Kleyer M, Correia DLP, Martin CD, 

Meiri S, Novosolov M, Pan Y, Phillips HRP, Purves 
DW, Robinson A, Simpson J, Tuck SL, Weiher E, 
White HJ, Ewers RM, Mace GM, Scharlemann JPW, 
Purvis A (2015) Global effects of land use on local ter-
restrial biodiversity. Nature 520:45–50

Newbold T, Hudson LN, Contu S, Hill SLL, Beck J, Liu Y, 
Meyer C, Phillips HRP, Scharlemann JPW, Purvis A 
(2018) Widespread winners and narrow-ranged los-
ers: land use homogenizes biodiversity in local assem-
blages worldwide. PLoS Biol 16:e2006841

O’Connor Louise MJ, Renaud J, Dou Y, Karger Dirk N, 
Maiorano L, Verburg Peter H, Thuiller W (2024) Habi-
tat suitability of European Land Systems for terrestrial 
vertebrates. Glob Ecol Biogeogr 33:e13903

Olden JD, Rooney TP (2006) On defining and quantify-
ing biotic homogenization. Glob Ecol Biogeogr 
15:113–120

Outhwaite CL, Ortiz AMD, Spooner FEB, Dalin C, Newbold 
T (2022) Availability and proximity of natural habitat 
influence cropland biodiversity in forest biomes glob-
ally. Glob Ecol Biogeogr 31:1589–1602

Pearce J, Ferrier S (2000) Evaluating the predictive per-
formance of habitat models developed using logistic 
regression. Ecol Model 133:225–245

Pearman-Gillman SB, Katz JE, Mickey RM, Murdoch JD, 
Donovan TM (2020) Predicting wildlife distribution 
patterns in New England USA with expert elicitation 
techniques. Glob Ecol Conserv 21:e00853

Pebesma E (2018) Simple features for R: standardized sup-
port for spatial vector data. R J 10:439–446

Pereira HM, Martins IS, Rosa IMD, Kim H, Leadley P, Popp 
A, Van Vuuren DP, Hurtt G, Quoss L, Arneth A, Bais-
ero D, Bakkenes M, Chaplin-Kramer R, Chini L, Di 
Marco M, Ferrier S, Fujimori S, Guerra CA, Harfoot 
M, Harwood TD, Hasegawa T, Haverd V, Havlík P, 
Hellweg S, Hilbers JP, Hill SLL, Hirata A, Hoskins AJ, 
Humpenöder F, Janse JH, Jetz W, Johnson JA, Krause 
A, Leclère D, Matsui T, Meijer JR, Merow C, Ober-
steiner M, Ohashi H, De Palma A, Poulter B, Purvis 
A, Quesada B, Rondinini C, Schipper AM, Settele J, 
Sharp R, Stehfest E, Strassburg BBN, Takahashi K, 
Talluto L, Thuiller W, Titeux N, Visconti P, Ware C, 
Wolf F, Alkemade R (2024) Global trends and scenar-
ios for terrestrial biodiversity and ecosystem services 
from 1900 to 2050. Science 384:458–465

Powers RP, Jetz W (2019) Global habitat loss and extinction 
risk of terrestrial vertebrates under future land-use-
change scenarios. Nat Clim Chang 9:323–329

R Core Team (2023) R: A language and environment for sta-
tistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria

Rédei T, Csecserits A, Lhotsky B, Barabás S, Kröel-Dulay G, 
Onodi G, Botta-Dukát Z (2020) Plantation forests can-
not support the richness of forest specialist plants in the 
forest-steppe zone. For Ecol Manag 461:117964

Regulation (Eu) 2024/1991 of the European Parliament and 
of the Council on nature restoration and amending 
Regulation (EU) 2022/869

Reif J, Vermouzek Z (2019) Collapse of farmland bird popu-
lations in an Eastern European country following its EU 
accession. Conserv Lett 12:e12585



Landsc Ecol (2026) 41:122	 Page 17 of 18  122

Vol.: (0123456789)

Reineking B, Schröder B (2006) Constrain to perform: regu-
larization of habitat models. Ecol Model 193:675–690

Rigal S, Dakos V, Alonso H, Auniņš A, Benkő Z, Brotons L, 
Chodkiewicz T, Chylarecki P, De Carli E, Del Moral JC, 
Domşa C, Escandell V, Fontaine B, Foppen R, Gregory 
R, Harris S, Herrando S, Husby M, Ieronymidou C, 
Jiguet F, Kennedy J, Klvaňová A, Kmecl P, Kuczyński 
L, Kurlavičius P, Kålås JA, Lehikoinen A, Lindström 
Å, Lorrillière R, Moshøj C, Nellis R, Noble D, Eskild-
sen DP, Paquet J-Y, Pélissié M, Pladevall C, Portolou D, 
Reif J, Schmid H, Seaman B, Szabo ZD, Szép T, Flor-
enzano GT, Teufelbauer N, Trautmann S, Van Turnhout 
C, Vermouzek Z, Vikstrøm T, Voříšek P, Weiserbs A, 
Devictor V (2023) Farmland practices are driving bird 
population decline across Europe. Proc Natl Acad Sci 
120:e2216573120

Ripple WJ, Wolf C, Newsome TM, Hoffmann M, Wirsing AJ, 
McCauley DJ (2017) Extinction risk is most acute for the 
world’s largest and smallest vertebrates. Proc Natl Acad 
Sci 114(40):10678–10683

Roberts DR, Bahn V, Ciuti S, Boyce MS, Elith J, Guillera-
Arroita G, Hauenstein S, Lahoz-Monfort JJ, Schröder B, 
Thuiller W, Warton DI, Wintle BA, Hartig F, Dormann 
CF (2017) Cross-validation strategies for data with tem-
poral, spatial, hierarchical, or phylogenetic structure. 
Ecography 40:913–929

Roscher S, Condé S, Bailly Maitre J (2015) Final database on 
linkages between species/habitat-types and broad eco-
systems. European Topic Centre on Biological Diversity 
report to the EEA, Paris, France

Sabatini FM, Burrascano S, Azzella MM, Barbati A, De Pau-
lis S, Di Santo D, Facioni L, Giuliarelli D, Lombardi 
F, Maggi O, Mattioli W, Parisi F, Persiani A, Ravera S, 
Blasi C (2016) One taxon does not fit all: Herb-layer 
diversity and stand structural complexity are weak pre-
dictors of biodiversity in Fagus sylvatica forests. Ecol Ind 
69:126–137

Sabatini FM, Keeton WS, Lindner M, Svoboda M, Verkerk 
PJ, Bauhus J, Bruelheide H, Burrascano S, Debaive 
N, Duarte I, Garbarino M, Grigoriadis N, Lombardi F, 
Mikoláš M, Meyer P, Motta R, Mozgeris G, Nunes L, 
Ódor P, Panayotov M, Ruete A, Simovski B, Stillhard J, 
Svensson J, Szwagrzyk J, Tikkanen O-P, Vandekerkhove 
K, Volosyanchuk R, Vrska T, Zlatanov T, Kuemmerle T 
(2020) Protection gaps and restoration opportunities for 
primary forests in Europe. Divers Distrib 26:1646–1662

Šálek M, Hula V, Kipson M, Daňková R, Niedobová J, Gam-
ero A (2018) Bringing diversity back to agriculture: 
Smaller fields and non-crop elements enhance biodiver-
sity in intensively managed arable farmlands. Ecol Ind 
90:65–73

Sandström E, Namasivayam A, Oostdijk S, Scherpenhuijzen N, 
Debonne N, Verburg P (2023) Preliminary land system 
map for Europe. V3 ed.: DataverseNL

Santini L, Benítez-López A, Maiorano L, Čengić M, Huijbregts 
MaJ (2021) Assessing the reliability of species distribu-
tion projections in climate change research. Divers Dis-
trib 27:1035–1050

Schall P, Ammer C (2013) How to quantify forest management 
intensity in Central European forests. Eur J Forest Res 
132:379–396

Semenchuk P, Plutzar C, Kastner T, Matej S, Bidoglio G, Erb 
KH, Essl F, Haberl H, Wessely J, Krausmann F, Dull-
inger S (2022) Relative effects of land conversion and 
land-use intensity on terrestrial vertebrate diversity. Nat 
Commun. https://​doi.​org/​10.​1038/​s41467-​022-​28245-4

Slatyer RA, Hirst M, Sexton JP (2013) Niche breadth predicts 
geographical range size: a general ecological pattern. 
Ecol Lett 16:1104–1114

Socolar JB, Mills SC, Gilroy JJ, Martínez-Revelo DE, Medina-
Uribe CA, Parra-Sanchez E, Ramirez-Gutierrez M, Sand 
Sæbø J, Meneses HS, Pérez G, Barlow J, Ochoa Quin-
tero JM, Freckleton RP, Haugaasen T, Edwards DP 
(2025) Tropical biodiversity loss from land-use change is 
severely underestimated by local-scale assessments. Nat 
Ecol Evol 9:1643–1655

Stehfest E, Van Zeist W-J, Valin H, Havlik P, Popp A, Kyle 
P, Tabeau A, Mason-D’croz D, Hasegawa T, Bodirsky 
BL, Calvin K, Doelman JC, Fujimori S, Humpenöder 
F, Lotze-Campen H, Van Meijl H, Wiebe K (2019) Key 
determinants of global land-use projections. Nat Com-
mun 10:2166

Sullivan BL, Wood CL, Iliff MJ, Bonney RE, Fink D, Kelling 
S (2009) eBird: a citizen-based bird observation network 
in the biological sciences. Biol Conserv 142:2282–2292

Tessarolo G, Rangel TF, Araújo MB, Hortal J (2014) Uncer-
tainty associated with survey design in species distribu-
tion models. Divers Distrib 20:1258–1269

Titeux N, Henle K, Mihoub J-B, Regos A, Geijzendorffer IR, 
Cramer W, Verburg PH, Brotons L (2016) Biodiversity 
scenarios neglect future land-use changes. Glob Change 
Biol 22:2505–2515

Tsiftsis S, Štípková Z, Rejmánek M, Kindlmann P (2024) Pre-
dictions of species distributions based only on models 
estimating future climate change are not reliable. Sci Rep 
14:25778

Urban MC, Travis JMJ, Zurell D, Thompson PL, Synes NW, 
Scarpa A, Peres-Neto PR, Malchow A-K, James PMA, 
Gravel D, De Meester L, Brown C, Bocedi G, Albert CH, 
Gonzalez A, Hendry AP (2021) Coding for life: design-
ing a platform for projecting and protecting global biodi-
versity. Bioscience 72:91–104

Valavi R, Elith J, Lahoz-Monfort JJ, Guillera-Arroita G (2019) 
blockCV: an r package for generating spatially or envi-
ronmentally separated folds for k-fold cross-validation 
of species distribution models. Methods Ecol Evol 
10:225–232

Valavi R, Guillera-Arroita G, Lahoz-Monfort JJ, Elith J (2022) 
Predictive performance of presence-only species dis-
tribution models: a benchmark study with reproducible 
code. Ecol Monogr 92:e01486

Van Der Sluis T, Pedroli B, Kristensen SBP, Lavinia Cosor G, 
Pavlis E (2016) Changing land use intensity in Europe – 
recent processes in selected case studies. Land Use Pol-
icy 57:777–785

Van Proosdij ASJ, Sosef MSM, Wieringa JJ, Raes N (2016) 
Minimum required number of specimen records to 
develop accurate species distribution models. Ecography 
39:542–552

Van ’T Veen H, Kuipers K, Schipper A, Marques A, Schelhaas 
M-J, Alkemade R (2025) A global assessment of plant 

https://doi.org/10.1038/s41467-022-28245-4


	 Landsc Ecol (2026) 41:122122  Page 18 of 18

Vol:. (1234567890)

and animal community responses to forest management 
over time. Glob Chang Biol 31:e70279

Visconti P, Jung M, Leclère D, Ringwald L, Gusti M, Balko-
vic J, Ondo I, Maney C, Harrison M, Hill S, Lessa Derci 
Augustynczik A, Di Fulvio F, Deppermann A, Kesting 
M, Witzke P, Havlik P (2024) BIOCLIMA: Assessing 
Land use, Climate and Biodiversity impacts of land-
based climate mitigation and biodiversity policies in the 
EU (1.0)

Wayman JP, Sadler JP, Martin TE, Graham LJ, White HJ, 
Tobias JA, Matthews TJ (2024) Unravelling the com-
plexities of biotic homogenization and heterogenization 
in the British avifauna. J Anim Ecol 93:1288–1302

Wood JR, Holdaway RJ, Orwin KH, Morse C, Bonner KI, 
Davis C, Bolstridge N, Dickie IA (2017) No single driver 
of biodiversity: divergent responses of multiple taxa 
across land use types. Ecosphere 8:e01997

Zhao J, Yu L, Newbold T, Shen X, Liu X, Hua F, Kanniah K, 
Ma K (2024) Biodiversity responses to agricultural prac-
tices in cropland and natural habitats. Sci Total Environ 
922:171296

Zizka A, Silvestro D, Andermann T, Azevedo J, Duarte Rit-
ter C, Edler D, Farooq H, Herdean A, Ariza M, Scharn 
R, Svantesson S, Wengström N, Zizka V, Antonelli A 
(2019) CoordinateCleaner: standardized cleaning of 
occurrence records from biological collection databases. 
Methods Ecol Evol 10:744–751

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Regional land use and land-use intensity effects on vertebrate biodiversity across Europe identified using species distribution models
	Abstract 
	Context 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Biodiversity data
	Land-use and land-use-intensity data
	Species-ecosystem associations
	Species distribution modelling

	Results
	Discussion
	Limitations
	Further research

	Conclusion
	References




