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Wet semi-natural grasslands are biodiversity-rich ecosystems that are increasingly threatened by climate change
and land-use alteration. However, long-term empirical evidence on how invertebrate communities respond to
these pressures remains scarce.

Using a large-scale re-survey, we assessed changes in grasshopper communities in wet semi-natural grasslands
across Germany over the past 20-35 years. We compared historical and recent species communities by re-
surveying 107 grassland patches originally sampled between the late 1980s and early 2000s. Community re-
sponses were evaluated using species richness, functional groups based on mobility and habitat specificity, the
Community Temperature Index (CTI), the Community Farmland Index (CFI), and Simpson dissimilarity (SI).

Total species richness increased over time, driven by strong gains in highly mobile generalist species. By
contrast, species currently classified as threatened and low-mobility habitat specialists both declined markedly.
Communities became increasingly dominated by warm-adapted species, as indicated by rising CTI values, while
decreasing Simpson dissimilarity revealed pronounced biotic homogenization. Mixed-effects models identified
drought, atmospheric nitrogen deposition, and increasing cover of abandoned grasslands as major drivers of
species losses.

Our results demonstrate that gains in species richness can mask ongoing functional degradation of wet
grasslands. Grasshoppers proved to be sensitive bioindicators of climate- and land-use-driven degradation
pathways. To counteract these trends, maintaining high groundwater levels and continued low-intensity
management—such as grazing with low stocking rates or conservation mowing with uncut refuge strips—are
crucial to prevent further degradation and to sustain ecosystem functioning in wet grasslands.

1. Introduction perspective, they often support species-rich plant communities and

provide essential habitats for specialized insects (Joyce and Wade, 1998;

Grasslands represent one of the predominant land-use types across
Europe (Schils et al., 2022), accounting for nearly 30% of agricultural
land in Germany (BLE, 2025). Among them, wet and moist semi-natural
grasslands (i.e., habitats maintained by long-term low-intensity man-
agement) play a particularly important role. From a biodiversity

Dengler et al., 2014). Numerous species inhabiting these ecosystems are
adapted to high groundwater levels or periodic flooding (Brotherton and
Joyce, 2015; Ahlén et al., 2023). Beyond their importance for biodi-
versity conservation, wet grasslands deliver key ecosystem services.
They act as significant carbon sinks by storing organic matter in their
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soils and thus contribute to climate change mitigation (Norderhaug
et al., 2023; Guan et al., 2025). Moreover, their high water retention
capacity makes them crucial for regulating local water balances, buff-
ering flood events, and sustaining hydrological stability at the landscape
scale, particularly under increasing climatic extremes (Brotherton and
Joyce, 2015; Joyce et al., 2016; Fartmann et al., 2026).

Despite their high ecological value, semi-natural grasslands—such as
wet grasslands—are among the most threatened habitat types in Europe
(Janssen et al., 2016). Since the second half of the 20th century, their
extent has declined dramatically as a result of profound land-use
changes (Krause et al., 2011; Auffret et al., 2018; Pazur et al., 2024).
Two major, partly opposing processes have driven this decline: grass-
land abandonment and agricultural intensification (Hempel et al.,
2025). Abandonment has become widespread, particularly in less pro-
ductive or sparsely populated areas, leading to successional processes
such as shrub encroachment or forest establishment in the long run
(Joyce, 2014; Prangel et al., 2023). By contrast, particularly in lowlands,
drainage measures have facilitated agricultural intensification by
lowering groundwater tables, thereby fundamentally altering natural
hydrological regimes (Dengler et al., 2014; Joyce et al., 2016). Intensi-
fication is typically associated with increased mowing frequency and
higher fertilizer inputs, resulting in reduced habitat heterogeneity and
declining species richness (Fumy et al., 2021; Fartmann, 2024;
Fartmann et al., 2026).

As a consequence of these processes, habitat loss has been accom-
panied not only by increasing fragmentation but also by a gradual
deterioration of habitat quality within the remaining grassland patches
(Fischer and Lindenmayer, 2007). Species-rich grasslands, which still
accounted for approximately 90% of meadows and pastures in Germany
shortly after the Second World War, declined to around 25% by the end
of the 20th century (Dierschke and Briemle, 2002). Today, only about
4-5% of the grasslands can be classified as having a high conservation
value (Becker et al., 2014; Sturm et al., 2018). Declines in plant species
richness are well documented and are frequently used as indicators of
habitat degradation (Klinkovska et al., 2024; Leuschner et al., 2024;
Liittgert et al., 2025). However, although declines of specialized insect
species have been reported even at low to moderate levels of land-use
intensification in grasslands (e.g., Reinier de Vries et al., 2026), the
consequences of more gradual and often subtle changes in habitat
quality—particularly in wet semi-natural grasslands—remain insuffi-
ciently understood.

Growing evidence suggests that plant-based indicators alone may not
fully capture the ecological consequences of habitat degradation for
animal communities (Zulka et al., 2014; van Klink et al., 2015). Subtle
alterations in vegetation structure, microclimatic conditions, or hydro-
logical regimes can affect trophic interactions, phenology, and popula-
tion dynamics of specialized taxa long before complete habitat loss
occurs (Giling et al., 2019; Greiser et al., 2022; Artmann-Graf and
Korner, 2024). Wet semi-natural grasslands, characterized by high and
dynamic groundwater tables and species assemblages strongly adapted
to these conditions, are particularly sensitive to changes in hydrology
and nutrient inputs and thus to gradual forms of degradation (Diekmann
et al., 2019). Nevertheless, empirical data on the responses of inverte-
brate communities to these changes remain scarce. This knowledge gap
hampers our ability to disentangle the combined effects of land-use and
climate change on biodiversity and ecosystem functioning in these
habitats.

Against this background, we investigated how changes in habitat
quality of wet semi-natural grasslands influence animal communities.
We focused on Orthoptera (hereinafter termed “grasshoppers™) as a
model system. Grasshoppers are particularly well suited for analyzing
the effects of global change in semi-natural grasslands, as they are
characteristic inhabitants of these ecosystems and can locally reach high
population densities (Fartmann et al., 2024; Fartmann and Poniatowski,
2025). They constitute an important food resource for insectivorous
vertebrates and predatory arthropods, such as spiders (Zahn et al., 2010;
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Birkhofer et al., 2026), and thus represent primary consumers of high
functional relevance (Samways, 2005). Moreover, grasshoppers are
sensitive indicators of land-use and climate change due to their complex
requirements regarding vegetation structure and microclimate
(Fartmann et al., 2012; Kenyeres et al., 2020; Geppert et al., 2021; Konig
et al., 2024). Their well-resolved taxonomy, comprehensive distribu-
tional knowledge, and the relative ease of sampling further support their
suitability as model organisms for ecological and biogeographical
studies (Fartmann and Poniatowski, 2025).

Recent studies from Central Europe have demonstrated range ex-
pansions of many thermophilous grasshopper species, particularly those
characterized by low habitat specificity and high dispersal ability, in
response to ongoing climate warming (Loffler et al., 2019; Fumy et al.,
2020; Fartmann et al., 2021). Additionally, there is increasing evi-
dence for additive biotic homogenization of grasshopper communities
(Fumy et al., 2020; Ogan et al., 2022; Thorn et al., 2022). However,
these regional studies do not allow general conclusions regarding the
conditions and long-term development of wet grasslands across Ger-
many or at broader spatial scales in Central Europe.

In this large-scale re-survey, we therefore examined the extent to
which grasshopper communities in wet semi-natural grasslands across
Germany have changed over the past 20-35 years in response to global
change and which environmental factors may drive these changes. We
re-surveyed 107 patches that were originally investigated between the
late 1980s and early 2000s and conducted re-surveys in 2023 and 2024.
Our response variables primarily included species richness, assessed for
different species groups, such as all species, threatened species, highly
mobile generalists, and low-mobility specialists.

To disentangle the relative importance of land-use change and
climate warming, we applied two community-level indices: (i) the
Community Farmland Index (CFI), reflecting the community-weighted
dependence of species on High Nature Value farmland (HNV farm-
land), and (ii) the Community Temperature Index (CTI), representing
the community-weighted mean of species' thermal preferences (Loffler
et al., 2019; Fumy et al., 2020; Fartmann et al., 2021). Both indices
have recently been established as powerful tools for identifying the
drivers of biodiversity change in insect communities (Poniatowski et al.,
2020; Fartmann and Poniatowski, 2025). In addition, we calculated
Simpson dissimilarity (SI, a measure of beta diversity), following Biihler
and Roth (2011), to assess potential biotic homogenization in grass-
hopper communities of wet grasslands. Species data were subsequently
related to a range of environmental variables representing both local
habitat conditions (e.g., abandonment, mowing intensity) and broader-
scale environmental drivers (e.g., climatic conditions, atmospheric ni-
trogen deposition, surrounding HNV farmland), to identify the main
drivers of observed community changes.

Based on previous studies, we formulated the following expectations:

o Temporal change — Grasshopper communities in wet grasslands
underwent significant changes over the past 20-35 years.

o Composition shifts — Community changes are associated with de-
clines of threatened habitat specialists and increases of highly mobile
generalist species.

o Biotic homogenization — Grasshopper communities have become
increasingly similar across sites (reduced p-diversity).

o Drivers of change — Both land-use change and climate warming
contribute to community changes.

2. Materials and methods
2.1. Study area

The study area was located in Germany (center: 51° 9' 48" N, 10° 26’
52" E), which covers more than one-third of Central Europe (Ellenberg

and Leuschner, 2010). Elevation in Germany ranges from slightly
below sea level in the North German Plain to almost 3000 m above sea
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level (a.s.l.) in the Alps (Zugspitze, 2962 m a.s.l.). Most of Germany is
characterized by a moderate, oceanic climate, which is primarily
influenced by the warm Gulf Stream and prevailing westerly winds.
Summer temperatures seldom exceed 30 °C, and winter temperatures
rarely drop below —20 °C (Ellenberg and Leuschner, 2010). With
increasing distance from the sea, the climate becomes more continental.
The driest regions in Germany, with particularly warm summers and an
annual precipitation of <600 mm, are the northern Upper Rhine Valley
and the lowlands of eastern Germany. By contrast, the higher elevations
of the low mountain ranges and the Alps are often characterized by cool
temperatures and precipitation exceeding 1500 mm/year (DWD, 2024).
Global change has significantly impacted Central Europe, including
Germany. Pronounced climatic changes have been observed, particu-
larly since the late 1980s. Precipitation has gradually shifted toward the
winter months, while temperatures have risen continuously. Moreover,
the frequency of summer droughts has increased since 2018. Regions
with high atmospheric nitrogen deposition include the Northwest
German Lowland, the Alpine Foreland, and several mountain ranges,
with maximum values reaching 25-35 kg N ha™! yr™! in some areas.
Land use has also undergone substantial changes over recent decades.
Although the remaining wet grasslands are largely managed at low in-
tensity, their local hydrology is frequently altered by drainage systems.
Furthermore, many wet grasslands have been abandoned over the past
decades, which has resulted in changes in vegetation structure and
consequently in habitat quality (for details, see Appendix A).

2.2. Study design

In order to determine possible changes in the grasshopper commu-
nities of wet grasslands in Germany over the last 20-35 years, historical
data were required that can be compared with recent surveys with re-
gard to various aspects (e.g., total species richness, threatened species,
or species community composition). This approach builds on published
studies that have yielded valuable insights using this method at the
regional level (Loffler et al., 2019; Fumy et al., 2020; Fartmann et al.,
2021; Ogan et al., 2022; Thorn et al., 2022).

2.2.1. Historical surveys

Using our expert knowledge and targeted searches in institutional
archives, libraries, and professional networks, we searched for historical
datasets in Germany. This search yielded 18 studies that were included
in the analysis. Many of these consisted of unpublished student theses or
expert reports on nature conservation (Supplementary Material, Ap-
pendix B). Studies were considered usable if patches could be reliably
located based on coordinates or maps and if patch-specific species lists
covering all recorded grassland species were available (pre-
sence-absence data). The survey methods used in the historical studies
varied to some extent; however, they consistently aimed to compile a
complete species inventory of grassland grasshoppers for each patch
(Supplementary Material, Appendix B, Table S1). The most commonly
applied approach was qualitative sampling within all vegetation struc-
tures and habitat elements within the entire grassland patch, typically
involving acoustic and visual searches combined with sweep-netting. In
some cases, transect counts were also conducted, whereas box-quadrat
sampling was only rarely applied. Despite methodological differences,
the outcomes of transect counts and box-quadrat sampling are largely
comparable when the primary objective is species detection rather than
abundance estimation (Nodari et al., 2025). This comparability is
particularly high when box-quadrat sampling is complemented by an
additional qualitative search (Korner-Nievergelt et al., 2026), as was the
case in the studies considered here. Overall, survey intensity in the
historical assessments can be considered high, as two or more sampling
events, predominantly during the phenology peak of the adults (end of
July to mid-August; cf. Detzel, 1998), were conducted per patch in
almost all cases. To account for potential biases arising from methodo-
logical differences, the factor “study” was included as a random effect in
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the models (Section 2.5).

As grassland species we considered all grasshopper species that can
be found on the soil surface or herb layer within grasslands. Species
mostly living in the soil (Gryllus campestris, Gryllotalpa gryllotalpa and
Pteronemobius heydenii) or that are associated with shrub and tree eco-
tones (Leptophyes punctatissima, Pholidoptera griseoaptera and Tettigonia
viridissima) (Fartmann and Poniatowski, 2025) were often not system-
atically sampled in the historical datasets. Accordingly, these species
were excluded from all analyses. A total of 107 wet grassland patches
were identified that met our requirements. They were distributed across
large parts of Germany and assigned to eleven “subareas” (Fig. 1, Ap-
pendix C, Table S2). The patches averaged 2.5 ha (+ 0.3 SE) in size. The
historical studies were conducted between 1988 and 2005 (Supple-
mentary Material, Appendix B, Table S1). The time between the initial
assessment and the re-surveys (see Section 2.2.2) was, on average, 26.2
(£ 0.5 SE) years. To account for potential variability in the results due to
differing time intervals between sampling events, this factor was
incorporated as a random effect in the models (see Section 2.5). In this
study, we refer to former studies as “historical surveys”.

2.2.2. Recent surveys

In summer 2023 and 2024, all 107 patches were re-surveyed to
compile species lists of grassland grasshoppers per patch, consistent with
the historical surveys. During the recent surveys, grassland grasshoppers
were sampled once between late July and mid-August. All habitat
structures within each patch were surveyed under favourable weather
conditions (temperature > 15 °C, cloud cover <50%) using acoustic and
visual searches as well as sweep-netting. These methods are known to
provide reliable data on grasshopper occurrence in grassland ecosystems
(e.g., Loffler et al., 2019; Fartmann et al., 2021), ensuring methodo-
logical comparability with the historical surveys (see Section 2.2.1).
Because the historical surveys generally involved higher sampling in-
tensity (usually two or more visits per patch, each often lasting only
30-60 min), search effort per patch was standardized and extended to
1.5 h to compensate for this difference and to account for variation in
patch size (see Section 2.2.1). Grasshoppers are generally readily
detectable during summer, which facilitates reliable surveys during this
period (Streitberger et al., 2024). An exception are crickets, which
typically show an adult phenology peak in late spring (Detzel, 1998);
however, crickets were not considered in the present study (see Section
2.2.1).

Together, these measures ensured that differences between historical
and recent surveys primarily reflect ecological changes rather than
methodological differences.

Species identification was conducted in the field, based on acoustic
signals and morphological characteristics, using Fischer et al. (2020).
The occurrence of quiet or high-frequency stridulating species, such as
Conocephalus dorsalis, Conocephalus fuscus or Metrioptera brachyptera,
was assessed using a bat detector. A caliper gauge (0.5 mm accuracy)
was used to distinguish between the closely related species Chorthippus
biguttulus, Chorthippus brunneus and Chorthippus mollis based on wing
length and width, which are species-specific characteristics. The scien-
tific nomenclature follows Poniatowski et al. (2024a).

2.3. Community metrics

In addition to the number of all species, the number of threatened
species is often used as a response variable (Fartmann and Poniatowski,
2025). We therefore classified grasshoppers by their threat status. Spe-
cies that are listed as vulnerable or near threatened in Germany ac-
cording to Poniatowski et al. (2024a) were considered “threatened”
(Supplementary Material, Appendix C, Table S3). Threat status was
based on the current Red List classification, allowing a consistent eval-
uation of how species of present conservation concern have responded
to environmental change. Moreover, previous studies have shown that
species with combined traits of habitat specificity and mobility, in



D. Poniatowski et al.

Ecological Indicators 188 (2026) 115052

O Study patch

— Subarea

o 100 200 500 1000 1500 2000 3000 m NN

Fig. 1. Location of the 107 study patches in Germany and their corresponding subareas.

particular, have exhibited strong responses to global change (e.g.,
Poniatowski et al., 2020). We therefore used the combinations “highly
mobile generalists” and “low-mobility specialists” as further response
variables. The classification into the two trait groups is based on
Fartmann and Poniatowski (2025). In order to make the effects of land-
use and climate change on grasshoppers more visible, the Species
Farmland Index (SFI) and the Species Temperature Index (STI) were
used (Loffler et al., 2019; Fumy et al., 2020; Fartmann et al., 2021). The
calculation of these species-specific indicator values is based on the
current distribution of grasshoppers in Germany (Poniatowski et al.,
2020). The SFI reflects the proportion of High Nature Value farmland
(HNV farmland) in the open landscape over the distribution range of the
respective species in Germany (Fumy et al., 2020; Poniatowski et al.,
2020). HNV farmland mainly covers nutrient-poor habitats such as
wet meadows, heathlands, and dry grasslands (Paracchini et al., 2008;

Veen et al., 2009). To calculate the STI, the mean temperatures in the
summer season (April-September, reference period 1981-2010, DWD,
2024) were averaged over the range of the respective species. The STI
therefore reflects the macroclimatic requirements of the species. The
species-specific indicator values can also be averaged across all species
within a specific area (e.g., at the patch level), reflecting the preferences
of the entire species community. These indices are referred to as the
Community Farmland Index (CFI) and the Community Temperature
Index (CTI). Recent studies have shown that these indices are suitable
proxies for land use (farmland index) and climate change (temperature
index) when related to grasshopper range shifts or changes in species
composition (Loffler et al., 2019; Poniatowski et al., 2020; Fartmann
et al., 2021).

To evaluate potential biotic homogenization of grasshopper com-
munities in wet grasslands, we employed a similarity index (Fig. 2b).
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a) Species richness (SR) b) Simpson dissimilarity (S/)
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Fig. 2. Example illustrating the calculation of species richness (SR, a measure of alpha diversity) and Simpson dissimilarity (SI, a measure of beta diversity) of two
patches (x and y). (a) Species richness is calculated for each patch separately and averaged across patches. (b) Beta diversity was quantified from presence-absence
species lists of the two patches (%, y) using Simpson dissimilarity, based on the number of shared species (a) and species unique to each patch (b, c).

Specifically, we used the Simpson dissimilarity (SI), which quantifies dissimilar communities). By calculating the mean SI of all possible
compositional turnover between communities (beta diversity) and is combinations of patches, the mean beta diversity of a sample can be
particularly suitable for detecting homogenization patterns (Koleff et al., assessed. If the mean SI among patches decreases over time, community
2003; Biihler and Roth, 2011). This index has previously been shown to composition becomes increasingly similar, indicating growing biotic
be effective in Swiss biodiversity monitoring (Koordinationsstelle BDM, homogenization in the habitats under consideration (e.g., Biihler and
2014). Values range from 0 (identical communities) to 1 (completely Roth, 2011). The species communities thus become more and more

Conocephalus fuscus
Stethophyma grossum
Chorthippus dorsatus
Chrysochraon dispar
Roeseliana roeselii
Chorthippus biguttulus
Tetrix subulata
Gomphocerippus rufus
Mecostethus parapleurus
Chorthippus mollis
Calliptamus italicus
Pseudochorthippus parallelus
Conocephalus dorsalis
Chorthippus albomarginatus
Phaneroptera falcata
Oedipoda caerulescens
Myrmeleotettix maculatus
Stenobothrus stigmaticus
Platycleis albopunctata
Tetrix undulata
Stenobothrus lineatus
Bicolorana bicolor

Decticus verrucivorus
Tettigonia cantans
Euthystira brachyptera
Chorthippus brunneus
Metrioptera brachyptera
Omocestus haemorrhoidalis
Chorthippus apricarius
Pseudochorthippus montanus
Omocestus viridulus
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Changes in patch occupancy (pp)

Fig. 3. Changes in patch occupancy (percentage points, pp) between the historical and the recent surveys for all observed grasshopper species. Differences between
surveys were analyzed using McNemar's test (p < 0.05). Species showing significant changes in patch occupancy after FDR correction are highlighted in dark green
and dark red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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similar. This pattern usually occurs when common species expand their
range, i.e. become more widespread, and rare species, often habitat
specialists, gradually disappear (Forum Biodiversitat Schweiz, 2022).
The SI thus provides valuable additional information for interpreting
and assessing changes in species richness (Fig. 2a), particularly when
species numbers increase (Koordinationsstelle BDM, 2014).

This study also aims to identify the environmental parameters (see
Section 2.4) that best explain changes in grasshopper species richness
over time, with a particular focus on contrasting species showing posi-
tive and negative temporal trends, respectively. Based on our analyses
(Fig. 3), species exhibiting positive trends between the historical and the
recent surveys are hereafter classified as “winners” (n = 17), whereas
those exhibiting negative trends are classified as “losers” (n = 12).
Changes in species richness of winners and losers between historical and
recent surveys were quantified using the logarithmic response ratio
(LRR), a scale-independent and symmetric measure of relative change
(e.g., Korell et al., 2021).

For each patch i, the response variable was calculated as:

LRRl —In Si.recent +é&

si,hi:torical +e&
where Sjhistorical and Sirecent denote the number of species of the
respective group (winners or losers) recorded in the historical and recent
surveys, respectively. A small constant (¢ = 0.1) was added to both
values to allow inclusion of patches where species of the respective
group were absent.

Negative LRR values indicate a decline in the numbers of winners or
losers, values close to zero indicate no change, and positive values
indicate an increase. The logarithmic response ratio provides a sym-
metric, scale-independent quantification of temporal change and allows
a direct comparison of the impact of environmental drivers across
patches.

For the analysis of losers, only patches where at least one loser
species was present in the historical survey were included. Patches
without a historical occurrence of loser species (n = 14 of 107 patches)
were excluded, as declines can only be assessed where species were
initially present. All 107 patches were considered for the winner anal-
ysis, because range expansions may also occur in patches that were
previously unoccupied by any winner species.

The LRR was used as the response variable in linear mixed-effects
models relating changes in species richness to environmental parame-
ters (see Section 2.4). Separate models were fitted for winners and losers
but followed an identical model structure to allow direct comparisons of
effect sizes and directions (see Section 2.5).

2.4. Environmental parameters

Numerous environmental factors can affect the occurrence and
population dynamics of grasshoppers (Fartmann and Poniatowski,
2025). To assess these influences, we sampled a range of environ-
mental variables across all patches (Supplementary Material, Appendix
C, Table S4), which were grouped into three main categories: climatic
conditions, atmospheric nitrogen deposition, and landscape and habitat
characteristics, including mowing frequency, proportion of abandoned
grassland, and protection status.

Because environmental datasets were not available for identical time
periods, we used the most reliable and spatially comprehensive data
sources available for Germany. Many of the selected predictors (e.g.,
climate normals, atmospheric nitrogen deposition, and landscape
structure) represent long-term environmental conditions that change
only gradually and are therefore suitable for explaining spatial variation
in grasshopper dynamics despite differences in the exact reference years
among datasets.
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2.4.1. Climate conditions

Climate data were obtained from 1 km x 1 km gridded datasets
provided by the German Meteorological Service (DWD, 2024). For the
analyses, we considered mean summer temperature (°C) and annual
precipitation (mm), using long-term averages for the reference period
1991-2020.

The effect of a given level of precipitation and temperature on an
organism depends on the magnitude of the respective other factor. For
example, low precipitation in combination with high temperatures leads
to drought stress more rapidly due to increased evapotranspiration rates
than the same precipitation levels combined with lower temperatures.
To account for the combined effects of temperature and precipitation,
we included the long-term annual mean of the de Martonne drought
index (dMI), a widely used climatic aridity index (Bliithgen and
Weischet, 1980), as an additional explanatory variable. We used the
de Martonne index because it provides a simple and robust measure of
climatic aridity based solely on precipitation and temperature, allowing
consistent calculation across all study sites and long-term reference
periods. These data were obtained from the German Meteorological
Service (DWD, 2024), using the same reference period and spatial res-
olution as the temperature and precipitation datasets.

The drought index is defined as:

p
dMI = (T+10)

where P is annual precipitation (mm) and T is mean annual tem-
perature (°C). Lower values indicate more arid conditions. To facilitate
interpretation, we multiplied the index by —1 so that higher values
correspond to more arid conditions. Accordingly, the conventional
threshold of 20 separating humid and semi-arid climates corresponds to
—20 in the transformed index.

Latitude was included as an additional predictor to account for the
broad north-south gradient covered by our study patches across Ger-
many. Changes in species communities are expected to be more pro-
nounced in the north, that is, at the range margins of many species
(Fartmann and Poniatowski, 2025).

Elevation was also included as a predictor, as it may influence species
occurrence via elevation-related climatic conditions or differences in
land-use intensity, which is generally higher at lower elevations than in
mountainous regions (Loffler et al., 2023; Widmer et al., 2025).

2.4.2. Atmospheric nitrogen deposition

Atmospheric nitrogen deposition was included as an additional
environmental predictor, using the most recent available data for the
period 2017-2019 at a spatial resolution of 1 km x 1 km (UBA, 2024).
Deposition values of the grid cells in which the patches were situated,
expressed in kg N ha™! yr™!, served as a proxy for the local nutrient
input from the atmosphere.

2.4.3. Habitat and landscape characteristics

We determined patch size from recent official orthophotos accessed
via the World Imagery service in ArcGIS Pro (Esri), which are typically
updated every few years. For each patch, we additionally estimated the
proportion of abandoned grassland in the field and subsequently verified
these estimates using the same aerial photographs. To determine
whether a patch was located within a protected area, we used the WMS
service of the Federal Agency for Nature Conservation (BfN, 2025). Of
the 107 patches, 72% were located within protected areas.

Mowing frequency within the patches was derived from the dataset
provided by Schwieder et al. (2022). Using a special remote sensing
procedure based on a combined Sentinel-2 and Landsat-8 time series, the
authors measured the intensity of land use for mown grassland in Ger-
many between the years 2017 and 2020. The result is a raster dataset
(spatial resolution 10 m x 10 m) containing count values ranging from
0 to 6 mowing events per year. To determine land-use intensity within
each patch for each year, the mowing dataset was overlaid with the
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patch polygons. Subsequently, we calculated the mean mowing fre-
quency for each patch for the period 2017-2020.

We additionally assessed whether ecologically valuable grasslands
(HNV farmland) in the immediate vicinity of the patches influenced the
occurrence of grasshopper species. For this purpose, a 200 m buffer was
created around each patch in ArcGIS Pro, and the proportion of HNV
farmland within this area was calculated using the zonal statistics tool.
The analysis relied on the most recent nationwide raster dataset of HNV
farmland distribution in Germany (2012), with a spatial resolution of
100 m x 100 m (EEA, 2025), which captures landscape features that are
typically subject to long-term extensive management, and therefore
show high temporal continuity, making the dataset suitable for char-
acterizing the surrounding habitat context of the study patches.

2.5. Statistical analysis

All statistical analyses were performed using R version 4.5.2 (R
Development Core Team, 2025).

2.5.1. Changes in grasshopper patch occupancy

Changes in patch occupancy of grasshopper species between the
historical and recent surveys were assessed using McNemar's test, which
is appropriate for paired binary data (occupied vs. unoccupied) and tests
for significant asymmetry in occupancy changes at the patch level (p <
0.05). For each species, the number of patches changing from unoccu-
pied to occupied was compared with the number changing in the
opposite direction. To account for multiple comparisons across species,
p-values were adjusted using the Benjamini-Hochberg false discovery
rate (FDR) procedure. Additionally, occupancy frequencies were calcu-
lated for both the historical and recent surveys, and the change in oc-
cupancy (hereafter referred to as the “trend”) was derived to quantify
the direction and magnitude of species-specific changes.

2.5.2. Temporal changes in species richness and ecological indices

Temporal changes in grasshopper species richness (all species,
threatened species, highly mobile generalists, and low-mobility spe-
cialists), as well as ecological indices (CTI, CFI; see Section 2.3), were
compared between historical and recent surveys. As the assumption of
normality was violated for these variables (Shapiro-Wilk test), differ-
ences between time periods were assessed using the Wilcoxon signed-
rank test, a non-parametric test for paired samples that evaluates
whether median differences between two time points deviate signifi-
cantly from zero. Mixed-effects models (GLMMs/LMMs) including
random effects (historical survey nested within subarea) were also
explored but showed convergence problems and unstable parameter
estimates, likely due to limited replication at the level of the grouping
factors and the nested structure of the data. Therefore, the Wilcoxon
signed-rank test was retained as a robust method for analyzing paired
temporal changes.

2.5.3. Temporal changes in Simpson dissimilarity

Temporal changes in Simpson dissimilarity (SI) were analyzed using
a paired permutation test with 10,000 permutations of the dissimilarity
values between the historical and recent surveys. Using a traditional
test, as applied for the other ecological indices, would have led to overly
optimistic results (i.e. an increased risk of Type I error) because
dissimilarity matrices contain N(N — 1)/2 elements (in our case 5671)
derived from N study patches (here 107), which are not independent
observations. SI was calculated using the R package betapart (version
1.6.1; Baselga and Orme, 2012), which provides a robust framework for
quantifying compositional turnover based on presence-absence data.

2.5.4. Environmental drivers of species trends

Changes in grasshopper species richness for winners (species with
increasing trends; n = 17) and losers (species with declining trends; n =
12) between historical and recent surveys were quantified using the
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logarithmic response ratio (LRR), a scale-independent and symmetric
measure of relative change (see Section 2.3). To relate these changes to
environmental predictors (see Section 2.4) while accounting for the
nested structure of the data, we applied multivariable linear mixed-
effects models (LMMs) using the R package lme4 (version 1.1.38;
Bates et al., 2015). The factor historical survey (18 surveys; Appendix B,
Table S1) nested within subarea was included as a random effect,
capturing among-study differences such as unequal time intervals be-
tween sampling events and thereby accounting for non-independence of
observations while preventing pseudo-replication.

Prior to modeling, Pearson correlations were calculated to assess
multicollinearity among environmental variables (|r| > 0.6; Graham,
2003). When two or more variables were strongly intercorrelated,
only the ecologically most relevant variable was retained for statistical
modeling (Supplementary Material, Appendix C, Fig. S1). The selected
fixed effects therefore included transformed drought index, atmospheric
nitrogen deposition, proportion of HNV farmland, patch size, proportion
of abandoned grassland, and protected area (yes/no).

All continuous environmental variables were z-standardized (mean
=0, standard deviation = 1) to allow direct comparability of effect sizes,
improve numerical stability, and ensure that model intercepts represent
expected LRR under average environmental conditions. Model selection
and averaging were conducted using an information-theoretic approach
(dredge function, R package MuMIn, version 1.48.11; Barton, 2025),
including only top-ranked models within AAICc <3. Model performance
was evaluated by marginal R? (variance explained by fixed effects) and
conditional R? (variance explained by fixed and random effects)
(Nakagawa et al., 2017). Residuals were inspected graphically for
normality and homoscedasticity, multicollinearity was further checked
using variance inflation factor (VIF), and spatial autocorrelation of
model residuals was assessed for all final models using Moran's I
implemented in the R package DHARMa (version 0.4.7; Hartig, 2024).
Detailed results of residual diagnostics, multicollinearity checks, and
spatial autocorrelation analyses are provided in the Supplementary
Material (Appendix C, Table S5 and S6, Fig. S2 and S3).

3. Results
3.1. General patterns and grasshopper trends

In this re-survey, a total of 31 grasshopper species were recorded
across the 107 wet grassland patches in Germany. Nine of them were
considered threatened, a further nine as highly mobile generalists, and
seven as low-mobility specialists (Supplementary Material, Appendix C,
Table S3).

In the historical records, Pseudochorthippus parallelus was the most
frequent species, occurring in 76% of the patches (Supplementary Ma-
terial, Appendix C, Table S3), followed by Chorthippus albomarginatus
(72%) and Roeseliana roeselii (66%). Pseudochorthippus montanus (50%),
Conocephalus dorsalis (48%) and Omocestus viridulus (48%) were also
widespread. The re-survey confirmed that the three historically most
frequent species remained the top three, although their rank order had
changed: Roeseliana roeselii was now the most common species (84%),
followed by Pseudochorthippus parallelus (79%) and Chorthippus albo-
marginatus (75%) (Supplementary Material, Appendix C, Table S3).

Patch occupancy significantly increased over time in six species,
including Conocephalus fuscus (from 8% to 73%, +65 percentage points,
pp), Stethophyma grossum (from 40% to 70%, +30 pp), Chorthippus
dorsatus (from 31% to 52%, +21 pp), Chrysochraon dispar (from 37% to
57%, +20 pp), Roeseliana roeselii (from 66% to 84%, +18 pp), and
Chorthippus biguttulus (from 33% to 50%, +17 pp) (Fig. 3). Conversely,
significant declines were observed for three species: Omocestus viridulus
(from 48% to 17%, —31 pp), Pseudochorthippus montanus (50% to 35%,
—16 pp), and Chorthippus apricarius (from 16% to 5%, —11 pp).

On average, fewer species were recorded per patch in the historical
survey than in the recent survey (mean + SE: 6.7 4+ 0.33 vs. 7.9 + 0.27
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species; Fig. 4a). In contrast, the historical survey documented more
threatened species than the recent survey (1.4 + 0.11 vs. 0.6 + 0.07
species; Fig. 4b).

Examining combined traits of mobility and habitat specificity
revealed two opposing patterns: for highly mobile generalists, there was
an increase from the historical to the recent survey (2.6 + 0.14 vs. 4.0 +
0.13 species; Fig. 4c), whereas low-mobility specialists exhibited a
decline from the historical to the recent survey (1.2 + 0.09 vs. 0.9 +
0.07; Fig. 4d).

The Community Temperature Index (CTI) was lower in the historical
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(14.74 £ 0.01 °C) than in the recent survey (14.79 + 0.01 °C) (Fig. 4e).
However, the Community Farmland Index (CFI) did not differ between
the two surveys (Fig. 4f).

Simpson dissimilarity decreased markedly from the historical to the
recent survey, indicating that species communities are more homoge-
neous today than in the past (Fig. 5).

3.2. Environmental drivers of grasshopper loser and winner responses

Model averaging of the top-ranked models explained a substantial
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Fig. 4. Differences in grasshopper community metrics between historical and recent surveys. Mean values (+ SE) for (a) all species, (b) threatened species, (c) highly
mobile generalists, (d) low-mobility specialists, (e) the Community Temperature Index (CTI), and (f) the Community Farmland Index (CFI) are shown. Differences
between historical and recent surveys were assessed using paired Wilcoxon signed-rank tests. Reported p-values indicate the significance of temporal changes. n.s. not

significant, *** p < 0.001. Note that y-axis ranges differ among panels because species groups differed substantially in their overall species richness. In addition, y-
axes do not necessarily start at zero in order to improve visualization of relatively small differences and associated error bars.



D. Poniatowski et al.

0.40

> Q

2038 -

]

£ 0361

a

o

c 0.34 1

@]

[%2]

3

i/'_) 0.32 n §
0.30 : :

Historical Recent

Fig. 5. Differences in Simpson dissimilarity between historical and recent
surveys. Mean values (+ SE) are shown. Statistical significance between his-
torical and recent surveys was assessed using a two-sided paired permutation
test with 10,000 permutations (*** p < 0.001). Note that the y-axis does not
start at zero to improve visualization of relatively small differences.

proportion of the variation in loser responses. The high marginal R?
(0.27) indicated that the fixed effects accounted for a considerable share
of the variance of the response variable. The inclusion of random effects
increased the explained variance slightly (conditional R? = 0.36), sug-
gesting that study- and subarea-specific differences contributed only
moderately to the observed patterns (Supplementary Material, Appen-
dix C, Table S7).

Among the fixed effects, drought intensity emerged as the dominant
driver of loser dynamics (Fig. 6). Lower values of the transformed
drought index, reflecting more humid climatic conditions, were associ-
ated with less negative LRR values, indicating weaker declines of loser
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species, whereas arid and dry regions experienced stronger losses. In
addition, a higher proportion of abandoned grassland and increased
atmospheric nitrogen deposition were both associated with more
negative LRR values, indicating greater declines of losers.

Model averaging of the top-ranked models indicated that the pro-
portion of abandoned grassland was the only predictor of winner dy-
namics (Fig. 6). A higher proportion of abandoned grasslands resulted in
fewer winner species per patch. The model explained a modest pro-
portion of variance through the fixed effects (marginal R? = 0.12),
whereas the inclusion of random effects substantially increased the
explained variance (conditional R? = 0.42), indicating that study- and
subarea-level differences accounted for a considerable share of the
observed variability.

4. Discussion

Our results show that, across wet grasslands throughout Germany,
both the total number of grasshopper species and the number of highly
mobile generalists have increased over the last two to three decades, and
that communities are now dominated by species preferring warm mac-
roclimatic conditions (high CTI). By contrast, species currently classified
as threatened, as well as low-mobility habitat specialists, declined.

This pattern points to a biodiversity illusion, i.e. a situation in which
increases in overall species richness mask declines of species with very
specific requirements. The observed increases were primarily driven by
the expansion of common and highly mobile species such as Con-
ocephalus fuscus, Chorthippus dorsatus, Chrysochraon dispar, and Roe-
seliana roeselii, likely due to rising temperatures associated with climate
change (Fartmann and Poniatowski, 2025). Meanwhile, threatened
species dependent on high moisture levels for egg development, such as
Omocestus viridulus and Pseudochorthippus montanus, strongly declined.
This confirms that species richness alone is often insufficient to assess
habitat quality (Feest et al., 2010; Biihler and Roth, 2011; Hillebrand
et al., 2018). Instead, trait-based approaches are required (Gallagher
et al., 2021). Such detailed analyses allow the detection of underlying
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Fig. 6. Relationship between significant environmental drivers and the trends of grasshopper species whose patch occupancy increased (“winners™) or decreased
(“losers™) from the historical to the recent survey. The trends of losers and winners were quantified using the logarithmic response ratio (LRR, see Section 2.3). The
statistical relationships between the LRR (Gausssian distribution) and environmental predictors were assessed using multivariable linear mixed-effects models
(LMMs), including historical survey nested within subarea as random intercepts. Model-averaged coefficients (standardized estimates +95% confidence intervals [CI])
derived from the top-ranked models (AAICc <3) are shown. CI of significant predictors (p < 0.05) do not cross zero (for more details, see Supplementary Material,
Appendix C, Table S7). The transformed drought index represents climatic conditions, with high values indicating arid conditions and low values indicating humid
conditions. Abandoned = proportion of abandoned grassland; nitrogen = atmospheric nitrogen deposition.
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ecological processes.

These contrasting responses further indicate a biotic homogenization
of the grasshopper communities. This assumption is supported by the
Simpson dissimilarity analysis: historical communities differed much
stronger in their composition whereas recent communities are far more
similar. Thus, grasshopper communities in wet grasslands across Ger-
many have undergone pronounced homogenization in species compo-
sition. Similar patterns have already been documented for grasshoppers
at the regional scale (Fumy et al., 2020; Ogan et al., 2022; Thorn et al.,
2022) and are also well known for other taxonomic groups, such as
plants (Biihler and Roth, 2011) and butterflies, where widespread gen-
eralists increasingly replace habitat specialists, resulting in community
homogenization (Borschig et al., 2013; Habel et al., 2023). The conse-
quences of this development for grassland ecosystems are severe. A
multi-taxon approach by Wang et al. (2021) suggests that biotic ho-
mogenization threatens the stability of ecosystem functions and
services.

The causes of biotic homogenization in grasshopper communities
across wet grasslands in Germany emerge when examining the drivers of
declining (“loser”) and increasing (“winner”) species. Overall, three
environmental predictors were associated with trends in loser species,
whereas one predictor constrained winner expansion.

Drought was the strongest driver of the disappearance of losers.
Accordingly, declines of losers were most pronounced in dry and warm
regions. We explain this particularly by the high moisture requirements
of the two species that suffered most, Omocestus viridulus and Pseu-
dochorthippus montanus. Both species have eggs that are highly sensitive
to desiccation (Fartmann and Poniatowski, 2025). In line with this,
recent summer droughts have been identified to be a major threat to
these species (Poniatowski et al., 2020, 2024b). This is especially the
case, if the water balance has been modified by drainage systems
(Poniatowski et al., 2024b), which is true for most of the wet grasslands
in Central Europe (Fartmann et al., 2026). However, many other
grasshopper species also suffer from drought periods (Fartmann et al.,
2022; Artmann-Graf and Korner, 2024).

In our study, atmospheric nitrogen deposition further amplified
species losses. Nutrient enrichment promotes tall-growing, highly
competitive plants, particularly grasses (Bobbink et al., 2022; Vogels
et al., 2023). This leads to a reduction in phytodiversity and micro-
habitat heterogeneity (van der Plas et al., 2024), ultimately further
constraining habitat suitability for specialized grasshopper species
(Fartmann and Poniatowski, 2025). Typical loser species in our study,
including Chorthippus apricarius, Decticus verrucivorus, Euthystira bra-
chyptera, and Metrioptera brachyptera, are generally associated with
structurally heterogeneous vegetation.

Besides climatic factors and atmospheric nitrogen deposition, land-
use change has also negatively affected grasshopper communities in
wet grasslands. Patches with a high proportion of abandoned grassland
experienced particularly strong species losses. This was not only true for
losers; even winners were negatively affected by abandonment. These
findings are consistent with the results of Joyce (2014), who identified
abandonment of wet grasslands—particularly in Central Europe and the
Baltic States—as a major challenge for biodiversity conservation.

Young fallows can exhibit a high grasshopper species richness and
abundance (Marini et al., 2009; Loffler and Fartmann, 2017). However,
with ongoing succession in abandoned grasslands, habitat quality de-
creases continuously for grasshoppers (Fumy et al., 2021). In the long
run, abandoned wet grasslands become dominated by a few tall-growing
species, such as common reed (Phragmites australis), lesser pond-sedge
(Carex acutiformis), meadowsweet (Filipendula ulmaria), reed canary
grass (Phalaris arundinacea) or slender-tufted sedge (Carex acuta)
(Burkart et al., 2004). This leads to litter accumulation and cool
microclimatic conditions. Since the vast majority of grasshoppers re-
quires a warm microclimate, they strongly suffer from these successional
processes (Fartmann and Poniatowski, 2025). Overall, only a few
generalist grasshopper species can cope with the adverse environmental

10

Ecological Indicators 188 (2026) 115052

conditions found in old fallows (Marini et al., 2009; Schirmel et al.,
2011).

Conversely, in managed wet grasslands, species losses were lower,
and these habitats even allowed for the expansion of winners. It should
be noted, however, that despite the strong negative correlation with the
cover of abandoned grassland (r = —0.72, p < 0.001), mowing frequency
in wet grasslands was low, averaging approximately one cut per year
(Supplementary Material, Appendix C, Table S4). Many grasshopper
species benefit from low land-use intensity, or even depend on it (Marini
et al., 2008; Fumy & Fartmann, 2023; Poniatowski et al., 2024b).

The analysis of winners indicates that their dynamics are only
weakly explained by the environmental variables considered. This might
be explained by the low habitat specificity of many winners. Most of
them, such as Chorthippus dorsatus, Chrysochraon dispar, Conocephalus
fuscus and Roeseliana roeselii, are generalists with broad tolerance ranges
across moisture, nutrient, and land-use gradients and have become quite
common in German agricultural landscapes (Fartmann and Poniatowski,
2025).

An exception within the group of winners is Stethophyma grossum.
This species is a habitat specialist that was in former times considered
rare and endangered in Germany (Ingrisch and Kohler, 1998). However,
in our study, its frequency in wet grasslands increased by approximately
30 percentage points. This development is consistent with findings from
previous studies that have already documented regional expansions of
the species (Fartmann et al., 2021; Fumy et al., 2020; Ogan et al., 2022;
Thorn et al., 2022).

Like other winners (see above), S. grossum has apparently benefited
from the strongly increasing temperatures over the past 20-30 years due
to climate change (Poniatowski et al., 2018a, 2020; Fartmann and
Poniatowski, 2025). The species requires sufficient moisture only dur-
ing the winter months, while dry and warm conditions during summer
favor its post-embryonic development (Trautner and Hermann, 2008;
Poniatowski et al., 2018a, 2020; Fartmann and Poniatowski, 2025).

The key drivers of the expansion of Stethophyma grossum are now well
understood. By contrast, winner dynamics in wet grasslands could only
be explained to a limited extent, as random effects predominated. This
suggests that winner dynamics are shaped by a combination of patch-
and study-specific conditions — such as management practices, historical
land-use continuity, or the local biogeographical context — as well as
broader regional processes that were not fully captured by the envi-
ronmental variables considered here (Oberpriller et al., 2022; Fartmann
and Poniatowski, 2025). Climate warming may further contribute to this
pattern, as increasing temperatures have rendered much of Germany
climatically suitable for generalist species, enabling widespread colo-
nization and weakening large-scale climatic filtering (cf. Loffler et al.,
2019; Fartmann et al., 2021).

Interestingly, the proportion of surrounding HNV farmland did not
emerge as an important predictor in our models. This suggests that
grasshopper community dynamics in wet grasslands may depend more
strongly on local habitat conditions than on the amount of suitable
grassland in the surrounding landscape. Such a pattern is consistent with
previous studies showing that many grasshopper species, despite
differing mobility capacities, are more strongly constrained by habitat
quality (particularly vegetation structure) than by habitat connectivity
or landscape configuration alone (Poniatowski and Fartmann, 2010;
Poniatowski et al., 2018b; Fartmann and Poniatowski, 2025).

5. Conclusion

Our results clearly demonstrate that grasshoppers are sensitive bio-
indicators of multiple degradation pathways in wet grasslands. At the
functional level, grasshopper communities reflect climate change,
nutrient inputs, and land-use change. The decline of species that are
currently classified as threatened, together with the growing dominance
of generalists, rising CTI values, and ongoing biotic homogenization,
provides strong evidence of a gradual and often overlooked degradation
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of wet grasslands across Germany, even where species richness remains
stable or increases.

Several management options are available to counteract the ongoing
degradation of wet grasslands. In the context of advancing climate
change and increasing drought frequency, stabilizing patch hydrology
should be a primary management objective (Fartmann et al., 2026).
Effective measures include dismantling existing drainage systems and
blocking ditches (Pfadenhauer and Grootjans, 1999). If water retention
within these areas cannot be ensured, typical wet grassland species will
be lost progressively (Joyce et al., 2016; Poniatowski et al., 2024b). The
pronounced decline of Pseudochorthippus montanus, a highly hygrophi-
lous species, together with the increasing occurrence of typical dry
grassland species such as Chorthippus biguttulus (Fartmann and
Poniatowski, 2025), indicates that many wet grasslands in Central
Europe are already too dry and highlights the urgent need for action.

In addition, in the remaining wet grasslands management should be
continued or re-introduced, either through conservation mowing or low-
intensity grazing (Fartmann et al., 2026). Both management types pro-
mote grasshopper communities in wet grasslands by maintaining open
habitat structures (Fumy and Fartmann, 2023; Fartmann and
Poniatowski, 2025). Moreover, low-intensity management can partly
mitigate the effects of atmospheric nitrogen deposition (Fartmann et al.,
2026). In the case of conservation mowing, uncut refuge strips should be
retained. This practice has proven to be an effective conservation mea-
sure (e.g., Humbert et al., 2012; Schwarz et al., 2023), as many animals
find shelter in these refuges after mowing and can recolonize the entire
area over time. Uncut refuges should be rotated between mowing
events, be at least 3 m wide, and cover approximately 10% of the total
area to achieve measurable conservation benefits (Buri et al., 2013;
Révesz et al., 2024). To evaluate the effectiveness of such management
interventions under ongoing environmental change, conservation mea-
sures should be accompanied by long-term monitoring programs,
allowing adaptive management strategies to be adjusted as environ-
mental conditions change.
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