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Abstract
1.	 In the course of land-use change, especially since the mid-20th century, the area 

of semi-natural (unimproved) grasslands has dramatically decreased. One way to 
counteract this process is to designate nature reserves. However, the effective-
ness of nature reserves is controversial.

2.	 The aim of our study was to evaluate the environmental drivers of species rich-
ness and biomass of Orthoptera (hereinafter termed ‘grasshoppers’) in grasslands 
inside nature reserves and within the intensively used agriculture landscape 
(hereinafter termed ‘wider countryside’). For this purpose, we sampled the grass-
hoppers at the landscape scale in 45 randomly selected plots. Each plot had a size 
of 5 ha. The abundance of grasshoppers, as a basis for the biomass calculation, 
was recorded at the habitat scale in 20 meadow patches (500 m2 each). In addi-
tion, various environmental parameters such as habitat diversity, mowing inten-
sity and vegetation structure were determined at the landscape and habitat scale.

3.	 Our results illustrate the importance of nature reserves for the conservation 
of grasshoppers. Control plots in the wider countryside harboured fewer spe-
cies than plots within nature reserves. The differences were even clearer among 
threatened species. On average, plots in nature reserves had almost twice as 
many threatened species than control plots in the wider countryside. The com-
parison revealed similar patterns at the habitat scale: both the number of species 
and biomass were higher in nature reserves. At the landscape scale, number of 
species were best explained by the amount of wet grassland and habitat diversity. 
We identified mowing intensity and to a lower extend the degree of drainage as 
the key drivers of species richness and biomass at the habitat scale.

4.	 Synthesis and applications: To preserve biodiversity in nature reserves, we rec-
ommend (i) leaving uncut refuges during mowing and (ii) blocking drainage to 
stabilise the water level. Both measures contribute to a high species number 
and abundance of grasshoppers and many other insects. An effective conserva-
tion measure to promote species richness in the wider countryside would be to 
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1  |  INTRODUC TION

Grassland ecosystems represent nearly 40% of the terrestrial bio-
sphere (Petermann & Buzhdygan,  2021). In Europe, grassland is 
also one of the predominant land-use types (Huyghe et al., 2014). 
Semi-natural grasslands in particular are biodiversity hotspots, 
since they have been created and maintained for many centuries by 
low land-use intensity without substantial fertilisation. Such unim-
proved grasslands have therefore a high value for nature conserva-
tion (Dengler et al., 2014; Fartmann, 2024; Feurdean et al., 2018). 
However, in the course of land-use change, especially since the mid-
20th century, the area of semi-natural grasslands has dramatically 
decreased (Stoate et al., 2009). Habitat loss has been accompanied 
by a massive decline in species—not only among plants but also 
among the associated insects (Wagner, 2020).

Today, improved grasslands dominate our landscapes (Dengler 
et  al.,  2014). The intensification on highly productive sites in the 
lowlands has made a significant contribution to this development 
(Löffler et  al.,  2023). In the uplands, by contrast, many grass-
land patches have become abandoned or afforested (MacDonald 
et  al.,  2000). Another important factor that has led to the loss of 
semi-natural grassland is the energy transition since 2000. As a re-
sult, numerous grassland patches have been converted into maize 
fields for bioenergy production (Fartmann et  al.,  2021; Lüker-Jans 
et al., 2017). In addition, grasslands have been lost due to progres-
sive urbanisation (Burns et al., 2016). Meanwhile, the remnants of 
semi-natural grassland are mostly surrounded by an intensively used 
matrix (Löffler et al., 2020; Poniatowski et al., 2018).

Moreover, within the remaining patches of semi-natural grasslands, 
habitat quality is often in deterioration (Fischer & Lindenmayer, 2007). 
Nitrogen inputs from the air, for example, are a major problem as 
they promote the growth of competitive grass species. As a result, 
many low-stature plants are being displaced and with them numer-
ous specialised insect species (Newton et al., 2012; Roth et al., 2021). 
However, drainage measures in wetlands are also problematic because 
they causes the surface to dry out (Grootjans et al., 2005). In combina-
tion with climate change—e.g. through frequent drought events—neg-
ative effects on the water balance and thus the habitat quality are to 
be expected (Erwin, 2009; Joyce et al., 2016).

One way to counteract the loss of grassland is to designate na-
ture reserves (Samways et al., 2020). Within the nature reserves, 
farmers must adhere to certain rules to preserve and promote bio-
diversity. However, discussions pertaining to the effectiveness of 

nature reserves have not yet found a consensus. While some re-
searchers have shown that nature reserves harbour more species 
than nature reserves (Fartmann, Poniatowski, & Holtmann, 2022; 
Gray et  al.,  2016; Ricci et  al.,  2024), other studies question the 
effectiveness of nature reserves (Rada et  al.,  2019; Sperandii 
et al., 2020). Consequently, there is still a great need for further 
research on this topic. Currently, studies are lacking that consider 
multiple environmental variables across different spatial scales. 
However, this is a critical way to determine decisive factors that 
influence the biomass and number of species inside and outside 
nature reserves.

Orthoptera (hereinafter termed ‘grasshoppers’) are excel-
lent indicators of changes in both land use and climate (Kenyeres 
et  al.,  2020; Löffler et  al.,  2019; Poniatowski et  al.,  2020). 
This is due to their complex habitat requirements (Bazelet & 
Samways,  2011). The main determinants are vegetation struc-
ture (Fartmann et  al.,  2012; Jerrentrup et  al.,  2014) and micro-
climate (Geppert et al., 2021; König et al., 2024). Moreover, they 
are an important food source for insectivorous vertebrates (Zahn 
et al., 2010) and hence primary consumers of great functional sig-
nificance (Samways, 2005).

The aim of this study was to assess the effectiveness of na-
ture reserves by comparing the species richness and biomass of 
grasshoppers in grasslands inside nature reserves and within the 
intensively used agriculture landscape (hereinafter termed ‘wider 
countryside’). Moreover, we want to assess the environmental 
drivers of possible differences. For this purpose, the full species 
inventory was sampled at the landscape scale (5 ha) in 45 randomly 
selected plots (20 inside and 25 outside nature reserves). The pre-
requisite for the selection of a plot was a grassland amount of at 
least 50%. The abundance of grasshoppers, as a basis for the bio-
mass calculation, was recorded at the habitat scale (500 m2) in 20 
of the 45 plots. For this purpose, 20 plots were randomly selected 
(10 inside and 10 outside nature reserves). In addition, various en-
vironmental parameters at the landscape and habitat scale were 
determined. Specifically, our study sought to answer the following 
three questions: (i) To what extent do the species richness and 
biomass of grasshoppers differ in grasslands inside and outside 
nature reserves? (ii) Are there differences in environmental pa-
rameters and if so, what influence do these parameters have on 
the response variables? (iii) Which management recommendations 
can be derived from the results of this study for both grasslands 
inside and outside nature reserves?

increase habitat diversity. This can be done by creating or restoring fallow islands, 
field margins, fringes and hedgerows.

K E Y W O R D S
biodiversity conservation, habitat heterogeneity, insect decline, Orthoptera, primary 
consumer, protected area, semi-natural grassland, wetland
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2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study area is located in Northwest Germany (Figure 1). More 
specifically, it comprises the administrative district of ‘Steinfurt’ 
in North Rhine-Westphalia and covers an area of about 1800 km2. 
The climate is suboceanic with an average annual tempera-
ture of 9.9°C and an annual precipitation of 782 mm (long-term 
mean: 1981–2010; weather station: Airport Münster/Osnabrück 
[48 m a.s.l.]; DWD (German Meteorological Service),  2024). The 
study area belongs to the North German lowland (40–60 m a.s.l.) 
and is dominated by intensive agriculture. Arable land makes up 
about 52% of the study area, while grassland only covers 13%. 
The soils are mainly characterised by a high proportion of sand or 
peat (Schrey, 2014). Around 7% of the study area is protected as 
a nature reserve. Most of the reserves are grassland-dominated 
wetlands. They are of state-wide importance—especially for the 
conservation of meadow birds such as Black-tailed Godwit (Limosa 
limosa), Common Snipe (Gallinago gallinago) and Eurasian Curlew 
(Numenius arquata). Therefore, about one third of the nature re-
serves are also classified as ‘Special Protection Areas’ according to 
the EU Birds Directive (Schwartze et al., 2020).

2.2  |  Study design

2.2.1  |  Landscape scale

To assess species richness at the landscape scale, we randomly se-
lected 45 plots inside (n = 20) and outside (n = 25) nature reserves 
across the study area. In order to account for possible spatial au-
tocorrelation, the study area was divided into six subareas accord-
ing to landscape configuration (Figure 1). Each plot was circular and 

covered an area of 5 ha. The proportion of grassland in each plot was 
at least 50%. The majority of the grasslands were used as meadows 
(62%). However, some grasslands were also partially grazed (38%), 
especially by cattle.

2.2.2  |  Habitat scale

In addition to the survey at the landscape scale (see above), we 
sampled species richness and abundance of grasshoppers at the 
habitat scale in 20 of the 45 plots. Therefore, 10 plots inside 
and 10 outside nature reserves were randomly selected. Within 
each of these 20 plots, we randomly chose a meadow patch of 
500 m2. The prerequisite for patch selection was that all sampling 
sites were 100% used as meadow and characterised by a homog-
enous habitat structure in terms of vegetation height and cover 
(Fartmann et al., 2012).

2.3  |  Environmental parameters

2.3.1  |  Landscape scale (plots of 5 ha)

For each of the 45 plots, we sampled several environmental pa-
rameters (Table  S1). Climate data were obtained from 1-km2 grid 
datasets of Germany's National Meteorological Service (DWD 
(German Meteorological Service), 2024). For our analyses, we con-
sidered average summer temperature (°C) and annual precipitation 
(mm) (long-term mean: 1991–2020). To assess the environmental 
conditions in the surrounding of each plot, we differentiated four 
broad land-use types: arable land, grassland, forest and urban 
area (Table S1). We calculated their cover within a radius of 200 m 
around outer margin of each plot by using aerial photographs with 
ArcGIS 10.3.1. To assess the environmental conditions within each 

F I G U R E  1  The study area and the 
location of the 45 plots in Northwest 
Germany.
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plot, habitats were mapped in the field in summer 2022 using aerial 
photographs. According to LANUV (Landesamt für Natur-, Umwelt 
und Verbraucherschutz) (2019), we differentiated a maximum of 18 
habitat types (e.g. wet grassland, improved grassland, arable land, 
fringes, trees and shrubs; Table  S2). After mapping, the habitats 
were digitised in ArcGIS 10.3.1 (Table S1). The number and propor-
tion of the habitat types per plot were used to calculate the Shannon 
index (H′) as a measure of habitat diversity (Löffler et  al.,  2023). 
Additionally, the cover of wet grassland was used as a single predic-
tor since wet grasslands play a special role for nature conservation 
in the study area and grasshoppers in general (Dvořák et al., 2022; 
Fischer et al., 2020).

2.3.2  |  Habitat scale (meadow patches of 500 m2)

For each of the 20 meadow patches, we sampled environmental 
parameters of habitat quality (Table  S3). We used the dataset 
provided by Schwieder et al. (2022) to determine the mowing fre-
quency within the patches. Using a special remote sensing proce-
dure based on a combined ‘Sentinel-2 and Landsat 8 time series’, 
the authors measured the intensity of land use for mown grassland 
in Germany between the years 2017 and 2020. The result is a ras-
ter data set (spatial resolution 10 m × 10 m) that divides the mow-
ing frequency into seven categories (0 to 6 mowing events per 
year). To determine the land-use intensity within each meadow 
patch, the mowing data set was merged with the geometry of the 
patch. Afterwards, we calculated the mean mowing intensity per 
year for each patch.

To estimate the hydrological conditions in and around the respec-
tive patch, we measured the length of the ditches in ArcGIS 10.3.1 
and determined the depth of the ditches at five random locations per 
ditch. A draining index was then calculated from the summed ditch 
length and the mean value of the ditch depth (draining index = ditch 
depth [m] × ditch length [m]).

Moreover, in July 2022, we recorded several parameters of hor-
izontal and vertical habitat structure on each meadow patch. We 
estimated the cover of the field layer (grasses and herbs), sedges 
and rushes, mosses, bare soil and litter in steps of 5% for the entire 
meadow patch. If values were above 95% or below 5%, steps of 2.5% 
were applied. The vegetation height of the field layer was measured 
at five randomly selected points at an accuracy of 2.5 cm within the 
respective meadow patch and the mean value was then calculated 
(Table S3).

2.4  |  Grasshopper sampling

2.4.1  |  Landscape scale (plots of 5 ha)

In summer 2021, grassland grasshoppers of all 45 plots were sampled 
twice. Around mid-June, we searched 45 min per plot to detect some 
early species (Omocestus viridulus and Tetrix spp.). All other species 

were recorded within a period of 90 min in early August. During 
each visit, all vegetation structures of the respective plot were sam-
pled. Grasshopper sampling was done under favourable weather 
conditions (temperature > 15°C, cloud cover <50%) using acoustic 
and optical searches as well as sweep-netting. These methods are 
well-known to produce accurate data on grasshopper occurrence 
in grassland ecosystems (Fartmann et al., 2021; Löffler et al., 2019). 
Shrub- and tree-dwelling species, which occasionally occur in grass-
lands, were not noted as our sampling techniques do not generate 
reliable data for these species. Species identification was done in 
the field by sound and morphological characteristics using Fischer 
et  al.  (2020). The occurrence of quiet or high-frequency stridulat-
ing species, such as Conocephalus dorsalis, Conocephalus fuscus or 
Metrioptera brachyptera, was controlled using a bat detector (Fischer 
et  al.,  2020). We classified grasshoppers by their threat status. 
Species that are listed as endangered, threatened or near threatened 
in North Rhine-Westphalia (Volpers & Vaut, 2011) were considered 
‘threatened’ (Table S4).

2.4.2  |  Habitat scale (meadow patches of 500 m2)

Species richness and abundance of grasshoppers was recorded in 
each of the 20 meadow patches at the end of July 2022, which was 
about 4 weeks after the first mowing event, using a box quadrat 
(1.41 m × 1.41 m ≙ 2.0 m2). The box quadrat ranks among the most 
accurate sampling methods to ascertain abundance of grasshop-
pers (Gardiner & Hill, 2006). It was randomly dropped at 10 different 
points per patch, covering a total area of 20 m2 per patch (Fartmann 
et  al.,  2012; Fartmann, Brüggeshemke, et  al.,  2022). Species and 
sex of all captured individuals were identified by using Fischer 
et al. (2020) and subsequently released in the field. However, iden-
tification of nymphs of the sibling species Chorthippus biguttulus, C. 
brunneus and C. mollis was not possible. They were merged in the C. 
bigutullus-group. Due to the rarity of Chorthippus brunneus and C. 
mollis in the wet grasslands of the study area, nearly all nymphs of 
the group were likely to belong to Chorthippus biguttulus.

Grasshoppers are among the most important primary consum-
ers in grasslands (Samways, 2005) and a food source for insectiv-
orous animals (Zahn et al., 2010). Under favourable conditions (e.g. 
appropriate land use, habitat structure, microclimate, weather), 
grasshoppers can occur in large numbers (Fartmann, Brüggeshemke, 
et al., 2022). The biomass of grasshoppers can therefore be consid-
ered as an indicator of food availability for species of higher tro-
phic levels. To calculate biomass, we used the sampled grasshopper 
abundance data and the available species- and sex-specific weights 
(Table S5). In order to get a value for the nymphs, the mean weights 
of the adults were halved. The result of multiplying abundance and 
weight was an area-specific grasshopper biomass value (g/10 m2; 
Streitberger et al., 2024).

We received permission for our fieldwork in nature reserves 
from the Steinfurt nature conservation authority. Our study did not 
require ethical approval.
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2.5  |  Statistical analysis

All statistical analyses were performed using R 4.4.0 (R 
Development Core Team,  2023). The environmental parameters 
(see Section 2.3) as well as grasshopper species richness, biomass 
(see Section 2.4) and diversity were compared between both plot 
and patch types by univariable linear mixed-effects models (R 
package ‘lme4’, version 1.1–35.3; Bates et  al.,  2015). Depending 
on the distribution of the response variable, either linear mixed-
effects models (LMMs) or generalised linear mixed-effects models 
(GLMMs) with proportional binomial or Poisson error distribution 
were applied. In all models, subarea (see Section  2.2) was used 
as a random effect to account for potential spatial autocorrela-
tion. The significance of the predictor variable was assessed with 
likelihood-ratio tests (Type III tests).

In order to analyse which environmental parameters (see 
Section 2.3) explained grasshopper species richness and biomass 
at the landscape and habitat scale, respectively, we conducted 
multivariable LMMs or GLMMs. In order to avoid multicollinearity 
in the models, we applied Pearson's correlations (r) prior to the 
multivariable analyses (Graham,  2003). If two or more variables 
were strongly intercorrelated (|r| > 0.6), just one—the ecologically 
more comprehensible variable—was used for statistical modelling 
(Table  S1). In order to identify the most relevant environmental 
parameters within the multivariable models, we applied model 
averaging based on an information-theoretic approach (Grueber 
et  al.,  2011). Model averaging was conducted using the ‘dredge’ 
function (R package ‘MuMIn’, version 1.47.5; Bartoń,  2023) and 
only included top-ranked models within ΔAICC < 3 (cf. Grueber 
et  al.,  2011). We evaluated the explanatory power of all models 
by calculating marginal (variance explained by fixed effects) and 
conditional (variance explained by both fixed and random effects) 
R2 (Nakagawa et al., 2017).

In order to identify indicator species for study sites inside and 
outside of nature reserves, we conducted an indicator species anal-
ysis (ISA, Dufrêne & Legendre, 1997). ISA was based on the abun-
dance data at the habitat scale and on the presence-absence data at 
the landscape scale.

3  |  RESULTS

3.1  |  Environmental conditions

At the landscape scale, macroclimate did not differ between plots 
in nature reserves and control plots (Table S1). By contrast, land-
scape quality in the surrounding of the plots differed considerably 
between both plot types. While the cover of grassland was higher 
around plots inside nature reserves, the surroundings of control 
plots in the wider countryside were characterised by a higher 
amount of arable land, forest und urban area. Moreover, within 
plots, we found distinct differences in environmental conditions. 
Plots inside nature reserves had a higher habitat diversity and a 
higher proportion of wet grassland than control plots (Table  S1, 
Figure S1).

At the habitat scale, control meadow patches were character-
ised by a higher mowing intensity, a stronger drainage, a higher field 
layer and slightly more bare soil (Table S3). By contrast, the meadow 
patches inside nature reserves had a higher cover of sedges and 
rushes, mosses and litter.

3.2  |  Grasshopper species richness, biomass and 
species composition

At the landscape scale, we recorded a total of 25 grasshopper spe-
cies on the 45 plots (Table S1). These included eight threatened 
species (32%). The most frequent taxa were Chorthippus biguttu-
lus, Pseudochorthippus parallelus and Roeseliana roeselii, which were 
observed on all plots. We found five species exclusively in plots 
within nature reserves: Metrioptera brachyptera, Myrmeleotettix 
maculatus, Pseudochorthippus montanus, Stenobothrus lineatus and 
Tettigonia cantans. However, all of them had a low frequency (5%–
20%). Overall species richness was higher on plots inside nature 
reserves compared to control plots: on average (±SE), 14.5 ± 0.29 
species occurred in the former and 10.5 ± 0.44 species in the lat-
ter (Figure  2a). The pattern was similar for threatened species 
(Figure 2b).

F I G U R E  2  Differences of grasshopper species richness at the landscape scale (plots of 5 ha): Mean values (±SE) of control plots (n = 25) 
and plots inside nature reserves (n = 20) for all species (a) and threatened species (b). Statistical differences were detected using LMMs with 
control/nature reserve affiliation as a categorial fixed predictor and subarea as a random intercept. Significances are indicated as follows: 
***p < 0.001.
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At the habitat scale, we caught 1255 grasshopper individu-
als in total. Among them were 754 nymphs and 501 adults, be-
longing to 15 species. On average (±SE), 4.5 ± 0.43 species were 
sampled per meadow patch (min./max.: 2–9), and the mean bio-
mass was 3.4 ± 0.95 g/10 m2 (min./max.: 0.2–15.6 g/10 m2). The 
most abundant species were Chorthippus albomarginatus, the C. 
biguttulus-group, Pseudochorthippus parallelus and Chorthippus 
dorsatus. Together they accounted for 90% of all individuals 
caught. The ratio of nymphs to adults was 1.5:1 during the study 
period. Meadow patches inside nature reserves had a higher 
species richness and particularly a higher biomass than control 
patches. The mean number of species (±SE) in the former was 
5.6 ± 0.54 and in the latter 3.4 ± 0.48 (Figure 3a). The respective 
biomass values were 5.5 ± 1.64 g/10 m2 versus 1.3 ± 0.31 g/10 m2 
(Figure 3b).

The indicator species analysis underlines the great importance 
of nature reserves for the conservation of species-rich grasshop-
per communities (Table S6). At both spatial scales, indicator species 
could only be identified for sites inside nature reserves. In total, the 
list includes seven species: Five species are characteristic of the 

landscape scale and two species function as indicator species at the 
habitat scale.

3.3  |  Drivers of grasshopper species richness and 
biomass

At the landscape scale, macroclimate parameters and land-use types 
in the plots' surroundings had no effect on overall species richness 
and number of threatened species (Figure 4). However, the numbers 
of both all and threatened species were strongly determined by the 
environmental conditions inside the plots. More precisely, they were 
positively affected by habitat diversity and the amount of wet grass-
land (Figure 4).

At the habitat scale, grasshopper species richness and biomass 
were driven by mowing intensity and grassland drainage (Figures 5 
and 6). Mowing events per year had a negative effect on the num-
ber of grasshopper species and particularly on grasshopper biomass. 
Additionally, grassland drainage had a strong negative effect on 
grasshopper biomass (Figure 6).

F I G U R E  3  Differences of grasshopper species richness and biomass at the habitat scale (meadow patch of 500 m2): Mean values (±SE) of 
control patches (n = 10) and patches inside nature reserves (n = 10) for species richness (a) and grasshopper biomass (b). Asterisks indicate a 
significant difference between the two patch types (tested via GLMMs with control/nature reserve affiliation as a categorial fixed predictor and 
subarea as a random intercept: Negative binomial (a) and Poisson error (b) distribution). Significances are indicated as follows: *p < 0.05, **p < 0.01.
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F I G U R E  4  Drivers of grasshopper 
species richness of all ( ) and threatened 
( ) species at the landscape scale (plots 
of 5 ha). Statistical relationships between 
response variables and environmental 
parameters (predictor variables) 
were detected using multivariable 
LMMs including subarea as random 
intercept. Model-averaged coefficients 
(standardised estimates ±95% confidence 
intervals = CI) derived from the top-ranked 
models (ΔAICc < 3) are shown. Confidence 
intervals of significant predictors (p < 0.05) 
do not cross x = 0 (for more details see 
Table S7).Estimate (± 95% CI)
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4  |  DISCUSSION

Our results illustrate the great importance of nature reserves for the 
conservation of grasshoppers within intensively used agricultural 
landscapes. Control plots in the wider countryside harboured fewer 
species than plots within nature reserves. The differences were 
even clearer among threatened species. On average, plots in nature 
reserves had almost twice as many threatened species than control 
plots. The comparison of meadow patches in- and outside nature 
reserves (habitat scale) revealed similar patterns: both the number 
of species and biomass were higher in nature reserves.

4.1  |  Effects at the landscape scale

At the landscape scale, the higher species richness (all and threat-
ened species) in nature reserves was primarily due to the higher 
habitat diversity and higher proportion of wet grassland. A high 
habitat or structural diversity generally promotes species diversity 
as it meets the ecological requirements of numerous species. Such a 
positive relationship between habitat diversity and species richness 
is well-known for various groups of species, including arthropods 
like butterflies, leafhoppers or spiders (Helbing et al., 2017; Theron 
et al., 2020; van Schalkwyk et al., 2021). This also applies to grass-
hoppers at different spatial scales (this study; Fumy et  al.,  2023; 
Sutcliffe et al., 2015).

Soil substrate is very similar across the study area and mainly 
consists of sand or peat (Schrey,  2014). However, hydrology has 
strongly been modified in parts of the study area and, hence, dif-
fered between plots in nature reserves and control plots. Within 
plots in nature reserves, wet grasslands dominated. By contrast, 
we hardly detected any wet grassland in control plots. In line with 
this, the drainage index was almost twice as high in control plots 
compared to plots within nature reserves (see below). Consequently, 

typical wet-grassland species such as Conocephalus dorsalis and 
Stethophyma grossum were rarer in control plots than in plots inside 
nature reserves (Table  S1). Pseudochorthippus montanus—the most 
demanding wet-grassland species in Central Europe (Detzel, 1998)—
was even completely absent from the former. However, drainage 
measures not only have a direct influence on fauna and flora. They 
also enable more intensive land use, which generally has negative 
impacts on grasshopper diversity (e.g. Chisté et  al.,  2016; Fumy 
et al., 2023; Marini et al., 2008).

4.2  |  Effects at the habitat scale

The connection between drainage, management intensity and spe-
cies diversity becomes particularly clear when looking at the habitat 
scale: the control meadow patches were drained more and mown 
more frequently than the meadow patches inside nature reserves. 
As a result, the control patches exhibited fewer species and lower 
biomass than the patches inside nature reserves.

Mowing is a drastic event that leads to direct losses of insects and 
therefore also grasshoppers (Buri et al., 2013; Humbert et al., 2010). 
However, the greatest losses often occur after mowing through 
further hay processing and indirect effects through strong changes 
in the habitat structure (Schwarz et  al.,  2023). Many grasshopper 
species are typical inhabitants of the herbaceous layer. Immediately 
after mowing, the short-growing vegetation offers them little shel-
ter. In particular, larger species such as Chrysochraon dispar (females), 
Roeseliana roeselii, Stethophyma grossum and Tettigonia viridissima are 
therefore an easy prey for insectivorous birds and other vertebrates 
(Schwarz et al., 2023). In addition, the short sward after mowing is 
associated with an altered microclimate, which also has a negative 
impact on many grasshopper species (Humbert et  al., 2021). Both 
the lack of shelter against predators and adverse microclimatic 
conditions favour the emigration of individuals. Consequently, the 

F I G U R E  5  Drivers of grasshopper species richness at the habitat scale (patch of 500 m2). Statistical relationships between the response 
variable (Poisson error distribution) and environmental parameters (predictor variables) were detected using multivariable GLMMs including 
subarea as random intercept. Model-averaged coefficients (standardised estimates ±95% confidence intervals = CI) derived from the 
top-ranked models (ΔAICc < 3) are shown. Confidence intervals of significant predictors (p < 0.05) do not cross x = 0 (for more details see 
Table S7).
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diversity of grasshoppers and their biomass decreases with increas-
ing intensity of land use: while meadows that have been mown once 
generally have a high grasshopper abundance, population densities 
in meadows that have been mown twice or more often decrease 
continuously (Chisté et al., 2016). The same is true for species diver-
sity (Fumy et al., 2023; Marini et al., 2008). Chorthippus albomargina-
tus and Pseudochorthippus parallelus are usually the only species that 
tolerate high mowing frequencies (Fischer et al., 2020).

Despite the comparatively low land-use intensity within many 
nature reserves, impairments of primary consumers such as grass-
hoppers can also be identified here:

	(i)	 Cutting time: although the protection of meadow birds is of great 
importance in the study area, grasshoppers as surrogate taxa for 
arthropods (Sauberer et  al.,  2004) should not be neglected as 
they represent an important food source for numerous verte-
brates—including meadow birds (Zahn et al., 2010). However, in 
most nature reserves in the study area, mowing takes place im-
mediately after the meadow birds have fledged, that is around 
mid/end of June. At this time, most grasshoppers are at their 
population peak (e.g. Buri et al., 2013; Zahn et al., 2010). The ef-
fects on the grasshopper populations are correspondingly large 
(see above; Humbert et al., 2010; Schwarz et al., 2023).

	(ii)	 Climate change: The last summers in the study area were char-
acterised by long periods of drought (UFZ (Helmholtz Centre 
for Environmental Research), 2024). Combined with the existing 
drainage systems that also exist in the nature reserves, this is 
likely to have negative impacts on typical wet-grassland species 
(cf. Didiano et al., 2018; Garssen et al., 2014; Thorn et al., 2022). 
An ecological indicator for assessing the habitat quality of wet 
grasslands is Pseudochorthippus montanus. The specialised spe-
cies requires permanently moist or wet soil (Detzel, 1998). In this 
study, we were only able to detect P. montanus at four locations 
in nature reserves. This suggests that many nature reserves are 
too dry, at least temporarily. Otherwise, more observations of 

this species should have been expected. Another indication 
of the desiccation of wet grasslands is the regional spread of 
the drought-loving species Chorthippus biguttulus (Fartmann 
et al., 2021). At the landscape scale, we were able to detect it at 
each plot. In addition, C. biguttulus often occurred at high densi-
ties at the habitat scale.

4.3  |  Conservation and management implications

4.3.1  |  Nature reserves

Within the nature reserves, there is little need for action at the land-
scape scale, since the most important factors influencing the spe-
cies richness of grasshoppers (habitat diversity and proportion of 
wet grassland) are generally high. However, there are measures at 
the habitat scale that can contribute to the promotion of abundant 
grasshopper and arthropod populations, respectively:

	(i)	 Uncut refuges: the creation of uncut refuges is a very effective 
conservation measure (Buri et al., 2013; Humbert et al., 2012). 
Schwarz et al.  (2023), for example, were able to show that the 
abundances or biomass of grasshoppers in uncut refuges in-
creased by an average of 234%–328% after mowing. They thus 
served as a shelter for numerous individuals and later as a start-
ing point for the recolonisation of the mown grassland. Buri 
et  al.  (2013) recommended leaving 10%–20% of the meadow 
area uncut. Moreover, it is also important that the position of 
the uncut refuges changes from one mowing event to another 
in order to avoid negative effects of succession (Humbert 
et al., 2012; Schwarz et al., 2023).

	(ii)	 Stabilization of hydrology: climate change has significant impacts 
on the hydrology of wetlands (Erwin,  2009; Joyce et  al.,  2016). 
For example, prolonged summer droughts can lead to sharply fall-
ing groundwater levels. This represents a massive impairment for 

F I G U R E  6  Drivers of grasshopper 
biomass (g/10 m2) at the habitat scale 
(patch of 500 m2). Statistical relationships 
between the response variable (negative 
binomial error distribution) and 
environmental parameters (predictor 
variables) were detected using 
multivariable GLMMs including subarea 
as random intercept. Model-averaged 
coefficients (standardised estimates ±95% 
confidence intervals = CI) derived from 
the top-ranked models (ΔAICc < 3) are 
shown. Confidence intervals of significant 
predictors (p < 0.05) do not cross x = 0 (for 
more details see Table S7).
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hygrophilous species (Morecroft et  al.,  2002). To counteract this, 
the water in the nature reserves should be kept for as long as possi-
ble. This can be done, for example, by dismantling existing drainage 
systems or blocking ditches (Pfadenhauer & Grootjans, 1999).

4.3.2  |  Wider countryside

In order to counteract the global loss of biodiversity (Wagner, 2020), 
nature conservation measures in the wider countryside are also 
necessary (Samways et  al., 2020). However, implementation there 
is significantly more difficult than in specially designated nature 
reserves. One suitable action could be the establishment or res-
toration of small semi-natural features such as fallow islands, field 
margins, fringes and hedgerows (Poschlod & Braun-Reichert, 2017). 
This would have positive effects on both spatial scales. On the one 
hand by creating new habitats (habitat scale) and on the other hand 
by increasing habitat diversity (landscape scale). Not only grasshop-
pers but numerous other groups of species would benefit from such 
measures (Fumy et al., 2023; Löffler et al., 2023).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Examples for (a) a plot inside a nature reserve and (b) a 
control plot in the wider countryside. Habitat diversity and the 
amount of wet grassland were significantly higher in plots inside 
nature reserves (c) than outside (d) (see also Table S1).
Table S1. Overview of environmental parameters (mean ± SE) at the 
landscape scale (plots of 5 ha).
Table S2. Overview of the mapped habitat types within the 45 plots.
Table S3. Overview of environmental parameters (mean ± SE) at the 
habitat scale (meadow patches of 500 m²).
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Table  S4. List of all observed grasshopper species, their threat 
status according to Volpers and Vaut (2011) (EN, endangered; VU, 
vulnerable; NT, near threatened;*, least concern) and frequencies in 
control plots (n = 25) and plots inside nature reserves (n = 20).
Table  S5. Mean live weights (± SD) of the studied grasshopper 
species according to Streitberger et al. (2024), which were sampled 
at the habitat scale.
Table  S6. Results of indicator species analysis (ISA, Dufrêne & 
Legendre, 1997) on the landscape (a) and habitat scale (b).
Table S7. Detailed results of the GLMM analyses.
Table  S8. Overview of environmental parameters used for 
multivariable analyses at the landscape scale and their inter-
correlations with other environmental parameters.

Table  S9. Overview of environmental parameters used for 
multivariable analyses at the habitat scale and their inter-correlations 
with other environmental parameters.
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