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A B S T R A C T

Semi-natural grasslands are among the most species-rich ecosystems worldwide. However, the maintenance of
grassland biodiversity is seriously threatened by land-use change. Additionally, climate change is increasingly
affecting biotic communities in grasslands. In this study, we examine Orthoptera community shifts in response to
land-use and climate change in three different grassland habitats in a Central European low mountain landscape.

Orthoptera strongly responded to environmental changes between 1994 and 2015. Both annual and summer
temperatures increased during the study period. Apart from climatic changes, the studied habitats were un-
equally affected by land-use change. Due to the continuity of habitat management, habitat quality has not
substantially changed in calcareous and mesic grasslands. However, abandonment has frequently contributed to
habitat deterioration in wet grasslands. Orthoptera species richness in the well-managed grassland types in-
creased, while it did not change in wet grasslands. The increase in species richness was mainly caused by an
expansion of habitat generalists and mobile species in response to global warming. In comparison, the number of
habitat specialists and species with limited dispersal ability did not change in any of the grassland types. Species-
turnover rates were higher in mesic and wet grasslands. Accordingly, we detected an increase of the Community
Temperature Index (CTI) in these habitats.

The results of our study imply that the response of Orthoptera communities to global warming depend on the
quality and availability of suitable habitats. Hence, sustaining traditional land use in semi-natural grasslands and
the establishment of dense habitat networks is essential to promote Orthoptera diversity.

1. Introduction

Since the extinction rate of species is currently up to 1000 times
higher than during pre-human periods, counteracting biodiversity loss
has become one of the greatest challenges of our time (Pimm et al.,
2014). Land-use change has been identified as the most decisive driver
for the rapid decline of plant and animal life in terrestrial ecosystems
(Sala et al., 2000; Tilman et al., 2001). But more recently, human-in-
duced climate change is also affecting biological systems at a fast pace
(e.g. Chen et al., 2011; Thomas et al., 2004; Warren et al., 2001). Apart
from the obviously detrimental consequences of climate change, var-
ious studies have detected rapid range expansions of organisms across
several taxa, which may additionally alter community structure and
biotic interactions in certain ecosystems (e.g. Hickling et al., 2006;
Parmesan et al., 1999; Parmesan and Yohe, 2003).

Promoted by traditional land use, grasslands now cover> 20% of
the EU-28 land surface and are among the most species-rich ecosystems

in Europe (EC, 2018; Feurdean et al., 2018). However, due to the
transition from pre-industrial to modern agricultural land use, the ex-
tent of species-rich, semi-natural grasslands has dramatically decreased,
mainly driven by agricultural intensification and abandonment
(WallisDeVries et al., 2002). As a result, grassland specialists of several
taxa have undergone a substantial population decline with consequent
adverse effects on ecosystem functioning (e.g. Hautier et al., 2015;
Kuussaari et al., 2007; Schuch et al., 2011).

The ecological response to climate change varies considerably be-
tween species (e.g. Chen et al., 2011; Guo et al., 2009; Parmesan, 2006;
Warren et al., 2001). Thermophilic organisms may benefit from climate
change, whereas species adapted to cool temperatures or sensitive to
drought will become increasingly threatened (Hickling et al., 2006;
Parmesan, 2006; Streitberger et al., 2016; Tayleur et al., 2016). Thus, it
is generally assumed that the effects of global warming on grassland
biodiversity in Europe become most obvious in areas with cool climates
(e.g. mountain ranges) (Nieto-Sanchez et al., 2015; Thuiller, 2017). In
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addition, the effects of climate change may vary across habitats in
Central Europe, mainly depending on their sensitivity to drought and
the degree of habitat fragmentation (Streitberger et al., 2016). It is
predicted that the increasing risk of summer drought will cause species
in wet grasslands to become more severely threatened, while biodi-
versity in dry grasslands may be encouraged (Streitberger et al., 2016).
Moreover, former studies indicate that habitat specialists are less able
to keep up with climate change, while range expansions of mobile
species and habitat generalists have frequently been observed (e.g.
Beckmann et al., 2015; Hickling et al., 2006; Warren et al., 2001).
However, it is likely that the limited availability of suitable habitats and
dispersal corridors in fragmented landscapes will hamper grassland
specialists' ability to contend with global warming (Hill et al., 2001).
Understanding the interactions between processes underlying biodi-
versity shifts is essential in establishing novel management strategies
that may enable species to cope with altered environmental conditions
(Mantyka-Pringle et al., 2015). Nevertheless, former investigations
have often failed to quantify the impact of climate change among other
drivers such as land-use change. In this light, the Species and Com-
munity Temperature Indices (STI and CTI) can improve the traceability
of climate change among other factors altering biodiversity (Devictor
et al., 2008). This approach has been established as a robust tool for
quantifying the impact of climate change on recent insect-community
shifts (e.g. butterflies: Devictor et al., 2012; beetles and moths:
Thomsen et al., 2016), but has not yet been applied to other climate-
sensitive taxa, such as Orthoptera.

Due to their significant role as both herbivores and prey, Orthoptera
are of great functional importance to grassland ecosystems (Samways,
2005). The distribution of Orthoptera in Europe is predominantly de-
termined by climate and land use (Ingrisch and Köhler, 1998;
Hochkirch et al., 2016). As most species depend on high ambient
temperatures for successful development (Willott and Hassall, 1998),
Orthoptera diversity decreases towards northern latitudes that are
characterised by less favourable climatic conditions (Fischer et al.,
2016). Land use affects Orthoptera distribution mainly due to its impact
on habitat quality and availability, which have been identified as the
key factors determining the persistence of grassland specialists in
human-modified landscapes such as Central Europe (Löffler and
Fartmann, 2017; Poniatowski and Fartmann 2010; Poniatowski et al.,
2018a). Due to their sensitivity to both land-use and climate change,
Orthoptera are generally well-suited organisms to investigate the effects
of recent environmental changes in grasslands (e.g. Bazelet and
Samways, 2011; Fartmann et al., 2012). For instance, about a half of the
Orthoptera species in Germany have suffered long-term declines as a
consequence of habitat loss due to land-use intensification and aban-
donment (Maas et al., 2011). Although land-use change is still a major
threat to Orthoptera, recent large-scale assessments in Central and
North-western Europe have revealed that an increasing number of
thermophilic species are currently expanding their ranges northwards
(e.g. Bakker et al., 2015; Beckmann et al., 2015; Poniatowski et al.,
2018b). The study by Steck et al. (2007) assumes that global warming
may have a positive impact on local Orthoptera species richness, but
only if habitat availability is sufficient. However, very little is known as
to what extent recent range shifts have affected the community struc-
ture of grassland Orthoptera and how climate interacts with other en-
vironmental stressors such as land-use change.

This paper deals with the effects of recent environmental alterations
on Orthoptera communities across three different grassland habitats in
a Central European low mountain landscape. We investigated
Orthoptera community shifts in 67 grassland patches in consideration
of changes in species richness (overall as well as classified by habitat
specificity and dispersal ability) and thermal composition reflected by
the Community Temperature Index (CTI, cf. Devictor et al., 2008) be-
tween 1994 and 2015. We analysed long-term changes in temperature
and precipitation in the study area, as well as habitat-quality shifts in
the studied grassland patches. We hypothesise that recent range

expansions have led to Orthoptera community shifts towards more
thermophilic species. As there are currently no clear signs of negative
effects of climate change on Orthoptera in the study area, these ex-
pansions may also have contributed to an increase in local species
richness, particularly in well-managed grasslands. We also assume that
the positive impact of climate change can be overridden by the lack of
suitable habitats or limited dispersal ability, which may necessitate
novel management practices to counteract future biodiversity loss (cf.
Oliver et al., 2016).

2. Material and methods

2.1. Study area

The study area is situated in the Eifel low mountain range, about
40 km southwest of the City of Bonn (North Rhine-Westphalia,
Germany; 50°20′ N/6°37′ E and 50°28′ N/6°46′ E). It covers an area of
125 km2 of the Upper Ahr Valley that ranges from an elevation of 330 to
580m above sea level (a.s.l). The climate of the study area is sub-
oceanic with a mean annual temperature of 8.0 °C and an average an-
nual precipitation of 857mm (Weather station: Kall-Sistig at
505m a.s.l.; reference period 1981–2010; DWD, 2018). According to its
altitudinal gradient, precipitation increases with altitude from<700 to
950mm/a, whilst mean annual temperature decreases from approxi-
mately 9 to 7 °C (DWD, 2018).

The Upper Ahr Valley is part of the ‘Limestone and Volcanic Eifel’
German biodiversity hotspot (Ackermann and Sachteleben, 2012). It is
an ancient cultural landscape that is characterised by a high diversity of
habitats of conservation concern and outstanding species richness
(Council of Euskirchen, 2008). Due to the large-scale maintenance of
traditional land-use practices (e.g. low-intensity mowing without fer-
tiliser application, shepherding, rough cattle grazing), the study area
still holds a dense network of well-managed nutrient-poor grasslands
that are of major importance for biodiversity conservation in Europe
(Veen et al., 2009).

2.2. Study design

To detect possible Orthoptera community shifts in montane grass-
lands, we compared presence-absence data provided by Weber and
Weidner (1995) with those from our own field surveys in 2015. In
summer 2015, all patches studied in 1994 were re-visited and Or-
thoptera occurrence, as well as several environmental parameters, were
surveyed using the same methods that had been applied in the former
study (cf. Sections 2.2.2 and 2.2.3). In addition to the analysis of overall
species richness, we classified Orthoptera by their habitat specificity
and dispersal ability (cf. Section 2.2.4). Data on temperature and pre-
cipitation were used to identify annual and seasonal (summer: April–-
September) effects of climate change in the study area. As climate as-
sessments should generally refer to a period of at least three decades
(WMO, 2017), climatic trends were calculated for a 30-year reference
period prior to the second survey year (data period: 1985–2014;
weather station: Kall-Sistig; DWD, 2018). Furthermore, we calculated
the Community Temperature Index (CTI) as a community weighted
mean of species temperature preferences reflected by the Species
Temperature Index (STI) (cf. Devictor et al., 2008, for details see
Section 2.2.5).

2.2.1. Study sites
In total, we studied 67 patches belonging to three grassland types:

(i) calcareous grasslands (CAL=order: Brometalia erecti, alliance:
Bromion erecti, N=21), (ii) mesic grasslands (MES=order:
Arrhenatheretalia, alliances: Arrhenatherion elatioris and Cynosurion
cristati, N=23) and (iii) wet grasslands (WET=order: Molinietalia
caeruleae, alliances: Calthion and Filipendulion ulmariae, N=23). The
phytosociological nomenclature of the grassland types follows
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Rennwald (2000).
In 2015,> 70% of the studied calcareous grasslands were well-

managed as conservation measures were steadily intensified since the
late 1980s (Council of Euskirchen, 2008). They were usually managed
as rough pastures for sheep (57%); only a small number of the patches
were mown once a year in late July to August (14%). More than two
thirds (70%) of the studied mesic grasslands were under management
in 2015. They were mostly mown twice a year in June and August
(40%) or used as cattle pastures with low stocking densities (30%). The
wet grasslands in the study area were usually situated along small
stream valleys. In former times, these grasslands were mown once to
twice a year or grazed by cattle in a low intensity. However, at least
70% of the studied wet grasslands have not been managed for> 30
years. As a result of long-term abandonment, these patches have now
become partly overgrown by tall-forb communities.

2.2.2. Habitat quality
Habitat quality was assessed in July by determining habitat man-

agement and vegetation structure according to the categories of Weber
and Weidner (1995). In detail, management was defined by three land-
use categories (1–3): (1) abandoned, (2) mown and (3) grazed. Ad-
ditionally, we classified land-use frequency of the patches using five
categories (1–5): (1) no land-use/abandoned, (2) periodical land use
(every 2–5 years), (3) once a year, (4) twice a year, (5) three or more
times a year. Furthermore, the cover of the field layer was recorded
applying four categories (1–4) representing the cover of the field layer
at different heights above ground level: (1)< 50% cover at the ground,
(2)< 50% cover at a height of 0.5 m, (3)< 50% cover at a height of
1m and (4):> 50% cover at a height of 1m. Shrub and tree layer cover
were estimated in four categories (1–4): (1) no cover, (2)< 10% cover,
(3)< 50% and (4)> 50%.

2.2.3. Orthoptera sampling
In 2015, Orthoptera were sampled twice between the middle of July

and the end of August with at least three weeks between each visit
following the methods of Weber and Weidner (1995). Accordingly, in
each patch all available habitat structures were surveyed for the oc-
currence of Orthoptera species under favourable weather conditions
(temperature > 15 °C, cloud cover< 50%) using acoustic and visual
detection as well as sweep netting, which are among the most fre-
quently used methods to survey grassland Orthoptera (Fischer et al.,
2016; Ingrisch and Köhler, 1998; Samways et al., 2010). Shrub-
dwelling and tree-dwelling species, which occasionally occur in grass-
lands, were excluded from the analyses as our sampling techniques do
not produce reliable data for these species. Species identification was
performed in the field by sound and morphological characteristics using
Bellmann (2006). To detect quiet or high-frequency stridulating spe-
cies, such as Conocephalus fuscus and Metrioptera brachyptera, a bat
detector was used (Fischer et al., 2016). The scientific nomenclature
follows Fischer et al. (2016).

2.2.4. Orthoptera classification
We classified Orthoptera by their habitat specificity. Habitat spe-

cialists represent steno- and oligotopic species which are predominantly
restricted to a few similar habitats, while habitat generalists frequently
occur in a broad range of different habitats. The classification in our
study is derived from habitat information of all Orthoptera records
surveyed in a recent Orthoptera recording scheme in Bavaria
(Schlumprecht and Waeber, 2003). According to these data, species
that were predominantly restricted to not more than two out of eleven
main habitat types (i.e.> 50% of all records are restricted to one or two
habitat types) were classified as habitat specialists (Table 3) (cf.
Schlumprecht and Waeber, 2003). All other species were considered as
habitat generalists. The results of our approach largely fit with classi-
fications of former studies (e.g. Fartmann et al., 2012; Reinhardt et al.,
2005) and clearly correspond with descriptive autecological

information on the species (cf. Schlumprecht and Waeber, 2003).
Additionally, we classified Orthoptera by their dispersal ability ac-

cording to Poniatowski et al. (2018b) and Reinhardt et al. (2005)
(Table 3). All long-winged species which are known to have a high
flight capability were classified as mobile species. Moreover, we clas-
sified the wing-dimorphic species Chrysochraon dispar and Roeseliana
roeselii as species with high dispersal ability. Although both species are
predominantly short-winged, rapid range expansions have recently
occurred in large parts of Central and North-western Europe (C. dispar:
Bakker et al., 2015; R. roeselii: e.g. Beckmann et al., 2015; Poniatowski
et al., 2012). In contrast, Metrioptera brachyptera and Pseudochorthippus
parallelus were considered as less-mobile species as there are currently
no indications for expansions and long-winged individuals are very rare
in both species (Poniatowski and Fartmann, 2011; Weyer et al., 2012).

2.2.5. Species and Community Temperature Index
We calculated the Species Temperature Index (STI) for each of the

detected Orthoptera species (Table 3) (Devictor et al., 2008). The STI
was obtained from German distribution data underlying the maps
provided in Fischer et al. (2016) and grid maps of long-term mean
temperatures during the summer season (April–September) in Germany
(1 km×1 km grid maps; long-term means [April–September]:
1981–2010; DWD, 2018). The STI values were computed by inter-
secting distribution and temperature maps using the ‘Zonal Statistics’
tool in ArcGIS 10.2 (for more details see Appendix in Tayleur et al.,
2016). Afterwards, the Community Temperature Index (CTI) of each
study site was calculated by averaging the STI of all species occurring in
the particular patch (cf. Devictor et al., 2008, 2012).

2.3. Statistical analysis

Differences in habitat quality between 1994 and 2015 were tested
using pairwise comparisons (Wilcoxon Signed Rank test for ordinal-
scaled variables or McNemar test in the case of nominal variables, re-
spectively). To assess the effects of recent climate change, i.e. changes
in temperature and precipitation (annual and summer) in the study
area, we applied Generalised Linear Models (GLM, Gaussian error dis-
tribution) on the long-term climate data (package lme4, Bates et al.,
2018). Furthermore, we compared the CTI between the two study years
by applying Wilcoxon Signed Rank tests for each grassland type sepa-
rately. Shifts in the number of species between the two study years were
tested by a Wilcoxon Signed Rank test, considering overall species
richness along with the number of species classified by their habitat
specificity and dispersal ability, respectively. Furthermore, the
McNemar test was used to detect changes in the frequencies of the
occurrence of single Orthoptera species between the two study periods.
Species turnover between 1994 and 2015 was calculated using Whit-
taker's beta diversity index (βw) (Whittaker, 1960), which is among the
most frequently used metrics to detect dissimilarities in biotic com-
munities (Koleff et al., 2003):

a b c
a b c

w
(2 )/2

1= + +
+ +

where a is the number of species detected in both study years (1994 and
2015), b the number of species detected only in 1994 and c the number
of species detected only in 2015.

Differences in species-turnover rates between the grassland types
were tested using Kruskal-Wallis H ANOVA with Dunn's test as a post
hoc test.

All statistical analyses were performed using R 3.4.0 statistical
package (R Development Core Team, 2017).
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3. Results

3.1. Environmental shifts

Both, annual and summer temperatures significantly increased from
1985 to 2014 (Fig. 1a and b). In contrast, annual precipitation sig-
nificantly decreased during that period, whereas summer precipitation
did not change (Fig. 1c and d).

Although we did not detect changes in habitat management or land-
use intensity in any of the three studied grassland types (Tables 1 and
2), the cover of shrubs in calcareous and wet grasslands significantly
increased between 1994 and 2015. In addition, the cover of the field
layer in wet grasslands was significantly higher in 2015 compared to
1994 (Table 2).

3.2. Orthoptera community shifts

In total, 19 grassland Orthoptera species were observed in the pat-
ches during the two study periods (Table 3). In each of the study per-
iods, 18 species were found. Stenobothrus stigmaticus was only observed

in 1994 and Roeseliana roeselii was detected in 2015 for the first time.
In both study years, overall Orthoptera species richness in calcar-

eous grasslands was almost twice as high as in the two other grassland
types (Fig. 2). In calcareous and mesic grasslands, the number of species
significantly increased between 1994 and 2015. In contrast, species
richness did not change in wet grasslands. However, turnover rates in
mesic and wet grasslands were significantly higher compared to the
more species-rich calcareous grasslands (Fig. 3). The number of habitat
generalists and mobile species significantly increased in calcareous and
mesic grasslands (Fig. 2). Although there was no change of overall
species richness in wet grasslands, the number of mobile species also
increased. In contrast, species richness in habitat specialists and low
mobile species did not change in any of the grassland types.

In 1994, Pseudochorthippus parallelus was the most frequent species
in all studied grassland types (CAL: 100%, MES: 96%, WET: 87%)
(Table 3). In calcareous grasslands, it was followed by Chorthippus bi-
guttulus (96%), Bicolorana bicolor and Omocestus viridulus (both 81%).
With a frequency of 83% and 48%, respectively, O. viridulus and C.
biguttulus were among the three most frequent species in mesic grass-
lands. In wet grasslands, P. parallelus (87%), O. viridulus (83%),
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Fig. 1. Changes in annual/summer (April–September)
temperature and precipitation in the study area (data
period: 1985–2014; weather station: Kall-Sistig; DWD,
2018). Dashed lines represent the long-term mean
(most recent international standard reference
1961–1990; DWD, 2018). Changes were tested by
Generalised Linear Models with a Gaussian error dis-
tribution. *** p < 0.001, ** p < 0.01, * p < 0.05,
n.s. p > 0.05. (a) y=0.0349×x+7.559; (b)
y=0.0398×x+12.237; (c) y=−8.896×
x+950.882.

Table 1
Differences in land use between the two surveys in 1994 and 2015. CAL= calcareous grasslands, N=21; MES=mesic grasslands, N=23; WET=wet grasslands,
N=23. Absolute and relative frequencies are given as follows: N (%). Differences were tested using McNemar test (categorical parameter: land-use type – [i]
abandoned, [ii] mown, [iii] grazed). n.s. p > 0.05.

Parameter CAL MES WET

1994 2015 P 1994 2015 P 1994 2015 P

Land-use type

(i) abandoned 10 (48) 6 (29) n.s. 7 (30) 7 (30) n.s. 16 (70) 19 (82) n.s.

(ii) mown 3 (14) 3 (14) 9 (40) 9 (40) 3 (13) 2 (9)

(ii) grazed 8 (38) 12 (57) 7 (30) 7 (30) 4 (17) 2 (9)
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Pholidoptera griseoaptera (56%) were among the most common species.
From 1994 to 2015, we detected a significant increase of the habitat

generalists C. dispar, P. griseoaptera and R. roeselii across all grassland
types. Furthermore, Tettigonia viridissima became significantly more
frequent in calcareous and wet grasslands. In addition, the habitat
specialists Stenobothrus lineatus and Tetrix tenuicornis significantly in-
creased in calcareous grasslands. In contrast, Chorthippus brunneus, O.
viridulus, and P. parallelus significantly decreased in wet grasslands.

Whereas P. parallelus was still the most widespread species in cal-
careous (95%) and mesic grasslands (96%) in 2015, the dominant
Orthoptera species in wet grasslands was now P. griseoaptera (96%).
Additionally, C. dispar and R. roeselii were now among the most fre-
quent species in all studied grassland types (C. dispar – CAL: 86%, MES:
70%, WET: 74%; R. roeselii – CAL: 90%, MES: 91%, WET: 61%).

3.2.1. Species and Community Temperature Index (STI and CTI)
The STI values of the detected species ranged from 12.6 to 13.4 °C.

Conocephalus fuscus, Bicolorana bicolor, and Nemobius sylvestris were

identified as the three species with the highest macroclimatic tem-
perature demands, whereas Metrioptera brachyptera, Decticus verruci-
vorus, and Omocestus viridulus had the lowest STI values in this study
(Table 3). In accordance with higher turnover rates, we found a sig-
nificant increase of the CTI in both mesic and wet grasslands between
1994 and 2015. In contrast, the CTI did not change in calcareous
grasslands (Fig. 2).

4. Discussion

In this study, Orthoptera strongly responded to altered environ-
mental conditions in semi-natural grasslands between 1994 and 2015.
Both annual and summer temperatures increased in the study area. Due
to the continuity of habitat management, habitat quality remained
stable in calcareous and mesic grasslands, but particularly decreased in
predominantly abandoned wet grasslands. As a result of global
warming, Orthoptera species richness in the well-managed grassland
types (i.e. calcareous and mesic grasslands) increased. In contrast,

Table 2
Differences in environmental parameters between the two surveys in 1994 and 2015. CAL= calcareous grasslands, N=21; MES=mesic grasslands, N=23;
WET=wet grasslands, N=23. Mean ± SE are given. Differences were tested using Wilcoxon Signed Rank text (ordinal parameters: land-use intensity – [i]
abandoned, [ii] periodical land use, [iii] 1×/year, [iv] 2×/year, [v]≥ 3×/year); field-layer cover – [i] < 50% at ground, [ii] < 50% at 0.5m, [iii] < 50% at 1m
and [iv] > 50% at 1m; shrub and tree layer – [i] no cover, [ii] < 10%, [iii] < 50% and [iv]> 50%, respectively (cf. Section 2.2.2). ** p < 0.01, * p < 0.05, n.s.
p > 0.05.

Parameter CAL MES WET

1994 2015 P 1994 2015 P 1994 2015 P

Land-use intensity 1.0 ± 0.2 1.3 ± 0.2 n.s. 1.5 ± 0.2 1.4 ± 0.2 n.s. 0.8 ± 0.2 0.5 ± 0.2 n.s.

Cover field layer 1.1 ± 0.1 1.4 ± 0.1 n.s. 2.1 ± 0.1 2.0 ± 0.2 n.s. 2.4 ± 0.1 2.7 ± 0.1 *

Cover shrub layer 1.1 ± 0.1 1.4 ± 0.1 ** 0.5 ± 0.1 0.7 ± 0.2 n.s. 0.7 ± 0.1 1.0 ± 0.2 *

Cover tree layer 0.9 ± 0.2 1.0 ± 0.1 n.s. 0.3 ± 0.1 0.4 ± 0.1 n.s. 0.4 ± 0.1 0.6 ± 0.2 n.s.

Table 3
Frequency (%) of recorded Orthoptera species in the study area classified by habitat specificity (HS; S= specialist; G= generalist) as well as dispersal ability (DA;
H=high mobility; L= low mobility) and Species Temperature Index (STI; cf. Devictor et al., 2008). CAL= calcareous grasslands, N=21; MES=mesic grasslands,
N=23; WET=wet grasslands, N=23. Differences were tested using McNemar test. *** p < 0.001, ** p < 0.01, * p < 0.05, n.s. p > 0.05.

Species HS DA STI CAL MES WET

1994 2015 P 1994 2015 P 1994 2015 P

Bicolorana bicolor S H 13.12 81 81 n.s. 26 4 n.s. 4 . n.s.

Chorthippus biguttulus G H 12.97 96 86 n.s. 48 61 n.s. 30 13 n.s.

Chorthippus brunneus G H 12.98 76 52 n.s. 39 26 n.s. 30 4 *

Chrysochraon dispar G H 13.10 10 86 *** 17 70 ** 43 74 *

Conocephalus fuscus S H 13.35 5 . n.s. . . n.s. 9 17 n.s.

Decticus verrucivorus S L 12.59 14 10 n.s. . . n.s. . . n.s.

Metrioptera brachyptera S L 12.57 71 86 n.s. 13 4 n.s. 4 4 n.s.

Myrmeleotettix maculatus S L 12.99 38 19 n.s. . . n.s. . . n.s.

Nemobius sylvestris S L 13.11 10 5 n.s. 4 . n.s. 4 . n.s.

Omocestus viridulus G L 12.74 81 81 n.s. 83 61 n.s. 83 52 *

Pholidoptera griseoaptera G L 12.97 29 76 ** 26 52 * 52 96 **

Pseudochorth. parallelus G L 12.96 100 95 n.s. 96 96 n.s. 87 52 *

Roeseliana roeselii G H 12.95 . 90 *** . 91 *** . 61 ***

Stenobothrus lineatus S H 12.89 52 81 * . 9 n.s. . . n.s.

Stenobothrus stigmaticus S L 12.78 5 . n.s. . . n.s. . . n.s.

Stethophyma grossum S H 12.96 . . n.s. . . n.s. 9 9 n.s.

Tetrix tenuicornis S L 13.00 29 62 ** 4 . n.s. . . n.s.

Tetrix undulata G L 12.99 19 19 n.s. 22 26 n.s. 17 9 n.s.

Tettigonia viridissima G H 13.06 43 76 * 13 35 n.s. 22 57 *
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overall species richness in wet grasslands did not change, even though
many of the grasslands have been subject to the negative effects of long-
term abandonment. The increase in species richness was mainly due to
an expansion of habitat generalists and mobile species, but the number
of habitat specialists and species with limited dispersal ability did not
increase in any of the grassland types. We also detected an increase of
the CTI in mesic and wet grasslands.

Orthoptera are known to be very sensitive to both land-use and
climate change (e.g. Beckmann et al., 2015; Hickling et al., 2006;
Thomas et al., 2001). There is a broad consensus that habitat loss
caused by land-use change is the most severe threat to Orthoptera
(Fartmann et al., 2012; Hochkirch et al., 2016; Maas et al., 2011; Marini
et al., 2009). Conversely, as most Orthoptera species depend on high
ambient temperatures (Willott and Hassall, 1998), it has been docu-
mented that global warming is the driving force behind recent range
expansions of Orthoptera across temperate Europe (e.g. Beckmann
et al., 2015; Poniatowski et al., 2012, 2018b; Thomas et al., 2001).

However, former studies often failed to disentangle the effects of land-
use and climate change on Orthoptera community shifts. A possible way
to objectify the climate-driven rate of community shifts is the calcula-
tion of the CTI, which reflects the relative composition of thermophilic
versus cold-adapted species (cf. Devictor et al., 2008). To our knowl-
edge, this study is the first to quantify the impact of climate change on
recent Orthoptera community shifts by applying the approach of
Devictor et al. (2008). As there was an increase in the CTI between
1994 and 2015, we found clear evidence that Orthoptera communities
were more frequently composed of species adapted to warmer macro-
climates, which was in particular true for the relatively species-poor
mesic and wet grasslands. There was also an increase of species richness
in calcareous grasslands, but the CTI did not change in this grassland
type. This result can be explained by the generally higher Orthoptera
species richness in calcareous grasslands and, hence, lower turnover
rates compared to the two other grassland types. Additionally, it should
be considered that the STI values only provide information on the
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macroclimate across the range of a species and does not take into ac-
count the microclimate of the colonised habitats. As microclimate is one
of the key factors determining Orthoptera patch occupancy, especially
the occurrence of habitat specialists (Fartmann et al., 2012; Wünsch
et al., 2012; Helbing et al., 2014), it may override the impact of mac-
roclimate on species distribution in some cases.

Several studies indicate that global warming may primarily foster
mobile habitat generalists, whereas the majority of habitat specialists or
species with low dispersal ability are assumed to be less able to adapt to
climate change (e.g. Beckmann et al., 2015; Hickling et al., 2006;
Warren et al., 2001; Poniatowski et al., 2012). In accordance with these
findings, the increase in Orthoptera species richness in calcareous and
mesic grasslands in the study area was mainly driven by the strong
expansion of mobile habitat generalists. For two of these species, C.
dispar and R. roeselii, recent range expansions across Central and North-
western Europe are well-documented (e.g. Bakker et al., 2015;
Beckmann et al., 2015; Poniatowski et al., 2012, 2018b; Thomas et al.,
2001). Both species are characterised by low habitat specificity, high
dispersal capability, and require a warm macroclimate (Ingrisch and
Köhler, 1998; Poniatowski et al., 2018b). Prior studies revealed that the
interaction of such traits determines whether species are able to persist
or even thrive under recent environmental change (Beckmann et al.,
2015; Nadeau and Fuller, 2016; Reinhardt et al., 2005).

Until the 1980s, the distribution of C. dispar and R. roeselii in the
Eifel was restricted to the most climatically favourable valleys, even
though structurally suitable habitats were largely available in the
landscape (Ingrisch, 1984; Weber and Weidner, 1995). However, an-
nual as well as summer temperatures increased over the last decades by
almost 1 °C. As a consequence, both species have rapidly expanded their
ranges to higher altitudes. Whereas C. dispar was rare and R. roeselii
even absent from the study area in 1994 (Weber and Weidner, 1995),
both species were among the most dominant species in all studied
grassland types in 2015. P. griseoaptera and T. viridissima were two
further habitat generalists that rarely colonised the higher altitudes of
the Eifel in the past (Ingrisch, 1984), but have now increased in patch
occupancy across all studied grassland types. Whereas T. viridissima is
also a highly mobile species, P. griseoaptera is flightless and so generally

has limited dispersal ability. However, Diekötter et al. (2007) showed
that dispersal success of P. griseoaptera clearly increases in hetero-
geneous landscapes. Consequently, we explain the strong expansion of
this species in the study area by the high availability of movement
corridors such as forest edges, hedgerows, and verges (Council of
Euskirchen, 2008).

Habitat quality is another key factor determining Orthoptera oc-
currence and diversity in fragmented landscapes (Löffler and Fartmann,
2017; Poniatowski and Fartmann, 2010, 2018a). It comprises a multi-
factorial complex of environmental factors, such as land use, vegetation
structure and microclimate (Poniatowski et al., 2018a). For Orthoptera,
it has been shown that a good habitat quality (i.e. conditions which
promote overall Orthoptera species richness) strongly depends on land
use (e.g. Fartmann et al., 2012; Löffler and Fartmann, 2017; Marini
et al., 2009). Consequently, Orthoptera diversity is negatively affected
by abandonment, mainly due to its adverse effects on microclimate
(Fartmann et al., 2012; Helbing et al., 2014; Marini et al., 2009). The
calcareous and mesic grassland in the study area are mostly protected
by the EU Habitats Directive and, thus, were generally well-managed
(cf. Section 2.2.1) (EC, 1992). Consequently, there were only minor
changes of habitat quality in these habitats (i.e. slight increase in shrub
cover in calcareous grasslands). In contrast, wet grasslands that are not
protected by the Habitats Directive have more frequently suffered from
long-term abandonment leading to forms of habitat deterioration such
as an increase in field-layer and shrub cover. As a result, decreases in
patch occupancy were observed in wet grasslands for three species,
Chorthippus brunneus, Omocestus viridulus, and Pseudochorthippus paral-
lelus. All three species are common and did not decline in the two other
well-managed (warmer and drier) grassland types. Since these species
usually colonise early to mid-successional stages of grassland succession
(Poniatowski and Fartmann, 2008; Fartmann et al., 2012; Schlumprecht
and Waeber, 2003) it is very likely that habitat degradation due to
succession is the reason for their decline.

Discrepancies between our study and findings from previous long-
term research can be partly explained by differences in macroclimate,
geographic isolation, and habitat connectivity. Schuch et al. (2011)
found little evidence for climate-driven community shifts in protected
dry grasslands in the East German agricultural landscape. Due to
farmland consolidation during the socialism period (1945–1990), the
landscape is dominated by large-scale fields that are about 10 times the
size of the parcels in the study area (EC, 2018). As the availability of
dispersal corridors is strongly limited in such homogeneous landscapes
(cf. Diekötter et al., 2007), it is very likely that the low landscape
connectivity may have restricted species dispersal in that study (cf.
Beckmann et al., 2015; Pryke and Samways, 2012). Moreover, the study
area was characterised by warm summers and low precipitation and so
was already rich in thermophilic species at the beginning of their study
(cf. Schuch et al., 2011). In contrast, large-scale range expansions of
Orthoptera in Great Britain were mainly restricted to only two species
(Conocephalus fuscus and R. roeselii), even though habitat connectivity
was relatively high (Beckmann et al., 2015). Due to rather unfavourable
climatic conditions and geographic isolation, Great Britain is char-
acterised by a generally low Orthoptera diversity and, in particular,
only a few thermophilic species that may respond to climate warming.

5. Conclusion

Despite the short time period between the two surveys (1994 vs.
2015), we found clear evidence that global warming has resulted in
range shifts of mobile habitat generalists during recent decades and,
consequently, has promoted Orthoptera species richness in semi-natural
grasslands in the low mountain range of the study area. In contrast, the
number of habitat specialists and less mobile species has not changed in
the studied grasslands. Even though we found a positive response of
Orthoptera communities to recent global warming, the findings should
be interpreted cautiously as progressing climate change may also have

CAL MES WET

S
pe

ci
es

 tu
rn

ov
er

0

10

20

30

40

50

60

a

b
b

Fig. 3. Species turnover (Whittaker's beta diversity index [Whittaker, 1960])
between 1994 and 2015. CAL= calcareous grasslands, N=21; MES=mesic
grasslands, N=23; WET=wet grasslands, N=23. Differences were tested
using Kruskal-Wallis H ANOVA (H=9.88; df= 2; p < 0.01) with Dunn's test
as post hoc test. Different letters indicate significant differences among the
grassland types (p < 0.05).

F. Löffler, et al. Biological Conservation 236 (2019) 315–323

321



negative effects on Orthoptera. This also includes a risk of biotic
homogenisation in insect communities (cf. Streitberger et al., 2016).
Although we could not yet detect a decline of hygrophilous Orthoptera
species, some of them may suffer from increasing drought in the study
area in the long run. In line with this assumption, previous studies have
already shown that some hygrophilous or alpine Orthoptera species
have become increasingly threatened due to climate change (cf. Guo
et al., 2009; Hochkirch et al., 2016; Poniatowski et al., 2018b; Wessely
et al., 2017). Moreover, the results of our study imply that the effects of
global warming on Orthoptera communities also depend on the avail-
ability and connectivity of suitable habitats (cf. Hill et al., 2001). We
therefore emphasise that abandonment and land-use intensification are
serious threats to Orthoptera in Central European grasslands, even
though an array of thermophilic Orthoptera species are benefiting from
rising temperatures (cf. Poniatowski et al., 2018b). Hence, monitoring
of Orthoptera should also receive great attention in future work. Those
studies should ideally comprise a broad range of habitats within dif-
ferent climate and landscape contexts. It is now the challenge to es-
tablish evidence-based conservation practices that can help maintain
species richness in times of global change. In this light, the maintenance
or reintroduction of traditional land use is essential to sustain a good
habitat quality and promote Orthoptera diversity in semi-natural
grasslands (WallisDeVries et al., 2002; Fartmann et al., 2012). These
conservation measures should especially facilitate low-intensity
mowing (1–2 times per year without fertiliser application) in meadows
and low-intensity grazing in pastures. Furthermore, management
should be targeted on establishing dense habitat networks within a
heterogeneous landscape matrix which may increase the resilience of
grassland ecosystems to global warming (Pryke and Samways, 2012;
Streitberger et al., 2016).
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