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Abstract
Semi-natural grasslands are biodiverse ecosystems that support many threatened spe-
cies, but they require management interventions to maintain their habitat characteristics. 
Although many semi-natural calcareous grasslands historically were grazed, mowing is 
often used as a substitute disturbance when livestock access is not feasible. Mowing may 
have different effects on vegetation than grazing, but it is unclear if these differences cause 
changes in animal diversity or grasslands’ ability to support endangered species. We stud-
ied carabid beetle (Coleoptera: Carabidae) assemblages in semi-natural calcareous grass-
lands in southern Germany managed with either different intensities of grazing or by 
mowing. There were no differences in overall activity density, richness, or functional trait 
diversity of carabid beetles between management methods, but mowing reduced threatened 
species richness and their proportions in the assemblages. Grazing intensity, measured by 
livestock faeces density, had little effect on carabid assemblages. The benefits of grazing 
for threatened species were most apparent in small sites, indicating that using grazing man-
agement to conserve endangered beetle species may be particularly important where habi-
tat area is limited, even though these are the sites most likely to use mowing management.
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Introduction

Semi-natural grasslands are biodiverse habitats created and maintained by human activities 
(Gibson 2009; Dengler et al. 2014). They are often distinctive ecosystems that, because of 
long histories of human use, host specialized species and high levels of diversity, and so 
are critical components of conservation in anthropogenically-modified landscapes (Wal-
lisDeVries et al. 2002; Diacon-Bolli et al. 2012; Tälle et al. 2016). However, semi-natural 
grasslands are degraded worldwide in part because they require appropriate management 
to maintain habitat characteristics. In some cases this degradation results from intensified 
management with inorganic fertilization, increased haying frequency, or intensive grazing 
(Wesche et al. 2012; Dengler et al. 2014), but in others management is abandoned, allow-
ing succession to proceed to other habitats such as forests (Milberg 1995; WallisDeVries 
et al. 2002).

Habitat degradation of semi-natural grasslands has particular importance for conserva-
tion due to a high number of specialized species that are often categorized as threatened 
when included in national or regional Red Lists of endangered species (Balmer and Erhardt 
2000). Populations of specialist insect species may be expected to be more strongly affected 
by local-scale habitat characteristics and habitat area than generalist species (Warren et al. 
2001). For example, habitat specialized butterflies showed the strongest positive richness 
and abundance responses to semi-natural calcareous grassland habitat area (Krauss et al. 
2003), and this pattern was amplified for monophagous and oligophagous species (Steffan-
Dewenter and Tscharntke 2002). Therefore, local management decisions may be particu-
larly important for specialized, endangered species, so the effects of management on these 
species need to be fully understood when selecting conservation strategies.

Grazing or mowing management are frequently employed in semi-natural grasslands 
to mimic the historical conditions to which local communities and habitat specialists are 
adapted (Hansson and Fogelfors 2000; Poschlod and WallisDeVries 2002; Kumm 2003). 
Mowing may be used to continue haying practices, or it may be a substitute for grazing in 
areas where there are no longer shepherds and livestock available to provide grazing man-
agement. When grazing is used as a management method, the intensity of grazing (number 
of animals and/or duration of their presence) can be an important determinant of habitat 
and community characteristics (Tälle et al. 2015; Pakeman et al. 2019). Although compari-
sons of grazing and mowing management in semi-natural grasslands often have focused 
on plant communities (Schläpfer et al. 1998; Hansson and Fogelfors 2000; WallisDeVries 
et al. 2002; Catorci et al. 2014; Dengler et al. 2014; Tälle et al. 2015, 2016; Rysiak et al. 
2021), changes in plant composition and the vegetation structure can also influence insect 
communities that play critical roles through their contributions to functions like herbivory, 
predation, decomposition, and pollination (Tscharntke and Greiler 1995; Öckinger and 
Smith 2007; Dennis et al. 2008; Fiedler et al. 2017; Johansen et al. 2019; Pozsgai et al. 
2022). However, plant community responses are not necessarily useful predictors of insect 
responses in grasslands (Lyons et al. 2017; Fiedler et al. 2017); for example, management 
effects on consumer diversity in restored tallgrass prairies were not strongly mediated by 
changes in plant diversity as predicted (Guiden et al. 2021). In addition, mowing can cause 
direct mortality for insects and other animals (Humbert et  al. 2009). Thus, management 
strategies in semi-natural grasslands should be adjusted to the conservation goals of local 
insect communities (Littlewood 2008; Bonari et al. 2017).

Carabid beetles (Coleoptera: Carabidae) are a speciose and ecologically important 
insect family. The few studies that have examined grazing versus mowing effects on 
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semi-natural grassland carabid beetle assemblages have found varying results, with 
greater taxonomic alpha diversity under mowing (Grandchamp et al. 2005; Gobbi et al. 
2015) or with no difference between the two management regimes (Bonari et al. 2017). 
Responses to management intensity (e.g., grazing intensity or mowing frequency) also 
differ among studies (Batáry et al. 2007), which is typical of other taxonomic groups 
as well (Kruess and Tscharntke 2002; Kormann et  al. 2015; Tälle et  al. 2016). Car-
abid beetles possess a wide range of characteristics and trait values that determine 
their distribution and fecundity, and that reflect their ecological roles (Homburg et al. 
2014; Fountain-Jones et  al. 2015). These traits, including body-size, mobility, diet, 
and reproductive behaviors, can shape responses to grassland management (i.e., are 
response traits). For example, disturbances can reduce average body-size of ground-
dwelling beetles and may favor macropterous species capable of longer dispersal dis-
tances (Blake et al. 1994; Ribera et al. 2001). Vegetation changes driven by manage-
ment could favor more or less granivorous species, or favor particular beetles if they 
are specialized on seeds of plant that benefits from management.

Because of the variation among species and their variable responses to manage-
ment, a focus on carabid beetle traits might be more informative than alpha diversity 
alone to understand how management shapes carabid beetle assemblages and predict 
effects of grassland management (Mouillot et al. 2013). In addition to local-scale habi-
tat characteristics resulting from management, habitat size can influence community 
structure (Krauss et al. 2010; Diacon-Bolli et al. 2012; Janišová et al. 2014), including 
that of carabid beetles in managed semi-natural grasslands (Bonari et al. 2017). Iden-
tifying traits that mediate beetle responses to habitat management and area also may 
clarify which endangered and specialist species are most at risk of population declines 
or local extirpation. In Bavaria, Germany, where this study took place, more than half 
of carabid beetle species are threatened, including most dry grassland specialists in our 
study region (Bayerisches Landesamt für Umwelt 2020).

In this study, we first investigated whether carabid beetle assemblages in semi-natu-
ral calcareous grasslands in Germany are affected by habitat management (either mow-
ing or grazing) and habitat area. Second, we assessed whether the intensity of graz-
ing further shapes assemblages. For both questions, we examined threatened species to 
understand effects of these factors on species that often motivate conservation actions, 
and we quantified beetle assemblages from taxonomic and functional trait perspectives 
to understand if beetles’ characteristics determined their responses to these manage-
ment disturbances. This approach may also allow us to better generalize the results 
to other semi-natural grasslands or grasslands managed by grazing and mowing. We 
hypothesized that grazing, because it results in more heterogeneity in vegetation struc-
ture and composition than mowing (Lepš 2014; Lyons et  al. 2017), would generally 
result in higher taxonomic and functional trait diversity in response to greater niche 
availability, and that these effects would be enhanced by increased grazing intensity 
(Grandchamp et al. 2005). In particular, we expected threatened species to benefit from 
grazing-induced heterogeneity because most are specialized on these disturbance-
dependent calcareous grasslands. We also hypothesized that functional trait compo-
sition would reflect management more than taxonomic composition because different 
species with similar trait combinations might respond similarly to management, mak-
ing functional outcomes of management more predictable than taxonomic outcomes 
(Brudvig et al. 2017).
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Methods

Study sites

We selected 25 semi-natural calcareous grasslands in Lower Franconia (Bavaria, Germany, 
Fig. 1; Table 1). These grasslands exist as fragments within a matrix that is predominantly 
a patchwork of agricultural land and forest fragments. Mostly calcareous grasslands in this 
region are managed by grazing with sheep and goats to match the traditional management 
under which the grasslands were historically created and maintained (Poschlod and Wallis-
DeVries 2002; König and Krauss 2019). Study sites were chosen to include grazed as well 
as mowed calcareous grasslands with six sites being mowed, and the remaining 19 grazed. 
Within the grazed calcareous grasslands, selected habitats were located along a gradient of 
grazing intensity based on prior communication with landowners. Grazing management is 
consistently performed by the same entities each year. We calculated habitat area of each 
calcareous grassland using ArcMap (ArcGis, ESRI 2014) with modified digital thematic 
maps (ATKIS-DLM 25/1 ‘Landesamt für Digitalisierung, Breitband und Vermessung 
Bayern’ 2013) and satellite images. Polygons classified as category 43,004 (‘Heide’) in 
ATKIS-maps were considered semi-natural calcareous grasslands, and areas with exten-
sive shrub encroachment were excluded. Habitat area ranged from 0.8 to 16.0 ha. We also 

Fig. 1  A Location of study sites in northwest Bavaria, Germany. White circles indicate grazed sites, and 
black dots indicate mowed sites. B–C Typical calcareous semi-natural grasslands in the study region. D 
Cymindis axillaris, a threatened calcareous dry grassland specialist found on our study sites
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calculated the proportion of a 1 km buffer around each site comprising calcareous grass-
land to verify that there was no correlation with habitat area (Pearson r = 0.07, P = 0.752) 
and that it did not differ significantly between management types (t23 = 1.45, P = 0.160). 
We chose the 1 km buffer because previous studies showed even wingless carabid species 
dispersing over hundreds of meters up to more than 1 km over several weeks and months 
(Negro et al. 2017; Elek et al. 2014).

In grazed sites, we estimated grazing intensity using dung counts in August–September 
2019, at the end of the field season after grazing occurred. Grazing management is gener-
ally consistent from year to year, so 2019 intensity estimates are meant to reflect longer-
term differences in grazing practices among sites rather than the impacts of a single grazing 
event. Because the number of livestock and duration of grazing varies among sites, high 
grazing intensity could occur with a large number of animals fenced into a small area over 
a short period of time, or a smaller number of animals for longer duration. Dung counts 
integrate both of these aspects of grazing management to allow site comparisons. In each 
study site, seven 1  m2 quadrats were placed adjacent to the pitfall trap transect (see below), 
and the number of faecal pellets present were counted. To account for variation in animal 
size, we also estimated the diameter of faecal pellets in each quadrat in cm and multiplied 

Table 1  Sampling sites, location, management, and area. Grazing intensity units are equivalent to estimated 
number of 1 cm dung pellets per  m2. ‘–‘ indicates that no grazing intensity is applicable on mowed sites

Site Lat Lon Management Area (ha) Grazing intensity

ASCH 50.0046 9.8062 Grazed 16.09 125.2
BLOS 49.7615 9.9235 Mowed 2.32 –
BOET 49.7111 9.6700 Grazed 5.61 81.7
EDEL 49.9922 9.7622 Mowed 1.81 –
EUSS 49.9740 9.8221 Grazed 5.31 0.0
FUCH 50.0982 9.9422 Grazed 1.46 61.7
GERB 49.7763 10.0028 Mowed 0.32 –
GOES 50.0274 9.7997 Grazed 7.38 4.6
GREU 49.8062 9.7549 Grazed 4.28 22.5
HELM 49.7682 9.7219 Mowed 0.92 –
KARL 49.9652 9.7878 Grazed 15.29 2.0
KITZ 49.7449 10.0913 Mowed 1.53 –
MACH 50.1225 9.9866 Grazed 5.13 0.0
MUEN 50.2624 10.2028 Grazed 5.87 0.0
NUEN 50.2320 10.1293 Grazed 9.17 11.2
NUES 50.2077 10.1550 Grazed 3.90 35.0
RAND 49.7675 9.9993 Grazed 14.58 41.8
REIT 50.1836 10.1188 Grazed 1.07 92.2
REUC 49.9789 9.9352 Grazed 3.13 35.0
SCHW 49.9096 10.1213 Grazed 6.96 11.5
UNTE 49.8571 9.7881 Grazed 2.75 133.8
WALD 49.7811 9.8074 Mowed 0.79 –
WIES 49.9922 9.7049 Grazed 13.63 56.8
WINK 50.2099 10.1094 Grazed 4.64 0.0
WINT 49.7003 9.9989 Grazed 3.23 132.5
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mean pellet count by mean pellet diameter at each site. One site was grazed with cattle, and 
the same approach was used to count dung pats and weighted using average pat size (20 cm 
diameter). Weighted dung estimates as a measure of grazing intensity varied from 0 to 
133.75 (units equivalent to 1 cm pellets per  m2), representing the full range from minimal 
grazing to high-intensity grazing resulting in very low plant stature (< 5 cm tall). Habitat 
area and grazing intensity were uncorrelated (Pearson r = − 0.27, P = 0.271). Habitat man-
agement was related to habitat area, as expected. In the study region, which is similar to 
other regions in Germany, mowing management is mainly used where habitat patches are 
too small to provide sufficient food for livestock herds or when they are too remote to be 
reached by shepherds, so mowed sites were on average smaller (mean area = 1.28 ± 0.30 ha 
vs. 6.82 ± 1.08 ha). Nonetheless this represents the true range of habitat area for mowed 
calcareous grasslands in the region.

Sampling and traits

We sampled carabid beetles using pitfall traps. At each site, six traps consisting of glass 
honey jars (9 cm deep, 7.5 cm wide) were placed 15 m apart along a 65 m transect. Tran-
sects were at least 50 m from grassland habitat edge, or placed through the center of the site 
if the site was too small to be 50 m from an edge (range 6 m to 68 m). The distance from 
the habitat edge was strongly positively correlated with habitat area and thus accounted for 
by including the latter in our analyses (Pearson r = 0.58, P = 0.002). Each trap was filled 
with a 1:4 mixture of ethylene glycol:water and was covered with an elevated clear plastic 
roof. Traps were opened on 25–26 April 2019, and traps were collected and replaced every 
two weeks until 3–4 July 2019 for 69 consecutive trapping days covering the spring activ-
ity period of carabid beetles in the study region. This period represents the peak in activity 
of spring active carabids and allowed us to sample before grazing management began, but 
we note that our conclusions may not apply to the limited number of species only active at 
other times of the year. Carabid beetle activity has two distinct peaks in the study region: 
spring (April to mid-July) and fall (mid-August to October). Spring and early summer rep-
resent the peak in abundance for spring active species in these sites and allowed us to sam-
ple species prior to most grazing activity so that we could focus on past effects of grazing 
management rather than the immediate effects of grazing disturbances. Documenting all 
species year-round, including times of the year when abundance and richness is low, was 
beyond the scope of this study, and would extend beyond the vegetation period.

Traps that were disturbed by animals or people were noted and discarded (2.1% of the 
total number of traps), resulting in a total of 730 traps collected. The content of each trap 
was sorted in the laboratory, and all carabid beetles were identified to species level (Mül-
ler-Motzfeld 2006). We include one tiger beetle (Cicindela campestris) in our analysis as is 
done by the local conservation authorities even though some authors consider Cicindelidae 
a separate family from Carabidae.

For each species, we used trait information provided in the online database carabids.org 
(Homburg et al. 2014): mean body-size, diet (predatory, granivorous, or omnivorous), wing 
morphology (winged, wingless, or dimorphic), eye size (25–50% of head width vs. < 25%). 
We also categorized habitat specialists (dry grassland specialist vs. not) (Gesellschaft für 
Angewandte Carabidologie 2009). These traits were selected in an attempt to span the 
major trait categories advocated by Fountain-Jones et al. (2015) to reflect potential func-
tional links to trophic role and resource use, dispersal, and fecundity. However, some 
traits (e.g., breeding season) are unknown for many species and could not be included. We 
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identified species considered threatened on the most recent Red List of Bavaria (Bayer-
isches Landesamt für Umwelt 2020), including categories 1–3 (threatened with extinction, 
highly endangered, and endangered, respectively). We also included species added to the 
warning list that precedes threatened listing and indicates recognized population declines 
(henceforth ‘threatened species’).

Analyses

For each study site, we pooled all traps and collection dates and calculated total carabid 
beetle activity density, three metrics of taxonomic alpha diversity (species richness, Chao’s 
richness estimator, and Shannon diversity), and a measure of functional trait diversity 
(FDis, functional dispersion, based on body-size, diet, wing morphology, and eye size 
(Laliberté and Legendre 2010)). Each of these response variables was analyzed using a 
general linear model, except total activity density which was analyzed with a quasipoisson 
generalized linear model using the number of trap days (i.e., number of pitfall traps × days 
traps were active) as an offset. Predictor variables were habitat area  (log10-transformed) 
and either management type (mowed vs. grazed) or grazing intensity (i.e., weighted faeces 
density). Models including management type tested differences between mowing and graz-
ing management, and models with grazing intensity examined whether this aspect of graz-
ing management shaped assemblage structure. Mowed sites were not included in models 
examining grazing intensity effects. Residuals were examined graphically for all models to 
ensure validity, all variance inflation factors were < 2, and all models were evaluated with 
"type 2" F-tests in the car package (Fox et al. 2007) in R. FDis was calculated in the FD 
package (Laliberté et al. 2014). Mean differences between mowing and grazing manage-
ment were calculated using the emmeans package (Lenth 2021) after centering study site 
area.

To understand impacts on species of conservation concern, we analyzed threatened spe-
cies activity density and richness using linear and quasipoisson generalized linear models, 
respectively, as for total activity density and richness above. Then we analyzed the propor-
tion of individuals in the assemblages belonging to threatened species, using a (quasi)bino-
mial model, as for trait proportions below.

Next, to determine if particular traits were driving overall assemblage patterns, we 
investigated trait characteristics of the assemblages. For this, we calculated community-
weighted mean body-size, i.e., mean body length of all carabid species at a site, weighted 
by the number of individuals (henceforth: body-size). We also used the proportion of car-
abid individuals in the assemblage at each site that were predatory (vs. granivorous or 
omnivorous), wingless (vs. winged or dimorphic), large eyed (vs. smaller eyed), or dry 
grassland specialist (vs. not). For example, the proportion of predatory carabids was the 
total number of individuals belonging to predatory species at a site, compared to the total 
number of individuals collected at the site. Body-size was analyzed using a linear model, 
but trait proportions were analyzed with binomial generalized linear models. In all cases, 
the proportion data were overdispersed, so we specified quasibinomial error family. Predic-
tor variables were again evaluated with "type 2" F-tests. We tested for residual spatial auto-
correlation in all linear and generalized linear models using Moran’s I, and did not detect 
significant spatial autocorrelation in any case (P > 0.05).

We examined carabid assemblage composition using both taxonomic and functional 
trait beta diversity. Taxonomic compositional dissimilarity was measured with Bray–Cur-
tis dissimilarities using ‘vegdist()’ in the vegan package (Oksanen et al. 2013) on species 
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proportions. Functional beta diversity (trait dissimilarity) was quantified as mean pairwise 
inter-community distance (MPD) using ‘comdist()’ in the picante package (Kembel et al. 
2010), using a Gower distance matrix of traits to describe interspecific variation. Traits 
used were the same five traits as above. We calculated standardized effect-size MPD 
 (MPDSES) to control for richness differences using the trait-shuffling method of Swenson 
(2014). Taxonomic and functional composition relationships to predictors were examined 
using distance-based redundancy analysis (dbRDA) of the taxonomic and trait dissimilar-
ity matrices described above with ‘capscale()’ in vegan, using site area  (log10-transformed) 
and management type as predictor variables, and employing forward selection with dou-
ble-stopping criteria (Borcard et al. 2011). This constrained ordination technique is a flex-
ible adaptation of traditional redundancy analysis that allows a range of distance measures 
(Legendre and Anderson 1999), thus we could apply it to both taxonomic and functional 
data.

Results

We captured and identified 3080 carabid beetles representing 69 species (Tables S1, S2). 
The most abundant species were characteristic representatives of semi-natural grassland 
assemblages in Germany, Microlestes maurus, representing 25% of all captures, Brachi-
nus crepitans at 18% of captures, Harpalus rubripes at 9% of captures, and the threatened 
Carabus cancellatus at 8% of captures. Abundance ranged over two orders of magnitude 
(9–496 beetles per site, mean ± 1 s.e. = 123.2 ± 26.3), and species richness ranged from 5 
to 26 species (mean ± s.e. = 13.5 ± 1.1). Eighteen of the 69 species (26%) were threatened.

There was no significant effect of habitat area or management on total abundance, 
taxonomic diversity, or functional diversity (Tables  2, 3; Fig.  2A, B). Mowing manage-
ment reduced both the richness of threatened species and the proportion of individuals in 
the assemblages belonging to threatened species (Fig.  2C, D). Mowed sites had a mean 
1.0 ± 0.6 threatened species, compared to 2.6 ± 0.28 species in grazed sites (Table  S5). 
Similarly, individuals of threatened species were on average only 2.5 ± 1.5% of assem-
blages at mowed sites versus 27.0 ± 3.9% of grazed sites, and this percent declined with 
habitat area in grazed sites. There was a marginally significant trend for reduced abun-
dance of individuals of threatened species with increasing habitat area in mowed sites as 
well. Within grazed sites, grazing intensity had no effects on overall assemblage structure 
(Table 3), other than a weak trend for a lower proportion of individuals of threatened spe-
cies with increasing faeces density (i.e., grazing intensity). The abundance and proportion 
of threatened carabids declined with habitat area in grazing intensity models.

Management impacts on carabid assemblages were also apparent when examining traits 
of the beetles at each site. Compared to grazing management, mowed sites had reduced 
community weighted mean body-size, lower proportion of wingless (i.e., dispersal limited) 
carabids, and a trend for a lower proportion of dry grassland specialists, but a marginally 
significant increased proportion of predatory carabids (Tables  2, 3, S5). The lower pro-
portion of predatory carabids in grazed, compared to mowed sites was stronger at higher 
grazing intensity, and the proportion of large-eyed carabids also marginally declined with 
grazing intensity, although these patterns could be driven by increased abundance of 
granivorous and small-eyed carabids, respectively, such as Harpalus dimidiatus or Opho-
nus azureus. The proportion dry grassland habitat specialists was marginally significantly 
greater with higher grazing intensity, and habitat area had little effect on traits, except that 
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average body-size declined and proportion dry grassland specialists increased with larger 
area (Table  3). Overall dbRDA model tests for taxonomic and functional beta diversity 
were not significant (taxonomic, F2,22 = 1.02, P = 0.428; functional, F2,22 = 0.85, P = 0.973), 
and forward model selection did not select any of the three predictor variables, indicating 
that taxonomic and functional composition were not related to habitat area or management 
(Fig. 3A, B).

Discussion

Grazing management supported threatened species in semi-natural grassland carabid 
assemblages better than mowing management. Although mowed sites contained carabid 
assemblages with similar abundance, richness, and some trait characteristics as grazed sites 
with comparable habitat area, they did not meet potential goals of sustaining carabid spe-
cies of conservation concern. In grazed sites, assemblages typically comprised larger and 
more wingless species (i.e., dispersal limited species), and possibly more non-predatory 
species than assemblages in mowed sites, but variation in grazing intensity had few addi-
tional impacts. Combined, these results suggest that greater efforts to employ grazing man-
agement in small semi-natural calcareous grasslands are necessary to conserve endangered 
carabid beetles.

Management strategies and effects are not independent of habitat area. Grasslands under 
mowing management were generally small, which is probably why they were less likely 

Table 2  Results of general and generalized linear models analyzing effects of habitat area, and management 
type (grazed vs. mowed) on ground beetle assemblages

Arrows indicate direction of relationship for significantly and marginally significant factors
Bold values indicate P < 0.05, italicized values indicate 0.05 < P < 0.1

Response Habitat area Management type 
(mowed vs. grazed)

F1,22 P F1,22 P

Activity density 0.09 0.773 0.64 0.433
Threatened activity density 1.80 0.194 3.33 0.081 ↓
Taxonomic diversity
Species richness 0.22 0.643 0.05 0.828
Threatened richness 0.11 0.749 4.72 0.041 ↓
Chao richness 0.25 0.625 0.27 0.609
Shannon diversity 1.76 0.199 0.53 0.472
Functional diversity
FDis 0.04 0.838 0.26 0.616
Community traits
CWM body-size 3.50 0.075 ↓ 5.44 0.028 ↓
Proportion predatory 0.01 0.913 4.13 0.055 ↑
Proportion wingless 2.46 0.131 8.70 0.007 ↓
Proportion large eyes 0.05 0.826 2.57 0.123
Proportion dry grassland specialists 2.00 0.172 3.65 0.069 ↓
Proportion threatened 6.84 0.016 ↓ 21.79  < 0.001 ↓
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Table 3  Results of general and generalized linear models analyzing effects of habitat area and faeces den-
sity, as a measure of grazing intensity, on ground beetle assemblages

Arrows indicate direction of relationship for significantly and marginally significant factors
Bold values indicate P < 0.05, italicized values indicate 0.05 < P < 0.1

Response Habitat area Faeces density

F1,22 P F1,22 P

Activity density 0.62 0.443 0.10 0.751
Threatened activity density 5.07 0.039 ↓ 2.94 0.106
Taxonomic diversity
Species richness 0.52 0.481 0.06 0.808
Threatened richness 1.30 0.271 0.65 0.432
Chao richness 0.09 0.765 0.14 0.713
Shannon diversity 0.27 0.613 0.46 0.506
Functional diversity
FDis 0.04 0.836 0.60 0.450
Community traits
CWM body-size 3.16 0.094 ↓ 0.02 0.899
Proportion predatory 0.00 0.977 6.15 0.025 ↓
Proportion wingless 1.15 0.299 1.33 0.265
Proportion large eyes 0.54 0.474 4.00 0.063 ↓
Proportion dry grassland specialists 4.89 0.042 ↓ 3.55 0.078 ↑
Proportion threatened 9.02 0.008 ↓ 4.00 0.063 ↓

to be grazed. Transporting livestock like sheep to a small grassland may not be worth the 
effort for the relatively small amount of forage that would be obtained. Additionally, avail-
able livestock herds are usually rather big due to economic constraints of shepherds and 
livestock farmers. While the mowed sites on average only had a single threatened carabid 
species and few individuals, similarly small but grazed sites were able to support multiple 
threatened species, making up half or more of the assemblages, although this was some-
times due to a particularly abundant species like Carabus cancellatus at one site. In fact, 
the smallest grazed site had the highest richness of threatened species with five species 
recorded. Although the ultimate drivers behind the population declines that lead to the Red 
List classification in threatened categories of species are unknown for most species, it is 
assumed that habitat loss and degradation, due to the elimination of grazing disturbances, 
are one of the main causes. Grazing is predicted to create spatial heterogeneity in vegeta-
tion structure, plant traits, and abiotic conditions (Van Wieren 1995; Kahmen et al. 2002; 
Lyons et  al. 2017), whereas mowing results in increased homogeneity (Lepš 2014) that 
likely provides fewer niches for insects. In England, grazed calcareous grasslands sustained 
two Carabus species of conservation concern, which was attributed to the patchier vegeta-
tion structure created by sheep or cattle than when mowing was used (Lyons et al. 2017). 
Similarly, of the seven Carabus species we recorded across our study sites, six were more 
common or exclusively occurred in grazed grasslands, including two threatened species, C. 
cancellatus and C. ulrichii. Although two threatened species, C. cancellatus and H. dimi-
datus, were widespread or reached high abundances, these two species did not drive the 
overall effects of mowing on threatened abundance on their own. Even when removed from 
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totals individually or together, mowing still reduced threatened species’ abundance and the 
proportion of the assemblage that they represent, and the effects of habitat area and grazing 
intensity (described below) did not qualitatively change (Tables S4, S5).

Larger grazed sites tended to have a lower proportion of individuals of threatened spe-
cies than small grazed sites, a pattern which may be driven by populations of non-threat-
ened species that are able to achieve higher abundances with the greater habitat area. One 
hypothesis to explain this pattern is that larger populations of non-threatened, rather gen-
eralist species could compete with and reduce populations of rare species that are usu-
ally more specialized. When examining only grazed sites, the activity densities of threat-
ened species declined with habitat area. Several species that reached higher densities in 
large sites were granivorous or omnivorous, open habitat generalists, including Harpalus 
affinis, Harpalus rubripes, Ophonus azureus, and Poecilus cupreus. None are categorized 
as threatened on the Red List, and these species may compete for seeds with threatened 
granivores such as H. dimidiatus and H. politus, both of which were more abundant at 
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smaller sites. Additionally, if larger grasslands are more likely to be adjacent to multiple 
habitat types (e.g., forest and crop), that may allow for spillover (Rand et al. 2006) of more 
species (Boetzl et al. 2016; Schneider et al. 2016), including generalist predators that com-
pete with or depredate threatened species (Schneider et al. 2013), in contrast to small sites 
surrounded by fewer other habitat types. However, such negative impacts of spillover are 
probably less likely in larger habitat patches as the ratio between edge area susceptible to 
spillover and core area largely unaffected by spillover decreases with habitat area. The only 
non-threatened predators that reached higher abundances in large sites were small-bodied 
species (Microlestes minutulus and Syntomus truncatellus) that may not be important com-
petitors or predators of threatened carabid beetles. Nonetheless these results suggest that 
using grazing management in smaller grasslands appears particularly important to sustain-
ing threatened carabids, even if it is logistically challenging.

Management effects on the trait characteristics of carabid assemblages were rela-
tively minor, although mowing led to assemblages with, on average, smaller and fewer 
wingless species with limited dispersal ability. Community weighted mean body-size 
in mowed sites was 22% smaller than in grazed sites (mean ± 1 s.e., 6.36 ± 0.58 mm vs. 
8.15 ± 0.69 mm), and individuals of wingless species were 3.8% of mowed assemblages 
(vs. 8.6% grazed) on average. This indicates that mowing management favors species 
that are strong dispersers and colonizers of habitats after disturbances (wingless species 
are generally larger than winged species). This dispersal might also be influenced by 
surrounding calcareous grassland habitat if it increases colonization by dispersal-limited 
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beetles. The two sites that were characterized by a high proportion of wingless beetles 
(FUCH with 53% and MACH with 44% of individuals, in both sites driven largely by 
C. cancellatus) were both grazed and among the sites with the most surrounding cal-
careous grassland habitat (3.8% and 5.7%, respectively). Although there was no strong 
relationship between management and surrounding habitat (see Methods), sites with 
more extensive calcareous grassland in the landscape matrix might be particularly valu-
able for these species, especially the threatened C. cancellatus. Despite management 
effects on size and wing morphology, these trait differences did not translate to large 
differences in functional diversity or functional composition. That is, mowing does not 
select for assemblages characterized by a particular combination of trait values. From 
an ecosystem perspective, this suggests that mowing management can support a car-
abid assemblage that overall covers a similar functional trait space as assemblages in 
grazed sites and potentially provides similar ecosystem services, such as similar lev-
els of arthropod and seed predation. However, these functional roles are more likely 
to be filled by habitat generalists (Rusch et al. 2016) than by endangered dry grassland 
specialists: of the fourteen dry grassland specialist species that we recorded, ten are 
threatened.

Where grazing management occurred, there was surprisingly little effect of graz-
ing intensity, even though there was large variation in intensity based on faeces den-
sity. These results align with a long-term study of grazing effects in Scottish grassland 
and heathland, in which carabid density and diversity did not differ between high- and 
low-intensity sheep grazing (Pozsgai et al. 2022). Grandchamp et al. (2005) found that 
carabid richness and densities increased with grazing intensity in Swiss meadows, and 
similarly, higher grazing intensity increased carabid densities and richness in heathlands 
(García et al. 2009), which the authors attribute to greater structural complexity. How-
ever, both studies focused on other habitat types, and the grazing gradient might have 
been rather different, due to differences in livestock and grazing duration, compared to 
our study sites, which followed typical low grazing intensities of nutrient poor calcare-
ous grasslands in Central Europe. The only effect of grazing intensity in our study was 
a lower proportion of predatory beetles in the assemblage. One possible reason for this 
pattern is that grazing promotes the growth of plants whose seeds supplement granivo-
rous species. Calcareous grasslands managed with sheep grazing had higher seed bank 
densities than mowed grasslands (Jacquemyn et al. 2011), and granivorous carabid bee-
tle populations might respond positively to this food resource.

One limitation our study shares with many others is the focus on the spring activity 
period due to logistical constraints. While most carabid species in the region are spring 
active, the regional species pool also contains some fall and winter active species, 
which are only recorded occasionally in spring assessments. Future studies targeting 
these later species, or preferably whole year assessments where it is logistically feasible, 
would provide important information on species of conservation concern.

In conclusion, although mown sites can support similar species numbers, traits, and 
general carabid assemblage composition than grazed sites, mowing management fil-
ters out threatened species from the carabid beetle assemblages compared to grazing 
management. As the conservation of rare and threatened species is the primary goal 
in semi-natural calcareous grasslands, the additional effort to employ grazing manage-
ment might be justified by the benefit it provides to threatened carabid beetles, espe-
cially in small grassland sites that otherwise may have few or no threatened species 
under mowing management. Our results indicate that even grazing in comparably high 
intensities is preferable to mowing in terms of conservation outcome. Because many 
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of the specialized, threatened carabid beetle species are dispersal limited, species lost 
from local assemblages are hard to regain in reasonable timeframes. Thus, conservation 
action plans should put more emphasis on traditional grazing management of calcareous 
grasslands in order to retain and conserve the remaining diversity and to ensure the suc-
cess and sustainability of conservation efforts.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10531- 022- 02463-0.

Acknowledgements We thank the landowners who permitted access to study sites for sampling. We also 
appreciate critical feedback from the editor and two reviewers that significantly improved the manuscript.

Author contributions NAB, JK, and FAB conceived and designed the study. Data collection was per-
formed by NAB, NS, and FAB. NAB analyzed and wrote the manuscript, with input and comments from all 
authors. All authors read and approved the final manuscript.

Funding This work was supported by an Alexander von Humboldt Foundation Research Fellowship for 
Experienced Researchers, San Diego State University, and the University of Würzburg.

Data availability Assemblage and site data are provided in the manuscript and supplementary tables.

Declarations 

Conflict of interest The authors declare no conflicts of interest with any party.

Research involving human and animal rights Not applicable.

Consent to participate Not applicable.

Consent to publish All co-authors have given consent to publish.

Plant reproducibility Not applicable.

Clinical trials registration Not applicable.

References

Balmer O, Erhardt A (2000) Consequences of succession on extensively grazed grasslands for Central Euro-
pean butterfly communities: rethinking conservation practices. Conserv Biol 14:746–757

Batáry P, Báldi A, Szél G et al (2007) Responses of grassland specialist and generalist beetles to manage-
ment and landscape complexity. Divers Distrib 13:196–202

Bayerisches Landesamt für Umwelt (2020) Rote Liste und Gesamtartenliste Bayern, Laufkäfer und Sand-
laufkäfer Coleoptera: Carabidae. Augsburg

Blake S, Foster GN, Eyre MD, Luff ML (1994) Effects of habitat type and grassland management practices 
on the body size distribution of carabid beetles. Pedobiologia 38:502–512

Boetzl FA, Schneider G, Krauss J (2016) Asymmetric carabid beetle spillover between calcareous grass-
lands and coniferous forests. J Insect Conserv 20:49–57

Bonari G, Fajmon K, Malenovský I et  al (2017) Management of semi-natural grasslands benefiting both 
plant and insect diversity: the importance of heterogeneity and tradition. Agric Ecosyst Environ 
246:243–252. https:// doi. org/ 10. 1016/j. agee. 2017. 06. 010

Borcard D, Gillet F, Legendre P (2011) Numerical ecology with R. Springer, New York
Brudvig LA, Barak RS, Bauer JT et al (2017) Interpreting variation to advance predictive restoration sci-

ence. J Appl Ecol 54:1018–1027

https://doi.org/10.1007/s10531-022-02463-0
https://doi.org/10.1007/s10531-022-02463-0
https://doi.org/10.1016/j.agee.2017.06.010


Biodiversity and Conservation 

1 3

Catorci A, Cesaretti S, Malatesta L, Tardella FM (2014) Effects of grazing vs mowing on the functional 
diversity of sub-Mediterranean productive grasslands. Appl Veg Sci 17:658–669. https:// doi. org/ 10. 
1111/ avsc. 12103

Dengler J, Janišová M, Török P, Wellstein C (2014) Biodiversity of Palaearctic grasslands: a synthesis. 
Agric Ecosyst Environ 182:1–14

Dennis P, Skartveit J, McCracken DI et al (2008) The effects of livestock grazing on foliar arthropods asso-
ciated with bird diet in upland grasslands of Scotland. J Appl Ecol 45:279–287

Diacon-Bolli J, Dalang T, Holderegger R, Bürgi M (2012) Heterogeneity fosters biodiversity: linking his-
tory and ecology of dry calcareous grasslands. Basic Appl Ecol 13:641–653. https:// doi. org/ 10. 1016/j. 
baae. 2012. 10. 004

Elek Z, Drag L, Pokluda P et al (2014) Dispersal of individuals of the flightless grassland ground bee-
tle, Carabus hungaricus (Coleoptera: Carabidae), in three populations and what they tell us about 
mobility estimates based on mark-recapture. Eur J Entomol 111:1–6

Fiedler K, Wrbka T, Dullinger S (2017) Pluralism in grassland management promotes butterfly diver-
sity in a large Central European conservation area. J Insect Conserv 21:277–285. https:// doi. org/ 10. 
1007/ s10841- 017- 9974-2

Fountain-Jones NM, Baker SC, Jordan GJ (2015) Moving beyond the guild concept: developing a prac-
tical functional trait framework for terrestrial beetles. Ecol Entomol 40:1–13. https:// doi. org/ 10. 
1111/ een. 12158

Fox J, Friendly GG, Graves S, et al (2007) The car package. R Found Stat Comput
García RR, Jáuregui BM, García U et  al (2009) Effects of livestock breed and grazing pressure on 

ground-dwelling arthropods in Cantabrian heathlands. Ecol Entomol 34:466–475. https:// doi. org/ 
10. 1111/j. 1365- 2311. 2008. 01072.x

Gesellschaft für Angewandte Carabidologie (2009) Lebensraumpräferenzen der Laufkäfer Deutschlands 
-Wissensbasierter Katalog. Angewandte Carabidologie Supplement

Gibson DJ (2009) Grasses and grassland ecology. Oxford University Press, Oxford
Gobbi M, Fontaneto D, Bragalanti N et al (2015) Carabid beetle (Coleoptera: Carabidae) richness and 

functional traits in relation to differently managed grasslands in the Alps. Ann Société Entomol Fr 
NS 51:52–59. https:// doi. org/ 10. 1080/ 00379 271. 2015. 10600 08

Grandchamp A-C, Bergamini A, Stofer S et al (2005) The influence of grassland management on ground 
beetles (Carabidae, Coleoptera) in Swiss montane meadows. Agric Ecosyst Environ 110:307–317. 
https:// doi. org/ 10. 1016/j. agee. 2005. 04. 018

Guiden PW, Barber NA, Blackburn R et al (2021) Effects of management outweigh effects of plant diversity 
on restored animal communities in tallgrass prairies. Proc Natl Acad Sci USA 118:e2015421118

Hansson M, Fogelfors H (2000) Management of a semi-natural grassland; results from a 15-year-old 
experiment in southern Sweden. J Veg Sci 11:31–38. https:// doi. org/ 10. 2307/ 32367 72

Homburg K, Homburg N, Schäfer F et  al (2014) Carabids.org – a dynamic online database of ground 
beetle species traits (Coleoptera, Carabidae). Insect Conserv Divers 7:195–205. https:// doi. org/ 10. 
1111/ icad. 12045

Humbert J-Y, Ghazoul J, Walter T (2009) Meadow harvesting techniques and their impacts on field 
fauna. Agric Ecosyst Environ 130:1–8. https:// doi. org/ 10. 1016/j. agee. 2008. 11. 014

Jacquemyn H, Mechelen CV, Brys R, Honnay O (2011) Management effects on the vegetation and soil 
seed bank of calcareous grasslands: an 11-year experiment. Biol Conserv 144:416–422. https:// doi. 
org/ 10. 1016/j. biocon. 2010. 09. 020

Janišová M, Michalcová D, Bacaro G, Ghisla A (2014) Landscape effects on diversity of semi-natural 
grasslands. Agric Ecosyst Environ 182:47–58. https:// doi. org/ 10. 1016/j. agee. 2013. 05. 022

Johansen L, Westin A, Wehn S et al (2019) Traditional semi-natural grassland management with hetero-
geneous mowing times enhances flower resources for pollinators in agricultural landscapes. Glob 
Ecol Conserv 18:e00619

Kahmen S, Poschlod P, Schreiber K-F (2002) Conservation management of calcareous grasslands. 
Changes in plant species composition and response of functional traits during 25 years. Biol Con-
serv 104:319–328

Kembel SW, Cowan PD, Helmus MR et al (2010) Picante: R tools for integrating phylogenies and ecol-
ogy. Bioinformatics 26:1463–1464

König S, Krauss J (2019) Get larger or grow longer wings? Impacts of habitat area and habitat amount 
on orthopteran assemblages and populations in semi-natural grasslands. Landsc Ecol 34:175–186

Kormann U, Rösch V, Batáry P et al (2015) Local and landscape management drive trait-mediated biodi-
versity of nine taxa on small grassland fragments. Divers Distrib 21:1204–1217

Krauss J, Steffan-Dewenter I, Tscharntke T (2003) How does landscape context contribute to effects of 
habitat fragmentation on diversity and population density of butterflies? J Biogeogr 30:889–900

https://doi.org/10.1111/avsc.12103
https://doi.org/10.1111/avsc.12103
https://doi.org/10.1016/j.baae.2012.10.004
https://doi.org/10.1016/j.baae.2012.10.004
https://doi.org/10.1007/s10841-017-9974-2
https://doi.org/10.1007/s10841-017-9974-2
https://doi.org/10.1111/een.12158
https://doi.org/10.1111/een.12158
https://doi.org/10.1111/j.1365-2311.2008.01072.x
https://doi.org/10.1111/j.1365-2311.2008.01072.x
https://doi.org/10.1080/00379271.2015.1060008
https://doi.org/10.1016/j.agee.2005.04.018
https://doi.org/10.2307/3236772
https://doi.org/10.1111/icad.12045
https://doi.org/10.1111/icad.12045
https://doi.org/10.1016/j.agee.2008.11.014
https://doi.org/10.1016/j.biocon.2010.09.020
https://doi.org/10.1016/j.biocon.2010.09.020
https://doi.org/10.1016/j.agee.2013.05.022


 Biodiversity and Conservation

1 3

Krauss J, Bommarco R, Guardiola M et  al (2010) Habitat fragmentation causes immediate and time-
delayed biodiversity loss at different trophic levels. Ecol Lett 13:597–605

Kruess A, Tscharntke T (2002) Grazing intensity and the diversity of grasshoppers, butterflies, and trap-
nesting bees and wasps. Conserv Biol 16:1570–1580

Kumm K-I (2003) Sustainable management of Swedish seminatural pastures with high species diversity. 
J Nat Conserv 11:117–125. https:// doi. org/ 10. 1078/ 1617- 1381- 00039

Laliberté E, Legendre P (2010) A distance-based framework for measuring functional diversity from 
multiple traits. Ecology 91:299–305

Laliberté E, Legendre P, Shipley B, Laliberté ME (2014) Package ‘FD.’ Version 1:12
Legendre P, Anderson MJ (1999) Distance-based redundancy analysis: testing multispecies responses in 

multifactorial ecological experiments. Ecol Monogr 69:1–24
Lenth RV (2021) emmeans: estimated marginal means, aka least-squares means. Version Version 1.5.4. 

https:// CRAN.R- proje ct. org/ packa ge= emmea ns
Lepš J (2014) Scale- and time-dependent effects of fertilization, mowing and dominant removal on a 

grassland community during a 15-year experiment. J Appl Ecol 51:978–987. https:// doi. org/ 10. 
1111/ 1365- 2664. 12255

Littlewood NA (2008) Grazing impacts on moth diversity and abundance on a Scottish upland estate. 
Insect Conserv Divers 1:151–160

Lyons A, Ashton PA, Powell I, Oxbrough A (2017) Impacts of contrasting conservation grazing man-
agement on plants and carabid beetles in upland calcareous grasslands. Agric Ecosyst Environ 
244:22–31

Milberg P (1995) Soil seed bank after eighteen years of succession from grassland to forest. Oikos 72:3–
13. https:// doi. org/ 10. 2307/ 35460 31

Mouillot D, Graham NA, Villéger S et al (2013) A functional approach reveals community responses to 
disturbances. Trends Ecol Evol 28:167–177

Müller-Motzfeld G (2006) Band 2, Adephaga 1: Carabidae (Laufkäfer). In: Freude H, Harde KW, Lohse 
GA, Klaunitzer B (eds) Die Käfer Mitteleuropas. Spektrum-Verlag, Berlin, pp 5–302

Negro M, Caprio E, Leo K et al (2017) The effect of forest management on endangered insects assessed 
by radio-tracking: the case of the ground beetle Carabus olympiae in European beech Fagus syl-
vatica stands. For Ecol Manag 406:125–137

Öckinger E, Smith HG (2007) Semi-natural grasslands as population sources for pollinating insects in 
agricultural landscapes. J Appl Ecol 44:50–59. https:// doi. org/ 10. 1111/j. 1365- 2664. 2006. 01250.x

Oksanen J, Blanchet FG, Kindt R, et al (2013) Package ‘vegan.’ Community Ecol Package Version 2
Pakeman RJ, Fielding DA, Everts L, Littlewood NA (2019) Long-term impacts of changed grazing 

regimes on the vegetation of heterogeneous upland grasslands. J Appl Ecol 56:1794–1805. https:// 
doi. org/ 10. 1111/ 1365- 2664. 13420

Poschlod P, WallisDeVries MF (2002) The historical and socioeconomic perspective of calcareous 
grasslands: lessons from the distant and recent past. Biol Conserv 104:361–376

Pozsgai G, Quinzo-Ortega L, Littlewood NA (2022) Grazing impacts on ground beetle (Coleoptera: 
Carabidae) abundance and diversity on semi-natural grassland. Insect Conserv Divers 15:36–47. 
https:// doi. org/ 10. 1111/ icad. 12533

Rand TA, Tylianakis JM, Tscharntke T (2006) Spillover edge effects: the dispersal of agriculturally sub-
sidized insect natural enemies into adjacent natural habitats. Ecol Lett 9:603–614

Ribera I, Dolédec S, Downie IS, Foster GN (2001) Effect of land disturbance and stress on species traits 
of ground beetle assemblages. Ecology 82:1112–1129. https:// doi. org/ 10. 1890/ 0012- 9658(2001) 
082[1112: EOLDAS] 2.0. CO;2

Rusch A, Binet D, Delbac L, Thiéry D (2016) Local and landscape effects of agricultural intensification 
on Carabid community structure and weed seed predation in a perennial cropping system. Landsc 
Ecol 31:2163–2174

Rysiak A, Chabuz W, Sawicka-Zugaj W et al (2021) Comparative impacts of grazing and mowing on the 
floristics of grasslands in the buffer zone of Polesie National Park, eastern Poland. Glob Ecol Con-
serv 27:e01612. https:// doi. org/ 10. 1016/j. gecco. 2021. e01612

Schläpfer M, Zoller H, Korner C (1998) Influences of mowing and grazing on plant species composition 
in calcareous grassland. Bot Helvetica 108:57–67

Schneider G, Krauss J, Steffan-Dewenter I (2013) Predation rates on semi-natural grasslands depend on 
adjacent habitat type. Basic Appl Ecol 14:614–621. https:// doi. org/ 10. 1016/j. baae. 2013. 08. 008

Schneider G, Krauss J, Boetzl FA et al (2016) Spillover from adjacent crop and forest habitats shapes 
carabid beetle assemblages in fragmented semi-natural grasslands. Oecologia 182:1141–1150

Steffan-Dewenter I, Tscharntke T (2002) Insect communities and biotic interactions on fragmented calcare-
ous grasslands—a mini review. Biol Conserv 104:275–284

https://doi.org/10.1078/1617-1381-00039
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1111/1365-2664.12255
https://doi.org/10.1111/1365-2664.12255
https://doi.org/10.2307/3546031
https://doi.org/10.1111/j.1365-2664.2006.01250.x
https://doi.org/10.1111/1365-2664.13420
https://doi.org/10.1111/1365-2664.13420
https://doi.org/10.1111/icad.12533
https://doi.org/10.1890/0012-9658(2001)082[1112:EOLDAS]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[1112:EOLDAS]2.0.CO;2
https://doi.org/10.1016/j.gecco.2021.e01612
https://doi.org/10.1016/j.baae.2013.08.008


Biodiversity and Conservation 

1 3

Tälle M, Fogelfors H, Westerberg L, Milberg P (2015) The conservation benefit of mowing vs grazing 
for management of species-rich grasslands: a multi-site, multi-year field experiment. Nord J Bot 
33:761–768. https:// doi. org/ 10. 1111/ njb. 00966

Tälle M, Deák B, Poschlod P et al (2016) Grazing vs. mowing: a meta-analysis of biodiversity benefits 
for grassland management. Agric Ecosyst Environ 222:200–212

Tscharntke T, Greiler H-J (1995) Insect communities, grasses, and grasslands. Annu Rev Entomol 
40:535–558

Van Wieren SE (1995) The potential role of large herbivores in nature conservation and extensive land 
use in Europe. Biol J Linn Soc 56:11–23

WallisDeVries MF, Poschlod P, Willems JH (2002) Challenges for the conservation of calcareous 
grasslands in northwestern Europe: integrating the requirements of flora and fauna. Biol Conserv 
104:265–273. https:// doi. org/ 10. 1016/ S0006- 3207(01) 00191-4

Warren MS, Hill JK, Thomas JA et al (2001) Rapid responses of British butterflies to opposing forces of 
climate and habitat change. Nature 414:65–69

Wesche K, Krause B, Culmsee H, Leuschner C (2012) Fifty years of change in Central European grassland 
vegetation: Large losses in species richness and animal-pollinated plants. Biol Conserv 150:76–85. 
https:// doi. org/ 10. 1016/j. biocon. 2012. 02. 015

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

Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is 
solely governed by the terms of such publishing agreement and applicable law.

https://doi.org/10.1111/njb.00966
https://doi.org/10.1016/S0006-3207(01)00191-4
https://doi.org/10.1016/j.biocon.2012.02.015

	Grazing conserves threatened carabid beetles in semi-natural calcareous grasslands better than mowing, especially at low intensities
	Abstract
	Introduction
	Methods
	Study sites
	Sampling and traits
	Analyses

	Results
	Discussion
	Acknowledgements 
	References




