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within a 100  m radius. Areas with high tree cover 
(70–100%) favour brachypterous and hygrophilic spe-
cies, whereas areas with reduced tree cover (0–20%) 
favour xerophilic and winged species. Ground bee-
tles’ size and biomass increase with tree cover. 
Wooded pastures are an important ecotone, ensuring 
a gradual change of land-use systems between open 
areas and forests, where a wide range of species from 
both land-use systems are found. These semi-natural 
systems are important for the conservation of ground 
beetles.

Keywords  Pitfall traps · Silvopastoralism · 
Agroforestry · Land-use systems · Carabidae · Nature 
conservation

Introduction

Semi-open areas exist in all regions of the world 
where woody plant growth is possible. The origin 
of these environments can be the result of biotic 
(mainly animal grazing) or abiotic factors (Hartel and 
Plieninger 2014). In Europe, certain semi-open areas 
resulting from human activity are called wooded pas-
tures. They are one of the oldest land-use systems on 
the continent, being known since the Neolithic period 
(Hartel et al. 2013). Wooded pastures are distributed 
across different biogeographical regions of Europe, 
but more abundantly in the Mediterranean or east-
ern regions and less frequently in Central Europe 
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(Plieninger et  al. 2015). In the Jura mountain range, 
wooded pastures represent a transition zone (saltus) 
between the cultivated areas (ager) around the vil-
lages and the forests (sylva) (Gallandat et  al. 1995). 
These wooded pastures are also a common feature 
of Jura culture and serve as a place of relaxation and 
recreation in all seasons (Buttler et  al. 2012). This 
biotope’s type is largely shaped by pastoral and for-
estry activities and is sometimes referred to as a semi-
natural habitat (Roellig et al. 2016). Depending on the 
intensity of these two activities, wooded pastures vary 
from sparsely to densely wooded (Mosquera-Losada 
et  al. 2009) and from extensive to intensive agricul-
tural management. Consequently, there is no single 
type of wooded pasture, but a multitude depending on 
the management and abiotic factors (Gallandat et al. 
1995).

Wooded pastures are characterised by the presence 
of scattered trees that represent keystone structures 
in an agricultural land, essential for a wide range of 
organisms (Fischer et  al. 2010). For example, old 
and large trees with dendromicrohabitats provide the 
configuration and distribution of diverse ecological 
niches (Stein et al. 2014) for many groups of species 
(Larrieu and Cabanettes 2012) such as birds, bats, 
small terrestrial mammals (rodents such as glirids and 
predators such as mustelids), amphibians and inver-
tebrates (spiders, beetles, wasps) (Bütler et al. 2012). 
As a consequence, these semi-open environments 
may host more varied floristic and faunistic commu-
nities than more homogeneous habitats such as open 
pastures or closed forests (Gillet and Gallandat 1996). 
The meta-analysis by Torralba et  al. (2016) demon-
strates that European agroforestry, including silvopas-
toralism in wooded pastures, generally enhances bio-
diversity compared to alternative land-use systems 
(e.g. forests or pastures). In southern Transylvania, 
Hartel et  al. (2017) showed a greater specific and 
functional richness in bird communities in wooded 
pastures as opposed to forest and open lands. On 
the other hand, the meta-analysis by Mupepele et al. 
(2021) did not reveal any overall beneficial effects of 
wooded pastures compared with forests or pastures. 
Although semi-open environment is considered as 
an ecotone and fosters habitat heterogeneity, allow-
ing both open and forest species to coexist (Díaz al. 
2013), it might also be perceived as habitat fragmen-
tation depending on the spatial scale of structure vari-
ability and the group of organisms (Tews et al. 2004).

In the Swiss Jura mountains, extensive studies 
have been conducted on plant associations (Gallandat 
et al. 1995). More specifically, microhabitat variabil-
ity and configuration characterised by tree cover and 
altitude positively influence ground vegetation diver-
sity (Dufour et al. 2006). In Switzerland, wooded pas-
tures are mainly used to graze cattle during summer. 
The structure of woody vegetation on the pastures 
is therefore strongly influenced by livestock activity 
(Vandenberghe et  al. 2007). There exists a complex 
dynamic between cattle browsing and tree regenera-
tion (Peringer et al. 2016). A balanced grazing pres-
sure is therefore necessary to insure sustainability of 
wooded pastures and to conserve their richness in 
terms of habitats and species diversity (Gillet 2008). 
Indeed, studies have raised awareness concerning 
the risk in losing such systems due to the separation 
between grazed lands and closed forests (Chételat 
et al. 2013). Therefore, in Switzerland subsidies exist 
to encourage farmers to exploit pastures in exten-
sive ways. These are called Biodiversity Promotion 
Areas (RO 2013 4145 2013), which consist of por-
tions of land that present rich botanical communities 
that farmers undertake to maintain through restricted 
grazing pressure and fertiliser use. Moreover, there 
exists an inventory of important dry grasslands and 
pastures for the whole Switzerland which are pro-
tected (Dipner et  al. 2010). A noticeable portion of 
wooded pasture in the Jura mountains is composed of 
these dry pastures. The structural and abiotic condi-
tions created by the Biodiversity Promotions Areas 
(BPA) and the dry grasslands and pastures provide 
essential resources such as food, breeding and over-
wintering areas and is beneficial for the conservation 
of several groups of organisms, such as plants, birds 
and butterflies (Zingg et al. 2019; Ravetto Enri et al. 
2020), although the effects remain unknown for many 
groups of invertebrates, such as ground beetles.

There are several reasons for focusing on ground 
beetles. First, they play a fundamental role in eco-
systems, both as an important source of food for 
many vertebrates, such as mammals (Thiele 1977), 
birds (Larochelle 1980) and herpetofauna (Holland 
2002), and as predators of eggs and larvae of many 
other invertebrates (Holland 2002), while certain spe-
cies feed on seeds of different weed. Hence, ground 
beetles influence multiple trophic groups through 
bottom-up and top-down processes. Second, ground 
dwelling carabids are among the best known insects, 
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compiling a wealth of data and information, which 
makes them a good model group for biological stud-
ies (Kotze et al. 2011). Third, they exhibit a high sen-
sitivity to environmental changes (types of exploita-
tion or management, soil disturbance, renaturation) 
and their rapid response make them good indicators 
of the quality of their biotopes (Rainio and Niemelä 
2003; Avgın and Luff 2010), at various spatial (Koi-
vula 2011) and temporal scales.

Depending on their ecological preferences, some 
species (generalists) are able to colonise a large num-
ber of habitats, while others (specialists) are only 
found in very specific habitats (Rainio and Niemelä 
2003). The degree of specialisation of species in rela-
tion to their habitats and their role in the ecosystem is 
reflected by the expression of ecological traits (Kotze 
et al. 2011; Tilman et al. 2014). Ecological traits are 
evolutionary adaptations reflecting the environmen-
tal conditions, measured at the level of the individu-
als and affecting their performance in an environment 
(Violle et al. 2007).

The composition of Carabidae communities is 
strongly influenced by microclimatic factors, in par-
ticular by temperature, moisture and shade (Thiele 
1977) and habitat structure (Taboada et  al. 2008). 
Forest cover therefore plays a major role in the dis-
tribution of carabid beetles (Jukes et  al. 2001; Van-
bergen et  al. 2005; Söderström et  al. 2001). Natu-
ral disturbances (storms, fires, etc. see for example 
Bouget and Duelli 2004) and human disturbances 
(logging) that modify the forest cover therefore have 
a major impact on ground beetle communities. For 
example, clear-cutting drastically alters the composi-
tion of the carabid fauna present (Thiele 1977). The 
large and specialised species are the most sensitive to 
disturbance (Lövei and Sunderland 1996; Halme and 
Niemelä 1993), and are often found in forest environ-
ments (Langraf et al. 2017).

Although carabid communities in forest and open 
environments have long been studied in Europe (see 
for example Thiele 1977; Butterfield et  al. 1995), 
semi-open environments such as wooded pastures 
have been the subject of very few studies (Talvi 
1995; Söderström et al. 2001; Vanbergen et al. 2005; 
Taboada et  al. 2006a,b), and even fewer in Central 
Europe (Eggers et al. 2010; Boutaud et al. 2022).

Here, we chose ground beetles as a model group 
of species to explore community composition and 
diversity within wooded pastures in Switzerland. 

We included two other land-use systems that are 
frequently found in the region, open pastures and 
forests, in order to represent the full gradient of 
tree cover. Our objective was to investigate (1) how 
ground beetle communities differ between the dif-
ferent land-use systems, (2) in relation to which 
environmental variables? And consequently, (3) 
what are the resulting differences in ecological 
traits (wing morphology, moisture preference, and 
average body size)? We first investigated differences 
in ground beetle communities between wooded 
pastures and the two other land-use systems. We 
hypothesised that:

	 i.	 Wooded pastures harbour a large proportion of 
the carabid communities of neighbouring grass-
lands and forests, with the exception of a few 
specialised species.

	 ii.	 Ground beetle species diversity indices (i.e. 
based on richness, Hill-Shannon and Hill-Simp-
son indices) and biomass are higher in wooded 
pastures than in forests and non-wooded pas-
tures due to higher heterogeneity, and are influ-
enced by environmental factors (tree cover, dry 
grasslands and pastures and Biodiversity Pro-
motion Areas) hereafter referred to as “environ-
mental variables”.

Finally, we tested the relationship between the 
same environmental variables and a set of impor-
tant functional traits of ground beetles. The fol-
lowing traits were selected: (a) wing morphology 
as indicator of dispersal ability in relation to the 
degree of environmental disturbance (Gobbi et  al. 
2007), with species adapted to unstable conditions 
generally have better dispersal capacity (Niemelä 
2001) than species in more stable environments; (b) 
moisture preference (hygrophilic, mesophilic, xero-
philic, steno-hygrophilic, mesophilic-hygrophilic) 
as indicator of hygrometric characteristics between 
sites; (c) average body size (in mm) as indication of 
ground beetle mass. We hypothesised that (iii) spe-
cies in the most open and dynamic environment (i.e. 
low tree cover, high BPA and dry grasslands) will 
have good dispersal capacities, be xerophilous and 
small in size, while species in more closed and sta-
ble environments (i.e. high tree cover, low BPA and 
dry grasslands) will be less mobile, hygrophilous 
and large in size.
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Material and methods

Study area and sample design

This study was conducted in the Jura mountains of 
the canton of Neuchâtel in Switzerland (Fig.  1a). 
The altitude of the study sites was between 1037 
and 1436  m. 29 collection sites with a minimum 
distance of 200  m were distributed in three differ-
ent land-use systems (forests, pastures with little or 
no tree cover and wooded pastures) were studied 
(Table S1). The categorisation of these three land-
use systems was done using the phytocenosis typol-
ogy of Gallandat et  al. (1995): 0–20% tree cover 
indicates “pastures with little or no trees” (NWP), 
20–70% indicates “wooded pastures” (WP) and 
70–100% tree cover indicates “forests and grazed 

wood” (F). The percentage of tree cover was calcu-
lated within 100  m radius of the trap centroid for 
each study site using aerial remote sensing data 
(LIDAR). The choice of the 100 m radius and mini-
mum distance between sites was chosen according 
to previous studies (Söderström et al. 2001; Mcadam 
et al. 2007, Müller and Brandl 2009; Lindberg et al. 
2015). These LIDAR data were derived from the 
2016 individual tree layer (30 pt/m2) and the 2018 
forest cover layer (15 pt/m2) of the Canton of Neu-
châtel (Données cartographiques du SITN, Service 
de la Géomatique et du Registre Foncier 2023). The 
forests of our study sites were mainly composed of 
beech tree and some conifers, which is related to the 
phytosociological classifications Abieti-Fagenion or 
Lonicero-Fagenion (Delarze et  al. 2015). WP and 
NWP collections sites were at a minimum distance 

Fig. 1   Illustration of the study design. a location of the can-
ton of Neuchâtel within Switzerland. b distribution of the 29 
study sites (see Table S1 for details) across this canton (forests 

and grazed wood (F) in brown, pastures with little or no trees 
(NWP) in yellow and wooded pastures (WP) in green). c pitfall 
trap used in this study. (Color figure online)
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of 100 m from forest edges. The distances between 
NWP sites and WP sites were ranging between 10 
and 100 m, with the majority of the distances being 
of 100  m and one extremely short distance being 
of 10 m (see Fig. S1 in the supplementary material 
for the histogram of the distances between WP and 
NWP sites). These distances were chosen according 
to scales used in previous studies (Söderström et al. 
2001; Mcadam et al. 2007, Müller and Brandl 2009; 
Lindberg et al. 2015).

In each of the 29 study sites (5 F, 8 NWP, 16 WP; 
Fig. 1c), 3 pitfall traps were set up in a triangle. The 
distribution of traps by land-use system was unbal-
anced, because the main focus of the study was car-
abid’s species assemblages and diversity in wooded 
pastures. We incorporated NWP and F sites to have 
representations of land-use systems to cover the full 
gradient of tree cover. Each trap was constituted 
of two cups (of diameter of 73  mm and a height of 
117  mm) nested in each other to keep the shape of 
the hole and to avoid partial backfilling during the 
surveys. A roof was created with a saucer of 120 mm 
diameter and supported by a wire to avoid overflow in 
case of rain and plant debris in the traps (Spence and 
Niemelä 1994) (Fig.  1b). The trap container, filled 
to 2/3, was salt-saturated water, with a few drops of 
odourless detergent to reduce surface tension (Car-
bonne et  al. 2020). Each trap was spaced 1 m apart 
and surrounded by a fence, sometimes electrified, to 
prevent destruction by livestock as much as possi-
ble. The traps were set on 26th-27th May 2022 and 
removed on 1st-2nd September 2022. Traps were 
emptied at two-week intervals, i.e. seven trap col-
lections in total. The three traps at each study site 
were pooled into a single sample during each sur-
vey. Livestock damage to the traps resulted in a cer-
tain amount of missing data, i.e. 9.2% of the surveys 
(22/203 surveys) could not be completed. The con-
tent of the traps was then preserved in a 70% alcohol 
solution. Trapped ground beetles (Carabidae family) 
were identified to species level using the identifica-
tion keys of Freude et al. (2006). After identification, 
the insects were dried in an oven at 60 °C (Lindroth 
et  al. 1993) for approximately 24  h (Hódar 1996), 
although other methodologies use a shorter drying 
time (Hausmann et al. 2022). The dried insects were 
then weighed using a JB803-C Caratbalance. To 
obtain an average biomass value for each site, the dry 
mass of insects was then summed up and divided by 

the actual number of surveys in each site (7 or less, 
depending on the number of missing surveys due to 
damaged traps).

Environmental variables and ecological traits

The variables tree cover (TC), Biodiversity Promo-
tion Areas (BPA), dry grasslands and pastures (DGP) 
were calculated by percentage cover in the study 
sites. BPA and DGP are categories derived from the 
Swiss agricultural management policy. All these data 
were provided by the canton of Neuchâtel through 
spatial information layers (Données cartographiques 
du SITN, Service de la Géomatique et du Registre 
Foncier 2023). The area (in m2) of these variables 
was calculated within a radius of 100  m around the 
trap centroid for each study site using QGIS (version 
3.26) (Table S1). A Pearson correlation test using the 
“Spearman” method was carried out and the vari-
ables considered were significantly uncorrelated. Rho 
of BPA and DGP is 0.3861668 and P value = 0.039. 
Ground beetles’ ecological traits, valid in Switzer-
land, were extracted from Klaiber et  al. (2017). The 
wing morphology trait included the following levels: 
wingless, brachypterous, dimorphic and macropter-
ous. For statistical analysis, brachypterous and wing-
less were grouped together as these two trait levels 
provide the same movement abilities.

Statistical analysis

All statistical analyses were done with R (version 
4.2.1) (Rstudio Team 2022) and most graphs were 
performed with the ggplot2 package (version 3.4.0) 
(Wickham 2016).

We first explored the differences in species compo-
sition and diversity across the different land-use sys-
tems. The representation of the species that are shared 
among the different land-use systems was done using 
the Euler diagram of the “eulerr” package (version 
7.0.0). A chi-square test was performed to check for 
similarities in species compositions between WP and 
NWP plus F, as this method is well-suited for unbal-
anced data (Gopi et al. 2016). The chi-square matrix 
compared the expected species assemblage according 
to H0 (no species should be common between WP 
and NWP plus F) and the observed species assem-
blage. Non-metric multidimensional scaling (NMDS) 
was used to display carabid beetle assemblages. The 
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NMDS was computed using Horn similarity index 
(Horn 1966), as it is sensitive to rare species in 
assemblages and it is suitable for differences samples 
densities (Jost et al. 2011). The analysis was run with 
the package vegan (version 2.6-4) (Oksanen et  al. 
2022).

Total species diversity (gamma diversity) indices 
for each land-use system were computed by combin-
ing species abundance matrix per land-use type and 
rarefying according to sample size. The reference 
value for the sample size was chosen as the land-use 
with the fewest ground beetles, namely NWP with 
257 individuals. We used the estimateD function in 
the iNext library (version 3.0.0) (Hsieh et al. 2016) to 
determine diversity indices by rarefaction and extrap-
olation for the three land use systems. We followed 
the methodology by Hill (1973) that provides unified 
diversity indicators with proportional abundance on 
the same scale, also called “effective number of spe-
cies”. We calculated species diversity with Hill num-
bers q = 0, 1, 2 that are based on species richness, 
Shannon and Simpson diversity, respectively (Chao 
et al. 2014). Species richness is more sensitive to the 
presence of locally rare species, whereas Simpson 
favours the presence of dominant species, and Shan-
non favours neither of both. We weighted the average 
biomass per study site, accounting for the number of 
valid surveys only. The average body size was calcu-
lated by adding the respective average body size of 
the individuals per site, then this sum was divided by 
the total number of individuals at the specific site.

Second, we focused on alpha diversity, within 
study sites. The response variables of our study were: 
species richness, Hill-Shannon, Hill-Simpson, bio-
mass and average body size. For all 29 sites studied, 
the three diversity estimates (richness, Hill-Shannon, 
Hill-Simpson) were rarefied according to the study 
site with the lowest number of individuals. Each of 
these response variables were then entered into a lin-
ear model and related to TC, DGP and BPA as the 
explanatory quantitative variables. As the forest sites 
contained very few DGP and BPA by definition, we 
applied our model with and without the 5 F sites to 
account for potential confounding factors between 
the land-use type and the environmental variables. 
To account for the hierarchical nature of our design 
(collection sites being paired within study sites), we 
applied mixed effect models with sites as a random 
factor. Since the random factors were not significant, 

we applied simple linear models (without the ran-
dom factor). For transparency, both types of models 
are presented in the supplementary tables (Table S4 
to S5) but only simple models are discussed in the 
text. We tested for outliers using the outlierTest func-
tion in the car library (version 3.1-1). Consequently, 
sites 12_B (WP), 20_A (WP) were found to be outli-
ers in linear biomass model, and Hill-Simpson model 
respectively, and excluded from the analysis. We 
checked model assumptions (normality, heterosce-
dasticity, linearity of the residuals) using the package 
"performance" and qqplots (version 0.10.1) (Lüdecke 
et  al. 2021). All models fulfilled the assumptions 
(except for the model of carabid biomass, with study 
site as random effect and excluding forest sites, but 
which is not presented in the text). Finally, we tested 
for correlation between explanatory variables using 
VIF values with the function vif in the car package 
(version 3.1.1) and considering a VIF value of 5 as 
a threshold for correlation (James et al. 2013). In all 
the models, no explanatory variable was correlated. 
A Kruskal–Wallis test with the “Bonferroni” adjust-
ment method was performed to compare the biomass 
between the 3 land-use systems (F, NWP, WP). Site 
12_B was removed, as it showed some disparity 
graphically and was significant in the grubbs.test of 
the outliers package (version 0.15) (Komsta 2022).

A Redundancy Analysis (RDA) was performed 
on ecological traits (wing morphology and moisture 
preferences) of ground beetles including environ-
mental variables, followed by an ANOVA. Study 
site 12_B was removed from the dataset because of 
outlier characteristics. While there is no formal and 
widely accepted definition of an outlier in principal 
component analysis, here outliers have been detected 
visually following previous recommendations (Jol-
liffe 2002).

Results

Carabid assemblage

In total, 1710 individuals of 57 species were caught, 
ten of which are threatened in Switzerland (Table S2). 
48 species were found in WP, 34 in NWP and 22 in F 
(Table  S2, Table  S3). 88% of the NWP species and 
68% of the F species were found in wooded pastures. 
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The number of species observed exclusively in F is 3, 
6 in NWP and 11 in WP (Fig. 2).

Results from the chi-square test indicate that 
wooded pastures significantly include species that 
are present in F and NWP (χ2 = 36.923, df = 2, 
P < 0.001). Representations from the NMDS indicate 
that ground beetle communities (including species 
abundance) in the NWP and F were relatively simi-
lar to those in the WP as shown by the WP ellipse 
encompassing mostly NWP and F communities 
(Fig. 3). Note that ground beetle NWP communities 
tend to be closer in the NMDS to sparsely wooded 
pastures (20–30% of TC) than to pastures with high 
tree cover (> 50% of TC), and vice versa for forest 
communities.

Diversity parameters and biomass

Diversity indices

Diversity indices including species richness (q = 0), 
Hill-Shannon index (q = 1) and Hill-Simpson index 
(q = 2) are the lowest in the F land-use system com-
pared to NWP and WP (Fig.  4). Because the 95% 

confidence intervals do not overlap at 257 individuals 
(i.e., the reference level), the rarefied diversity indi-
ces are significantly different between F compared to 
NWP and WP. These differences remain significant 
regardless of the diversity index (with q = 0, q = 1 and 
q = 2), i.e. when differentially accounting for relative 
abundances of species. On the other hand, diversity 
indices in NWP and WP are not significantly different 
(confidence intervals overlap at the reference level).

The linear models showed that the Biodiver-
sity Promotion Areas (BPA) variable had a positive 
effect on the three diversity indices (Fig. 5). However, 
BPA effect was only marginal on species richness 
(q = 0) (df = 3, F-value = 1.822, R-squared = 0.179, P 
value = 0.101) and on the Hill-Simpson index (q = 2) 
(df = 31, F-value = 1.2653.175, R-squared = 0.13608, 
P value = 0.109086). The effect of BPA was close 
to significance on the Hill-Shannon index (q = 1) 
(df = 3, F-value = 2.283, R-squared = 0.215, P 
value = 0.0862), and marginally related to Hill-Simp-
son index. The estimates and coefficients obtained 
from these three linear models are presented in the 
supplementary material (Table  S4). Linear mod-
els excluding forest land-use system showed similar 

Fig. 2   Euler diagram with three coloured circles representing 
the three land-use systems: Wooded pastures (green), Non-
wooded pastures: pastures with little or no tree (yellow) and 
Forests and grazed wood (brown). The numbers in the disjoint 
sets (non-overlapped circles) indicate the total number of spe-
cies per land-use system. The intersection of the sets (overlap-

ping circles) indicate the number of species common to two 
or three land-use systems. The species mentioned in the land-
use systems refer to threatened ground beetles according to 
the Swiss red list (Chittaro et al. 2024, in press). (Color figure 
online)
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results, although the effects were weaker. The esti-
mates and coefficients obtained from these supple-
mentary models are presented in the supplementary 
material (Table S4 to S5).

Carabid biomass

Linear regression showed that the increase of 
tree cover significantly enhanced the ground bee-
tle biomass (Fig.  6a). (df = 3, F-value = 12.71, 
R-squared = 0.613, P < 0.001). Forests had a sig-
nificantly higher ground beetle biomass than WP 
and NWP (Kruskal–Wallis, χ2 = 11.01, P < 0.01) 
(Fig. 6b). No valid model could be found for carabid 

biomass when excluding forest study sites, even 
when excluding outliers or transforming response or 
explicative.

Ecological traits

Wing morphology

The measured environmental variables (TC = tree 
cover, BPA = Biodiversity Promotion Areas, 
DGP = dry grasslands and pastures) explained 
30.41% of the variation in the composition of carabid 
wing morphologies across the study sites. Wing mor-
phology was significantly influenced by TC (df = 1, 

Fig. 3   Non-metric multidimensional scaling ordination of 
the 29 ground beetle assemblages. The colour indicates the 
land-use system (brown, F = forests and grazed wood; yellow, 
NWP = pastures with little or no trees; green, WP = wooded 
pastures). The size of the dots indicates the surface of tree 

cover in each study site. The ellipses are the 95% confidence 
interval drawn around the centroid for each land-use type. 
Stress value for the analysis is 0.16 for the reduced dimensions 
of k = 2. (Color figure online)
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F-value = 9.776, P < 0.001). The variable DGP had 
no significant influence on this ecological trait (df = 1, 
F-value = 0.241, P > 0.05), idem for variable BPA 
(df = 1, F-value = 0.467, P > 0.05). Individuals with 
reduced wings (i.e. brachypterous and wingless spe-
cies) were associated with a high tree cover, whereas 
individuals with developed wings (i.e. macropter-
ous species) were associated with low tree cover. 
(Fig. 7a).

Moisture preference

The measured environmental variables explained 
25.49% of the variation in the composition of 

carabid moisture preference across the study 
sites. Moisture preference of ground beetles was 
significantly influenced by tree cover (df = 1, 
F-value = 6.698, P < 0.001). The variable DGP 
did not influence this ecological trait (df = 1, 
F-value = 1.074, P > 0.05), idem for variable BPA 
(df = 1, F-value = 0.440, P > 0.05). The species 
with hygrophilic tendency was associated with 
increasing tree cover. In contrast, the species with 
xerophilic tendency were associated with a high 
proportion of both BPA and DGP in a 100 m radius 
(Fig. 7b).

Fig. 4   Rarefaction (solid line) and extrapolation (dashed line) 
curves with the 95% confidence intervals for the three Hill 
number species diversity indices (left to right: Richness, Hill-
Shannon index, Hill-Simpson index). Forests and grazed wood 
(F) are represented in brown, pastures with little or no trees 

(NWP) are represented in yellow and wooded pastures (WP) 
are represented in green. The symbols represent the observed 
diversity indices, i.e. diversity indices at the total number of 
individuals sampled per land-use system. The x-axis represents 
the number of individuals and the y-axis the diversity index
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Average body size

Linear regression shows that the average body 
size of individuals was positively related to tree 
cover (df = 3, F-value = 12.71, R-squared = 0.613, 
P < 0.001). In general, larger ground beetles were 
increasingly present as tree cover increases, and 
conversely, smaller ground beetles were increas-
ingly present as tree cover decreases (Fig.  8). The 
estimates and coefficients obtained from these sup-
plementary models are presented in the supplemen-
tary material (Table  S4 and S5).  On average, the 
largest individuals were found in F, followed by WP 
and finally NWP.

Discussion

Carabid assemblage

The results show that the species assemblage of 
ground beetles in wooded pastures includes a large 
number of species common to both forests and non-
wooded pastures. Hypothesis (i) is thus confirmed 
since ground beetle communities in wooded pastures 
largely encompass grassland and forest communities. 
Our study confirms similar results obtained by Bou-
taud et al. (2022) in Germany and by Talvi (1995) in 
Estonia. Our results also corroborate those obtained 
in the tropics by Ariza et  al. (2021). Indeed, early 

Fig. 5   Scatterplots showing the relationships between the 
explanatory variables, Biodiversity Promotion Areas and 
the three response variables, the three Hill number for spe-
cies diversity indices: a richness (q = 0), b Hill-Shannon 
index (q = 1) and c Hill-Simpson index (q = 2) rarefied at 

257 individuals. Land-use systems are described by dots of 
three different colours (brown = forests and grazed wood 
(F), yellow = pastures with little or no trees (NWP) and 
green = wooded pastures (WP)). (Color figure online)
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successional habitats in Colombia, having undergone 
agricultural abandonment between 3 and 7 years, pre-
sented an assemblage of communities that overlapped 
with pasture and forest communities. The early suc-
cessional habitat would be a mixed environment 
grouping together ecological elements of pastures and 
forests, thus a heterogeneous environment that could 
be exploited by a subset of ground beetle species.

According to our results, it appears that the 
wooded pastures of the Jura mountains act as a transi-
tion zone between forests and non-wooded pastures. 
Ground beetle communities in WP tend towards 
grassland assemblages when the semi-open area is 

sparsely wooded. In contrast, WP tend towards a for-
est assemblage when they have a higher cover of trees 
(> 50% of TC). The heterogeneity of the WP, there-
fore, results in the assemblages of certain species that 
are usually found in different environments. Similar 
results for the family Geotrupidae have shown that 
wooded pastures support a dung beetle assemblage 
that is transitional between F and NWP assemblages 
(Somay et al. 2020).

Wooded pastures probably also allow improved 
connectivity between neighbouring land-use systems, 
resulting in easier exchange of certain individuals 
between habitats. The exchange of individuals would 

Fig. 6   a Scatterplot showing the relationship between carabid 
biomass and tree cover. The land-use systems are described 
by dots of three different colours: brown = forests and grazed 
wood (F), yellow = pastures with little or no trees (NWP) and 
green = wooded pastures (WP). The size of the dots indicates 
the surface of the tree cover of the study sites as defined in the 

graph legend. b Boxplot representing ground beetle biomass 
for the three land-use systems. Interquartile range and extreme 
values are indicated for each land-use system. The significance 
level between land-use systems is indicated by asterisks (** for 
P < 0.005 and * for P < 0.05). (Color figure online)
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be reduced in a steep interface (Eycott et  al. 2012) 
from F to NWP, without WP ensuring the transi-
tion between land-use systems, many forest species 
being reluctant to cross open areas (Riecken and 
Raths 1996). Eggers et  al. (2010) have effectively 

demonstrated that semi-open corridors, resembling 
wooded pastures, allow certain forest carabid species 
to migrate and guarantee a connection across open 
and forested areas. This is particularly important for 
forest species, which are more likely to be affected by 

Fig. 7   Two redundancy analysis triplot plots showing the rela-
tionship between environmental variables in blue, ground bee-
tle communities in green and ecological traits in red: moisture 
preference (a) and wing morphology (b). The 29 study sites in 

green are abbreviated by a number and a letter (see Table S1). 
TC tree cover, BPA biodiversity promotion areas, DGP dry 
grasslands and pastures. (Color figure online)

Fig. 8   Scatterplot showing the relationship between tree den-
sity and average body size of ground beetles. Land-use systems 
are described by points of three different colours: brown = for-

ests and grazed wood (F), yellow = pastures with little or no 
trees (NWP) and green = wooded pastures (WP)
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habitat fragmentation than open-area species, which 
generally have better dispersal capacities (Niemelä 
2001).

A substantial proportion of ground beetles were 
found in wooded pastures, which otherwise only exist 
in F or NWP. Thus, the 48 ground beetle species col-
lected in the wooded pastures of our study represent 
14% of the 342 species of native carabid beetles to 
the Swiss Jura Arc (info fauna 2023). If we consider 
all the wooded pastures in the Jura Arc, and not just 
those in the canton of Neuchâtel where this study 
was carried out, this percentage should even increase 
slightly, making wooded pastures an environment 
used by many ground beetle species. Some rare and 
threatened species are also concerned, as five spe-
cies on the red list (Chittaro et al. 2024, in press) have 
been found in the WP.

Nevertheless, some species were only found in 
NWP and F, indicating that some stenoecious spe-
cies cannot tolerate a semi-open environment, like 
wooded pastures. Structural attributes of vegetation 
(plant strata) that create environmental heterogeneity, 
valued by a wide range of species, may be perceived 
by other species as fragmentation of their habitat 
(Tews et  al. 2004). Fragmentation can cause disrup-
tion of key biological processes, such as dispersal 
and resource acquisition (Saunders et al. 1991). This 
habitat discontinuity favours generalist species at the 
expense of specialist species of adjacent land-use sys-
tems (Lövei et al. 2006), making wooded pastures not 
suitable for the preservation of strict open and forest 
specialist species.

Diversity parameters

We cannot confirm the research hypothesis (ii), 
but we have nevertheless shown that WP and NWP 
have equivalent total (gamma) diversity indices, and 
that both have significantly higher gamma diver-
sity indices than F. However, the diversity indices 
are non-significantly different between WP and 
NWP. These observations are consistent regard-
less of whether the relative abundances of species 
are considered, i.e. accounting mainly for common 
species (as with Hill-Simpson) or also for locally 
rare species (as with species richness). Further-
more, the asymptotes were already tending towards 
horizontality when considering relative abundances 
of species (with Hill-Shannon and Hill-Simpson), 

indicating that sampling efforts were sufficient for 
capturing the entire community of the common spe-
cies in the three land-use systems. In general, open 
pastures and wooded pastures in the study area con-
tain twice as many “effective numbers of species” 
than forests (based on Hill-Shannon). Because our 
methodology captured carabid beetles for more than 
3  months, observations of several individuals in 
the same place indicate that they are likely in their 
habitat. However, we cannot rule out the possibility 
that a species observed only once in a place was not 
in its habitat, which is one of the reasons why we 
rely on the effective number of species instead of 
species richness.

The variable “Biodiversity Promotion Areas” is 
positively related with the local (alpha) diversity 
indices, in our study sites. Although significance was 
marginal for species richness and Hill-Simpson, and 
only close to significance for Hill-Shannon when con-
sidering the significance threshold at 0.05. Due to our 
very small sample size, we believe that marginal sig-
nificance can be considered as an interesting effect as 
p values are very dependent on sampling size (Sul-
livan et Feinn 2012). Excluding the forest category 
that contained almost no BPA by definition changes 
slightly the strength of the results (effect of BPA on 
species richness is no longer significant) although the 
overall patterns remain unchanged. This confirms the 
result of Aviron et  al. (2009) who showed that sev-
eral taxa including ground beetles benefit from these 
environmental promotion measures in Switzerland, 
both in terms of species richness and species assem-
blage. These areas also improve ecosystem services 
such as pollination and natural pest control (Tschumi 
et  al. 2016). Concretely, several extensive agricul-
tural measures (Article 59 of the national direct pay-
ments ordinance) exist to promote biodiversity in 
agricultural lands, such as conserving indicator flora, 
maintaining favourable (micro-)structures (such as 
undergrazed areas, bushes, stones, wetlands or bare 
ground), preserving isolated trees, keeping mosaic 
of areas with staggered use over time, etc. (Stäheli 
et al. 2010). All these measures applied in Biodiver-
sity Promotion Areas are therefore not detrimental 
for the ground beetles or might even be beneficial for 
them, many of whose species are often dependent on 
specific small structures. Molnár et al. (2001) empha-
sise that the structure of the vegetation and its derived 
variations creating microclimates is one of the most 
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important factors to determine the distribution of 
ground beetles.

The change in species assemblage occurring at 
the boundary between different land-use systems is 
sometimes accompanied by increased biodiversity, 
although there is no consensus on this (Kark and 
van Rensburg 2006). Our study confirms the results 
obtained by Molnár et  al. (2001) and Boutaud et  al. 
(2022), which demonstrate that species diversity is 
higher in open and semi-open areas or forest edges 
than in forests. Molnár et al. (2001) did not show any 
significant differences between the diversity of open 
and forest edge areas, which resemble a semi-open 
ecotone between grasslands and forests where micro-
sites favouring higher diversity are found.

The lower species richness and diversity in F than 
in open and semi-open areas is not easy to explain. 
This lower diversity in this land-use system is noted 
by Luka et  al. 2009, who indicated that forests in 
Switzerland naturally contained fewer species of 
Carabidae than in other more open natural environ-
ments. Litter thickness seems to be a major factor 
linked to ground beetle composition and abundance. 
A forest floor with a high litter thickness decreases 
the abundance and species richness of ground beetles 
and increases the presence of strict forest species, as 
biotic interactions are probably more complex in this 
environment. In fact, litter would interfere with the 
movement and foraging of ubiquitous species of more 
open habitats, which are not adapted to such an envi-
ronment (Guillemain et al. 1997).

It is an arduous task to explain why diversity indi-
ces are not different between WP and a more homo-
geneous habitat, the NWP. According to the study 
by Lacasella et  al. (2015), the distance estimation 
of 600 m in the heart of open pastures from the trap 
site to the first trees is necessary to avoid the appear-
ance of forest species during surveys. In the case of 
our study, this buffer zone for NWP was not always 
respected, so there may have been an effect of car-
abids from other woodlands in the vicinity of NWP, 
randomly coming into NWP plots, as they might be 
able to move more than what we were expecting. 
The dispersal abilities of carabid beetles are still 
insufficiently known and, above all, can vary greatly 
from one species to another, depending in particular 
on their wing morphology (see paragraph below). 
Another hypothesis as to why NWP have such a high 
species diversity is that there may be a particularly 

wide variety of discrete micro-structures in this envi-
ronment, such as stones, rocky outcrops, puddles, 
bare soil patches or unevenness of the soil created by 
livestock trampling, which might satisfy a large num-
ber of species (Chittaro et al. 2024, in press).

Carabid biomass and average body size

We refute research hypotheses (ii) and (iii) about 
ground beetle biomass and average body size respec-
tively and propose from the results that, in the context 
of the study, tree cover is significantly and positively 
correlated with ground beetle biomass and average 
body size. Consequently, the biomass and average 
body size is highest in F, followed by WP and the 
land-use system with the lowest values is NWP.

One explanation could be linked to the productiv-
ity of the different habitats. Fernández-Tizón et  al. 
(2020) shows that arthropod biomass in semi-natural 
grasslands is directly and positively related to primary 
production. Primary production could be positively 
correlated with the body size of some individuals, 
suggesting that the primary production of a habitat 
could lead to morphological evolution between taxa 
(Capellini and Gosling 2007). In this logic, habitats 
with low primary productivity (e.g. dry pastures dot-
ted with lapiez with a thin layer of organic matter 
above the bedrock) should favour species with smaller 
average body sizes (Sustek 1987). On the contrary, 
in forest environments, ground beetles are known to 
have a larger body size on average than in other less 
forested environments based on values from Klaiber 
et al. (2017).

A second explanation is linked to the disturbance 
of the habitats. Disturbed agricultural ecosystems, 
such as pastures, experience large fluctuations in their 
total energy value (Blake et al. 1994), i.e. the nutrient 
resources exploitable by organisms, in particular due 
to grazing and the addition of fertilisers and livestock 
dung. These ephemeral energy sources favour spe-
cies with smaller bodies according to Schoener and 
Janzen (1968). A habitat with a fluctuating energy 
source is indeed more easily exploited by widespread, 
dispersive individuals capable of flight with standing 
large variations in population size, and such species 
are more likely to be characterised by small body size 
(Gaston and Lawton 1988). It should be noted that 
disturbances also occur in forests in the context of 
their management, but these are in principle sporadic 
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activities in a short period of time comparatively 
(even though they can be very intense).

Wing morphology

Our results show that tree cover has a significant 
influence on the wing morphology of ground beetles 
present in the three different habitats and confirm pre-
vious results.

Brandmayr (1991) showed that brachypterous spe-
cies are few in number in the early stages of a habitat 
succession, but their numbers increase as open areas 
begin to be colonised by trees and shrubs. This is 
also confirmed by Gobbi et  al. (2007), who studied 
the assemblage of terrestrial beetles during glacier 
retreat. Indeed, areas recently freed from the ice, with 
unstable, stony and loose soil, have low numbers of 
brachypterous, but a higher number of macropter-
ous species, whereas areas that have been ice-free 
for a longer period of time, with a higher vegetation 
cover and more mature soils, have more brachypter-
ous species.

In temporary environments (pioneer, ruderal, 
meadows, etc.), ground beetles need to disperse con-
tinuously to find favourable biotopes, and are thus 
mostly macropterous (Den Boer 1970). These contin-
ually disturbed open environments (by animal graz-
ing and land clearing, in the case of our study), slows 
down the advance of woody plants. The macropterous 
species therefore have a high dispersal capacity, guar-
anteeing their survival thanks to the flight induced 
by their developed wings (Roff 1990; Shibuya et  al. 
2014). This flight capacity gives them a clear advan-
tage over brachypterous species for living in open 
areas. On the contrary, species with low dispersal 
ability, such as brachypterous or wingless (being 
mainly medium to large in size), are more likely to 
be found in forest-dominated environments (Shibuya 
et  al. 2014). Most of them hardly leave the forest 
canopy or only move a few tens of meters away from 
it, although tree rows facilitate the passage of for-
est species into the agricultural matrix (Della Rocca 
et al. 2021). It is therefore important for wingless and 
brachypterous ground beetles that their habitat is dis-
turbed as little as possible, in order to guarantee the 
availability of the resources in the long term. Even 
though logging activities within a stand are typically 
not very frequent, timber extraction is a major threat 
to these species, and the lack of forest cover means 

that the forest species are wiped out of the area for a 
while. The same applies to natural disturbances such 
as storms or fires, which cause major disturbances 
(Bouget and Duelli 2004), even if these events are 
sporadic.

Certain studies relate habitat structural stability or 
litter thickness to wing morphology (Guillemain et al. 
1997; Shibuya et al. 2014). In our case, the environ-
mental variable “tree cover” implies a certain sta-
bility of the soil, due to the rooting of the land, and 
guarantees a thickness of litter constantly renewed 
by the leaf litter fall or by the biological activity 
induced by the trees, that can vary according to spe-
cies type (hardwood or softwood) and forest manage-
ment. Although ground beetles are mainly epigeous, 
they are dependent on tree cover, which partially and 
indirectly structure the habitat and influences ecologi-
cal and edaphic conditions. More research is needed 
to quantify the extent to which tree cover in wooded 
pastures allows the dispersal of forest species with 
specific traits (e.g. brachypterous or wingless) out of 
forests.

Moisture preference

Humidity and light are known to be important fac-
tors to explain ground beetle assemblage (Thiele 
1977; Lövei and Sunderland 1996). In this context, 
tree cover plays an important role by directly influ-
encing temperature and light at the site scale, their 
interaction varies moisture level (North et  al. 2005). 
According to the study by Kagawa and Maeto (2014), 
soil moisture had a marked effect on the abundance 
and distribution of ground beetle species. Forest spe-
cies indeed generally prefer moist soils, while inter-
mediate and open areas species tend towards drier 
conditions.

In our study as well, tree cover influences the com-
position of ground beetles according to their prefer-
ence for moisture. Hygrophilc and steno-hygrophilic 
species are closely linked to habitat with a high tree 
cover that is most likely associated with high mois-
ture content in our study. Mesophilic and mesophilic-
hygrophilic species prefer more open environments 
but are still linked to some presence of woody plants. 
In contrast, xerophilic species are only found in open 
areas and their presence are more correlated with 
the variables Biodiversity Promoting Areas and dry 
grasslands and pastures. These results make sense 
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since DGP and BPA have higher values in areas that 
tend to be less densely covered with trees.

Implications for the conservation and conclusion

Wooded pastures are an important transitional envi-
ronment, allowing a gradual change in land-use sys-
tems between woodland and open areas. Our results 
don’t show a significantly higher species diversity in 
wooded pastures than in non-wooded pastures. Still, 
this semi-open environment contains many ground 
beetle species, some of which are threatened, even 
though some strict forest and open area specialists 
are absent. The conservation of wooded pastures 
and the generalisation of extensive farming practices 
are therefore widely encouraged. This study points 
towards the need to favour the biodiversity promotion 
areas within wooded pastures as it implies an exten-
sive way of farming and the maintaining of a variable 
tree cover that contributes to carabid species diversity.

Trees are the key environmental structures that 
influence certain environmental factors, thus defining 
the carabid communities present, according to their 
own ecological traits. Tree management and woody 
regeneration in wooded pastures therefore have an 
influence.

Wooded pastures only survive over time thanks to 
human action, which must therefore ensure a delicate 
balance between the renewal of woody species and 
the maintenance of grazing to ensure that the environ-
ment remains sufficiently open and heterogeneous, 
thus to maintain diversity of ground beetles at local 
and landscape scales. This land-use system is there-
fore a good example of how it is possible to maintain 
a high level of biodiversity while maintaining socio-
economic activities.
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