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Abstract
1. Fragmentation of habitat, for example by intensive agricultural practices, can be

detrimental to local biodiversity. However, it often remains unclear whether such

biodiversity declines are caused by loss of habitat area or increased fragmentation,

and how habitat quality factors into it. In our study system, vegetated vineyards are

typically small, and isolated from one another, potentially limiting the distribution

and dispersal of organisms.

2. In a full-factorial experiment of a priori selected vegetated vineyard patches of

differing size and fragmentation, we aimed to disentangle the effects of habitat

area (area of vegetated vineyards), habitat fragmentation (number of vegetated

vineyards per 100 ha) and field-scale ground vegetation density on ground beetle,

leafhopper and wild bee communities using a combined framework of multiscale

and multispecies modelling (Hierarchical Model of Species Communities).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2023 The Authors. Ecological Solutions and Evidence published by John Wiley & Sons Ltd on behalf of British Ecological Society.
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3. We demonstrate variable effects of habitat area, fragmentation and local ground

vegetation density on the three insect groups: Increased habitat area at fine

scales favours higher species richness of leafhoppers, while local vegetation den-

sity boosts species richness of both leafhoppers and ground beetles, whereas no

community-level responses were detected for wild bees.

4. We conclude that increased ground vegetation density at both field and landscape

scales (i.e. higher habitat area) favours more diverse and abundant insect communi-

ties, while fragmentation effects are highly variable and species specific. In addition,

our results highlight that mainly ground beetles and leafhoppers will benefit from

simple ground greening measures in vineyards, while for wild bees environmental

factors other than the ones tested here may drive community structure.

5. We recommend increasing the number and area of vegetated vineyards (even at

small spatial scales) requiring more nature-friendly farming practices especially

regarding a reduction or renunciation from herbicide applications, while the within-

field vegetation density should optimally be intermediate or high to favour a diverse

insect community.

K E Y W O R D S
agriculture, ground beetles, ground vegetation, Hierarchical Model of Species Communities
(HMSC), joint species distribution models, leafhoppers, vineyards, wild bees

1 INTRODUCTION

There is broad consensus that habitat loss and fragmentation result-

ing from anthropogenic land-use change and urbanization are major

causes of declines and contractions in wildlife populations (Haddad

et al., 2015; Sánchez-Bayo & Wyckhuys, 2019; Tilman et al., 2017).

One major driver of habitat loss and fragmentation is the ongoing

transformation of complex, heterogeneous habitats into simplified and

intensively managed agricultural systems to feed a growing global

human population (Tilman et al., 2002). Habitat fragmentation reduces

the connectivity and, in many cases, the quality of habitat patches

(Chase et al., 2020), which may become too small to sustain local

populations (Fahrig, 2003; MacArthur & Wilson, 1967).

Because habitat fragmentation in cultivated landscapes is almost

always associated with habitat loss, the relative influences of habi-

tat area, habitat fragmentation and habitat quality on biodiversity

responses are difficult to disentangle (Thompson & McGarigal, 2002).

It has nonetheless been hypothesized that species richness is driven

mainly by habitat area rather than habitat configuration (the habi-

tat amount hypothesis; Fahrig, 2013). This hypothesis has since been

tested extensively, revealing variable results for a range of taxa, where,

for example, both habitat area and fragmentation influenced plant

species richness (Haddad et al., 2017), bird occurrence (Bosco et al.,

2021), invertebrate abundance (Bosco, Wan, et al., 2019) or bumblebee

colony fitness (Maurer et al., 2020), while a global review on species

densities showed support for the habitat amount hypothesis (Watling

et al., 2020). Furthermore, a recent simulation study revealed com-

plex interactive effects of habitat loss and fragmentation on species

diversity (Rybicki et al., 2020).

In general, fragmentation tends to increase species diversity at the

landscape scale when the total habitat area is large, in accordance

with the known benefits of habitat heterogeneity (Benton et al., 2003;

Stein et al., 2014; Weibull et al., 2000). When the total habitat area

is small, however, fragmentation may instead reduce species diversity

(Rybicki & Hanski, 2013). Recent findings further indicate that the rel-

ative importance of habitat area and fragmentation depends on the

study system, the species and measured response metric, and the scale

of analysis (Bosco, Wan, et al., 2019; Rybicki et al., 2020; Zeller et al.,

2012). In addition, species traits are known to influence species-level

responses to habitat loss and fragmentation including, for example,

dispersal abilities, trophic level and habitat specialization (Ewers & Did-

ham, 2006), but also plant survival or growth patterns (Tremlová &

Münzbergová, 2007).

Recently, rapid and steep insect declines driven by, inter alia, habi-

tat loss and fragmentation have been reported in numerous studies

(Sánchez-Bayo & Wyckhuys, 2019; van Klink et al., 2020; Wagner et al.,

2021). Hence, using insects as model organisms is not only crucial

for understanding fundamental ecological concepts such as these of

habitat area and fragmentation, but is also pivotal from an insect con-

servation, and ecosystem service provisioning point of view. In this

study, we thus aimed to disentangle the effects of habitat area, frag-

mentation, and field-scale habitat condition on insect communities
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representing different trophic levels and ecosystem services, namely

carabid beetles, leafhoppers and wild bees. We used a factorial design

(sensu Bosco, Arlettaz, et al., 2019), ensuring both the habitat area

and fragmentation gradients were sufficiently covered (Thompson &

McGarigal, 2002), in combination with multiscale optimization and

joint species distribution modelling (Hierarchical Model of Species

Communities [HMSC]; Ovaskainen et al., 2017; Tikhonov et al., 2020).

Our study system is a highly contrasted vineyard agro-ecosystem

in Southern Switzerland, where we considered vegetated vineyards

to be suitable habitat, while bare vineyards constituted the matrix

based on earlier findings on invertebrates in Southern Swiss vine-

yards (Bosco, Arlettaz, et al., 2019; Bosco, Wan, et al., 2019; Maurer

et al., 2020). Thus, habitat area refers to the percentage of area cov-

ered by vegetated vineyards and fragmentation to the number of

separate patches of vegetated vineyards in a given buffer area. We

sought to answer the following questions: (i) What are the sepa-

rate and interdependent effects of fragmentation and habitat area on

the three insect communities and what role does within-field ground

vegetation density play? (ii) Do species traits and phylogeny explain

their responses to habitat area, fragmentation and ground vegetation

density?

2 MATERIALS AND METHODS

2.1 Study area

The study was carried out in eight different landscapes in the canton of

Valais, SW Switzerland (Figure 1). The study landscapes (between Fully

46�08� N 7�07� E and Varen 46�19.20� N 7�36.47� E; 480–780 m a.s.l.)

constitute the largest continuous vineyard areas in this region. About

70%–80% of the vineyards are intensively managed and support virtu-

ally no ground vegetation cover due to regular herbicide application,

whereas the remaining 20%–30% are cultivated through more envi-

ronmentally friendly management practices, promoting the growth of

ground vegetation (Arlettaz et al., 2011; Bosco, Wan, et al., 2019).

In many cases, vineyards with ground vegetation were also managed

more extensively with regard to pesticide and, obviously, herbicide

applications—sometimes even under an organic or biodynamic regime

which have been shown to be beneficial for invertebrates compared

to conventional management (Bosco et al., 2022). At the landscape

level, these two management regimes represent a near binary sys-

tem (vegetated vineyards as habitat versus bare ground vineyards as

surrounding matrix; Figures 1, S2 and S3), presenting a system well

suited to evaluating the influence of vineyard ground cover at a field

scale, and habitat area and fragmentation at larger scales (Bosco, Wan,

et al., 2019). Furthermore, the fields represent uniformly managed

units, with ground vegetation densities and cultivation practices that

are distinct from those of neighbouring fields, and mostly independent

of underlying environmental gradients because they reflect the farm-

ers’ management practices, and hence resemble a quasi-experimental

setup (sensu McGarigal & Cushman, 2002).

2.2 Factorial sampling design to disentangle the
effects of habitat area and fragmentation

We used a factorial, stratified sampling design to disentangle the

effects of habitat area and fragmentation and to ensure that insect

sampling was well distributed across these two gradients, as suggested

by McGarigal and Cushman (2002). See Bosco, Wan, et al. (2019) for

detailed description of the study design. In brief, we calculated the

metrics patch density as a measure of fragmentation (PD; the number

of vegetated vineyard patches per 100 ha) and percentage of land-

scape (PLAND) as a measure of vegetated vineyard habitat area with

FRAGSTATS (McGarigal, 2015) using a moving window of 150 m radius

(Bosco et al., 2019). The lower and upper 40% of patch density and

habitat area values were used to represent relatively low and high

levels of habitat area and fragmentation, respectively, creating four

classes (Table S1). We included bare fields (defined as those with<40%

ground vegetation density) as a fifth sampling class (Bosco et al., 2019),

to be able to detect field-scale effects of vegetated versus bare man-

agement modes. Across eight landscapes, we sampled 120 vineyard

fields in total, with 15 fields per landscape.

2.3 Ground beetle sampling

Ground beetle (GB) sampling was conducted twice in 2015 in four

landscapes (4 × 15 = 60 fields; Table S9) during late April and

late May, with a sampling duration of 1 week per sampling session.

Given the relatively small size of our selected vineyard fields (aver-

age = 0.41 – 0.09 ha), sampling was carried out with two pitfall traps

per field (500-ml plastic cup with 7.5 cm diameter), each being a quarter

filled with a mixture of water and ethylene glycol (1:1) and a scentless

detergent to reduce water surface tension. After each trapping session,

we collected the traps from the fields and stored the trapped speci-

mens in 70% ethanol. We recorded the number of carabid specimens

in each trap and identified them to species level using identification

guides (Müller-Motzfeld, 2004; Table S3). Traps from the same field

were pooled for analysis, resulting in one sample per field, that is

120 trap samples. Out of those, 15 (12.5%) were damaged or missing

(either one or both traps per field) and thus discarded from the dataset.

There was no apparent bias in kept versus discarded samples related to

ground vegetation density, habitat area, patch density, sampling period

or location of the fields (see Figure S4). To account for trait-specific

responses to habitat area, patch density and vegetation cover, we

included traits related to movement ability (measured as mean adult

body size) and habitat strictness (based on Müller-Motzfeld, 2004) for

ground beetles (see details in Table S2).

2.4 Wild bee and leafhopper sampling

Leafhopper (LH) and wild bee (WB) sampling was conducted in 2016

in all eight landscapes (120 fields; Table S9) during one session in June
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F I G U R E 1 Example of the study area with (a) a zoom-in to two of our eight landscapes in our study area in SW Switzerland (Chamoson and
Leytron), showing the sampling fields in vegetated (red points) and bare (orange points) vineyards, the binary nature of bare versus vegetated
vineyard fields typical for the entire vineyard area in the region and the major surrounding land cover types. The inset map shows the location of
the study area in Switzerland (grey box) and the zoom-in landscapes (yellow square). Farmland refers to agricultural area other than vineyards and
mainly includes orchards and grasslands. The bottom images show typical examples of (b) vegetated and (c) bare ground vineyards (image
copyright @C. Pfammatter and Naturpark Pfyn-Finges). A map of the full study area with sampling points is given in Figure S1.

(between 5 June 2016 and 29 June 2016), with a sampling duration

of 3 days. Sampling was carried out with one pan trap per vineyard

field, where one trap consisted of three coloured bowls with one

blue, one yellow and one white bowl according to recommended sam-

pling methods in the literature (Campbell & Hanula, 2007). The bowls

were 13 cm in diameter and 12 cm deep, filled with soapy water and

fixed on a wooden pole 1 m above ground. Out of 120 trap sam-

ples, four (3.3%) were damaged or missing and thus discarded from

the dataset. We recorded the number of wild bee and leafhopper

specimens in each trap and identified them to species level using iden-

tification guides (Amiet et al., 2001; Amiet et al., 1999; Biedermann

& Niedringhaus, 2004; Holzinger et al., 2003; Tables S4 and S5). Note

that among wild bees, we grouped species belonging to the Halic-

tus simplex group. Bowls belonging to the same trap were pooled for

the analysis. As well as wild bees, we included domesticated human-

cultivated honeybees (Apis mellifera) to detect potential different

responses to vineyard management and landscape configurations as

compared to wild bees. Similar as for ground beetles, we included habi-

tat strictness and mean adult body size for leafhoppers (Biedermann

& Niedringhaus, 2004; Holzinger et al., 2003), and pollen resources,

and nesting location as traits for wild bees (Amiet et al., 1999, 2001,

2004, 2007, 2010) (see details in Table S2). No permits to sample


















