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Fabian S. Klimm Abstract
Email: fabian.klimm@uni-wuerzburg.de 1. Shrub ecotones, the species-rich transitional zones between grasslands and

Funding information forests, serve as important refuges for biodiversity but are often confined to

Bundesamt fiir Naturschutz small and degraded areas due to prevailing management practices that prioritise

Handling Editor: Lan Qie either grasslands or forests. This loss of habitat area and quality threatens and
impoverishes biodiversity reliant on shrub ecotones. Despite their importance for
biodiversity, shrub ecotones were rarely considered in ecological studies, and the
drivers affecting their biodiversity across taxa remain unknown.

2. We assessed the effects of multiple shrub ecotone habitat and landscape
characteristics for five taxa and their combined multidiversity in 45 sites in
Germany. These taxa vary in habitat requirements and dispersal capacities,
inhabit different strata and represent multiple trophic levels: herbaceous plants,
orthopterans, true bugs, carabids and spiders. The shrub ecotones differed in (i)
type (open vs. half-open), (ii) ecotone area, (iii) habitat quality and (iv) surrounding
semi-natural habitat cover as potential drivers of diversity (species richness, Hill-
Shannon diversity and Hill-Simpson diversity) and multidiversity.

3. Shrub ecotone type and habitat quality were the most important drivers of
multidiversity, which peaked in open shrub ecotones of high habitat quality. Open
ecotones of high quality contained the highest species richness of herbaceous
plants, orthopterans and true bugs, while ecotone area and semi-natural habitat
cover were less important. Spiders had the highest Hill-Shannon and Hill-
Simpson diversity in open ecotones, while carabids were most speciose in half-
open ecotones of lower quality.

4. Synthesis and applications. Our multi-taxa assessment is the first comprehensive
study of diversity across taxa and multidiversity in shrub ecotones. By combining

multiple diversity metrics, our findings provide a more nuanced understanding
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shrub ecotones.
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1 | INTRODUCTION

Before the advent of Homo sapiens, the browsing and trampling by
megaherbivores created dynamic tessellated landscapes comprising
open habitats, light woodlands and closed forests in Central Europe
(Pearce et al., 2023). These landscapes were thus rich in shrub-
dominated ecotones forming transition zones between open habitats
and forests. The extant Central European flora and fauna were shaped
under these conditions and contain a high share of species adapted
to open habitats and ecotones (Feurdean et al., 2018). The arrival of
Homo sapiens is correlated with the extinction of megaherbivores
that had maintained these open landscapes (Pearce et al., 2023). But
only the abandonment of traditional wood pastures and the dawn
of modern forestry in the 19th century led to the development of
denser and structurally homogeneous forests (Résch et al., 2019).

In current Central European landscapes, shrub ecotones are
typically restricted to narrow hedgerows or forest fringes, expos-
ing the species that depend on these structures to edge effects
(Vanneste et al., 2020). Shrub ecotones host both thermophilic and
shade-tolerant species through a mosaic of different microclimatic
conditions and a heterogeneous vegetation structure (Fartmann
etal.,, 2012). They play a critical role as refugia for arthropods in agri-
cultural landscapes, for foraging, breeding and overwintering, mod-
erate temperature extremes, and offer shelter from management
activities, adverse weather and predators (Graham et al., 2018; Lecq
et al., 2017; Staley et al., 2016). Without management actions, a few
competitive tall shrub species, such as blackthorn (Prunus spinosa)
and hawthorn (Crataegus monogyna), dominate shrub ecotones, ul-
timately leading to the development of deciduous forests (Poschlod
& WallisDeVries, 2002). Despite their significance for biodiversity
conservation, shrub ecotones have received limited research atten-
tion. While some studies have focussed on hedgerows (Ferrante
et al., 2024; Graham et al., 2018; Holzschuh et al., 2010), shrub eco-
tones along forest margins or fallows were not considered.

The disappearance of extensive shrub ecotones in Central
European landscapes is particularly alarming as the loss of suitable
habitats is suspected as a main driver of insect declines (Bergmeier
et al., 2010; Sanchez-Bayo & Wyckhuys, 2019; Seibold et al., 2019;
van Klink et al., 2024). Habitat area has been extensively demon-
strated as a driver of species richness in empirical studies, known
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of biodiversity patterns, which can better inform conservation strategies. To
maximise biodiversity benefits across taxa, we recommend managing shrub
ecotones at the landscape scale, maintaining a mosaic of open and half-open
shrub ecotones. Designated shrub transition zones with reduced management

should be established around suitable habitats to promote the formation of new

carabid beetles (Carabidae), grasshoppers and crickets (Orthoptera), habitat quality,
hedgerows, semi-natural habitat, spiders (Araneae), true bugs (Heteroptera)

as the '‘species-area relationship’ (Dembicz et al., 2021; Gallé
et al., 2022; Krauss et al., 2009). Larger habitats can sustain larger
populations, reduce extinction rates and facilitate the colonisation
of new species, especially when habitats are close to one another
(MacArthur & Wilson, 2001). In addition, larger habitats tend to be
more heterogeneous than smaller ones, providing niches for a wider
array of species (Stein et al., 2014).

Yet not only the quantity but also the quality of shrub ecotones
is decreasing. Intensive management (Klaus et al., 2018), exces-
sive nutrient input (Staley et al., 2013) and the abandonment of
traditional land-use practices (Strijker, 2005) jointly contribute to
ongoing habitat deterioration. As the shrub ecotones are currently
typically restricted to narrow edges, they lack their characteristic
structure, comprised of shrub species with various growth forms
and shrubs of different age classes (Zwolfer, 1982). This degra-
dation of shrub ecotones especially threatens the persistence of
specialised species (Simons et al., 2016), leading to more homog-
enous assemblages dominated by few generalist species (Thorn
et al., 2022). Habitat quality of shrub ecotones has so far re-
ceived little attention due to its subjectivity and the difficulties in
quantification.

The loss of semi-natural habitats (SNH) such as shrub ecotones
depauperates the landscape species pool even if isolated suitable
habitats remain (Rdsch et al., 2013; Tscharntke et al., 2012). Due to
the impoverished landscape species pools, local extinctions in iso-
lated SNH can hardly be compensated by colonisations from the
surrounding landscape (Tscharntke et al., 2012). Diversity in shrub
ecotones should thus depend on landscape SNH cover.

When assessing the effects of the habitat conditions on biodi-
versity, it is beneficial to include multiple taxa, as diversity patterns
often vary considerably across taxa (Boetzl et al., 2021; Manning
et al., 2015; Venturo et al., 2024), and management actions that aim
to support the diversity of one taxonomic group might be ineffective
or even detrimental to others. Here, we used a combination of com-
plementary sampling methods to capture species from five different
taxa: herbaceous plants, orthopterans, true bugs (Heteroptera), ca-
rabids and spiders (Araneae). These groups are abundant in shrub
ecotones, have distinct habitat requirements, differ in their dispersal
capacities, live in different habitat strata and belong to different tro-
phic levels. In particular, true bugs and herbaceous plants contain a
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high share of shrub ecotone specialists (Deckert & Wachmann, 2020;
Sturm et al., 2018).

This study examines the influence of four key habitat and land-
scape parameters: shrub foliage cover (ecotone type), ecotone area,
habitat quality and the cover of SNH in the surrounding landscape on
complementary aspects of diversity: species richness, Hill-Shannon,
and Hill-Simpson diversity of five taxa, as well as the multidiversity.
We predicted that

(i) all taxa are more diverse in ecotones with lower shrub foliage
cover (open ecotones) compared to ecotones with higher shrub
foliage cover (half-open ecotones);

(ii) there is a positive relationship between diversity and ecotone
area, that is a species-area relationship;

(iii) an increase in habitat quality is associated with an increase in
diversity; and

(iv) an increase in landscape-level SNH is associated with an increase
in species richness.

2 | MATERIALS AND METHODS
2.1 | Studyregion and sites

Our study was performed in an area of approximately 45,000 km?
in Bavaria (Southern Germany) predominantly situated on the
Keuper formation. We selected 45 shrub ecotones with a mini-
mum distance of 2km to each other as study sites (Supporting
Information S1). As ‘shrub’, we regarded a perennial woody plant
that is less than 10 m tall and without a clear trunk (Allaby, 2019).
To ensure comparable habitat conditions, we selected shrub
ecotones that contained the French rose (Rosa gallica) (Klimm
et al., 2024). The French rose requires alternating wet and dry
conditions on predominantly loamy soils, a warm microclimate,
low-to-moderate nutrient availability and extensive manage-
ment (Conert et al., 2000), as occurring in the phytosociological
orders Origanetalia vulgaris and Rhamno-Prunetea (Oberdorfer
et al.,, 2021). These conditions are common in the study region.
We included shrub ecotones along forest margins (n=19) as well
as hedgerows and woody islands embedded in the agricultural
landscape (n=26). Multi-annual mean temperatures in the study
region varied from 7.9°C to 10.4°C and precipitation ranged from
593mm to 932mm between 1991 and 2020 (Data: ‘Deutscher
Wetterdienst’).

2.2 | Data collection

Permits for arthropod collection were issued by the nature
conservation authorities of the Bavarian administrative districts
(Swabia; permit number 55.3-8646-2/660, Upper Bavaria; ROB-
55.1-8646.NAT_02-2-11-7, Lower Bavaria; 55.1-8646.202-1-5-5,
55.1-8622-1-5-8, Middle

Upper Palatinate; Franconia;

RMF-SG55.1-8646-6-42-2, Lower Franconia; RUF-55.1-2-8646.11-
1-16-6, Upper Franconia; 55.1-8622). The sampling did not require
ethics approval. Arthropods were sampled in 2021 and 2022 from
May to September. Different methods were employed to capture
both arboricol and epigeal species in the shrub ecotone. Arboricol
species (orthopterans, true bugs, spiders) were collected with a
funnel-shaped beating tray with a collection jar during five intervals
between 13 May 2021 and 6 August 2021. The French rose and
accompanying shrubs were beaten for 3min each with a beating rate
of 20 beats per minute. Within each study site, sampling was carried
out at three randomly chosen locations that were sampled for 1 min
each. Beating tray sampling for arboricol taxa was carried out during
dry weather, absence of strong winds (Bft. <4) and temperatures of
at least 15°C (Klimm et al., 2024).

In addition, we recorded orthopteran individuals found within
10 standard box quadrats (Bioform, 141x141x80cm) per site in
August and September 2022. The quadrats were placed to cover
the heterogeneity of the specific ecotone. Surveys were performed
between 10AM and 6 PM on sunny and dry days with temperatures
above 25°C and wind below Bft. 4.

For epigeal species (true bugs, carabids and spiders), we de-
ployed five pitfall traps per site. As pitfalls, we used glass jars
(7.5cm diameter, 400 mL volume) and filled them with a 1:3 mix-
ture of Propylene glycol and water. The distance between traps
was 5m unless the size of the ecotones required narrower inter-
trap spacing. This was the case for six small ecotones, where the
distance between traps had to be reduced, with the smallest ec-
otone having trap distances of 1.5m. The spatial arrangement of
the traps depended on the shape of the individual shrub ecotone.
Traps were active within three periods in May, June and July 2022
for 2weeks each. The number of herbaceous plant species was
counted within three 1 m? squares in June 2021 (Figure 1), obtain-
ing presence-absence data.

Flowering herbaceous plant species were identified in the field.
Adult orthopterans were identified based on morphological charac-
ters and their species-specific stridulation. We identified true bugs
using entomological literature sources (Niedringhaus et al., 2020;
Wagner, 1952) and the Corisa software (www.corisa.de). Spiders
were determined with online resources provided at www.araneae.
nmbe.ch. Carabids were identified in the laboratory, their nomencla-
ture following Muller-Motzfeld (2006). Abundances of the arthro-
pod groups were pooled per species and site.

2.3 | Habitat parameters

Shrub ecotones were classified as open or as half-open depend-
ing on the foliage cover of at least 1-m-tall shrubs in the ecotones,
with open ecotones having <30% shrub foliage cover, half-open
ecotones having between 30% and 70% shrub foliage cover
(Costermans, 1981). Of the selected ecotones, 25 were open, and
20 were half-open. The area of the shrub ecotones varied between
10 and 3672m>.
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lllustration of the sampling scheme. Herbaceous plants were recorded within three squares of 1 m? in 2021. Orthopterans

were sampled with a beating tray and box quadrats in 2021 and 2022. True bugs and spiders were sampled with a beating tray and pitfalls in

2021 and 2022. Carabids were sampled with pitfalls in 2021.

To assess the quality of the shrub ecotones, we utilised the ‘hedge
index’ (Zwodlfer, 1982), a product of three factors: (i) the richness of
woody plant species within a shrub ecotone and their value for bio-
diversity, (ii) the age distribution of these species and (iii) the edge
density in the surrounding area, defined as the length of hedgerows
and forest edges per hectare within a radius of 1000m (Supporting
Information S2). Species with greater value for animal biodiversity,
such as roses (Rosa spp.), hawthorn (Crataegus spp.) or blackthorn
(Prunus spinosa), are assigned higher scores in this assessment. We
assessed these parameters across the whole ecotone area. For a

more detailed description, see Klimm et al. (2024).

2.4 | SNH cover

SNH cover, defined as the proportion of SNH in the surroundings at
500, 1000, 1500 and 2000 m scale with modified digital thematic
maps (ATKIS-DLM 25/1, Landesamt fiir Digitalisierung, Breitband
und Vermessung 2021; BIOTOP, Bayerisches Landesamt fir
Umwelt, 2023, www.lfu-bayern.de). We defined SNH as (1) exten-
sive grassland, (2) forest edge: 10m inner buffer zone of deciduous
and coniferous forest and (3) woody elements (hedgerows, woody

strips) in the open landscape.

2.5 | Statistical analysis

Data were analysed with R 4.2.2 (R Core Team, 2022). We compared
species diversity with Hill numbers (Hill, 1973): (i) the species richness
(g=0) of each taxon, as well as (ii) the Hill-Shannon diversity (g=1)
and (i) the Hill-Simpson diversity (q=2) of all taxa except herbaceous
plants. We additionally calculated sampling coverage for arthropod
taxa to assess the completeness of diversity estimates at each site
(Supporting Information S3). Calculations were performed with the
iNEXT' package version 4.2.3 (Chao et al., 2014). With increasing Hill
number, the impact of rare species on the diversity estimates dimin-
ishes (Roswell et al., 2021). In addition, we calculated the multidiver-
sity at each site. This index combines the standardised diversity of the

taxa studied (Allan et al., 2014), allowing for comparisons between taxa
that vary in species richness. Multidiversity is regarded as a more reli-
able reflection of ecosystem processes (Boetzl et al., 2021; Manning
et al., 2015) than diversity measures considering only single taxa.

To elucidate the drivers of multidiversity in shrub ecotones, we
fitted a beta regression with the ‘betareg’ package version 3.1.4
(Cribari-Neto & Zeileis, 2010) with ecotone type (factor, 2 levels), eco-
tone area (continuous), habitat quality (continuous) and the SNH cover
(continuous) as independent variables (Supporting Information S4).
We also tested for interactions between ecotone type and all contin-
uous variables but subsequently simplified models as no interaction
was significant. For the Hill numbers of the different taxa, we fitted
generalised linear mixed models (command ‘glmmTMB’, ‘glmmTMB’
package version 1.1.8 (Brooks et al., 2017)) with the same indepen-
dent variables and a gamma distribution with log link (McCullagh &
Nelder, 2019). As some pitfall traps were lost due to farming, we used
an offset (the log10 of the number of traps) to account for the differ-
ences in sampling intensity in models for true bugs, carabids and spi-
ders. Compliance with model assumptions was confirmed graphically
using the ‘DHARMa’ package version 0.4.6 (Hartig, 2022). Models
were tested with type Il )(2 tests using the command ‘Anova’ from the
‘car’ package version 3.1.2 (Fox & Weisberg, 2018). In addition, we
performed analyses for multidiversity and single taxa only including
species of conservation concern (Supporting Information S5).

We tested for differences in assemblage compositions using a
PERMANOVA with 999 permutations (command ‘adonis2’) includ-
ing ecotone type, ecotone area, hedge index and SNH cover as
explanatory variables and visualised assemblage differences be-
tween ecotone types with a non-metric multidimensional scaling
(NMDS; command ‘metaMDS’, two dimensions). Both were based
on Bray-Curtis distances of relative abundances for the arthropod
groups and the Jaccard-distances for herbaceous plants and com-
puted using the ‘vegan’ package version 2.6-4 (Oksanen et al., 2022;
Supporting Information Sé).

To evaluate the spatial scale on which SNH affects the assem-
blages of the studied taxa most, we fitted separate models for the
radii of 500, 1000, 1500 and 2000m around the study sites, and
compared their respective AlCc values (Vogel et al., 2023). Models
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including the 1km scale had the lowest AlICc values, indicating the
best model fit. The 1km scale was similarly found to be a suitable
scale of effect in previous landscape scale studies in the region
(Barber et al., 2022; Klimm et al., 2024; Konig & Krauss, 2019).

We checked for correlations between the independent variables
using Pearson's correlations and detected no strong correlations
between them (|r|<0.3; Supporting Information S7). In addition,
we calculated Pearson correlations between all response variables
and the three factors comprising the hedge index (Supporting
Information S8). We tested for spatial autocorrelation of the model
residuals with the ‘testSpatialAutocorrelation’ from the ‘DHARMa’
package and found no spatial autocorrelation.

3 | RESULTS

In total, we collected 33,787 individuals from 551 arthropod species,
including 14,384 true bugs (185 species, ~52% unidentified nymphs),
3349 orthopterans (33 species, ~8% nymphs but all identifiable to
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species level), 2917 carabids (88 species, only imagines recorded) and
13,137 spiders (245 species, ~22% unidentified spiderlings). In addi-
tion, 85 herbaceous plant species were recorded in the shrub eco-
tones. Atotal of 142 species were classified in the regional red lists for
the respective taxa (Achtziger et al., 2003; Blick & Scheidler, 2003;
Lorenz & Fritze, 2020; Klotz et al., 2024; Poniatowski et al., 2024).
The most abundant species for each group were Chorthippus bigut-
tulus (orthopterans, 605 individuals), Megaloceroea recticornis (true
bugs, 1046 individuals), Brachinus crepitans (carabids, 1026 individu-
als) and Pardosa palustris (spiders, 2433 individuals). Galium mollugo
agg. was the most frequent herbaceous plant, occurring in 15 shrub
ecotones (Supporting Information S9).

3.1 | Multidiversity in shrub ecotones
Open ecotones had a higher multidiversity than half-open eco-

tones (Figure 2a). Multidiversity was independent of ecotone area
(Figure 2b) but positively related to habitat quality (Figure 2c) and
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FIGURE 2 Effects of ecotone type (a), ecotone area (b), habitat quality (hedge index) (c), and landscape semi-natural habitat cover (d) on
multidiversity. Dashed lines indicate non-significant effects (p > 0.05). Grey areas correspond to the 95% confidence interval around the
regression line. (*) indicates p < 0.05. For statistics, see Supporting Information S4.
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unrelated to the proportion of SNH at the 1000-m scale (Figure 2d).
We obtained similar results when we focussed on species of conser-

vation concern only (Supporting Information S10).

3.2 | Assemblage-level responses of single taxa

The studied taxa showed distinct patterns to the ecotone type.
Herbaceous plants, orthopterans and true bugs were more species-
rich in open ecotones, while carabids had more species in half-open
ecotones. Spider species richness was not related to the ecotone
types. We found 36 species to be unique in open and four species to
be unique in half-open shrub ecotones (Supporting Information S11).
The Hill-Shannon and Hill-Simpson diversities did not differ be-
tween ecotone types for orthopterans, true bugs and carabids,
but spiders were more diverse in open shrub ecotones (Figure 3;
Supporting Information S12). Ecotone type significantly shaped
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orthopteran, true bug and spider assemblages, while herbaceous
plants and carabids were unaffected (Supporting Information S13).
The other predictors did not affect any of the taxa.

Ecotone area was positively related to true bug species rich-
ness, with richness increasing by 9.15% per 100 m? increase in ec-
otone area. We found no significant relations between ecotone
area and the species richness of the remaining taxa or the Hill-
Shannon or Hill-Simpson diversities of all taxa (Figure 3; Supporting
Information S14a-c), except for a marginally positive relationship be-
tween Hill-Shannon diversity and ecotone area in true bugs.

Habitat quality was positively related to herbaceous plant, or-
thopteran and true bug richness. Herbaceous plant richness in-
creased by 10.0% per 10 units increase in the hedge index, while
orthopteran and true bug richness increased by 9.6% and 7.2%,
respectively. In contrast, habitat quality was negatively related to
carabid richness, with a sharp decline of 14.5% per 10 units increase
in the hedge index, while it was unrelated to spider species richness.

herbaceous orthopterans true bugs carabids spiders
plants

* * * *% *k* 0.4
+ 0.2
ecotonetype | _____________|l______c___l__lL.____ T S I . + - _+_ B [ R Loo

(half-open vs. open) + '
F-0.2
F-0.4
* (*) 0.4
0.2
ecotonearea | /. ___ _______\b_cfe__t_______L. _+____+___+__ | ____+___+__ ______________ L 0.0

(sqm)
F-0.2
-0.4
* * * *% *%x * 0.4
0.2
hedgeindex | _____________(l_____________|l. _+____+___+__ ____________________________ Loo
(unitless)
-0.4
*) = () fos
0.2
semi-natural habitat | 4. __________([_Z.__________ __+__+___ .| |- ___+__ S Loo
(% in 1000 m radius)

F-0.2
-0.4

q¥0 q51 q¥2 q¥0 q51 q¥2
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FIGURE 3 Model coefficients for ecotone type, ecotone area, hedge index and semi-natural habitat cover for the Hill numbers g=0
(species richness), g=1 (Hill-Shannon diversity) and q=2 (Hill-Simpson diversity) for herbaceous plants, orthopterans, true bugs, carabids
and spiders with 95% confidence intervals. Fixed effects were scaled to magnitudes of the standard deviation (z-scaling), thus coefficients
can be interpreted as changes in the response on the log scale per 1 standard deviation of the fixed effect. (*) indicates p <0.1, * p <0.05, **

p <0.01, *** p <0.001. For statistics, see Supporting Information S4.
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Habitat quality was also negatively related to Hill-Shannon and
Hill-Simpson diversity of carabids, while there were no significant
relations in the other taxa (Figure 3; Supporting Information S14d-f).
We found no significant relation to SNH in any of the taxa. In spi-
ders, the SNH in the surrounding landscape was negatively related
to Hill-Shannon diversity and marginally negatively related to Hill-
Simpson diversity (Figure 3; Supporting Information S14g-i).

4 | DISCUSSION

In the light of the widespread loss of the species-rich shrub ecotones
in Central Europeanlandscapes, itis crucial to protect and manage the
remaining ecotones effectively. Here, we showed that multidiversity
in open shrub ecotones was higher than in half-open shrub ecotones
and was positively linked to habitat quality, while ecotone area and
SNH landscape cover were less important. Consequently, even small
shrub ecotones embedded in homogeneous agricultural landscapes
can be of conservation value if these ecotones have a shrub foliage
cover below 30% and are of high quality, that is contain a species-
rich assemblage of shrubs of different ages, ranging from less
than éyears to more than 20years. This finding was supported by
the responses of taxa on lower trophic levels (herbaceous plants,
orthopterans, true bugs). In contrast, the predominantly predatory
groups, especially carabids, deviated from the overall diversity
pattern. Carabids were more species-rich in half-open ecotones of
low quality. Spider species richness was unrelated to ecotone type
and habitat quality, but the assemblages were more diverse in open
ecotones in terms of Hill-Shannon and Hill-Simpson indices. Both
carabids and some groups of spiders often differ in their responses
from other taxa, benefitting from conditions most other taxa suffer
from (Birkhofer et al., 2014). Our results suggest that there is no
one-size-fits-all management scheme to benefit all taxa. Instead,
conservation efforts must be tailored to maximise their value for the
targeted taxon.

4.1 | Ecotone type

Increased shrub foliage cover alters microclimatic conditions, with
lower temperatures and higher moisture levels in half-open compared
to open shrub ecotones. Accordingly, the ecotone type affected the
studied taxa, with higher multidiversity in open compared to half-
open ecotones. For individual taxa, we found contrasting patterns.
In line with our expectations, herbaceous plants, orthopterans and
true bugs had on average more species in open than in half-open
shrub ecotones. While many herbaceous plant species are able to
persist in open shrub ecotones, their species richness declines when
shrubs become increasingly dominant by overgrowing and shading
the herbaceous plants (Wieczorkowski & Lehmann, 2022). A habitat
with moderate shrub encroachment also enables both herbicol and
arboricol orthopteran and true bug species to co-exist. True bugs
benefit from a moderate degree of shrub encroachment, as many

species are reliant on fruiting shrubs and trees for protein uptake
(Niedringhaus et al., 2020). In contrast to the general pattern, we
found more carabid species in the half-open habitats. In these
habitats with higher foliage cover, carabids may find protection from
avian predators. Alternatively, the observed difference in species
richness may be abundance-mediated, as the average number of
captured individuals was lower in open than in half-open ecotones.
The differences in species richness between the ecotone types were
largely driven by species represented by single or few individuals for
orthopterans, true bugs and carabids, whereas spider assemblages
had a more even abundance distribution of common species in open
ecotones. Therefore, spiders were more diverse in open than in half-

open ecotones in terms of Hill-Shannon and Hill-Simpson indices.

4.2 | Ecotone area

The positive relationship between habitat area and species richness
is well-evidenced (Dembicz et al.,, 2021; Gallé et al., 2022). In
contrast to our expectations, ecotone area did not affect the
multidiversity of the studied taxa and was a significant driver for true
bug richness only. True bugs include a high share of species adapted
to shrub ecotones (Klimm et al., 2024; Niedringhaus et al., 2020).
Consequently, their response to an increase in area is expected to
be more pronounced than for taxa that do not include a significant
share of ecotone specialists, such as orthopterans, carabids or
spiders. Though herbaceous plants also include a substantial share
of specialised ecotone species, we found no effects of ecotone
area, likely as plants are able to persist in small and isolated habitats
as long as habitat quality remains constant (Eriksson, 1996; Zulka
et al., 2014). Due to the constant sampling effort across the ecotone
area gradient, it is also possible that small ecotones were sampled

more completely compared to large ecotones.

4.3 | Habitat quality

In line with our expectations, habitat quality was positively related
to multidiversity, being a better predictor for diversity than ecotone
area. Habitat quality in shrub ecotones is driven by an increased
habitat heterogeneity regarding food plants, structural complex-
ity and the developmental stages of the shrubs in the ecotone.
The higher heterogeneity translates into higher diversity, with
more species finding habitats that meet their requirements (Stein
et al., 2014). At the single taxon level, the richness of herbaceous
plants, orthopterans and true bugs was positively related to habitat
quality, while carabids were negatively related, and spiders were not
affected. Herbaceous plants, orthopterans and true bugs may ben-
efit from small fringes along woody edges, as they shelter against
frequent management activities, buffering of temperature and
drought extremes and increased landscape connectivity. Carabids
were negatively correlated with an increase in age classes of the
shrubs but also to an increase in the species score. Both quality
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parameters contribute to an increased structural complexity in the
shrub ecotone, making it less permeable for epigeal species (Thomas
et al., 2006). Accordingly, carabids preferred half-open shrub eco-
tones with less dense vegetation. Pitfall traps in habitats with less
complex vegetation structure can capture higher densities of epigeal
species, which might have affected our observed species richness
(Woodcock, 2005). The positive effects of habitat quality on true
bugs and orthopterans were not detected in Hill-Shannon and Hill-
Simpson diversities, indicating that additional rare species in high-
quality ecotones largely drove the observed patterns, whereas the
negative relation between habitat quality and carabids remained.

4.4 | SNH cover

Semi-natural habitats (SNH) can be vital for the survival of
certain species in agricultural landscapes (Lecq et al., 2017; Résch
et al., 2013). We did, however, not detect any significant positive
responsetoanincreaseinlandscape SNH coverin any of the diversity
metrics analysed. The Hill-Shannon diversity of spiders even
decreased with increasing SNH cover in the landscape. While we
detected positive trends in other taxa (true bugs, orthopterans and
carabids), the variance was considerably high. This finding suggests
that the drivers acting on the local scale were more important for
diversity than SNH on the landscape scale. For herbaceous plants, for
example local habitat quality is more important than the connection
to other habitat patches in the surroundings (Zulka et al., 2014).
Studies that found positive effects of SNH were often focussed on
specialists that may find nesting sites or food plants exclusively in
SNH (Briickmann et al., 2010). In contrast, many generalists also
persist in the surrounding landscape matrix (Kénig & Krauss, 2019),
which might explain why we did not observe significant positive

effects of SNH cover.

5 | CONCLUSIONS

By combining complementary diversity metrics, we gained
nuanced insights into the drivers of diversity in the species-rich
but understudied Central European shrub ecotones. Prioritising
the preservation of open ecotones with shrub foliage cover below
30%, and supporting a mosaic of shrubs at varying growth stages is
overall most beneficial for the diversity of herbaceous plants, true
bugs, orthopterans and spiders. To further support these taxa, shrub
species that offer abundant resources and complement each other
through different growth forms, such as hawthorn or wild roses,
should be promoted. Given the deviating response of carabids,
however, a one-size-fits-all approach to management is ineffective.
To balance habitat requirements of different taxa and maximise
biodiversity benefits, conservation efforts should operate at the
landscape level, maintaining a mix of open and half-open ecotones.
This could be achieved by implementing gradual transitions from
grasslands to forests, with a belt of perennial forbs and small shrubs
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blending into a layer with taller shrubs. Given the scarcity of shrub
ecotones, it is imperative to maintain the remaining ones and foster
the development of new shrub ecotones by reducing mowing or
grazing along grassland edges and allowing shrubs to grow along
forest margins, for example by assigning dedicated shrub transition
zones in suitable habitats. Such measures require collaboration
between landowners, landscape conservation associations, and
nature conservation authorities. By promoting these intermediate
succession stages between grassland and dense forests, historic
species-rich habitats that were once widespread can be restored in
managed landscapes with a minimal sacrifice of area.
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