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Abstract: In times of global insect decline, agricultural ecosystems need to be designed in an as insect-
friendly manner as possible to halt the progressive loss of biodiversity. This is particularly important
for steep-slope viticulture being established on sites with high biodiversity potential. Therefore, we
compared different vineyard types (cross-slope with greened embankments vs. down-slope or other
types without greened embankments), using wild bees and butterflies as indicators for biodiversity
in the lower Moselle region (SW Germany). The numbers of species and individuals in both groups
were significantly higher in cross-slope vineyards with greened embankments. This also held true for
the number of specialised and endangered species. The communities of wild bees and butterflies
differed remarkably between the vineyard types. Three wild bee and five butterfly species were
identified as indicator species and hence can be used as such for further monitoring. Our results
underline that the structure of steep-slope vineyards has tremendous importance for biodiversity
conservation. Since the cultivation of cross-slope vineyards on steep slopes is easier than that of
down-slope vineyards, we assume the great synergistic potential to reconcile agricultural use and
biodiversity conservation and, in addition, to preserve steep-slope viticulture as a structural element
in landscape planning.

Keywords: wild bees; butterflies; monitoring; vineyard management; cross-slope vineyards with
greened embankments; down-slope rows

1. Introduction

The decline in biological diversity is a severe global challenge. So far, we have not been
able to stop or even slow it down [1]. This also applies to insects, which are of paramount
importance for the functioning of all terrestrial ecosystems [2,3]. Consequently, mitigating
insect decline is a fundamental aspect of nature conservation, especially in reconciling the
maintenance of biodiversity and human land-use. A high proportion of the land area is
used for agricultural production, e.g., 40% of the total surface of the European Union [4].
Globally, agriculture is considered the main driver of biodiversity loss [5]. The effects of
climate change, conversion of natural habitats into farmland, intensification of agricultural
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methods, and the use of agro-chemicals are important factors [5] causing the degradation,
fragmentation, and loss of habitats [1,6]. Particularly troublesome are the increasing
losses of pollinators, which are responsible for the reproduction of more than 80% of the
world’s flowering plants, including a large number of crop species necessary for human
nutrition [7,8]. Taking this into consideration, environmental policies are increasingly
addressing this problem, e.g., the Green Deal of the European Community [9], which
attempts to reconcile economy and ecology in agriculture.

In Europe, insect decline has particularly accelerated over the last decades, also af-
fecting sites of high biodiversity and hence conservation value [3,10]. This underlines
the urgent necessity of reconciling economy and ecology in agriculture, with a special
focus on the most valuable habitats in terms of biodiversity within regions. One frequent
agricultural use at sites of regionally important biodiversity is viticulture, performed on
steep slopes [11]. These sites are highly important habitats for xerothermophilic plants
and animals, particularly in the northern winegrowing regions. Many of these species are
considered vulnerable on different spatial scales [11]. In the past, plot realignments imple-
mented to improve the economic viability of steep-slope viticulture have caused losses of
two important determinants of biodiversity, namely, structural diversity and habitat hetero-
geneity [12], which have been further aggravated by the intensive application of a large
variety of different agro-chemicals [13]. However, in viticulture, the pioneering adoption of
integrated production strategies using alternatives to chemical pesticides [14] has led to
a drastic reduction in the use of acaricides and insecticides in temperate European wine-
growing regions [15]. This is a prerequisite for the conservation of biodiversity through the
adaptation of vineyard management regimes. Still, the cultivation of steep-slope vineyards
is highly labour- and cost-intensive, often resulting in abandonment [16]. The subsequent
succession of fallow land results in the loss of structural diversity, which is accompanied
by a loss of habitat quality for many of the typical and endangered species [17].

Consequently, it will be necessary to move towards a structure of vineyards which can
reconcile economic efficiency with the needs of biodiversity conservation. So far, the most
frequently used vineyard type is down-slope rows, i.e., the rows of vine plants running
strictly cross-contour-wise (Figure 1a), hereafter called down-slope vineyards. Although
this vineyard type maximises the density of crop plants and hence the quantity of wine
produced, it suffers from increasingly severe problems on particularly steep slopes [16],
which in turn often feature the vineyards potentially supporting valuable plant and animal
communities. Thus, the economic reward of managing such vineyards is often severely
reduced by the high costs caused by inaccessibility to machinery and the consequent
reliance on a large amount of manual labour. This results in particularly high rates of
abandonment of such extreme sites [16]. Alternatively, these steep slopes can be planted in
a contour-wise manner (Figure 1b), hereafter called cross-slope vineyards. This vineyard
design allows much easier cultivation, especially if terraces are sufficiently broad for the
use of standard machinery, thus compensating for the reduced quantities of wine produced.
The establishment of such cross-slope vineyards results in the creation of within-vineyard
embankments, which reduce soil erosion in comparison with that of down-slope vineyards,
and are also assumed to be highly beneficial for the maintenance of biodiversity, if they
are equipped with a cover of flowering plants (hereafter called cross-slope vineyards with
greened embankments; Figure 1b).

To evaluate the potential positive effects of cross-slope vineyard types, a detailed
comparison of their biodiversity with the traditional down-slope vineyards is urgently
needed. In addressing this research aspect, we studied these two vineyard types in the
Moselle region (southwestern Germany), which is one of the most important winegrowing
regions of central Europe, particularly famous for its large number of steep-slope vineyards.
As study organisms, we selected wild bees and butterflies, which fulfil an important
role in maintaining functioning ecosystems as pollinators [18]. Furthermore, both of
these insect groups are highly sensitive ecological indicators often used for the evaluation
of environmental quality. In central Europe, the important criteria for such ecological
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indicators are rarity, endangerment, mobility, colonisation potential, the contribution of
species to the natural balance, and the diversity of ecological requirements [19-23]. In
addition, they respond quickly to environmental changes due to high reproductive rates
(more so in butterflies), short life cycles, and their low trophic level [24].
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Figure 1. Comparison of different vineyard types. Cross-contour-wise vineyards with rows running
down-slope (a) in comparison to contour-wise vineyards with rows running cross-slope and with
greened embankments (b).

In this context, we address the following research questions: (i) Do differences exist
between the insect communities of cross-slope vineyards with greened embankments and
vineyards without greened embankments? If so, (ii) do greened cross-slope vineyards har-
bour more species of conservation concern than vineyards without greened embankments?
And, more generally, (iii) does the restructuring of steep-slope vineyards in the Moselle
region (and beyond) have the potential to reconcile economically viable wine production
with the maintenance of high biodiversity? Finally, we discuss the consequences for the
preservation of a traditional cultural landscape, which is economically important, also
beyond wine production, e.g., for regional tourism.

2. Materials and Methods
2.1. Study Area

The study was conducted in the vicinity of the village of Pommern (N 50°10'12,
E 7°16/25; Moselle valley, Rhineland-Palatinate, southwestern Germany; Supplementary
Figure S1). This region is characterised by steep slopes used for viticulture. The determining
steep relief results in a highly heterogeneous landscape consisting of small cultivated and
uncultivated plots, ecotone habitats, and structural elements such as dry stone walls [25,26],
featuring a highly diverse bee fauna [27].

The cultivated vineyards can be differentiated into two types: vineyards including
greened embankments (GEVs) and vineyards with no such embankments (NEVs). GEVs
are characterised by cross-slopes management techniques, enabled by drivable terraces
about 2.20 m wide and separated by greened embankments up to 2 m high, with fractions
of open soil on terraces between each row of vines. These transverse terraces allow the
use of standard machinery in steep terrain, even at gradients of more than 60% [16]. A
time-shifted mosaic mulching of the greened embankments is conducted only once or twice
a year. Hence, the vegetation on the embankments shows an extended flowering period.

NEVs are characterised by down-slope management practices using narrow-track
tractors, operated cross-contour along the steepest gradient. Such vineyards can normally
be found up to a slope gradient of 40% [16]. Soil conditions, tillage (2 events per vegetation
period), and vegetation management (2-4 mulching events per vegetation period) com-
monly lead to only sparse vegetation between the rows of vines. Furthermore, NEVs are
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represented by narrow cross-slope vineyards without terraces, which do not allow the use
of machinery. Here, neither greened embankments nor other rich vegetation exist.

GEVs and NEVs were represented in the study by three vineyards each. Two of
the three NEVs were down-slope vineyards; one was a cross-slope vineyard without
terraces. All sampled vineyards had similar orientation and inclination and were managed
conventionally. Both vineyard types were tilled 2-3 times per vegetation period. NEV inter-
rows were mulched 2—4 times per vegetation period, and GEV inter-rows were mulched
1-2 times. Greened embankments were mulched with a combination of bar mower and
flail mulcher only once a year at the end of June, and no tillage was undertaken here at
all. Pesticide applications were standard local practice in all vineyards, and there were
no applications of pesticides known to pose unacceptable risks to bees or the natural
environment, as determined by state authorities in the pesticide registration process.

2.2. Sampling

For sampling wild bees (Hymenoptera: Apiformes excluding Apis mellifera) and
butterflies (Lepidoptera: Papilionoidea), we selected a total of 24 fixed transects (4 within
each of 6 vineyards; Supplementary Figure S1), each 50 m long. During each sampling event,
every transect was sampled once. The sampling sequence of transects was randomised for
each sampling day, so that the individual transects were sampled at different times of the
day, with the restriction that sampling along shaded transects was avoided. All sampling
was undertaken by the same observers (wild bees: A. Krahner; butterflies: L. Bohm; plant
species: D. Braun).

Bees were sampled by targeted hand netting in 2012 (21 sampling events from April to
September) and 2013 (4 sampling events from May to August) under favourable weather
conditions (no or little wind, cloud cover 50% or less, temperatures > 15 °C), from 10:00
to 17:00, around midsummer from 9:00 to 18:00. All bee individuals occurring in a strip
2 m wide, centred on the transect line, as well as up to 2 m above the ground and in front
of the observer, were targeted for sampling. Transect walks were standardised to 10 min
of sampling time per transect (excluding time for handling of caught individuals), and
sampling motivation was to sample as many species and individuals as possible within the
given time. In case of high bee abundances, for example, on highly attractive flower patches,
the sampling protocol prioritised the collection of as many morphospecies as possible
over the collection of all sighted individuals, in order to achieve an overall biodiversity
assessment representative for the whole transect, within the fixed time window of 10 min.
All sampled individuals were killed with ethyl acetate and taken to the laboratory for
species identification. Sixteen species belonging to five closely related species groups were
difficult to distinguish morphologically (e.g., no clear morphological differences in females)
and were therefore pooled as in earlier studies [21] (i.e., Andrena ovatula agg., comprising
Andrena ovatula, A. wilkella, A. intermedia, A. similis and A. gelriae; Bombus terrestris agg.,
comprising Bombus cryptarum, B. lucorum, B. magnus and B. terrestris; Bombus hortorum agg.,
comprising Bombus hortorum and B. ruderatus; Lasioglossum smeathmanellum agg., comprising
Lasioglossum nitidulum and L. smeathmanellum; Halictus simplex agg., comprising Halictus
eurygnathus, H. langobardicus and H. simplex).

The survey of butterflies was conducted in 2014 (14 sampling events from March
to September) following a standardised butterfly transect method [28]. All butterflies
(species, number of individuals) occurring in the area 2.5 m to each side of the transect as
well as 5 m above and in front of the counting person were recorded [28,29]. To prevent
double counting, butterflies behind the counting person were ignored [29]. If necessary,
butterflies were netted for determination and released afterwards. Surveys were only
undertaken under suitable weather conditions (wind speed < 4 on the Beaufort scale, sunny,
temperatures > 17 °C) [29]. If the sampling on all transects could not be completed within
one day, it was continued as soon as possible thereafter.
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The species richness of insect-pollinated plants in flower was surveyed in 2012 (12 sam-
pling events per transect from April to September) and 2013 (6 sampling events from May
to September), recording all plant species in flower along the transects.

2.3. Statistical Analyses

Statistical analyses were performed in the R environment [30]. To compare insect
diversity between GEVs and NEVs, the data of all records including the total numbers of in-
dividuals per species were used. For nonmetric multidimensional scaling (NMDS) analyses
of wild bees, data of 2012 and 2013 were pooled by combining all sampled individuals and
species in one data set, because sampling effort was markedly reduced in the second year
of sampling. Mantel tests were performed to analyse spatial autocorrelation of transect data
within each vineyard type, measuring the correlation between the spatial distance matrix
and the distance matrix of species communities along transects (99,999 permutations; R
packages: vegan 2.5.6 [31], ade4 1.7-16 [32]). The spatial distance matrix of the transects
was calculated using the transect centres in QGIS [33]. The Bray—Curtis dissimilarity was
used for calculating the distance matrix of species communities. Abundance differences
were downweighted via transformation (In+1) of individual numbers.

For bees and butterflies, numbers of individuals and species as well as different di-
versity parameters were compared between GEVs and NEVs, while, for plants in flower,
only number of species was compared. Exponential Shannon diversity (H') and evenness
(J') as well as Hill numbers were computed using the R package vegan 2.5.6 [31]. Expo-
nential Shannon diversity was used, as it facilitates interpreting differences in diversity
compared to Shannon entropy [34]. Rényi diversity profiles, which are used for ranking
communities from low to high diversity, were created using Hill numbers on different
scale parameters [35]. Rényi diversity profiles allowed a general statement about the wild
bee and butterfly diversity of the vineyard types, which provides more information than
the single diversity indices [36], because it allows for evenness to be taken into account
with different weightings via varying scale parameters (alpha). Differences between the
vineyard types were then tested by fitting LMMs or GLMMs (abundance, species richness,
exponential Shannon diversity, evenness, Hill numbers). For the GLMM approach, full
models were created including vineyard type as the fixed effect. Random-intercept effects
included vineyard (butterflies) or vineyard nested in sampling year (bees and plants in
flower), in order to take the nested structure of the sampled data into account. The choice
of the GLMM family and model reduction was based on the AICc. Overdispersion of
Poisson-GLMMs was assessed using R-package blmeco 1.4 [37]. GLMMs were fitted with
R-package glmmTMB 1.0.2.1 [38]. For automated model selection, the ‘dredge” function
from the ‘MuMIn’ package version 1.43.17 [39] was used. Models were validated through
visual inspection of residual plots, using R-package DHARMa 0.4.1 [40]. For post hoc tests,
using the Tukey method for p value correction, the R-package emmeans 1.6.0 was used [41].

To investigate differences in the composition of the wild bee and butterfly communities
between the GEV and NEV types, NMDS was performed. All analyses were based on
Bray—Curtis distances after transformation (In+1) of the individual numbers. R? values
(nonmetric fit) were calculated in order to obtain the combined portion of variance ex-
plained by the axes [42] and stress values to assess the interpretability of two-dimensional
projections (stress values 0.05-0.2) [43]. A combination of permutation-based multivariate
analysis of variance (PERMANOVA) [44] and permutation-based test for homogeneity of
multivariate dispersions (PERMDISP) [45] was used to analyse the differences between
the vineyard types. NMDS, PERMANOVA, and PERMDISP (999 permutations) were per-
formed using the R package vegan 2.5.6 [31]. Indicator species analyses were used to detect
species potentially characteristic of GEVs and NEVs (R package indicspecies 1.7.9 [46]).
Permutation-based significance tests (999 permutations) determined p-values. All graphics
were created using the R package ggplot2 [47].
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3. Results
3.1. Monitoring Data

The monitoring resulted in data on 110 wild bee species represented by 1013 individu-
als in the years 2012 and 2013 and 31 butterfly species represented by 448 individuals in
the year 2014 (Supplementary Table S1). A total of 96 plant species in flower were observed
in 2012 and 2013. The recorded wild bee species belonged to seven families and the butter-
fly species to six families. Most bee individuals belonged to the Halictidae, followed by
the Apidae and Andrenidae (Table 1). The majority of the butterflies belonged to a few
species of the family Pieridae, followed by Nymphalidae and Satyrinae (Table 1). Among
the total of 110 recorded bee species, 34 (i.e., 31%) are listed in the Red List of Germany:
21 species (i.e., 19%) in categories 2-3 corresponding to the IUCN Red List categories EN
and VU, 11 species on the prewarning list (10%), 2 species with deficient data (2%) [48],
and 24 species (22%) in the Red List of Rhineland-Palatinate (categories 2-3) [49]. Of the
31 butterfly species recorded in total, 6 (i.e., 19%) are listed in the Red List of Germany:
3 species (i.e., 10%) in the categories 1-3, and 3 species (10%) on the prewarning list [50].
Overall, 13 species (38%) are listed in the Red List of Rhineland-Palatinate: 6 species (19%)
in categories 1-3 and 7 species (23%) on the prewarning list [51] (Table 1).

Table 1. Total detected species and individuals of wild bees (2012, 2013) and butterflies (2014),
subdivided into their families, and proportion of endangered species according to the Red List of
Germany (GER) and Rhineland-Palatinate (RLP) [48-51] (category 1: threatened with extinction;
category 2: critically endangered; category 3: endangered; see Supplementary Table S1 for a detailed
species list).

Family Species Species (%) Individuals Individuals (%)
Wild bees
Andrenidae 18 16.4 137 13.6
Anthophoridae 13 11.8 97 9.6
Apidae 12 10.9 209 20.6
Colletidae 16 14.5 130 12.8
Halictidae 31 28.2 369 36.4
Megachilidae 20 18.2 71 7.0
Total 110 100.0 1013 100.0
endangered (GER) 34 31.0
categories 2-3 21 19.0
prewarning list 11 10.0
endangered (RLP) 24 22.0
categories 2-3 24 22.0
Butterflies
Hesperiidae 3 9.7 14 3.1
Papilionidae 2 6.5 10 2.2
Pieridae 9 29.0 183 40.9
Lycaenidae 5 16.1 9 2.0
Nymphalidae * 7 22.6 132 29.5
Satyrinae 5 16.1 100 22.3
total 31 100.0 448 100.0
endangered (GER) 6 19.0
categories 1-3 3 10.0
prewarning list 3 10.0
endangered (RLP) 13 38.0
categories 1-3 6 19.0
prewarning list 7 23.0

* Excluding subfamily Satyrinae.

Mantel tests (99,999 permutations) indicated the spatial autocorrelation of the data
of wild bees within the GEV type (r = 0.591, p = 0.001). Reducing the number of transects
to the two transects most distant from each other within the same vineyard resolved the
problem of spatial autocorrelation (GEV: r = 0.053, p = 0.336, NEV: r = 0.400, p = 0.07).
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Accordingly, statistical analyses using NMDS for wild bees were conducted using this
reduced data set comprising 568 individuals belonging to 88 species; however, the propor-
tions of the seven families did not change for the composition of species and individuals
(Supplementary Table S2). Transect data of butterflies did not indicate any spatial auto-
correlation (GEV: r = 0.005, p = 0.436; NEV: r = 0.183, p = 0.071); hence, further statistical
analyses using NMDS were based on the entire data set.

3.2. Species Richness and Diversity Differ between Different Vineyard Types

Numbers of recorded species of wild bees, butterflies, and plants in flower, as well as
numbers of individuals of wild bees and butterflies, were significantly higher in cross-slope
vineyards with greened embankments (GEVs) for all species as well as for single considered
groups (Poisson and negative binomial GLMM: p < 0.05, Table 2, Supplementary Table S3)
in comparison with vineyards without greened embankments (NEVs) (Figure 2). Numbers
of species were two to more than three times higher in GEVs, while numbers of individuals
were two to more than five times higher. Especially, species and individuals of endangered
species as well as oligolectic wild bees and xerothermophilic butterflies were observed in
higher numbers in GEVs.

Table 2. Number of species and individuals of wild bees, butterflies, and insect-pollinated plants in
flower, sampled in cross-slope vineyards with greened embankments (GEVs; n = 24 for wild bees
and plants, n = 12 for butterflies) and in vineyards without greened embankments (NEVs; n = 24 for
wild bees and plants, n = 12 for butterflies; model estimates, means, and standard errors). Significant
differences: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) (negative binomial /Poisson GLMM, Tukey’s test,
Supplementary Table S3). NA: not assessed. Data on endangered species refers to the Red List of
Germany (GER) and Rhineland-Palatinate (RLP) [48-51].

Insect Group Species Individuals
GEV NEV GEV NEV
Mean + SE Mean £ SE Mean + SE Mean £ SE
Wild bees
all species 13.7 £ 6.0 7.1 431 2344147 10.1 £ 6.3 **
endangered (GER) 29+12 0.9 +04* 42+24 1.0+06*
endangered (RLP) 1.6+£12 0.4 £ 0.3 *** 22+19 0.5+ 0.5*
oligolectic 31£15 0.7 £ 0.4 *** 45+27 0.8 £0.5 ***
hypergeic 32+16 1.0+ 0.5** 48+35 1.3 +£0.9 ***
endogeic 105+ 45 6.0 £2.6* 18.8 £11.6 8.7 £54*
fallow-associated 6.6 £27 27 £ 1.1 12.4 £ 8.2 45+£3.0*
xerothermophilic 14409 04+02* 24+21 0.3 £0.3**
Butterflies
all species 100 £1.2 4.4+ 0.7 29.8+3.0 7.5+ 1.0 **
endangered (GER) 17+04 07+£02* 3.6+£1.0 1.0+04*
endangered (RLP) 3.0+ 0.6 1.0+ 03* 51+13 13+04*
monophagous 23+04 09+03* 6113 1.9 £05*
xerothermophilic 1.5+04 05+02* 32+1.0 08+03*
plants
all species 244+53 10.7 £ 2.4 *** NA NA

Furthermore, the exponential Shannon diversity of wild bees and butterflies was
higher for species in GEVs. These differences were significant for all species (butterflies
and wild bees) and all considered groups of wild bees (LMM and Tweedie GLMM: p < 0.05,
Table 3, Supplementary Table S3). Wild bees did not show any significant differences
in evenness between GEVs and NEVs (LMM: p > 0.05, Table 3, Supplementary Table S3).
For butterflies, however, evenness was significantly higher in GEVs than in NEVs. This
applied to the analyses of all species as well as endangered species according to the
Red List of Rhineland-Palatinate and Germany (beta GLMM and LMM: p < 0.05, Table 3,
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Supplementary Table S3) but not to monophagous and xerothermophilic species
(Supplementary Table S3).
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Figure 2. Comparison of species richness of bees, butterflies, and insect-pollinated plants in flower
between vineyard types. Pale smaller points represent transect observations, while larger points with
error bars represent model estimates (means and standard errors). In cross-slope vineyards with
greened embankments (GEVs, green), significantly higher species numbers were recorded compared
with vineyards without greened embankments (NEVs, brown; Poisson/negative binomial GLMM,
Tukey’s test: p < 0.05, Table 2, Supplementary Table S3).

Table 3. Exponential Shannon diversity (H') and evenness (J') (mean + standard error) of the
wild bee and butterfly communities sampled in cross-slope vineyards with greened embankments
(GEVs; n = 24 for wild bees, n = 12 for butterflies) and in vineyards without greened embankments
(NEVs; n = 24 for wild bees, n = 12 for butterflies). Significant differences between GEVs and NEVs:
*(p <0.05), ** (p <0.01), *** (p < 0.001) (LMM/Beta/Tweedie GLMM, Tukey test, Supplementary
Table S3). NA: vineyard type not included in model selection. Data on endangered species refers to
the Red List of Germany (GER) and Rhineland-Palatinate (RLP) [48-51].

Insect Group Shannon Diversity H' Evenness J’
GEV NEV GEV NEV
Mean + SE Mean + SE Mean + SE Mean + SE
Wild bees
all species 114 +42 6.2 £ 2.3 ** 0.93 + 0.02 0.94 + 0.02
endangered (GER) 27+11 1.2 £05* NA NA
endangered (RLP) 20+08 0.9 £ 0.4 *** NA NA
oligolectic 1.8+0.3 1.1+02*% NA NA
hypergeic 3.0£12 1.2 4+ 0.5 *** NA NA
endogeic 8.8 +32 5.4 +2.0*** 0.93 + 0.02 0.94 +0.02
Fallow-associated 56 £19 24 £ 0.8*** NA NA
xerothermophilic 1.6 +04 1.14+03* NA NA
Butterflies
all species 1.9 +0.1 1.1 £ 0.1 % 0.80 + 0.02 0.66 £ 0.02 ***
endangered (GER) 0.6 £0.1 02+£0.1* 0.53 £+ 0.08 0.27 £ 0.08 *
endangered (RLP) 0.8+0.8 0.3 +0.3* 0.56 + 0.07 0.30 + 0.07 *
monophagous 1.2+£0.0 1.1+0.0 NA NA

xerothermophilic NA NA NA NA
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3.3. Insect Communities Differ between Vineyard Types

The communities of wild bees and butterflies recorded in GEVs were characterised by
a higher diversity than those recorded in NEVs. This applied independent of how strongly
the species represented in large numbers were downweighted in comparison to the rarer
species. The difference in diversity was significant for all scale parameters regarding wild
bees and to scale parameters « < 4 regarding butterflies (LMM, Poisson/Tweedie GLMM:
p < 0.05, Figure 3, Supplementary Table S3).

Differences in the similarity of wild bee and butterfly communities between GEVs
and NEVs were observed (NMDS, Figure 4). These differences were highly significant
for both insect groups (PERMANOVA, 999 permutations: (A) wild bees F =3.142; df = 1;
p = 0.003; (B) butterflies F = 3.142; df = 1; p = 0.003). Furthermore, the variability in the
species composition of both wild bees and butterflies was significantly higher in NEVs
(PERMDISP, 999 permutations: (A) wild bees F = 6.094; df = 1; p = 0.047; (B) butterflies
F=5.696; df = 1; p = 0.018).
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Figure 3. Diversity profile of the wild bee (A) and butterfly communities (B). Diversity profiles
are illustrated using Hill numbers (estimated means and standard errors) calculated with different
scale parameters (alpha). Green: cross-slope vineyards with greened embankments (GEVs; n = 24
for wild bees, n = 12 for butterflies). Brown: vineyards with no greened embankments (NEVs;
n = 24 for wild bees, n = 12 for butterflies). Significant differences between GEVs and NEVs:
** (p < 0.01), ** (p < 0.001) (LMM/Poisson/Tweedie GLMM, Tukey test, Supplementary Table S3). In
the calculation of Hill numbers, weighting of evenness increased with the increase in alpha.
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Figure 4. Delineation of insect communities among different vineyard types. Nonmetric multidi-
mensional scaling (NMDS) of wild bee (A) and butterfly communities (B) sampled in two different
structural types of vineyards (Bray—Curtis distance, In+1 transformed data). (A) Stress (3 runs) = 0.137;
R? = 0.981 (nonmetric fit); (B) stress (14 runs) = 0.160; R? = 0.884 (nonmetric fit). Cross-slope vineyards
with greened embankments (GEVs; green) and vineyards without greened embankments (NEVs;
brown) were significantly different regarding community composition: PERMANOVA (A) F = 3.142,
df =1, 999 permutations, p = 0.003; (B) F = 4.506, df = 1, 999 permutations, p = 0.001. Furthermore, the
variability in community composition significantly differed between GEVs and NEVs: PERMDISP
(A) F =6.094, df = 1, 999 permutations, p = 0.047; (B) F = 5.696, df = 1, 999 permutations, p = 0.018.
Black crosses: species (indicator species, see Table 4 are highlighted); convex hulls: insect commu-
nities in GEVs (green triangles: transects in GEV plots) and NEVs (brown circles: transects in NEV
plots). For the wild bees, a reduced data set was used to solve the problem of spatial autocorrelation.

Table 4. Analysis of indicator species, i.e., species of wild bees and butterflies, that were significantly
associated with cross-slope vineyards with greened embankments (GEVs; « = 0.05, 999 permutations):
*(p <0.05), ** (p < 0.01), *** (p < 0.001). Maximum specificity (1.0) = species observed only in GEV
plots; maximum sensitivity (1.0) =species observed in all GEV plots. No significant indicator species
were found for vineyards without greened embankments (NEVs).

Indicator Value  Specificity Sensitivity p
Wild bees
Colletes similis 0.913 1.000 0.833 0.014*
Andrena flavipes 0.902 0.814 1.000 0.013 *
Lasioglossum morio 0.894 0.800 1.000 0.039 *
Butterflies
Lasiommata megera 0.968 0.938 1.000 0.001 ***
Melitaea didyma 0.797 0.763 0.833 0.017*
Aglais io 0.764 1.000 0.583 0.005 **
Melanargia galathea 0.764 1.000 0.583 0.004 **
Pieris brassicae 0.725 0.900 0.583 0.024 *

3.4. Indicator Species of Cross-Slope Vineyards with Greened Embankments

Characteristic wild bee and butterfly species for the GEV type were identified using
indicator species analyses (Figure 4, Table 4). With regard to bee indicator species, Andrena
flavipes and Lasioglossum morio were observed in all GEV plots (maximum sensitivity),
while Colletes similis was observed only in GEV plots (maximum specificity). Regarding
butterfly indicator species, Lasiommata megera occurred in all GEV plots; Aglais io and
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Melanargia galathea appeared only in GEV plots. Melitaea didyma has a particular role
as indicator species, as this species is critically endangered in Rhineland-Palatinate and
Germany [50,51].

4. Discussion

The findings of this study are based on a relatively low number of sampled vineyards
within a single study region. The small-scale and sometimes narrow nature of the Moselle
valley, as well as the fact that only a very small number of NEVs have been cultivated
to date, limited the selection of our sampled vineyards. Therefore, it may be difficult to
generalise and transfer our results to other larger wine-growing regions, and the present
results have to be regarded as applicable to the studied vineyards. This has to be kept in
mind when interpreting the results and transferring them to other wine-growing regions.
Given the rarity of vineyards with greened embankments (GEVs) as a novel vineyard
design at present, the pool of GEVs from which we selected our sample was very limited,
as was the number of suitable study regions. However, focusing on a single landscape
in this case study, we were able to minimise landscape-scale effects on bee and butterfly
communities. Moreover, we consider the selected study region to be representative for
many landscapes with steep-slope viticulture in Germany and other parts of central Europe.
We therefore argue that the findings of this study are relevant beyond the investigated
study region. Still, with increases in the number and distribution of GEVs expected in the
near future, further studies investigating GEVs in multiple regions will be necessary to
corroborate that the present findings apply to additional landscapes and regions.

We found significantly more species and individuals and generally a higher diversity
of wild bees and butterflies in the GEVs than in the vineyards without these structures
(NEVs; Tables 2 and 3, Figures 2 and 3). A large part of the recorded species in the GEVs
were categorised as endangered according to the Red Lists of Rhineland-Palatinate [49,51]
and Germany [48,50]. Overall, the GEV communities of both insect groups were rich, hence
differing remarkably from the NEV communities (Figure 4). This suggests the general
conservation value of GEVs, whose specific benefits are discussed below.

Our analyses demonstrated that, embedded within the studied vineyards under
cultivation, greened embankments are seminatural habitats that have a positive influence
on the diversity of our indicator groups. Such effects of seminatural habitats on wild bee
diversity have been shown for other agro-ecosystems [52,53]. In addition to the structurally
rich vegetation on the embankments, the higher light exposure and air circulation in GEVs
result in a more diverse microclimate [16], which increases heterogeneity and thus general
habitat quality. In GEVs, insolation is higher due to the larger distance between vine rows
compared with the down-slope structures of NEVs. In particular, the rather steep greened
embankments collect more solar energy over the year than all other parts of the vineyards,
offering more suitable conditions for the development of many thermophilic species.

Dover et al. [54] drew comparable conclusions for arable fields, emphasising in partic-
ular the favourable microclimate of green lanes in combination with embankments, and
pointed out their importance for the thermoregulation of butterflies. In general, the width
and plant species composition of the vegetated linear elements are crucial for their conser-
vation value [12]. In this context, green lanes adjacent to arable land are known to support a
high abundance of bumblebees [55] and butterflies [54,56], highlighting their importance as
linear landscape elements with high biodiversity value for nectar-feeding insects. Similarly,
flower strips in the agricultural landscape are well known to promote wild bee and butter-
fly populations by providing a continuous supply of floral resources [56-58]. In contrast
to our study, Wersebeckmann et al. [59] found no differences in bee abundance between
vertically oriented vineyards (comparable to NEVs) and terraced vineyards (comparable to
GEVs). However, this study was based on pan trap sampling, which has been cautioned
against for providing unreliable abundance measures, especially when there is a contrast in
flower cover [60]. Corroborating our results, Wersebeckmann et al. [59] observed a trend of
higher bee species diversity in terraced compared with vertically oriented vineyards using
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a sampling method complementary to our method with regard to representativeness of the
sampled bee community [21].

The microclimatically favourable conditions of narrow river valleys like the Moselle,
combined with the species-rich flora and the structural richness of the GEVs, enhance the
preservation of high-conservation-value habitats, especially for xerothermophilic species.
Structural diversity, which is indispensable for a rich biodiversity, e.g., in the form of struc-
tural elements such as dry-stone walls or rock outcrops, can be maintained or established
within GEVs. Accordingly, several publications have noted the importance of a mosaic-like
distribution of semi-natural habitats in vineyard landscapes for the conservation of wild
bees and biodiversity in general [12,61]. Additionally, it was emphasised that a dense
network of suitable habitats is crucial for maintaining wild bee diversity [62]. Consequently,
the conservation value of GEVs is clearly superior to that of NEVs because heterogeneous
habitats on different spatial scales are key elements for improving biodiversity in viticul-
ture [12]. Butterfly species recorded in the NEVs were mainly dispersive species (e.g., Pieris
rapae, Aglais urticae or the highly dispersive Gonepteryx rhamni [63]). According to their char-
acteristics, they are assumed to be not using the NEVs as habitats but are merely transient.
Furthermore, the rare and endangered species present in the GEVs (e.g., Satyrium acaciae, S.
spini) were not detected in the NEVs. Consequently, GEVs are diverse habitats for insects
and should be so for other rare and endangered species. They represent a high-quality alter-
native to the traditional and more widespread, often monotonous, down-slope vineyards.
With wild bees commuting between partial habitats and being influenced by landscape
factors and with butterflies moving primarily at habitat level, this combination of indicator
species shows very sensitive results regarding the benefits of GEVs for biodiversity.

The greened embankments of the vineyards, which, from the wine grower’s point
of view, protect against erosion, provide a rich and almost permanent plant cover. This
vegetation richness provides necessary resources in abundance for the two investigated
indicator groups [54,56,64]. Oviposition sites for butterflies, host plants of their caterpil-
lars, pollen plants for bee larvae, and nectar plants for the imagines of both groups are
provided through plant species diversity in the greened embankments, explaining the
high community diversity found in these vineyards in our study. In contrast, the NEVs
showed a low degree of floral richness and accordingly less-diverse nutritional resources.
Corroborating our results, a clear correlation between species richness of wild bees and
butterflies on the one hand and the diversity of flowers available on the other has frequently
been reported [57,62,65]. The diversity of vascular plants is of particular importance due
to their function as food resources. Furthermore, species-rich spontaneous vegetation has
an augmentative effect on the biological control of grapevine pests by predators [66]. We
attribute the greater variability in the species composition of wild bee and butterfly commu-
nities in the NEVs to the lower structural and resource diversity in these vineyards: because
the NEVs offer suitable resources for a smaller fraction of the communities compared to
the GEV, species turnover in the sampled communities was higher in the NEVs than in the
GEVs due to greater vineyard-to-vineyard variation in the limited resources in the NEVs
compared to the GEVs.

In addition, regular mowing or mulching events occur in NEVs, simultaneously
reducing nutritional resources on large scales. On the contrary, in our study area, only
single mulching events in the inter-rows as well as only an annual time-shifted mosaic
mulching of the greened embankments was performed in the GEVs. This practice is not
only a viticultural necessity: it is also important for the preservation of floral diversity. This
underlines the importance of managing such human-made landscape features to optimise
their wildlife potential and thus conservation value, e.g., by cutting vegetation to prevent
scrub invasion as well as to support annual and perennial flowering plants [54,56]. As
competition for water between vines and weeds can be problematic [67], removal of flowers
within the NEVs is more often performed later in the summer season when floral resources
in the landscape are decreasing [64]. These differences in vineyard types and management
are reflected in the higher abundance of bees and butterflies observed in the GEVs than in



Diversity 2024, 16, 44

13 of 17

the NEVs. However, in order to isolate the effects of inter-row vegetation management on
plant, butterfly, and bee communities in GEVs, further studies are necessary.

Furthermore, other disturbance events such as tillage and frequent passage of heavy
equipment along both down-slope and cross-slope inter-rows do not occur within greened
embankments. Consequently, NEVs are much more affected by such disturbances and
represent less suitable habitats for insects, since the required resources are not available
in sufficient quantity and quality, and not for all developmental stages. Ground nesting
bees, which represent the majority of the native bee species and are characterised by a
high site fidelity, are likely to avoid nesting habitats that are subjected to such excessive
disturbance [68]. Tillage is especially associated with the destruction of nests of bees built
in the ground in agricultural areas [69,70], which very well explains the low abundance
of wild bees in the NEVs. Furthermore, it was pointed out that frequent soil tillage
is responsible for the destruction of floral resources, thus resulting in indirect negative
impacts on wild bees [71]. However, species-rich green cover in alternate rows of NEVs is
gaining importance due to improved steep-slope mechanisation tools [72].

We recognised several indicator species for the GEVs in both studied insect groups
but not for the NEVs (Figure 4, Table 4). All bee indicator species are ground-nesting, with
Andrena flavipes and Lasioglossum morio being ubiquitous but often observed on embank-
ments; only the xerothermophilic Colletes similis, specialised in its use of pollen sources, is
included in the prewarning list for Germany [48]. Furthermore, A. flavipes and C. similis
are typical species in vineyard fallows [73], which might play a role similar to the linear
structures of greened embankments. In this context, the spatial configuration of habitats
has only a minor influence on the conservation of wild bees [20].

Most of the butterfly indicator species prefer warm and dry habitats (Lasiommata
megera, Melitaea didyma, Melanargia galathea) and are often observed basking as well as
searching for nectar or oviposition sites on embankments (L. megera, M. galathea, Pieris
brassicae) [74]. Furthermore, L. megera and P. brassicae prefer stone walls for basking and pu-
pation, respectively [74]. These structures are often in the immediate vicinity of cross-slope
vineyards or can even be integrated in them, like in our study area. Particularly noteworthy
is the highly abundant occurrence of the xerothermophilic butterfly species M. didyma, with
its strong preference for mosaic structures [74] and status as critically endangered at the
national and regional scales [50,51]. This strongly underlines the conservation value of
greened embankment structures in the studied vineyards.

As one of our important findings, we show that nature conservation is not necessarily
in conflict with agricultural use, particularly in the case of steep-slope vineyards harbouring
a high biodiversity potential, even more so when seminatural elements are integrated as in
the GEVs. Landscape diversification caused by the alternation between cross-slope and
down-slope vineyards breaks structural monotony, thus having a positive effect on disease
and pest control [75]. Furthermore, GEVs allow mechanisation even on steep slopes, and
consequently wine production can be more cost-efficient than in NEVs [76], which on steep
slopes is much more labour-intensive because it requires a lot of cultivation by hand. In
addition, GEV cultivation requires larger areas than NEVs, as fewer vines grow per unit
of surface. This higher area requirement of GEVs in locations with generally high land
abandonment has the desirable side effect of reducing the proportion of fallow land in
succession on steep slopes.

From 1999 to 2020, the number of stocked vineyards in Rhineland-Palatinate decreased
by 25% [77]. Steep-slope viticulture is disproportionately often affected by this decrease in
stocked area, well known for high-quality wine, but also for high production costs [78]. As
it is particularly these sites which possess the highest biodiversity potential, counteracting
the processes of abandonment is crucial for nature conservation and in line with the concept
of “vinecology”, which proposes the integration of ecological and viticultural practices as a
win-win solution [79].

Furthermore, like in other European wine-growing regions [80], viticulture in the
Moselle valley is important not only for wine production and nature conservation but
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also for the maintenance of the traditional landscape scenery. The aesthetics of these
picturesque landscapes are of great significance for another important regional source of
income: tourism. Steep-slope viticulture is one of the image carriers and an important part
of eco-tourism in the region [78]. Tourists expect and appreciate a bio-diverse landscape
covered with vineyards on steep slopes and not large stretches of fallow land in natural
succession. The preservation of steep-slope vineyards therefore has mutual benefits, hence
also achieving one of the important objectives of the National Biodiversity Strategy. Al-
though the results of this study require confirmation by a more extensive analysis as soon
as more terraced vineyards become available, they are confirmed by a similar study from
another wine-growing region [59]. Consequently, the establishment of biodiversity-friendly
GEVs should be of vital interest to winegrowers, conservationists, and landscape planners.
The establishment of GEVs, which requires costly soil modifications, should therefore
be increasingly supported through financial subsidies in order to preserve steep-slope
viticulture and the associated biodiversity.
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//www.mdpi.com/article/10.3390/d16010044/s1, Figure S1: Map of the study area; Table S1: Taxa
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individuals of wild bees for the total and reduced data set; Table S3: Model statistics and effects for
mixed models.
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