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Abstract

Context Agricultural intensification and land-use
patterns impact biodiversity and reduce ecosystem
functions. Organic farming is often seen as a more
biodiversity friendly way of farming. However, not all
organic farming is equally supportive for biodiversity,
structural diversity of the farms has a great impact

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10980-023-01731-w.

L. Guderjan - T. Schmitt
Senckenberg German Entomological Institute, Eberswalder
Strae 90, D-15374 Miincheberg, Germany

L. Guderjan (<) - B. Schréder

Landscape Ecology and Environmental Systems

Analysis, Institute of Geoecology, Technische Universitit
Braunschweig, Langer Kamp 19¢, D-38106 Braunschweig,
Germany

e-mail: laura.guderjan @tu-braunschweig.de

J. C. Habel

Evolutionary Zoology, Department of Environment

and Biodiversity, University of Salzburg, Salzburg A-5020,
Austria

B. Schroder
Berlin-Brandenburg Institute of Advanced Biodiversity
Research, D-14195 Berlin, Germany

T. Schmitt

Entomology and Biogeography, Faculty of Science,
Institute of Biochemistry and Biology, University
of Potsdam, D-14476 Potsdam, Germany

and the often high intertwinement of organic and con-
ventional farmland causes spill-over problems.
Objective  On organic farmland in central Italy, we
analysed butterfly diversity and community structures
in different land-use categories across a heterogene-
ous landscape. We aim to analyse the impact of the
different land-use structures such as hedges and for-
est edges on this farmland, as well as the influence of
adjoining conventionally farmed areas.

Methods We studied butterflies on organic farmland
including olive and hazelnut plantations, as well as
meadows and fallow land, surrounded by hedges and
forests. Hereby we considered the effects of land-use
on the studied site and the adjoining land, e.g., semi-
natural habitats (as hedges or forest edges), organic or
conventional farmland. We counted butterflies along
line transects and recorded habitat parameters for
each transect. All encountered butterflies were clas-
sified according their ecological demands, behaviour,
and life-history.

Results We found highest mean butterfly spe-
cies richness in fallow land and lowest in hazelnut
plantations. Species community structures differed
hardly between plantations and meadows, but con-
siderably compared to fallow land. Butterfly abun-
dances are reduced for olive plantations adjacent to
agricultural fields treated with pesticides, compared
to such surrounded by organic fields. Habitat para-
meters such as the number of flowering plant species
and shade impact butterfly diversity and abundance.
Forest edges producing considerable shadow to the
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transects had a significantly negative effect on diver-
sity and abundance, while the influence of hedges
was positive.

Conclusions Based on our findings, we conclude
that also organic farmland has different degrees of
biodiversity depending on a variety of land-use pat-
tern. In particular, habitat heterogeneity and a high
diversity of flowers positively influence butterfly
diversity. The intensive mixing of organic and con-
ventional agriculture must be seen critical for conser-
vation as negative effects might spill over to organic
fields, but might be compensable by landscape struc-
tures like hedges.

Keywords Edge effects - Pesticides - Organic
farming - Conventional farming - Species richness -
Community structure - Abundance - Butterflies -
Landscape context

Introduction

Biodiversity has declined significantly over the last
decades (Dirzo et al. 2014). About 40% of all insect
species worldwide are classified as threatened or are
close to extinction (Sanchez-Bayo and Wyckhuys
2019). Recent studies documented severe decrease
of insect diversity and abundance across major parts
of Europe (Hallmann et al. 2017; Seibold et al. 2019;
Widmer et al. 2021). Decreasing insect diversity and
abundance also impact other taxa at higher trophic
levels using invertebrates as food source (Hallmann
et al. 2014). Furthermore, insects provide important
ecosystem functions, such as pollination of plants
(Ollerton et al. 2011). Phytophagous and detrivorous
insects recycle nutrients for plants by decompos-
ing dead material (Mattson and Addy 1975). Thus,
the disappearance of insects affects a whole range of
other organisms and cause a reduction of various eco-
system functions (Yang and Gratton 2014).

Drivers causing insect diversity decline are mani-
fold (Widmer et al. 2021). As widely accepted, land-
scape scale drivers are most important for insect
decline (Weibull et al. 2000; Rundolf and Smith
2006; Seibold et al. 2019). The transformation of nat-
ural ecosystems into agricultural land as well as agri-
cultural intensification are identified as major factors
leading to biodiversity loss (Maxwell et al. 2016).
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In this context, formerly heterogeneous landscapes
have been transformed into homogeneous landscapes
reducing habitat availability, niche diversity, and
subsequently biodiversity (Maxwell et al. 2016). In
order to increase yields of food crops, the use of arti-
ficial fertilizers and pesticides significantly increased
since WWII (Robinson and Sutherland 2002). Mean-
while, pesticides are detectable in all ecosystems even
beyond the areas where they were originally applied
(Briihl and Zaller 2019). Thus, apart from a complete
destruction of habitats, decreasing habitat quality is
a major driver of biodiversity loss in Central Europe
(Thomas 2016).

In general, heterogeneous agricultural landscapes,
characterized by diverse structures such as hedges,
wild flower strips and low intensity grassland, per-
form better in terms of biodiversity than those with
less complexity (Estrada-Carmona et al. 2022; Fiirst
et al. 2022). The additional (semi-natural) habitats
compensate for possible negative effects. Therefore, it
is essential to consider these habitats providing struc-
tures in any study of agricultural effects on biodiver-
sity. In addition, most studies on potential effects of
pesticides on biodiversity are based on a comparative
study setup, with areas with and without pesticide
treatment (Geiger et al. 2010). Although drift of pes-
ticides through landscapes is well documented (e.g.,
Rosi-Marshall et al. 2007; Hofmann et al. 2016), the
harm of pesticides beyond the limits of their actual
application needs further investigation, especially for
better understanding the importance of the structure
and context of organic farms for nature conservation.

In our study, we analysed butterfly species rich-
ness, abundance, and community structure along line
transects. We observed butterflies in organic farmland
(olive and hazelnut plantations) and adjoining mead-
ows and fallow land, the latter two for comparing
biodiversity (semi-natural vs. agricultural habitats)
and classifying plantations in the landscape context.
Although all transects were located on organic farm-
land, some of them were located directly adjacent to
agricultural fields intensively treated with pesticides,
while other transects were embedded in organic
farmland.

We selected butterflies as model organism to test
the importance of different land-use systems and
landscape structures as well as the impact of pesti-
cide applications on neighbouring sites on organic
farmland. This species group is well suitable for our
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analyses because many butterflies react highly sen-
sitive to a wide range of environmental parameters
and also to toxins (Habel et al. 2019). Furthermore,
the ecological demands, behavioural and life-history
traits of butterflies are well-known (Bink 1992; Mid-
dleton-Welling et al. 2020). Moreover, in addition to
their general popularity due to their beauty, butterflies
also have high ecological value, as both pollinators
(Rader et al. 2020) and food resources for other spe-
cies such as birds. For all butterfly species found, we
performed an ecological classification with respect to
ecological specialisation, habitat use, and dispersal
behaviour. Based on the results obtained, we address
the following research questions:

1. How do plantations differ from each other and
from adjacent semi-natural habitats?

2. Do structures like hedges, sub-Mediterranean
shrubs, and forest edges positively contribute to
butterfly diversity and abundance?

3. Does the direct adjacency of pesticide-treated
conventional agricultural areas lead to a decrease
of butterfly diversity and abundance on organic
farmland?

4. Do the different land-use patterns impact the
community structure and its ecological trait com-
position?

Materials and methods
Study area

The study was conducted in the agricultural land-
scape of the municipalities of Grotte di Castro, San
Lorenzo Nuovo, and Gradoli (Province Viterbo), near
Lake Bolsena in central Italy (300 to 450 m above sea
level). The study area covers an organic farm (180
hectares), where mainly olives and hazelnuts were
cultivated. Distances between single rows of trees in
plantations were 5 m, thus providing sufficient space
for a partly flower-rich undergrowth. A fraction of the
farmland was covered by meadows and fallow land.
Most plantations were bordered by hedges and forest
(Quercus and Pinus forest mainly), which—in some
locations—may function as barriers between organic
and pesticide-treated plantations. The organic farm
operated according to biodynamic agricultural stand-
ards (no artificial fertilizers, no pesticides), but was

surrounded by conventionally managed farmland.
Most of the organic farm formed a mostly continu-
ous area. The adjoining conventional farmland has
been treated with herbicides and fertilizers during
spring, with insecticides once or twice during sum-
mer depending on pest infestations, with herbicides
again during autumn, and with fungicides throughout
the season.

Transects

In total, we established 45 line transects at the organic
farm, with each 50 m in length. These transects were
set in the following habitats: Olive plantations (24
transects, 8 of which adjacent to pesticide-treated
plantations, 16 embedded within continuous organic
farmland), hazelnut plantations (13), meadows (4),
and fallow land (4) (see Fig. 1). Mean distance to
pesticide-treated plantations of all habitat types
embedded organically was 50 m, mean distance of
olive plantations adjacent to pesticides was 7 m. As
the study was performed exclusively on organic farm-
land (borders are shown as dashed lines in the map),
the distribution of the transects had to be arranged
partly in a clustered design. Olive plantations had
three clusters, located at three different sites (north,
centre, and south), hazelnut plantations had two clus-
ters at two sites (north and centre). All other habitat
types are each located at one site. The directly adja-
cent areas are either forests or conventional agricul-
ture. Minimum distance among single transects was
70 m to reduce potential effects from spatial autocor-
relation; this should be sufficient as also smaller dis-
tances were applied in other studies (e.g., 50 m dis-
tance: Willott et al. 2000; Evans et al. 2013). All 45
transects were visited 9 times from 19 April to 9 June
2019 (in total 405 transect walks). Butterfly counts
were conducted from 10 am to 5 pm when weather
was sunny and warm (> 15 °C, no/little wind, accord-
ing to Pollard and Yates 1993). All butterfly species
and individuals were counted 2.50 m to the right and
left and 5 m to the front and above the observer. All
butterfly counts were conducted by the same person
(LG). If possible, species identification was carried
out in the field, but some representatives of the fami-
lies Lycaenidae and Hesperiidae were caught with a
butterfly net, photographed (wing upper and lower
side), released, and subsequently identified using lit-
erature (Tshikolovets 2011; Settele et al. 2015).
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Fig. 1 Study area in Italy
(star in small inlet map)
with the transects scattered
across the organic farmland
sites (framed with dashed
line) including different
habitat types (olive a.p. =
olive adjacent to pesticides)

11°51,9'0

Habitat parameters

For each transect, we collected habitat parameters
hypothesised to influence butterfly diversity and
abundance at the local scale: Degree of shading
(estimated %), mean vegetation height (cm, by meas-
uring 3 representative plants), coverage of flowering
plants (estimated %), and number of flowering plant
species (by counting). The entire area of each tran-
sect was considered for the plant survey. The record-
ings of all parameters were conducted by the same
person (LG) in order to ensure consistent estima-
tions. After collecting these values during each tran-
sect walk, we calculated mean values per transect for
further analysis. In addition, we considered the sur-
rounding ecosystems and their characteristics: the
habitat type (olive and hazelnut plantation—the for-
mer divided into organically-embedded or adjacent
to sites with pesticide applications, meadow, fallow
land), context, i.e. surrounding structures (open
area, plantation, hedge, or forest edge), disturbance
by mowing (0 or 1), existence of sub-Mediterranean
shrubs (0 or 1), and adjacency to areas with pesticide
applications (0: distance > 15 m, 1: distance <10 m,
distances between 10 and 15 m did not occur).
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Butterfly traits

We used traits for each butterfly species according
its ecology, behaviour, and life-history and con-
sidered the following parameters with respective
classifications (according to Bink 1992; Middleton-
Welling et al. 2020): Host plant specificity, flight
time over the year, generation time in the year,
biology/diversity of habitats used, density, nutrient
richness of respective habitat preferred, landscape
setting, and dispersal (for details see Table 1).

Statistics

For each transect, we summed up the counted indi-
viduals for the nine transect walks. Based hereon,
the number of species and individuals for each tran-
sect was calculated as well as Shannon and Evenness
indices. To identify significant differences between
different types of sites, i.e., hazelnut and olive plan-
tations (the latter divided into “with” and “without
pesticide” application sites adjoining), meadows, and
fallow land, we carried out an analysis of variance.
As the data did not show homogeneity of variance
(Levene’s test, p<0.05), we used the non-parametric
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Table 1 Detailed description of traits with respective classifications (according to Bink 1992; Middleton-Welling et al. 2020)

Trait

Details

Host plant specificity

Flight time over the year
Generation time in the year

Biology/diversity of habitats used

Density

1 =monophagous (larval host plants from one plant genus)
2 =oligophagous (host plants from one plant family)
3 =polyphagous (host plants from several plant families)

Number of months
First and last month of flight

1 =one single main habitat type

2 =several habitats used within the same habitat complex (different habitat types but sharing
important ecological common features)

3 =all habitats within the same complex

4 =various habitat complexes

Mean density per hectare according to data in Bink (1992), modified:

1 =very dense population

2=medium dense population

3 =low density

Nutrient richness of respective
habitat preferred

1 =nutrient-poor habitat
2 =mesophilic habitat
3 =nutrient-rich habitat

Landscape setting

1 =single habitat patch sufficient

2 =several habitat patches necessary
3 =habitat needs to be geographically extended
4 =entire landscape scale necessary for survival

Dispersal
1 =extremely sedentary
2 =very sedentary
3 =sedentary
4 =mainly sedentary
5=little sedentary
6 =dispersive
7=mostly migratory
8 =migratory
9 =extremely migratory

Conforming the classification of Bink (1992), modified:

Kruskal-Wallis test performed with p<0.05 as level
of significance. If so, a post-hoc test for a pairwise
comparison was carried out using Wilcoxon rank sum
test to detect those sites, which differ significantly. The
conservative p value adjustment “Bonferroni” was
used to avoid high type I errors. To show the direction
of the difference, we calculated the means of the num-
bers of species and individuals, Shannon and Even-
ness indices and butterfly characteristics with standard
deviation as error information. The same procedure
was used for analysing differences of hazelnut and
olive sites (“north”, “centre” and if applicable “south”
and “adjacent to pesticides”). Only for butterfly char-
acteristics, a weighted mean value was used, with the
number of individuals for each species as weight.
Non-metric multidimensional scaling (NMDS)
was applied to display similarity between sites (using

Bray—Curtis dissimilarity), for which ellipses were
calculated using the standard deviation with the
“veganCovEllipse” function. The two axes of the
NMDS were consecutively correlated with the habi-
tat parameters as explanatory variables to determine
how the habitat parameters influence the discrimina-
tion between sites in terms of their community struc-
ture. The habitat parameters “habitat type” and “sur-
rounding structures” were used as factors and shown
as ellipses, all other habitat parameters were used as
metric predictors and are shown as arrows, in case
they were significant.

Generalized linear models (GLMs) were con-
structed for both species richness and abundance of
individuals as dependent variables. Only the data of
the “habitat types” actively used for agriculture (i.e.,
hazelnut and both types of olive plantations) entered
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the GLMs to obtain an undistorted picture of the effect
of these agricultural practices, which also reduces
the “surrounding structure” to plantation, hedge, and
forest edge. The potential effect of meadows and fal-
low land interspersed in agriculturally used areas is
revealed by the above-mentioned analyses. Model
selection was performed by applying multi-model
inference and ranking all models by their corrected
Akaike Information Criterion (AICc). So, all mod-
els within an AICc difference of two were considered
(Burnham and Anderson 2001; Johnson and Omland
2004). This procedure resulted in several models for
both response variables, which were all considered in
the following. For individual addressing, each model
was given an abbreviation: SR (species richness) or
A (abundance) and a number that increases with its
AlCec, e.g., “SR 2” for the model with the response
variable species richness and the second lowest AICc.
Prior to model building, we tested for multicollin-
earity of habitat parameters without detecting criti-
cal bivariate correlations, all Ir| were <0.7 (Schroder
et al. 2009; Dormann et al. 2013). As no correlation
with the surrounding structures was calculated, but a
pre-analysis by boxplots showed a high connection to
the degree of shading (forest edges had a significantly
higher degree of shading than plantations), these two
parameters were never used as predictors at the same
time. The same applies for the predictors “habitat
type” and “adjacency to pesticides”, as they contain
partially identical information. An analysis of vari-
ance was performed, as described above, to quantify
differences in the degree of shading between the types
of surrounding structures used in GLM analysis. All
habitat parameters were used as additive predictor
variables, all two-way interactions (34 variations)
have been checked, but did not lead to an improve-
ment. GLMs of species richness were created using
the log link function implying Poisson distributed
error terms. Since this distribution led to overdisper-
sion when abundance was modelled, we used the log
link function for error terms with a negative-binomial
distribution instead. Models were evaluated using the
explained deviance. Model validation was performed
using four-fold cross-validation. Additionally, we
calculated spline correlograms of model residuals
(Bjgrnstad and Falck 2001), which did not detect any
significant residual autocorrelation for all models.
Data were analysed and visualised using the R
4.0.0 environment (R Core Team 2020) using the
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packages vegan (Oksanen et al. 2019), car (Fox and
Weisberg 2019), DHARMa (Harting 2020), MuMIn
(Barton 2020), dplyr (Wickham et al. 2022), ggplot2
(Wickham 2016), ncf (Bjgrnstad and Cai 2022) and
MASS (Veneables and Ripley 2002).

Results

In total, we recorded 1,364 butterfly individuals rep-
resenting 33 species across all transects. The most
abundant species were Coenonympha pamphilus (476
individuals), and Maniola jurtina (337), followed
by Aricia agestis (97), Ochlodes sylvanus (93), and
Polyommatus icarus (59), a complete list of counted
species is provided as electronic appendix. Four addi-
tional species were observed nearby transects (Zeryn-
thia cassandra, Gonepteryx rhamni, Lycaena ther-
samon, Inachis io). Species richness and abundance
did not differ significantly among the five habitat
types, however, Shannon index values differed sig-
nificantly between olive plantations and fallow land,
Evenness between olive and hazelnut plantations
(Table 2). While the highest values for species rich-
ness, Shannon index, and Evenness were obtained for
the fallow land transects, the highest average number
of individuals was found on the transects crossing
olive plantations not adjoining areas with pesticide
application.

NMDS analysis clearly separated the butterfly
communities of most fallow land transects from
all others. A moderate differentiation was obtained
between olive and hazelnut plantation communities.
Olive plantation communities, however, only exhib-
ited a weak differentiation between such adjoin-
ing pesticide-treated sites and the ones embedded
in organic farmland. The four meadow transects
showed no distinguished butterfly community struc-
ture, but were most similar to some olive or hazelnut
transects (Fig. 2a). The NMDS also seperates but-
terfly communities by their surrounding structure.
Forest edges covered similar communities as fallow
land and hazelnut plantations and were clearly sep-
erated from the other groups, but slightly overlaped
with hedges. Plantations, open areas, and hedges
showed mostly overlapping community structures
(Fig. 2b). Arrows of habitat parameters showed that
butterfly communities on fallow land were deter-
mined by the presence of sub-Mediterranian shrubs
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Table 2 Comparison of species numbers, abundance, Shannon and Evenness index among habitat types

Habitat type No. Species Abundance Shannon Evenness
Olive a.p. (n=8) 8 +22 27 +7° 1.6+0.4% 0.81+0.08%
Olive (n=16) 8+3* 42420° 1.5+0.3% 0.73+0.11°
Hazelnut (n=13) 7428 19+10° 1.6+0.3%® 0.84+0.08"
Meadow (n=4) 8 +42 23+10° 1.6+0.5% 0.81+0.08%
Fallow land (n=4) 12+4° 34482 22+0.3° 0.91+0.03%®

Given are means with their standard deviations. Significant differences in means according to Wilcoxon rank sum test (i.e. p<0.05)

are depicted as different letters

Olive a.p. = olive adjacent to pesticides

Fig. 2 Commonalities a | A b | A
in butterfly communi- 1.0 1.0
ties shown by an NMDS
plot (stress=0.164) with
standard deviation ellipses 0.51 0.51
showing a the habitat types
(p<0.05, olive a.p. = olive % %
adjacent to pesticides), g 0.04 g 0.04
b the surrounding structure z z
(p<0.05), and ¢ environ-
mental gradients (p <0.05, A A
-0.51 -0.51
No. fps:number of flower- °
ing plant species, sub-Med. °
shrub: sub-Mediterranean o
shrub) given as arrows -1.04 ) 7 ) ] -1.04 R R 0 ]
NMDSH1 NMDSH1
C 101 A habitat type
o O olive a.p.
= No. fps O olive
0.5 degree of shading® U o A hazelnut
o A meadow
@ I e fallow land
allow lan
a A &OO
S 0.0 8
= 00 a: habitat type b: structure
A — olive a.p. — forest edge
-0.59 — olive — hedge
sub-Med? shgub — hazelnut — open area
10 [ J - meadow plantation
' 2 1 0 1 fallow land
NMDsS1

and limited amounts of shadow, and communities
of both types of olive plantations by a high num-
ber of flowering plant species. Hazelnut planta-
tions and forest edges provided a higher degree of
shading than the other habitat types and structures,
which led to a clearly different community structure
(Fig. 2¢).

A trait analysis referring to host plant speciali-
sation and flight season aspects revealed diverse
significant differences among the five habitat
types (Table 3). Thus, host plant specificity of but-
terflies was strongest for butterflies observed at
meadows and in olive plantations without contact
to areas treated with pesticides, while the weakest
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Table 3 Comparison of butterfly traits on hostplant specialisation and flight period among habitat types. Given are means with their

standard deviations

Habitat type Host plant specificity No. of flying months First flying month Last flying month

Olive a.p. (n=38) 33+0.1° 8.0+0.7 3.0+0.3? 10.0+0.4%

Olive (n=16) 3.1+0.1° 8.7+0.4%® 2.7+0.2? 10.4+0.2°

Hazelnut (n=13) 3.3+0.2%® 8.8+0.4%® 2.6+0.2° 10.4+0.2°

Meadow (n=4) 3.1+0.1% 9.0+0.2° 2.5+0.1° 10.6+0.1%°

Fallow land (n=4) 3.5+0.1° 82+08% 2.9+04% 10.1+0.4%

Trait data from Middleton-Welling et al. (2020); details see materials and methods section

Olive a.p. = olive adjacent to pesticides

Significant differences in means according to Wilcoxon rank sum test (i.e. p<0.05) are depicted as different letters

Table 4 Comparison of butterfly traits between habitat types. Given are means with their standard deviations

Habitat type Biology Density Nutrient Area Dispersal
richness requirement

Olive a.p. (n=38) 3.7+0.3? 24+0.1% 2.5+02% 1.7+04% 4.3+04%

Olive (n=16) 3.8+0.2° 2.4+0.2% 24+0.1% 1.7+£0.2% 42+0.2%

Hazelnut (n=13) 3.84+0.2° 2240.1% 2.5+0.1° 2.0+0.2° 43+0.2

Meadow (n=4) 3.6+0.2° 2.3+0.1% 2.4+0.02* 1.9+0.1* 43+0.2°

Fallow land (n=4) 3.4+0.12 2.0+0.1° 24+0.1° 23+03° 4.7+0.4°

Trait data from Bink (1992) and Middleton-Welling et al. (2020); details see materials and methods section

Olive a.p. = olive adjacent to pesticides

Significant differences in means according to Wilcoxon rank sum test (i.e. p <0.05) are depicted as different letters

specificities, differing significantly to these olive
plantations, were obtained for fallow land. The
mean number of flying months was significantly
lower in olive plantations adjoining sites with pes-
ticide application than at meadows. Similar results
were observed for the mean onset and end of the
flight season of the communities being latest and
earliest, respectively, in olive plantations adjoining
sites with pesticide applications.

In contrast, the means of the other assessed traits
(i.e. biology, population density, nutrient richness,
area requirement, dispersal behaviour) did not dif-
fer between olive plantations, irrespective whether
adjoining sites were treated with pesticides or not
(Table 4). The assemblies with lowest average popu-
lation densities of the species were obtained on fallow
land transects, and the mean area requirement was
significantly lower in olive plantations than hazel-
nut plantations and fallow land. The mean dispersal
behaviour was highest for butterflies observed on fal-
low land.
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Table 5 Values of model selection and evaluation with
explained deviance (exp dev, %) for GLMs of species richness
(SR, n=4) and abundance (A, n=3)

Models Model selection Evaluation
AlCc AAICc exp dev (%)
SR1 166.7 33.3
SR2 167.3 0.6 22.7
SR3 167.8 1.1 29.4
SR4 168.2 1.5 36.6
Al 285.9 67.1
A2 286.5 0.6 69.3
A3 287.4 1.5 62.9

We estimated GLMs for the number of species
and the abundance of individuals. For species num-
bers, four models were within the range of AAICc of
two, for abundance three models (Table 5). Four out
of eight potential predictor variables were relevant
for species richness and five for abundance (Table 6).
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Table 6 Characteristics of the GLMs for species richness (SR, n=4) and abundance (A, n=3), sorted by increasing AICc (No.

Jfps:number of flowering plant species)

Models Coefficients + SE

Intercept No. fps Surroundings  Surroundings Adjacentto  Degree of Mean veg- Coverage of
(hedge) (plantation)  pesticides shading [%] etation height flowering
(1) [em] plants [%]
SR1 1.73+0.06 0.13 + <<0.01 << -0.01
SR2 1.61+0.17 0.15+0.06
SR3 1.70+0.18 0.20+0.07 << -0.01
SR4 1.25+0.26 0.15+0.06 0.48+0.28 0.38+0.23
Al 1.34+0.27 0.34+0.06 1.02+£0.28 1.30+0.24  -0.26+0.15
A2 1.43+0.27 0.40+0.07 0.96+0.28 1.28+0.24  -0.30+0.15 -0.01 £ <<
0.01

A3 2.72+0.19 0.32+0.06

-0.18+0.15 -0.02 + <<
0.01

The predictor “number of flowering plant species”
was present in all seven models, and had a strong
positive effect. Species richness was also influenced
by the surrounding structure, degree of shading, and
vegetation height, the last two with a slight negative
impact. Abundance was also explained by the sur-
rounding structure and adjoining sites with pesticide
applications in two out of three models. Furthermore,
abundance was additionally explained in one out of
three models by the degree of shading along with
the coverage of flowering, plants; both variables pro-
moted a slight negative impact. The explained devi-
ance was good with a minimum of 22.7%, especially
for the abundance models with about 2 to 3 times
higher values (Table 5).

We used exemplary bivariate partial depend-
ence plots to visualise the isolated effect of categori-
cal habitat parameters in combination with the most
important habitat parameter, the number of flower-
ing plant species. This parameter had a strong, posi-
tive effect on both species richness and abundance
(Fig. 3a, b). The effect of the surrounding structure
(plantation, hedge, forest edge) varied between spe-
cies richness and abundance. Species richness was
positively influenced by hedges, abundance was posi-
tively associated with surrounding plantations. We
had lowest species richness and abundance at forest
edges. For later interpretation, it is important to note
that the degree of shading was significantly higher at
forest edges compared to within plantations (forest
edge: 48.3% +23.5, hedge: 12.5% =+ 15.8, plantation:

4.5%+17.3). The abundance and the positive effect
of the number of flowering plant species was slightly
lower at transects located adjacent to pesticide-treated
plantations (Fig. 3c).

As most of the habitat types are located at one
site, except for hazelnut and olive plantations, which
were located at several sites, we compared species
richness, abundance and, in case of significant dif-
ferences, also habitat parameters between sites. No
significant differences in species richness and abun-
dance were found at hazelnut plantations. In contrast
to species richness, abundance differed significantly,
however only between the sites “south” and ‘“‘adja-
cent to pesticides”, in olive plantations. Significantly
more individuals were recorded in the south (south:
n=11, A=53.1+20.6; adjacent to pesticides: n=8§,
A=26.9+7.2). At these sites, there was no signifi-
cant difference between habitat parameters that were
identified as important for abundance (see GLMs
A1-3: number of flowering plant species, degree of
shading, coverage of flowering plants, and surround-
ing structure), all olive transects in the south and
adjacent to pesticides were surrounded by plantations.
The only difference between these sites was the prox-
imity to pesticide-treated plantations.

Discussion

In general, landscapes consisting of a mosaic of dif-
ferent habitats provide a large variety of ecological
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Fig. 3 Exemplary partial dependence plots based on Gener-
alized Linear Models, prediction (line) and 95% confidence
intervals (shaded area, the darker the line, the darker the asso-
ciated interval) of: a species richness (GLM SR1) in relation
to the number of flowering plant species depending on the

niches, larval food plants, and nectar sources. Such
habitat mosaics are the prerequisite for the co-exist-
ence of many species and have the potential for high
abundances of butterflies, and of arthropods in gen-
eral (see Marini et al. 2009). In this context, it is
consistent that we found significant differences in
the composition of the butterfly species community
among different habitat types. Particularly, there were
strong differences between plantations (hazelnut,
olive) and fallow land, but only marginal differences
in butterfly community structures between the two
types of plantations (hazelnut and olive). Butterfly
community composition on meadows is very similar
to the one found for olive and hazelnut plantations.
Most importantly, butterfly abundance and species
richness increased with an increasing number of flow-
ering plant species, which might attract butterfly indi-
viduals of different species with different flower-use
habits. This leads to the accumulation of species and
individuals at locations with high flower diversity and
density. A positive relationship between the number
of flowers and the number of butterflies has also been
demonstrated in previous studies, and underlines the
attraction effect of flowers on insects (RundIof et al.
2008; Nicholls and Altieri 2013; Kurylo et al. 2020).
However, as one model even suggested a weak nega-
tive relationship between butterfly abundance and
coverage of flowering plants, we assume that flow-
ering plants are sufficiently available and in general
not a limiting resource in our study area. Hence, the
species number of flowering plant species from some
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surrounding structure; abundance (GLM Al) in relation to
the number of flowering plant species depending on b the sur-
rounding structure and ¢ whether the transect was adjacent to
pesticides or not. The points represent the observations, col-
oured in the respective group shown

point of density is apparently more important than
the coverage. Furthermore, species richness might
decrease slightly with increasing height of the vegeta-
tion because of the changing microclimate and higher
competition of few plant species.

Our findings also underline that species richness
and abundance decrease with increased shading. This
relation was frequently observed for flying insects
which strongly rely on warm and sunny conditions
(Clark et al. 2007; Matteson and Langellotto 2010).
When forest edges result in significantly higher levels
of shading, as in this study, these structures can have
a negative impact on diversity and abundance of but-
terflies. For the number of individuals, the plantation
itself turned out to be the best surrounding structure
as they form a heterogeneous landscape by covering
several successional stages (ground vegetation with a
variety of heights and trees). In addition, plantations
have a limited amount of shadow, due to the even
spacing of tree rows. This is even more the case for
olive plantations than hazelnut plantations, because,
due to their small leaves, they have a comparatively
less dense leaf canopy and thus cast less shade. This
difference is also noticeable in species composition.
Species richness, on the other hand, was positively
influenced by the presence of hedges because they
considerably increase structural diversity important
for butterfly diversity but not so much shadow.

We found highest butterfly species richness, abun-
dance, and Shannon index on fallow land, and lowest
on hazelnut plantations. The fallow land in this region
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was mainly characterized by little amounts of shadow
and often adjoining sub-Mediterranean shrub, both
of which had a visible influence on species composi-
tion. In parallel, lowest host plant specialisation and
highest mean dispersal behaviour were identified
for the butterflies on fallow land. Previous studies
already indicated that fallow land is of high relevance
for a large proportion of insects as this habitat type
provides prerequisites for successful larval develop-
ment for many species (Schmitt et al. 2008) because
a comparatively low level of habitat disturbance cre-
ates excellent conditions for successful larval devel-
opment (Kruess and Tscharntke 2002). Patches of
fallow land interspersed across intensively used agri-
cultural fields therefore may support the persistence
of species and species” mobility and exchange across
landscapes (Aviron 2007), and thus support indi-
vidual exchange among local populations and subse-
quently population and species persistence (Baguette
et al. 2013). A large proportion of butterfly species
found on fallow land had comparatively high Bink
values for dispersal behaviour (Bink 1992). Previ-
ous studies also showed that most plant and animal
communities on fallow land are composed by typi-
cal pioneer species with high dispersal, and conse-
quently host a specific plant and animal community
(Scalercio et al. 2007). In conclusion, patches of fal-
low land distributed within agricultural landscapes
are generally accepted as being of high conservation
relevance for the following reasons: (1) These habi-
tats provide resources for a very unique community
of taxa; (2) fallow land provides excellent conditions
for undisturbed development of organisms; and (3)
fallow land is an important stepping-stone connecting
potential habitats increasing the permeability of land-
scapes, and thus guarantees the persistence of species
(Tscharntke et al. 2002).

Furthermore, we found lower abundances of but-
terflies in olive plantations adjoining fields treated
with pesticides compared to those embedded in
organic farmland. More importantly, the comparison
of individual olive sites shows significantly lower
abundances in olive plantations near pesticide-treated
plantations than those embedded in organic farmland
in the south of the study area, despite having the same
surrounding structures and not significantly varying
habitat parameters. Furthermore, the communities’
flight season seems to be significantly reduced on
the sites adjoining fields with pesticide applications.

Negative effects on species diversity and individual
abundance from pesticide applications have already
been observed and reported (Braak et al. 2018).
Insecticides might directly impact insect species on
the sites of application, as well as beyond due to drift
effects (Zaller and Briihl 2019; Zaller 2020; Briihl
and Zaller 2021).

Herbicides at least indirectly impact insect species
via the vanishing of a large variety of potential host
plants. We found that host plant specialisation is sec-
ond lowest for butterflies found on sites with adjoin-
ing fields treated with pesticides. This might directly
correlate with the vanishing of a large number of
plant species and subsequently the loss of potential
food plants for larval development. While polypha-
gous species are able to use alternative food plants,
monophagous insects strongly rely on very specific
larval food plant species and thus show comparatively
little plasticity.

The trends obtained from our study underline that
pesticides have a rather negative effect on biodiver-
sity, even beyond the areas where they were applied.
Topography also plays a decisive role in this context.
Thus, studies conducted in areas with frequent ther-
mal winds revealed precipitation and accumulation of
pesticides uphill (up to 300 m up-slope) and in par-
ticular on neighbouring southern slopes, with strong
negative effects on butterfly diversity (Huemer 2001;
Tarmann 2019). In conclusion, intermixing conven-
tional and organic agriculture is critical as toxic sub-
stances might negatively impacts biodiversity—also
beyond the fields, which have been treated. If not
possible to disentangle both completely or at least
in large separate blocks, at a minimum, buffer areas
should be established between fields under conven-
tional and organic management to minimize negative
edge effects.

Nevertheless, this field study still has shortcom-
ings that should be overcome in future studies. Thus,
our data were collected during the spring season best
suited for such an essay in central Italy, but excludes
the other seasons. In addition, no year to year effects
could be included as the study was conducted in a
single year. Future studies therefore should if possi-
ble include more seasonal aspects and different years.
Additionally, including other organic farms in a future
extended study would be beneficial to archive more
generally valid results. The increase in transect num-
bers, especially with more homogeneously distributed
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classes of habitat types, also might help detecting fur-
ther significant relationships.
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