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Abstract

Aim: The spatial-structural patterns of plant-insect interaction networks, particularly
their associations with landscape-scale environmental factors, remain poorly under-
stood. We apply data-driven network constructions that integrate biogeographic
and trophic interaction knowledge to uncover how Lepidoptera-plant networks vary
across environmental gradients in a real-world landscape.

Location: The 36,000km? German state Baden-Wiirttemberg, Central Europe.
Taxon: Lepidoptera insects and angiosperm plants.

Materials and Methods: We integrated extensive data of Lepidoptera-plant oc-
currences and interactions to infer local interaction networks across Baden-
Wiirttemberg, encompassing 3148 plant and 980 Lepidoptera species, covering
butterflies, Noctuoid moths, Geometrid moths, and Bombycoid moths. We quantified
clade- and life-stage-specific network structures and related them to GIS-informed
environmental conditions, thereby revealing the spatial (environmental) patterns and
potential drivers of network variations.

Results: Spanning shared environmental gradients, Lepidoptera clades and life
stages formed various interaction structures with plants and exhibit distinct spatial-
structural patterns. For all Lepidoptera groups, except Geometrid moths, potential
diet across life stages broadened toward low-elevation farmlands. The larval and adult
networks of butterflies became less modular with farmland coverage; the same for
adult Noctuoid moths, but the inverse for adult Geometrid moths. With increasing
elevation, the larval and adult networks of Noctuoid moths became less and more
modular, respectively, whereas Geometrid adult networks became more modular.
While the adult dietary niche of butterflies overlapped more at low elevation, those
of Noctuoid and Geometrid moths further associated with land cover and overlapped
more toward low- and high-elevation farmlands, respectively.

Main Conclusions: The spatial-structural patterns of Lepidoptera-plant networks vary
along geo-climate and land-cover gradients in ways depending on the Lepidoptera's
clade and life stage. The driving mechanisms likely include both evolutionary (e.g.,
resource-consumer [co-]evolution) and ecological (e.g., competitive exclusion) pro-
cesses, and differentially affect Lepidoptera across clades and life stages. These find-

ings pinpoint conservation implications at both species and community levels, with
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1 | INTRODUCTION

Species occurring in the same habitat can interact inextrica-
bly with each other, forming interaction networks whose fea-
tures affect the persistence, stability, and functioning of the
whole community (Bascompte, 2009; Thompson et al., 2012).
While certain environmental factors, such as geo-climate and
land-cover drivers, have been shown to strongly influence spe-
cies occurrence and hence biodiversity (e.g., Mantyka-Pringle
et al.,, 2015), the understanding on how interaction networks
vary across environmental gradients is far more recent and
comparatively limited (pioneers, e.g., Tylianakis et al.,, 2007;
Woodward & Hildrew, 2002). Yet, for a needed, better biodi-
versity management in the Anthropocene, it is essential to un-
derstand these interaction structures and their dependencies
on key factors across realistic landscapes (Lau et al.,, 2022;
Pellissier et al.,, 2018; Thompson et al., 2012; Tylianakis
et al., 2010; Tylianakis & Morris, 2017). Indeed, recently, we see
emerging case studies working toward such a direction (Frelat
et al., 2022; Ho et al., 2022; Kortsch et al., 2019; Liu et al., 2021,
Neff et al., 2021), suggesting a responsiveness of interaction
networks to environmental gradients.

Plant-insect interaction networks are often of particular interest
because they cover many species playing important roles in ecosys-
tems. Among all, the Lepidoptera-plant system is arguably best-
studied, since Lepidoptera are hyper-diverse and form a prevailing
component in terrestrial ecosystems worldwide (Scoble, 1995). The
holometabolous lepidopterans play ‘dual roles’ interacting with
plants. In most cases, their larvae are herbivorous, whereas adults
utilise floral resources and serve as pollinators (Boggs, 1987). This
encompasses both antagonistic and mutualistic relationships and,
interestingly, often across the same Lepidoptera-plant species
pairs (Altermatt & Pearse, 2011). Thus, disentangling the poten-
tially divergent network patterns between Lepidoptera life stages
interacting with the same local plant assemblages could reveal both
the positive and negative interaction structures and their implica-
tions on ecological functions (Astegiano et al., 2017). Moreover,
lepidopterans depend two-fold (at both life stages) on their food
plants and some have evolved into mutual dependencies (Pearse
& Altermatt, 2013a; Weiblen et al., 2006), which implies a high po-
tential for cascading effects. Hence, the system should be prone
to—and thus appropriate for studying—environmental influences
cascading across the whole interaction network (Kehoe et al., 2021;
Pearse & Altermatt, 2013b).

potential trade-offs for managing different Lepidoptera-plant communities under en-

butterfly, geo-climate influence, insect-plant interaction, land-cover influence, life stage, moth,
network structure, spatial pattern

Past studies on plant-insect networks suggest a typical modular
structure, reflecting that sets of insects tend to interact with respec-
tive sets of plants but rarely outside such modules that they formed
(Astegiano et al., 2017; Braga et al., 2018; Olesen et al., 2007), and
this pattern is echoed in individual Lepidoptera-plant studies (Braga
et al., 2018; Lopez-Carretero et al., 2014; Muto-Fujita et al., 2017).
However, these studies are either conducted locally with a single
community or rely on spatially implicit interaction knowledge, thus
missing the spatial dimensions to detect potential environmental
reliance of network structure. Meanwhile, there are investigations
of the geographical distributions of Lepidoptera and their food
plants as global or continental integrations (e.g., Carvajal Acosta
& Mooney, 2021). Yet, these studies tend to focus on a few spe-
cies' co-occurrences and thus do not inform network composition
and structure (but see Narango et al., 2020). Moreover, it is often
the environmental gradients at a landscape scale that shape spe-
cies distributions therein (Hanspach et al., 2014; Jones, 2011).
While landscape-scale case studies have shown that insect- or
Lepidoptera-plant network structures can change across elevation
or succession gradients (e.g., Losapio et al., 2015; Neff et al., 2021,
Pellissier et al., 2012), the biological coverage (regarding taxa and life
stages) of these studies was limited and yet allow the formation of
a general understanding. To manage biodiversity, particularly in the
context of attributing environmental drivers to structuring biolog-
ical interactions within communities, an improved comprehension
of interaction network structures along environmental gradients is
crucial yet unachieved.

Here, to fill the gaps, we build upon existing knowledge with
substantial biological coverage to ask how Lepidoptera-plant net-
work structure is influenced by key geo-climate and land-cover
environmental factors at a landscape scale. Firstly, we hypothesise
that environmental conditions that are unfavourable to biodiver-
sity are also unfavourable to diverse interactions among species,
and thus should generally lead to smaller and loosely connected
interaction networks. Secondly, as different taxonomic groups
(e.g., clades) and life stages of Lepidoptera differ intrinsically in
their ways of interacting with plants, we hypothesise that envi-
ronmental drivers can shape Lepidoptera-plant interaction net-
works through life-stage- or clade-specific traits or processes
(e.g., diel activities, competition of various extents), thereby
leading to inconsistent spatial-structural patterns among clades
and/or between life stages. To test our hypotheses, we integrate
biogeographic (‘who occurs where’) and interaction (‘who inter-
acts with whom and how’) knowledge to disclose the structure
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of antagonistic and mutualistic interactions formed by the same
local assemblages of Lepidoptera and plants, as well as the struc-
tural differences among Lepidoptera clades. We therefore target
the geographic variation of network structure, drawing the asso-
ciations between environmental drivers and interaction networks
in three aspects: (1) between Lepidoptera life stages, (2) among
Lepidoptera clades, and (3) along selected geo-climate and land-
cover gradients.

We based our analysis on extensive, long-term, and highly com-
plete empirical datasets on the occurrences and interactions of
Lepidoptera and plants in Baden-Wirttemberg, Germany (Central
Europe). We applied the metaweb approach to integrate grid-
based occurrence and interaction information to construct local
Lepidoptera-plant networks of each Lepidoptera clade and each life
stage across the study area. Environmental information of the same
grid cells was derived from geographic information systems (GIS).
We quantified the structure of local networks with a selected set of
frequently studied network metrics and identified different struc-
tural features across Lepidoptera clades and life stages. Finally, we
related the detected structures to geo-climate and land-cover gra-
dients to reveal the environmental reliance of the spatial-structural

patterns of Lepidoptera-plant networks.

2 | MATERIALS AND METHODS
2.1 | Study areaand its environment

Our study area is the German state of Baden-Wirttemberg in
Central Europe, spanning 35,752 km? and a vertical range from 85
to 1493 m above sea level. The study area was spatially resolved to
10’ longitudex &’ latitude grids (roughly 10x10km?). Hereinafter,
we refer to such grid cells as the ‘local’ scale, which presents the
resolution of our species occurrence, environmental variables, and
constructed interaction networks (see further below). In total, our
data covered 310 cells (Figure 1).

We extracted geographic, climate, and land-cover information
of the study area from available GIS databases, then spatially re-
solved the information to match the same grids above mentioned.
The variables included: mean elevation of each cell from Shuttle
Radar Topography Mission (SRTM, NASA/NGA), mean temperature
of each cell from CHELSA, and local land cover from CORINE Land
Cover (CLC, EEA), all averaged over the years of 2005-2015. These
variables chosen (among some alternatives) as our preliminary test
showed that they presented the most parsimonious combination
that best explained the environmental variation in our study area
(Section S1). For land cover, we dropped cover types that gener-
ally occupy only a minimal area per cell, thereby focusing on three
major (coarse yet highly distinct) types at the scale of our cells
in subsequent analyses: forests (mean coverage 37.2%, range
1.3%-88.7%), farmlands (49.6%, 5.4%-93.9%), and urban areas
(10.4%, 0.2%-59.3%). Further details of land-cover sorting are in
Section S1.

EEME ey

2.2 | Dataon Lepidoptera, plants, and their
interactions

Our study considers Lepidoptera (butterflies and moths) and plant
species that were recorded in the study area within a time win-
dow of three decades (1985-2014). All Lepidoptera considered are
native to Baden-Wirttemberg. The plants considered were those
can be found in the wild, including all native plants, non-native
plants (including invasives), and naturalised ornamental plants and
crops. All occurrence data were derived from respective long-term
monitoring and natural history surveys encompassing all the local
cells (Database Arbeitsgruppe Schmetterlinge Baden-Wiirttembergs
am SMNK https://www.schmetterlinge-bw.de for Lepidoptera;
Bundesamt fiir Naturschutz 2010 & Floraweb for native and natu-
ralised plants). We note that the sampling followed a haphazard
regime, yet the Lepidoptera monitoring was so intensive that grids
were generally well-sampled for all taxonomic groups considered.
Thus, although our local scale and corresponding environmental
information spatially resolve the finest to the size of cells, the
recorded Lepidoptera species therein should reflect local (sensu
stricto) assemblages shaped by localised processes, yet integrated
at the sampling grid. Also notably, by compiling present-absent
occurrence information across such a time window, we dropped
pre-1985 records where the species may no longer exist, and
took advantage of the more systematically and homogenously
sampled data within the 1985-2014 time window (Figure S1). In
total, the dataset contains local occurrences of 980 Lepidoptera
species and 3148 plant species (a few as aggregated species
complex). We then focused on four main clades of Lepidoptera
in Baden-Wirttemberg, namely butterflies (Papilionoidea;
incl. Hesperiidae, Lycaenidae, Nymphalidae, Papilionidae, and
Pieridae), Noctuoid moths (Noctuoidea; incl. Erebidae, Noctuidae,
Nolidae, and Notodontidae), Geometrid moths (Geometridae), and
Bombycoid moths sensu lato (Bombycoidea and Lasiocampoidea;
incl. Endromidae, Lasiocampidae, Lemoniidae, Saturniidae, and
Sphingidae). Each of these clades is relatively diverse in the area,
making them suitable subjects for among-clade comparisons. A
species’ occurrence record is considered to represent the occur-
rence of both life stages in a given cell. Consequently, we expected
some sampling bias toward butterflies due to their diel-activity
patterns.

To construct the Lepidoptera-plant interaction network, we com-
piled the dietary information of lepidopterans mainly based on the
work of Ebert (1991-2005) and further complemented with few smaller
datasets. The total dataset of interaction used is the same as already
used by Altermatt and Pearse (2011) and Pearse & Altermatt (2013a,
2013b). This covered both their larval usage of host plants and adult
usage of floral resources. Such dietary information was grounded on
empirical observations of feeding under natural, un-manipulated field
situations, recorded by professional entomologists over a course lon-
ger than 50years and with more than 2.3 million observations of in-
dividual Lepidoptera-host interactions (Ebert, 1991-2005; Pearse &
Altermatt, 2015). We converted the recorded interactions into binary
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FIGURE 1 Therichness of plants (local richness range: 148-1303) and Lepidoptera recorded in each of the 310 grid cells across Baden-
Wiirttemberg. The four focal clades of Lepidoptera, namely butterflies (local richness range: 0-85), Noctuoid moths (0-251), Geometrid
moths (0-211), and Bombycoid moths (0-26), are each presented in a subfigure. The spatial richness patterns of the three moth clades were
highly consistent despite their various ranges of richness, while butterflies exhibited a somewhat different pattern. For their correlations,

see Figure S2.

(interact or not) dietary matrices between Lepidoptera and plants, lar-
val and adult stages separated. Given the enormous sampling intensity,
and since we extracted only the binary information from accumula-
tive records, we here treated our dietary matrices as being complete
(Pearse & Altermatt, 2015); yet, we acknowledge that a certain degree
of under-sampling may unavoidably exist in the data, particularly in
nocturnal species (see also Poisot et al., 2012).

We subsequently applied the ‘metaweb’ approach (Ho
et al., 2022; Saravia et al., 2022) to extrapolate local co-occurrences

of Lepidoptera and plants to local interaction networks, taking our
dietary matrices as respective the larval and adult metawebs. The
approach assumes that a feeding interaction indicated in the met-
aweb will realise if the corresponding Lepidoptera-plant species pair
co-occurs locally, that is, in the cell looked at. In other words, every
Lepidoptera species at a given life stage has a fixed set of poten-
tial regional food plants, which could be used locally if co-occurring.
This assumption embraces the concept that interactions are driven
by matching functional characteristics (e.g., chemical tolerance in
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Lepidoptera, see Després et al., 2007), and collapses potential in-
traspecific variations of these characteristics at the species level
(Ho et al., 2022); note that, however, it neglects mechanisms that
prevent interactions from being locally realised even with species
co-occurrence, for example link formation depending on phenol-
ogy or habitat quality (Poisot et al., 2012). In our case, we assumed
no spatial structure and mobility restrictions of the species within
the local cells, so all species present can interact. We inferred the
realisation of interactions between locally (cell-level) co-occurring
Lepidoptera and plants using the metawebs, thereby constructing
local Lepidoptera-plant networks for each Lepidoptera clade and life
stage. Species without local interacting partners (e.g., Lepidoptera
adults without functioning proboscis, or plants that are not food to
any focal Lepidoptera) were excluded from the networks. In other
words, although at each local site there was a fixed plant assemblage,
for each focal clade and life stage only the respective food-plant
subset was accounted. Our constructed local networks essentially
reflect potential (not locally-sampled) interactions, but importantly
within empirically-derived boundaries of realistic interactions and
co-occurrences. Thus, when being viewed beyond the local scale,
they can guide an unbiased exploration of spatial-structural patterns
of networks resulting from the compositional difference of local

communities.

2.3 | Spatial diversity and network analyses

Based on our occurrence data, we derived species diversity (rich-
ness) of plants and each focal Lepidoptera clade across all 310 local
grid cells. We analysed the correlations among these cell-wise rich-
ness values to check if they exhibited correlated spatial diversity

patterns (Figure S2). Such patterns were also visualised on regional
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grid maps of diversities (Figure 1). Then, to disentangle environ-
mental drivers that may have contributed to these spatial diversity
patterns, we conducted a principal component analysis (PCA) with
cell-wise mean elevation, mean temperature, and proportional land
cover of forests, farmlands, and urban areas as the explaining vari-
ables (N=310). The identified PC1 and PC2 (Figure 2; from a retro-
spect, respectively reflected geo-climate and land-cover gradients)
were used as environmental predictors for a series of general linear
model (GLM) analyses on lepidopterans' and plants' richness (model
assumption tests see Figure S3). A significant non-zero slope de-
tected in the analyses would indicate the corresponding PC's signifi-
cant influence. The richness x PC interaction terms were included
in the lepidopteran analyses to examine potential slope differences
among Lepidoptera clades.

With our constructed local Lepidoptera-plant networks
(Figure S4), we quantified their structure with a selected set of
structural metrics: mean generality of lepidopteran consumers, net-
work modularity, and mean dietary niche overlap of lepidopterans.
Mean generality reflects the mean diet breadth of Lepidoptera with
a given local plant assemblage. Modularity indicates the prevalence
of a modular structure within a network (i.e., species from the same
module interact more frequently among themselves than with spe-
cies from other modules; calculations see Section S2). Lepidopterans'
dietary niche overlap was evaluated by their local food-plant usage
(Section S2). The higher the overlap, the stronger the lepidopterans'
diet competition. Niche overlap could also be evaluated from the
plants' perspective, indicating their apparent competition (in antago-
nistic larval networks) or pollinator competition (in mutualistic adult
networks). We here focused on Lepidoptera's perspective since the
values from both perspectives were mostly positively correlated
(Figure S5). We also addressed network connectance and nested-

ness, and presented relevant contents in the Sl (Figures S6-59). All
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FIGURE 2 The first two principal components of environmental factors (PC1 and PC2, considered as axes of gradients), and the richness
of plants and the four Lepidoptera clades across these two axes as 3D scatterplots. The planes in the 3D scatterplots are regression planes
of the observed values, whose colour fade toward the low-value end. Corresponding stats with separated regressions against each PC are

provided in Figures S10 and S14.
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these metrics are frequently examined in ecological network studies
(e.g., Ho et al., 2022; Thébault & Fontaine, 2010), as they capture
not only structural features but also ecological implications spanning
organismal (e.g., diet breadth) and community (e.g., niche differenti-
ation) scales.

To resolve whether there are structural differences among the
networks of Lepidoptera clades, and whether environmental driv-
ers may have shaped their spatial-structural patterns via influenc-
ing community composition, we mirrored the analyses of species
richness, performing a series of GLM of network metrics among
Lepidoptera clades and each respectively against the two PCs
(model assumption tests see Figure S3). Notably, for the hereinafter
network analyses we excluded small local networks with either plant
or Lepidoptera richness smaller than 10 (Martins et al., 2022). Small
networks tend to generate unreliable and artefactual structural
measurements (Dormann et al., 2009) that distort the interpretation.
Thus, across all 310 cells, the number of available local networks
(i.e., sample size) for each Lepidoptera clade-stage combination
were: 272 and 271 for larval and adult butterflies, 251 and 239 for
Noctuoid moths, 252 and 236 for Geometrid moths, and 146 for lar-
val Bombycoid moths (no remaining adult network, as most the adult
Bombycoid moths considered do not have a functional proboscis).

With the detected spatial-structural patterns of local networks,
to further disentangle the possible shaping mechanisms of such pat-
terns, we applied two null models to simulate respective randomised
networks. These model-generated ‘counterparts’ were designed to
be comparable to the local networks (whose metric readings were
‘observations’). The first null model is ‘re-assembled’: with a local
network at a given cell as the input, this model randomly draws
Lepidoptera and plants from the study area's respective species
pools, and uses our metawebs to wire them into a new local net-
work with exactly the same number of species in both trophic levels
as the input. Therefore, networks generated by this model are re-
assembled Lepidoptera-plant communities where the interactions
remain biologically realistic (i.e., based on realistic diets), but the
real-world species-environment reliance (i.e., biogeographic ‘who
occurs where’) is destroyed; that is, local species assemblages are
randomly composed, instead of shaped by the environment via all
relevant ecological or evolutionary processes determining species'
spatial occurrences. The second null model is ‘shuffled’: with a local
network at a given cell as the input, this model keeps the same num-
ber of nodes at each trophic level and the same total number of links,
but rearranges the links among the nodes, thereby generating a new
network. Therefore, networks generated by this model have nei-
ther biologically realistic identities nor interactions of species—both
the real-world Lepidoptera-plant interdependences and species-
environment reliance are destroyed. For each observed local net-
work, we generated 20 randomised counterparts (a conservative
size to avoid creating artificial significance; sensu White et al., 2014)
with each null model. Looking at structural metrics' readings, if an
observation lies within the confident interval estimated from its
20 ‘re-assembled’ counterparts, such observed structure is likely
not shaped by real-world species-environment reliance, because

the randomly re-assembled communities already exhibit the same
structure without realistic community composition. In contrast, an
observation outside such a confident interval indicates a significant
(positive or negative) contribution of real-world species-environment
reliance on the structural feature. Similarly, an observation outside
the confidence interval of ‘shuffled’ counterparts indicates a signif-
icant collective contribution of a real-world dependency between
species (and species interactions) and the environment. We made
comparisons between observed networks and null-model counter-
parts across the five focal network metrics to examine if the ob-
served spatial patterns were driven by these mechanisms. We took
the difference between observed value and the mean of the null-
model values (former minus latter), then divided it by the standard
deviation of the latter to convert the observations to Z scores. An
illustration of how we unified and visualised such comparisons using
Z-scores and 3D regression plots is given in Figure 3.

All quantifications, analyses, and plotting were performed using
R version 4.2.1 (R Core Team, 2013). Relevant information, including
applied packages and functions, is described in Section S2. The R

scripts performing these tasks are accessible at the provided online

repository.
3 | RESULTS
3.1 | Descriptive and species richness results

Across all 310 studied cells, the local (per cell) richness of plants
averaged 730.6+181.8 species (mean+SD), while the local rich-
ness of Lepidoptera averaged 38.1+20.9 species for butterflies,
93.1+69.2 for Noctuoid moths, 81.9+61.1 for Geometrid moths,
and 10.0+7.0 for Bombycoid moths (Figure 1). For each of the four
focal Lepidoptera clades, local Lepidoptera richness was significantly
positively correlated with local plant richness (with correlation co-
efficients between 0.34 and 0.4; Figure S2). Looking into further
details, the three moth clades exhibited highly consistent spatial
diversity patterns despite their various range of richness, whereas
the butterfly clade somewhat differed from the moths (with ~0.9
high correlation coefficients among moth clades, while ~0.6 moder-
ate coefficients between moth and butterfly clades; see Figure S2).
Figure 1 shows these patterns and depicts that species diversity
hotspots (dark orange dots) of moth clades were well-aligned with
each other, but less aligned with butterflies.

The potential environmental contributors of observed spa-
tial diversity differences among focal clades were revealed by our
PCA of environmental factors. The first two PC axes together ex-
plained 84.8% of the environmental variation among local cells.
The PC1 mostly captured the geo-climate variation, that is mean
elevation and temperature, while the PC2 captured the land-cover
variation, that is the coverage of forests, farmlands, or urban areas
(Figure 2). Informed by the regressions against the two PC axes,
the richness of butterflies was more influenced, positively, by
PC1 (R?=0.04, p<0.001; Figure $10), whereas the richness of the
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FIGURE 3 Anillustration of how observations of network metrics are converted to Z scores against the two randomised counterparts
(generated by ‘re-assembled’ and ‘shuffled’ null models, see Section 2) to disentangle the contribution of real-world species-environment
reliance and Lepidoptera-plant interdependences on shaping empirical network properties.
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three moth clades were consistently more influenced, negatively,
by PC2 (R?=0.05, 0.04, 0.02 and p<0.001, <0.001 and=0.021
for Noctuoid, Geometrid, and Bombycoid moths, respectively;
Figure S10). In other words, there were more butterfly species to-
ward high-elevation and low-temperature areas (note that the whole
study area, and thus the mean elevation of every cell, was below
1500ma.s.l.), while more moth species toward farmland-dominated
lands (Figure 2; Figure S10). Environmental drivers therefore did not

have a consistent effect on the richness of Lepidoptera of different

clades.
3.2 | Network structure across environmental
gradients

With the constructed clade-specific Lepidoptera-plant local net-
works, we quantified and associated their structural features to the
environmental PC axes, and compared the observations with null
models (Figure 3). With respect to the mean generality (diet breadth)
of Lepidoptera in the interaction networks, larval butterflies had
the narrowest diets among the four clades, but conversely with the
broadest diets as adults (p<0.001 for comparing with any moth
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clade; Figure S11). The tendencies of mean generality varying along
the PC axes were generally consistent across the four Lepidoptera
clades at the larval stage. That is, higher generality toward low PC1
and high PC2, or say toward low-elevation farmlands (R*20.10 and
p<0.001 for PC1 and PC2 in butterflies, and R?=0.02 and p=0.03
for PC1 in Geometrid moths; Figure 4; Figure S11). At the adult
stage, butterflies and Noctuoid moths exhibited qualitatively similar
patterns as of the larvae (R2:O.06 and 0.03, p<0.001 and=0.008,
respectively, for PC1 and PC2 in butterflies, and R?=0.03 and
p=0.006 for PC1 in Noctuoid moths; Figure 4; Figure S11). However,
an inversed pattern was detected in adult Geometrid moths, that
is having broader diets toward high-elevation forests (R>=0.02,
and p=0.058 and 0.031, respectively, for PC1 and PC2; Figure 4;
Figure S11). The null-model analyses further showed that the larval
generality patterns of the four clades were positively driven by real-
world species-environment reliance (i.e., realistic ‘who occurs where’
shaped by the environment), and similarly for the adult pattern of
butterflies. Instead, the adult patterns of Noctuoid and Geometrid
moths were negatively driven by such reliance (Figure 4).

Regarding network modularity, butterflies formed the most
modular networks among the four clades as larvae, but the least

modular ones as adults (p<0.001 for comparing with any moth
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FIGURE 4 Mean generality (diet breadth) of Lepidoptera in the local networks across environmental gradients as 3D scatterplots, sharing
the same environmental PC axes (as in Figure 2) but respective metric reading axis. The planes in the 3D scatterplots are regression planes
of observed values, where their colour fade toward the low-value end. Corresponding stats with separated regressions against each PC

are provided in Figure S9. Corresponding null-model analysis against randomised counterparts is given at each subplot's top-right; the part
of the grey planes that does not overlap with the chartreuse cube (Cl of the null-model counterparts) indicate where the observations are
contributed by real-world species-environmental reliance (details see Section 2 and Figure 3). Note that since the total number of links, and
thus mean generality, were fixed to empirical values in the ‘shuffled’ null model, only the ‘re-assembled’ planes appear in the null-model

analyses.
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clade; Figure S12). The modularity patterns along the PC axes
were inconsistent among the clades and depending on the life
stage. On the one hand, the larval network of all clades tended
to become less modular toward high PC2, that is increasing farm-
land coverage, but only the response of butterflies was significant
(R?=0.05, p<0.001; Figure 5; Figure $12). The modularity of both
Noctuoid's and Geometrid's larval networks were influenced by
PC1 but in opposite directions, such that the former became less
modular while the latter became more modular toward high PC1,
that is high elevation and low temperature (R?=0.01, p=0.062
in Noctuoid moths and R2=0.02, p=0.040 in Geometrid moths;
Figure 5; Figure $12). On the other hand, the adult networks of all
clades (excl. Bombycoid moths; same for all following statements
of adult-network comparisons) were influenced by PC2, such that
butterflies and Noctuoid moths formed less modular networks
along PC2 (R?=0.08, p<0.001 and R?=0.01, p=0.078, respec-
tively; Figure 5; Figure S12), while the inverse for Geometrid moths
(R?=0.02, p=0.020; Figure 5; Figure $12). Along PC1, in contrast,
only Noctuoid's adult networks became significantly more modular
(R?=0.03, p=0.004; Figure 5; Figure $12). The null-model analy-
ses showed that both real-world species-environment reliance and
Lepidoptera-plant interdependences (i.e., realistic lepidopteran
diets) shaped network modularity in similar ways, which differed
across clades and life stages. In general, these realistic biological
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constraints contributed positively to the modularity of butterflies'
larval networks and negatively to their adult networks, while the
opposite in the moth clades (Figure 5).

As for the lepidopterans' dietary niche overlap, butterflies again
had a relatively drastic divergence between life stages, as their lar-
val diets were the least overlapped while the adult diets the most
overlapped among all clades (p <0.001 for comparing with any moth
clade; Figure S13). The environmental drivers were mostly not in-
fluential to niche overlap in larval networks. Only the diets of lar-
val butterflies became significantly less overlapped toward high
PC1 (R?=0.09, p<0.001; Figure 6; Figure $13). On the contrary, the
PCs were more influential at the adult stage. Along increasing PC1,
niche overlap increased in Geometrid moths (R2:0.02, p=0.023)
but decreased in butterflies (R?=0.01, p=0.076) and Noctuoid
moths (R?=0.07, p<0.001; Figure 6; Figure S13). Along increasing
PC2, diets in Noctuoid and Geometrid moths' adult networks be-
came more overlapped (R>=0.05, p<0.001 and R?=0.02, p=0.056,
respectively; Figure 6; Figure S13). The null-model analyses again
revealed consistent yet clade- and life-stage-specific contributions
of both real-world species-environment reliance and Lepidoptera-
plant interdependences. These constraints contributed positively to
niche overlap in the larval networks of all clades, as well as in the
adult networks of butterflies, while negatively in the adult networks

of Geometrid moths (Figure 6).
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FIGURE 5 Modularity of the local networks across environmental gradients as 3D scatterplots, sharing the same environmental PC
axes (as in Figure 2) but respective metric reading axis. The planes in the 3D scatterplots are regression planes of observed values, where
their colour fade toward the low-value end. Corresponding stats with separated regressions against each PC are provided in Figure $10.
Corresponding null-model analysis against randomised counterparts is given at each subplot's top-right; the part of the grey/black planes
that does not overlap with the chartreuse cube (Cl of the null-model counterparts) indicate where the observed values are contributed by
real-world species-environmental reliance/Lepidoptera-plant interdependences, respectively (details see Section 2 and Figure 3).
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observed values, where their colour fade toward the low-value end. Corresponding stats with separated regressions against each PC are
provided in Figure S11. Corresponding null-model analysis against randomised counterparts is given at each subplot's top-right; the part of
the grey/black planes that does not overlap with the chartreuse cube (CI of the null-model counterparts) indicate where the observed values
are contributed by real-world species-environmental reliance/Lepidoptera-plant interdependences, respectively (details see Section 2 and

Figure 3).

4 | DISCUSSION

Based on extensive datasets of species occurrences and interac-
tions, we brought together biogeographic and ecological knowledge
to reveal landscape-scale spatial patterns of species diversity and
potential interaction networks of Lepidoptera-plant communities.
Specifically, these patterns reveal how abiotic (e.g., climate and land
cover) and biotic (e.g., resource-consumer reliance) factors may to-
gether determine the composition and structure of local interaction
networks. Overall, local Lepidoptera richness, regardless of clades,
positively correlated with plant richness. Meanwhile, network struc-
tural metrics did not exhibit identical spatial patterns (along PC1
and PC2) as those of Lepidoptera richness, even when clades and
life stages are looked at individually. We therefore found no sup-
port for our first hypothesis that environmental conditions unfa-
vourable to biodiversity also bring about simpler network structure.
Actually, the effects of environmental drivers on Lepidoptera rich-
ness were not universal either, as different clades showed different
richness patterns along the PCs. Yet, as secondly hypothesised, we
saw divergent spatial-structural patterns among Lepidoptera clades
(often between butterflies and moths) and between life stages. The
goodness of fit of our regression models (R?) were comparable to
those of other studies adopting similar approaches and looking at

properties of similar-sized networks along gradients (Ho et al., 2022;
also Section S1). Below we mainly discuss the detected patterns,
whereas an extended discussion on others is in Section S1.

The richness patterns likely reflect Lepidoptera's dependence
on their interacting plants rather than the reverse, given that most
lepidopterans across life stages are sole and relatively specialised
plant feeders (Pearse & Altermatt, 2013a), while plants rarely rely
only on Lepidoptera adults to pollinate them (Gibson et al., 2006;
Memmott, 1999). Thus, more diverse local plant assemblages
can potentially support the existence of more Lepidoptera spe-
cies (Axmacher et al., 2009). This was supported, yet only weakly,
by our richness correlation analyses (Figure S2), suggesting that
Lepidoptera richness is not only constrained by food-plant diver-
sity. Indeed, we detected systematic difference in spatial diversity
patterns among Lepidoptera clades, such that butterfly richness
was driven more by geo-climatic environmental factors (PC1; more
diverse toward higher elevation), while the richness of the moth
clades more by land covers (PC2; more diverse toward farmland-
dominant lands). Our butterfly altitudinal richness pattern echoes
other butterfly studies in nearby geographical regions and likely
captures the positive richness-elevation association before reach-
ing a mid-elevation (~1,500ma.s.l.) peak or plateau (see dome-shape
relationships observed in Gallou et al., 2017; Ho et al., 2022). Since
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this pattern was butterfly-specific, it is unlikely shaped by geomet-
ric ‘spurious Rapoport effect’ (caused by non-biological sampling
bias, see Colwell & Hurtt, 1994) that would have prevailed also in
other clades, but instead reflecting biological constraints. Such
constraints should not be altitudinal food-plant diversity variation
either, as plant richness actually decreased with our PC1 in the
study area (Figure 1; Figure S14). Thus, it is possible that certain
non-food habitat properties co-varying with elevation, for example
higher microhabitat variability (Figure S15) or less-intense agricul-
ture (with which our PC2 accounting only land cover could not fully
capture), are important especially to butterflies and thus drive their
local richness (Hill et al., 2021; Kleckova et al., 2014; Maes & Van
Dyck, 2001). Conversely, for moths, food-plant diversity may be a
relatively more-influential driver, as we saw congruently that plant
richness increased with our PC2 (Figure 1). Agricultural land use may
have created heterogenous habitats at the cell scale we looked at,
thereby supporting more diverse local food plants.

Regarding the potential diets of Lepidoptera across all con-
structed local networks, butterflies generally had narrower diets
than the moths as larvae, but broader ones as adults. Note that
these locally realised diets were determined by both the lepidopter-
ans' diet breadths (feeding habits) and the local availabilities of food
plants. We conducted a further comparison between butterflies'
and moths' diets within our metawebs, that is accounting for only
their diet breadths, and found consistent patterns (Figure S16).
Therefore, these patterns mainly mirrored diet-breadth difference
among Lepidoptera clades. Butterfly larvae may experience com-
paratively stronger food-plant competition or predation, under
which conditions a narrower diet would be favoured (Dyer, 1995;
Wiklund & Friberg, 2008). Meanwhile, butterfly adults tend to be
more-generalist nectar feeders than moths, likely also because
there are more plants flowering during the day than at night (Borges
et al.,, 2016). This has provided a broader spectrum of potential
resources allowing the diurnal butterflies to evolve for adult food
usage, whereas the fewer night-flowering plants and nocturnal
moths have to evolve toward tighter mutual dependence. We also
note that the strict diurnal vs. nocturnal active patterns between
butterflies and moths, particularly at the adult stage, may have
led to an underestimation of moths' diets because observing their
interactions with flowers is intrinsically more difficult in the dark.
Nonetheless, since there is no systematic sampling bias expected
along environmental gradients, the spatial patterns of Lepidoptera
diet breadths (as well as of other metrics) should be realistic.

In general, local potential diet breadth of most Lepidoptera
clades across their life stages tended to become broader toward
low-elevation farmlands (low PC1 and high PC2), possibly because
of more diverse plants in such habitats (Figure 1) presenting more
food plants to co-occur with the Lepidoptera. However, we can-
not rule out that such local conditions (more-perturbed farmlands)
may favour the existence of generalist over specialist consumers
(Blichi & Vuilleumier, 2014). An interesting exception was the adults
of Geometrid moths, whose potential diets statistically broadened
toward high-elevation forests (high PC1 and low PC2), countering

O e

the trend of local plant richness. It is possible that such conditions
favour more-generalist Geometrids, driven by weaker plant resis-
tance or other factors as reported in other plant-feeding insects
(Moreira et al., 2018; Pellissier et al., 2012). However, given the re-
ported Geometrids' adult diets are narrow (Figure S11), such trends
were relatively trivial. The lepidopterans' local diet breadths were
broader in observed communities than in randomly re-assembled
ones across clades and life stages, except for adult Noctuoid and
Geometrid moths. The former pattern suggests that generalist
Lepidoptera are relatively widespread (thus, per-cell re-assembling
undersamples these generalists and leads to narrower diets), but
this is less effective for adult moths who, despite variation in diet
breadths, are generally narrow feeders. Relatively-generalist adult
moths may be spatially restricted, or local plant assemblage tends to
contain only a minor fraction of their food plants due to pollinator
competition (thus per-cell re-assembling oversamples the general-
ists or their food plants and lead to broader diets). The latter condi-
tion could be shaped by pollinator competition among plants.

Network modularity is typical in plant-herbivore and (large) plant-
pollinator networks (Olesen et al., 2007; Thébault & Fontaine, 2010),
including those of Lepidoptera larvae and adults (Astegiano
et al., 2017). Our results showed that butterflies' larval networks
were more modular than those of the moth clades, yet the oppo-
site for adult networks (Figure S12). Part of such butterfly-moth
difference should associate with their diet-breadth difference as ad-
dressed above. As for butterflies, their diurnal adults interact with
diverse flowering plants, and their nectar feeding is benefiting the
plants with pollination functions. Under such conditions, evolution
with plants would favour butterfly adults to feed on non-specialised,
diverse nectars, thereby suppressing the formation of network mod-
ularity. Compared to the adults that can fly to access alternative nec-
tar sources, their larvae are relatively immobile and thus need to be
able to well-consume the individual host plant that they settle on.
The larval evolutionary arm race with the host plants should con-
sequently favour phylogenetically or physiologically conservative
diets (Futuyma & Moreno, 1988), thereby making modularity prevail
in larval networks (Figure S12; Andreazzi et al., 2017). Such infer-
ences are congruent with our null-model analyses, such that real-
world Lepidoptera-plant interdependences (realistic butterfly diets)
positively contributed to modularity in butterflies' larval networks
yet negatively in adult ones. As for moths, their adult networks were
more modular than either type of null-model counterparts. This sug-
gests a tighter evolution with plants particularly in their adult phase,
which is reasonable, given nocturnal flowering plants are way fewer
than diurnal ones.

As dietary modules within networks often emerge from nar-
row and specialised diets (Tim Tinker et al., 2012), it is expectable
that the spatial-modularity patterns of Lepidoptera-plant networks
should generally counter their spatial-generality patterns, which we
indeed observed (Figures 4 and 5; Figures S9 and S10). On top of
such associations, there are also mechanisms that can contribute to
the formation of varying modularity along environmental gradients.
For example, the modularity of larval and adult butterfly networks
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was both negatively associated with farmland coverage (PC2), pos-
sibly due to anthropogenic influences. Agriculture modifies species
composition of local communities to deviate from their phyloge-
netic structure or co-evolutionary legacy shaped before perturba-
tion (Moora et al., 2014; Toyama et al., 2015), thereby mitigating
the emergent network modularity. Consistently, as shown by null-
model analyses, real-world species-environment reliance contrib-
uted negatively to butterfly networks' modularity across life stages
(more pronounced in adult ones) particularly toward high PC2.
Meanwhile, the modularity of larval networks of Noctuoid moths
associated negatively with PC1. This pattern may reflect relatively
more-effective local competitive exclusions toward high elevations
(possible mechanisms see Montafio-Centellas et al., 2021), such that
larvae sharing similar food plants (belonging to the same interaction
module) tend not to co-occur.

In terms of potential dietary niche overlap in local networks, but-
terfly larvae had the lowest, while adults the highest, overlap among
all clades. This echoes our above reasoning of diet specialisation
of butterfly larvae vs. adults, as the same mechanisms lead also to
differentiated diets among species. With larval networks, the envi-
ronmental gradients were generally not influential to lepidopterans'
niche overlap, while only butterfly larvae's diets became less over-
lapped with PC1. Interestingly, if without other constraints, butter-
flies' diets should passively become more overlapped given that their
richness increases while plant richness decreases along PC1. Thus,
such an inverse trend in larval networks suggests a compositional
shift toward dietary more-differentiated butterfly larvae at higher
elevations (Pellissier et al., 2012), which may have suppressed their
diet breath in addition to the effect of fewer food plants available.
Contrastingly, environmental gradients were relatively influential to
niche overlap in adult networks. The overlap tended to be higher
toward low-elevation farmlands (low PC1 and high PC2) with but-
terflies and Noctuoid moths, while toward high-elevation farmlands
(high PC1 and PC2) with Geometrid moths, though the latter was rel-
atively trivial. These patterns largely echo those of diet breadths and
may be associated with the spatial pattern of plant richness, or the
environmental conditions favouring dietary generalists over special-
ists. Given the particularly narrow diets of adult Geometrid moths,
diet differentiation should be important for those locally coexisting.
This is supported by that they adopted the lowest niche overlap
among clades, and null models indicated that real-world constraints
contributed negatively to their niche overlap.

By addressing the geo-climate and land-cover relevance of
landscape-scale Lepidoptera-plant networks, we revealed across
Lepidoptera clades and life stages how their (co-)evolved traits (e.g.,
diet breadth), interaction types (antagonistic vs. mutualistic; see
Thébault & Fontaine, 2010), and ecological relationships with oth-
ers (e.g., resource competition, local food availability) collectively
drive different interaction structures in response to environmental
variations. Such biogeographical understandings of interaction net-
works may provide conservation implications as the Lepidoptera in
Baden-Wirttemberg are declining (Habel et al., 2019; Karbiener &
Trusch, 2022). For example, given that networks with high dietary

overlap are generally more vulnerable to food plant loss, whereas
those with low modularity are sensitive to cascading harmful pertur-
bations (Pires et al., 2020; Stouffer & Bascompte, 2011), our results
indicate specific lepidopteran clade(s) and habitat type(s) that may
worth prioritised concerns. Moreover, the detected spatial patterns
can inform how these communities tend to react to potential environ-
mental changes caused by anthropogenic land use or climate change
(Hilletal.,2021; Ho et al., 2022). While here we compared Lepidoptera
clades and life stages separately, in reality, they harbour in the same
communities and influence each other simultaneously. A taxonomi-
cally integrated revisit would be promising to provide insights into the
intertwined dynamics of Lepidoptera-plant communities.
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