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Understanding how human activities influence biodiversity is a pressing challenge. Here, we ask whether obli-
gate biotic interactions between plants and butterflies respond to patterns in anthropogenic disturbance at
landscape and regional scales. Here, we used hierarchical models to understand how the relationships between
alpha and beta taxonomic diversities of butterflies and plants change across landscapes and regions exposed to a
gradient of anthropogenic influence.

Analyzing 1682 sampling sites in which butterfly and plant species were both inventoried, from 45 studies
identified through a literature review, we found that ecological communities sampled in highly disturbed areas
displayed a lower number of butterfly species per plant species, and more homogenized butterfly communities.
These responses were exacerbated when human activities affected both the landscape and the region hosting the
plant and butterfly communities assessed.

Our results suggest that human activities can differentially affect butterflies and plants, two co-evolved groups,
thus altering long-term eco-evolutionary dynamics. They also hint at how the negative effects of human activities
on biodiversity compound between landscape and regional scales, illustrating the importance of multi-scale
analyses and approaches for understanding and protecting biodiversity globally.

affect species interactions has received less attention than other biodi-
versity facets (Caron et al., 2024; Heinen et al., 2020; Pollock et al.,

Introduction

Global biodiversity loss is considered one of the most dangerous
ongoing anthropogenic trends for human societies (Rockstrom et al.,
2023). Because human populations have already affected large areas of
the planet, often resulting in different types of pressures that overlap and
potentially interact (Bowler et al., 2020), conservation scientists are
investing considerable resources in understanding how different taxa
are responding to global change drivers (Jaureguiberry et al., 2022;
Newbold et al., 2015). In this context, several studies demonstrate that
human activities can profoundly affect the composition of ecological
communities across space and through time (Dornelas et al., 2019;
Newbold et al., 2015; Riva & Fahrig, 2023). Yet, how human activities
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2020).

Among several types of ecological interactions, obligate interactions
where one taxon necessarily rely on the presence of another for its
survival are of particular conservation interest (Hembry & Weber, 2020;
Nakazawa, 2020). This is because the disruption of such obligate in-
teractions can affect ecosystems via potential “secondary” or
“cascading” extinctions (Brodie et al., 2014; Colwell et al., 2012). Un-
derstanding obligate biotic interactions is therefore essential for biodi-
versity conservation, yet our understanding of how taxa involved in
these relationships conjunctly respond to global change remains very
limited (Colwell et al., 2012; Heinen et al., 2020), contributing to the
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“Eltonian shortfall” (Hortal et al., 2015). Notably, this lack of knowledge
on biotic interactions is intertwined with a limited understanding of how
biodiversity changes across spatial scales (Riva & Fahrig, 2023; Riva
et al., 2024b).

One of the most iconic examples of obligate biotic interactions are
the trophic relationships between plants and butterflies (Ehrlich &
Raven, 1964). Butterflies coevolved with plants for millions of years,
such that most butterfly caterpillars must feed on one or a few specific
host plant families to survive (Braby & Trueman, 2006; Ehrlich & Raven,
1964; Kawahara et al.,, 2023). When human activities cause the
extinction of the larval host plants of a butterfly species, the butterfly
species typically also disappears (Descombes et al., 2016). This link is
captured by the well-established positive relationship between the di-
versity of plants and butterflies (Ebeling et al., 2008; Hawkins & Porter,
2003). Indeed, the positive relationship between plant and butterfly
species richness is a nearly universal pattern that clearly emerges due to
this strong trophic relationship (Castagneyrol & Jactel, 2012).

The positive relationship between butterfly and plant diversity is a
specific case of more broadly studied relationships between plant di-
versity and the diversity of several other taxa. Many studies have
demonstrated strong relationships between plant species richness and
the richness of animal taxa (Castagneyrol & Jactel, 2012; Lewinsohn &
Roslin, 2008), including arthropods that relate to plants across different
trophic levels (Holmes & Blubaugh, 2023), such as pollinators
(Kral-O’Brien et al., 2021). The relationship between butterfly and plant
diversity, however, is of particular interest because butterflies inher-
ently depend on plants for their life cycle. Despite several case studies
showing strong positive correlations in biodiversity between plants and
butterflies (Hawkins and Porter, 2003), including cases demonstrating
that human activities affect this relationship (Riva et al., 2020), a syn-
thesis of how these two groups respond jointly to human activities is, to
date, missing in the literature.

Here, we synthesize data from 45 studies and 1682 sampling loca-
tions where the species richness of butterflies and plants were docu-
mented to test hypotheses on how human activities at landscape and
regional scales influence the relationship between plant and butterfly
biodiversity. Specifically, we regressed butterfly alpha (i.e., species
richness) and beta (i.e., the proportion of species found at the site-level
in comparison to the total number of species observed at the landscape-
level) taxonomic diversities on plant alpha and beta diversities, while
accounting for (i) whether the landscapes assessed were dominated by
anthropogenic land cover types (i.e., semi-natural vs. human dominated
landscapes) and (ii) whether the studies were located in highly disturbed
regions, as approximated by the Human Footprint Index (HFI) (J.A.
Venter et al., 2016).

While alpha and beta diversities of plants and butterflies are well-
known to be positively related (Castagneyrol and Jactel, 2012; Kra-
1-O’Brien et al., 2021), our focus here is on understanding the degree to
which this positive relationship might change with human activities at
landscape and regional scales. The most parsimonious expectation for
these relationships is that, while human activities might reduce both
plant and butterfly richness across a group of sites, the relationship
between plant and butterfly diversity would not change because both
butterflies and plants would suffer equally from human activities. For
instance, when considering taxonomic alpha diversity, the total number
of butterflies observed per plant species would remain constant across
studies (i.e., a stable ratio of butterfly species per plant species with
increasing disturbance). In this case, both taxa would suffer from
biodiversity loss due to human activities [e.g., habitat loss; (Riva et al.,
2024a)], but the slopes of these relationships would not change. Alter-
natively, human activities might influence these relationships, e.g., the
slope steepness of the taxonomic alpha diversity relationship could (i)
increase when a higher number of plant species than butterfly species is
lost in comparison to undisturbed conditions, or (ii) decrease when a
higher number of butterfly species than plant species is lost in com-
parison to undisturbed conditions. Such effects might occur due to
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landscape-scale disturbances, regional-scale disturbances, or both.
Material & methods
Data gathering

We started by designing a systematic literature review to gather data
on plant and butterfly species richness across multiple studies. We used
the "Web Of Science Core Collection" (WoS) platform, accessed from
University of Lausanne to gather data on plant and butterfly richness
estimates from 1900 to May 12, 2023. We used the following formula:
(ALL=(butterfl*) OR ALL =(Rhopalocera)) AND (ALL=(plant*) OR ALL
= (angiosperm*)) AND (ALL=(species richness) OR ALL = (biodiver-
sity)), which returned 1714 papers. We then randomly checked 650
papers. We deemed this sample (~ 38 % of the literature) reasonable to
address our research questions, because we could not review all 1714
papers due to limited resources. We applied inclusion criteria for the
evaluation of papers relevant to our study design (Grames & Elphick,
2020; Pullin & Stewart, 2006), discarding studies where (i) the diversity
of plant and butterfly species was limited to a subset of species (e.g., only
lycaenid butterflies, or only woody plants); (ii) samples were not
considered representative of the biodiversity of a site (e.g., plot sampled
only once in the field season); (iii) if a study counted less than 3 plots.
Out of 650 studies reviewed, we retrieved openly available data from 31
studies, constituting the core of our dataset. To maximise the use of
existing data around the world and increase statistical power without
changing our inclusion standards, we then contacted authors of eligible
articles from the 650 consulted studies whose data were not openly
available and performed an additional, non-systematic search using
Google, Google Scholar and the bibliographies within these scientific
articles, always applying the same filtering criteria and data-extraction
protocol as for the systematically retrieved studies. All included studies,
whether identified through the systematic search or through these
complementary routes, were analysed together under an identical hi-
erarchical modelling framework.

Overall, this allowed us to retrieve data for a total of 45 studies and
1682 sites. From each study we recorded: (i) Digital Object Identifier
(DOD); (ii) coordinates of each study extent's centroid, either directly
from the study, or estimated based on the Method section of each
manuscript using Google Maps, and (iii) data on species richness for
both plants and butterflies in each of the multiple sites sampled in that
study. Spatial data was handled using the World Geodetic System 84
(EPSG: 4326). In some datasets, information on plant and butterfly
biodiversity was not directly available (e.g., in appendix or in a re-
pository); in these cases, we capitalized on scatter plots illustrating the
relationship between plant and butterfly species richness to extract
species richness values using the package “digitizeR” (Rohatgi, 2023) in
R v 4.2.1 (R Core Team, 2023).

Each study was then characterized in relation to its landscape and
regional characteristics. To assess whether landscape-scale disturbance
influences the relationship between plants and butterflies, we classified
our 45 studies between those that focus on human-dominated (e.g.,
agriculture fields, cities; n = 19) or semi-natural (e.g., forest, grassland,
islets; n = 26) landscapes.

Additionally, to assess anthropogenic impacts at a broader regional
scale, we used the HFI measured in 50-km pixels. The HFI is commonly
used to approximate the degree to which human activities influence
ecosystems across the Earth. We downloaded HFI at ~1 km resolution
for the year 2009 (O. Venter et al., 2016) and, for each study, we
calculated the mean HFI value across pixels 50 x 50 km centred on the
centroid of each studied landscape. Note that because information on
multiple sampling locations was not available in most studies, we could
only retain a single HFI value extracted in the study centroid, in the
centre of a 50-km raster pixel, representing the degree to which the
landscapes hosting all butterfly and plant communities in that study are
influenced by human activities. For a few studies that fell into different
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regions (i.e., 50 x 50 km pixels with different HFI values), we extracted
more than one HFI value. However, most studies were located in a single
region, and therefore all sites in these landscapes share the same HFI
value. This implies that we cannot directly assess the effects of HFI on
plant and butterfly diversity, because there is not sufficient replication
of communities exposed to different HFIs. The dataset we compiled,
nevertheless, allows us to ask questions across all landscapes of how the
butterfly ~ plant diversity relationship changes with HFI, which is the
objective of our analysis.

Analysis

We fit linear mixed-effect models treating (i) butterfly alpha/beta
diversities as response variables; (ii) plant alpha/beta diversities, land-
scape type, and HFI as fixed effects; and (iii) study identifiers as a
random effect.

Alpha diversity was measured as the number of species observed in a
sampling site, whereas beta diversity was measured as (gamma-alpha)/
gamma, where alpha diversity is the total number of butterfly or plant
species at a site, and gamma is the cumulative total number of species in
a landscape studied (Anderson et al., 2011). This metric of beta diversity
measures the proportion of species missing from a site in comparison to
the entire set of species documented in a study, such that high values
signify relatively low site-scale (alpha) diversity in comparison to
landscape-scale (gamma) diversity. We did not explore other metrics of
beta diversity because information on the identity of species across sites
was typically not available. Because not all studies reported the total
number of species observed across all sites, beta diversity is assessed
only for a subset of 24 of the 45 landscapes studied, representing a total
of 906 sites.

We used the 'glmmTMB' R package (McGillycuddy et al., 2025) to fit
our models, following a frequentist framework for parameter estima-
tion. We included in all models an interaction term between landscape
type and plant diversity (alpha or beta), allowing for different slopes and
intercepts in semi-natural vs. human-dominated landscape types. We
also included an interaction term between regional HFI and plant di-
versity, allowing the slope of the relationship to vary within the two
landscape types. This modelling framework allowed us to estimate
whether changes in butterfly biodiversity with plant biodiversity depend
on the degree to which landscapes and regions were subject to human
activities. We fit random slopes and intercepts at the study level for the
effects of plant diversities on butterfly diversities across sites. We stan-
dardized HFI values by subtracting the mean and by dividing by the
standard deviation. For models of alpha diversity, we log2-transformed
plant and butterfly species richness.

As differences in plot size between studies could influence our in-
ferences, we performed a sensitivity analysis controlling for plot sizes.
Because information on exact plot size was not available for all studies
and to retain all datasets, we categorized plot sizes into 6 categories:
unknown, < 1 ha, 1-10 ha, 10-100 ha, 100-1000 ha, and > 1000 ha. To
control for broad differences in sampling extent, we included this pre-
dictor as a random effect in the two models.

All data and the script used to run analyses has been uploaded to a
Zenodo repository at 10.5281/zenodo.18446361.

Results

Our analysis focuses on changes in alpha and beta diversity from 45
studies where scientists sampled both plants and butterflies across 1682
sites (Fig. 1). On average, sampling sites hosted 12 butterfly species (SD
= 10) and 51 plant species (SD = 71), whereas at the study level,
approximately 48 butterfly species (SD = 27) and 246 plant species (SD
= 150) were recorded (Table 1). Plot size varied among studies from
0.02 to 7853.98 ha, with a median of 1.01 ha for human-dominated
landscapes and from 0.01 to 203,400.00 ha and a median at 0.10 ha
for semi-natural landscapes.
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Human Footprint Index (HFI)
- -
Low High

O Semi-natural landscapes
A Human-dominated landscapes

Fig. 1. Map showing the location of the 45 studies synthesized. The shape of
the dots represents the landscape type in which each study was conducted,
either a semi-natural landscape (circles) or a human-dominated landscape
(triangles). The colour gradient represents the standardized Human Footprint
Index (HFI) in the region surrounding each study landscape, where blue rep-
resents landscapes with little human impact (min HFI = 0.8, scaled value =
—1.7), and red represents sites with high human impact (max HFI = 37.9,
scaled value = 2.7).

Alpha diversity

For the same number of plant species, our model identified a higher
butterfly species richness in (i) semi-natural landscapes, as opposed to
human-dominated landscapes, and (ii) in regions with lower HFI (Fig. 2;
see Table S1 for model coefficient estimates). While the log2-
transformed number of butterfly species was always positively related
to the log2-transformed number of plant species (coefficient estimate =
0.70, CI = 0.60;0.80, p < 0.001), the steepness of this relationship was
reduced in human-dominated landscapes (estimate -0.36, CI =
—0.49;—-0.23, p < 0.001), with support for an interaction between the
landscape and regional effects (estimate = —0.04, CI = —0.06;—0.01, p
= < 0.01). This means that less butterflies were found per plant species
in disturbed landscapes and regions: for instance, 256 plant species in a
site supported ~ 40 and 25 butterfly species in semi-natural vs. human-
dominated landscapes at the lowest regional HFI, and these numbers
changed to ~ 45 and 12 butterfly species at the highest regional HFI
(Fig. 2). While the relationship between plant and butterfly alpha di-
versity is relatively strong across our studies (R2 = 0.31) and consistent
with previous estimates (Castagneyrol & Jactel, 2012; Kral-O’Brien
et al., 2021), the standard deviation of the random effect on study ID
highlights considerable variation in butterfly species richness across
studies (Table S1). The sensitivity analysis showed that results were
consistent when controlling for the size of the plot used to assess but-
terflies and plants within each study (see Tab. S2 and S3). The variance
of the random intercept and slope for plot size category was estimated to
be zero, indicating that plot size did not explain additional variation in
the model.

Beta diversity

When focusing on beta diversity (Fig. 3, Tab. S4), we found the ex-
pected positive relationship between butterfly and plant diversities
(coefficient estimate = 2.87, CI = 1.93;3.80; p < 0.001), and again that
anthropogenic disturbance at the landscape (estimate = 0.82. CI =
—0.29;1.94, p = 0.15) and regional (beta = —0.28, CI = —0.40;—0.16; p
< 0.001) scales moderate this relationship in interaction (estimate =
0.28, CI = 0.18;0.37, p < 0.001). Both relationships have higher
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Table 1

Summary of the number of plant and butterfly species and the Human Footprint index across the two studied landscape types. The full dataset is openly available in a Zenodo repository (see Methods section).

Maximum number
of plant species

Minimum number
of plant species

Mean Number of
plant species
(£SD)

Minimum number Maximum number

Mean Number of
butterfly species

Maximum
(£SD)

Median Plot Mean HFI ~ Minimum
(+SD)

size (ha)

Number of
plots

Landscape type

of Butterfly species

of Butterfly species

value of HFI

value of HFI

696

2

59.56 + 84.00

80

11.00 + 10.88

37.94

5.86

20.32 £
9.12

1.10

610

Human-

dominated (n

19)
Semi-Natural (n

925

3

46.37 £ 61.12

127

12.30 +9.43

33.57

0.80

12.54 +
6.08

0.10

1069

= 26)
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uncertainty than in the case of alpha diversity estimates, likely due to
the reduced sample size to 24 landscapes.

The model suggests that beta diversity of butterflies (i) tended to be
higher in semi-natural landscapes than in human-dominated landscapes
(Fig. 3, left vs. right inset) and (ii) decreased with HFI (Fig. 3, blue vs.
orange and red lines). For instance, a site containing ~ 10 % of the total
plant species in a landscape would host ~ 17 % of butterfly species in
human-dominated landscapes, regardless of HFI, and in semi-natural
landscapes ~ 9, 21 and 41 % of butterfly species at the minimum,
average, and maximum HFI values. In other words, disturbed sites
contain a disproportionately high proportion of the butterfly fauna,
which is consistent with butterfly assemblages having suffered loss of
rare species across all sites in the most disturbed landscapes. Like for
alpha diversity, the sensitivity analysis accounting for plot size showed
that results were robust to this variable (see Tab S5).

Discussion

Biodiversity knowledge shortfalls limit effective conservation action,
but knowledge gaps on biotic interactions (Caron et al., 2024) and
cross-scale biodiversity change (Riva & Fahrig, 2023, Riva et al., 2024b)
are still widespread. Here we assessed how human activities at the
landscape and regional scales impact the relationship between plants
and butterflies, two groups tied by obligate biotic interactions (Figs. 2,
3). Based on our results, human activities at both landscape and regional
scales affect the relationship between butterfly and plant diversity, with
compound effects that are consistent with stronger biotic homogeniza-
tion of butterfly communities (Anderson et al., 2011).

Interestingly, the effects of regional disturbance, measured with the
HFI in 50-km pixels, were detected only in human-dominated land-
scapes for alpha diversity metrics, and only in semi-natural landscapes
for beta diversity metrics. Specifically, our models suggest that: (i) the
number of butterfly species found per plant species is lower in human-
dominated landscapes than in semi-natural landscapes, and that but-
terfly biodiversity in a site is further decreased by regional HFI in
human-dominated but not semi-natural landscapes (Fig. 2); and (ii) beta
diversity of butterflies is lower in human-dominated landscapes than in
semi-natural landscapes, and that the negative effect of regional HFI on
beta diversity are detectable only in semi-natural landscapes, where
homogenization is caused by disturbed regional contexts (Fig. 3). These
results might have emerged because of the scales of the two biodiversity
metrics. Indeed, alpha diversity is based solely on site-level information,
whereas beta diversity includes information about the relationship be-
tween local and landscape-scale biodiversity. These results also point at
potential negative effects of human activities on two facets of butterfly
diversity in relation to plant diversity: loss of species (Fig. 2), and ho-
mogenization (Fig. 3). Ultimately, while human-dominated landscapes
fare worse than semi-natural landscapes, the negative effects of HFI
appear differently between alpha and beta diversity metrics, pointing at
complex cross-scale dynamics.

Overall, our findings are consistent with previous empirical evidence
that higher trophic levels tend to be more sensitive to the effects of
global change (Zavaleta et al., 2009), suggesting that this pattern might
extrapolate beyond well-studied vertebrate groups (Henry et al., 2024).
More specific to our system, we can speculate as to why butterflies were
more sensitive than plants. This could be due to the fact that butterflies
have been recognized as an overall sensitive group to anthropogenic
stressors (J.A. Thomas, 2016). However, many plant species are also
rare and/or sensitive (Enquist et al., 2019). Alternatively, it is possible
that the lower number of butterfly than plant species might underlie this
result. There are more than 400.000 plant species on Earth (Diaz &
Malhi, 2022), whereas only approximately 20.000 butterfly species have
been so far described (Pinkert et al., 2022). While in our study we found
approximately 5 times more species of plants than butterflies at both the
site and study level, biodiversity relationships were affected between the
two groups when assessing both alpha and beta diversity, meaning that
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Fig. 2. The relationship between butterfly and plant species richness responds to human activities at the landscape and regional scales. At the landscape scale, semi-
natural landscapes (left inset) have generally higher butterfly diversity than human-dominated landscapes (right inset) for the same total number of plants. At the
regional scale, landscapes surrounded by higher HFI show further depressed butterfly species richness for the same plant richness, but only in human-dominated
landscapes (right inset).
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Fig. 3. The relationship between butterfly and plant beta diversity (proportion of species missing from a site in comparison to the entire set of species documented in
a study) responds to human activities at the landscape and regional scales. At the landscape scale, semi-natural landscapes (left inset) have higher butterfly beta
diversity than human-dominated landscapes (right inset) for the same plant beta diversity. At the regional scale, landscapes surrounded by lower regional HFI
showed increased beta diversity, but only for semi-natural landscapes. This suggests that butterfly assemblages in human-dominated landscapes, or in semi-natural
landscapes surrounded by regions with high HFI, have experienced biotic homogenization.
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the effects were not restricted to the total diversity in a site, but also to
the relationship between local and landscape-scale assemblages.
Trends in feeding strategies across butterfly species might help
contextualizing our results. While some butterfly species are generalist
and can feed on several plant taxa during their larval stage (Narango
et al., 2020), many rely on a limited range of plant taxa for their larval
development (Shirey et al., 2022), with most species of butterflies being
hypothesized to feed on a single family of larval host plants (Kawahara
et al., 2023). This relatively specialized diet strategy suggests that the
capacity of plant communities to buffer losses in species richness might
be higher than that of butterfly communities, because for the many
butterfly species that are either monophagous or oligophagous during
the larval stage. In other words, it is likely that a loss of larval host plants
at a site due to anthropogenic stressors will result in local extinctions for
a butterfly species (Pearse & Altermatt, 2013). More detailed data (e.g.,
information on species identities and traits) is needed to test different
mechanisms potentially underlying the emergent pattern we observed.
Overall, our results are consistent with mounting empirical evidence
that human activities are altering long-standing, macroecological re-
lationships between the biodiversity of taxa linked by trophic in-
teractions. We note that this has been identified as a major risk factor for
global biodiversity conservation in vertebrates (Fricke et al., 2022), but
remains poorly understood for plant-invertebrate relationships.

Implications for conservation

Based on the results of our analyses, we provide three insights for
applied biodiversity conservation.

First, our results suggest that “secondary” or “cascading” extinctions
are not commonly avoided by butterflies inhabiting anthropogenic
landscapes via buffering mechanisms (Brodie et al., 2014; Colwell et al.,
2012). Previous studies have shown that some butterfly species are
capable of shifting to a different larval host plant to avoid extinction
(Singer & Parmesan, 2021), however our results suggest that similar
adaptive mechanisms might be uncommon. Conservation scientists and
managers should therefore not rely on the hope that butterflies at risk of
losing larval host plants — either because of land use or climate change —
will be able to adapt and shift to a different host. Such shifts might
happen, but rarely and presumably at temporal scales longer in com-
parison to the current tempo of global change (Allio et al., 2021). When
considering that climate change will differentially affect plant and
butterfly species, increasing vulnerability of butterflies adapted to sen-
sitive environments (Filazzola et al., 2020), and that insects being
already neglected in conservation (Chowdhury et al., 2023), our studies
suggests that we should urgently understand how butterfly conservation
action can be optimized to include more explicitly information on plant
communities.

Second, our findings suggests that large-scale patterns of human
activities can mediate local responses to land use change (Riva et al.,
2023), and implies that conservation actions targeting only local site
conditions are likely to miss important aspects related to regional con-
ditions (Harrison & Cornell, 2008; Ricklefs, 1987; Riva et al., 2023).

Last, the fact that the relationships between both alpha and beta
diversities of butterflies and plants respond to landscape- and regional-
scale disturbances questions the robustness of studies that use butterfly
species richness as an indicator of plant species richness across sites that
vary in terms of anthropogenic disturbance. While the two groups are
strongly related (Castagneyrol and Jactel, 2012), our results highlight
that such relationships change depending on the degree to which human
activities have already occurred in a given region. This fact might
explain why some studies have found butterflies to be poor indicators of
plant diversity [e.g., in logged forests across Madagascar; (Kremen,
1992)], whereas other found the opposite [e.g., montane forests within a
park in Colorado (Simonson et al., 2001)].
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Limitations

Before concluding, we acknowledge some limitations of our study.
For instance, we did not differentiate between native vs. non-native
species of plants; however, given the diversity of species in our sam-
ples, we expect the effects of introduced species to be minimal given that
typical biodiversity datasets count < 5 for such species (Liu et al., 2023).
Our analysis is also based on a biased sample of the planet, with limited
data from the tropics and no data from traditionally underrepresented
regions. Most landscapes analyzed are located in Europe (n = 27),
whereas Africa, Oceania, and South America are severely underrepre-
sented (n = 7) (Fig. 1). We searched for studies in these regions with a
non-systematic literature review, but failed to find available datasets.

Conclusions

We showed that human activities at landscape and regional scales
alter relationships between the biodiversity of plants and butterflies,
with butterflies being more sensitive to anthropogenic disturbance than
plants. Relationships between alpha and beta diversities of butterflies
and plants are comparatively strong, reflecting the signature of millions
of years of coevolution between these two groups, yet they are not im-
mune to the effects of anthropogenic disturbance. That effects of land-
scape types and regional HFI were detected even when assessing these
very general, emergent patterns of association between the two taxa
(Figs. 2, 3) suggests that the plant-butterfly system is a promising system
to study the ecology and conservation of obligate interactions in more
detail. Follow-up studies assessing species identities and traits will allow
better discriminating the mechanisms underlying why such relation-
ships changed with anthropogenic disturbance.

More broadly, our study hints at subtle ways in which human ac-
tivities are affecting ecosystems globally. Effects on the biodiversity
relationships would not be possible to detect when focusing on either
plants or butterflies alone, and have not (to our knowledge) previously
documented at these scales of analysis. Nevertheless, the most common
approach in conservation continues to be a focus on specific taxa,
independently from their interaction (Heinen et al., 2020), and on
arbitrary scales. As anthropogenic disturbances are expected to increase
globally J.A. (Venter et al., 2016), effects like the one we documented
will become more widespread, potentially jeopardizing the stability of
ecosystems (Hooper et al., 2012). We hope that this analysis will be one
of many recent calls for the scientific community to think about the
potential implications of global change on biotic interactions.

Data availability statement

The data is available on Zenodo at https://zenodo.org/records
/18446361.

Funding statement

FR was supported by the European Union (Marie Sktodowska-Curie
Fellowship, PROBAE, 101024579).

CRediT authorship contribution statement

Miguel Cruz Palma: Writing - review & editing, Writing — original
draft, Visualization, Formal analysis, Data curation. Antoine Guisan:
Writing — review & editing, Conceptualization. Shawan Chowdhury:
Writing — review & editing, Conceptualization. Flavien Collart: Writing
— review & editing, Visualization, Supervision, Methodology, Formal
analysis, Conceptualization, Data curation. Federico Riva: Writing —
review & editing, Writing — original draft, Visualization, Supervision,
Methodology, Formal analysis, Data curation, Conceptualization.


https://zenodo.org/records/18446361
https://zenodo.org/records/18446361

M. Cruz Palma et al.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.baae.2026.02.002.

References

Allio, R., Nabholz, B., Wanke, S., Chomicki, G., Pérez-Escobar, O. A., Cotton, A. M.,
Clamens, A. L., Kergoat, G. J., Sperling, F. A. H., & Condamine, F. L. (2021). Genome-
wide macroevolutionary signatures of key innovations in butterflies colonizing new
host plants. Nature Communications, 12, 354. https://doi.org/10.1038/s41467-020-
20507-3

Anderson, M. J., Crist, T. O., Chase, J. M., Vellend, M., Inouye, B. D., Freestone, A. L.,
Sanders, N. J., Cornell, H. V., Comita, L. S., Davies, K. F., Harrison, S. P.,

Kraft, N. J. B., Stegen, J. C., & Swenson, N. G. (2011). Navigating the multiple
meanings of p diversity: A roadmap for the practicing ecologist. Ecology Letters, 14,
19-28. https://doi.org/10.1111/j.1461-0248.2010.01552.x

Bowler, D. E., Bjorkman, A. D., Dornelas, M., Myers-Smith, I. H., Navarro, L. M.,
Niamir, A., Supp, S. R., Waldock, C., Winter, M., Vellend, M., Blowes, S. A., Bohning-
Gaese, K., Bruelheide, H., Elahi, R., Antao, L. H., Hines, J., Isbell, F., Jones, H. P.,
Magurran, A. E., Cabral, J. S., & Bates, A. E. (2020). Mapping human pressures on
biodiversity across the planet uncovers anthropogenic threat complexes. People Nat,
2, 380-394. https://doi.org/10.1002/pan3.10071

Braby, M. F., & Trueman, J. W. H. (2006). Evolution of larval host plant associations and
adaptive radiation in pierid butterflies. Journal Of Evolutionary Biology, 19,
1677-1690. https://doi.org/10.1111/j.1420-9101.2006.01109.x

Brodie, J. F., Aslan, C. E., Rogers, H. S., Redford, K. H., Maron, J. L., Bronstein, J. L., &
Groves, C. R. (2014). Secondary extinctions of biodiversity. Trends in Ecology &
Evolution, 29, 664-672. https://doi.org/10.1016/j.tree.2014.09.012

Caron, D., Brose, U., Lurgi, M., Blanchet, F. G., Gravel, D., & Pollock, L. J. (2024). Trait-
matching models predict pairwise interactions across regions, not food web
properties. Global Ecology And Biogeography : A Journal Of Macroecology, 33, Article
€13807. https://doi.org/10.1111/geb.13807

Castagneyrol, B., & Jactel, H. (2012). Unraveling plant-animal diversity relationships: A
meta-regression analysis. Ecology, 93, 2115-2124. https://doi.org/10.1890/11-
1300.1

Chowdhury, S., Jennions, M. D., Zalucki, M. P., Maron, M., Watson, J. E. M., &

Fuller, R. A. (2023). Protected areas and the future of insect conservation. Trends in
Ecology & Evolution 38(1), p:85-95; 2023 Trends in Ecology & Evolution, 38, 681.
https://doi.org/10.1016/j.tree.2023.04.006.

Colwell, R. K., Dunn, R. R., & Harris, N. C. (2012). Coextinction and persistence of
dependent species in a changing world. Annual Review of Ecology, Evolution, and
Systematics, 43, 183-203. https://doi.org/10.1146/annurev-ecolsys-110411-160304

Descombes, P., Pradervand, J. N., Golay, J., Guisan, A., & Pellissier, L. (2016). Simulated
shifts in trophic niche breadth modulate range loss of alpine butterflies under
climate change. Ecography, 39, 796-804. https://doi.org/10.1111/ecog.01557

Diaz, S., & Malhi, Y. (2022). Biodiversity: Concepts, patterns, trends, and perspectives.
Annual Review of Environment and Resources, 47, 31-63. https://doi.org/10.1146/
annurev-environ-120120-054300

Dornelas, M., Gotelli, N. J., Shimadzu, H., Moyes, F., Magurran, A. E., & McGill, B. J.
(2019). A balance of winners and losers in the Anthropocene. Ecology Letters, 22,
847-854. https://doi.org/10.1111/ele.13242

Ebeling, A., Klein, A. M., Schumacher, J., Weisser, W. W., & Tscharntke, T. (2008). How
does plant richness affect pollinator richness and temporal stability of flower visits?
Oikos (Copenhagen, Denmark), 117, 1808-1815. https://doi.org/10.1111/7.1600-
0706.2008.16819.x

Ehrlich, P. R., & Raven, P. H. (1964). Butterflies and plants: A study in coevolutionl.
Evolution; International Journal Of Organic Evolution, 18, 586-608. https://doi.org/
10.1111/j.1558-5646.1964.tb01674.x

Enquist, B. J., Feng, X., Boyle, B., Maitner, B., Newman, E. A., Jorgensen, P. M.,
Roehrdanz, P. R., Thiers, B. M., Burger, J. R., Corlett, R. T., Couvreur, T. L. P,
Dauby, G., Donoghue, J. C., Foden, W., Lovett, J. C., Marquet, P. A., Merow, C.,
Midgley, G., Morueta-Holme, N., Neves, D. M., Oliveira-Filho, A. T., Kraft, N. J. B.,
Park, D. S., Peet, R. K., Pillet, M., Serra-Diaz, J. M., Sandel, B., Schildhauer, M.,
Simova, 1., Violle, C., Wieringa, J. J., Wiser, S. K., Hannah, L., Svenning, J. C., &
McGill, B. J. (2019). The commonness of rarity: Global and future distribution of
rarity across land plants. Science Advances, 5, eaaz0414. https://doi.org/10.1126/
sciadv.aaz0414

Filazzola, A., Matter, S. F., & Roland, J. (2020). Inclusion of trophic interactions
increases the vulnerability of an alpine butterfly species to climate change. Global
Change Biology, 26, 2867-2877. https://doi.org/10.1111/gcb.15068

Fricke, E. C., Hsieh, C., Middleton, O., Gorczynski, D., Cappello, C. D., Sanisidro, O.,
Rowan, J., Svenning, J. C., & Beaudrot, L. (2022). Collapse of terrestrial mammal
food webs since the late pleistocene. Science (New York, N.Y.), 377, 1008-1011.
https://doi.org/10.1126/science.abn4012

95

Basic and Applied Ecology 91 (2026) 89-96

Grames, E. M., & Elphick, C. S. (2020). Use of study design principles would increase the
reproducibility of reviews in conservation biology. Biological Conservation, 241,
Article 108385. https://doi.org/10.1016/j.biocon.2019.108385

Harrison, S., & Cornell, H. (2008). Toward a better understanding of the regional causes
of local community richness. Ecology Letters, 11, 969-979. https://doi.org/10.1111/
j-1461-0248.2008.01210.x

Hawkins, B. A., & Porter, E. E. (2003). Does herbivore diversity depend on plant
diversity? The case of California butterflies. The American Naturalist, 161, 40-49.
https://doi.org/10.1086,/345479

Heinen, J. H., Rahbek, C., & Borregaard, M. K. (2020). Conservation of species
interactions to achieve self-sustaining ecosystems. Ecography, 43, 1603-1611.
https://doi.org/10.1111/ecog.04980

Hembry, D. H., & Weber, M. G. (2020). Ecological interactions and macroevolution: A
new field with old roots. Annual Review of Ecology, Evolution, and Systematics, 51,
215-243. https://doi.org/10.1146/annurev-ecolsys-011720-121505

Henry, E. G., Santini, L., Butchart, S. H. M., Gonzélez-Sudrez, M., Lucas, P. M., Benitez-
Lépez, A., Mancini, G., Jung, M., Cardoso, P., Zizka, A., Meyer, C., Akcakaya, H. R.,
Berryman, A. J., Cazalis, V., & Di Marco, M. (2024). Modelling the probability of
meeting IUCN Red List criteria to support reassessments. Global Change Biology, 30,
Article e17119. https://doi.org/10.1111/gcb.17119

Holmes, K. D., & Blubaugh, C. K. (2023). A guide to 23 global syntheses of plant diversity
effects: Unpacking consensus and incongruence across trophic levels. The Quarterly
Review Of Biology, 98, 121-148. https://doi.org/10.1086/726687

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A.,

Matulich, K. L., Gonzalez, A., Duffy, J. E., Gamfeldt, L., & O’Connor, M. L. (2012).
A global synthesis reveals biodiversity loss as a major driver of ecosystem change.
Nature, 486, 105-108. https://doi.org/10.1038/nature11118

Hortal, J., Bello, F. De, Diniz-Filho, J. A. F., Lewinsohn, T. M., Lobo, J. M., & Ladle, R. J.
(2015). Seven shortfalls that beset large-scale knowledge of biodiversity. Annual
Review of Ecology, Evolution, and Systematics, 46, 523-549. https://doi.org/10.1146/
annurev-ecolsys-112414-054400

Jaureguiberry, P., Titeux, N., Wiemers, M., Bowler, D. E., Coscieme, L., Golden, A. S.,
Guerra, C. A., Jacob, U., Takahashi, Y., Settele, J., Diaz, S., Molnar, Z., & Purvis, A.
(2022). The direct drivers of recent global anthropogenic biodiversity loss. Science
Advances, 8, eabm9982. https://doi.org/10.1126/sciadv.abm9982

Kawahara, A. Y., Storer, C., Carvalho, A. P. S., Plotkin, D. M., Condamine, F. L.,

Braga, M. P., Ellis, E. A., St Laurent, R. A,, Li, X., Barve, V., Cai, L., Earl, C.,
Frandsen, P. B., Owens, H. L., Valencia-Montoya, W. A., Aduse-Poku, K.,
Toussaint, E. F. A., Dexter, K. M., Doleck, T., Markee, A., Messcher, R., Nguyen, Y. L.,
Badon, J. A. T., Benitez, H. A., Braby, M. F., Buenavente, P. A. C., Chan, W. P.,
Collins, S. C., Rabideau Childers, R. A., Dankowicz, E., Eastwood, R., Fric, Z. F.,
Gott, R. J., Hall, J. P. W., Hallwachs, W., Hardy, N. B, Sipe, R. L. H., Heath, A.,
Hinolan, J. D., Homziak, N. T., Hsu, Y. F., Inayoshi, Y., Itliong, M. G. A.,

Janzen, D. H., Kitching, I. J., Kunte, K., Lamas, G., Landis, M. J., Larsen, E. A.,
Larsen, T. B., Leong, J. V., Lukhtanov, V., Maier, C. A., Martinez, J. I., Martins, D. J.,
Maruyama, K., Maunsell, S. C., Mega, N. O., Monastyrskii, A., Morais, A. B. B.,
Miiller, C. J., Naive, M. A. K., Nielsen, G., Padron, P. S., Peggie, D.,

Romanowski, H. P., Séfidn, S., Saito, M., Schroder, S., Shirey, V., Soltis, D., Soltis, P.,
Sourakov, A., Talavera, G., Vila, R., Vlasanek, P., Wang, H., Warren, A. D.,
Willmott, K. R., Yago, M., Jetz, W., Jarzyna, M. A., Breinholt, J. W., Espeland, M.,
Ries, L., Guralnick, R. P., Pierce, N. E., & Lohman, D. J. (2023). A global phylogeny
of butterflies reveals their evolutionary history, ancestral hosts and biogeographic
origins. Nature Ecology & Evolution, 7, 903-913. https://doi.org/10.1038/541559-
023-02041-9

Kral-O’Brien, K. C., O’Brien, P. L., Hovick, T. J., & Harmon, J. P. (2021). Meta-analysis:
Higher plant richness supports higher pollinator richness across many land use types.
Annals of the Entomological Society of America, 114, 267-275. https://doi.org/
10.1093/aesa/saaa061

Kremen, C. (1992). Assessing the indicator properties of species assemblages for natural
areas monitoring. Ecological Applications : A Publication Of The Ecological Society of
America, 2, 203-217. https://doi.org/10.2307/1941776

Lewinsohn, T. M., & Roslin, T. (2008). Four ways towards tropical herbivore
megadiversity. Ecology Letters, 11, 398-416. https://doi.org/10.1111/j.1461-
0248.2008.01155.x

Liu, D., Semenchuk, P., Essl, F., Lenzner, B., Moser, D., Blackburn, T. M., Cassey, P.,
Biancolini, D., Capinha, C., Dawson, W., Dyer, E. E., Guénard, B., Economo, E. P.,
Kreft, H., Pergl, J., Pysek, P., van Kleunen, M., Nentwig, W., Rondinini, C.,
Seebens, H., Weigelt, P., Winter, M., Purvis, A., & Dullinger, S. (2023). The impact of
land use on non-native species incidence and number in local assemblages
worldwide. Nature Communications, 14, 2090. https://doi.org/10.1038/541467-02.3-
37571-0

McGillycuddy, M., Popovic, G., Bolker, B. M., & Warton, D. I. (2025). Parsimoniously
fitting large multivariate random effects in glmmTMB. Journal Of Statistical Software,
112, 1-19. https://doi.org/10.18637/jss.v112.i01

Nakazawa, T. (2020). Species interaction: Revisiting its terminology and concept.
Ecological Research, 35, 1106-1113. https://doi.org/10.1111/1440-1703.12164

Narango, D. L., Tallamy, D. W., & Shropshire, K. J. (2020). Few keystone plant genera
support the majority of Lepidoptera species. Nature Communications, 11, 5751.
https://doi.org/10.1038/s41467-020-19565-4

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A., Borger, L.,
Bennett, D. J., Choimes, A., Collen, B., Day, J., De Palma, A., Diaz, S., Echeverria-
Londono, S., Edgar, M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T.,
Ingram, D. J., Itescu, Y., Kattge, J., Kemp, V., Kirkpatrick, L., Kleyer, M.,

Correia, D. L. P., Martin, C. D., Meiri, S., Novosolov, M., Pan, Y., Phillips, H. R. P.,
Purves, D. W., Robinson, A., Simpson, J., Tuck, S. L., Weiher, E., White, H. J.,
Ewers, R. M., Mace, G. M., Scharlemann, J. P. W., & Purvis, A. (2015). Global effects


https://doi.org/10.1016/j.baae.2026.02.002
https://doi.org/10.1038/s41467-020-20507-3
https://doi.org/10.1038/s41467-020-20507-3
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1002/pan3.10071
https://doi.org/10.1111/j.1420-9101.2006.01109.x
https://doi.org/10.1016/j.tree.2014.09.012
https://doi.org/10.1111/geb.13807
https://doi.org/10.1890/11-1300.1
https://doi.org/10.1890/11-1300.1
https://doi.org/10.1016/j.tree.2023.04.006
https://doi.org/10.1146/annurev-ecolsys-110411-160304
https://doi.org/10.1111/ecog.01557
https://doi.org/10.1146/annurev-environ-120120-054300
https://doi.org/10.1146/annurev-environ-120120-054300
https://doi.org/10.1111/ele.13242
https://doi.org/10.1111/j.1600-0706.2008.16819.x
https://doi.org/10.1111/j.1600-0706.2008.16819.x
https://doi.org/10.1111/j.1558-5646.1964.tb01674.x
https://doi.org/10.1111/j.1558-5646.1964.tb01674.x
https://doi.org/10.1126/sciadv.aaz0414
https://doi.org/10.1126/sciadv.aaz0414
https://doi.org/10.1111/gcb.15068
https://doi.org/10.1126/science.abn4012
https://doi.org/10.1016/j.biocon.2019.108385
https://doi.org/10.1111/j.1461-0248.2008.01210.x
https://doi.org/10.1111/j.1461-0248.2008.01210.x
https://doi.org/10.1086/345479
https://doi.org/10.1111/ecog.04980
https://doi.org/10.1146/annurev-ecolsys-011720-121505
https://doi.org/10.1111/gcb.17119
https://doi.org/10.1086/726687
https://doi.org/10.1038/nature11118
https://doi.org/10.1146/annurev-ecolsys-112414-054400
https://doi.org/10.1146/annurev-ecolsys-112414-054400
https://doi.org/10.1126/sciadv.abm9982
https://doi.org/10.1038/s41559-023-02041-9
https://doi.org/10.1038/s41559-023-02041-9
https://doi.org/10.1093/aesa/saaa061
https://doi.org/10.1093/aesa/saaa061
https://doi.org/10.2307/1941776
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1038/s41467-023-37571-0
https://doi.org/10.1038/s41467-023-37571-0
https://doi.org/10.18637/jss.v112.i01
https://doi.org/10.1111/1440-1703.12164
https://doi.org/10.1038/s41467-020-19565-4

M. Cruz Palma et al.

of land use on local terrestrial biodiversity. Nature, 520, 45-50. https://doi.org/
10.1038/nature14324

Pearse, L. S., & Altermatt, F. (2013). Extinction cascades partially estimate herbivore
losses in a complete Lepidoptera—plant food web. Ecology, 94, 1785-1794. https://
doi.org/10.1890/12-1075.1

Pinkert, S., Barve, V., Guralnick, R., & Jetz, W. (2022). Global geographical and
latitudinal variation in butterfly species richness captured through a comprehensive
country-level occurrence database. Global Ecology And Biogeography : A Journal Of
Macroecology, 31, 830-839. https://doi.org/10.1111/geb.13475

Pollock, L. J., O’Connor, L. M. J., Mokany, K., Rosauer, D. F., Talluto, M. V., &
Thuiller, W. (2020). Protecting biodiversity (in All Its Complexity): New models and
methods. Trends in Ecology & Evolution, 35, 1119-1128. https://doi.org/10.1016/j.
tree.2020.08.015

Pullin, A. S., & Stewart, G. B. (2006). Guidelines for systematic review in conservation
and environmental management. Conservation Biology : The Journal Of The Society For
Conservation Biology, 20, 1647-1656. https://doi.org/10.1111/j.1523-
1739.2006.00485.x

R Core Team. (2023). R: A language and environment for statistical computing.

Ricklefs, R. E. (1987). Community diversity: Relative roles of local and regional
processes. Science (New York, N.Y.), 235, 167-171. https://doi.org/10.1126/
science.235.4785.167

Riva, F., Barbero, F., Balletto, E., & Bonelli, S. (2023). Combining environmental niche
models, multi-grain analyses, and species traits identifies pervasive effects of land
use on butterfly biodiversity across Italy. Global Change Biology, 29, 1715-1728.
https://doi.org/10.1111/gcb.16615

Riva, F., & Fahrig, L. (2023). Landscape-scale habitat fragmentation is positively related
to biodiversity, despite patch-scale ecosystem decay. Ecology Letters, 26, 268-277.
https://doi.org/10.1111/ele.14145

Riva, F., Haddad, N., Fahrig, L., & Banks-Leite, C. (2024a). Principles for area-based
biodiversity conservation. Ecology Letters, 27, Article e14459. https://doi.org/
10.1111/ele.14459

Riva, F., Pierre, E., & Guisan, A. (2024b). On the emergence of ecosystem decay: A
critical assessment of patch area effects across spatial scales. Biological Conservation,
296, Article 110674. https://doi.org/10.1016/j.biocon.2024.110674

96

Basic and Applied Ecology 91 (2026) 89-96

Riva, F., Pinzon, J., Acorn, J. H., & Nielsen, S. E. (2020). Composite effects of cutlines and
wildfire result in fire refuges for plants and butterflies in boreal treed peatlands.
Ecosystems (New York, N.Y.), 23, 485-497. https://doi.org/10.1007/s10021-019-
00417-2

Rockstrom, J., Gupta, J., Qin, D., Lade, S. J., Abrams, J. F., Andersen, L. S., Armstrong
McKay, D. L., Bai, X., Bala, G., Bunn, S. E., Ciobanu, D., DeClerck, F., Ebi, K.,
Gifford, L., Gordon, C., Hasan, S., Kanie, N., Lenton, T. M., Loriani, S.,

Liverman, D. M., Mohamed, A., Nakicenovic, N., Obura, D., Ospina, D., Prodani, K.,
Rammelt, C., Sakschewski, B., Scholtens, J., Stewart-Koster, B., Tharammal, T., van
Vuuren, D., Verburg, P. H., Winkelmann, R., Zimm, C., Bennett, E. M., Bringezu, S.,
Broadgate, W., Green, P. A., Huang, L., Jacobson, L., Ndehedehe, C., Pedde, S.,
Rocha, J., Scheffer, M., Schulte-Uebbing, L., de Vries, W., Xiao, C., Xu, C., Xu, X.,
Zafra-Calvo, N., & Zhang, X. (2023). Safe and just Earth system boundaries. Nature,
619, 102-111. https://doi.org/10.1038/541586-023-06083-8

Shirey, V., Larsen, E., Doherty, A., Kim, C. A., Al-Sulaiman, F. T., Hinolan, J. D.,
Itliong, M. G. A., Naive, M. A. K., Ku, M., Belitz, M., Jeschke, G., Barve, V., Lamas, G.,
Kawahara, A. Y., Guralnick, R., Pierce, N. E., Lohman, D. J., & Ries, L. (2022).
LepTraits 1.0 A globally comprehensive dataset of butterfly traits. Scientific Data, 9,
382. https://doi.org/10.1038/541597-022-01473-5

Simonson, S. E., Opler, P. A., Stohlgren, T. J., & Chong, G. W. (2001). Rapid assessment
of butterfly diversity in a montane landscape. Biodiversity and Conservation, 10,
1369-1386. https://doi.org/10.1023/A:1016663931882

Singer, M. C., & Parmesan, C. (2021). Colonizations cause diversification of host
preferences: A mechanism explaining increased generalization at range boundaries
expanding under climate change. Global Change Biology, 27, 3505-3518. https://doi.
org/10.1111/gcb.15656

Thomas, J. A. (2016). Butterfly communities under threat. Science (New York, N.Y.), 353,
216-218. https://doi.org/10.1126/science.aaf8838

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher, J., Jones, K. R.,
Possingham, H. P., Laurance, W. F., Wood, P., Fekete, B. M., Levy, M. A., &
Watson, J. E. M. (2016). Global terrestrial human footprint maps for 1993 and 2009.
Scientific Data, 3, Article 160067. https://doi.org/10.1038/sdata.2016.67

Zavaleta, E., Pasari, J., Moore, J., Hernandez, D., Suttle, K. B., & Wilmers, C. C. (2009).
Ecosystem responses to community disassembly. Annals of the New York Academy of
Sciences, 1162, 311-333. https://doi.org/10.1111/j.1749-6632.2009.04448.x


https://doi.org/10.1038/nature14324
https://doi.org/10.1038/nature14324
https://doi.org/10.1890/12-1075.1
https://doi.org/10.1890/12-1075.1
https://doi.org/10.1111/geb.13475
https://doi.org/10.1016/j.tree.2020.08.015
https://doi.org/10.1016/j.tree.2020.08.015
https://doi.org/10.1111/j.1523-1739.2006.00485.x
https://doi.org/10.1111/j.1523-1739.2006.00485.x
http://refhub.elsevier.com/S1439-1791(26)00011-3/sbref0041
https://doi.org/10.1126/science.235.4785.167
https://doi.org/10.1126/science.235.4785.167
https://doi.org/10.1111/gcb.16615
https://doi.org/10.1111/ele.14145
https://doi.org/10.1111/ele.14459
https://doi.org/10.1111/ele.14459
https://doi.org/10.1016/j.biocon.2024.110674
https://doi.org/10.1007/s10021-019-00417-2
https://doi.org/10.1007/s10021-019-00417-2
https://doi.org/10.1038/s41586-023-06083-8
https://doi.org/10.1038/s41597-022-01473-5
https://doi.org/10.1023/A:1016663931882
https://doi.org/10.1111/gcb.15656
https://doi.org/10.1111/gcb.15656
https://doi.org/10.1126/science.aaf8838
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1111/j.1749-6632.2009.04448.x

	The relationship between plant and butterfly biodiversity is altered by compound effects of human activities at landscape a ...
	Introduction
	Material & methods
	Data gathering
	Analysis

	Results
	Alpha diversity
	Beta diversity

	Discussion
	Implications for conservation
	Limitations

	Conclusions
	Data availability statement
	Funding statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Supplementary materials
	References


