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Biodiversity-friendly landscapes: A paradox

for conservation?

Eliane Seraina Meier'*, Alexander Indermaur’, Eva Knop"2

Human-induced global change may cause the sixth mass extinction of species. The moderate success of patch-scale
biodiversity conservation measures has led to the concept of creating biodiversity-friendly landscapes. However,
these landscapes potentially present a paradox: They may increase local biodiversity and thereby strengthen biotic
resistance of native communities to global change winners, i.e., species that thrive under global change, such as
invasive alien species or temperature- or nutrient-tolerant species. However, they may also improve landscape-
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scale habitat conditions, such as habitat connectivity, which facilitates the dispersal of global change winners,
thereby accelerating biodiversity loss. Despite increasing investment in biodiversity-friendly landscapes, this
paradox and underlying processes remain largely unquantified. We analyzed 2050 repeated, systematic vegeta-
tion surveys across the Swiss farmland and found the hypothesized facilitating and inhibitory effects on global
change winners, but, overall, the inhibitory effects were stronger. This supports the call for a shift from patch-scale
conservation to landscape-wide strategies to stop the ongoing decline of farmland biodiversity.

INTRODUCTION

Biodiversity is currently declining at an unprecedented rate, leading
scientists to be concerned that, if no immediate measures are taken (1),
we are facing the sixth mass extinction of species (2). The major driver
of this species decline is considered to be global change, which in-
cludes climate change, land-use change, pollution, direct exploitation,
and the introduction of nonnative species (3, 4). However, certain spe-
cies benefit from global change, the so-called global change winners
(5, 6). Global change helps winners disperse and outcompete native
species (7) and thereby leads to a homogenization of species commu-
nities (8), which further accelerates biodiversity decline (9, 10). On the
basis of the most important global change drivers, three groups of spe-
cies may profit particularly from global change: species adapted to
warm climates (11-13), species adapted to nutrient-rich environments
(14), and nonnative species that are easily transported and manage to
expand into other ecosystems (15). As a result of the increase in these
three groups of global change winners, changes in community func-
tioning due to changing abiotic conditions from global change could
be exacerbated (16).

Despite many relevant studies on the individual direct effects of
factors altered by global change (e.g., temperature or land use) on
various species and species groups (12, 17), the mechanisms of com-
munity reorganization due to global change are still under debate
(18-21). In particular, it remains unclear whether, and at what spa-
tial scale, measures aimed at conserving and promoting biodiversity
(further referred to as biodiversity conservation measures) strength-
en the stability of ecosystems. Ecosystem stability is key to prevent-
ing marked changes in biotic communities that occur when certain
organisms disperse across the landscape, become dominant, and
outcompete others locally, ultimately leading to large-scale species
loss (22-26). We probably lack this knowledge because studies on
biodiversity conservation measures often focus on conserving losers
of global change at the patch scale and in the short term (27).
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A better understanding of the effects of biodiversity conservation
measures at different spatial scales on global change winners is par-
ticularly relevant, as biodiversity conservation measures at the local
scale have recently been critically debated (28, 29). Scientists are even
calling for a paradigm shift in nature conservation, namely, away
from local measures toward measures that create biodiversity-friendly
landscapes (28, 29). The idea is to create landscapes that provide
suitable habitat conditions for viable metacommunities, e.g., suffi-
cient habitat area (30), sufficient habitat connectivity (31-33), and
sufficient habitat richness (34). These suitable habitat conditions in
the landscape can be created, for example, by enlarging the area with
biodiversity conservation measures [i.e., based on the relationships
between area, habitat diversity, and species diversity (35) and the rela-
tionship between habitat area and habitat connectivity (32)]. However,
when it comes to coping with global change winners, biodiversity-
friendly landscapes may represent a conservation paradox. The term
“paradox” is used in literature in different ways. Here, we use the
term paradox to describe two processes that have opposite effects on
global change winners at different spatial scales, although they are
caused by the same biodiversity conservation measure (Fig. 1).

Biodiversity-friendly landscapes have the potential to inhibit the
establishment of global change winners through local-scale processes,
while facilitating them through landscape-scale processes (Fig. 1).
With a focus on local-scale processes (Fig. 1), improving habitat con-
ditions in the landscape through biodiversity-friendly landscapes
may further increase local-scale biodiversity compared to biodiversity
conservation measures that solely target local management, such as
prohibiting fertilizers and pesticides on specific agricultural fields to
mitigate direct harm to biodiversity in those areas (28, 34, 36, 37).
Increased local-scale biodiversity may, in turn, reduce the vulnera-
bility of the local community to the establishment of emerging in-
vaders, i.e., increase its biotic resistance, which is the ability of an
ecosystem to maintain its original community and resist change
(38). These biotic resistance effects have already been demonstrated
in various ecosystems (38-43) and are largely explained by the fact
that more diverse communities produce more biomass, occupy
more niches, and use more resources than less diverse communities,
which can be attributed to complementarity effects (44) and sam-
pling effects (45). With a focus on landscape-scale processes (Fig. 1),
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Fig. 1. Paradox of biodiversity conservation measures with regard to their expected effects on the increase in global change winners. (A) Depending on the
spatial scale at which biodiversity conservation measures are implemented, two counteracting processes may occur: On one hand, biodiversity-friendly landscapes may
increase local-scale biodiversity and thus strengthen the biotic resistance to the establishment of global change winners. On the other hand, biodiversity-friendly land-
scapes may also improve habitat conditions at the landscape scale, which, in turn, may facilitate the dispersal of global change winners within the landscape. (B) Concep-
tual model depicting the expected effects of biodiversity conservation measures on the increase in global change winners, while controlling for climate, land-use
intensity, and the preexisting pool of global change winners. CREDIT: G. BRANDLE/ AGROSCOPE.

biodiversity conservation measures that target biodiversity-friendly
landscapes may facilitate the dispersal of species across the land-
scape. While this may support global-change losers by enhancing
habitat conditions that enable viable metacommunities (e.g., habitat
connectivity), it may also unintentionally benefit global change win-
ners. If global change winners benefit from improved habitat condi-
tions, then they could spread more rapidly, potentially at the expense
of global change losers, thereby further accelerating biodiversity loss
(9, 10). To our knowledge, this conservation paradox of biodiversity-
friendly landscapes has not yet been quantified. Consequently, it
remains unclear whether the potentially inhibiting effects on global
change winners outweigh the potentially facilitating effects, or vice
versa. If the latter is true and biodiversity-friendly landscapes unin-
tentionally provide a strong advantage to global change winners, then
the concept may fail to achieve its intended conservation goals un-
der global change.

Here, we quantify the potentially counteracting effects of biodiver-
sity conservation measures at different spatial scales on the increase of
global change winners. Specifically, we asked the following questions:
(i) Do biodiversity conservation measures targeting biodiversity-
friendly landscapes increase local-scale biodiversity compared to the
local management of biodiversity conservation measures, and does
this increase lead to increased biotic resistance against the establish-
ment of global change winners (Fig. 1), thereby reducing the increase
in global change winners (Fig. 1)? (ii) Do biodiversity conservation
measures targeting biodiversity-friendly landscapes increase habitat
richness and connectivity at the landscape scale, and does this in-
crease facilitate the dispersal of global change winners (Fig. 1), there-
by leading to an increase in global change winners (Fig. 1)? (iii) Is
the overall effect of biodiversity conservation measures targeting

Meier et al., Sci. Adv. 11, eadt9564 (2025) 23 July 2025

biodiversity-friendly landscapes on global change winners inhibitory
or facilitatory?

We used structural equation modeling (SEM) (46) to analyze the
potentially counteracting effects on the increase in global change
winners, while controlling for land-use intensity, climate, and the
preexisting pool of global change winners (Fig. 1). Our analysis was
based on repeated vegetation surveys conducted on 2050 sample
plots in farmlands distributed across 125 landscapes (squares of 1 km?)
along the main climate and land-use gradients in Switzerland (Fig. 2)
(47). The selection of 1-km? landscapes was guided by ecological
relevance, as this spatial scale has been demonstrated to capture key
species interactions, habitat connectivity, and land-use dynamics
(48, 49), aligns with commonly used spatial resolutions in related
studies (50, 51), and enhances the applicability of our findings for
management and policy decisions. However, we acknowledge that
results may vary depending on the chosen spatial extent. We fo-
cused on farmland because farmland biodiversity is under partic-
ular pressure due to global change (4) and because farmland covers
a large area worldwide (52), making it a crucial area for biodiversity
conservation measures. In our study, the most important biodiver-
sity conservation measures were ecological focus areas, which
are either unproductive set-aside areas or fields that yield less be-
cause of, e.g., later cutting dates and lower nutrient inputs (53-56).
The extent to which the biodiversity conservation measures were
aimed at biodiversity-friendly landscapes was assessed on the basis
of the share of biodiversity conservation measures in the landscape.
Furthermore, three major groups of global change winners in agri-
cultural landscapes, i.e., invasive neophytes, thermophytes, and
nutriophytes, were tracked by two measures of their increase, i.e.,
increase in cover and occurrence, for which we formulated separate
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Fig. 2. Overview of study area and survey. (A) The study area within Europe, (B) the
125 surveyed landscapes (squares of 1 kmz) within the study area, and (C) the
vegetation-type surveys in 10-m? plots on a 50 m-by-50 m grid within an exem-
plary landscape (i.e., a maximum of 361 plots per landscape) and the ~20 plots selected
from these for vegetation surveys (total: 2050).
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SEMs. The increase in cover may be determined particularly by the
suitability of the local habitat, whereas the increase in occurrence
may be determined particularly by the permeability of the landscape
for movement (57). However, as these two measures may also be in-
terrelated, we considered them complementary proxies of their over-
all increase. The two measures of increase were derived from four
different baseline years (i.e., 2015-2018) over a period of 5 years (i.e.,
up to 2020-2023), while, for all the other factors in the model, we
used the data from the baseline years (58). See Materials and Meth-
ods for details.

RESULTS

The global model fit of the final SEMs was reasonable for both the in-
crease in cover of global change winners (x*/df = 9.41; Fig. 3) and the
increase in occurrence of global change winners (*/df = 14.09; Fig. 4).

Biotic resistance effects

Biodiversity conservation measures, especially those aiming for
biodiversity-friendly landscapes, were associated with higher local-
scale biodiversity (Fig. 3 and table S4). In turn, higher local-scale
biodiversity increased the biotic resistance to global change winners
(Fig. 3 and table S4). Specifically, the local implementation of biodi-
versity conservation measures and the low local land-use intensity
that partly depend on these, as well as a high share of biodiversity
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Fig. 3. SEM for the increase in cover of global change winners. Results of the SEM to test for direct and indirect effects of biodiversity conservation measures on the
increase in cover of global change winners (left, invasive neophytes; middle, thermophytes; right, nutriophytes) while controlling for land-use intensity and climate. The
magnitude of the standardized coefficients is indicated beside the respective arrows, and the thickness of the paths is proportional to the magnitude of the standardized
coefficient. R:2 represents the conditional coefficient of determination, and R,? represents the marginal coefficient of determination. See table $1 for more details on the

results and fig. S1 for bivariate plots of direct effects.
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Fig. 4. SEM for the increase in occurrences of global change winners. Results of the SEM to test for direct and indirect effects of biodiversity conservation measures on
the increase in occurrences of global change winners (left. invasive neophytes; middle, thermophytes; right, nutriophytes) while controlling for land-use intensity and
climate. The magnitude of the standardized coefficients is indicated beside the respective arrows, and the thickness of the paths is proportional to the magnitude of the
standardized coefficient. See table S1 for more details on the results and fig. S1 for bivariate plots of direct effects.

conservation areas in the landscape and a high habitat richness in
the landscape that partly depends on these, were associated with an
increased local-scale biodiversity (Fig. 3 and table S4). In turn,
local-scale biodiversity increased the biotic resistance, indicated by
a lower increase in cover of all global change winners (Fig. 3 and ta-
ble S4). Similarly, global change winners were less likely to increase
their occurrences: Although higher local-scale biodiversity was not as-
sociated with a lower probability of an increased invasive neophytes
occurrence, it was associated with a lower probability of an increased
occurrence of thermophytes and nutriophytes (Fig. 4 and table S4).

Facilitative landscape effects

Biodiversity conservation measures that lead to lower land-use in-
tensity and more biodiversity-friendly habitat conditions in the land-
scape, and thereby contribute to biodiversity-friendly landscapes,
directly facilitated the increase in global change winners. More spe-
cifically, a high share of biodiversity conservation measures in the
landscape was associated, via habitat connectivity, with an increased
probability of the additional occurrence of thermophytes (Fig. 4 and
table S4) and an increased cover of nutriophytes (Fig. 3 and table S4).
Furthermore, a high share of biodiversity conservation measures in
the landscape was associated, via habitat richness, with an increased
probability of an additional occurrence of nutriophytes (Fig. 4 and
table S4). Furthermore, for nutriophytes, there was an inhibitory ef-
fect of a high share of biodiversity conservation measures in the
landscape, i.e., a decreased land-use intensity in the landscape was
associated with a lower increase in cover (Fig. 3 and table S4). Last,
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there was no effect of the share of biodiversity measures in the land-
scape on the cover or the probability of an additional occurrence of
invasive neophytes. In contrast, there were local management effects
of biodiversity conservation measures on invasive neophytes (Figs. 3
and 4 and table S4). For example, a reduction in local land-use inten-
sity through the local management with biodiversity measures was
associated with an increase in cover (Fig. 3 and table S4), whereas the
local management with biodiversity measures was associated with an
increased probability of additional occurrences (Fig. 4 and table S4).

Effects of climate and preexisting pools
In addition to the two counteracting processes associated with bio-
diversity-friendly landscapes affecting the increase in global change
winners, climate was also associated with the increase in different
global change winners (Figs. 3 and 4 and table S4). For example, a
higher average temperature was associated with an increase in the
additional occurrence of invasive neophytes (Fig. 4 and table S4) and
with an increase in the cover of thermophytes (Fig. 3 and table S4).
The preexisting pool of global change winners was also associat-
ed with the increase in different global change winners: They in-
creased less in cover when their cover was already higher (Fig. 3 and
table S4). Similarly, thermophytes and nutriophytes were less likely
to occur additionally in previously unoccupied patches of the land-
scape if they had an increased frequency of occurrence in the land-
scape (Fig. 4 and table S4). In contrast, an additional occurrence of
invasive neophytes was positively associated with the preexisting pool
(Fig. 4 and table S4).
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Overall inhibitory effects
The overall effect of biodiversity conservation measures targeting
biodiversity-friendly landscapes (Fig. 5 and table S5) was calculated
by multiplying the standardized coefficients of the pathways in the
SEMs (Figs. 3 and 4) that were influenced by biodiversity conserva-
tion measures (i.e., by their local management or by their share in the
landscape) and adding up all the products of the different pathways
(46). Similarly, separate effects were calculated, e.g., for biodiversity
conservation measures via biotic resistance on establishment (i.e., the
effects of biodiversity conservation measures through local-scale bio-
diversity on the increase in global change winners) and for biodiver-
sity conservation measures via habitat conditions on dispersal (i.e.,
the effects of biodiversity conservation measures through habitat
richness and connectivity on the increase in global change winners).
Overall, biodiversity conservation measures targeting biodiversity-
friendly landscapes had an inhibiting effect on the increase in global
change winners (Fig. 5 and table S5): An increase in local-scale biodi-
versity due to the biodiversity conservation measures was related to a
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Fig. 5. Overall effects of biodiversity conservation measures. Overall effects of
biodiversity conservation measures (BCMs) on the increase in global change win-
ners (left, invasive neophytes; middle, thermophytes; right, nutriophytes), while
controlling for effects of climate, land-use intensity, and the preexisting pool of the
global change winners. The increase in global change winners was measured by
the increase in cover of global change winners and their additional occurrence. The
total increase represents the mean of the effects on the increase in cover of global
change winners and the effects on the additional occurrence of all global change
winners. The overall effects of conservation measures on the increase in global
change winners were calculated by multiplying the standardized coefficients of
the paths influenced by biodiversity conservation measures from table S4 and add-
ing all resulting products. This estimation was performed separately for biotic resis-
tance effects to establishment (i.e., biodiversity conservation effects through
local-scale biodiversity), for dispersal effects from biodiversity-friendly habitat con-
ditions (i.e., biodiversity conservation effects through habitat richness and connec-
tivity), and for other biodiversity conservation measure effects.
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reduced increase in global change winners (Fig. 5 and table S5). This
effect of biodiversity conservation measures on biotic resistance
(Fig. 5 and table S5) was much stronger than their promoting effect
on the increase in global change winners by improving habitat
conditions at landscape scale that facilitated their dispersal (Fig. 5
and table S5).

DISCUSSION

Biotic resistance effects

Biodiversity conservation measures, especially those aiming at bio-
diversity-friendly landscapes, were associated with higher local-scale
biodiversity, which, in turn, increased biotic resistance to global
change winners. Specifically, higher local-scale biodiversity was as-
sociated with a lower increase in cover of all global change winners
and a lower probability of an additional occurrence of thermophytes
and nutriophytes. The fact that, in the case of invasive neophytes,
only the increase in cover was decreased by biotic resistance, but not
the probability of additional occurrence, is in line with the findings
of a recent study (59) and suggests that, although they may invade
another patch, e.g., small areas of open ground in disturbed habitats,
they do not increase their cover, probably due to the high biotic re-
sistance in the rest of the patch.

Our results provide one of the rare examples in which the biotic
resistance hypothesis appears to be ubiquitous not only for invasive
alien species (60, 61) but also for other global change winners. This
might become increasingly relevant given the accelerated increase
in temperature, land-use change, and global trading. In addition, we
were able to show that local-scale biodiversity provides increased
resistance to both measures of increase in global change winners,
possibly because lower cover of global change winners indirectly in-
hibits their dispersal across the landscape by reducing the number
of available propagules (62). In maximizing biotic resistance to global
change winners, biodiversity-friendly landscapes that increase local-
scale biodiversity and thus biotic resistance appear to offer a valuable
contribution.

Facilitative landscape effects

Biodiversity conservation measures that promote lower land-use in-
tensity and more biodiversity-friendly habitat conditions in the land-
scape, all of which contribute to biodiversity-friendly landscapes,
have directly facilitated the increase in global change winners. More
specifically, an increased habitat connectivity was associated with an
increased probability of additional occurrence of thermophytes and
an increased cover of nutriophytes, as well as an increased habitat
richness with an increased probability of additional occurrence of
nutriophytes. For nutriophytes, however, we found the only inhibi-
tory effect of a high share of biodiversity conservation measures in
the landscape, i.e., a thereby decreased land-use intensity in the
landscape was associated with a lower increase in cover. This was
probably because a lower land-use intensity is associated with a lower
nutrient supply in the agricultural soil. Last, for invasive neophytes,
no effects of the share of biodiversity measures in the landscape
could be identified, but only local management effects of biodiver-
sity conservation measures could be identified. For example, a re-
duction in local land-use intensity through the local management of
biodiversity measures was associated with an increase in cover,
whereas the local management of biodiversity measures was associ-
ated with an increased probability of additional occurrences. The
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lack of effect of implementing biodiversity conservation measures in
the landscape on the dispersal of invasive neophytes may be because
invasive neophytes still have a rather low cover in Swiss farmlands
(table S2); therefore, the size of their propagule source, which is the
basis for additional occurrences in the landscape, is currently influ-
enced mainly by local biotic resistance. Alternatively, their dispersal
might be sufficiently effective even without biodiversity conservation
measures, such that these measures do not substantially increase
dispersal further.

Thus, although rarely reported, biodiversity conservation mea-
sures, especially those targeting biodiversity-friendly landscapes,
not only support native biodiversity by increasing habitat richness
and connectivity (32, 33) but also facilitate the dispersal of species
that benefit from global change, such as invasive alien species (63) and
temperature- and nutrient-tolerant species. Furthermore, our results
show that biodiversity-friendly landscapes enhance both measures of
the increase in global change winners, possibly because their wider
dispersal in the landscape also increases their chances of establish-
ing locally.

Effects of climate and preexisting species pools

In addition to the two counteracting processes associated with bio-
diversity-friendly landscapes affecting the increase in global change
winners, climate was also associated with the increase in different
global change winners. For example, a higher average temperature
was associated with an increase in the additional occurrence of inva-
sive neophytes and with an increase in the cover of thermophytes,
possibly due to their physiological adaptation to heat (64, 65).

Furthermore, contrary to our expectation that the size of the pre-
existing pool of global change winners would be positively associ-
ated with their further increase (66, 67), all global change winners
increased less in cover when their cover was already higher. This could
be because, for example, nutriophytes on sites with high initial cover
already had such a high cover that it could hardly increase further
(table S2). Similarly, thermophytes and nutriophytes were less likely
to occur additionally in previously unoccupied patches of the land-
scape if they had an increased frequency of occurrence in the land-
scape, possibly because thermophytes and nutriophytes were already
present at most sites in these landscapes (table S2), leaving fewer
unoccupied areas available. In contrast, the additional occurrence of
invasive neophytes was likely positively associated with the preexist-
ing pool, as invasive neophytes were not widespread in the land-
scape (table S2).

Together, these findings suggest that both climate and the preex-
isting pool of global change winners do influence the distribution
patterns of global change winners in biodiversity-friendly landscapes.
Biotic resistance and facilitated dispersal, however, appear to exert
more uniform effects across all groups of global change winners.

Overall inhibitory effects
Biodiversity-friendly landscapes entail a paradox in biodiversity
conservation. While they increase biotic resistance to global change
winners at the local scale by enhancing local-scale biodiversity, they
simultaneously promote the dispersal of the global change winners
by creating biodiversity-friendly habitat conditions in the landscape.
This dual effect creates a complex dynamic in conservation efforts.
Despite the potential of biodiversity-friendly landscapes to in-
crease global change winners, the inhibitory effects of biodiversity-
friendly landscapes appear to outweigh the facilitative effects. This

Meier et al., Sci. Adv. 11, eadt9564 (2025) 23 July 2025

means that the positive effects of increased local-scale biodiversity
on the biotic resistance of global change winners are greater than
the negative effects of improved habitat connectivity for global
change winners.

Given the high share of agriculture in global land use, implement-
ing biodiversity-friendly landscapes in farmlands and the adoption
of biodiversity-friendly practices on farmland could be keys to
halting global biodiversity loss. Moving from small-scale biodiversity
conservation measures to landscape-scale strategies, such as the
creation of biodiversity-friendly landscapes, could be a promising
way to mitigate the ongoing loss of biodiversity and halt the sixth
mass extinction.

MATERIALS AND METHODS

Study area

Reaching from the low plateau to the Alps, Switzerland has a large
climatic and thus land-use gradient, which leads to different con-
straints on biodiversity. The study area was the Swiss farmland
(45°81'N to 47°81'N, 5°57'E to 10°49’E; ~15,000 km?; Fig. 2), which
accounts for approximately one-third of the Swiss land area and has
recorded considerable species losses in recent decades (14). Mead-
ows and pastures (~40%), summer pastures (~30%), and arable land
(~30%) made up the largest part of the farmland, while orchards,
vineyards, and other uses made up a minor part (68). The proof of
ecological performance that farmers must provide to receive direct
payments requires a minimum dedication of 7% of the land to eco-
logical focus areas (see description below) per farm: The average for
the farmland was ~18% (68). We investigated 125 landscapes (squares
of 1 km?) (Fig. 2), within which we surveyed farmland only [i.e., exclud-
ing buildings, settlements, traffic routes, forests, water bodies, glaciers,
and rocks (Fig. 2); minimum = 0.25 km?, maximum = 1.00 km?, and
means + SD = 0.71 + 0.19 km? of farmland per landscape].

Data

We investigated the effects of the preexisting species pool, local-
scale biodiversity, habitat conditions in the landscape, biodiversity
conservation measures, land-use intensity, and climate on the in-
crease in global change winners (Fig. 1). An overview of all the vari-
ables is given in table S1. The variables were processed using R
version 4.2.2 (69).

In terms of measures for the increase in global change winners,
we considered two aspects separately: on one hand, the increase in
cover, which may be mainly determined by the suitability of the local
habitat in terms of resources; and, on the other hand, the additonal
occurrence, which may be mainly determined by the suitability of
the landscape for movement (57). Ultimately, however, the two mea-
sures may be interdependent. Metrics on the increase in global
change winners were derived from data on vascular plant species
from the “Swiss farmland biodiversity monitoring program” (www.
allema.ch). In each of the 125 landscapes (squares of 1 km?), first,
vegetation types were surveyed within 10-m? circular plots on a 50 m-
by-50 m sampling grid within the farmland (Fig. 2), and then ~20 of
these vegetation type plots per landscape (Fig. 2) were selected to
cover as many different vegetation types as possible (47). In those
selected plots (further referred to as vegetation survey plots), all
vascular plant species and their cover percentages were determined
once at or near the peak of flowering in the year of survey. In total,
2050 vegetation survey plots were surveyed for the first time between
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2015 and 2018 (in the following “t;”) and were resurveyed 5 years
later (in the following “t;”). From these vegetation surveys, we de-
rived measures for invasive neophytes, thermophytes, and nutrio-
phytes. Invasive neophytes are plant species alien to Switzerland and
classified as invasive by experts (70). The thermophytes are plant spe-
cies of the lowlands and considered as indicators of locally warm
conditions within Switzerland [T4 (heat indicator) and T5 (strong
heat indicator) according to (71)]. Last, nutriophytes are plant spe-
cies that are indicators of nutrient-rich and overfertilized soils in
Switzerland [N4 (nutrient indicator) and N5 (strong nutrient indi-
cator) according to (71)]. For each group of global change winners,
in terms of increase in cover, we estimated the change in their cover
(i.e., their cover relative to the total cover of plant species in a vege-
tation survey plot) by subtracting the f; values from #;. In terms of
additional occurrence, we checked whether individuals in a group
of global change winners were present at time #; on vegetation sur-
vey plots where no individuals in a group of global change winners
were present at time £, (yes = 1 and no = 0); plots where individuals
of a group of global change winners were already present at time £,
were assigned the value 0. The preexisting pool for the increase in
global change winners was also derived from vegetation surveys. On
one hand, with respect to the preexisting local pool for the increase
in cover, we estimated their cover (i.e., their cover relative to the to-
tal cover of plant species in a vegetation survey plot) at time #,. On
the other hand, with respect to the preexisting landscape pool for
additional occurrence, we estimated their frequency of occurrence
in the vegetation survey plots of a landscape at time #;. In general,
invasive neophytes and thermophytes had lower cover at f, than did
nutriophytes (table S2), while invasive species had a lower frequency
of occurrence in the 1-km? landscapes at £, than did thermophytes
and nutriophytes (table S2). Within 5 years, thermophytes showed
the greatest increase in cover and in frequency of occurrence in the
landscapes (table S2).

Furthermore, for local-scale biodiversity, we used the local plant
species richness at time #), which was also derived from the vegeta-
tion survey plots. Species richness is a commonly used metric in
biodiversity studies, but it has limitations, as it does not capture the
full complexity of biodiversity. For example, it does not account for
species identity, ecological roles, or evolutionary relationships (72),
which potentially limits its explanatory power. Other metrics, such
as phylogenetic, functional, and genomic diversity, provide comple-
mentary insights (73-75). Furthermore, species richness is sensitive
to sampling effort and spatial scale, which may affect comparability
across studies (76). Despite these limitations, we chose species rich-
ness due to its key role in ecological processes and widespread ap-
plication in conservation management and policy (77).

In terms of habitat conditions at the landscape scale, we included
two metrics. First, as a measure of habitat richness, we used land-
cover richness. Land-cover richness was defined at f; as the number
of different vegetation types in the vegetation-type surveys of a land-
scape. Second, as a measure of habitat connectivity, we used land-
cover interspersion. Land-cover interspersion quantifies the degree
to which different vegetation types are mixed within a landscape.
Higher index values indicate more heterogeneous landscapes with
interspersed habitats, while lower values indicate more homogenous
landscapes. More heterogeneous landscapes with interspersed habi-
tats provide more different habitat types in a smaller area, facilitat-
ing seed dispersal by wind, water, or animals. In contrast, more
homogeneous landscapes with large, continuous patches of habitat

Meier et al., Sci. Adv. 11, eadt9564 (2025) 23 July 2025

may limit dispersal by confining species to specific environmental
conditions and creating higher structural barriers to dispersal. We
defined the interspersion index at £y based on the vegetation types
from the vegetation-type surveys of a landscape [function “Ism_1_
iji” from the R package “landscapemetrics” version 1.5.7 (78)].

Biodiversity conservation measures in agricultural landscapes
consist of only a small extent of natural protection areas; rather, they
are subject to agri-environmental schemes with specific conserva-
tion measures for farmland, such as ecological focus areas. These
areas are the primary biodiversity conservation element on Swiss
farmland. Depending on the ecological focus area type, they can be
either unproductive set-aside areas or fields that yield less biomass
due to later cutting dates and lower nutrient inputs. These manage-
ment restrictions lead to higher biodiversity within these areas com-
pared to conventionally managed areas (53-56) and thereby support
biodiversity at local and landscape scales (34, 36). Here, we assessed
local management by the biodiversity conservation measures, i.e.,
the local presence of an ecological focus area at f, and the share of
biodiversity conservation measures in the landscape, i.e., the area
with ecological focus areas in each landscape at ty divided by the
total farmland area in each landscape at #,. We derived data on eco-
logical focus areas and the size of the farmland from polygon data of
the authorities.

Land-use intensity was described by the local land-use intensity
index at ty and by the mean local land-use intensity index per land-
scape at to. The vegetation types from the vegetation-type survey
were classified into a land-use intensity index, from which both
metrics were derived. We parametrized the index by rating vegetation
types according to fertilizer and pesticide use, ploughing, grazing,
mowing, and harvesting. The resulting ratings were then standard-
ized and summed to generate a single land-use intensity value, ranging
from 0 (no land use) to 1 (maximum intensity). For details, see (79).

Last, we obtained climate data for each landscape by calculating
the means of the average temperature and yearly precipitation sum
fitting o (i.e., 2010-2019) with a grid size of 100 m by 100 m, de-
rived from interpolated daily values from MeteoSwiss weather sta-
tions using Daymet software (80).

Statistical analyses
To quantify the direct, indirect, and overall effects of the different
factors on the increase in global change winners, we first developed
a hypothetical SEM (46). We expected climate to influence all the
other factors without a specific direction. We also expected that bio-
diversity conservation measures and low land-use intensity would
increase local-scale biodiversity, thereby increasing biotic resistance
to global change winners and thus reducing their increase. We fur-
ther expected biodiversity conservation measures and low land-use
intensity to improve habitat conditions in the landscape (i.e., increase
habitat richness and connectivity), thereby facilitating the dispersal
of global change winners and thus enhancing their increase. Last, we
expected that the preexisting pool of global change winners would
increase their increase. Our expectations are shown in Fig. 1, and an
overview of all variables per factor can be found in table SI.
Second, we formulated a statistical model for each endogenous
variable [i.e., variable explained by other variables in the SEM (46)]
according to its distribution and spatial scale. If the endogenous
variable was normally distributed and based on plot measures, then
we used a linear mixed model [function “lmer” with the landscape
as a random factor; R package “lme4” version 1.1-31 (81)], i.e., for
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explaining local land-use intensity, local plant species richness, and
increase in cover of global change winners. Furthermore, if the en-
dogenous variable was binomially distributed and was based on plot
measures, then we used a generalized linear mixed model [function
“glmer” with binomial distribution and the landscape as a random
factor; R package lme4 version 1.1-31 (81)], i.e., for explaining the
additional occurrence of global change winners. Last, when the en-
dogenous variable was normally distributed and based on landscape
measures, we used a linear model, i.e., for land-use intensity in the
landscape, habitat richness, and habitat connectivity. The variation
inflation factors of the predictors in the models were all less than 5,
indicating low multicollinearity.

Last, we combined the models for the endogenous variables in two
empirical SEMs (i.e., one for the increase in cover of global change
winners and one for their additional occurrence), optimized the
SEMs, and estimated the direct, indirect, and overall effects of all
variables remaining in the final SEMs. Therefore, we first converted
all covariates into comparable scales by Z-transforming all variables.
Then, to fit the SEMs, we used the R package “piecewiseSEM” ver-
sion 2.3.0 (82). To optimize the SEMs, we investigated whether any
important paths between variables were missing or whether any
paths could be omitted. Missing paths were identified by high mod-
ification indices and large residual correlations between pairs of vari-
ables and were subsequently incorporated into the model. Paths that
did not explain patterns were identified by omitting them from the
model and assessing whether the model fit was decreased compared
to the model with the variable included. As the model fit improves
with increasing model size but decreases with increasing sample size,
as a measure of model fit, we used the ratio of the chi-square statistic
to the respective degrees of freedom (xz/ df) (83). In addition to the
comparative aspect, y°/df < 5 indicates a very good fit between the
hypothesized model and the sample data (84). Last, on the basis of
the final SEMs, we estimated the direct, indirect, and overall effects
of variables by multiplying the standardized coeflicients of the in-
volved paths and summing all resulting products (46) using the R
package “semEff” version 0.6.1 (82). All analyses were performed with
R version 4.2.2 (69).

Supplementary Materials
The PDF file includes:

Fig.S1

Tables S1 to S6

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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