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Growing evidence has shown that, apart from local environmental factors,
changes in landscape-level factors by accelerated land-use change can also
shape soil pathogenic fungal diversity. However, the global representativeness
of such patterns remains unclear. Here, we assess how pathogenic fungal
diversity in 511 soil samples worldwide responds to landscape factors, including
landscape complexity index based on eight landscape metrics and quantity of
different land cover types across six spatial scales (i.e., surrounding landscape,
250 m to 10,000 m radii from the sampling coordinate). We find that while soil
variables explain over half of the variance, pathogenic fungal alpha diversity
increases with landscape complexity and crop cover proportion, but decreases
with grass and tree cover proportion, together explaining 23.4% of the total
variance. Landscape factors have weaker impacts on beta diversity, explaining

13.0% of the variance. Across spatial scales, grassland ecosystems exhibit
increasingly stronger responses to landscape variables compared to forest
ecosystems. Landscape factors have a higher relative contribution to root-
associated fungi than leaf/fruit/seed-associated fungi. Our results emphasize
the importance of local factors and the complementary role of landscape pat-
terns in shaping global soil pathogenic fungal distributions, highlighting scale-
dependent effects across ecosystems and fungal functional groups.

Soil pathogenic fungi are widespread in nature and important for
species coexistence™?, nutrient cycling®, and ecosystem functioning”.
As key drivers of ecosystem processes, soil pathogenic fungi suppress
the dense growth of conspecific host plants to maintain plant
diversity', and drive the accumulation of soil organic carbon (SOC) by
mediating the inputs of plant roots into the SOC pool°. Moreover, soil
pathogenic fungi include some of the most devastating plant
pathogens®. Around 10-16% of the global harvest is lost to plant
pathogens annually, equivalent to a global economic loss of around US
$220 billion’, threatening global food security®®. Therefore, under-
standing the biogeographic distribution and drivers of soil pathogenic
fungal diversity is key to regulating future disease occurrence under
global change scenarios.

Soil pathogenic fungi exhibit higher richness and abundance at
low latitudes'®", but the underlying drivers are still not fully under-
stood. Previous studies have primarily considered local environmental

factors, such as climate®? soil conditions®®, and vegetation

structure'*, as the main factors associated with soil pathogenic fungal
diversity. However, predictions based solely on local environmental
factors may not fully capture large-scale drivers, given the long-
distance dispersal capacity of pathogenic fungi®®. Increasing evidence
indicates that landscape-level factors, which encompass spatial het-
erogeneity and patchiness at broader spatial scales, can also shape soil
pathogenic fungal diversity via metacommunity processes’™,
although these factors have rarely been considered®. Hence, com-
prehensive research integrating both landscape- and local-level factors
is needed to better understand the drivers and underlying mechanisms
of soil pathogenic fungal diversity.

Landscape simplification caused by land-use change, such as
agricultural intensification, is driving biodiversity loss***. It primarily
reduces land cover heterogeneity®, limits species dispersal through
decreased connectivity, and amplifies edge-driven habitat
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degradation®*®, Landscape factors are typically categorized into two
key dimensions: compositional heterogeneity and configurational
complexity?>?®, Compositional heterogeneity describes the diversity
and proportion of different land cover types within a landscape,
typically quantified using metrics such as Shannon diversity and
evenness®. In contrast, configurational complexity characterizes the
spatial arrangement, shape, and distribution patterns of these land
cover types, captured by metrics such as patch size, patch shape, and
edge density®. Despite growing recognition of landscape effects on
biodiversity, most existing studies assess these landscape metrics
independently*??’, thereby overlooking the integrated influence of
multiple landscape attributes on ecological patterns and processes®.
To address this, we propose an integrated landscape complexity index
that simultaneously captures both the compositional and configura-
tional heterogeneity of landscapes™, providing a comprehensive
measure of overall landscape effects on soil pathogenic fungal
diversity.

The Habitat Heterogeneity Hypothesis®**°, which posits that
diverse land cover types create a variety of microhabitats and resource
availability supporting greater diversity***°, suggests that landscape
complexity can also influence soil pathogenic fungi diversity. Mean-
while, landscape configuration influences fungal dispersal, as limited
connectivity may constrain the movement of spores and fungal
propagules’®®*®, Studies have found that increased habitat type
diversity and landscape connectivity can increase pathogenic fungal
richness®**?, due to a higher number of niches that facilitate the
spillover of fungal spores between habitats®®, In addition, higher
landscape complexity can increase plant species diversity, mediate soil
properties and microclimates, and influence soil pathogenic fungal
diversity indirectly***. However, landscapes vary across biomes. For
example, temperate biomes like central-European grasslands have
typically experienced long-term land-use changes and more pro-
nounced landscape simplification'®®, which may result in a lower
diversity of soil pathogenic fungi'®. These patterns are likely further
shaped by differences in the surrounding landscape quantity, parti-
cularly the relative proportions of natural habitats and agricultural
land covers'®. Moreover, the scale-dependent effects of landscape-
level factors on soil pathogenic fungal diversity remain unclear®, with
inconsistent results calculated across spatial scales'®'**, Thus, current
knowledge based on regional studies may be insufficient to predict soil
pathogenic fungal diversity, and a global assessment of landscape
effects across spatial scales is urgently required.

In our study, we address the following questions: (1) How do
landscape factors, including landscape complexity and quantity of
different land cover types influence global soil pathogenic fungal
diversity? (2) How does spatial scale influence the effects of landscape
variables on soil pathogenic fungal diversity? (3) What is the relative
contribution of landscape variables compared with other environ-
mental variables? To answer these questions, we use 511 soil samples
collected across the globe and assess taxon richness, Shannon diver-
sity, relative abundance, and Sgrensen beta dissimilarity of two soil-
borne plant pathogenic fungal groups: leaf/fruit/seed-associated
(LFSA) fungi and root-associated (RA) fungi, based on soil eDNA
(Fig. 1). The landscape complexity index is calculated based on eight
landscape metrics, i.e., landscape division index (Division), edge den-
sity (ED), patch density (PD), largest patch index (LPI), landscape shape
index (LSI), patch richness (PR), modified Simpson diversity index
(MSIDI), and Shannon diversity index (SHDI), which together describe
variation in landscape composition and configuration®®**. Landscape
quantity variables are defined as the percentages of grass, tree, and
crop cover within the surrounding landscape of each sampling site. All
landscape-level variables are calculated at six spatial scales (i.e., sur-
rounding landscape, within 250, 500, 1000, 2000, 5000, and
10,000 m radii from each sampling coordinate). Next, we compare the
relationships between soil pathogenic fungal diversities and

landscape, geographic, climatic, and soil variables with multivariate
Generalized Additive Models for Location, Scale, and Shape (GAMLSS),
Generalized Dissimilarity Models (GDM) and Partial Least Squares Path
Models (PLSPM) to better predict global soil pathogenic fungal
diversity through multi-scale, multi-ecosystem assessments.

Results

Multi-variable comparisons on soil pathogenic fungal diversity
The results confirmed dominant effects of local variables on soil
pathogenic fungal alpha (i.e., richness, Shannon diversity and relative
abundance) and beta (i.e., Sgrensen beta dissimilarity) diversity.
Within the spatial radius of 500 m, soil variables (e.g., clay content, pH
and organic carbon/total nitrogen (C/N) ratio) were the dominant
factors associated with soil pathogenic fungal alpha diversity
(Fig. 2a—f), which explained 52.9 + 2.1% (means.e.) of the total var-
iance for all plots (Fig. 2g). Climatic variables (e.g., mean annual tem-
perature (MAT) and mean annual precipitation (MAP)) were also
significantly associated with soil pathogenic fungal alpha diversity
(Fig. 2a—f), explained 12.7 +1.0% of the total variance (Fig. 2g). Mean-
while, MAT and soil pH were the top two predictors of leaf/fruit/seed-
associated (LFSA) and root-associated (RA) fungal beta diversity, with
the fitted I-spline functions showing a marked increase in community
Sgrensen dissimilarity for all plots and forest ecosystems (Supple-
mentary Figs. 1-4). While for RA fungi in grassland ecosystems, spatial
distance was the dominant predictor affecting community Sgrensen
dissimilarity, followed by elevation (Supplementary Fig. 5).

We also detected significant effects of landscape factors on soil
pathogenic fungal alpha diversity (Fig. 2). However, landscape vari-
ables, including landscape complexity, grass cover, tree cover, and
crop cover within the 500 m radius exhibited relatively weak effects on
fungal beta diversity (Supplementary Figs. 1-6). Higher landscape
complexity significantly increased the richness and relative abundance
of LFSA fungi across all sampling plots (coefficient f = 0.037; p = 0.001
for richness and 3=0.042; p=0.001 for relative abundance) and in
grassland ecosystems (8 = 0.062; p = 0.032 for richness and 3 =0.081,
p=0.009 for relative abundance), but decreased the relative abun-
dance of LFSA fungi in forest ecosystems (B=-0.037; p=0.011)
(Fig. 2a—c and Supplementary Table 1). Shannon diversity of LFSA and
RA fungi did not show significant responses to landscape complexity
(Fig. 2a—f). Specifically, the richness and relative abundance of the
genera Discosia and Neodevriesia (LFSA fungi) and Shannon diversity
of genus Entoloma (RA fungi) increased significantly with landscape
complexity (Supplementary Table 2). Moreover, the three alpha
diversity indices of LFSA and RA fungi were all positively correlated
with landscape metrics of Division, ED, PD, LSI, PR, MSIDI, and SHDI
separately, but negatively correlated with LPI (Supplementary Table 3).

Higher crop cover within the spatial radius of 500 m significantly
increased LFSA and RA fungal alpha diversity in all plots and forest
ecosystems, but decreased the richness (3 =-0.436; p < 0.001), Shannon
diversity (=-0.333; p<0.001) of LFSA fungi and relative abundance
(B=-0.420; p=0.011) of RA fungi in grassland ecosystems (Fig. 2a—f).
Higher tree cover significantly decreased the richness (3=-0.636;
p <0.001) and Shannon diversity ( =—0.469; p < 0.001) of LFSA fungi in
grasslands, but increased the relative abundance (3 =0.268; p = 0.011) of
RA fungi in all plots. Grass cover did not show significant correlations
with soil pathogenic fungal alpha diversity (Fig. 2a—f).

Landscape variables within the 500 m radius totally explained
24.4 + 2.7% of the total variance in soil pathogenic fungal alpha diversity
for all plots, with landscape complexity explained 8.3 + 0.7%, grass cover
2.3+0.6%, crop cover 5.3+1.9% and tree cover 5.8 +1.8%, respectively
(Fig. 2g). Moreover, grassland ecosystems (30.2+3.27%) exhibited a
greater relative contribution of landscape variables than forest ecosys-
tems (25.5+ 3.14%). Meanwhile, landscape variables within the 500 m
radius totally explained 15.7% of the total variance of LFSA fungal
Sgrensen beta diversity and 8.7% for RA fungi for all plots
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Fig. 1| Sampling information of global 290 sites. a Sampling locations covering
forest, grassland and other ecosystems; b distribution of sampling sites within main
biomes; and ¢ conceptual diagram of two groups of soil pathogenic fungi: leaf/fruit/
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seed-associated (LFSA) fungi and root-associated (RA) fungi (created in BioRender.
tyt, y. (2025) https://BioRender.com/2yf7oyu), with the total number of Amplicon
Sequence Variants (ASVs) detected.

(Supplementary Figs. 1 and 2 and Supplementary Table 4). Although the
relative contribution of landscape factors was lower than that of soil
factors, it made a complementary explanation to the overall variance.

Scale-dependency of landscape effects

Landscape complexity showed stronger effects on soil pathogenic
fungal alpha diversity at larger spatial scales. For all plots, the regres-
sion coefficients of landscape complexity from 250 m to 2000 m radii
increased, then declined at larger scales (5000-10,000 m), though all
significant coefficients remained positive (Fig. 3a and Supplementary
Figs. 7-12). The pattern was similar in forest ecosystems, except that
the relative abundance of LFSA fungi showed significant negative
correlations with landscape complexity at 250m (B =-0.039,
p=0.006), 500 m (3=-0.037, p=0.011), and 1000 m (f3=-0.031,
p = 0.028) radii (Supplementary Fig. 13a). In grassland ecosystems, the

regression coefficients of landscape complexity showed an increased
trend at larger spatial scales, and were generally higher than those
observed in forest ecosystems (Supplementary Fig. 14a). Based on
meta-analysis of parameter estimates across different fungal groups
(LFSA and RA fungi), diversity indices (richness, Shannon diversity, and
relative abundance), and spatial scales (250 m to 10,000 m radii), we
confirmed the significant positive effects of landscape complexity on
soil pathogenic fungal alpha diversity for all plots (effect size = 0.030;
p<0.001) and grassland ecosystems (effect size =0.036; p <0.001),
but not forest ecosystems (effect size = 0.009; p =0.175) (Fig. 4a and
Supplementary Fig. 15a).

The regression coefficients of grass cover showed a decreasing
trend along spatial scales, with a significant positive correlation with
the relative abundance of RA fungi within the 250 m radius ( =0.183;
p=0.045), but negative correlations with the richness (3 =-0.127;
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Fig. 2| Predictors and their relative contributions to leaf/fruit/seed-associated
(LFSA) and root-associated (RA) fungal alpha diversity. a—f show the parameter
estimates (standardized regression coefficients) from 511 overall plots, 264 forest
plots and 183 grassland plots. Data are presented as model-estimated standardized
regression coefficients + 95% confidence intervals (Cls) estimated from multivariate
Generalized Additive Models for Location, Scale, and Shape (GAMLSS). Red, blue
and yellow bars represent the richness, Shannon diversity and the relative abun-
dance of the fungi, respectively. Predictors include landscape variables of land-
scape complexity, grass cover, crop cover and tree cover (within the 500 m radius

around the sampling coordinate), geographic variables of longitude, latitude, and
elevation, climatic variables of mean annual temperature (MAT) and mean annual
precipitation (MAP), and soil variables of soil clay content (clay), silt content (silt),
pH, total nitrogen content (nitrogen) and soil organic carbon/total nitrogen (C/N)
ratio. g summarizes the relative contributions (proportion of variance explained, %)
of each predictor variable to the overall model performance, with Pseudo-R2 values
indicated in parentheses. Statistical significance of predictors is tested by p value as
**p < 0.001; **p < 0.01; *p < 0.05. See Supplementary Table 1 for details and the
exact p values.

p=0.028), Shannon diversity (B=-0.172; p=0.005) and relative
abundance ( =-0.129; p=0.048) of LFSA fungi within the 10,000 m
radius for all plots (Fig. 3b and Supplementary Figs. 7-12). Forest
ecosystems also exhibited the similar pattern (Supplementary
Fig. 13b). In grassland ecosystems, the regression coefficients showed a

contrary pattern to grass cover between fungal groups, with LFSA
fungi mainly showing positive regression coefficients, and RA fungi
showing negative regression coefficients (Supplementary Fig. 14b).
Based on a meta-analysis of parameter estimates, grass cover showed a
significant negative correlation with soil pathogenic fungal alpha
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Fig. 3 | Landscape effects on leaf/fruit/seed-associated (LFSA) and root-

associated (RA) fungal alpha diversity across spatial scales. LFSA and RA fungal
alpha diversity as affected by a landscape complexity, b grass cover, ¢ crop cover,
and d tree cover across six spatial scales (250 m, 500 m, 1000 m, 2000 m, 5000 m,
and 10,000 m radii) (n =511 plots in total). Data are presented as model-estimated
standardized regression coefficients + 95% confidence intervals (Cls) derived from
multivariate Generalized Additive Models for Location, Scale, and Shape (GAMLSS).

Red lines from dark to light indicate the richness, Shannon diversity and relative
abundance of LFSA fungi, while blue lines correspond to those of RA fungi. Sta-
tistical significance is determined using two-sided Wald tests from multivariate
GAMLSS without adjustment for multiple comparisons. Significance levels are
indicated as ***p < 0.001; *p <0.01; *p < 0.05. Partial regression results with exact
standardized regression coefficients and p values of soil pathogenic fungal alpha
diversity responding to landscape variables are shown in Supplementary Figs. 7-12.

diversity for all plots (effect size =-0.037; p =0.035), but the pattern
was non-significant in forest (effect size=-0.041; p=0.117) and
grassland (effect size =-0.025; p=0.470) ecosystems (Fig. 4a and
Supplementary Fig. 15b).

Crop cover showed significant positive correlations with soil
pathogenic fungal alpha diversity across spatial scales for all plots and
forest ecosystems, but significant negative correlations in grassland
ecosystems (Fig. 3c and Supplementary Figs. 13c and 14c). The meta-
analysis also confirmed the significant positive effects of crop cover on
soil pathogenic fungal alpha diversity for all plots (effect size =0.174;
p <0.001) and forest ecosystems (effect size = 0.157; p<0.001), but a
significant negative effect for grassland ecosystems (effect size=
-0.311; p<0.001) (Fig. 4a, b).

The regression coefficients of tree cover showed contrary pat-
terns to LFSA and RA fungal alpha diversity along spatial scales for all
plots. LFSA fungal alpha diversity generally decreased, while RA fungal
alpha diversity increased with tree cover, especially within smaller
spatial radii from 250 m to 1000 m (Fig. 3d and Supplementary
Figs. 7-12). This may result in the non-significant effect size of tree
cover on soil pathogenic fungal alpha diversity for all plots (effect
size=0.024; p=0.314) (Fig. 4a). This contrasting pattern was not
clearly observed in forest and grassland ecosystems (Supplementary
Figs. 13d and 14d). In grassland ecosystems, stronger negative
regression coefficients for soil pathogenic fungal alpha diversity were
detected across spatial scales, which also confirmed a significant
negative effect size of tree cover (effect size=-0.275; p<0.001)
(Supplementary Fig. 15c).

Relative contribution of local and landscape variables

across scales

For all plots, we found that soil factor consistently explained the lar-
gest proportion of variation in both soil pathogenic fungal alpha and
beta diversity (Fig. 5), with soil pH emerging as the strongest predictor,

explaining an average of 15.6 +1.9% (mean = s.e.) and 29.7 + 1.5% of the
variance (Fig. 5a, b), respectively. Notably, landscape factor was the
second most important predictor explaining variation in alpha diver-
sity, totally accounting for 23.4% + 1.5% of the variance, with landscape
complexity alone explaining 8.2+ 0.8% (Fig. 5a, c). However, its con-
tribution to beta diversity was comparatively minor (Fig. 5b, d),
explaining 13.0+0.8% of the variance. Climatic factor explained a
relatively small proportion of the variation in alpha diversity (Fig. 53, c),
but emerged as the second most important predictor group for beta
diversity, with MAT explaining the second-highest proportion of var-
iance among all individual predictors (26.5 + 1.3%) (Fig. 5b, d). A similar
pattern was observed in forest ecosystems, where alpha diversity was
predominantly driven by soil and landscape factors, while beta diver-
sity was primarily shaped by soil and climatic variables (Supplementary
Fig. 16a, c). However, in grassland ecosystems, beta diversity was
predominantly explained by spatial distance, which explained
41.4+£8.9% of the variance, followed by soil pH and MAT (Supple-
mentary Fig. 16b, d).

When considering the individual landscape variables across spa-
tial scales, landscape complexity showed the highest relative con-
tribution of 25.0% within the 5000 m radius for the relative abundance
of RA fungi in all plots (Supplementary Fig. 17). Grass cover showed the
highest relative contribution of 14.7% within the 250 m radius to the
richness of RA fungi in grassland ecosystems (Supplementary Fig. 18).
Crop cover showed the highest relative contribution of 25.5% within
the 1000 m radius for RA fungal relative abundance in forest ecosys-
tems (Supplementary Fig. 19). Tree cover explained the highest relative
contribution of 15.4% within the 5000 m radius variance in RA fungal
richness in grasslands (Supplementary Fig. 20).

Discussion
Exploring the landscape effects on soil pathogenic fungi is a novel
frontier in microbiology. Consistent with most previous studies'®", we
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Fig. 4 | Overall landscape effects on soil pathogenic fungal alpha diversity.

a Overall effects of landscape complexity, grass cover, crop cover, and tree cover
on soil pathogenic fungal alpha diversity across all plots. b Overall effects of crop
cover on soil pathogenic fungal alpha diversity between forest and grassland
ecosystems. Colored lines denote the 95% confidence intervals (Cls) of model-
estimated standardized regression coefficients across two fungal groups (LFSA and
RA fungi), three diversity indices (richness, Shannon diversity, and relative

10000 m radius

10000 m radius 10000 m radius

abundance), and six spatial scales (250 m to 10,000 m radii) from multivariate
Generalized Additive Models for Location, Scale, and Shape (GAMLSS). Black tri-
angles represent the overall effect sizes. Effect sizes (+ 95% Cls) are estimated using
random-effects meta-analyses, and statistical significance is evaluated using two-
sided z-tests without adjustment for multiple comparisons (n =36 biologically
independent samples). Effect size values and associated p values are reported for
each category.

found that local environmental factors played a dominant role in
associating with soil pathogenic fungal diversity. However, the effects
of landscape-level factors are not negligible, accounting for 23.4% of
the relative contribution to soil pathogenic fungal alpha diversity and
13.0% on beta diversity worldwide. In general, soil pathogenic fungal
alpha diversity was positively correlated with landscape complexity
and crop cover, but negatively correlated with grass and tree cover,
although the effects varied across fungal groups, ecosystem types and
spatial scales. This study provides a global assessment of landscape
effects on soil pathogenic fungal diversity and underscores the
importance of selecting appropriate spatial scales for predicting
diversity across ecosystems and fungal groups, offering practical gui-
dance for landscape management and biodiversity conservation
policy.

Numerous regional studies have verified that distribution patterns
of mammals®, birds®, and soil pathogenic fungi can be affected by
landscape factors'®. Meanwhile, several studies have explored the
global effects of landscape change on vertebrate species® . Here, we
explored the relationship between pathogenic fungal diversity and
landscape variables at the global scale. As predicted by the cross-
habitat spillover hypothesis, landscape variables can regulate the flow
of resources and energy across habitats, and influence community
structure and associated processes directly®. For example, two studies
have found that forest connectivity contributes to the spillover of
pathogens and results in similar community composition®**, These
findings suggest that analyses limited to local-scale environmental
factors may be insufficient to fully explain soil pathogenic fungal
diversity, whose ability of long-distance dispersal makes them more
exposed to landscape-level variation®™. In our study, landscape-level

factor explained 23.4% of the variation in soil pathogenic fungal alpha
diversity, ranking second only to soil factor. In addition, landscape
change can shape the diversity patterns of pathogenic fungal diversity
through their indirect effects on local vegetation diversity and soil
conditions®*. As evidenced by Partial Least Squares Path Models,
landscape factor exerted both direct and indirect effects on soil
pathogenic fungal alpha diversity by mediating soil conditions (Sup-
plementary Figs. 21 and 22). However, their influence on beta diversity
was comparatively limited, aligning with results from a New Zealand
survey, which demonstrates that landscape compositions are major
determinants of plant pathogen alpha diversity, instead of beta
diversity*®. A possible explanation is that beta diversity reflects com-
positional dissimilarity among sites, which is typically driven by spatial
variation". In such cases, climatic and edaphic factors become
increasingly important determinants of fungal community
turnover'®", Future studies are encouraged to explicitly explore the
interactive effects of landscape structures and climate gradients on
soil pathogenic fungal diversity through targeted experimental and
observational designs®. It is also important to note, due to global
sampling challenges, other ecosystems such as deserts, wetlands, and
alpine regions are underrepresented, limiting separate analyses.
Nonetheless, forest and grassland ecosystems together still cover a
major portion of the Earth’s land surface, providing valuable insights
into global patterns. Future research could further explore these
underrepresented ecosystems to enhance our understanding and test
the generality of our findings.

The positive correlation between soil pathogenic fungal diversity
and landscape complexity may be attributed to several reasons. First,
higher landscape complexity implies more complex landscape
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