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ABSTRACT
Black fungi are often described as ubiquitous specialists of harsh environments (extremotolerant), yet how their ecological life-
styles vary across environmental gradients remains poorly understood. Here, we use a global soil dataset based on ITS PacBio 
sequencing to characterize over 51,000 black fungal phylotypes across major functional groups and ascomycete lineages, includ-
ing Chaetothyriales and Capnodiales. We find that their global distribution is strongly structured by lifestyles and environmental 
filtering, especially from climate. Capnodiales dominate arid regions, whereas Chaetothyriales are associated with cold and 
montane environments. Functional strategies further explain global patterns, with rock-inhabiting fungi exhibiting the broadest 
niche breadth and highest environmental tolerance. We also revealed limited niche conservatism and widespread convergence 
in stress-tolerance traits, suggesting repeated evolutionary adaptation to extreme conditions. Climate projections further suggest 
a spatial reorganization of dominant taxa and functional groups under future scenarios, with stress-tolerant fungi tracking the 
expansion of arid environments while plant pathogens are predicted to persist in current core regions and expand into areas 
where they are presently marginal. These findings challenge simplified representations of extremotolerant fungi in Earth system 
models and indicate current approaches may misrepresent how soil microbial communities reorganize under climate change.

1   |   Introduction

Melanized (black) fungi represent a distinctive, polyphyletic, 
functional group of microorganisms characterized by an excep-
tional capacity to persist under extreme and fluctuating envi-
ronmental conditions (Coleine, Selbmann, et al. 2022, Coleine 
et al. 2026; Gostinčar et al. 2022; Liu et al. 2022). They recur-
rently colonize deserts, polar and alpine environments and 
anthropogenic substrates, tolerating intense ultraviolet radi-
ation, desiccation, oligotrophy and temperature fluctuations 
(Zakharova et al. 2014; Gostinčar et al. 2012; Muggia, Coleine, 

et al. 2021; Prenafeta-Boldú et al. 2022). This ecological breadth 
reflects a suite of conserved physiological traits associated with 
stress tolerance, including constitutive melanization, resistance 
to desiccation and radiation, and metabolic efficiency under 
nutrient limitation (Coleine, Delgado-Baquerizo, et  al.  2022; 
Tesei  2022). In addition, being oligotrophic organisms able to 
respond to stress by phenotypic plasticity (Gostinčar et al. 2009), 
depending on the environmental conditions, these fungi can 
shift between a yeast-like, filamentous, and meristematic (iso-
diametrical, resulting in a small surface/volume ratio) growth 
(Gostinčar et al. 2009).
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Black fungi span multiple ascomycete lineages and con-
trasting lifestyles, including rock-inhabiting specialists 
(polyextremotolerant; Gostinčar et  al.  2015), soil and litter 
saprotrophs, endophytes of plants and lichens, and pathogens 
(Gorbushina 2007; Blasi et al. 2015; Quan et al. 2021; Muggia, 
Quan, et al. 2021; Chang et al. 2022). Beyond their extremo-
tolerance, black fungi contribute to key ecosystem processes 
such as organic matter turnover, mineral weathering (Kirtzel 
et  al.  2017) and plant interactions influencing productivity 
and stress resilience, while also affecting human well-being 
as opportunistic pathogens and sources of bioactive com-
pounds (de Hoog et al. 2000). However, we do not know how 
contrasting black fungi lifestyles and environment interact 
with each other in explaining the biogeography of these im-
portant organisms. This knowledge is key to better forecasting 
the future of black fungi lifestyles under global change scenar-
ios, including diverse organisms such as pathogens and rock-
inhabiting fungi.

Yet, despite being widely regarded as extremophiles, this 
view may oversimplify the ecological distribution of black 
fungi. Many taxa occur across diverse environments, sug-
gesting that their extremotolerance may reflect not only 
specialization to harsh habitats but also broader ecological 
plasticity. Disentangling these alternatives is key to under-
standing whether black fungi are restricted to extremes or 
exhibit structured responses across environmental gradients. 
It remains unclear whether the apparent extremotolerance of 
these taxa reflects niche specialization, broad environmental 
plasticity, or convergent evolutionary responses. This limits 
our ability to predict how these organisms will respond to 
changing temperature, aridity, and vegetation structure, with 
potential consequences for ecosystem functioning and plant 
performance (Jackson et al. 2021; Rillig et al. 2023; Adomako 
et  al.  2022; Gao et  al.  2025). Yet, despite increasing remain 
across diverse environments, a global-scale understanding of 
how black fungal lineages and ecological strategies respond to 
environmental gradients remains lacking, particularly at the 
level of individual taxa (Baron et al. 2021; Coleine, Selbmann, 
et al. 2022; Coleine, Delgado-Baquerizo, et al. 2022, 2024; Zajc 
et al. 2022; Gostinčar and Gunde-Cimerman 2024).

Here, we integrate lifestyle classification, machine-learning 
approaches and phylogenetic comparative analyses to investi-
gate the global diversity and environmental responses of black 
fungi across thousands of soil sites worldwide using long-read 
ITS PacBio data. By focusing on globally distributed soils, we 
establish a common framework to compare taxa and ecologi-
cal strategies across biomes and environmental gradients. Soils 
act as integrative systems where climatic conditions, substrate 
properties, vegetation inputs and disturbance co-occur (Capra 
et al. 2015; Phillips et al. 2024), and where diverse black fungal 
lineages, including rock-inhabiting and plant-associated taxa, 
are consistently detected, suggesting that multiple strategies 
overlap within the same environmental matrix. This approach 
allows us to test whether ecological strategies typically associ-
ated with specialized niches translate into predictable responses 
at the global scale. We specifically assess whether black fungi 
exhibit high environmental tolerance and multidimensional 
plasticity, and whether these traits are weakly constrained by 
phylogeny. We further evaluate whether shifts in climate are 

more likely to reorganize black fungal communities according 
to ecological strategy rather than lineage identity. Accordingly, 
we test three hypotheses: (i) major black fungal lineages occupy 
distinct regions of climatic space driven by different environ-
mental factors; (ii) ecological strategies predict environmental 
plasticity and tolerance more strongly than phylogenetic affili-
ation; and (iii) projected climate change will restructure black 
fungi and distributions primarily according to their lifestyles, 
with stress-tolerant groups tracking the expansion of arid and 
environmentally stressful habitats.

2   |   Methods

2.1   |   Global Soils Dataset

The dataset from the GSMc (Global Soil Mycobiome consortium; 
https://​GSMc-​fungi.​github.​io/​) database (Tedersoo et  al.  2021) 
was used to investigate the global distribution and diversity pat-
terns of black fungal taxa across environmental gradients. This 
dataset was obtained by the PacBio long-read sequencing of ITS 
and 18S-V9 variable regions of topsoil (−0−5 cm depth) soil com-
munities, covering 3200 different localities, across 108 countries 
in all continents and major natural biomes. A total of 51,401 
phylotypes were identified as belonging to black fungal lineages, 
commonly referred to as black fungi. These included represen-
tatives from key orders known for their stress-tolerant ecologies, 
in particular Botryosphaeriales, Capnodiales, Chaetothyriales, 
Dothideales, Lichenostigmatales, and Venturiales. Taxonomic as-
signments were obtained from the UNITE database (Abarenkov 
et al. 2024), and only sequences affiliated with established black 
fungal groups were retained for further analysis (Table  S1). 
To explore their ecological roles, each phylotype was assigned 
to a primary lifestyle based on available annotations from the 
FungalTraits database (Põlme et al. 2020). This resource inte-
grates trait-based ecological information from the literature and 
culture studies to classify fungal taxa into ecologically mean-
ingful categories. Based on these annotations, the phylotypes 
assigned to genera known to include melanized taxa within 
the orders mentioned above were functionally grouped into 15 
categories, encompassing a wide range of life strategies. These 
included the specialists “rock-inhabiting”, “soil saprotrophs”, 
“wood saprotrophs”, “plant pathogens”, “foliar endophytes”, 
“sooty molds”, and various parasites (“animal,” “protistan,” “li-
chen,” or “mycoparasitic”), as well as more generalist or poorly 
characterized groups such as “epiphytes”, “dung saprotrophs”, 
and “unspecified saprotrophs” (Table  S1). Functional groups 
abundances were calculated by aggregating the read counts of 
all phylotypes assigned to a specific primary lifestyle based on 
FungalTraits annotations. This functional framework was used 
as the basis for all subsequent analyses, allowing us to assess 
how different ecological strategies mediate environmental fil-
tering, trait evolution, and potential shifts under future climate 
scenarios.

2.2   |   Environmental Variables Selection

The sample geographic coordinates provided within the GMSc 
metadata, were used to retrieve bioclimatic variables (i.e., ele-
vation; slope; normalized difference vegetation index, NDVI; 
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mean annual temperature, MAT; temperature seasonality, 
TSEA; mean diurnal temperature range, MDR; mean annual 
precipitation, MAP; precipitation seasonality, PSEA) from 
Worldclim database ver. 2.0 (Fick and Hijmans 2017). Data 
on aridity index (AI) were calculated using the Global Aridity 
Index and Potential Evapotranspiration (ET0) Database (Zomer 
et al. 2022). Geographical information about elevation and slope 
was obtained from the Advanced Land Observation Satellite 
(ALOS, Hamazaki 1999). UV radiation (UV light), and plawere-
cover was also included. The human impact (Human Influence 
Index; HI) was estimated by Sanderson et  al.  (2002). Other 
edaphic parameters such as pH, soil organic carbon (SOC), and 
sand percentage (Sand%), were included from SoilGrids v2.0 da-
tabase (Poggio et al. 2021). Detailed information on the samples 
with their bioclimatic models can be found in Table S2.

2.3   |   Statistical Analysis

No rarefaction was performed on the dataset. To account for un-
even sequencing depth across samples while preventing the loss 
of biological information and rare taxa, the raw sequence were 
transformed into relative abundance prior to all downstream 
statistical and spatial analyses. To assess biogeographic and cli-
matic patterns of black fungi, we used Spearman correlation and 
Redundancy (RDA) analysis to assess relationships between the 
relative abundance data of black fungi and the environmental 
metadata. To ensure the reliability of statistical inference in 
RDA analysis and species richness mapping, variance infla-
tion factor (VIF) was calculated to check the multicollinearity 
among the evaluated environmental variables. Variables with 
VIF > 5 were discarded from the regression models. Further, for 
RDA analysis, the environmental variables were standardized 
(mean = 0, variance = 1), and “forward selection” was used to 
remove the non-significant predictors from the model. All tests 
applied were statistically validated by the Benjamini-Hochberg 
(FDR) p-value correction method. Analyses were performed 
using the R packages: “phyloseq” (McMurdie and Holmes 2013) 
and “microeco” (Liu et al. 2021).

2.4   |   Phylogenetic Analyses

A multiple alignment of the filtered sequences was obtained 
using Mafft 7 (Katoh and Standley 2013) and a phylogenetic tree 
was inferred using FastTree 2.2 (Price et al. 2010). The resulting 
unrooted tree was subsequently rooted using midpoint rooting 
(von Hoyningen-Huene et al. 2019), and the tip labels were cor-
rected by removing taxonomic strings added to the sequence IDs 
(such as _k__Fungi-p__… if present) by R, ensuring correct inte-
gration into downstream phylogenetic analyses.

To test evolutionary hypotheses of environmental specialization, 
we conducted a series of phylogenetic comparative analyses. 
First, a multi-dimensional environmental space was defined by 
performing a Principal Component Analysis (PCA) on a selected 
set of non-collinear bioclimatic, edaphic, and geographical vari-
ables. The first two principal components (PC1 and PC2) were 
selected as they explained the majority of environmental vari-
ance (Lu et al. 2023). For each phylotype, we quantified two key 
ecological traits. Environmental niche breadth was calculated 

as the sum of the standard deviations of a phylotype occurrences 
along the first two principal components (Segurado et al. 2011; 
Mod et al. 2020). This metric quantifies the overall dispersion of 
a species within the main environmental space, with higher val-
ues indicating a broader, more generalist niche. The distributions 
of these metrics were then compared across four key functional 
groups (i.e., litter saprotrophs, plant pathogens, rock-inhabiting, 
and soil saprotrophs) using a Kruskal-Wallis test, with post hoc 
pairwise comparisons performed using the Wilcoxon test with 
Benjamini-Hochberg FDR correction. To assess the degree of 
niche conservatism, we tested for a phylogenetic signal in both 
niche breadth and environmental tolerance using Blomberg's K 
statistic (Liu et al. 2015; Cruz-Nicolás et al. 2024).

2.5   |   Present and Future Projections 
of the Distribution of Black Fungi

We used Random Forest regression (Breiman  2001) to predict 
the current global distribution of black fungi in global soils. 
Aridity and UV light were excluded due to collinearity with 
mean annual precipitation (MAP) and mean annual tempera-
ture (MAT), respectively, and TSEA was also removed prior to 
mapping. The final set of environmental predictors was imple-
mented as raster layers using the raster package (Hijmans 2013). 
Predictive models were implemented using the randomForest 
package (Liaw and Wiener 2002) with 999 trees and 100 boot-
strap replicates, a configuration that provides stable predictions 
while reducing overfitting. To assess the reliability of model pre-
dictions, we evaluated whether environmental conditions in the 
prediction space differed substantially from those represented 
in the training dataset. We therefore applied a Mahalanobis dis-
tance analysis to identify environmental outliers and generated 
a reliability mask highlighting areas where predictions were 
most robust. Grid cells exceeding the 0.95 quantile of the chi-
square distribution (11 degrees of freedom; Mallavan et al. 2010) 
were excluded from visualization. Model performance was fi-
nally evaluated by comparing predicted and observed values 
following Piñeiro et al. (2008).

Future maps for 2050 were created using land-use projections 
and climate variables. First, we relied on the dataset provided 
by the Land-use Harmonized v2.0 project (http://​luh.​umd.​edu/​; 
Hurtt et  al.  2011). Second, the climatic variables (MAT, MAP, 
MDR, and PSEA) were determined using the estimates pro-
vided by the MIROC6 global climate model (CMIP6 Landscape 
2019). We employed four combined Shared Socioeconomic 
Pathway (SSP) and Representative Concentration Pathway 
(RCP) scenarios: SSP1-RCP2.6, SSP2-RCP4.5, SSP3-RCP7.0, 
and SSP5-RCP8.5. In this regard, SSP1 represents a sustain-
ability scenario with low mitigation and adaptation challenges 
(characterized by low population growth and high economic 
growth). SSP2 and SSP3 present medium and high challenges 
respectively, where SSP3 reflects a fragmentation scenario with 
high population growth and low economic development. SSP5 
assumes high mitigation challenges, featuring fossil fuel depen-
dence with low population growth but high economic growth 
(Fricko et al. 2017). The RCP scenarios range from the lowest to 
the highest emission rates: RCP2.6 (+0.4°C to +1.6°C by 2050), 
RCP4.5, RCP7.0, and RCP8.5 (+1.4°C to +2.6°C by 2050) (see 
Meinshausen et al. 2011 for details).
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3   |   Results

3.1   |   Taxonomic Turnover of Black Fungi Across 
Climate Zones

Community composition was dominated by Chaetothyriales 
(Eurotiomycetes) and Capnodiales (Dothideomycetes) or-
ders, whose relative abundance varied markedly across cli-
mate regimes, followed by Venturiales (Dothideomycetes) 
(Figure  1A). Chaetothyriales were prevalent in montane 
and temperate environments, while Capnodiales dominated 
arid zones. Random Forest models identified climate zones 
as strong predictors of order-level abundance (Figure  1B). 
Botryosphaeriales (Dothideomycetes) were the most indicative 
order of tropical conditions, while Chaetothyriales showed the 
highest importance for montane climates. Venturiales were 
associated with continental zones, while Capnodiales and 

Lichenostigmatales (Arthoniomycetes) were more specific for 
arid regions.

Given their dominant abundance, the two orders Chaetothyriales 
and Capnodiales were selected for focused environmental mod-
eling to assess the specific abiotic drivers influencing their 
distribution. For Chaetothyriales, relative abundance was pri-
marily influenced by soil pH and soil organic carbon (SOC), 
with a secondary contribution from aridity index (AI), reflecting 
edaphic and xeric constraints. In contrast, Capnodiales showed 
a strong response to aridity and temperature (MAT) (Figure 1C).

Collectively, correlation analysis revealed that black fungal or-
ders exhibit distinct environmental signatures (Figure 1D). For 
example, Chaetothyriales showed strong negative correlations 
with PET, plant cover, and temperature, whereas there were 
positive correlations with AI and elevation, consistent with 

FIGURE 1    |    Taxonomic turnover of black fungal orders across climate zones and their environmental associations. (A) Relative abundance of the 
fungal orders within melanized Ascomycota across five major climatic zones; (B) Random Forest model assessing the discriminatory power of each 
order in classifying climate categories, based on mean decrease in Gini index; (C) Variable importance from Random Forest regressions predicting 
the abundance of Chaetothyriales and Capnodiales; (D) Spearman rank correlations between order-level relative abundance and 15 abiotic variables. 
Asterisks indicate significance (*p < 0.05, **p < 0.01, ***p < 0.001); color scale reflects direction and strength of correlation; the color scale reflects the 
direction and strength of correlations, with blue indicating positive and red negative correlation. AI, aridity index; HII, human influence index; MAP, 
mean annual precipitation; MAT, mean annual temperature; MDR, mean diurnal range; PET, potential evapotranspiration; Plant, plant coverage; 
PSEA, precipitation seasonality; SOC, soil organic carbon; TSEA, temperature seasonality; UV light, ultraviolet radiation.
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their occurrence in high-elevation and low-productivity envi-
ronments. Botryosphaeriales, in contrast, were positively cor-
related with SOC and soil pH, reflecting their tendency to occur 
in organic-rich environments. Capnodiales exhibited almost no 
correlation (neither positive nor negative) with both abiotic and 
topographic variables.

3.2   |   Climatic Partitioning and Environmental 
Associations of Dominant Black Fungal Genera

To refine our understanding of taxonomic turnover and en-
vironmental filtering at finer resolution, we analyzed the 20 
most abundant melanized fungal genera across global climate 
zones. Genus-level distributions revealed distinct biogeo-
graphic patterns (Figure 2A). For instance, Cladophialophora 
(Chaetothyriales) was abundant across all biomes, whereas 
Exophiala (Chaetothyriales) was most prevalent in continental 
regions, Knufia (Chaetothyriales) in arid environments, and 
Capronia (Chaetothyriales) in montane habitats. Phylogenetic 
trees of the three most diverse genera (Cladophialophora, 
Exophiala, and Cladosporium) showed that phylotypes associ-
ated with different climatic zones were distributed across the 
phylogeny, highlighting the broad evolutionary diversity repre-
sented within each genus (Figures S1–S3).

Furthermore, we used RF classification to identify the taxa 
most predictive of climate categories (Figure 2B). Cladosporium 
(Dothideomycetes), Cladophialophora (Chaetothyriales), 
Cercospora (Dothideomycetes), and Knufia showed the high-
est variable importance. In particular, Cladophialophora was 
most strongly associated with temperate environments, Knufia 
with arid regions, and Cladosporium with continental climates. 
Spearman correlation analyses further supported these patterns 
by revealing distinct environmental preferences among genera 
(Figure 2C). For example, Exophiala showed negative correla-
tions with UV radiation, aridity, and temperature (MAT), but 
positive associations with the Human Influence Index (HII). 
Cladosporium also showed positive associations with HII, 
whereas Ochroconis (Dothideomycetes) was positively cor-
related with aridity, temperature, and UV radiation.

3.3   |   Functional Composition and Environmental 
Drivers of Black Fungal Lifestyles

To assess how ecological strategies shape melanized fungal 
community structure across climates, we classified all black 
fungal taxa into functional lifestyle categories. The relative 
abundance of these lifestyle groups varied substantially across 
climatic regions (Figure 3A,B). Soil saprotrophs and plant 
pathogens were consistently dominant in most biomes, together 
accounting for more than 50% of the taxa. Notably, soil sapro-
trophs peaked in montane and temperate zones, whereas plant 
pathogens were more represented in continental and tropical re-
gions. Other prominent groups included litter saprotrophs, wood 
saprotrophs, and rock-inhabiting fungi, each showing distinct 
distributional patterns, with rock-inhabiting fungi particularly 
abundant in arid and montane environments. Foliar endophytes 
emerged mainly in tropical environments, as indeed these fungi 
are highly associated with plants and trees in the Tropics. Less 

abundant categories (e.g., mycoparasites, protistan parasites) 
contributed minimally to climate-based differentiation.

Spearman correlation analysis between lifestyle group abun-
dance and 15 environmental variables (Figure  3C) revealed 
numerous significant associations. Soil saprotrophs were posi-
tively correlated with soil organic carbon, plant cover, and pre-
cipitation (MAP) and negatively correlated with soil pH and the 
Human Influence Index. Rock-inhabiting fungi showed positive 
associations with UV radiation, temperature, and elevation and 
negative correlations with HII, SOC, and sand content. Plant 
pathogens were positively correlated with temperature, SOC, 
and soil pH and negatively correlated with aridity and UV radia-
tion. Several other categories, including animal-associated fungi 
and endophytes, showed more complex or variable correlations 
across environmental predictors.

3.4   |   Ecological Strategies and Environmental 
Plasticity Across Black Fungi

To evaluate variation in diverse lifestyles across black fungi, we 
compare lifestyles with respect to their environmental plasticity 
and tolerance. Environmental niche breadth, reflecting the range 
of environmental conditions occupied across multiple gradients, 
differed significantly among functional supergroups (Figure 4A; 
Kruskal–Wallis, p = 3.6 × 10−14). Rock-inhabiting fungi exhib-
ited the highest niche breadth values and showed significantly 
higher environmental tolerance, as measured by the range along 
the first principal component (PC1) summarizing abiotic gradi-
ents (Figure  4B; Kruskal–Wallis, p = 3.3 × 10−10). Importantly, 
both niche breadth and tolerance showed no detectable phyloge-
netic signal (Blomberg's K ≈ 0; breadth: K = 1.29 × 10−5, p = 0.653; 
tolerance: K = 1.06 × 10−5, p = 0.706), indicating that these traits 
are evolutionarily labile and not conserved across lineages.

3.5   |   Projected Shifts in Dominant Taxa 
and Functional Groups Under Climate Change

Model projections revealed striking, yet contrasting, distri-
butional shifts for major black fungal lineages under future 
climate scenarios (Figure  5). We modeled the spatial niche 
projections of Capnodiales and Chaetothyriales under present 
and future scenarios. Present-day maps reveal that Capnodiales 
dominate arid and semi-arid regions, with high predicted abun-
dance across North Africa, the Atacama Desert (Chile), western 
North America (e.g., Utah and Arizona), central Australia, and 
the Chinese Taklamakan desert. In contrast, Chaetothyriales 
are more prevalent in northern temperate and cold regions, such 
as northern Europe, Canada, and high-altitude Asian zones. 
Future projections (based on SSP5-8.5 scenarios) show a marked 
expansion of Capnodiales, with increased abundance not only 
in current arid zones but also extending into mesic and north-
ern regions, suggesting a potential range shift under warming 
conditions. Conversely, Chaetothyriales are predicted to decline 
in southern arid zones, including North Africa, western USA, 
and southern Asia, where Capnodiales currently thrive, while 
maintaining some presence in cooler and montane areas. These 
patterns are supported by model outputs: for Capnodiales, the 
variable with highest explanatory power was the aridity index 
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(explaining 16.11% of variance), while Chaetothyriales were 
most influenced by elevation (20.75% of variance explained).

At the functional group level, distinct spatial patterns emerge 
between current and projected distributions, reflecting life-
styles and environmental filtering (Figure 5, Figures S4 and S5; 

Table S3). Rock-inhabiting fungi consistently maintain high pre-
dicted presence under both present and future scenarios (Min: 
0.073; Max: 0.740), with distributions stable across arid, high-
elevation environments. This group exhibits a notable shift in 
distribution showing a reduction in current hotspots (e.g., North 
Africa, western U.S., and parts of central Asia) and an expansion 

FIGURE 2    |    Genus-level patterns of relative abundance, climatic specificity, and environmental associations in black fungi. (A) Relative abun-
dance of the 20 most prevalent black fungal genera across five major climate zones; (B) Variable importance of fungal genera for predicting climate 
zone based on Random Forest classification (mean decrease in Gini index); (C) Spearman correlations between the relative abundance of the 20 most 
prevalent black fungal genera and 15 environmental variables. Asterisks indicate significance (*p < 0.05, **p < 0.01, ***p < 0.001); color scale reflects 
direction and strength of correlation, with blue indicating positive and red negative correlation. AI, aridity index; HII, human influence index; MAP, 
mean annual precipitation; MAT, mean annual temperature; MDR, mean diurnal range; PET, potential evapotranspiration; Plant, plant coverage; 
PSEA, precipitation seasonality; SOC, soil organic carbon; TSEA, temperature seasonality; UV light, ultraviolet radiation.
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into new regions under future conditions. Soil saprotrophs cur-
rently display moderate presence values (0.038–0.564), primar-
ily concentrated in vegetated temperate and continental zones. 

However, future projections suggest a contraction in these 
areas, particularly in semi-arid regions undergoing desertifica-
tion, alongside a potential expansion into desert and subtropical 

FIGURE 3    |    Functional group composition of black fungi and their environmental filtering across climates. (A) Relative abundance of black fungi 
grouped by functional lifestyle across climatic zones; (B) Random Forest classification showing lifestyle groups most predictive of climate categories 
(based on mean decrease in Gini index); (C) Spearman rank correlations between lifestyle-level abundance and environmental variables. Asterisks 
indicate significance (*p < 0.05, **p < 0.01, ***p < 0.001); color scale reflects direction and strength of correlation, with blue indicating positive and red 
negative correlation. AI, aridity index; HII, human influence index; MAP, mean annual precipitation; MAT, mean annual temperature; MDR, mean 
diurnal range; PET, potential evapotranspiration; Plant, plant coverage; PSEA, precipitation seasonality; SOC, soil organic carbon; TSEA, tempera-
ture seasonality; UV light, ultraviolet radiation.
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zones. Future projections indicate that plant pathogens will 
continue to persist in these core regions but also expand into 
areas where they are now only sporadically present, such as 
parts of South America and Europe. Similarly, litter saprotrophs 
(0.018–0.648) are currently most concentrated in North Africa 
and South Asia.

4   |   Discussion

Our results indicate that black fungi lifestyle provides a stronger 
and more consistent predictor of environmental responses than 
taxonomic identity on the global scale. We further demonstrate 
clear climatic partitioning among dominant lineages and show 
that ecological strategy predicts environmental responses more 
strongly than phylogenetic identity. Together, these findings in-
dicate that trait-mediated environmental filtering plays a cen-
tral role in shaping the global distribution of melanized fungal 
communities.

4.1   |   Environmental Filtering Shapes Black Fungi 
Distribution

At the taxonomic level, our analyses reveal clear climatic dif-
ferentiation between major lineages. Capnodiales dominate arid 
regions and respond strongly to aridity and temperature, con-
sistent with their ability to persist across both xeric and vege-
tated habitats (Ruibal et al. 2009; Sterflinger et al. 2012; Velez 
et al. 2016). In contrast, Chaetothyriales are more prevalent in 
cooler and montane environments and are primarily structured 
by edaphic factors such as soil pH and organic carbon (Narisawa 
et al. 2007; Männistö et al.  2018). Other orders further reflect 
this deterministic partitioning: Botryosphaeriales are indicative 
of tropical climates (Slippers et  al.  2017), whereas Venturiales 
were most frequently detected in continental regions, and 
Lichenostigmatales are characteristic of arid environments 
(Muggia et al. 2016; Muggia, Quan, et al. 2021). These patterns 

are consistent with strong environmental filtering shaping black 
fungal communities across global soils.

At finer taxonomic resolution, genus-level patterns reveal sub-
stantial ecological divergence even among closely related taxa. 
Cladosporium, one of the most ubiquitous fungal genera world-
wide, was particularly abundant in arid and continental climates 
(Pereira et al. 2022; Razak and Abass 2023). In contrast, genera 
such as Cladophialophora and Knufia were strongly associated 
with temperate and arid environments, respectively. Random 
Forest models identified both genera as key predictors of these 
climatic categories, suggesting specialization toward xeric and 
complex habitats. Notably, Knufia is frequently reported from 
lithic substrates including natural rock surfaces and stone mon-
uments (Erdmann et  al.  2022; Mihalyi et  al.  2025), although 
it is also known to occur in soils (Gałązka et  al.  2020; Wang 
et  al.  2024). The strong association with arid soils observed 
here is consistent with its preference for habitats characterized 
by low water availability and other environmental stresses. 
Exophiala showed negative associations with UV radiation and 
aridity index, and positive correlations with soil pH, soil organic 
carbon, and the Human Influence Index. This pattern is con-
sistent with the frequent detection of Exophiala species in an-
thropogenic and urban environments, where organic substrates 
and human-associated niches can favor their persistence (Blasi 
et al. 2015, 2016).

4.2   |   Ecological Lifestyles Predict the Ecological 
Responses of Black Fungi

Grouping taxa according to their ecological lifestyle further 
clarifies these assembly patterns. Functional categories showed 
strong discriminatory power in climate classification mod-
els, indicating that lifestyle-mediated traits strongly influence 
environmental persistence. While lifestyle assignments sim-
plify complex ecological roles, they provide a useful frame-
work to capture broad functional differences across taxa. Soil 

FIGURE 4    |    Patterns of environmental plasticity and tolerance across black fungi functional groups and phylogeny. (A) Environmental niche 
breadth (based on the variance of normalized environmental scores across axes) (Kruskal–Wallis p = 3.6e−14); (B) Tolerance range along the first 
principal component (PC1), used as a proxy for environmental tolerance (Kruskal–Wallis p = 3.3e−10).
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9 of 13Global Change Biology, 2026

FIGURE 5    |    Predicted global distribution of selected black fungi groups under current and future climate scenarios. Maps show modeled presence 
probabilities for Capnodiales, Chaetothyriales and for rock-inhabiting and soil saprotrophs, derived from environmental niche modeling. Present 
(left) and future (right, 2050, RCP 8.5) distributions are shown using a blue-to-red gradient, where blue indicates high probability of presence and 
red indicates low probability.
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saprotrophs were associated with soil pH, Human Influence 
index and precipitation, reflecting resource-driven assembly 
in productive ecosystems (Rousk and Bååth  2011; Carteron 
et al. 2021). Such environments likely promote faster microbial 
turnover and competitive interactions, favoring taxa adapted to 
exploit transient organic resources (Nielsen and Ball 2015). Plant 
pathogens were positively associated with aridity, temperature 
and UV radiation, and negatively correlated with soil organic 
carbon. This pattern suggests that many melanized pathogenic 
taxa are adapted to stressful and exposed environments, where 
melanization and other protective traits are known to enhance 
the survival of propagules under high radiation, desiccation and 
thermal variability (Silva et al. 2022).

In contrast, rock-inhabiting fungi were strongly associated 
with aridity and negatively correlated with soil pH, indicating 
strong selection along physical stress gradients in exposed en-
vironments (Choe et al. 2018; Coleine et al. 2021). This pattern 
is consistent with observations from dryland ecosystems, where 
endolithic microbial communities often represent some of the 
last active biological systems persisting under extreme aridity 
and environmental stress (Coleine, Kurbessoian, et  al.  2024). 
Their prevalence in such habitats is likely reflected ecologi-
cal release from competition for organic substrates and a shift 
toward persistence on mineral surfaces. Yet, rock-inhabiting 
fungi displayed a high environmental niche breadth and the 
widest environmental tolerance. Rather than being restricted 
to a single climatic regime, these taxa appear capable of per-
sisting across heterogeneous environments characterized by 
recurring physical stress. Traits frequently associated with rock-
inhabiting fungi including melanization, desiccation resistance, 
metabolic efficiency under oligotrophic conditions and radia-
tion tolerance, likely form a stress-adaptive syndrome that al-
lows persistence under combinations of desiccation, irradiation 
and nutrient limitation (Gorbushina 2007; Coleine et al. 2020; 
Erdmann et al. 2022; Keller et al. 2025). Such trait integration 
may increase survival across multiple environmental filters 
and explain the broad environmental occupancy of these taxa. 
Substrate specialization therefore does not necessarily imply cli-
matic restriction; instead, their extremotolerance may enhance 
environmental versatility across abiotic gradients (Gostinčar 
et al. 2009).

4.3   |   The Future of Black Fungi

Climate projections further suggest that ongoing environ-
mental change may drive substantial reorganization of black 
fungi. Capnodiales are predicted to expand from current arid 
regions into mesic and northern areas across Eurasia and 
North America, consistent with their association with aridity 
(Sterflinger et al. 2012; Coleine, Selbmann, et al. 2022). In con-
trast, Chaetothyriales are projected to decline in southern arid 
regions while persisting in cooler and high-elevation habitats. 
Rock-inhabiting fungi maintain high predicted suitability but 
shift spatially from current hyperarid hotspots toward emerging 
drylands and transitional ecosystems. Plant pathogens are pre-
dicted to persist in current core regions and expand into areas 
where they are presently marginal, including parts of South 
America and Europe, suggesting increased climatic suitabil-
ity and potential host redistribution under warming scenarios. 

Such conditions may even favor host shifts and/or the expan-
sion of their host selectivity breadth. This pattern is particularly 
relevant in the context of ongoing global dryland expansion, as 
climate change is projected to increase the extent of arid and 
semi-arid regions worldwide (Sun et  al.  2023; Li et  al.  2025). 
The redistribution of stress-tolerant fungal lineages may there-
fore parallel the geographic expansion of drylands, potentially 
reshaping microbial community composition in ecosystems un-
dergoing progressive desertification.

5   |   Conclusions

Overall, our results highlight that ecological function strongly 
influences both present and future distributions of black fungi. 
Stress-tolerant taxa are likely to increase in importance under 
expanding environmental stress, whereas taxa dependent on 
vegetation structure may undergo spatial reorganization as 
plant communities and moisture regimes shift. Such functional 
realignment could have cascading consequences for ecosys-
tem processes including carbon turnover, mineral weathering, 
vegetation dynamics, and pathogen emergence. By integrating 
taxonomy, functional traits, and predictive modeling, our study 
provides a trait-based framework for understanding and fore-
casting the response of extremotolerant microbial communities 
to ongoing climate change. Because several melanized genera in-
clude opportunistic human and plant pathogens, climate-driven 
redistribution may alter exposure risks at the human–soil–plant 
interface. Shifts in the balance between stress-tolerant and host-
associated taxa could affect ecosystem resilience and pathogen 
pressure in agricultural and urban systems, highlighting the rel-
evance of these patterns within a One Health perspective. These 
findings challenge simplified representations of extremotolerant 
fungi in Earth system models and indicate current approaches 
may misrepresent how soil microbial communities reorganize 
under climate change.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Taxonomic classification 
and ecological lifestyle assignment of the black fungal phylotypes in-
cluded in this study. Table S2: Metadata and environmental variables 
for the global soil samples used in this study. Table  S3: Summary 
of Random Forest model performance and environmental predic-
tors for the taxonomic and functional groups analyzed. Figure S1: 
Phylogenetic distribution of dominant climatic affiliations within the 
Cladophialophora genus. Tip colors indicate the dominant climate as-
sociated with each phylotype, defined as the climatic zone in which it 
reached its highest cumulative sequence abundance across all samples. 
Climatic categories include arid, continental, polar/montane, temper-
ate and tropical environments. Figure S2: Phylogenetic distribution of 
dominant climatic affiliations within the Exophiala genus. Tip colors 
indicate the dominant climate associated with each phylotype, defined 
as the climatic zone in which it reached its highest cumulative sequence 
abundance across all samples. Climatic categories include arid, conti-
nental, polar/montane, temperate and tropical environments. Figure 
S3: Phylogenetic distribution of dominant climatic affiliations within 

the Cladosporium genus. Tip colors indicate the dominant climate as-
sociated with each phylotype, defined as the climatic zone in which it 
reached its highest cumulative sequence abundance across all samples. 
Climatic categories include arid, continental, polar/montane, temperate 
and tropical environments. Figure S4: Predicted global distribution of 
litter saprotrophs lifestyle under current and future climate scenarios. 
Maps show modeled presence probabilities derived from environmental 
niche modeling. Present (top) and future (bottom, 2050, RCP 8.5) dis-
tributions are shown using a blue-to-red gradient, where blue indicates 
high probability of presence and red indicates low probability. Figure 
S5: Predicted global distribution of soil saprotrophs lifestyle under cur-
rent and future climate scenarios. Maps show modeled presence prob-
abilities derived from environmental niche modeling. Present (top) and 
future (bottom, 2050, RCP 8.5) distributions are shown using a blue-to-
red gradient, where blue indicates high probability of presence and red 
indicates low probability. 
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