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ABSTRACT

How climate change impacts pathogens in the natural environment is a critical ecological question. Yet, little is known of how
rapid ongoing climate change in Antarctica and Patagonia will influence the fungal pathogens in the barren soils typical of these
regions. Here, using DNA metabarcoding and LASSO regression, we identify climatic factors—and notably mean annual air tem-
perature—as the best predictors for the taxonomic richness and relative abundance of fungal pathogens of plants and animals
in barren soils sampled from along a 1900-km transect through sub- and Maritime Antarctica and Patagonia. Projected changes
to climate under three shared socioeconomic pathway scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5) were used to predict how
soilborne pathogenic fungal communities will alter by 2071-2100. The SSP3-7.0 and SSP5-8.5 scenarios were projected to cause
approximate doublings to the richness and abundance of phytopathogenic fungi in southern Maritime Antarctic soils. Weaker
effects of these two scenarios were found on phytopathogens elsewhere on the transect and on animal pathogenic fungi. Changes
to climate under the SSP1-2.6 scenario had negligible impacts on both guilds. Edaphic factors explained lower amounts of vari-
ance in soil pathogenic fungal diversity and relative abundance than climatic factors. Our findings indicate higher frequencies of
fungi causing grey molds, stem necroses, blights, scabs and leaf spots in warmer soils. They foreshadow end-of-century increases
in the richness and abundance of phytopathogenic fungi inhabiting the barren soils of southern Maritime Antarctica, posing a
threat to the region's flora as it colonizes these soils.
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1 | Introduction

Soil is inhabited by a wide range of fungal pathogens that have
profound impacts on ecosystems, agriculture, and human
health (Fisher et al. 2012; Singh et al. 2023; World Health
Organization 2022). Over the previous decade, it has become ev-
ident that the taxonomic diversity and abundance of soilborne
pathogenic fungi are strongly influenced by air temperature
and precipitation (Delgado-Baquerizo et al. 2020; Mikryukov
et al. 2023; Tedersoo et al. 2014; Vétrovsky et al. 2019), with
changes to the Earth's climate since 1960 having led to a ~7-
kmyear™! shift of these microbes towards the poles (Bebber
et al. 2013). Such shifts, which have allowed the establish-
ment of fungal diseases in hitherto unsuitable habitats, are
facilitated by the efficient airborne dispersal of fungal spores
(Abrego et al. 2024), with fungi consequently being the most
widespread and rapidly dispersing group of plant pathogens and
pests worldwide (Bebber et al. 2014). Although rising air tem-
perature and precipitation are thought to be the main factors
causing fungal pathogen range shifts (Li et al. 2023; Vétrovsky
et al. 2019), human-mediated dispersal, vegetation cover, and
edaphic factors also influence the distribution of soilborne fungi
(Delgado-Baquerizo et al. 2020; Mahon et al. 2024; Newsham
et al. 2021). Furthermore, increased host susceptibility to fun-
gal infection and the accumulation of transposons in fungal
genomes at higher temperatures may facilitate the emergence
of previously unknown thermotolerant fungi (Garcia-Solache
and Casadevall 2010) and rapid fungal microevolution (Gusa
et al. 2023).

Fungal pathogens cause ecologically and economically im-
portant diseases of both plants and animals. In the natural
environment, disease outbreaks caused by aggressive phy-
topathogens assigned to genera such as Cryphonectria and
Ophiostoma have been responsible for the near extirpation of
several plant species (Agrios 2009; Harvell et al. 2002), and
in agricultural settings, infections by phytopathogenic fungi
such as Fusarium and Botrytis lead to crop yield losses each
year sufficient to feed 8.5% of the world's population, threat-
ening food security (Bebber et al. 2013; Delgado-Baquerizo
et al. 2020; Fisher et al. 2012; Singh et al. 2023). Furthermore,
whilst viruses and bacteria were formerly regarded as the
main etiological agents of animal disease, this perception has
changed over the last three decades following the emergence
of devastating fungal diseases, notably chytridiomycosis of
amphibians and white nose syndrome of bats, caused by spe-
cies of Batrachochytrium and Pseudogymnoascus, respectively
(Fones et al. 2017). In humans, following the widespread im-
munosuppression that occurred in the wake of the HIV-AIDS
pandemic, infections caused by critical fungal pathogens such
as yeasts assigned to Candida and Cryptococcus now cause 1.5
million fatalities each year (Rodrigues and Nosanchuk 2023).
Understanding how climate change will impact the diver-
sity and abundance of fungal pathogens (Harvell et al. 2002)
is thus central to tackling the sharp increases in the global
occurrence of fungal diseases of plants and animals that
have been recorded since the turn of the millennium (Fisher
et al. 2012).

Previous studies showing climate to constrain the diversity
and abundance of soilborne fungal pathogens have typically

excluded Antarctic soils and have included relatively few data
for Patagonian soils (Delgado-Baquerizo et al. 2020; Tedersoo
et al. 2014; Vétrovsky et al. 2019). Although the global phyto-
pathogen assessment of Li et al. (2023) did include soils from
Antarctica, its main focus was on forest and cropland soils,
diminishing its predictive power for the fungal communities
of barren soils. These soils, which are inhabited by markedly
different taxa of fungi than those inhabiting densely vegetated
soils on other continents (Newsham et al. 2021), are frequent at
high latitudes. Moreover, projections for how soilborne animal
pathogenic fungi in Antarctica will respond to climate change
are absent from the literature. These gaps in current knowledge
are significant, given the need to preserve the pristine ecosys-
tems of Antarctica in the face of rapid ongoing climate change
(Bracegirdle et al. 2020) and pressure from national research
operators and the tourism industry on the continent, both of
which increase the likelihood of its invasion by novel pathogens
(Convey and Peck 2019). Here, in a study of barren sub- and
Maritime Antarctic and Patagonian soils, we determine which
of 13 climatic and edaphic factors best explain the taxonomic
richness and relative abundance of fungi assigned to genera that
cause, or are associated with, diseases of plants or animals. By
estimating end-of-century changes to air temperature and pre-
cipitation under three shared socioeconomic pathway (SSP) sce-
narios (Riahi et al. 2017), we show that climate change is likely
to approximately double the present-day richness and abun-
dance of phytopathogenic fungi in the barren soils of southern
Maritime Antarctica, posing a threat to the region's flora as it
expands into these soils.

2 | Materials and Methods
2.1 | Sampling

Fifty-seven barren soil samples were collected in January-
February 2018 from 12 sites across a 1900-km-long transect
between Lagotellerie Island in Maritime Antarctica at 67.9°S
and Torres Del Paine in Patagonian Chile at 51.0°S (Figure 1a).
At each site, 4-5 soil samples (each c. 20g fwt) were collected
1-2m distant from sparse individuals of Antarctic pearlwort
(Colobanthus quitensis), one of the two vascular plant species
that occur along the transect. The soils, which were sampled at
least 2-m apart from each other, were collected into sterile con-
tainers that were stored at c. 4°C for several hours before being
frozen at —20°C, prior to transfer to the laboratory at the same
temperature.

2.2 | DNA Isolation and Next Generation
Sequencing

The soil samples were defrosted, mixed thoroughly and
freeze-dried. DNA was isolated from subsamples (0.25g)
using a FastDNA Spin Kit for Soil (MP Biomedicals, Solon,
Ohio, USA) following the manufacturer's protocol. The inter-
nal transcribed spacer (ITS) 2 region of fungal DNA was am-
plified using the primers ITS4 and ITS7 (IThrmark et al. 2012;
White et al. 1990). Polymerase chain reaction (PCR) amplifica-
tions consisted of two steps. In the first, primers and template
DNA (1 uL) were added to Illustra puReTaq Ready-To-Go PCR
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FIGURE1 | Legend on nextpage.

Beads (GE Healthcare, Little Chalfont, UK) and were sub-
jected to thermocycling in 20-uL reactions at 94°C for 2 min,
then 35cycles at 94°C for 30s, 56°C for 30s and 72°C for 30s,
followed by extension at 72°C for 5min. In the second step,
2uL of the 10x diluted PCR product was added to a reaction
mixture consisting of 0.15uL DNA polymerase (AccuPrime
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Taq DNA Polymerase High Fidelity, Invitrogen, Thermo
Fisher Scientific, MA, USA), 2uL 10X AccuPrime PCR Buffer
IT, 1L (770nM) of each custom-tagged forward and reverse
primer and 13.85 L sterile water in a 20-uL reaction volume.
The reaction mixtures were subjected to thermocycling at
94°C for 2min, then 14cycles at 94°C for 30s, 56°C for 30s
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FIGURE 1 | Sampling sites, and climatic factors, OTU richness and relative abundance of soilborne fungal pathogens as functions of latitude.
(a) Locations of the 12 sampling sites from which soils were collected. (b—e) Mean annual air temperature (BIO1), maximum air temperature of the
warmest month (BIO5), minimum air temperature of the coldest month (BIO6) and mean annual precipitation (BIO12) as functions of latitude. (f-i)
The OTU richness and relative abundance of plant and animal pathogenic genera as functions of latitude. Note that the sampling sites are color-
coded for geographical region (see key in panel b) and that the x-axes of panels b-i are identically scaled. Spearman'’s rank correlation coefficients
(p) are shown in panels b-i, with asterisks denoting statistical significance (**p <0.01 and ***p <0.001). Map lines delineate study areas and do
not necessarily depict accepted national boundaries. The sampling sites were located at: (1) Lagotellerie Island (67.886°S, 68.420°W); (2) Léonie
Island (67.602°S, 68.346°W); (3) Lagoon Island (67.593°S, 68.234°W); (4) Hannah Point, Livingston Island (62.654°S, 60.610°W); (5) Backslope, Signy
Island (60.710°S, 45.592°W); (6) Karukinka Natural Park, Chile (54.688°S, 68.978°W); (7) Maiviken, Thatcher Peninsula, South Georgia (54.288°S,
36.495°W); (8) Upper Husdal Valley, Busen region, South Georgia (54.196°S, 36.740°W); (9) Pohlia Falls, Busen region, South Georgia (54.191°S,
36.729°W); (10) Fuerte Bulnes, Chile (53.633°S, 70.916°W); (11) Porvenir, Chile (53.469°S, 70.252°W); and (12) Torres del Paine, Chile (51.015°S,

73.060°W). Abbreviations: Mar., Maritime; n.s., not significant; OTUs, operational taxonomic units; rel. abund., relative abundance.

and 72°C for 30s, followed by extension at 72°C for 5min. The
amplicons were then purified by electrophoresis in a 1% aga-
rose gel followed by gel extraction (Montage Gel Extraction
Kit, Millipore, Billerica, MA, USA). Amplicon concentrations
were quantified for all samples using Qubit dsDNA HS assays
and fluorescence was measured using a Qubit fluorometer
(Invitrogen). Samples were pooled in equimolar amounts and
paired-end sequenced over two MiSeq flowcells (Illumina,
San Diego, California, USA).

2.3 | Sequence Processing

Demultiplexed sequences from each of the samples were
trimmed of amplification primers using cutadapt 1.18
(Martin 2011). The DADA2 package v. 1.22.0 (Callahan
et al. 2016) was subsequently used in R v. 4.1.1 (R Core
Team 2022) for quality filtering, inference of amplicon se-
quence variants (ASVs, i.e., DNA sequences representing the
genetic diversity present in the original sample) and taxon as-
signment. Quality filtering removed all sequences with am-
biguous bases (trncQ=11), >2 expected errors and lengths
<50bp. Error rates were estimated for forward and reverse
sequences and ASVs were inferred before merging with a
minimum overlap of 30bp. Putative chimeras were removed
using the consensus method. Taxonomies were assigned to
the ASVs using the RDP classifier (Wang et al. 2007) with
the sh_general_release-dynamimc_all_25.07.2023 reference
from UNITE (Abarenkov et al. 2023). The decontam v. 1.14.0
package (Davis et al. 2017) was then used in R to remove puta-
tive contaminants identified in negative control amplification
samples using a threshold value of 1.0. All putative contami-
nants were cross checked through manual inspection.

2.4 | Taxon Inference

Operational taxonomic units (OTUs, i.e., groups of DNA se-
quences similar to each other at approximately species level)
were inferred to facilitate comparisons with previous stud-
ies on the richness of soil pathogenic fungi (e.g., Mikryukov
et al. 2023; Tedersoo et al. 2014). In order to infer OTUs, the
taxonomy-assigned, decontaminated ASVs were clustered
at 98% similarity over 90% of sequence length (Tedersoo
et al. 2021) using the BLASTCLUST algorithm in the

blast-legacy v. 2.2.26 package (Camacho et al. 2009). One hun-
dred and sixty one of the OTUs were singletons, with 51 OTUs
comprising more than one ASV. The consensus taxonomies
for these multi-ASV OTUs were all unambiguously defined,
with the constituent ASVs in each OTU being in agreement
down to genus level. The majority of the diversity analyses
reported here were focused on OTU richness. However, the
LASSO and univariate regression analyses described in sec-
tion 2.8 were also repeated on ASV richness (genetic diversity)
to assess if diversity patterns derived from analyses of unclus-
tered ASVs yielded the same results as those based on OTU
richness (species diversity).

2.5 | Assignments of Taxa to Guilds

Fewer than half of the OTUs could be assigned to species, and
hence, as in previous studies (e.g., Delgado-Baquerizo et al. 2020;
Li et al. 2023), assignments of taxa to the plant or animal patho-
genic fungal guilds were made at the genus level. Preliminary
analyses using the FUNguild database (Nguyen et al. 2016)
showed that few genera could be assigned with highly probable
confidence rankings to each guild. Manual searches were hence
made in Web of Science (https://www.webofscience.com/) using
all genus names and “pathogen*” or “disease” as terms, with a
genus being assigned to a guild when there was evidence from
the literature that at least one of its members causes, or is associ-
ated with, diseases of plants or animals. Virulence, which is de-
pendent on a wide range of factors including host physiology and
environment (Casadevall and Pirofski 2001), was not taken into
account when assigning genera to each guild. The 105 genera
assigned to the plant or animal pathogen guilds, along with sup-
porting literature, are listed in Table S1. Eight genera, including
Alternaria, Cladosporium, and Fusarium, were assigned to both
guilds.

2.6 | Edaphic Factors

Soil pH value was measured in a suspension of 5g fresh soil and
20mL of double-distilled water. Soil C/N ratio was calculated fol-
lowing measurement of total C and N in sub-samples of freeze-
dried soil using a TruSpec CN analyser (Leco, St Joseph, MI, USA).
Water-soluble C and N were extracted from fresh soil (5g) in 25mL
of double-distilled water for 1h. Following filtration through
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Whatman GF-D filter paper, concentrations of total dissolved or-
ganic C (TDOC) were measured using a Shimadzu TOC-L CSH/
CSN total organic C analyzer (Shimadzu, Kyoto, Japan). Total dis-
solved N (TDN) was measured with a FIAstar 5000 flow injection
analyser (Foss Tecator, Hogands, Sweden) after digesting extracts
in H,SO, with Se as a catalyst. Concentrations of NO,™-N and
NH,*-N in solution were also measured using a FIAstar 5000 flow
injection analyser using cadmium reduction and the indophenol
blue and molybdenum blue methods, respectively.

2.7 | Climatic Factors

Seven climatic predictors for each site (Table S2), based on a
30-arc sec resolution for 1981-2010, were extracted from the
CHELSA database v. 2.1 (Karger et al. 2017) using the terra
v. 1.6-47 package (Hijmans et al. 2022) in the R environment
v. 4.1.3. Although we currently lack an independent, gauge-
corrected reference precipitation dataset for the transect, the
CHELSA database provides a physically-based, bias-corrected
climatology that performs well globally, represents one of the
few climatic datasets available for Antarctica and gives close fits
(r*>0.9) to precipitation data recorded at Maritime Antarctic
stations (Karger et al. 2017). Given the scarcity and uncertainty
of local gauge data—which underestimate snowfall owing to
wind-induced undercatch (Turner et al. 2002)—we consider the
database to be a reasonable choice for describing spatial precipi-
tation gradients in the current study.

Projected mean annual air temperature (BIO1), maximum air
temperature of the warmest month (BIO5), minimum air tempera-
ture of the coldest month (BIO6) and mean annual precipitation
(BIO12) values for each site in 2071-2100 were extracted from the
CHELSA-BIOCLIM+ database (Brun et al. 2022). These projected
values, which were again based on a 30-arc sec resolution, used
ensemble predictions derived from five Earth system models (gfdl-
esm4, ipsl-cmé6a-lr, mpi-esm1-2-h, mri-esm2-0, and ukesm1-0-11)
for three shared socioeconomic pathway (SSP) scenarios (SSP1-2.6,
SSP3-7.0, and SSP5-8.5). These scenarios assume low, high, and
very high greenhouse gas emissions to the atmosphere, respec-
tively, with emissions varying between scenarios depending on
socio-economic assumptions, levels of climate change mitigation
and, for aerosols and non-methane ozone precursors, air pollution
controls (IPCC 2021; Riahi et al. 2017).

2.8 | Statistical Analyses

Non-parametric Spearman’s rank correlations were initially used
to assess the relationships between latitude and each climatic or
edaphic factor. Least absolute shrinkage and selection operator
(LASSO) regression, a form of multiple regression incorporating
regularisation (Tibshirani 1996), was then implemented in R using
the glmnet v. 4.1-8 package (Friedman et al. 2010) with Gaussian
family and default parameter values to determine the factors best
explaining the richness (expressed as the number of OTUs or ASVs)
and the relative abundance (expressed as the percentage abun-
dance in the entire soil fungal community) of each guild. LASSO
regression was chosen for these analyses because of the multicol-
linearity in the climatic and edaphic factor data (Figure S1) and

because regularisation limits model capacity, reducing the risk
of overfitting associated with, for example, stepwise regression
(McNeish 2015). It uses L1 regularisation, which encourages some
coefficients to be exactly zero, effectively performing variable se-
lection. The degree of regularisation (lambda) was adjusted so
that four predictor variables were selected in each model, with the
four-factor models with the lowest Akaike information criterion,
indicative of satisfactory fit and model simplicity, being selected
for the OTU or ASV richness and relative abundance of each guild.
ANOVA using default parameters was applied to determine the
significance of each of the four predictors, and linear or quadratic
univariate regression models were applied to the data in order to
determine regression coefficients. Relative abundance data were
Hellinger-transformed prior to analyses and data were rarefied to
5918 sequences, the minimum number of DNA reads per sample
(Table S3), with the iNEXT package (Chao et al. 2014, 2016). The
2-3 samples from which plant or animal pathogenic fungal gen-
era were absent were excluded from these analyses. Soils from the
same sites were assumed to have been exposed to the same tem-
perature and precipitation.

The intercepts and coefficients derived from LASSO regression
were then used to calculate the mean predicted OTU richness and
relative abundance of the guilds at each site in 2071-2100 using
the projected BIO1, BIO5, BIO6, and BIO12 values extracted from
the CHELSA-BIOCLIM+ database. Since there is previous evi-
dence for a negative association between the C/N ratio of barren
soils sampled from 60° to 72°S and air temperature (Newsham
et al. 2016), mean C/N ratio at each site in 2071-2100 was calcu-
lated based on a 0.169 unit reduction in this factor for each de-
gree Celsius increase in BIOS5 (Figure S2) and was included as a
predictor in the calculations for the relative abundance of animal
pathogenic fungi. In contrast, Spearman'’s rank correlations indi-
cated no relationships between soil pH value and any measures of
air temperature or precipitation (Figure S1), corroborating previ-
ous observations showing that soil pH value does not alter along
1650-2200-km transects through sub- and Maritime Antarctica
(Horrocks et al. 2020; Newsham et al. 2016), and those showing
the pH value of barren Maritime Antarctic soil to be unaffected
by Syears of warming with open top chambers (Figure S3). Soil
pH value was hence included, but was held constant, in the cal-
culations for the relative abundance of plant pathogenic fungi and
the OTU richness of both guilds. Similarly, NH,*-N concentration
was included, but was held constant, in the calculations for the
OTU richness of plant pathogenic fungi and the relative abun-
dance of animal pathogenic fungi, since there is robust evidence
that increased concentrations of inorganic nitrogen in soils at the
three southernmost sites studied here are caused not by low air
temperatures but by the proximity of the sites to seal or seabird
colonies (Bokhorst et al. 2019).

Principal component analysis (PCA) in MINITABv. 22 was used
to determine the associations between climatic and edaphic fac-
tors and the Hellinger-transformed relative abundance of each
fungal genus in the entire soil fungal community. Indicator
analysis using the indicspecies v. 1.7.15 package in R and the
multipatt() function (De Céceres and Legendre 2009) was
used to determine the genera of plant and animal pathogenic
fungi representative of soils from sites with values for climatic
and edaphic variables less than and greater than the median
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value for the transect (Figures 1b-e and S4; Table S2). The de-
pendent variable in these analyses was the percentage relative
abundance of each genus in the entire soil fungal community,
and the independent climatic and edaphic variables were re-
stricted to those selected as predictors by LASSO regression.
In order to reduce type I errors in the analyses, p values were
adjusted with Benjamini-Hochberg correction (Benjamini and
Hochberg 1995).

3 | Results

3.1 | Current Climate and Soilborne Fungal
Pathogen OTU Richness and Abundance

Spearman’s rank correlations indicated that current air tem-
peratures derived from the CHELSA dataset increased north-
wards along the transect, with BIO1 rising from between
—6.4°C and —7.0°C at sites 1-3 in southern Maritime Antarctica
to 4.0°C-6.8°C at sites 10-12 in Patagonia (Figure 1b). BIO5
similarly rose from 0.1°C to 2.3°C at sites 1-3 to 11.0°C-12.4°C
at sites 10-12 (Figure 1c). BIO6 also increased from between
—15.1°C and —16.0°C at sites 1-3 to between —2.6°C and 2.5°C
at sites 10-12 (Figure 1d). BIO12 did not alter along the tran-
sect owing to anomalously low precipitation at sites 10 and 11
in Patagonia (0.48-0.63 myear™'; Figure 1€). Mean air tempera-
ture seasonality (BIO4), annual range in air temperature (BIO7),
and precipitation seasonality (BIO15) each declined between
the southernmost and northernmost points of the transect
(Figure S4a-c). For the edaphic factors, although mean soil pH
value did not change along the transect, mean C/N ratio, and
the concentrations of NH,*-N, NO,™-N, total dissolved nitrogen,
and total dissolved organic carbon each declined between 67.9°S
and 51.0°S (Figure S4d-i).

Spearman's rank correlations also indicated that the current
OTU richness of plant pathogenic genera increased signifi-
cantly between 67.9°S and 51.0°S (Figure 1f). The mean rich-
nessof these generawaslowest atsites 1-3 in southern Maritime
Antarctica (2.5-3.4 OTUs), was moderate at sites 4 and 5, the
more northerly Maritime Antarctic sites (7.2-8.6 OTUs), and at
sites 7-9 on sub-Antarctic South Georgia (4.8-8.5 OTUs), and
was highest at sites 6 and 10-12 in Patagonia (9.0-14.0 OTUs;
Figure 1f). Similarly, the relative abundance of plant patho-
genic fungi increased northwards along the transect, with
low abundances of these genera at sites 1-3 (1.1%-5.3%) and
sites 7-9 (1.0%-13.8%), and higher abundances at sites 4 and 5
(10.0%-35.0%) and sites 6 and 10-12 (8.2%-31.4%; Figure 1g).
As for the OTU richness of plant pathogens, that of animal
pathogenic fungi also increased northwards along the tran-
sect (Figure 1h). The mean richness of these genera, which
was lowest at sites 1-3 (1.8-4.3 OTUs) and sites 7-9 (2.8-5.5
OTUs), was higher at sites 4 and 5 (6.0-6.6 OTUs) and sites 6
and 10-12 (6.2-11.4 OTUs; Figure 1h). In contrast, the rela-
tive abundance of animal pathogens was not associated with
latitude, with the lowest abundances of these genera being re-
corded at sites 7-9 (0.6%-1.4%), and similar abundances being
found at sites 1-6 and site 12 (3.5%-17.8%; Figure 1i). Two of
the three highest relative abundances of animal pathogenic
fungi were recorded at sites 10 and 11 in Patagonia (16.0% and
33.6%, respectively; Figure 1i).

3.2 | Factors Predicting Soilborne Fungal
Pathogen Richness and Abundance

Residual plots indicated that the LASSO regression models
provided good fits to the data (Figure S5a-d), further details of
which are shown in Table S3. LASSO regression selected BIO1,
BIOS5, soil pH value and NH,*-N concentration as the four best
predictors for the OTU richness of plant pathogenic fungal
genera, with positive regression coefficients being recorded for
each predictor except NH,*-N concentration (Table 1). ANOVA
indicated that BIO1 and pH value were significant predictors
for the OTU richness of plant pathogenic fungi, with a highly
significant effect of the former factor (Table 1). Univariate re-
gression models showed highly significant positive linear asso-
ciations between the OTU richness of plant pathogens and both
BIO1 and BIOS, each with coefficients of 0.72-0.74, a significant
positive linear association with soil pH value, and a quadratic
association with NH,*-N concentration (Figure 2a-d). The
OTU and ASV richness of phytopathogenic fungi were closely
associated with each other (Spearman’s rank correlation coef-
ficient =0.990, p <0.001), and LASSO regression hence selected
the same four predictors for the ASV richness of the guild as
those selected for OTU richness, with a highly significant pos-
itive effect of BIO1 and a significant positive effect of pH value
(Table S4). Univariate regressions between each of these four
predictor variables and the ASV richness of plant pathogenic
fungi were similar to those between the variables and OTU
richness (c.f. Figures 2a-d and S6a-d). BIO1, BIO6, BIO12, and
soil pH value were selected by LASSO regression as the four
best predictors for the relative abundance of plant pathogens,
with ANOVA showing BIO1 and BIO12 to be highly significant
and marginally significant predictors, respectively (Table 1).
Univariate regression models showed significant positive linear
associations between the relative abundance of plant pathogens
and BIO1, BIO6 and soil pH value, and a quadratic association
with BIO12 (Figure 2e-h).

LASSO regression selected BIO1, BIOS5, BIO12, and pH value
as the four best predictors for the OTU richness of animal
pathogenic fungi, with positive coefficients for each predictor
except BIO12 (Table 1). ANOVA showed BIO1, BIO12, and soil
pH value to be significant predictors for the OTU richness of
animal pathogens, with, again, a highly significant effect of
BIO1 (Table 1). Univariate regression models similarly indi-
cated highly significant positive linear associations between
the OTU richness of animal pathogenic fungi and BIO1 and
BIOS5, but with lower coefficients than those recorded for phy-
topathogen richness (0.46-0.47; Figure 3a,b). Univariate mod-
els also indicated negative and positive linear associations
with BIO12 and soil pH value, respectively (Figure 3c,d). As
for phytopathogenic fungi, the OTU and ASV richness of ani-
mal pathogenic fungi were closely correlated with each other
(Spearman'’s rank correlation coefficient=0.960, p <0.001),
with LASSO regression selecting the same four predictor vari-
ables for the ASV richness of these fungi as those selected for
OTU richness, but with a non-significant (p>0.05) effect of
soil pH value (Table S4). Univariate regressions between each
of these four predictor variables and the ASV richness of ani-
mal pathogenic fungi were similar to those between the vari-
ables and OTU richness (c.f. Figures 3a—-d and S6e-h). LASSO
regression selected BIO5, BIO12, C/N ratio, and NH,*-N
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TABLE 1 | Intercepts and coefficients for predictors of the operational taxonomic unit richness and relative abundances of plant and animal

pathogenic fungi derived from LASSO regression.

Plant pathogenic fungi

Animal pathogenic fungi

Richness (no. OTUs)

Relative abundance (%)

Richness (no. OTUs) Relative abundance (%)

Intercept 2.102x10° 3.037x107!
BIO1 6.221 X 1071 5.670 X 10~ 3%**
BIO4 0 0

BIOS 2.577%1072 0

BIO6 0 6.970x 1073
BIO7 0 0
BIO12 0 -1.169x 10722
BIO15 0 0

pH value 1.047 x 10%* 1.197x 1072
C/N ratio 0 0
NO,~-N 0 0
NH,+N ~1.815% 102 0

TDN 0 0
TDOC 0 0

2.483x%10° 2.477x1071
2.879 x 10~ 1H** 0
0 0
8.237x 1072 1.285x 1072+
0 0
0 0

—7.994 X 107 1** —6.340 X 1072##*

0 0

7.704 X 1071* 0
0 3.647x1073%
0 0
0 4.222x1073*
0 0
0 0

Note: Data shown are intercepts and coefficients with 4 set to 1.719x 1071, 2.521x 1072, 2.989 X 10~!, and 1.329 x 102 for the richness and relative abundance of plant
pathogenic fungi and the richness and relative abundance of animal pathogenic fungi, respectively. Note that LASSO regression models for relative abundances were
fitted on Hellinger-transformed data. Asterisks denote the significance of predictors derived from analysis of variance.

Abbreviations: OTUs, operational taxonomic units; TDN, total dissolved nitrogen; TDOC, total dissolved organic carbon.

1p<0.06.
*p<0.05.
#p <0.01.
#%p < 0.001.

concentration as the four best predictors for the relative abun-
dance of animal pathogens, with ANOVA indicating a highly
significant effect of BIO12, significant effects of BIO5 and
NH,*-N concentration and a marginally significant influence
of C/N ratio (Table 1). Univariate regression models showed
a highly significant quadratic relationship between the rela-
tive abundance of animal pathogens and BIOS, a highly sig-
nificant negative linear relationship with BIO12, and positive
linear relationships with C/N ratio and NH,*-N concentration
(Figure 3e-h).

3.3 | Predicted End-Of-Century Climate
and Soilborne Fungal Pathogen OTU Richness
and Abundance

Climate projections under the SSP1-2.6 scenario indicated in-
creases in BIO1, BIO5, and BIOG6 of 0.3°C-2.3°C along the tran-
sect by 2071-2100 (Figure 4a—c). In contrast, the SSP3-7.0 and
SSP5-8.5 scenarios led to larger projected increases in BIO1,
BIOS5, and BIO6 0f 1.5°C-6.6°C, with the largest rises in BIO1 and
BIOG at sites 1-3 in southern Maritime Antarctica (Figure 4a—c).
For annual precipitation, although the SSP1-2.6 scenario led
to nominal projected increases in BIO12 of 0.04-0.14myear!
along the transect, the SSP3-7.0 and SSP5-8.5 scenarios caused
BIO12 to increase by 0.10-0.51myear™! at ten sites, with the

largest rises at sites 1-3, and negligible increases in this factor
of 0.02-0.04 myear~" at sites 10 and 11 in Patagonia (Figure 4d).

The projected rises in air temperatures and annual precipitation
under the SSP1-2.6 scenario caused nominal predicted changes
to the OTU richness and relative abundance of plant pathogenic
genera, with end-of-century increases in these parameters of
0.2-1.1 OTUs and 0.1%-1.1% along the transect, respectively
(Figure 4e,f). In contrast, the SSP3-7.0 and SSP5-8.5 scenarios
caused larger predicted changes to plant pathogen OTU rich-
ness. At sites 1-3, where soils are currently inhabited by 2.5-3.4
OTUs of phytopathogens, the rises in BIO1 and BIOS5 under
these two scenarios led to predicted increases of 2.6-3.2 OTUs
of these fungi by 2071-2100 (Figure 4€), approximately doubling
present-day phytopathogen OTU richness in these soils. In soils
at the other nine sites, which are currently inhabited by 4.8-14.0
OTUs of phytopathogenic fungi, the SSP3-7.0 and SSP5-8.5 sce-
narios caused smaller predicted changes to plant pathogen rich-
ness of 1.4-2.1 OTUs (Figure 4e). Similar impacts of the SSP3-7.0
and SSP5-8.5 scenarios were predicted on the relative abun-
dances of plant pathogenic fungi. In the soils at sites 1-3, where
phytopathogens on average currently account for 3.4% of the soil
fungal community, the predicted changes in climate under the
two scenarios caused increases of 2.9%-3.4% in the abundance
of phytopathogens (Figure 4f), approximately doubling current
phytopathogen abundance in these soils. At other sites where
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FIGURE 2 | The OTU richness and relative abundance of soilborne plant pathogenic fungi as functions of climatic and edaphic factors select-

ed by LASSO regression. (a-d) OTU richness as functions of BIO1, BIO5, soil pH value, and NH,*-N concentration. (e-h) Relative abundance as

functions of BIO1, BIO6, BIO12, and soil pH value. Values are means+ SEM and grey dots show individual data points. Dotted lines show linear or

quadratic fits from regression models and asterisks denote statistical significance (*p < 0.05, **p < 0.01 and ***p < 0.001). The first and second coef-

ficients shown in panels d and g are linear and squared components, respectively. Sampling sites are color-coded for geographical region (see key in
Figure 1b). Abbreviations: adj., adjusted; Coeff., coefficient. Other abbreviations and notation as in Figure 1.

plant pathogens constitute 5.1%-35.0% of the community, the
SSP3-7.0 and SSP5-8.5 scenarios led to projected increases in the
relative abundance of phytopathogens of 1.6%-3.1% (Figure 4f).

The projected increases in BIO1, BIO5 and BIO12 under the
SSP1-2.6, SSP3-7.0 and SSP5-8.5 scenarios had comparatively
weak effects on the OTU richness of animal pathogens, with
0.1-1.3 more OTUs of these fungi predicted in all soils along
the transect by 2071-2100, and with negligible differences in
the size of the effect between latitudes (Figure 4g). Compared
with phytopathogen OTU richness, these smaller predicted in-
creases in part reflected the smaller positive coefficient for BIO1,

and the negative coefficient for BIO12, in the LASSO regres-
sion model for the OTU richness of the animal pathogen guild
(Table 1). Similarly, projected changes under all three scenarios
to BIOS5 and BIO12, along with reductions in soil C/N ratio asso-
ciated with increases in the former factor, led to a predicted 0.2%
reduction in the relative abundance of animal pathogenic fungi
at site 2 and to nominal 0.1%-1.5% increases in the abundance
of the guild at sites 1, 3-9 and 12 (Figure 4h). Compared with
plant pathogens, the negligible impacts of the three scenarios on
the abundance of animal pathogenic fungi at these sites in part
reflected the larger negative coefficient for BIO12 in the LASSO
regression model for the guild (Table 1). However, at sites 10
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FIGURE 3 | The OTU richness and relative abundance of soilborne animal pathogenic fungi as functions of climatic and edaphic factors select-
ed by LASSO regression. (a-d) OTU richness as functions of BIO1, BIO5, BIO12, and soil pH value. (e-h) Relative abundance as functions of BIOS,
BIO12, C/N ratio, and NH,*-N concentration. The first and second coefficients shown in panel e are linear and squared components, respectively.
Sampling sites are color-coded for geographical region (see key in Figure 1b). Abbreviations and notation as in Figure 2.

and 11 in Patagonia, where animal pathogens currently account
for 16.0%-33.6% of the soil fungal community, the SSP3-7.0 and
SSP5-8.5 scenarios caused predicted end-of-century increases
of 2.5%-3.9% in the relative abundance of animal pathogens
(Figure 4h).

3.4 | Soilborne Fungal Pathogens Indicative
of Climatic and Edaphic Factors

The OTUs were assigned to 105 genera that are broadly repre-
sentative of fungal communities inhabiting barren Maritime
Antarctic soils (Figure S7). Indicator analyses showed that,
in broad agreement with their placements on a principal

component loading plot (Figure S7b), the plant pathogenic
genera Botrytis, Cladosporium, Sporormiella, and Lachnellula
were each indicators for BIO1, with the former three genera,
the second of which also causes diseases of animals, being
indicative of soils from sites with BIO1 values of >—0.75°C
(Figure 5a). Botrytis and Sporormiella were not recorded
at sites 1-5 in Maritime Antarctica. Since BIO1, BIO5, and
BIOG6 were closely correlated with each other along the tran-
sect (Figure S1), Botrytis, Cladosporium, and Sporormiella
were also significant indicators for sites with BIO5 values of
>3.35°C and BIOG6 values of > —6.15°C (Figure S8a). In con-
trast, the genus Lachnellula was indicative of sites with BIO1
values of < —0.75°C (Figure 5a) and BIO6 values of < —6.15°C
(Figure S8b). Alternaria and Neocamarosporium, the latter of
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FIGURE 4 | Projected changes to climatic factors and the OTU richness and relative abundance of soilborne pathogenic fungi along the latitu-
dinal transect under three climate forcing scenarios. (a-d) Projected changes to BIO1, BIOS5, BIO6, and BIO12 by 2071-2100 relative to 1981-2010
under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 climate forcing scenarios. (e-h) Changes to the OTU richness and relative abundance of plant and animal
pathogenic fungi by 2071-2100 under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 climate forcing scenarios. Note that mean values are shown for each of the
12 sites and that all x- and y-axes of panels e-h are identically scaled. Sizes of circles in a-h represent different scenarios (see key in panel a). Sampling

sites are color-coded for geographical region (see key in Figure 1b). Abbreviations as in Figure 1.

which was absent from soils at sites 1-5, were both indicators
for soils with BIO6 values of >— 6.15°C (Figure 5b). Fusarium,
which also causes diseases of animals, was an indicator for
mean annual precipitation, with the genus being more abun-
dant in soils at sites with BIO12 values of <1.39myear™
(Figure 5c), and notably at sites 10 and 11. Although phyto-
pathogenic genera were less frequent indicators for edaphic
factors, Microdochium and Coleophoma were marginally
significant indicators for soils with C/N ratios of <8.21
and NH,*-N concentrations of <0.07mgL™!, respectively
(Figure S8c,d).

For the animal pathogenic genera, Beauveria and Naganishia
were indicative of soils with BIO1 values of >-0.75°C
(Figure 6a). Both genera were absent from soils at sites 1-5
in Maritime Antarctica and Naganishia was not recorded
in soils at sites 7-9 in sub-Antarctica. Owing to the close

correlation between BIO1 and BIOS5 (Figure S1), Beauveria
and Naganishia were also representative of soils with BIOS5
values of > 3.35°C (Figure S8e). Rhinocladiella, which was not
recorded in soils at sites 1-5 and 7-9, was indicative of soils
sampled from sites with BIO6 values of > —6.15°C (Figure 6b).
The animal pathogenic yeasts Candida and Cryptococcus
were both indicators for sites receiving <1.39myear™! of pre-
cipitation (Figure 6c), with both genera being frequent in soil
at site 10 in Patagonia. Although indicator analyses showed
that other animal pathogenic genera, notably Thelebolus,
but also Penicillium and Pseudogymnoascus, were not in-
dicative of precipitation, the principal component score and
loading plots showed that they were frequent in soils at sites
10 or 11 (Figure S7a,b). As for the phytopathogenic genera,
animal pathogens were less frequent indicators for edaphic
than climatic factors. However, Pseudogymnoascus was in-
dicative of soils with total dissolved nitrogen concentrations
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FIGURE 5 | Soilborne plant pathogenic fungal genera indica-
tive of climatic factors. (a) Mean relative abundances of Botrytis,
Cladosporium, Sporormiella, and Lachnellula in soil at sites with
BIO1 values of <—0.75°C and >—0.75°C, represented by blue and red
circles, respectively. (b) Mean relative abundances of Alternaria and
Neocamarosporium in soil at sites with BIO6 values of <—6.15°C and
>—6.15°C, represented by blue and red circles, respectively. (c) Mean
relative abundances of Fusarium in soil at sites with BIO12 values of
<1.39myear™! and >1.39myear™!, represented by cyan and dark blue
circles, respectively. Values are means+SEM and grey dots show in-
dividual data points. Each pairwise comparison was significantly dif-
ferent at p <0.05 following Benjamini-Hochberg correction. Note that
Cladosporium, Alternaria, and Fusarium also cause diseases of animals.

of >2.62mgL™!, and Cladophialophora was a marginally sig-
nificant indicator for soils with total dissolved organic carbon
concentrations of <25.07 mgL~! (Figure S8f,g).

4 | Discussion

Our findings show strong positive associations between air tem-
perature and the richness or relative abundance of soilborne
fungi assigned to genera causing, or associated with, diseases
of plants or animals in barren Patagonian and Antarctic soils,
most probably reflecting shifts towards fungal dispersal strate-
gies, and in particular the release of spores to the atmosphere, at
higher temperatures (Abrego et al. 2024; Newsham et al. 2016).
These associations held true for both OTU and ASV richness,
indicating similar effects of air temperature on approximate
species-level and genetic diversity, respectively. They suggest
that end-of-century climate change projected under the SSP3-7.0

(a) Beauveria
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BIO1 >-0.75 °C @
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(c) Candida
BIO12 <1.39 myr' | 0~
BIO12>1.39myr' | @

0 1 2 3 4
Cryptococcus
BIO12 <1.39 myr" —Or
BIO12>1.39myr' - @

0.0 0.4 0.8 1.2

Relative abundance (%)

FIGURE 6 | Soilborne animal pathogenic fungal genera indica-
tive of climatic factors. (a) Mean relative abundances of Beauveria and
Naganishia in soil at sites with BIO1 values of < —0.75°C and > —0.75°C,
represented by blue and red circles, respectively. (b) Mean relative abun-
dances of Rhinocladiella in soil at sites with BIO6 values of <—6.15°C
and >—6.15°C, represented by blue and red circles, respectively. (c)
Mean relative abundances of Candida and Cryptococcus in soil at sites
with BIO12 values of <1.39myear™! and >1.39myear™!, represented
by cyan and dark blue circles, respectively. Values are means+SEM
and grey dots show individual data points. Each pairwise comparison
was significantly different at p<0.05 following Benjamini-Hochberg
correction.

and SSP5-8.5 scenarios (IPCC 2021; Riahi et al. 2017) will force
increases to the present-day richness and abundance of soil-
borne fungal pathogens in Antarctica and Patagonia, and, by
inference, the frequency of the diseases that these fungi cause.
Notably, in southern Maritime Antarctic soils, which, owing
principally to low air temperatures, are currently inhabited
by relatively few pathogenic fungi, the analyses here forecast
approximate doublings to the present-day OTU richness and
abundance of phytopathogens by 2071-2100, with diminishing
effects on the guild at lower latitudes.

As in similar studies, the climate data used as predictors here
were derived from global databases, with the resolution of these
data affecting the outcomes of the analyses. Nevertheless, our
findings align broadly with those from other studies predicting
climate change to influence the taxonomic diversity and fre-
quency of soilborne plant pathogenic fungi on continents other
than Antarctica (Delgado-Baquerizo et al. 2020; Mikryukov
etal. 2023; Tedersoo et al. 2014; Vétrovsky et al. 2019; but see Luo
et al. 2025). A previous study that included soils from Antarctica
in a global phytopathogen assessment—which similarly identi-
fied climate as an important driver of fungal distribution—pre-
dicted increases under future climate change scenarios in the
relative abundances of seven out of the 10 most abundant fungal
genera that it recorded in soils (Li et al. 2023). However, most
probably reflecting the strong influence of dense vegetation
cover on the taxonomic composition of soil fungal communities
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(Newsham et al. 2021), there is little taxonomic overlap between
this and the present study, with eight of these 10 genera, includ-
ing the crop pathogens Erysiphe and Pseudocercospora, being
absent from the barren soils studied here. Hence, our study
closes an important knowledge gap regarding which taxa of phy-
topathogenic fungi are likely to become more prevalent in the
barren soils of Antarctica as the climate of the region changes
and plant populations, including those of Colobanthus quitensis,
expand into these soils (Cannone et al. 2022; Grobe et al. 1997).

As in similar previous studies (e.g., Delgado-Baquerizo
et al. 2020; Li et al. 2023), our analyses were made at the genus
level, and hence not all of the OT Us recorded here will necessarily
cause disease. Nevertheless, assuming that increased taxonomic
richness and relative abundance of soilborne fungi assigned to
pathogenic genera will lead to higher frequencies of host infec-
tions, and, in the light of the efficient airborne dispersal of fungal
propagules (Abrego et al. 2024; Bebber et al. 2013), then which
plant diseases can be expected to alter in frequency in warmer
and less arid Patagonian and Antarctic soils? Broadly, our obser-
vations indicate that Fusarium, a genus consisting of aggressive
phytopathogens causing vascular wilts, head blight and root and
stem rots (Armer et al. 2024), will decline in frequency as mean
annual precipitation increases in Antarctica and Patagonia.
Similarly, they suggest that Lachnellula, which causes cankers
(Yde-Andersen 1980), will also become less abundant in soils as
air temperatures rise along the transect studied here. However,
the majority of our findings point to rising air temperatures
forcing increases, rather than decreases, to the frequencies
of soilborne phytopathogenic fungi in Maritime Antarctica.
They indicate increased frequencies in soils of the aggressively
necrotrophic genus Botrytis, which causes grey molds (Dean
et al. 2012; Williamson et al. 2007), and of Neocamarosporium
and Sporormiella, which cause stem necroses and leaf spots (Do
Amaral et al. 2005; Yin et al. 2024), as air temperatures rise in
the region. Additionally, they show that increased frequencies
of leaf spots, scabs and blights caused by Cladosporium and
the aggressive phytopathogen Alternaria (Delgado-Baquerizo
et al. 2020; Kodama 2019; Thomma et al. 2005) can be antici-
pated as air temperatures rise across Maritime Antarctica.

Whilst approximate doublings to the present-day richness of
southern Maritime Antarctic soilborne phytopathogenic fungal
communities consisting of 2.5-3.4 OTUs may not substantially
increase their absolute taxonomic diversity, it should be borne
in mind that single species of novel fungal pathogens, typically
introduced to new environments through geographic jumps
facilitated by human dispersal (Engering et al. 2013), have the
capacity to infect naive plant hosts and radically alter terres-
trial ecosystems (Fones et al. 2017; Harvell et al. 2002). Notable
examples from temperate environments of such pathogens in-
clude species of Cryphonectria and Ophiostoma, which almost
eradicated Castanea and Ulmus species from North America
and Europe (Agrios 2009; Harvell et al. 2002), and a species of
the root-infecting oomycete Phytophthora, which transformed
native Australasian Eucalyptus forest to monocot-dominated
savanna (Weste and Marks 1987). The introduction of single
species of phytopathogens to the soils of southern Maritime
Antarctica, either through human activities or on air currents
(Abrego et al. 2024; Convey and Peck 2019), could have similar
disproportionately large impacts on the region's flora. Maritime

Antarctic vegetation is already predisposed to fungal infections,
caused by many months each year spent under snowpack at sub-
zero temperatures and at photosynthetic photon flux densities
close to zero during midwinter or under >0.2m of snow cover
(Newsham 2010), which halt photosynthesis, exhaust reserves
and weaken defences to pathogens (Tojo and Newsham 2012).
Primary infections in Antarctic bryophytes are often caused by
snow moulds, notably the oomycete Globisporangium (formerly
assigned to Pythium), but also true fungi such as Microdochium
and Typhula (Hoshino 2025), which are followed by second-
ary infections attributable to a range of ascomycetes, including
Cladosporium (Rosa et al. 2020). Together with physiological
stress caused by summertime heatwaves (Desaint et al. 2021;
Robinson et al. 2020), increased frequencies of infections caused
by these and other fungi are likely to diminish bryophyte and
vascular plant fitness in warmer Maritime Antarctic soils
(Bridge et al. 2008; Hoshino 2025).

Compared with phytopathogens, our analyses forecast weaker
effects of climate change on the richness and abundance of soil-
borne animal pathogenic genera, in part reflecting the smaller
positive coefficients for air temperature and larger negative co-
efficients for precipitation in the LASSO regression models for
these fungi. Nevertheless, the indicator analyses showed that
rising air temperatures are likely to increase the frequency of
Beauveria in soils, posing a potential threat to invertebrates, the
most abundant and diverse terrestrial animals in Antarctica
(Convey and Biersma 2024), of which the genus is an import-
ant pathogen (Boomsma et al. 2014). It is questionable whether
increased abundance of soilborne pathogenic fungi might pose
a similar risk to vertebrates, which, in principle, should be pro-
tected from infection by the inability of most fungi to grow at
temperatures exceeding ~37°C (Robert and Casadevall 2009).
Nevertheless, fungal infections in Antarctic seals and pen-
guins are not infrequent, with Alternaria, Cladosporium, and
Naganishia colonising the nasal, oral, and cloacal mucosa and
feathers of these animals (Brito Devoto et al. 2022). Although the
patchy distribution of marine vertebrate colonies in Antarctica is
likely to slow the transmission of these pathogens through host
limitation—with, for example, fewer than 270 colonies of Adélie
penguins present across the entire continent (Che-Castaldo
et al. 2017)—the increased occurrence in a warmer Maritime
Antarctic of cutaneous, subcutaneous, and cerebral phaeohy-
phomycosis and cryptococcosis caused by pathogenic members
of these genera (Li and de Hoog 2009; Oliveira et al. 2021), and
of Rhinocladiella (Revankar and Sutton 2010), cannot be dis-
counted. In humans, and particularly in immunosuppressed in-
dividuals, soilborne fungi in the region may hence pose a risk to
health (de Sousa et al. 2017).

The negative coefficients for precipitation in the LASSO regres-
sion models for the richness of animal pathogenic fungi and the
relative abundances of both pathogenic guilds run counter to
the normally positive effects of precipitation on the taxonomic
diversity and frequency of soilborne fungi (e.g., Mikryukov
et al. 2023; Tedersoo et al. 2014). These observations possibly
reflect the xerotolerance of microbes in arid regions. Several ani-
mal pathogenic genera, notably Thelebolus, but also Penicillium,
Pseudogymnoascus, Fusarium, Candida, and Cryptococcus,
were found to be frequent in soils at sites 10 or 11, which re-
ceive 0.48-0.63myear™! of precipitation. A previous study
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has shown Antarctic isolates of Thelebolus, Penicillium, and
Pseudogymnoascus to grow at a water activity (a,) of 0.66 (Coelho
et al. 2021), at below the limit of water availability considered
to be hostile for life (<0.72a,; Williams and Hallsworth 2009)
and at close to the absolute lower limit for extreme xerophilic
fungal growth (~0.63a,; Stevenson et al. 2015). Furthermore,
Fusarium, Candida and Cryptococcus, species of which are
listed as high priority or critical human pathogens (Rodrigues
and Nosanchuk 2023; World Health Organization 2022), have
been shown to be abundant in arid soils at high latitudes (di
Menna 1966; Newsham et al. 2021). Increased frequencies of xe-
rotolerant or xerophilic members of these genera in the arid soils
studied here may hence account for the negative coefficients re-
corded for precipitation in the LASSO regression models, and
particularly the model for the relative abundance of animal
pathogens. Despite the negative coefficient for precipitation in
this model, the SSP3-7.0 and SSP5-8.5 climate forcing scenarios
nevertheless caused projected 2.5%-3.9% increases to the rela-
tive abundances of animal pathogens at sites 10 and 11. These
sites, where the guild currently accounts for up to a third of the
soil fungal community, are hence apparently at moderate future
risk from diseases caused by animal pathogenic fungi.

In broad agreement with previous regional and global stud-
ies of soil fungi (Li et al. 2023; Newsham et al. 2016; Tedersoo
et al. 2014; Vétrovsky et al. 2019), we found edaphic factors to
explain lower amounts of variance in soil pathogenic fungal
diversity and relative abundance than climatic factors, with
ANOVA usually indicating less statistically significant fits for
edaphic than for climatic factors, and fungal genera being only
marginally significant indicators for C/N ratio and the concen-
trations of NH,*-N and TDOC in soil. The former edaphic fac-
tor, which was positively associated with the relative abundance
of animal pathogenic fungi, was adjusted in our predictive anal-
yses to account for future increases in maximum summertime
air temperature, reflecting the anticipated reductions in this
ratio as warming accelerates organic matter decomposition
in Maritime Antarctic soils (Bokhorst et al. 2007; Newsham
et al. 2016). Soil pH value was positively associated with the
richness of both plant and animal pathogenic fungi, confirming
the importance of soil reaction for fungal diversity worldwide
(Delgado-Baquerizo et al. 2020; Newsham et al. 2021; Tedersoo
et al. 2014; Vétrovsky et al. 2019). Whilst we cannot discount
the possibility that increasing air temperature and precipita-
tion in Maritime Antarctica and Patagonia might affect soil pH
value through mechanisms not captured in our dataset, studies
across transects through these regions over which mean annual
air temperature alters by 7°C-8°C show no changes to soil pH
value, with field experiments also showing no change to the
pH value of barren Antarctic soil warmed by 1°C with open top
chambers for Syears (Horrocks et al. 2020; Newsham et al. 2016,
2022). Consequently, soil pH value was included, but was held
constant, in our predictive analyses.

Soil NH,*-N concentration was similarly held constant in the
predictive analyses. Direct effects of increasing air tempera-
tures on this edaphic factor along the transect studied here are
unlikely, since, although permafrost thaw might elevate soil
NH,*-N concentrations (Hansen and Elberling 2023; Keuper
et al. 2012), total nitrogen concentrations in barren soils at high
latitudes are so low, both in the active layer and in underlying

permafrost (e.g., 0.02%-0.07%; Newsham et al. 2022; Otero
et al. 2013; Roberts et al. 2009), that negligible increases in
NH,*-N concentrations from melting permafrost are unlikely
to influence the richness and relative abundance of soilborne
fungal pathogens. It remains possible that future changes to
the sizes of seal and seabird colonies, which emit windborne
nitrogen and are the main source of inorganic forms of the ele-
ment in nearby Maritime Antarctic soils (Bokhorst et al. 2019),
might indirectly affect the richness of phytopathogenic
fungi and the relative abundance of animal pathogenic fungi
through their effects on soil NH,*-N concentration. However,
without reliable estimates of changes to populations of marine
vertebrates, and the precise relationship between the numbers
of these animals and inorganic nitrogen concentration in soils
downwind of colonies, accurately predicting changes to soil
NH,*-N concentration, and subsequent impacts on the diver-
sity and abundance of soilborne fungal pathogens, is currently
not feasible.

5 | Conclusions

Assuming the subordination of environmental concerns by
the governments of nations contributing significantly to global
greenhouse gas emissions (Garcia-Soto 2025), and low priori-
ties amongst other nations for addressing these concerns (Riahi
et al. 2017), it is not unlikely that mean annual air temperature
over Chile and Antarctica will rise by 4°C-5°C during the next
seven decades (Bracegirdle et al. 2020; Williams 2017). Our find-
ings indicate that rises in air temperature of this magnitude will
force approximate doublings to the OTU richness and relative
abundance of soilborne phytopathogenic fungi at high latitudes in
Maritime Antarctica, giving rise to soils with pathogenic fungal
burdens similar to those in present-day sub-Antarctica and south-
ern Patagonia. Additionally, they point to increased abundances
in Maritime Antarctic soils of phytopathogenic fungal genera
characteristic of warmer habitats closer to the equator, including
those causing grey molds, blights, scabs and leaf spots. The in-
creased incidence of these, and potentially other, fungal diseases
poses a threat to Maritime Antarctic plants as they colonize barren
soils, chiefly through reductions in primary productivity but also
through shifts in community composition and genetic diversity
(Fisher et al. 2012; Harvell et al. 2002; Singh et al. 2023). As on
other continents (Agrios 2009; Bebber et al. 2013, 2014; Delgado-
Baquerizo et al. 2020; Weste and Marks 1987), such changes may
have far-reaching consequences for the terrestrial ecosystems of
the region by the end of the 21st century.
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