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Summary

The aboveground impacts of climate change receive extensive research attention, but climate
change could also alter belowground processes such as the delicate balance between free-living
fungal decomposers and nutrient-scavenging mycorrhizal fungi that can inhibit decomposition

through a mechanism called the Gadgil effect.

We investigated how climate change-induced reductions in plant survival, photosynthesis and
productivity alter soil fungal community composition in a mixed arbuscular/ectomycorrhizal
(AM/EM) semiarid shrubland exposed to experimental warming (W) and/or rainfall reduction
(RR). We hypothesized that increased EM host plant mortality under a warmer and drier climate
might decrease ectomycorrhizal fungal (EMF) abundance, thereby favouring the proliferation and

activity of fungal saprotrophs.

The relative abundance of EMF sequences decreased by 57.5% under W+RR, which was
accompanied by reductions in the activity of hydrolytic enzymes involved in the acquisition of
organic-bound nutrients by EMF and their host plants. W+RR thereby created an enhanced
potential for soil organic matter (SOM) breakdown and nitrogen-mineralization by decomposers,
as revealed by 127-190% increases in dissolved organic carbon and nitrogen, respectively, and

decreasing SOM content in soil.

Climate aridification impacts on vegetation can cascade belowground through shifts in fungal
guild structure that alter ecosystem biogeochemistry and accelerate SOM decomposition by

reducing the Gadgil effect.

Key words: Mixed arbuscular/ectomycorrhizal (AM/EM) ecosystems; fungal functional guilds;
Gadgil effect; mycorrhizal nutrient economy; dissolved organic carbon, dissolved nitrogen;

extracellular hydrolytic soil enzymes.
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Introduction

Climate change models predict large increases in temperature and atmospheric vapour pressure
deficit in the Mediterranean region as a consequence of anthropogenic global warming, which will
be accompanied by reductions in the amount and frequency of precipitation (Guiot & Cramer,
2016). Projected climate aridification trends will thus increase heat and drought stress for plants
and their symbiotic mycorrhizal fungi in many dryland areas, leading to reductions in plant
survival and aboveground primary productivity that could also alter belowground processes

(Ledn-Sanchez et al., 2018, 2020).

Plants and their mycorrhizal fungi may compete with decomposers for soil N and other nutrients,
especially in low-fertility ecosystems with poor litter quality (Lindahl ez al., 2005; Bodeker et al.,
2016; Fernandez et al., 2020). Ectomycorrhizal fungi (EMF) produce N-degrading enzymes that
allow them access to organic-bound N sources (Read & Pérez-Moreno, 2003; Averill et al., 2014;
Averill & Hawkes, 2016). Decomposition of litter and soil organic matter (SOM) is often
constrained by low nitrogen availability to free-living microbial decomposers (Schimel & Bennett,
2004). EMF can outcompete saprotrophic fungi for organic-bound nutrients present in litter and
SOM thanks to high carbon allocation from host plants, which can lead to slowed or suppressed
degradation of litter and SOM, a mechanism known as the “Gadgil effect” (Gadgil & Gadgil,
1971). According to the N-mining hypothesis (Orwin et al., 2011), EMF selectively forage for
organic-bound nutrients and hydrolyse or oxidize SOM to obtain small organic N-rich compounds,
leaving behind a nutrient-poor and C-enriched substrate (Perez-Moreno & Read 2000; Pritsch &
Garbaye 2011). This may result in nutrient limitation of free-living saprotrophs, thereby inhibiting
decomposition of SOM and enhancing soil carbon storage in low-fertility ecosystems
(Clemmensen et al., 2013; Zak et al., 2019). EMF mycelia further contribute to the formation of
mineral-stabilized SOM through hyphal exudation of mineral surface reactive metabolites (Wang
et al., 2017; Frey, 2019). Arbuscular mycorrhizal fungi (AMF) have less complex enzymatic
capabilities than EMF, which limits their ability to access and exploit organic nutrient sources
(Averill & Hawkes, 2016). However, AMF can also inhibit litter decomposition by saprotrophs
and might contribute to the Gadgil effect in nutrient-poor habitats (Leitheit ez al., 2015).

Global changes that alter the competitive interactions between mycorrhizal fungi and microbial

decomposers could influence soil carbon storage at regional to global scales (Soudzilovskaia et al.,
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2019). The potential impacts of climate aridification on the competitive balance between soil
fungal guilds and the Gadgil effect have received limited research attention, despite the
widespread occurrence of climate-change induced alterations in soil fungal community structure
and functionality (Compant et al., 2010; Yuste ef al., 2011; Bastida et al., 2017). The abundance
and diversity of EMF in dryland ecosystems often decrease with climate warming and drying
(Querejeta et al., 2009; Swaty et al., 1998, 2004). This may be due to reduced carbon allocation by
climatically-stressed host plants with poorer photosynthesis and demand for nutrients, and/or to
low tolerance of some EMF to soil desiccation and heat stress (Coleman et al., 1989; Nickel et al.,
2018). Even more importantly, increased EM host plant mortality with hotter droughts could
drastically reduce EMF abundance and diversity in drylands under a climate aridification scenario

(Mueller et al., 2005; Leon-Sanchez et al., 2018).

Studies focusing on vegetation types that associate with both EMF and AMF may enhance our
understanding of the extent to which mycorrhizal fungi contribute to SOM dynamics and
ecosystem nutrient economy (Phillips et al., 2013). Mixed EM/AM shrublands dominated by
shrubs of the Cistaceae family are endemic-rich communities that occupy vast areas of the drier
parts of the Mediterranean region (Comandini et al., 2006; Leonardi ef al., 2018; Marqués-Gélvez
et al., 2020). Shrublands allow easier experimental manipulation of temperature and rainfall than
forests due to smaller plant size, and thus provide convenient model systems for assessing the
impacts of simulated climate warming and drying on vegetation and soil fungal communities
(Leon-Sanchez et al., 2018, 2020). Manipulative experiments in shrublands offer an untapped
potential for assessing climate-induced alterations in the strength of the Gadgil effect in intact soil,
as temperature and rainfall modification could induce changes in fungal guild dominance without
the need for direct manipulation of the belowground compartment (Bennett & Classen, 2020).
Moreover, native shrubs growing on low-fertility dryland soils show high foliar carbon-to-nutrient
ratios and poor litter quality linked to high nutrient resorption efficiencies before foliar senescence
(Prieto et al., 2019; Prieto & Querejeta 2020), which should enhance the strength of the Gadgil

effect through intense competition for scarce nutrients between fungal guilds.

Here, we propose and experimentally test a conceptual model of the impacts of climate
aridification on soil fungi and SOM dynamics in low-fertility drylands (Figure 1). We tested our
model in mixed EM/AM semiarid shrubland communities that were exposed to 4 years of

experimental climate manipulation. In a recent companion paper we reported the strong negative
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impacts of warming and rainfall reduction (W+RR) on the native shrubs, including large increases
in heat- and drought-related mortality and decreases in the photosynthesis and productivity of the
surviving individuals (Ledn-Sanchez et al., 2020). In particular, the two main EM host shrub
species (Helianthemum syriacum, Helianthemum squamatum) present in the experimental plots
exhibited 68-72% mortality over 4 years in the W+RR treatment, along with 28-47% reductions in
photosynthesis and 47-56% reductions in shoot biomass growth relative to control plants. Here,
we test the following hypotheses: 1) Higher mortality and lower photosynthesis of EM host plants
will decrease EMF abundance under W+RR. ii) Decreased carbon availability for allocation to
EMF in climatically-stressed survivor host plants will reduce EMF ability to produce
metabolically expensive enzymes needed for nutrient mining of SOM under W+RR. iii) Climate
aridification will thereby alleviate the nutrient limitation of free-living fungal decomposers
through competitive release from EMF and their host plants under W+RR. iv) Reduced strength of
the Gadgil effect under W+RR will stimulate the proliferation and activity of fungal decomposers
and will thereby enhance nitrogen mineralization and SOM decomposition in these nutrient-poor
soils. v) In contrast to EMF, AMF abundance will remain largely unaffected because some AM
host shrubs showed high survival rates under W+RR (75-100% survival in Gypsophila struthium,
Teucrium turredanum,; Léon-Sanchez et al., 2020), which should allow them to continue

supporting their AMF symbionts.
Materials and Methods:
Study site, experimental design and soil sampling

This study was conducted near Sorbas in Southeastern Spain (37°05'N-2°04'W; 400 m above sea
level.). The climate is semiarid Mediterranean, with mild winters and dry, hot summers. Mean
annual temperature is 17 °C and rainfall is 275 mm occurring mostly in autumn and spring. Soils
have high gypsum content (>50%), high pH (>7) and low organic carbon content and fertility
(Table S1). Vegetation is a mixed EM/AM shrubland dominated by the perennial tussock grass

Stipa tenacissima and several woody shrub species.

In May 2011 we started a randomized factorial experiment in the field with two experimental
factors: warming (W) and rainfall reduction (RR). To simulate the predictions for the second half
of the XXI century in the Mediterranean Region (Giorgi & Lionello, 2008), open-top chambers

(OTCs) were used to achieve temperature elevation. OTCs are hexagonal chambers, with sloping
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slides of 40 x 50 x 32 cm (Fig. S1). They are made of methacrylate, which transmits about 92% of
visible light, has a reflection of incoming radiation of 4%, and passes on 85% of incoming energy
(Decorplax S.L., Spain). OTCs were suspended ~3 cm above the ground by metal frames allowing
free air circulation and exchange with the surrounding environment to minimize undesirable
experimental artifacts (Hollister & Weber, 2000). Upon installation in the field, the vertical height
of the OTCs was 40 cm. Passive rainout shelters were used to simulate rainfall reduction, which is
achieved by suspending transparent methacrylate troughs covering ~30% of the plot area over an
aluminium frame above the plots (height 130 cm, width 100 x 100 cm; Fig. S1). Intercepted
rainwater (30%) is diverted through pipes, collected in tanks and removed. Both OTCs and rainout
shelters were installed over the same plots in order to achieve the combined warming plus rainfall
reduction effect (W+RR). Climate treatments were randomly assigned to plots: 10 plots with
OTCs only (W), 10 with rainout shelters only (RR) and 11 combining OTCs with rainout shelters
(W+RR), along with 32 control plots (of which 19 were randomly selected for this study).

Air temperature/relative humidity and topsoil (0-5 cm) temperature and moisture content were
monitored using replicated automated sensors (HOBO®U23 Pro v2 Temp/RH; TMC20-HD
sensors, Onset Corp., Pocasset, MA, USA; EC-5 moisture sensors, Decagon Devices Inc.,
Pullman, WA, USA, respectively). OTCs increased mean annual air temperature by ~2°C in the W
and W+RR plots, relative to control conditions, with larger increments during warm periods (4-
5°C during hot days in summer) than during cold periods (~1°C). Topsoil mean annual
temperature was 2.2°C higher and topsoil moisture content was 16% lower in the warmed plots
(W and W+RR) than in control plots. Rainout shelters reduced topsoil moisture content by 14%

but did not alter air or soil temperatures (Ledén Sanchez et al., 2020).

The dominant shrub species in the experimental plots were Helianthemum syriacum (Cistaceae,
30.7% plant cover), Helianthemum squamatum (Cistaceae, 2.4%), Gypsophila struthium
(Caryophyllaceae, 20.6%), Teucrium turredanum (Lamiaceae, 8.6%), Santolina viscosa
(Asteraceae, 11.4%) and Coris hispanica (Primulaceae, 2.7%). Other perennial woody shrubs and
annuals were also present (23.6% cover in total). The two Helianthemum species are primarily EM
but can also establish symbiotic associations with AMF, whereas the remaining shrub and annual

species are strictly AM (Brundrett, 2009).
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Extensive root sampling to assess mycorrhizal root colonization and fungal identity in each shrub
species would have implied destructive root excavation and severe disruption of our experimental
system. Moreover, root species identification was hampered by the coexistence of several shrub
species growing together within the same vegetation patches, which leads to root overlap and
intermingling between neighbour shrubs. We focused instead on the fungal community present in
rhizosphere soil under shrubs. Four years after the start of the experiment (May 2015), 50
rhizosphere soil samples (0-15 cm depth) were collected with a hand auger corer (5 cm diameter)
under the canopy of H. syriacum (27) or G. struthium (23) shrubs. Nineteen control plots were
randomly selected for soil sampling, along with 10 W plots, 10 RR plots and 11 W+RR plots. The
50 rhizosphere samples (one soil core taken per experimental plot) were transported to the
laboratory on ice and sieved through 2-mm. A soil subsample was stored in sealed plastic bags at -
80 °C until DNA extraction, whereas the remaining soil was stored at 4°C for biochemical

analyses.
Soil DNA extractions

Total genomic DNA was extracted from 300-mg of each rhizosphere soil sample, employing the
FastDNA spin kit for soil (MP Biomedicals) and following the manufacturer’s protocol. Extracted
DNA was checked in 1% agarose gels run in 0.5 X TAE buffer (Tris-acetate-EDTA; 100 V, 15
min) in order to assess the quality of the extractions and the yield was quantified using a Quant-iT
Picogreen dsDNA Assay Kit (Invitrogen, Eugene, OR, USA) on a Varian Cary Eclipse

fluorescence spectrometer (Agilent Technologies, Santa Clara, CA, USA).
ITS PCR, library preparation and sequencing

We analyzed the rhizosphere fungal communities using a barcoded high-throughput sequencing
approach similar to McGuire ef al. (2013). The first internal transcribed spacer region (ITS1) was
amplified by PCR using the universal fungal primers ITS1F
(CTTGGTCATTTAGAGGAAGTAA, Gardes & Bruns, 1993) and ITS2
(GCTGCGTTCTTCATCGATGC, White et al., 1990). We utilized a dual barcoding approach
with 8-bp error-correcting unique barcodes on both primers (5’-barcode-primer-3°; the

Supplementary Data S1 contains the sample-to-barcode assignments).

All DNA samples were amplified in triplicate PCR reactions of a total volume of 25 pL,
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consisting of 12 uL of water, 10 uL 2.5x 5 Prime Hot Master Mix, 1 uL each of the forward and
reverse primers (5 uM final concentration), and 1.0 ng genomic DNA as template. Thermal
cycling was performed on an iCycler PCR Instrument (Bio-Rad) with the following conditions: an
initial denaturation step at 94°C for 3 minutes, with amplification proceeding for 35 cycles at 94°C
for 45 s, 50°C for 60 s, and 72°C for 90 s; a final extension of 10 min at 72°C. The products of the
triplicate PCR reactions were pooled, confirmed on an 1% agarose gel (Sigma-Aldrich, USA) for
absence of contamination in negative control samples, purified from PCR reagents using the ‘PCR
reaction clean-up’ kit (Macherey-Nagel, Diiren, Germany) following the manufacturer’s
instructions. Amplicon concentrations were quantified on a Varian Eclipse Fluorescence plate
reader (Agilent, USA) using Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, USA) and
Herring Sperm DNA (Invitrogen, USA) as standard solution. Amplicons from all samples were
pooled in equimolar concentrations, purified using Agencourt AMPure XP beads (Beckman
Coulter, USA). Library preparation including ligation of Illumina adapters and sequencing on the
MiSeq Instrument (Illumina, San Diego, USA; 2x 300 bp, v3 Sequencing kit) was performed at
the Functional Genomics Center Zurich. We typically sequence various experiments in one MiSeq
run, which was deposited with an earlier study (Hartman ef al., 2018). The raw sequencing data is
available from the European Nucleotide Archive (http://www.ebi.ac.uk/ena) with the sample ID
SAMEAA4711908 under the study accession PRIEB21595. The sequences of this study can be

extracted from the raw data based on the barcodes and primers indicated in Methods S1.
Bioinformatics

Raw reads were processed using the bioinformatics pipeline documented in Methods S2. Reads
were pre-quality filtered (max. 1 N, min. length 100 bp) and trimmed at the 3’-end to 280 bp using
PRINSEQ (Schmieder & Edwards, 2011) and then merged with FLASH (Magoc & Salzberg,
2011). Sequences were de-multiplexed using Cutadapt (Martin, 2011) and were quality-filtered
with PRINSEQ (30-70% GC, min. quality 20, no N allowed). For operational taxonomic unit
(OTU) delineation the ITS sequences were trimmed to the fixed length of 220 bp, sorted by
abundance, de-replicated, and clustered to OTUs (=97%, singletons removed) with UPARSE
(Edgar, 2013). Chimeric sequences were screened using UCHIME (Edgar ef al., 2011) against the
UNITE database (Abarenkov et al., 2010) and removed. Taxonomy assignment was performed

using the UNITE database (v7.0) with the RDP classifier as implemented in QIIME (Caporaso et
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al., 2010). Fungal OTUs were classified into functional guilds using FUNGuild database v1.1
(Nguyen et al., 2016).

Fungal community analysis in R

To avoid bias by differences in sequencing effort we normalized the data by rarefying the samples
to 2187 sequences. To assess whether the fungal community structure was affected by the climate
manipulation factors (warming, rainfall reduction and their interaction), a permutational
multivariate analysis of variance (PERMANOVA) was performed with the adonis function in the
vegan package for R (Oksanen et al., 2016) using Hellinger-based distances as a measure of
dissimilarity and 999 permutations. A redundancy analysis ordination (RDA) using Hellinger-
based distances was performed to visualize differences in fungal community structure among
climate treatments (rda function, vegan package in R). The alpha diversity indices (OTU richness,
Shannon-Weaver and Pielou evenness indexes) were calculated for the entire soil fungal
community and for each of the main fungal functional guilds separately (specnumber and diversity
functions, vegan package in R). All microbiota analysis were performed in R (v3.6.1; R Core

Team, 2019; Methods S3).
Rhizosphere soil chemical and biochemical analyses

Free soil water content was measured gravimetrically at low temperature (40°C, 72h) to avoid
release of gypsum crystallization water. Total organic carbon (TOC) and total nitrogen contents
were measured using an Elemental Analyzer (C/N Flash EA 1112 Series Leco-Truspec). Soil
organic matter (SOM) contains approximately 58% C; therefore, a factor of 1.72 can be used to
convert TOC to SOM (Guo & Gifford, 2002). Dissolved organic carbon (DOC) and dissolved
nitrogen (DN, including inorganic and organic N) were measured in soil water extracts (1:5; w:v)
with a Multi N/C 3100 Analyzer (Analytik Jena). Soil microbial decomposers convert polymeric
SOM to DOC, which is the main rate-limiting step in SOM decomposition. DOC and DN contents
in soil thus provide an indication of SOM decomposition and N mineralization processes,
respectively (Allison et al., 2010). DOC and DN values were normalized by soil TOC content and
log-transformed before statistical analyses. The extractable C of the humic compounds in soil
(humic and fulvic acids, which are the stable and recalcitrant fractions of SOM) was determined in
the alkaline sodium pyrophosphate extract by oxidation with potassium dichromate in an acid

medium (H,SO,;) and measured spectrophotometrically (Stevenson, 1985). The soil electrical
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conductivity (EC) and pH were measured in the aqueous extract (1:5; w:v), using a conductance-

meter and a pH-meter (GLP 31 and GLP 21, Crison Instruments, Hach Lange Spain).

Extracellular nutrient-acquiring enzyme activities involved in the acquisition of organic-bound N
and P by plants, EMF and other soil microorganisms were measured in freshly collected soil
samples. Urease activity was determined as the ammonium released in the hydrolytic reaction
using urea as substrate (Kandeler et al., 1999). Glycine-aminopeptidase (GAP) activity was
determined by spectrophotometry measuring the product of the protein degradation (p-
nitroaniline) in the soil extract. Alkaline phosphomonoesterase activity was determined by
measuring the p-nitrophenol released in the hydrolytic reaction by colorimetry (Tabatabai &
Bremmer 1969) in a UV-VIS spectrophotometer (Helios Alpha, Thermo, UK). Extracellular
enzyme activities were normalized by the microbial biomass content in soil samples (see below) to
calculate specific enzyme activities, which indicate the proportional allocation of microbes into

enzyme synthesis (Hacker et al., 2015; Zuo et al., 2018).

Dehydrogenase enzyme activity was determined as the reduction of p-iodonitrotetrazolium
chloride to p-iodonitrotetrazolium formazan (INTF) by measuring the absorbance of INTF in a
spectrophotometer (Trevors et al., 1982). Dehydrogenase activity provides an index of the
metabolic activity of living heterotrophic soil microbes, as it is linked to intact and viable
microbial cells only and plays a key role in intracellular oxidative degradation processes (e.g.

dehydrogenation and oxidation of SOM; Ross, 1971; Quilchano & Maraiién, 2002).

Microbial heterotrophic respiration was measured by placing one gram of soil in a sealed flask,
moistened to 60% of the soil water holding capacity and then incubated for a month at 28°C
(Garcia et al, 1994). The CO, evolved was measured weekly using a gas chromatograph
(GC/FID, AutoSys-tem XL Gas Chromatograph, Thermo Scientific), and respiration was
calculated as ug C_CO, g™! soil day .

For evaluation of the total microbial biomass content in soil (fungi plus bacteria), microbial
phospholipid fatty acids (PLFAs) were extracted from 6 g of soil using a chloroform-methanol
extraction, and fractionated and quantified using the procedure described by Bardgett et al. (1996).
Phospholipids were transformed by alkaline methanolysis into fatty acid methyl esters (FAMEs),
which were quantified by a gas chromatograph (TRACE GC Ultra, Thermo Scientific). More
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specifically, the PLFA 18:2w6, 9 was used to assess the fungal biomass content in soil samples

(Frostegard & Baath 1996).
Statistical analyses

Two-way ANOVAs were used to assess the impacts of the two experimental climate factors (W
and RR) and their interaction (W x RR) on the relative sequence abundances of fungal guilds and
soil parameters. Post-hoc tests (LSD pairwise means comparisons adjusted for multiple
comparisons) were used to assess significant differences between climate treatments. Pearson
correlation, stepwise regression and principal component analyses (PCA) were used to examine
the relationships between fungal guild relative sequence abundances and soil properties. Non-
normal variables were log-, square root or arcsin transformed prior to statistical analyses,

conducted using SPSS 27.0 software (SPSS Inc., Chicago, USA).
RESULTS
Overall fungal community structure

The number of fungal sequences per soil sample ranged from 2,187 to 24,178. Rarefaction curves
revealed that the sequencing effort was sufficient to capture the majority of the fungal diversity
present (Fig. S2). Sequencing of the fungal ITS region yielded a total of 827,439 high-quality
sequences, which were clustered into 2092 fungal OTUs. Of these, 851 OTUs corresponded to
unidentified fungi in UNITE. The soil fungal community was dominated by Ascomycota (65.6%),
as usually encountered in drylands (Fig. S3). We were able to assign 1,181 OTUs to functional
guilds according to FUNGuild, of which the majority had “probable” or “highly probable” guild
status. Sixty additional OTUs with no results in FUNGuild were manually assigned to guilds
based on careful revision of the fungal literature (Methods S4). Among the resulting 1241 OTUs
assigned to guilds, 367 OTUs were classified as EMF, 544 as saprotrophs, 111 as AMF, 122 as
plant pathogens, 27 as lichenized fungi, 29 as animal pathogens, 26 as plant endophytes, 15 as

fungal parasites.
Impact of experimental climate manipulation on rhizosphere fungal communities

PERMANOVA analysis of the rhizosphere fungal community through Hellinger based OTU

distance metrics revealed significant impacts of the experimental warming factor (P=0.010), the
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rainfall reduction factor (P=0.032) and their interaction (marginal effect, P=0.084) on fungal
community structure (Table S2, Fig. S4). Nearly identical results were obtained when using
rarefied or non-rarefied data in the PERMANOVA (Table S2). Mean fungal OTU richness per soil
sample was marginally reduced with warming (P=0.078, Table S3).

The relative abundance of EMF sequences in rhizosphere soil was decreased by both experimental

warming (P=0.027, Table S4) and rainfall reduction (P=0.025). EMF sequence abundance was

highest in the control treatment and lowest under W+RR (57.5% reduction relative to control;

Figs. 2, 3). The average richness of EMF OTUs per soil sample was also decreased by warming

(P=0.037, Table S3). The relative abundance of EMF basidiomycetes with medium- or long-
distance hyphal exploration types (Cortinarius, Scleroderma, Thelephoraceae) was decreased by

rainfall reduction (P=0.019), and was lowest under W+RR (Fig. S5).

The relative abundance of saprotrophic fungal sequences was increased by experimental warming

(P=0.014, Table S4) and marginally by rainfall reduction (P=0.077). Saprotroph sequence

abundance was lowest in the control treatment and highest under W+RR (39.9% increase relative

to control, Figs 2, 3, S5, S6). However, the diversity (Shannon) and evenness (Pielou) of the

saprotrophic fungal guild decreased with warming (P=0.019 and P=0.025, respectively; Table S3),

revealing increased dominance by fewer saprotrophic taxa in the W and W+RR treatments (e.g.

Filobasidium, Davidiella, Gliomastix sp.).

Analysis of the raw fungal sequence abundances in rhizosphere soil (Fig. S7) further confirmed

the patterns observed for relative abundance data: raw EMF sequence abundance decreased with

both warming (P=0.016) and rainfall reduction (P=0.005), whereas the raw sequence abundance of
saprotrophic fungi increased with warming (P=0.030).

Total fungal biomass content in soil was similar between the control and W+RR treatments
(Tables S5, S6), so the drastic change in guilds raw and relative abundances observed under
W+RR necessarily translates into decreased EMF biomass coupled with increased biomass of
fungal saprotrophs in absolute terms, compared to the control. Interestingly, higher EM plant
mortality was linked to lower EMF abundance across climate treatments (r=-0.810, P=0.015). The
mean mortality rate of EM host plant species (H. syriacum, H. squamatum) explained 60% of the
variation in EMF abundance across climate treatments. The abundance of EMF sequences also
decreased with decreasing EM host plant photosynthesis (r=0.702, P=0.052) and foliar biomass
production (0.758, P=0.029).
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The relative abundances of sequences belonging to other fungal guilds were comparatively low
across climate treatments: 8.4% plant pathogens; 1.4% AMF; 0.9% plant endophytes; 0.8%
lichenized fungi; 0.4% fungal parasites; 0.3% animal pathogens (Fig. 2). Plant pathogens
abundance was increased by warming (P=0.025), whereas animal pathogens abundance was
marginally enhanced by rainfall reduction (P=0.071; Table S4). The relative abundance of AMF
sequences in rhizosphere soil was highest (2.24%) in the W+RR treatment (significant W*RR
interaction; P=0.002; Table S4; Fig. 2). The AMF community was dominated by Glomeraceae

across treatments (Fig. S8).

Impact of the climate manipulation treatments on rhizosphere soil

Topsoil water content was very low (<2%) in all climate treatments at time of sampling (Fig. S9).
Urease, GAP and alkaline-phosphomonoesterase enzymatic activities were 56-46% lower under
W+RR than in the control treatment (Fig. S10), which suggests a decreased ability of EMF and
their host plants to hydrolyse and access organic-bound N and P sources in soil under warmer and
drier climate conditions. Phosphatase and GAP activities correlated positively with soil moisture
content across soil samples (r=0.471, P<0.001; =280, P=0.051, respectively).

The combination of warming and rainfall reduction led to a nearly two-fold increase of DOC and
three-fold increase of DN contents in soil (Fig. 4), suggesting enhanced SOM decomposition and
N mineralization by free-living saprotrophic microbes under W+RR. Moreover, the abundance of
humic substances in soil was marginally decreased by warming (P=0.071, Fig. S11), which further
suggests an enhanced decomposition of recalcitrant, stabilized humic compounds. Soil DOC
content correlated negatively with soil water content (r=-0.290, P=0.043), whereas DN content
was unaffected by soil moisture.

Microbial biomass content in soil (fungi + bacteria) was highest under W+RR (Tables S5, S6).
Microbial heterotrophic respiration rate and dehydrogenase activity were on average 14-15% and
14-23% higher, respectively, in all the climate change treatments than in the control treatment,
although differences were not statistically significant due to large heterogeneity among plots
(Tables S5, S6). A PCA analysis including four key soil variables linked to SOM decomposition
(DOC/ DN contents, dehydrogenase activity, microbial heterotrophic respiration) yielded a single
PCA axis encompassing over 70% of the total variance, and with all four variables loading heavily
on this axis (Table S7). Average scores along PCAaxis]l were lowest in the control treatment and

highest under W+RR (post-hoc LSD test, P<0.05).
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Relationships between main fungal guild abundances and soil parameters

The relative abundance of EMF sequences was positively associated with urease activity, a
nutrient-acquiring extracellular enzyme involved in the hydrolysis of organic-bound nitrogen (Fig.
5). EMF abundance was also positively associated with the humic compounds content in soil (Fig.
5). In contrast, EMF abundance was strongly negatively associated with soil DOC and DN
contents, heterotrophic microbial respiration rate and dehydrogenase activity (Fig. 5; Fig. S12).
The scores of rhizosphere soil samples along PCAaxisl decreased with increasing abundance of
EMF sequences (= -0.479, P<0.001, Fig. S13), which overall supports inhibition or suppression
of SOM decomposition by EMF. The relative abundance of EMF basidiomycetes with medium-
and long-distance hyphal exploration types (Scleroderma, Cortinarius, Thelephoraceae) correlated
negatively with soil DOC and DN contents, but positively with urease activity and humic
compounds content in soil (Fig. 5).

The relative abundance of saprotrophic fungal sequences correlated positively with soil DN and
DOC contents, dehydrogenase activity (Fig. 5) and soil scores along PCAaxisl (r=0.375,
P=0.007), suggesting stimulation of both SOM decomposition and N mineralization with
increasing saprotrophs abundance. Moreover, the abundance of saprotrophic fungi was negatively
associated with humic compounds content in soil (Fig. 5).

Stepwise regression and structural equation models (SEM) revealed that soil DOC content in soil
samples was best predicted by the abundance of EMF with medium and long distance exploration
types, while soil water content and AMF abundance explained additional variance. EMF

abundance was the single predictor of DN content (Table S8, Figure S14) across soil samples.

Impacts of simulated climate warming and drying on the temporal evolution of SOM content

Topsoil SOM content (0-15 cm) decreased by 29% in the W+RR treatment between 2015 and
2020, which differed significantly from the increase in SOM content observed in the Control
treatment (P=0.014; Fig. 6). This finding suggests an enhanced rate of SOM decomposition by
saprotrophs linked to the sharp reduction in EMF abundance observed under W+RR. Across plots,
lower relative abundance of EMF with medium and long distance hyphal exploration types was
linked to greater decreases in SOM content through time (r=0.304, P=0.032, N=50). Lower urease

and GAP enzyme activities and lower relative AMF abundance were also linked to greater
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decreases in SOM content through time (r=0.333, P=0.021; r=0.297, P=0.038; r=0.251, P=0.079,

respectively).

Discussion

We report a drastic change in the functional guild structure of the soil fungal community in a
nutrient-poor semiarid shrubland exposed to simulated climate aridification. Greatly reduced EMF
abundance under experimental climate warming combined with rainfall reduction (W+RR) was
linked to increased saprotrophic fungal abundance along with enhanced SOM decomposition and
N mineralization. To our knowledge, this is the first study reporting a climate change-induced
debilitation of the Gadgil effect that alters the ecosystem biogeochemistry and mycorrhizal

associated nutrient economy in drylands.

Climate change-induced increases in EM host plant mortality (60-70%) along with lower
photosynthesis and growth of the stressed surviving plants (Leon-Sanchez et al., 2020) may
explain the sharp reduction in EMF abundance found under W+RR. Our inferences about changes
in EMF and saprotrophic fungal abundance are based on relative abundances calculated from
sequence read counts, which is similar to the approach used in other studies (Sterkenburg et al.,
2018). Despite the semi-quantitative nature of this approach (Amend et al., 2010), the data
unequivocally revealed a drastic decrease in raw and relative EMF sequence abundance under
simulated warmer and drier conditions, which is similar to the findings of another two independent
climate change experiments from dryland ecosystems (Leon-Sanchez et al., 2018; Gehring et al.,
2020). This result is also in agreement with the trend of decreasing EMF abundance encountered
along aridity gradients in global drylands (Berdugo et al., 2020). Our study is based on the
assumption that the functional guild structure of identified fungi (59.3% of fungal OTUs) is
representative of unidentified fungi as well (40.7% of fungal OTUs), as customarily assumed

(Fernandez et al., 2020).

The drastic reduction of both raw and relative EMF abundances and diversity under W+RR was
accompanied by a decreased activity of metabolically expensive hydrolytic enzymes involved in
the acquisition of organic-bound N and P forms by EMF and their host plants (Courty et al., 2005,
2010). A large proportion of the soil N and P content in nutrient-poor EM ecosystems is bound to
SOM and therefore must be depolymerized by microbial extracellular enzymes before it can be

taken up by roots. Warmer and drier conditions appeared to weaken the capacity of climatically-
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stressed survivor EM host plants and their EMF symbionts for mining recalcitrant organic N and P
sources bound in SOM (Bahram et al., 2020). Survivor EM plants in the W+RR treatment showed
5-10% lower foliar N and P concentrations than those under current climate conditions, which
further supports a decreased capacity for nutrient acquisition by roots and their EMF symbionts

under a warmer and drier climate (Léon-Sanchez et al., 2020).

Different EMF taxa showed contrasting vulnerability to simulated climate aridification, depending
on their phylogeny and functional traits. We observed that EMF basidiomycetes with medium and
long-distance hyphal exploration types and metabolically expensive nutrient-acquiring enzymatic
capabilities (Scleroderma, Cortinarius, Agerer, 2001) showed large decreases in their relative
sequence abundances under warmer and drier climate conditions. Climatically-stressed EM host
plants may become less capable of sustaining the high carbon cost of these “expensive” EMF
symbionts (Fernandez et al., 2017) under more arid conditions. Climatically-stressed survivor EM
plants may instead be forced to rely on direct root nutrient uptake or other less carbon-demanding
symbiotic partners such as ascomycete EMF with contact or short-distance hyphal exploration
types and less complex enzymatic capabilities (Geopora). However, an important caveat is that
root colonization by different EMF was not assessed in our experiment, so further studies are

needed to elucidate this aspect.

Partial competitive release from EMF and alleviation of nutrient limitation in free-living
heterotrophic soil microbes could explain the shift towards a more saprotroph-dominated fungal
community under W+RR. This shift in the competitive balance between the EMF and saprotrophic
fungal guilds under W+RR may have decreased the strength of the Gadgil effect in this nutrient-
poor ecosystem (Fernandez & Kennedy, 2016). A climate change-induced debilitation of the
Gadgil effect creates an enhanced potential for the breakdown of stabilized SOM and nitrogen
mineralization by free-living fungal decomposers, as revealed by the two- and three-fold increases
in DOC and DN contents, respectively, encountered under W+RR (Kalbitz et al., 2000). Free-
living microbial decomposers catalyse the conversion of polymeric SOM to DOC, which is the
main rate-limiting step in SOM decomposition (Allison et al., 2010). Drier soil and reduced
leaching contributed to higher DOC contents with rainfall reduction and warming-induced soil
desiccation, although the abundance of EMF sequences explained a larger proportion of variance
in DOC than soil moisture (Table S8, Figure S13). On the other hand, the activity of free-living

heterotrophic microbes can be enhanced by temperature elevation, so a general warming-induced
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stimulation of microbial activity may have further contributed to higher DOC in the W+RR
treatment (Crowther et al., 2016; Feng ef al., 2017; Bond-Lamberty ef al., 2018). However, there
were no significant increases in DOC/DN contents or SOM decomposition in the W treatment
despite the same temperature elevation as in W+RR. Enhanced soil DOC and DN contents and
decreasing SOM content through time were only observed under W+RR, which suggests that they
were specifically linked to the drastic reduction of EMF abundance coupled with increased fungal
saprotroph abundance that was observed in the W+RR treatment only (Figure 5). Overall, the
changes in soil biogeochemistry and SOM content encountered under W+RR provide empirical
support for the conceptual model outlined in Figure 1, as higher EM host plant mortality and
decreased EMF abundance were linked to enhanced DOC/DN production and SOM
decomposition by saprotrophs under warmer and drier climatic conditions. We suggest that
warming- and drought-induced decreases in EMF abundance could also lead to stimulation of
SOM decomposition and N mineralization through reductions in Gadgil effect strength at biome
scale. The mixed EM/AM semiarid pinyon-juniper woodlands in the U.S. Southwest would
provide an ideal system for testing this hypothesis, as they are undergoing severe climate warming

and drying linked to extensive mortality of EM pinyons (Mueller ef al., 2005, 2019).

The increase in the abundance of saprotrophic fungi under W+RR was accompanied by decreased
diversity of the saprotrophic fungal guild, indicating that fewer taxa became dominant and were
probably largely responsible for the enhanced decomposition of SOM in this treatment. Fungal
decomposer communities generally show a negative diversity/decomposition rate relationship
because coexisting saprotrophic fungi tend to be aggressively antagonistic towards each other
(Toljander et al., 2006; Fukami et al., 2010). Dominance of the soil fungal community by free-
living saprobes may favour immobilization of limiting nutrients in the biomass of microbial
decomposers under W+RR, which may decrease their availability to mycorrhizae and roots and
thus aggravate nutrient limitation of primary productivity with climate aridification (Ledn-Sanchez

et al., 2020).

Our study provides the first indication of strong Gadgil effects in nutrient-poor shrublands, as this
mechanism has been documented mainly in temperate and boreal conifer forests so far (Fernandez
& Kennedy 2016). The poor development and patchy spatial distribution of the thin litter layer in
drylands do not favour vertical segregation between saprotrophic fungi and EMF (Lindahl et al.,
2007; Bodecker et al., 2016), which may preclude niche partitioning and thus may foster
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antagonistic interactions between these two competing guilds (Kyaschenko et al., 2017).
Moreover, semiarid shallow soils show poor vertical stratification of chemical and physical
properties along the profile and high carbon to nutrient ratios in SOM and litter (Prieto &
Querejeta, 2020; Querejeta ef al., 2021), which may further intensify competition for limiting
resources between EMF and saprotrophic fungi (Fernandez ef al., 2020). The phylogeny and
functional traits of EMF taxa may also play a key role in determining the strength of Gadgil
effects, as dominance by basidiomycete EMF with medium and long-distance hyphal exploration
types and complex nutrient-acquiring enzymatic capabilities (Scleroderma, Cortinarius) under
current ambient conditions appeared to be most effective at suppressing the SOM decomposing
activity of saprotrophic fungi. In contrast, ascomycete EMF with short-distance and contact hyphal
exploration types (Geopora, Picoa, Terfezia) may be less effective at suppressing saprotrophic

fungal activity, possibly because they are less aggressive competitors and colonizers of SOM.

Our data support the notion that AMF may be more tolerant and less vulnerable to heat and
drought stress than EMF (Querejeta et al., 2009; Vargas et al., 2010; Leon-Sanchez et al., 2018).
The relative abundance of AMF sequences was highest under W+RR, which suggests that
climatically-stressed EM/AM Helianthemum plants could be forced to increasingly rely on AMF
for nutrient acquisition with climate aridification, due to the lower carbon cost of this partnership
for the host (Teste et al., 2020). However, an important caveat is that the abundance of AMF
sequences in the soil fungal community is underestimated when using universal fungal ITS
primers (Schlaeppi et al., 2016), so further studies using AMF-specific primers will be needed to
elucidate this aspect. Another caveat is that AM root colonization was not measured in our study.
Moreover, our shrubland community includes several strict AM shrub and annual species growing
side by side with Helianthemum shrubs within the same vegetation patches, which confounds the
interpretation of AMF sequence abundances. Interestingly, stepwise regression models (Table S8)
revealed that soil DOC content decreased with increasing AMF sequence abundance across soil
samples, which suggests a significant AMF contribution to the Gadgil effect in low-fertility
drylands (Leitheit et al., 2015).

Delgado-Baquerizo et al. (2014) reported that W+RR enhanced soil N mineralization rates and
dissolved inorganic and organic N contents in semiarid shrublands, as also reported here and
widely observed globally (Bai et al., 2013). Overall, the data suggest a climate change-induced

shift in the mycorrhizal-associated nutrient economy of this shrubland from an EMF-dominated
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organic nutrient economy under the present climate scenario towards a more inorganic nutrient
economy linked to enhanced rates of SOM decomposition and N mineralization by free-living
saprotrophs under W+RR. Increased availability of inorganic nutrients due to enhanced SOM
decomposition should provide a competitive advantage to AM plants specialized in the uptake of
inorganic N and P, at the expense of EM plants specialized in the utilization of organic-bound N
and P sources. This could eventually favour a progressive ecosystem transition towards a more
AM-dominated inorganic nutrient economy in this mixed EM/AM shrubland with ongoing climate

aridification (Phillips et al., 2013; Jo et al., 2019; Bahram et al., 2020).

In conclusion, this study highlights how climate aridification impacts on aboveground vegetation
cascade belowground through shifts in soil fungal guild abundance and biogeochemistry. The
combination of experimental warming and drought increased EM host plant mortality and
drastically reduced EMF abundance in a mixed EM/AM shrubland, which was linked to increased
saprotrophic fungal abundance and enhanced SOM decomposition and N mineralization. Our
findings are in agreement with a recent meta-analysis demonstrating strong links between EMF
abundance and soil carbon storage at global scale (Soudzilovskaia et al., 2019), and have
implications for predicting the responses of nutrient-poor EM/AM ecosystems to ongoing climate
aridification. Climate change-induced shifts in fungal guild structure may contribute to accelerate
SOM decomposition and CO, release from soil in low-fertility habitats, with potential detrimental
consequences for soil carbon storage. Lower vegetation productivity under a warmer and drier
climate may further hamper carbon storage through reductions in cumulative inputs of plant debris
to soil and thus reduced SOM build-up. A dwindling SOM content would lead to degradation of
soil quality, given that SOM is a key parameter determining soil fertility, aggregation, infiltration,
moisture retention capacity and vulnerability to erosion (Carter et al., 2002). Enhanced
decomposition of SOM caused by a climate change-induced debilitation of the Gadgil effect could
thus entail a progressive decline of the water and nutrient retention capacity of low-fertility
semiarid ecosystems that could further reduce vegetation productivity and survival, thereby

accelerating dryland degradation and desertification processes under a warmer and drier climate.
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Figure 1. Conceptual model hypothesizing that high ectomycorrhizal (EM) host plant mortality
and decreased abundance of ectomycorrhizal fungi (EMF) under simulated climate warming and
rainfall reduction (W+RR) may reduce de magnitude of the Gadgil effect and thus may lead to
enhanced soil nitrogen mineralization and organic matter (SOM) decomposition by fungal
saprotrophs. The conceptual model is based on previous findings by Leon-Sanchez et al (2020)
showing high heat- and drought-stress related mortality (68-72%) of EM shrub species
(Helianthemum syriacum, Helianthemum squamatum) along with decreased photosynthesis and
productivity of the surviving EM plants in the W+RR treatment. In contrast, some of the
arbuscular mycorrhizal (AM) shrub species present in the same experimental plots (Gypsophila
struthium, Teucrium turredanum) exhibited remarkably high survival rates under W+RR (75-
100%) despite decreased photosynthesis and productivity, which should enable them to continue
supporting their arbuscular mycorrhizal fungal (AMF) symbionts under hotter and drier climatic
conditions. Enhanced SOM mineralization by fungal decomposers combined with reduced
vegetation photosynthesis, productivity and litter inputs to soil in W+RR could trigger a feedback
loop that leads to progressive decline of SOM content and ecosystem nutrient and water retention

capacity in low-fertility EM/AM semiarid shrublands exposed to climate aridification.

Figure 2. Mean relative abundance of fungal operational taxonomic units (OTUs) belonging to
eight major functional guilds in rhizosphere soil in the different climate treatments. Climate
treatments are Control, Rainfall Reduction (RR), Warming (W) and Warming plus Rainfall
Reduction (W+RR). N= 10-19 soil samples per treatment. Relative abundances were calculated
relative to the total number of fungal OTUs that could be assigned to functional guilds (1241
OTUs, or ~60% of the total number of OTUs detected). The remaining 851 OTUs corresponding
to unidentified fungi in UNITE (~40% of the total) could not be assigned to functional guilds and

are not included in this graph. EMF, ectomycorrhizal fungi; AMF, arbuscular mycorrhizal fungi.

Figure 3. Relative abundance of ectomycorrhizal (EMF, upper panel) and saprotrophic (lower
panel) fungal sequences in rhizosphere soil (0-15 cm depth) in the four climate treatments. Means
and standard errors (N=10-19) are shown for each climate treatment (Control; RR, rainfall

reduction; W, warming; W+RR, warming plus rainfall reduction). Different letters indicate
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significant differences among climate treatments according to LSD post-hoc tests. Relative
abundances were calculated relative to the total number of fungal OTUs that could be assigned to

functional guilds (1241 OTUs, or ~60% of the total number of OTUs detected).

Figure 4. Dissolved organic carbon (DOC, upper panel) and dissolved nitrogen (DN, lower panel)
contents in soil in the different climate treatments (Control; W, warming; RR, rainfall reduction;
W-+RR, warming plus rainfall reduction). Means and standard errors are shown (N=10-19).
Different letters indicate significant differences among climate treatments according to LSD post-

hoc tests.

Figure 5. Heatmap depicting Pearson correlations between fungal guild abundances and soil
variables across climate treatments (N=50). Fungal variables shown are: relative abundance of
ectomycorrhizal fungi (EMF %); relative abundance of ectomycorrhizal fungi with medium- and
long-distance hyphal exploration types (Medium-long EMF %); relative abundance of
saprotrophic fungi (Saprotrophs %); the ratio of ectomycorrhizal/saprotrophs relative abundances
(EMF/Saprotrophs ratio). Soil properties shown are: dissolved organic carbon (DOC); dissolved
nitrogen (DN); dehydrogenase enzyme activity (Dehydrogenase); heterotrophic soil respiration
(Soil respiration); humic compounds content (Humic compounds); urease enzyme activity

(Urease). Pairwise Pearson correlation coefficients (r) and p values are shown. ns, not significant.

Figure 6. Topsoil organic matter content (0-15 cm depth) measured four (2015, black columns)
and nine years (2020, grey columns) since the start of the climate manipulation experiment in May
2011. Means and standard errors are shown (N=10-19) for each climate treatment (Control; RR,
rainfall reduction; W, warming; W+RR, warming plus rainfall reduction). Letters above columns
represent the result of a multiple comparisons LSD test evaluating whether the change in soil
organic matter content between 2015 and 2020 was significantly different between treatments

(P<0.05). Climate treatments sharing letter are not significantly different.
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