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Abstract

Cistus ladanifer scrublands are widely distributed in the Mediterranean basin and represent an early
stage of secondary succession following major disturbances (e.g., fire). This vegetation type often
establishes on disturbed and poor soils, thereby improving soil stability in stress-prone environments.
Fire prevention treatments in these scrublands are often recommended to decrease the risk of
wildfires, but the effect of these treatments on associated soil fungi is not known. We studied the
effect of distinct fire prevention treatments on soil fungal communities associated with C. ladanifer
scrublands soils. We used Illumina MiSeq sequencing of the ITS1 region on soil samples taken after
distinct fire prevention treatments that were performed in 27 plots belonging to a long-term

experiment. Recent fire prevention treatments did not affect overall fungal community composition



nor fungal diversity; however, when analyzing the community according to the functional guilds, the
relative abundance of ectomycorrhizal species was significantly lower in burned and 100% cleared
plots, compared with control and 50% cleared plots. In contrast, site history affected fungal
community composition and richness to a greater extent than the fire prevention treatments. Our
results show a higher susceptibility of ectomycorrhizal species to recent high-intensity fire prevention
treatments, whereas fire prevention treatments of medium intensity may reduce the risk of wildfire

and maintain the soil fungal community.
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1 Introduction

Forest management practices (e.g. tree harvesting, prescribed fire) impact above-ground fungal communities,
affecting the occurrence, productivity, and production of mushrooms (Savoie and Largeteau, 2011; Tomao et al.,
2020). Moreover, forest management activities can also affect below-ground soil fungal composition and
biomass (Parladé et al., 2019) and other soil functions such as the release of enzymatic components necessary for
the decomposition of the organic matter (Kohout et al., 2018). Below-ground fungal communities are linked to a
number of important ecosystem functions such as soil nitrogen and carbon cycling (Clemmensen et al., 2015)
and plant production (Le6n-Sanchez et al., 2018). Understanding how management treatments affect the soil
fungal communities is important to develop efficient management practices to improve these vegetation types

while promoting fruiting body production and preserving the plant-associated microbiome.

Cistus spp. scrublands usually colonize abandoned agricultural lands or recently burned forests and represent an
early stage of secondary succession following wildfires. In addition, these scrublands are also frequently affected
by wildfires (Martin-Pinto et al., 2006), which can be prevented using fire prevention treatments such as clearing
or controlled burning. Cistus spp. shows a high plasticity to abiotic stressors and is associated with a surprisingly
high diversity of soil fungi (Hernandez-Rodriguez et al., 2015; Martin-Pinto et al., 2006), including both
ectomycorrhizal and arbuscular mycorrhizal fungi (Comandini et al., 2006). Hence, the use of molecular
methods such as high-throughput DNA sequencing can improve our knowledge regarding how these
communities are shaped by environmental drivers (Geml et al., 2014; Lindahl et al., 2013). Using these
molecular tools, recent studies have shown that high intensity forest management activities, such as clearcutting,
shift the soil microbiome and reduce mycorrhizal abundance and diversity (Parladé et al., 2019; Sterkenburg et
al., 2019; Kohout et al., 2018). However, limited effects on the soil fungal community have been observed under
lower intensity treatments such as thinning (Castafio et al., 2018) or when retention trees are left uncut
Sterkenburg-etal526148). Several works have focused on the effect of such disturbances in forests systems, but
similar studies are lacking for scrublands, despite the importance of this vegetation type to stabilize and protect

soils in stress- and fire-prone environments.

Several guilds of fungi coexist and inhabit the forest soils, including ectomycorrhizal, saprotrophs and pathogens
(Baldrian, 2016). Ectomycorrhizal species form symbiotic associations with most trees and shrubs under natural
conditions, providing their plant hosts with nutrients in return for photosynthetically fixed carbon (Smith and
Read, 2008). In contrast, saprotrophs are free-living fungi mainly involved in the first steps of litter
decomposition (Lindahl et al., 2007). Both inter- and intraspecific variation in plant hosts determine both
mycorrhizal and saprotrophic communities, with potential implications for the carbon and nitrogen cycles (Pérez-

Izquierdo et al., 2019). In addition, any disturbance on above-ground host plants may potentially affect



associated symbionts due to a potential reduction in carbon allocation belowground (Hogberg et al., 2001). Past
disturbance events (e.g. historical legacies) in which communities were impacted may remain even after several
years (Alday et al., 2013), thus determining current fungal communities if the community shows a low degree of
resilience against disturbances. Changes in litter type and quality can also affect saprotrophs (Stursova et al.,
2020), which are usually found in the uppermost soil layers in forest ecosystems (Lindahl et al., 2007). Thus,
any fire prevention treatment is expected to impact both ectomycorrhizal and saprotrophic communities.
Understanding the disturbance effects on soil fungal communities associated with C. ladanifer could provide
useful information for managers to decide on the most suitable management treatments for the conservation of

these areas.

In this study, we used a long-term experiment where C. ladanifer is the dominant scrub species, to test the effect
of distinct fire prevention treatments replicated in three distinct sites. Previous studies performed in the same
experiment observed negative effects of forest management treatments (e.g. fire or clearing) on the production of
fruiting bodies (Hernandez-Rodriguez et al., 2015; Martin-Pinto et al., 2006), but similar studies are lacking for
the belowground communities. Thus, our aims were 1) to study the effects of different fire prevention treatments
(namely burned, 100% cleared and 50% cleared) on the soil fungal community composition, on the composition
of the fungal guilds and on the total fungal alpha diversity. In addition, since the experiment was replicated in
three sites with distinct site histories, we aimed to ii) test whether site differences affect the soil fungal
communities more than the fire prevention treatments. We expected that, since ectomycorrhizal species rely on
their hosts to obtain carbon, any disturbance occurring on these plant communities, such as fire or clearing
treatments, will negatively affect plant symbionts (e.g. ectomycorrhizal species). However, we expect that high-
intensity treatments (i.e. burning and 100% clearings) will exert a much stronger influence on these taxa than
middle intensity treatments (50% clearings). In addition, we also expect an effect of the fire prevention treatments
on saprotrophs, potentially caused either by changes in substrate quality after fire or by organic matter

accumulation after clearing.

2 Materials and methods
2.1 Study site

The study area is located in Zamora province in North-western Spain (0730462-0731929 Longitude-UTM,
4619644-4621757 Latitude-UTM 29 T Grid), and is a Mediterranean ecosystem dominated by C. ladanifer
located 750-780 m above sea level. Paleozoic and Ordovician metamorphic rocks constitute soils in this area
and Silurian shales are predominant. Soils are classified as Inceptisol suborder Xerept (Soil Survey Staff, 2010),
pH 5.0-5.5, with low calcium and phosphorous contents. More information about the edaphic conditions in this
site can be found in Mediavilla et al. (2019). The area is characterized by a sub-Mediterranean climate with a dry
season of three months in the summer and a mean annual rainfall ranging from 450 and 700 mm. Mean

temperatures range from 14.5 to 15.8 °C.
2.2 Fire prevention treatments

The experimental design of this study was the same than the design used for previous studies focusing on
fruiting bodies (Herndndez-Rodriguez et al., 2015). Namely, plots were established in three distinct C. ladanifer
sites with different ages and site histories: A) an eight-year-old stand regenerating from a wildfire in 2002, B) an
eight-year-old stand regenerating from a total clearing in 2002, and C) a 20-year-old stand regenerating from a
wildfire in 1990 (old-growth stand). In each site, we applied distinct fire prevention treatments. In the eight-
years-old sites (A) and (B), the treatments were as follows: 1) control, 2) 50% cleared, 3) 100% cleared. In the



20-year-old site (C), the treatments were as follows: (1) control, (2) burned, (3) 100% cleared (Fig. 1).
Treatments were applied following technical recommendations in accordance with the age of the stands and
vegetation characteristics, in order to ensure the persistence of these vegetation types and reduce the risk of
wildfires, except for the old-growth stands. Each treatment was replicated in three plots from each site, resulting
in twenty-seven plots (3 sites X 3 treatments X 3 replicates per site). These sampling plots consisted of transects

of 2 m X 50 m, established in accordance with previous studies (Luoma et al., 1991; Smith et al., 2002).
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Experimental design of this study. Fire prevention treatments were replicated in three plots in each of the three sites.

2.3 Sampling and molecular work

In each plot, five soil cores were taken using a cylindrical (2 cm radius, 20 cm deep, 250 cm?®) soil borer (Taylor,
2002; De la Varga et al., 2012). Cores were extracted along the plots’ centerline 5 m from each other to account
for the spatial variability and minimize the probability of sampling the same genet repeatedly. Soils were sampled
in April 2014, four years after the implementation of the recent fire prevention treatments. Samples were frozen

immediately on the sampling date upon return to the laboratory and kept at —20 °C until DNA was extracted.

Soil samples were dried at room temperature with continuous air circulation and then sieved with a mesh size of
1 mm. The five cores of each plot were pooled resulting in a composite soil sample for each plot. DNA
extraction was performed from 0.25 g of soil per sample with the PowerSoil™ DNA Isolation Kit (MoBio

laboratories Inc., Carlsbad, CA, USA) according to manufacturer’s instructions.

The internal transcribed spacer 1 (ITS1) region was amplified using the forward primer ITS1F modified with the
5’ Illumina forward adapter as described in Smith and Peay (2014). The reverse primer (ITS2) was based on
Caporaso et al. (2012) and Bellemain et al. (2010), using primers modified with the 3’ Illumina reverse adapter

and individual barcodes for each sample.

Triplicate PCR reactions for each sample were performed in 20 ul reaction volumes containing: 1 X reaction
buffer, 800 uM dNTP, 3.5 mM MgCl,, 0.4 mM forward and reverse primer each, and 2 U Platinum Taq
polymerase enzyme (Invitrogen Inc., Carls- bad, CA). PCR conditions were as follows: an initial denaturation
step at 94 °C for 3 min; then 35 cycles of 94 °C for 45 s, 50 °C for 1 min and 72 °C for 1.5 min; with a final
extension of 10 min at 72 °C. A negative control consisting of sterile water instead of DNA was included in
each PCR replicate and underwent the PCR under the same experimental conditions. Negative controls were

shown to be amplicon free on an agarose gel.

Amplicons were cleaned with Zymo Clean and Concentrate Kit™ to remove short fragments (Zymo Research,

Orange, CA). PCR products were quantified using a Qubit 2.0 Fluorometer with the HS Assay Kit (Invitrogen).



Samples were pooled in equimolecular amounts and sequenced using an Illumina MiSeq 2 X 250 bp sequencer

at the Center for Genome Research and Biocomputing of the Oregon State University, U.S.A.
2.4 Bioinformatic analysis

Raw sequence reads were obtained from the Illumina MiSeq output that comprise demultiplexed sample reads.
Forward and reverse reads were joined using the make.contigs command in MOTHUR v. 1.35 (Schloss et al.,
2009), simultaneously trimming off primer sequences. Subsequently, sequences were filtered using MOTHUR
based on the following settings: no ambiguous bases (maxambig = 0), homopolymers no longer than 10
nucleotides (maxhomop = 10), and length range from 150 bp to 400 bp (minlength = 150; maxlength = 400),
resulting in 3,074,348 quality-filtered sequences with an average read length of 229.6 £ 30.4 (mean = SD).
Sequences were collapsed into unique sequence types, while preserving their original read counts and global
singletons (1,189,793) and putative chimeric sequences (6,673) were removed with USEARCH v.8.0 (Edgar,
2010). The curated UNITE dataset of fungal ITS sequences (Abarenkov et al., 2010) was used as reference
dataset. The remaining 1,877,876 sequences were grouped into 2,674 operational taxonomic units (OTUs) at
97% sequence similarity using USEARCH. We assigned OTUs to taxonomic groups based on pairwise
similarity searches against the curated UNITE fungal ITS sequence database containing identified fungal
sequences with assignments to Species Hypothesis groups (Koljalg et al., 2013). After excluding OTUs
with < 70% similarity or < 150 bp pairwise alignment length to a fungal sequence, 1,929 fungal OTUs were
retained. Finally, we performed a functional identification of the taxa using FUNGuild (Nguyen et al., 2016)
using a cut-off for assigning the OTUs to functional guilds of 97%. Sequencing raw data, together with post
clustered fungal community data and the environmental data is stored in Mendeley dataset, DOI: https://doi.org/1
0.17632/gd22y36641.1.

2.5 Statistical analyses

All the analyses were performed using R software environment (version 2.15.3; R Development Core Team,
2013). We used the ‘vegdist’ function implemented in the ‘vegan’ package (Oksanen et al., 2015), to calculate
Bray-Curtis dissimilarity of the Hellinger transformed community matrix. Afterwards, matrices were used to
evaluate the homogeneity of multivariate dispersion using the ‘betadisper’ function. Thus, in this analysis, we
tested differences in beta diversity across the treatments and the distinct sites to study whether a specific
treatment or origin resulted in more homogeneous communities. An overall analysis of the fungal community
composition was carried out using non-metric multidimensional scaling (NMDS) and permutational multivariate
analysis of variance based on distance matrices (Bray—Curtis), using the ‘'metaMDS’ and ‘adonis’ functions in the
‘vegan’ package (Oksanen et al., 2015). We performed three separated analysis using i) presence/absence data,
i) raw abundance data, and iii) Hellinger-transformed abundance data. In these analyses, site and fire prevention
treatments were used as explanatory variables, and the effects were tested using 500 iterations. We assessed
whether a particular OTU could be identified as an indicator species of soil-associated fungal communities for
some specific treatment or origin using Indicator Species Analysis implemented in the package “indicspecies”
(De Céceres & Legendre, 2009), using the relative abundance of each OTU. We used the function “multipatt”
together with the parameter IndVal.g to manage the unequal group sizes. Changes in the relative abundance of
functional guilds across treatments were assessed by Linear Mixed Effects models (LME, Pinheiro et al., 2016),
where site was defined as random and fire prevention treatment was defined as fixed factor. Richness (NO) was
calculated from asymptotic estimates of detected OTUs against read numbers, implemented in the “INEXT” R
package (Hsieh et al., 2016), and curves were obtained from the derived value obtained for each number of

reads. Whether richness values were distinct across treatments and origin was tested again by LME, following


https://doi.org/10.17632/gd22y3664f.1

previous schemes. When significant effects were found, we performed Tukey post hoc specific contrasts for

treatments and origin.

3 Results

3.1 Sequencing output and fungal community composition

After discarding singletons, sequence clustering resulted in 1688 OTUs of the total 621 517 sequencing reads,
with an average of 23,071 £ 2 768 reads in each sample. The most dominant guilds were, by order of
proportional abundance: saprotrophs (31%), ectomycorrhizal fungi (9.3%), ericoid mycorrhizal fungi (2.9%),
and plant pathogens (2.0%), whereas other groups represented<1% (including arbuscular mycorrhizal fungi and

fungal parasites, among others). Fungi with unknown guilds represented around 40% of the total abundances.
3.2 Effect of treatments on the soil fungal community composition

NMDS ordination plots using Hellinger-transformed data of the whole community revealed a strong structuring
of fungal communities according to the site (whether the site was previously burned, old-growth or cleared, Fig.
2a), but not according to the more recent treatments (50% cleared, 100% cleared, burned, Fig. 2b). Thus,
sampling sites representing the same origin grouped together (Fig. 2b), showing a potential lack of treatment
effect. These results were confirmed by permutational multivariate analysis of variance using Bray Curtis
distance, with significant effects found for the different sites (F, ,4 = 4.8, P < 0.001, R? = 0.29) but not for the
fire prevention treatments (F, 54 = 1.1, P = 0.277, R? =0.12). The same results were observed independently on
whether presence/absence data or non-transformed community data was used. Barr plots showed clear
differences depending on the sample site, with some taxa dominating samples from specific sites, while absent in
other sites (Fig. 3).
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according to the site and the fire prevention treatments. Abundance represent the number of reads. Taxa identified as “-“ refers

to taxa that could not be assigned to genus level.

Similarly, there was a significant site effect on soil fungal compositional multivariate variance (Beta diversity,
F=15.5,P =0.010), with communities in the burned plots having lower compositional multivariate variance than
old-growth and cleared sites (Fig. S1). However, no effect of the fire prevention treatments was found on
compositional multivariate variance (F,,4 = 2.0, P = 0.141). The same trend was observed for the richness
values, with a significant site effect on richness (F = 12.8, P <0.001, Fig. 4a), but not significant effect of the fire
prevention treatments on fungal richness (F = 0.2, P = 0.872, Fig. 4b). Thus, only distinct and lower richness
values were observed in sites that were burned, as compared to sites that were cleared (Specific contrasts;

P <0.001, Fig. 4a) or compared to old growth sites (Specific contrasts, P = 0.001, Fig. 4a).
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Species indicator analysis stressed the importance of the site on the fungal community, with 219 OTUs
significantly associated to specific sites, of which 49 were associated to burned sites, 103 to cleared sites and 67
to old-growth sites. In contrast, the same analysis revealed only 6 OTUs associated to specific fire prevention

treatments; of which 4 were associated to 50% cleared plots and 2 to control plots.
3.3 Effect of treatments on the fungal guilds

Analysis of the soil fungal community according to their functional guilds revealed again a significant site effect
on the soil fungal community (F,,4 = 5.4, P < 0.001) while only a marginal effect of the fire prevention
treatments was found (F, 4 = 1.7, P = 0.081). Saprotrophs were the ecological guild of fungi that were mainly
responding to the observed site effects (F = 23.3, P < 0.001), with a higher relative abundance of this guild in
burned plots, but lower relative abundance in cleared plots (Fig. 5a). In contrast, the only ecological guild
significantly affected by the fire prevention treatments were the ectomycorrhizal guild (F =4.8, P =0.010, Fig. 5
b), with higher relative abundances of ectomycorrhizal fungi in control and 50% cleared plots, as compared to
100% cleared and burned plots (Fig. 5b). Thus, overall, burned and 100% cleared treatments negatively affected
the relative abundances of ectomycorrhizal species. For example, the relative abundance of the ectomycorrhizal
fungi in 100% cleared and burned plots was less than half of that found in control and 50% cleared plots (Fig. 5
b).
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4 Discussion

Our results show that site identity exerted a much stronger effect on soil fungal communities in our Cistus
ladanifer scrublands than the fire prevention treatments. Unexpectedly, we did not see an overall effect of the
fire prevention treatments on richness or composition of the total fungal community, except for the significant
lower relative abundance of ectomycorrhizal fungi in burned and 100% cleared plots, compared to the control
and 50% cleared plots. Previous studies described the fungal species fruiting in the same experiment considered
here and studied the effect of fire prevention treatments on the fruiting bodies (Hernandez-Rodriguez et al., 2015
). In contrast to Hernandez-Rodriguez et al., (2015), we found weak effects of the fire prevention treatments on
the belowground fungal community, suggesting that fire prevention treatments may be buffered to belowground

communities.

Cistaceae has a Holarctic distribution and is an important vegetation type shaping and determining ecosystem
dynamics in xeric Mediterranean areas (Ellul et al., 2002). Cistus spp. associate with a high diversity of fungi,
including arbuscular mycorrhizal and ectomycorrhizal fungi (Comandini et al., 2006). This coexistence has
many practical advantages, such as the rapid exchange of water and nutrients through mycorrhizal hyphal

networks (Brundrett, 2004, 2002). Therefore, these soil fungal communities likely play crucial roles in



enhancing resistance of Cistus to drought and other disturbances in Mediterranean ecosystems. Although we did
not find significant treatment effects on the total soil fungal community, the observed lower relative abundance of
ectomycorrhizal species in burned and totally cleared plots suggests that severe disturbances that greatly reduce
host biomass have a negative effect on ectomycorrhizal fungal abundance, likely due to decreased C allocation
belowground. The significant decrease in the relative abundance of ectomycorrhizal species after severe fire
prevention treatments parallels with previous studies in which the mycorrhizal community was negatively
affected by fire (Day et al., 2019), land use changes (Castafio et al., 2019), insect attacks (Veseld et al., 2019) or
forest clear-cuttings (Parladé et al., 2019). However, the lack of effects on the ectomycorrhizal community in
50% cleared plots suggest that medium or low intensity treatments, likely retaining enough host plant biomass
and functional roots, may sustain the mycorrhizal community, as previously observed in forest systems (Castafio
et al., 2018; Sterkenburg et al., 2019). In fact, a recent study shows that thinning in Quercus forests may increase
the resistance of the soil microbial communities to drought (Bastida et al., 2019). In addition, our results suggest
that the 50% cleared treatment may be the best option to maintain the ectomycorrhizal community in these
systems, while reducing the risk of wildfires. In contrast, total clearing or clearcutting may negatively affect the
soil fungal community, especially plant symbionts (Parladé et al., 2019). The time elapsed from the execution of
the treatments to the soil sampling was four years, suggesting that the ectomycorrhizal community in burned and

totally cleared plots may not fully recover even 4 years after treatment.

We found profound site differences in terms of fungal community composition and richness. The lowest richness
and the lowest number of indicator species corresponded to the previously burned sites, which suggest that
burning may select for a relatively small set of specific and highly abundant pyrophilic taxa (Martin-Pinto et al.,
2006; Mediavilla et al., 2014). Recent studies also found a decrease in richness and changes in community
composition shortly after wildfires (Day et al., 2019). Surprisingly, the site with the senescent (Old-growth)
scrubland did not have higher diversity than cleared plots, but a clear shift in fungal community composition was
observed, as compared to the other sites. This is in accordance with the distinct compositional turnover of fungal
communities along a post-fire secondary succession observed in other biomes (e.g., Geml et al., 2010), which
suggests a restructuring of the fungal community rather than an accumulation of taxa across secondary
succession. Similarly, Kyaschenko et al. (2017) related the shifts in fungal composition along a chronosequence
to changes in soil chemistry, with an increase in taxa more specialized in mining N from organic matter during
the later stages of the succession. The distinct communities observed in senescent plots highlight the importance

of preserving old-growth stands harbouring distinct fungal communities.

The strong site effect on the soil fungal community composition is consistent with previous findings targeting
sporocarp production (Herndndez-Rodriguez et al., 2015) and recently soil bacteria (Mediavilla et al., 2019) in
the same study area. However, a strong significant effect of these treatments was observed also at the fruiting
body community, suggesting that fruiting body production is more sensitive to environmental drivers and
climatic conditions than soil mycelia (Alday et al., 2017). The relatively higher resilience of the soil fungal
communities to mechanical treatments (Jennings et al., 2012) may be explained by the capability of these
vegetation types to keep the radical system alive, despite the reduction of above-ground biomass, but also to the
fast germination of the seed bank. In addition, thinning or 50% cleared treatments may boost plant growth and
could eventually stimulate associated symbionts. This may have been also the case of the fire treatments, since
prescribed fires are usually conducted under low fire intensity conditions, likely with limited effect on soil biota (
Oliver et al., 2015). Hence, the lower richness found in historically burned areas stresses the need for conducting
these fires under relatively low temperatures (as compared to wildfires) if the fungal community is to be

maintained. Finally, the increase in relative abundances of saprotrophs in the burned site contrasts with previous



findings in which relative proportions of amplicons from saprotrophs decrease after fire (Day et al., 2019), but
also sporocarps (Mediavilla et al., 2014). Our results and current literature suggest that effects of fire on

saprotrophic communities may be context and host dependent.

5 Conclusions

Our work provides new information on fungal communities associated with Cistus ladanifer soils and the effect
of different fire prevention treatments on fungal taxa. We highlight that fungal communities found in these
scrublands are primarily shaped by site differences, whereas recent severe fire prevention treatments significantly
decreased the relative abundance of mycorrhizal fungi in burned and totally cleared treatments. This study
provides potentially useful information for the conservation of fungal communities in scrublands and highlights
the use of management tools aiming to reduce the risk of wildfires; 50% clearing probably best preserves the

fungal community while decrease the risk of wildfires.
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Highlights

* We studied the effect of fire prevention treatments on soil fungal communities inhabiting scrublands.
* Soil fungal community was profiled using high-throughput sequencing of fungal markers.

* Site differences exerted stronger effect than fire prevention treatments on soil fungal communities.

* Controlled fire and 100% clearing decreased the relative proportions of ectomycorrhizal species.

* 50% cleared treatments may decrease the risk of fire while maintaining the fungal communities.
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