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“Originality-Significance Statement”

Among microbial communities of forest ecosystems, fungi are key actors implied in main ecosystem
services such as organic matter decomposition and nutrient cycling. Hence, there is an increasing
interest in elucidating their interactive intricate relationships with the surrounding environment,
which is indeed one of the major challenges in fungal ecology at present. Here, we approach this
topical subject by studying the effect of biotic (i.e. tree genotype) and abiotic (i.e. season, site)
factors on forest soil fungal communities, going beyond by questioning whether changes in the
structure of these microbial communities may trigger functional responses affecting key ecosystem
services. We demonstrate that, together with spatial-temporal factors, the tree genotype strongly
structures fungal communities, that variations in fungal diversity affect carbon turnover and nutrient
mobilization, and that all this can differ depending on whether the fungi involved are
ectomycorrhizal or saprotrophic. Moreover, we propose an innovative mechanistic model providing
an integrative view of these complex interrelations between ecosystem functions, fungal diversity,
trees productivity and edaphic variables. The knowledge about how plant-fungus-environment
interact and the mechanisms underlying ecosystem functioning will allow us making predictions to
tackle future climate change scenarios in Mediterranean forests, helping to foster the sustainable

management of these particularly vulnerable ecosystems.
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Summary

Fungi provide relevant ecosystem services contributing to primary productivity and the cycling of
nutrients in forests. These fungal inputs can be decisive for the resilience of Mediterranean forests
under global change scenarios, making necessary an in-deep knowledge about how fungal
communities operate in these ecosystems. By using high-throughput sequencing and enzymatic
approaches, we studied the fungal communities associated with three genotypic variants of Pinus
pinaster trees, in 45-yr-old common garden plantations. We aimed to determine the impact of biotic
(i.e. tree genotype) and abiotic (i.e. season, site) factors on the fungal community structure, and to
explore whether structural shifts triggered functional responses affecting relevant ecosystem
processes. Tree genotype and spatial-temporal factors were pivotal structuring fungal communities,
mainly by influencing their assemblage and selecting certain fungi. Diversity variations of total
fungal community and of that of specific fungal guilds, together with edaphic properties and tree’s
productivity, explained relevant ecosystem services such as processes involved in carbon turnover
and phosphorous mobilization. A mechanistic model integrating relations of these variables and
ecosystem functional outcomes is provided. Our results highlight the importance of structural shifts
in fungal communities because they may have functional consequences for key ecosystem processes

in Mediterranean forests.

Keywords: fungal community, ectomycorrhizas, seasonality, Pinus pinaster, tree genotype, enzymes
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Introduction

Fungal communities are key components of forest ecosystems involved in the biogeochemical
cycling of nutrients and the productivity of trees. Saprotrophic fungi are primary decomposers, and
ectomycorrhizal (ECM) fungi play main roles in decomposition and mobilization of nutrients
(Lindahl et al., 2007; Rineau et al., 2013). Trees can invest up to a third of its primary production to
maintain their associated ECM fungi (Smith and Read, 2008) in exchange for water and nutrients,
fungal traits that can be especially important under harsh environmental conditions. Fungi
decompose the organic matter by the production of a wide set of extracellular enzymes capable of
degrading complex cell wall biopolymers (Baldrian, 2014; Shah et al., 2015). Fungal decomposition
processes fluctuate seasonally in forest soils, parallel to shifts in substrate availability and
temperature and moisture variations (Baldrian ef al., 2013). Seasonal effects can be particularly
pronounced in warm and water limited forests such as the Mediterranean ones (Scarascia-Mugnozza
et al., 2000). Trees are main drivers of seasonality in resource availability for fungi via litter fall in
autumn and belowground carbon exudation and uptake of nutrients in spring (Kaiser et al., 2010;
Votiskova et al., 2014). Substrate supply in turn, stimulates the production of extracellular enzymes
by fungi (Hernandez and Hobbie, 2010; Navratilova et al., 2016), which can display distinct
enzymatic traits depending on the environmental conditions and the fungal species (Courty et al.,
2005; Buée et al., 2007; Bodeker et al., 2009).

Microbial communities have been considered the extended phenotype of plant individuals, i.e. a
heritable trait of a foundation tree species whose variation can impact the entire ecosystem (Whitham
et al., 2003; van der Heijden et al., 2015). This allows interpreting certainly at present the plant and
its microbiota as a unique holobiont system (Vandenkoornhuyse et al., 2015; Hacquard, 2016). The
characteristics of the dominant tree species in a site may delimit the fungal communities in soil
through microclimatic variations and the organic inputs provided (Priha et al., 1999; Kernaghan et

al., 2003), with potential effects on the ecosystem functioning. Within this context, for instance the
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poplar genotype determined the degree of colonization of different ectomycorrhizal fungal isolates
(Tagu et al., 2005), or the enzymatic activity of Laccaria bicolor ectomycorrhizas (Courty et al.,
2011). Other studies have revealed the tree host genotype as crucial structuring their associated fungi
(Korkama et al., 2006; Sthultz et al., 2009; Courty et al., 2011; Velmala et al., 2013; Lamit ef al.,
2016). Given the heterogeneous spatial-temporal distribution patterns of fungal communities, their
dependence on the edaphic-climatic characteristics, the plant community composition and/or the tree
host, assessing their interactive responses to biotic and abiotic factors is currently a major challenge
in fungal ecology (van der Heijden et al., 2015).

Pinus pinaster Ait. is a representative species in the Mediterranean Basin, covering approximately
1800000 ha in Spain (Villanueva, 2005). Three main geographic provenances, i.e. Atlantic,
Mediterranean and African, with a clear genetic differentiation have been described (Baradat and
Marpeau, 1988; Alia and Moro, 1996; Rodriguez-Quilon et al., 2016). These different genotypes
display a great phenotypic variability in traits such as cold, fire and drought tolerance, pest resistance,
or growth and biomass production (Alia and Moro, 1996). We examined trees from the three main P.
pinaster genotypes established in replicated long-term common garden plantations with the aim to (i)
study the impact of biotic (i.e. tree genotype) and abiotic (i.e. season and site) factors on the diversity
and assemblage of their associated fungal communities, and to (ii) explore whether structural shifts
in fungal communities trigger functional responses affecting relevant ecosystem processes. Due to
the heterotrophic nature of fungi, we predicted that under rather similar environmental conditions,
tree genotypes differing in their productivity would support different taxonomic and functional
fungal assemblages. Since carbon inputs are tightly linked to the phenology of trees (Buée et al.,
2005; Koide et al., 2007) and the influence of roots (Cheng and Gershenson, 2007), fungal responses
to the tree genotype would be dependent on the season, particularly affecting obligate biotrophic
fungal guilds such as the ectomycorrhizal one. Expected structural shifts in fungal communities were

further predicted to entail functional consequences related with the cycling of nutrients.
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Results

Sequencing yields and identification of fungi

A total of 1412 MOTUs were obtained (Fig. 1a; Table S1). Almost half of MOTUs were shared by
the three tree genotypes, while close to 9 % were common to each two genotypes, or exclusively
found under one tree genotype (Fig. 1a). The 65.7 % of MOTUs were present at both seasons, and
the 15.5 % and the 18.8 % found in spring and autumn, respectively. Almost a third of MOTUs was
found in all sites (Fig. 1a; Table S1).

Sequencing and MOTUs yields per sample were quite homogeneous across treatments (Table S1).
The 81.7 % of MOTUs, representing approximately the 99 % of reads, were assigned to phylum, e.g.
38 % Basidiomycota, 37.7 % Ascomycota, and 5.5 % Zygomycota. The 60.7 % of MOTUs was
ascribed to family, the 50.4 % to genus, and the 27.5 % identified down to the species level. The life
style of near the 60 % of MOTUs, representing the 93 % of reads, was inferred, most of which were
saprotrophic (SAP, 47.4 %) and ectomycorrhizal (ECM, 44.6 %).

Among the 20 most abundant fungi, the ECM predominated together with two saprotrophic
Mortierella sp. (Table 1). Certain MOTUs were preferentially associated with a tree genotype, while
others were indicators of each season (Fig. 1b; Table S2). Among the tree genotypes, the Atlantic
showed the most divergent indicator species profile, while the Mediterranean and African were
relatively similar (Fig. 1b). Additionally, the tree genotype preferentially associated with certain

fungi depending on the season and the site (i.e. genotype x season, genotype X site) (Table S2).

Fungal community structure

The tree genotype significantly affected the a-diversity of basidiomycetes (i.e. less a-diverse under
the Atlantic trees), but not that of the overall community, or the rest of fungal guilds (Fig. 2a). The
season clearly affected the total fungal a-diversity (i.e. higher in autumn than spring) (Fig. 2b);

ascomycetes and zygomycetes kept this pattern, whereas basidiomycetes were equally o-diverse in
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both seasons (Fig. 2b). By life style, the ECM fungi were more a-diverse in spring than autumn,
whereas the saprotrophic fungi displayed the opposite pattern (Fig. 2b). All factors, i.e. tree genotype,
season and site, significantly structured local soil fungal assemblages, with particularly strong
spatial-temporal effects (Table 2a; Fig. S3). As drawn by NMDS, many edaphic variables and fungal
functions significantly correlated with the local assemblage of fungi (Fig. S3).

Concerning the regional species pool, total fungal B-diversity was unaffected by the tree genotype or
the season, while a strong site effect interacting with the rest of factors was observed (Table 2b; Fig.
S4). The B-diversity of ascomycetes, zygomycetes, and saprotrophic fungi were more B-diverse (i.e.
more heterogeneous) in autumn than spring, while the ECM guild showed the opposite pattern
(Table 2b; Fig. S4). Except for ECM, a significant strong site effect was observed for all fungal
guilds, generally with lower B-diversity (i.e. more homogeneous) in Cabaneros site (Table 2b; Fig.
S4).

Focusing on lower taxonomic levels and consistently across sites, the tree genotype selectively
affected the a-diversity of certain representative ectomycorrhizal fungal families, while others did
not respond (e.g. Russulaceae, Thelephoraceae) (Table 3). For example, under the Atlantic trees,
Atheliaceae and Entolomataceae were less a-diverse compared with the other tree genotypes, and
with the Mediterranean one in the case of Bankeraceae, Sebacinaceae and Tuberaceae (Table 3);
contrarily, Amanitaceae, Inocybaceae and Pyronemataceae were more o-diverse under the Atlantic
than the African trees (Table 3). As previously pointed out by overall diversity results, the season
had a significant effect that was specifically revealed on certain ectomycorrhizal families, generally
more a-diverse in spring (Table 3), and on numerous saprotrophic families that peaked up in autumn
(Table 3).

The assemblage of MOTUs within families did mainly vary with the site, interacting with the tree

genotype (e.g. Atheliaceae, Russulaceae, Sebacinaceae, Thelephoraceae) and the season (e.g.
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Amanitaceae, Herpotrichiellaceae, Mortierellaceae, Tricholomataceae), depending on the family

(Table S3).

Linking fungal diversity, abiotic and biotic environment, and ecosystem functioning

When modelled as a function of abiotic variables, higher fungal a-diversity was explained by greater
values of relative humidity, pH, EC and N, or by lower values of K and C:N (Table 4), although
variations were observed depending on the fungal guild. For example, high organic matter explained
low a-diversity of ascomycetes and zygomycetes, and oppositely high a-diversity of basidiomycetes
and ECM (Table 4). The a-diversity of basidiomycetes and ectomycorrhizal fungi did not vary with
soil pH or C:N ratio, opposite to the rest of fungi. Furthermore, the productivity of trees particularly
affected the ECM fungi, for which higher tree productivity explained lower a-diversity (Table 4).
The tree genotype mainly influenced the glucuronidase activity (Table 5), while most C-cycle related
enzymes varied with the season, especially for ascomycetes, zygomycetes and the saprotrophic guild,
(Table 5). In most cases, fungal a-diversity significantly explained ecosystem functions related with
the degradation of hemicellulose (i.e. xylosidase, glucuronidase) and recalcitrant C compounds (i.e.
laccase) (Table 5). For example, the a-diversity of basidiomycetes was negatively related with
almost all C-cycle processes (Table 5). Furthermore, high a-diversity of saprotrophs explained high
C turnover (Table 5), whereas contrarily high ectomycorrhizal a-diversity explained low C-cycling
(Table 5).

The structural-equation model provided a good fit for all enzymatic activities, with non-significant f

value (x> = 4.90; P = 0.672) and with goodness-of-fit indices (RMSEA < 0.001, NFI and GFI > 0.97).

Significant effects differed depending on the enzymatic set (Fig. 3). In all cases, the tree productivity
marginally and positively affected the P content in soil, on which pH had a strong negative effect
(Fig. 3). Edaphic variables had positive (i.e. pH, soil humidity, P) or negative (i.e. OM) effects on

overall fungal diversity (Shannon). The productivity of trees exerted a positive and direct effect over
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cellulose degrading-enzymes and a marginal effect over hemicellulose degrading ones (Fig. 3).
Hemicellulose degrading-enzymes and laccase activities were positively affected by soil humidity,
and laccase also by pH (Fig. 3). By contrast, the soil humidity and pH negatively affected N-cycle
enzymes (Fig. 3). Phosphatase and N-cycle enzymes were significantly more active with increased
OM (Fig. 3). Total fungal diversity was negatively related with hemicellulose degrading-enzymes

and phosphatase activity (Fig. 3).

Discussion

In addition to recognized abiotic features such as soil moisture, organic matter content, and acidity,
our study reveals biotic (i.e. tree genotype) and spatial-temporal (i.e. site, season) factors as key
agents structuring fungal communities in Mediterranean forests, and brings out mechanistic patterns
linking fungal diversity and environmental conditions with functional traits.

We found high fungal diversity associated with P. pinaster, similar to that previously reported for
this tree species (Rincon et al., 2014; Buscardo et al., 2015). As predicted, the tree genotype was an
important agent structuring the fungal communities associated with P. pinaster, mainly through
influencing their assemblage and the diversity of certain groups, such as basidiomycetes and
representative fungal families. Under semi-arid conditions, (Gehring and Whitham, 1991) observed a
much higher negative effect of herbivory on ectomycorrhizal fungi under susceptible than resistant
pinyon pines. They also detected more diversity of basidiomycetes under the resistant trees, similar
to what we observed under the Mediterranean and African genotypes, probably in relation with a
high representation of ectomycorrhizal fungi within this phylum and/or the quantity/quality of the
carbon inputs delivered by trees. In this sense, fast and low growing spruce clones have been shown
to associate different ECM fungi both in greenhouse (Velmala et al., 2013) and field plantations
(Korkama et al., 2006), similar to results reported by Sousa et al. (2012) for P. pinaster clones, the

same tree species of the present study. In our study, when fungal diversity was responsive to the tree
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genotype, main differences were found only under one of the two less productive trees i.e. Atlantic,
indicating the importance of additional factors as for example the quality of tree organic inputs.
However, it should be additionally considered that a single tree may associate multiple fungal
genotypes and each interacting organism (i.e. plant-fungus-fungus) can differently respond to the
same environmental constraints or/and stimuli (Bahram et al., 2011; Johnson et al., 2012), which
greatly complicate interpreting interaction outcomes.

As expectable in a Mediterranean ecosystem with contrasted annual climatic variation, the season
exerted a great influence on the structure of fungal communities. Both a and B-diversity of the total
fungal community were generally higher in autumn than spring, when peaks of spore dispersion, as
well as of mycelium and sporocarp production occur (Boddy et al., 2014). However, when analyzed
by life-style, the strategy changed from ectomycorrhizal-dominated communities in spring to
saprotrophic ones in autumn, probably in relation with the preference and/or availability of resources
(i.e. belowground carbon exudation or litter fall). Together with the season effects, the site was a
strong filter at local and regional scales for all fungal guilds, and unequivocal signs of fungal site
dependent responses were observed emphasizing the importance of local environment and processes,
as recently underlined (Tedersoo et al., 2016). This spatial-temporal habitat filtering leaded in all
cases to more heterogeneous communities probably by increasing the competition of species (Olden
et al., 2004; Flores-Renteria et al., 2016). Spatial-temporal scale fungal shifts are tightly linked to the
environmental conditions and the phenology of trees, with the light, soil pH, soil nutrients,
temperature and moisture as main abiotic drivers (Cooke et al., 1993; Buée ef al., 2005; Coince et al.,
2014; Rincon et al., 2015), many of them higly related with the assemblage and diversity of fungi in

our study.

Are soil ECM fungal communities particularly responsive to the tree host?
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Although the a-diversity of ectomycorrhizal fungi was quite independent of the tree genotype, our
initial hypothesis was partially supported by the response of representative ectomycorrhizal families
(i.e. usually less a-diverse under the Atlantic trees), and by B-diversity results (i.e. significant
interactions of tree genotype with site and season). A potential host filtering effect was supported by
the indicator species associated with each tree genotype that were mainly ectomycorrhizal and more
similar between the Mediterranean and African trees. Besides, these results indicated that, in some
cases, fungal host preference was dependent on the particular seasonal and site conditions (i.e.
environmental filtering). All these findings support that the tree genotype may select their associated
fungi, particularly the ectomycorrhizal ones, and that this is likely to be context dependent,
suggesting that the plant can modulate its associated microbial community for a dynamical
adjustment to the environment (Vandenkoornhuyse et al., 2015). The productivity of trees did not
influence total fungal diversity, but it negatively impacted that of ECM fungi, probably indicating a
stronger host filtering effect on fungi with which establishing an exchange partnership (Johnson et
al., 2010). This could be related with preferential host plant photosyntate allocation to more
beneficial (Bever et al., 2009), or less carbon demanding fungi (Gehring et al., 2014) observed
within spatially structured mycorrhizal fungal communities, which has been interpreted as a
mechanism for mutualism stabilization (Kiers et al., 2011). In our study, together with strong
seasonal effects, the tree genotype was implicated in the response of some ecosystem functions to
variations in fungal o-diversity (e.g. hemicellulose degradation). In concordance with previous
studies (Bending and Read, 1996; Bailey et al, 2005; Velmala et al., 2013; Lamit et al., 2016),
altogether our results give evidences to support that differences on photosynthetic productivity
(quantity/quality) of the tree genotypes may be at the origin of their dissimilar structural and

functional associated fungal communities, especially the ectomycorrhizal ones.

Establishing links between fungal diversity, environment, and functional traits
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Our results revealed that relevant ecosystem services involved in C turnover were explained not only
by variations in total fungal a-diversity but also in that of specific fungal guilds. Ectomycorrhizal
fungal o-diversity was negatively related with most C-cycle processes, while that of saprotrophs
displayed a positive relation, according to the divergent life history of these two major fungal guilds,
and possibly reflecting competitive interactions (Fernandez and Kennedy, 2016; Martin et al., 2016).
Results relating a-diversity and C-cycle activities mirrored a possible predominance of functional
guilds within taxonomic ones and vice versa (i.e. basidiomycetes and cellulose-degrading
ascomycetes could be mostly ectomycorrhizal, and hemicellulose and cellulose-degrading
ascomycetes and zygomycetes mostly saprotrophic), results which would deserve further
phylogenetic examination. These findings could also reflect separated main mechanisms (i.e.
hydrolytic vs oxidative) of saprotrophs and ectomycorrhizal fungi for organic matter decomposition
(Shah et al., 2015; Fernandez and Kennedy, 2016).

Structural equation models gave a mechanistic integrative view linking fungal diversity, edaphic
conditions and functional traits. The productivity of trees directly influenced the cycling of carbon
trough triggering cellulose and hemicellulose degrading enzymes, in agreement with the “priming
effect” (i.e. increased carbon inputs stimulate microbial decomposition, Phillips et al. (2012)).
According to Lindahl et al. (2002), this could imply the removal of C with retention of N, as
nitrogenous compounds are delivered from complex polyphenolic substrates. This could be
supported by the direct and positive relation observed between organic matter and N-related enzymes
in our study. Laccase, which degrades recalcitrant compounds, was not related to tree’s productivity
or organic matter, probably because a more subtle interrelation based on the quality and not the
quantity of C inputs occurs, though this would merit further analysis. Soil pH and moisture
negatively affected N cycle related enzymes, as observed by Sinsabaugh et al. (2008) for pH and
chitinase activity. Tree productivity and soil pH controlled phosphorous availability. Together with

nitrogen, phosphorous is usually deficient in Mediterranean soils characterized by fast
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decomposition and extremely thin litter layers (Sardans et al., 2004), a nutritional limitation that may
severely reduce the productivity of trees (Plassard ef al., 2011). Phosphorus availability increased
fungal diversity, which in turn predicted lower phosphatase activity in soil. Plants can increase C
allocation to roots and their mycorrhizal associates to alleviate P deficiency (van der Heijden, 2001;
Kiers et al., 2011), although the reduced phosphatase activity and its activation by organic matter
suggest that other mechanisms could be operating, e.g. the production of organic acids or chelators,
and/or bacterial inputs (Plassard and Dell, 2010; Clarholm et al., 2015). Contrarily to P, high organic
matter explained reduced fungal diversity, which in turn predicted higher hemicellulose degrading
activity pointing out to the possible dominance of certain fungi more competitive under these
conditions.

In conclusion, our results show that the intricate relations between aboveground tree individuals and
spatial-temporal variants drive structural shifts in fungal communities with functional consequences
that affect relevant ecosystem processes i.e. C turnover, phosphorous mobilization. According to
Bardgett et al. (2005), we highlight the need of experimental field designs recovering spatial and
temporal variability for better predicting the consequences of tree-soil feedbacks. Our results suggest
that the tree genotype is able to modulate its associated fungal community to adapt better to the
environment by selecting certain fungal consortia, which may influence the functioning of the entire

ecosystem.

Experimental procedures

Study sites and sampling

The study was conducted in common gardens established by the Spanish Forest Patrimony of State
in 1967 with P. pinaster trees from different geographic origins (Alia and Moro, 1996). Three sites
with rather similar environmental characteristics were located in central Spain: Cabafieros (39° 22°N,

4° 24°W), Riofrio (39° 8’N, 4° 32°W), and Espinoso del Rey (39° 36°N, 4° 48°W) (Fig. Sla). In all

Wiley-Blackwell and Sociélt?/ for Applied Microbiology



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

sites, the climate is Mediterranean, with cold wet winters and hot dry summers, mean annual
temperature between 12-13.4 °C and precipitation of 716-800 mm. The plant community is
dominated by P. pinaster, with scattered Quercus suber L., Quercus pyrenaica Willd., and the
understory composed of dispersed evergreen shrubs (e.g. Erica arborea L., Cystus sp.,
Arcthostaphyllus uva-ursi (L.) Spreng, Lavandula stoechas L., Hallimiumum bellatum (L.) Spach.).
Originally, all common garden plantations were settled in a completely randomized block design
with four blocks and P. pinaster of different provenances (named “genotype” from herein), with 16
trees per each, separated of 2.5 m (Alia and Moro, 1996). Trees of contrasted geographic
provenances, i.e. Atlantic (Galicia, Spain), Mediterranean (Valencia, Spain), and African (Jbel
Tassali, Morocco), were selected for this study (Fig. Sla). These tree genotypes have been
previously demonstrated to diverge genotypically and phenotypically (Alia and Moro, 1996;
Rodriguez-Quilon et al., 2016). The three selected tree genotypes showed different productivity i.e.
diameter at breast height, consistently across sites (Fig. S1b).

At each site, three trees per genotype and block were sampled in spring and autumn of 2012 (3 sites
x 3 tree genotypes x 4 blocks X 3 trees x 2 seasons). Because a firewall created at one site (Espinoso
del Rey) 6 trees lacked for a complete factorial design, and a total of 102 trees were sampled each
season. Under each tree, litter was removed 1 m far from the trunk and subsamples were obtained by
excavating 10 x 10 x 20 cm, at N, S, E and W orientations. The four subsamples per tree were joined
in a single soil sample and kept at 4 °C until processing. Once in the lab, soil samples were
homogenized, sieved at 2 mm, and aliquots stored at -20 °C for further molecular analyses.

Remaining soil was air-dried for chemical analyses.
Soil analyses and enzymatic tests

Soil samples were pooled by tree genotype per site and experimental block into single composite

replicates for chemical analyses (n = 35, per season). The relative humidity (RH) of soils was
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determined by drying at 65 °C for 48 h. Other soil variables were measured, such as pH (1:5, w:v in
H,0), electrical conductivity (1:5, w:v in H,0), organic matter (OM) and total carbon (C), total
nitrogen (N) (Kjeldahl method), and extractable phosphorus (P) and potassium (K) determined by
inductively coupled plasma spectrometry (Optima 4300DV, Perkin-Elmer).

Fungal community functioning was evaluated by measuring soil activities of eight hydrolytic and
oxidative exoenzymes secreted by fungi, following the methodology adapted from Mathieu et al.
(2013). Seven enzymatic tests targeting different nutrient cycling processes were performed e.g. -
glucosidase (EC 3.2.1.3), cellobiohydrolase (EC 3.2.1.91), implicated in cellulose degradation;
xylosidase (EC 3.2.1.37), and [-glucuronidase (EC 3.2.1.31), involved in hemi-cellulose
degradation; laccase (1.10.3.2) involved in the oxidation of recalcitrant substrates such as phenols or
lignin; phosphatase acid (EC 3.1.3.2) mobilizing phosphorous; and chitinase (EC 3.2.1.14) and L-
leucineaminopeptidase (3.4.11.1) involved in the mobilization of nitrogen. The Lacasse activity was
determined by a photometric assay based on ABTS substrate (2,2'-Azino-bis (3-ethylbenzo-
thiazolin-6-sulfonic acid) as described by Mathieu ef al. (2013). The rest of tests were based on
fluorogenic substrate release, i.e. methylumbelliferone (MU) or methylcoumarine (AMC) (for L-
leucineaminopeptidase). Measurements were carried out in a Victor microplate reader (Perkin-Elmer
Life Sciences, Massachusetts, USA), with 355/460 nm excitation/emission wavelengths for the
fluorogenic assays and 415 nm for laccase. At each season, enzymatic analyses were performed on
single soil samples (n = 102), and data were thereafter pooled into composite replicates (n =35), as

previously explained. All enzymatic activities were expressed in pmol min"'mg of soil™.

DNA extraction, PCR and 454-pyrosequencing
Genomic DNA was extracted from 0.5 g of soil with the PowerSoil kit (MoBio, Carlsbad, CA, USA).
The internal transcribed spacer region ITS-1 of the nuclear ribosomal DNA was amplified with the

primer pair ITS1F-ITS2 (Gardes and Bruns, 1993) adapted for pyrosequencing as described by Buée
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et al. (2009). PCR amplifications (3 min 94 °C, 30 cycles of 1 min 94 °C, 30 s 53 °C and 45 s 72 °C,
with a final step of 10 min 72 °C) were conducted in a Verity Thermal Cycler (Life Technologies),
and each sample amplified in three independent 20 pl reactions, each containing 2 pl of 10x
polymerase buffer, 2.4 pl of 25 mM MgCl, 1.12 ul of 10 mg ml™ BSA, 0.4 ul of 10 mM nucleotide
Mix, 0.4 ul of 10 mM forward/reverse primers (adaptor A-tag-ITS1F/adaptor B-ITS2), and 0.2 pl of
AmpliTaqGold polymerase (5 U ml™) (Applied Biosystems, Carlsbad, CA, USA). Negative controls
without DNA were included in all runs to detect possible contaminations. Independent reactions
were combined per sample, and each PCR product was purified (UltraClean PCR clean-up kit of
MoBio, Carlsbad, CA, USA), quantified (PicoGreen, Life Technologies, Carlsbad, CA, USA) and
pooled in equimolar libraries (one per season) containing 35 uniquely tagged replicates, each
resulting of pooling three samples by each tree genotype per site and experimental block.
Pyrosequencing was carried out in a GsFLX-454 system (Roche Applied Biosystems, USA) in an

external service (Parque Cientifico de Madrid, Spain).

Bioinformatic analyses

Sequences were de-multiplexed according to their tags, filtered and trimmed using the fastq filter
command and fastq truncqual option of USEARCH v7.0.1001 (Edgar, 2013) and quality scores less
or equal than 10 were eliminated. The ITS1 was extracted with the Fungal ITSx v1.0.3 (Bengtsson-
Palme et al., 2013) and partial ITS sequences shorter than 100 bp were discarded. De-replication of
extracted ITS sequences was performed with the derep fulllength USEARCH command. De-
replicated sequences were then sorted by decreasing abundance, and singletons discarded with the
sortbysize USEARCH command. The 92.3 % (166927) of the initial set of sequences (180921) was
retained. Molecular operational taxonomic units (MOTUs) were generated from abundance-sorted
sequences using the cluster otus USEARCH command with a 97 % similarity threshold. Extracted

ITS sequences, including singletons, were then mapped against the MOTU representative sequences
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using the usearch global USEARCH command. Taxonomic assignation of representative sequences
for each MOTU was done by using the Basic Local Alignment Search Tool (BLAST) algorithm v
2.2.23 (Altschul et al., 1990) against the UNITE database release 7.1 (Kdljalg et al., 2013). Once
taxonomic identification was achieved, fungal MOTUs were classed by their life style i.e.
ectomycorrhizal, saprotrophic, endomycorrhizal, parasite, pathogen, lichen or unknown according to
Tedersoo et al. (2014). The 454 .sff files and raw data were deposited in the Sequence Read Archive

(SRA-NCBI, http://www.ncbi.nlm nih.gov/sra) as SRP076022.

Statistical analyses

All variables were verified for normality and homoscedasticity, and relations among them tested by
Spearman correlation analysis (p<0.05). Alpha-diversity (i.e. number of MOTUs) of total and fungal
guilds (i.e. life style, fungal phyla, families) was modelled by Generalized Linear Mixed Models
(GLMM) with the tree genotype and season as fix factors, and the site as random factor, considering
the number of reads as covariate. Relationships between fungal alpha-diversity (total and by fungal
guilds i.e. different phyla and life styles) with soil properties and enzymatic variables were also
tested by GLMM (Pinheiro et al., 2014).

To identify fungal MOTUs significantly more represented across the different treatments, the
Indicator Species Analysis (with MOTUs >100 reads) was carried out (p<0.05) (Céaceres et al., 2013).
Bray-Curtis distance matrices of fungal species were calculated based on the abundance matrix of
MOTUs, previously normalized (i.e. DESeq variance stabilization; McMurdie and Holmes 2014)
(Anders and Huber, 2012). Over this matrix, fungal Beta-diversity was calculated (Anderson et al.,
2006; Oksanen et al., 2015), considering the factors genotype, season, site and their interactions.
Fungal community assemblage was analyzed by multivariate analysis of variance (PERMANOVAs)
and nonmetric multidimensional scaling (NMDS) analysis (Oksanen et al., 2015).

All statistical analyses were carried out with the R software v3.0.2 (R Core Team, 2014).
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Structural Equation Models

To get an integrative outline of the relationships among fungal diversity, function and edaphic
properties, structural equation modelling (SEMs) was performed. An aprioristic model explicitly
including the causal relationships among variables was built based on literature (Flores-Renteria et
al., 2016) (Fig. S2). Our sample size was relatively small (n = 70) and the predictors included in the
model were restricted, as recommended (Shipley, 2002). Enzymatic activities, representative of
different nutrient cycles (i.e. glucosidase, cellobiohydrolase, xylosidase, glucuronidase, laccase for
C; leucine and chitinase for N; acid phosphatase for P), were analyzed in separated models, and the
Shannon index, which integrates frequency and abundance, was chosen as fungal diversity variable.
It was hypothesized that fungal diversity, as well as the tree productivity (represented by the
diameter at breast height, DBH), and edaphic conditions (e.g. RH, pH, C/N, OM and P) would
determine the ecosystem functioning (Fig. S2). Causal relations and correlations among biotic and
abiotic variables were included in the model, and all direct and indirect relations between exogenous
and endogenous variables tested. Several models including all explicative variables were run, and the
best fitted chosen according to the setting between the covariance in observed and expected data (i.e.
goodness-of-fit ¥2). Standardized path coefficients were estimated by using the maximum likelihood
algorithm (Shipley, 2002). Model fit to data was evaluated by root mean square error of
approximation (RMSEA) and the goodness-of-fit index (GFI) and the Bentler and Bonett’s normed-
fit index (NFI). SEMs were built with AMOS v.20.0 software (IBM Corporation Software Group,

Somers, NY).
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658

Table 1. The 20-most abundant fungal MOTUs found in Pinus pinaster Ait. forests under different

tree genotypes: Atl = Atlantic. Med = Mediterranean. Afr = African, and at different seasons: Sp =

spring. Au = autumn. *= not in the top-20 list of the

SAP = saprotrophic. ¥ =number of reads.

respective treatment. ECM = ectomycorrhizal,

Atl Med  Afr Sp Au
Russula amethystina ECM  UDB000303 R. amethystina 100 1E-84 8413 ; 4072 2184 2157 ; 5492 2921
Amphinema sp. ECM  SH210842  Amphinema 100 5E-85 7874 3259 2699 1916 5645 2229
Mortierella sp. SAP SH214832  Mortierella 100 8E-69 6232 i 2327 2074 1831 i 1443 4789
Tylospora sp. ECM  FIO013075 Tylospora 100 4E-79 5780 : 1637 1932 2211 : 3369 2411
Russula cessans ECM UDBO015971 R. cessans 100 1E-92 4739 i 764 2130 1845 i 3437 1302
Hydnellum ferrugineum  ECM  KC571730  H. ferrugineum 89 3E-77 4506 i 232% 2138 2136 i 2351 2155
Sebacina sp. ECM SH231619 Sebacina 100 3E-82 3845 i 829 1267 1749 i 2648 1197
Russula torulosa ECM UDBO011110  R.forulosa 100 4E-93 3315 i 1259 1392 664 i 2593 722%
Mortierella sp. SAP DQ093726  Mortierella 100 5E-83 3069 : 1061 1091 917 : 1228 1841
Cenococcum geophilum ~ ECM  KC967408  C. geophilum 98 2E-60 2825 i 1323 788 714 i 1752 1073
Amphinema sp. ECM  SH210842  Amphinema 99  3E-81 2675 {1295 784 596 (2115 560*
Russula amethystina ECM  KF850402  R. amethystina 98 2E-73 2487 i 868 1195  424* i 1291 1196
Clavulina sp. ECM  SH220805  Clavulina 100 3E-102 2225 319* 1099 807 1180 1045
Inocybe sp. ECM  SH231190  Inocybe 100 2E-77 2084 1218 234* 632 1469  615*
Inocybe posterula ECM  JF908152 1. posterula 99 3E-121 1847 i 212* 1097  538* i 1421  426*
Inocybe sp. ECM  JF908227  Inocybe 99 4E-111 1764 [331* 858 575 1813* 951
Tricholoma portentosum ECM  UDBO017949 T. portentosum 100 1E-120 1691 i 410%  446* 835 i 1681  10*
Inocybe mixtilis ECM  JX679372 I mixtilis 100 2E-97 1682 515%  291* 876 922*% 760
Russula versicolor ECM SH224391 R. versicolor 99 2E-91 1656 i 329*%  411* 916 i 1007  649*
Cortinariaceae sp. ECM GQ159878  Cortinarius 96 4E-69 1622 I 609 642 642* 960 662*
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Table 2. (a) Assemblage of MOTUs and (b) Beta-diversity of the total fungal community and of
representative subgroups: effects of tree genotype (G), season (S), site (Sit) and their interactions
assessed by permutation variance analyses and Multivariate Homogeneity of Groups Dispersions,
respectively. df = degrees of freedom. F and p-value: *p<0.05; **p<0.01;***p<0.001. ASCO =
ascomycetes; BASI = basidiomycetes; ZYGO = zygomycetes; ECM= ectomycorrhizal; SAP =

saprotrophic.
TOTAL ASCO BASI ZYGO ECM SAP
(a) Assemblage ¢ R F R F R F R F R F R F
Tree genotype 2 0.04 1.8™ 0.042.1" 0.04 1.7° 0.03 1.8" 0.04 1.7° 0.04 1.9
Season 1 0.05 45  0.07 68"  0.032.6" 0.1921.6™" 0.032.8" 0.1211.6™
Site 2 0.2511.8"" 02613.6™ 02712.6™ 0.1810.2"° 0.2813.77" 0.2413.1"
GxS 2 0.0106 0.01 0.7 0.01 0.4 0.01 0.8 0.01 0.4 0.01 0.8
GxSit 4 00614 0.06 1.5" 0.07 1.5 0.04 1.1 0.071.6"  0.051.5"
SxSit 2 0.03 1.2 0.03 14 0.02 0.9 0.05 2.8" 0.02 1.1 0.03 1.7°
GxSxSit 4 00306 0.03 0.7 0.02 0.3 0.02 0.6 0.01 0.3 0.03 0.7
(b) B-diversity df R* F R* F R*> F R* F R> F R* F
Tree genotype 2 0.010.2 0.04 1.3 0.02 0.7 0.67 0.3 0.00 0.0 0.00 0.0
Season 1 0.00 0.3 0.18 1.5 0.043.0 0.37 407" 0.63 114™  0.32 31.3"
Site 2 0.5033.7 0241057 0422387 0.114.3" 0.03 1.0 0.12 4.8
GxS 5 0.02 0.2 0.24 41" 0.07 0.9 0.356.9™"  0.6019.1"" 0.33 6.4™"
GxSit 8 0.50 7.7 0.29 3.1™ 0.435.9™ 017 1.6 0.03 0.2 0.151.3
SxSit 5 0.47 11.5""  0357.0™  044102"™" 0.5214.0" 0.5515.3™ 0.419.1™
GxSxSit 17 050317 04525 0.46 2.6" 0.44 2.4™ 0.50 3.0 0.371.8
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670  Table 3. Alpha-diversity of representative fungal families and effects of tree genotype (G) and
671  season (S) and its interaction (G x S) analysed by general linear mixed models with site as random
672  factor. Main test results are shown in the first three columns (F values; *p<0.05;
673  **p<0.01;***p<0.001), followed by post-hoc LSD test analysis (p<0.05) for tree genotype (Atl =
674  Atlantic; Med = Mediterranean; Afr = African) and season; values = means +/- SE; for each factor,
675  different letters denote significant differences (in bold). § = ectomycorrhizal families.
676
Tree Season GxS Tree genotype Season
genotype Atl Med Afr Spring  Autumn
Amanitaceae® 52" 173" 31" 08+0.1b 0.6+0.1ab 0.5+02a 09+01b 04+0.1a
Atheliaceae  3.8" 2.5 0.0 125+08a 145+09b 150+1.0b 14607 133+0.8
Archaeorhizomycetaceae 1.1 185" 0.6 3.0+0.3 28+04 29403 23+02a 35+02b
Bankeraceae® 51" 0.0 0.0 07+04a 18+05b 1.7+0.4ab 1.5+04 13+03a
Clavulinaceaé’ 0.3 0.2 0.2 1.0+0.2 1403 0.9+0.2 1.1+02 1.1£0.2
Cortinariaceaé’ 1.3 45" 0.3 27+03 26+03 32404 32+03b 25+03a
Entolomataceae  13.3™ 3.1 0.3 04+01a 11+01b 08=+0.1b 0.8+0.1 0.7+0.1
Herpotrichiellaceae 2.7 471" 0.7 14609 13710 149+0.8 123£0.6a 165£0.7b
Hygrophoraceae 0.5 0.3 0.5 1.0+0.2 09+0.2 0.9+0.2 09=+0.1 1.0+0.2
Hypocreaceae 1.3 43.8 0.9 1.6+0.3 1.8+£0.3 1.9+03 09+02a 2.6+03b
Inocybeotceae§ 34" 2.4 0.9 93+0.7b 87+06ab 8.1+0.70a 9.3+0.6 8.1£0.5
Mortierellaceae 1.3 84.9™" 0.8 10508 10.6+0.7 11.7+1.0 81+04a 13.8+0.5b
Pezizaceae 1.7 2.3 22 24+03 21+04 1.9+03 22403 2.1+03
Pyronemataceae  10.8"" 0.3 0.3 1.7+£02b 13+02ab 09+02a 14+0.2 1.2+02
Rhizopogonaceae® 2.6 8.7" 0.2 28402 1.9+0.2 23+02 27+02b 2.0+0.2a
Russulaceaé’ 0.9 3.0 0.8 59+0.5 6.1+0.6 6.8+0.7 7.0+£0.6 55+04
Sebacinaceae® 7.9 0.1 1.0 28+05a 48+0.6b 3.3+04ab 38+04 3.5+04
Telephoraceae’ 0.9 0.7 0.4 11.5£0.7 121+06  12.8+09 124£0.6 11.9%0.6
Trichocomataceae 0.6 7.9" 0.5 55+04 53+04 58+04 50+03a 60+03b
Tricholomataceae 0.4 6.9" 1.4 2.1+0.3 1.8+0.3 2.0+£0.3 25+03b 14+02a
Tuberaceae®  6.9™ 1.3 0.3 1.1+01a 15+01b 1.4+0.1ab 1.4+0.1 1.3+0.1
Umbelopsidaceae 2.2 28.8™" 0.1 7.6+0.4 6.7+0.5 73+0.5 62+03a 82+03b
677
678
679
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680 Table 4. Generalized linear mixed models testing the response of fungal alpha-diversity to edaphic
681  variables or DBH, and to the factors tree genotype and season. The site was included as random
682  factor within models. Interactions were not significant. Degrees of freedom in all models: numDF =1
683  and denDF = 62. Rzadj, t and p values of the a-diversity~edaphic variable models; Significance: .
684 <0.1; * <0.05; ** <0.01; ***<0.001; ns = not significant. RH= relative humidity, EC = electric
685  conductivity, OM = organic matter, N = nitrogen, P = phosphorous, K = potassium, C:N =

686  carbon:nitrogen ratio, DBH = tree diameter at breast height.

687
RH pH EC oM N P K C:N DBH
(%) @S/em) (%) (%) (mg/kg) (mg/kg) (cm)
Total MOTUs
Rzadi 0.55 048 0.46 0.44 053 0.5 0.52 0.49 0.50
tP 2.4%%k D [Hx () Qkkk -1.0  1.6** 32 -0.3%  -3.2%kx -1.5
Tree genotype (p)  ns ns ns ns ns ns ns ns ns
Season (p) ns sesksk * kg ok kg ok Kk kkk kg kkk
Ascomycetes
Rzadi 073  0.75 0.73 0.74 074 0.75 0.73 0.76 0.74
tP Q3%#x 3wk (kx| PhEk ()8 ] 4xk ] GEREE D Jwk 0.8
Tree genotype (p)  ns * ns ns ns ns ns ns ns
Season (p)  ns ns ns ns ns ns ns ns ns
Basidiomycetes
R2adi 025 0.12 0.11 020 024 0.14 0.14 0.11 0.30
t? 23 1.5 0.4 1.4*  23*  0.9* 0.4 -0.8 -3.4%*
Tree genotype (p) * * * ns ns * * * HE
Season (p) * ns ns ns ns ns ns ns ns
Zygomycetes
R2adi 0.62  0.62 0.62 0.63 062 0.72 0.62 0.67 0.62
tP 0.5%kx (3% _1.0%F* 7% (.8%% 46%** -0.1 -3.0%%* 0.4
Tree genotype (p)  ns ns ns ns ns ns ns ns ns
Season (p)  ns * * * * W * ns *
Ectomycorrhizal
R2adi 034 028 0.27 033 036 027 0.27 0.26 0.55
t7 LR 0.1 0.4k L1* 2.1 1.5%** 2.7 -1.1 -4.5%
Tree genotype (p)  ns ns ns ns ns ns ns ns HAE
Season (p) * ns ns ns ns ns ns ns ns
Saprotrophs
Rzadi 0.67 0.71 0.67 0.66 0.67 0.67 0.67 0.66 0.66
Tree genotype (p)  ns * ns ns ns ns ns ns ns
Season (p)  ns ns ns ns ns * ns ns ns
688
689
690
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691
692
693
694
695

696
697

Table 5. Generalized linear mixed models testing the response of functional traits to fungal alpha-diversity and to the factors tree genotype (G)
and season (S). Interactions were not significant. The site was included as random factor within models. Degrees of freedom in all models:
numDF =1 and denDF = 62. The t (F) and p values correspond to the enzyme~a-diversity relationship. Significance of tree genotype (G) and

season (S) p=.<0.1 *, <0.05, ** <0.01, ***<0.001, ns = not significant.

Total MOTUs Ascomycetes Basidiomycetes Zygomycetes Ectomycorrhizal Saprotrophs
a-div G a-div G S a-div G S a-div G S a-div G S a-div G S
Ry t/ p p Ry t/ p p Ry t! p p Ry ! p p Ry ! p p Ry t" p p

E

Glucosidase 035 -05 ns * 028 -11" ns ns 038 -28 ns ns 028 08 ns ns 043 25" ns ns 030 05 ns ns

wn

Cellobiohydrolase 027 -1.I ns * 021 -08" ns ns 033 297 ns . 018 16 ns * 037 297 ns . 021 1.8 ns ns
Xylosidase 0.68 22" . % 068 207 . *** 068 -07" ns ** 069 137 ns ** 070 e DS FF0.69 217" ns  wEx
Glucuronidase 0.38 1.9™" ** ns 038 137 * ¥ 039 03" ** ns 040 047 * * 039 027 ** ns 040 1.077 %
Laccase 0.57 2.9 ns . 055 057 ns ** 061 07 ns ns 062 2277 ns ns 058 06 ns ns 060 037 ns **
Phosphatase 0.11 -05 ns ns 024 003 ns ns 021 -1.6 ns ns 026 -1.1 ns . 0.16 -1 ns ns 013 -1.0 ns ns
Chitinase 0.01 -1.5 ns ns 005 -02 ns ns 009 -3.0° ns ns 002 -08 ns ns 006 -22° ns ns 001 02 ns ns
Leucine 024 02 . * 022 07 * * 026 -12 =ns * 020 02" * . 028 08 . ** 027 -00 . @**

33
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Figure legends

Fig. 1. (a) Number of sequences (cursive) and percentages of fungal Molecular Operational
Taxonomic Units (MOTUs) by tree genotype (Atlantic, Mediterranean, African), season (spring,
autumn), and site (Cabafieros, Riofrio, Espinoso del Rey). Inside squares are MOTUs shared by
all (dark grey) or between each two treatments, while MOTUs exclusively found in a treatment
are inside circles. (b) Indicator fungal species of different Pinus pinaster Ait. genotypes and

seasons (p<0.05). See Table S2 for additional information of indicator fungal species.

Fig. 2. Alpha-diversity of total fungal community and of representative fungal subgroups
associated with (a) different Pinus pinaster Ait. genotypes (black = Atlantic; grey =
Mediterranean, and white = African), and (b) at different seasons (black = spring, and white =
autumn). Boxes represent the interquartile range (IQR) between first and third quartiles and the
horizontal line inside is the median. Whiskers denote the lowest and highest values within 1.5 x
IQR from the first and third quartiles, respectively. Within each graph, different letters denote

significant differences among treatments according to the LSD test (p<0.05).

Fig. 3. Path diagrams representing hypothesized causal relationships among the influence of tree
productivity, biotic and abiotic predictors and ecosystem functioning. Different colours
correspond to different groups of enzymes related with C, N and P cycles. Arrows depict casual
relationships: positive effects are indicated by solid lines, and negative effects by dashed lines,
with standardized estimated regression weight values (SRW) indicated. Arrow widths are
proportional to p values. Paths with coefficients non-significant different from 0 (p>0.08) are
omitted. Fit statistics of the model (NFI, GFI and RMSEA) and sample size (N) are given for all

proposed models.
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Supplementary Figures

Fig. S1. (a) Genotypes of Pinus pinaster Ait. chosen for this study (asterisks) corresponding
with Atlantic, Mediterranean, and African origin, and location of sampling sites (circles): CAB
= Cabafieros, RIO = Riofrio, ESP = Espinoso del Rey. (b) Diameter at breast height (i.e. proxy
of productivity) of the different tree genotypes at the time of the study (F,,¢=13.9, P<0.001; tree

genotype X site interaction: F4,6=1.65, P>0.1).

Fig. S2. Proposed path diagram representing hypothesized causal relationships among the
influence of tree productivity, biotic and abiotic predictors and ecosystem functioning. Arrows

depict casual relationships.

Fig. S3. Assemblage of fungal communities in (a) spring (k=2; stress = 0.16; R?=0.97), and (b)
autumn (k=2; stress = 0.12; R2=0.99), by tree genotype (black = Atlantic; grey = Mediterranean;
white = African) and site (square = Cabafieros-CAB; circle = Riofrio-RIO; triangle = Espinoso
del Rey-ESP), analysed by nonmetric multidimensional scaling (NMDS). Vectors represent the
strength/direction of the weight of variables (RH = relative humidity; EC = electric
conductivity; K = potassium; P = phosphate; OM = organic matter; N = nitrogen; C:N =
carbon/nitrogen ratio; DBH = tree diameter ; Glu = glucosidase; Cell = cellobiohydrolase; Xy =
xylosidase; Glucu = glucuronidase; Lac = laccase; Phos = phosphatase; Chi = Chitinase; Leu =

leucine ), on the distribution of fungal MOTUs (*p<0.05; **p <0.01; ***p<0.001).

Fig. S4. Beta-diversity of the total community and representative fungal subgroups associated
with (a) different Pinus pinaster Ait. genotypes (black = Atlantic; grey = Mediterranean, and
white = African), and (b) at different seasons (black = spring, and white = autumn). Boxes

represent the interquartile range (IQR) between first and third quartiles and the horizontal line
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748  inside represents the median. Whiskers denote the lowest and highest values within 1.5 x IQR
749  from the first and third quartiles, respectively.
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Fig. 1. (a) Number of sequences (cursive) and percentages of fungal Molecular Operational Taxonomic Units
(MOTUs) by tree genotype (Atlantic, Mediterranean, African), season (spring, autumn), and site (Cabafieros,
Riofrio, Espinoso del Rey). Inside squares are MOTUs shared by all (dark grey) or between each two
treatments, while MOTUs exclusively found in a treatment are inside circles. (b) Indicator fungal species of
different Pinus pinaster Ait. genotypes and seasons (p<0.05). See Table S2 for additional information of
indicator fungal species.
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Fig. 2. Alpha-diversity of total fungal community and of representative fungal subgroups associated with (a)
different Pinus pinaster Ait. genotypes (black = Atlantic; grey = Mediterranean, and white = African), and
(b) at different seasons (black = spring, and white = autumn). Boxes represent the interquartile range
(IQR) between first and third quartiles and the horizontal line inside is the median. Whiskers denote the
lowest and highest values within 1.5 x IQR from the first and third quartiles, respectively. Within each
graph, different letters denote significant differences among treatments according to the LSD test (p<0.05).
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Fig. 3. Path diagrams representing hypothesized causal relationships among the influence of tree
productivity, biotic and abiotic predictors and ecosystem functioning. Different colours correspond to
different groups of enzymes related with C, N and P cycles. Arrows depict casual relationships: positive
effects are indicated by solid lines, and negative effects by dashed lines, with standardized estimated
regression weight values (SRW) indicated. Arrow widths are proportional to p values. Paths with coefficients
non-significant different from 0 (p>0.08) are omitted. Fit statistics of the model (NFI, GFI and RMSEA) and

sample size (N) are given for all proposed models.
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