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Abstract

Soil sampling is a critical step affecting perceiviengal diversity, however sampling
optimization for high-throughput-DNA sequencing diss have never been tested in
Mediterranean forest ecosystems. We identified thieimum number of pooled

samples needed to obtain a reliable descriptiofiunfial communities in terms of

diversity and composition in three different Meditmean forests (pine, oak, and
mixed-pine-oak). Twenty soil samples were randoselected in each of the three plots
per type. Samples were pooled to obtain mixture$,06, 10, 15, 20 samples, and
sequenced using Illlumina MiSeq of fungal ITS2 acmis. Pooling three soil samples
in Pinusand Quercusstands provided consistent richness estimationde \ahleast six

samples were needed in mixed-stands. [3-diversityedeed with increasing sample
pools in monospecific-stands, while there was riecéfof sample pool size on mixed-
stands. Soil sample pooling had no effect overispetomposition. We estimate that
three samples would be already optimal to desdtibgal richness and compaosition in

Mediterranean pure stands, while at least six sasnpbuld be needed in mixed stands.

Keywords: Fungal communities, DNA metabarcoding, number afi@d samples,

mixed forests, Mediterranean forest, beta-diversity



43

44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

1. Introduction

Soil fungi are drivers of fundamental ecosystentx@sses (Bardgett and van der
Putten, 2014) such as soil carbon cycling and ralmartrition of plants (Smith and
Read, 2008; Bardgett and Wardle, 2010). Due t@timemous diversity of fungi and
their fundamental roles as decomposers, mutuatisizathogens of plants and animals
(Mueller and Schmit, 2007; Tedersoo et al., 20@¥8 characterization of fungal
communities has become crucial to disentanglensialobial community dynamics and
related ecological processes (Lindahl et al., 2088)h-throughput sequencing (HTS)
methods have become a powerful tool to quantifgélidiversity in soils and have
provided new information regarding the ecologywfdi in forests ecosystems (Hibbett
et al. 2009; Lindahl et al., 2013; Hibbett et aD16; Nilsson et al., 2016). Previous
studies have provided laboratory protocols (Clensearet al., 2016; De Filippis et al.,
2017; Dopheide et al., 2019) or guidance on theipielbioinformatic and taxonomic
identification pipelines to prepare and assess-thghughput sequencing data (Gweon
et al., 2015; Nguyen et al., 2016, Rognes et @lL62Somervuo et al. 2016;
Bjgrnsgaard et al., 2017; Anslan et al., 2017; Bewt al., 2019). Despite few attempts
to optimize soil sampling protocols in high-thropgh sequencing studies (Dickie et al.,
2018), we still lack optimal soil sampling protosab study fungal diversity and
composition in Mediterranean soils. In additionigitrucial to understand how these
communities are structured in Mediterranean forlestawuse of their potential important
role in tree resistance against drought (See Mehah, 2014). For instance, Castafo et
al. (2018) studied seasonal dynamics of these comtiesiand how they respond to
changing moisture and temperature, however lackécthal sampling scheme to
properly capture soil fungal diversity. Therefaaesessing the optimal sample pooling

size in Mediterranean ecosystems is fundamenteg sircould affect the observed



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

diversity and community composition, which can piEly be detrimental to
understand nutrient cycling and resistance agdnmstght in these ecosystems (Mohan

et al., 2014).

Most of the methodological studies have been peréorin boreal and temperate
ecosystems, but soil fungal communities in Mediteean forest ecosystems seem to
differ compared to boreal or temperate ecosysté&astéfo et al., 2018; Pérez-
Izsquierdo et al., 2019). For instance, Mediteraaneommunities described in Castafo
et al., (2018) were highly dominated by ectomycaahspecies, and these were mainly
species with short/contact exploration types (necybe sppCastario et al., 2018),
which contrasts with many other boreal ecosystevhere medium-fringe or long
exploration types may be more dominant (Sterkenkbtigd., 2015). Since differences in
exploration types determine how fungi explore spigtihe soil (Agerer, 2001), distinct
sampling approaches may be used depending on thimalking community. Therefore,
sampling effort may be distinct for each commumoityhabitat type, since fungal
community members can have distinct growth, mompdies and trophic strategies, and
mycelia can grow from few cm. to up to several me{@gerer, 2001; Smith et al.,

1992).

Correct assessment of soil fungal diversity or camity composition using HTS
methods requires an efficient soil sampling stratelge to the species soil-area
relationships and the complexity of the soil ma{®rtundmann and Debouzie, 2000;
Ranjard et al., 2003). For instance, the heteragendistribution of fungi in the soil
matrix has been recently highlighted (Ranjard e2@03), with fungal communities
often distributed in forest soils in a patchy mani@airney, 2005). Fungal communities

also operate in a distinct scale than other migaheh as bacteria, with a single genet
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often occupying distances between <1 m and >5 mnii@m et al., 2003; Murata et al.,
2005), up to 20 m, (Bonello et al., 1998; Sawyeaalgt1999). In addition, the amount of
soil used to profile these communities employindauolar methods is typically limited
to few grams or even < 1 g. Therefore, subsampéirge amounts of soil to few grams
Is a common practice in fungal ecology studiesidgatith soils (Kang and Mills,
2006). Moreover, the patchy distribution of fungquire that several samples are taken
in a given site/plot, which are then often typigalboled before DNA analyses (Kang
and Mills, 2006) or after DNA extraction (Dickie &t, 2018). If distinct soil samples
are taken in a given area, it is crucial that saspre freeze-dried and grind to fine
powder to facilitate homogenization (Lindahl et 2D13). However, how the different
number of pools (i.e. sampled volumes) and the rrmabsamples taken in a given
area may affect soil fungal diversity and commuuiynposition in samples with
distinct ecological traits inhabiting distinct hagtecies has not been tested yet in
Mediterranean forest ecosystems.

It is well known that the observed number of pland animal species increases with
sampling area and volume (Arrhenius, 1921; McArth965; MacArthur and Wilson,
1968). For instance, Duarte et al. (2017), assebsediversity of aquatic fungi across
graded size of alder leaves and found that alphersity was positively influenced by
increasing leaf area. Likewise, for microbes, Sehgl. (2015) detected an increase in
fungal OTU richness with increasing soil sampledmm 0.25 g to 10 g in both prairie
and forest soils. Therefore, increasing the nurobepil sample pools may lead to a
positive species/area relationship, and insufficeampling may result in incorrect
diversity estimations (Grey et al., 2018). The mization of sample pooling size is a
fundamental aspect for ecological studies as it stiangly affect results and their

interpretations (Dickie et al., 2018). For exampisufficient number of samples may
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lead to higher stochasticity in sampled communitiesreasing sampling error and
unexplained variation, which should be reflectetieta diversity values. Therefore, it is
important to explore whether it is possible to ks a minimum optimal sampling

size to reduce stochasticity and infer diversitynestes.

In this study, we aim to identify the minimum numibé pooled samples needed
to reach diversity plateau, i.e. optimal samplelipgcsize, for a set of distinct forest
types in Mediterranean area. This might help wietect reliable diversity and
compositional values for a given area in ordemtswer subsequent ecological
questions in forest ecosystems using appropriaplkag effort. It is well known that
fungal diversity and community structure in forestefluenced by dominant tree
species (Urbanova et al., 2015; Nagati et al., 2GE8nl, 2019). Therefore, we
performed our study over three contrasting forgst$, dominated by i) a widely
distributed evergreen pine specifs gylvestriy ii) a common broadleaf oak)(iercus
robur) and ii) a mixed pine-oak forest of both speckssylvestris-Quercus robur
Here,QuercusandPinusspecies possess different root systems occupyifegeht soil
layers (Sardans and Pefuelas, 2013) and diffexahtrhits, i.e. broadleaf vs. evergreen
(Ishida et al., 2007), thus harbouring differentgal communities (Ishida et al., 2007,
Cavard et al., 2011; Suz et al., 2017). Therefoeeexpect different optimal sample
pools sizes for each forest type. In line with thpsemises, we hypothesized that:

1) Considering the species-area theory (MacArthur \hldon, 1968; Hill, 1973;
Whittaker and Fernande®alacios, 2007) fungal diversity will increase oofs
with more soil samples until an optimal pooling esiwhen the asymptotic
plateau is reached.

i) When we increase the number of sample pools, weotxp characterize the

most dominating communities at plot level, reducifhgliversity. Similarly,
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when pooling few samples, the probability to captypatchier communities
increases, thus those species distributed in ahipatcnanner will cause an
increase in soil fungdd-diversity in smaller sample pool sizes.

iii) Within each forest type, increasing the numbéisample pools will produce a
better characterization of the fungal communitycehese we will expect to
sample the most abundant species as well as som@esfcommunities
distributed in a patchy manner. However, we hypsittee that these patchy
distributed species will not have a great contidutto compositional

differences but great effect over diversity.

2. Materials and Methods
2.1. Study sites and design

The study area was located in Northern-Easterm3g&aj4’,18.61"E,
42°,15,46.42"N) at an altitude of 1149 m a.saAlhere three independent sites were
selected. We choose three forest stands (H)@neach site: a monospecific stand of
Pinus sylvestrisnamed P, a monospecific standfercus roburnamed Q, and a
mixed stand oP. sylvestriandQ. roburnamed M (total n=9). To avoid pseudo-
replication, the forest stands at each site waerdamly selected and the plots were
more than 100 m distant from one another. Finédlygvoid tree proximity and
represent under/out canopy, 20 samplings were deresi in an area of 100°nat least

> 1 m from the nearby trees.

2.2. Soil sampling
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In this study, 20 soil samples were randomly cadlden November 2017 in each
forest stand with a drillable cylinder corer (didere5 cm; depth: 12 cm, 60 soil
samples per forest type/site, 180 soil cores @}oin all cores, needles and oak leaves
were eliminated, whereas humus and mineral sokwampled together. Samples were
sieved using 3 mm mesh and stored at 4 °C forthess24 h until freeze-dried. Each
sample was ground to fine powder using mortar asdle to homogenize the soil core.
The soil samples were manually pooled in ordett@aio five composite independent
samples representing an increasing gradient ofmgisamples: pools of 3 samples, 6
samples, 10 samples, 15 samples and 20 samplethis;dhe same volume (1 ém
from each soil sample that was used in the poaliag taken. This procedure was
repeated for each plot in each site. From eacheobtcomposite samples per stand we
subsampled 500 mg of fine homogenized soil powalextract the fungal DNA. The
samples were coded with the corresponding forgst (i?:Pinus Q: Quercusand M:
for mixed stands) followed by the number of sothgdes pooled in each case, i.e. one
sample pool: P1, Q1 and M1, for three sample pdt8s:Q3, M3; six sample pools: P6,
Q6, M6; ten sample pools: P10, Q10, M10; fiteemgie pools: P15, Q15, M15;
twenty sample pools: P20, Q20, M20. The resultinglgpd samples were stored at —20

°C before DNA extraction.
2.3. Fungal community analyses

Fungal DNA was extracted from 500 mg aliquots usirggNucleoSpifi NSP soil
kit (Macherey-Nagel, Duren, Germany) following theanufacturer’s protocol. Each
sample was amplified using the gITS7 (Ilhrmark et2012) and ITS4 (White et al.,
1990) primers to amplify the fungal ITS2 regionttbbtted with unique 8bp tags
differing in at least three positions. The numbiePGR cycles was optimised for each

sample, with most of the samples amplifying at Z3e¥cles. The final concentrations
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in the PCRs were: 1x Buffer, 200 uM of each nuatlspt2.75 mM MgCJ, primers at
500 nM (gITS7) and 300 nM (ITS4) and 0.025 U'yplolymerase (DreamTaq Green,
Thermo Scientific, Waltham, MA, USA). PCR cyclingralitions were as follows: 5
min at 95°C, followed by 23-26 cycles of 30 s at®530 s at 56°C, 30 s at 72°C and
final extension at 72°C for 7 min. Samples were ldrag by triplicate together with
negative extraction and PCR controls. Ampliconsenarrified using the NucleoM&g
NGS Clean-up and Size Select  MACHEREY-NAGEL Gmbitd €0) and quantified
using a Qubit fluorometer (Life Technologies, Chaad, CA, USA). Equal amounts of
DNA from each sample were pooled. Samples wereesexpa at Stab Vida, Caparica,

Portugal on an Illlumina MiSeq 2x300 bp.
2.4. Bioinformatic analysis

Sequences were quality filtered and clustered usiagsCATA pipeline

(https://scata.mykopat.slu.se/). We first removétfisequences with length <200 bp

and were screened for sample tags and primersimigfnprimer match of at least 90%.
Sequences were pair-wise compared using ‘usedidga, 2010) after collapsing
homopolymers to 3 bp. Sequences were quality édteemoving data with amplicon
guality score of <20 (averaged per sequence) atidanscore of <10 at any position.
Pairwise alignments were scored as follows: mismpanalty of 1, gap open penalty of
0 and a gap extension penalty of 1. Putative charsequences were removed, and the
quality-filtered sequences were clustered into igsdtypotheses (Kdljalg et.a2013)
using single linkage clustering, with a maximuntalge of 1.5% to the closest
neighbour required to enter clusters. Global stogle were excluded from further
analyses. Switched tags were detected when theriwers from the same sequence
were found to have two distinct DNA tags and therethese sequences were further

excluded from the data. Finally, the LULU (Frgst¢rl., 2017) algorithm was applied
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(minimum_ratio_type = “min”, minimum_match = 98¢y_occ =0.8) to merge
consistently co-occurring ‘daughter’ OTUs.Sequettata are archived at NCBI's

Sequence Read Archive under accession number PRBYAS.

(www.ncbi.nim.nih.gov/sra).

2.5. Taxonomic identification

We taxonomically identified the 1000 most abundamtJs. We selected the most
abundant sequence from each OTU for taxonomic iftsatton, using PROTAX
software (Somervuo et al. 2016) implemented indHutising a 50% probability of
correct classification (called by Somervuo et 201(7) as “plausible identifications”).
These identifications were confirmed and some eifritimproved using massBLASTer
in PlutoF against the UNITE (Abarenkov et al. 20I)xonomic identities at species
level were assigned based on >98.5% similarity wétabase references, or to other
lower levels using the next criteria: genus on >9%&ily on >95%, order on >92%

and phylum on >90% similarity.
2.6. Statistical analyses

Statistical analyses were implemented in R softweargeronment (version 3.6.0, R
Development Core Team 2019), using the INEXT (Hietsal., 2016) package for
fungal diversity analyses, tveganpackage (Oksanen et al., 2019) for the multivariat
analyses, anddespatialpackage (Dray et al., 2018) was used for betarsitye
analyses.

We used Hill's diversity indices (Hills, 1973) testribe the differences in fungal
diversity values between number of soil sample pagthin each forest type. These
analyses were performed on the overall fungal comities using the abundance-based

matrices. Hill's diversity consists of three nunsb@t0 is species richness; N1 is the

10
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antilogarithm of Shannon's diversity index; andiblghe inverse of Simpson's diversity
index. Therefore, to test the effect of sample gobn fungal diversity, the INEXT
function was used to build rarefactions curves pgodogether the individual samples.
The extrapolated confidence intervals were usadstalize the differences between the
number of sample pools. Moreover, the number ofieeces also rarefied to 4000 to
assess interpolated richness with increasing nuofie¥quences. For all compositional
analyses, the species abundance matrix was Helliregesformed (square root of
relative abundance data) to account for taxa vehdounts numbers (Legendre and
Gallagher 2001) and then the dissimilarity matrieese calculated based on Bray-
Curtis index. Also, compositional matrix was trasfied to presence-absence and
Jaccard dissimilarity was evaluated to test qualéacompositional changes.
Differences in fungal overall community compositiogtween number of sample pools
were tested using permutational multivariate aredysf variance (PERMANOVA,
function“adonis”). Then, the variance of Bray-Curtis matrix betweennbmber of
sample pools for each forest type was comparedigfrasing thdetadisperfunction
which is analogue to a Levene’s test. Moreoverewgected species gains with
increasing sample pools therefoi@assess R-diversity patterns and whether theafore
most abundant fungal species is maintained bets#es), we evaluated for each pool
the species (or abundances-per-species) lossesBypecies gains (C) using the
beta-indices (tbi function, Legendre, 2019). Heve,used the one sample pool per
each forest (sample 1) as a reference, and we e¢ethpaols with increasing number of
samples (sample 3, 6, 10, 15 and 20) to identié¢igs losses and gains. The statistical
analyses’ codes and some simulated data are fee@ssible from the GitHub

repository (Adamo et al. 2021, doi: 10.5281/zenddd4407).
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3. Results

3.1. Sample pooling effect on fungal diversity

Species rarefaction curves showed significant aiffees in fungal richness across
sample pools and between forest types. Howevetlaaw differences in Shannon or
Simpson fungal diversity indexes were detectedsacsample pools, since the
extrapolated confidence intervals values overlappedse two diversity variables
ranged from 65.72-113.46/N1 and 52.11-125.26/NR.igylvestrisfrom 52.11-
136.21/N1 and 12.70-36.62/N2@ roburand from 131.20-105.58/N1 and 52.11-
125.26/N2 in mixed stands (Table S1). Considerpegies richness, there were
significant differences between sample poolR.isylvestristands (Fig. 1a). The main
difference was detected between P1, which hadthedt richness (= 428), and the
other pools (> 650). The highest fungal richness detected in P20 (= 916), followed
by P15 (= 732), P10 (= 725) and P6 (= 704). Ircatles, P3 observed richness values (=
657) were similar to observed values of higher neindd sample pools (Fig.1a).
Conversely, iM. roburstands there were also significant differencediversity across
sample pools (Fig. 1b). Here, the extrapolatedidente intervals values of Q1 (714),
Q6 and Q10 were significantly lower from Q15 (101#8)d Q20 (868). On the other
hand, no significant differences were detected betnQ1, Q3, Q6 and Q10.
Interestingly, Q3 richness values observe®imoburstands (857) were close to Q20
and Q15 (Fig.1b). Finally, in mixed pine-oak statiteye were also significant
differences in diversity across sample pools (E@. The highest significant
differences were detected between M1 or M3 (798)tha other sample pools. M6
showed the highest richness (1137) although itveasignificantly different from M15
(1105) and M20 (1104). Moreover, no significanfeliénces were detected between

M3 and M6, therefore pooling from 3 to 6 samplel produce similar richness values

12
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(Fig.1c). Finally, when the number of sequenceswarefied to 4000, differences in
interpolated richness increased with increasinglyarmf sequences (Fig. S1) similarly
as previously described for interpolated and extietpd Hill's NO (Fig.1). The lower
richness was detectedh sylvestrisfollowed byQ. roburand mixed stands. For
instance, 657 species were detected in P3, 8538,mile 793 in M3. Conversely,
mixed stands showed overall the highest richnelsesahowing 30% more species

than P and 10% more than Q starXfs< 35.82 p <0.01).

Fig. 1 Hill's NO interpolated and extrapolated values asrdifferent sample pools i

sylvestris, Q. robuand mixed pine-oak forest stand types. The valuere wbtained
using the INEXT fuction (iNEXT package, Hiesh et &016). Hill's diversity consists
of three numbers: NO is species richness; N1 iathi#ogarithm of Shannon’s diversity
index; and N2 is the inverse of Simpson’s diversityex. Unbroken and dashed parts
of the curve denote interpolated and extrapolatddes respectively, and the shaded
zone around each curve denotes the 95% confidemer/als. Significant differences
appear where confidence interval do not overlap.

3.2. Sample pooling effect on fungal 3- diversitgt apecies composition

3-diversity values changed across sample pod?s sylvestriandQ. robur stands
(Fi5,12=6.32, p-value < 0.0F5127=13.12, p-value < 0.01) but not in mixed forest

stands ;5 12=0.67, p-value = 0.65; Fig.2). In contrast, no cosipon differences were

13



314 observed across soil sample pools in any of theetforest stand$( 10=0.61, p-value
315 =0.98,F512=0.63, p-value = 0.9%;515=0.47, p-value = 0.98) since SD-ellipses of the
316 six groups were clearly superposed in the centteebrdination ( a) NMDS

317 stress=0.07, b) NMDS stress=0.09, c) NMDS stred$-Big. S2). 3-diversity was

318 highest in sample pools P1 and P¥obylvestristands (s 12=6.32, p-value < 0.01),
319 while the 3-diversity steadily decreased with iasrag number of sample pools (>P6),
320 with no significant differences (Fig. 2a). Convédysen Q. roburstands, 3-diversity was
321 significantly higher in Q1 poold~s 12=13.12, p-value < 0.01) as compared to the other
322 sample pools (>Q3, Fig. 2b). Here, R-diversity ealbetween larger pools other than
323 Q1 were not significantly different (p>0.05). Filyalin mixed forest stands no

324  significant differences in R-diversity were detélchetween sample pool§i 12=0,67,

325 p-value = 0.65, Fig. 2c), however, [3-diversity e increased but not significantly,

326 from M1 to M20, with exception of M3. Similar ressilwere obtained when the same
327 analyses were performed over the presence-absatecesing the dissimilarity matrices

328 Dbased on Jaccard index (data not shown).

a) P. sylvestris b) Quercus robur c) Mixed
0.401

0.451 0451 3
e o o
s a s 2
£ 040+ < 0,401 £ 0351 $
¢} : a o o
o Q o
© 0.35- ab aﬁb b 9 0351 @
g == b | § b b | §osi==
Q 0.301 $ & 0.304 ﬁ $ b é a

=
b
0.251 0.254 — 0.251

i 3 & 10 15 20 13 6 10 15 20 i 3 & 10 15 20
329 N. of sample pools N. of sample pools N. of sample pools

330 Fig. 2. Boxplots showing multivariate variance (Y-axisdi¢ersity values), sampled as
331 distance to centroids, of each forest type in i@hatvith the sample pools (X-axis). The
332 species abundance matrix was Hellinger transforamedthen the dissimilarity matrices
333 were calculated based on Bray-Curtis index. Meatadtce to centroids were compared
334 with ANOVA and Tukey’'HSD tests with letters denggirsignificant differences

335 between number of sample pools.
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There were differences in species loss and spgaias between forest stands,
however we did not find any significant p-valuesdgse of the low number of samples
used in the permutations. b sylvestristands, species loss values were not different
between P3 and P10, while they slightly decreastaden P15 (0.18) and P20 (0.16)
(Table 1). Similarly, species gains values incrddssgween P3 (0.27) and P20 (0.34).
In Q. roburstands, species loss values were higher in Q3)@r&l Q10 (0.27), while
they did not change across Q6, Q15 and Q20 (0Ck@8)versely, no real changes in
species gains were detected across Q3 and Q20theitxception of Q6 (0.48) (Table
1). When mixed stands were analysed, species &dsevdecreased across M3 (0.39)
and M6 (0.24) and did not change when they werepaoed with M1 and M20. On the
other hand, species gains increased from M3 (@3B (0.48), while there was a

decrease in M10 (0.40). Yet, species gains valaoes M6 to M20 (0.44) decreased

slightly (Table 1).

P. sylvestris Speciesloss  Speciesgains p-value
1-3 0.21 (£ 0.05) 0.27 (x0.05) 0.491
1-6 0.21 (x0.05) 0.31 (+0.06) 0.753
1-10 0.21 (x0.01) 0.22(x0.03) 0.252
1-15 0.18 (£ 0.04) 0.33(x0.02) 0.247
1-20 0.16 (£ 0.02) 0.34 (x0.02) 0.253

Q. robur Species loss Species gains p-value
1-3 0.33(x0.11) 0.31(x0.12) 0.951
1-6 0.18 (+ 0.07) 0.48 (x0.04) 0.152
1-10 0.27 (x 0.11) 0.30 (+0.08) 0.734
1-15 0.18 (x 0.03) 0.39 (x0.04) 0.752
1-20 0.18 (+ 0.04) 0.36 (x0.04) 0.521

Mixed Species loss  Species gains p-value
1-3 0.39 (£ 0.03) 0.36 (x0.04) 0.953
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357
358

1-6 0.24 (£ 0.08) 0.48 (x 0.02) 0.502

1-10 0.37 (£0.11)  0.40 (£ 0.09) 0.814
1-15 0.31 (+0.07) 0.45 (+ 0.08) 0.712
1-20 0.32 (+0.08) 0.44 (+ 0.08) 0.758

Table 1.Mean (SE) 3-diversity components (loss and gairgsscnumber of sample
pools inP. sylvestris, Q. robuand mixed stand types. Temporal beta diversity was
computed using the percentage difference indexy(Buartis) applied to the Hellinger
transformed matrix. Total beta is the sum of ‘spedoss’ and ‘species gain’ (Legendre,

2019).P-valueswere obtained using theest.pernoption in the TBI function
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4. Discussion

This study underlines the importance of sample paa for accurate soil fungal
diversity estimation in Mediterranean pure and rdipae-oak forests, as increasing the
number of soil sample pools, i.e. sampled volumaemeliable diversity predictions
can be made with a positive species/area relatiprfgthittaker and Fernandez
Palacios, 2007). However, it seems not possibs&aiondardise sampling pool protocols
across distinct forest types, as our richnesstseshbwed that optimal soil sample pool
size depended on forest type (e.g. pure or mixezbsts). Moreover, increasing number
of soil sample pools led to an increase in comnywsiihilarity in pure forests, but not
in mixed forests. Consequently, pools that reprieskless than three soil samples led to
significant increases in 3-diversity values in piarests, while values did not change in
mixed forests. Finally, increasing the number ahgke pools had no significant effect
over species composition for any forest type, agneased the sample pools while

repeatedly sampling the same sites.

4.1. Sample pooling effect on fungal diversity

Our results demonstrate that increasing the numibswil sample pools leads to a
positive species/area relationship regardlesseofdfrest type investigated. Thus, the
hypothesis 1 is accepted. These richness pattegreoasistent with those reported in
previous studies in agricultural fields and tempefarest sites, in which a positive
relationship was detected between fungal diveesity increasing soil sample size
(Ranjard et al., 2003; Song et al., 2015; Pentah. e2016). Consequently, the number
of samples pooled has important effects on theogoml interpretations also for fungal
communities in soils, because insufficient samptiagsed deviated richness values
(Magurran, 2011). This implies that richness congoer between studies may be

unreliable if distinct sampling strategies haverbased, even comparing studies using
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408

the same lab protocols. These results are veryrtaumtofor studies in which the total
diversity is targeted (i.e. biodiversity monitor)ngut also when rare species are
targeted (Taberlet et al., 2018). The DNA extrat8tep also represents an important
source of bias in community composition (Plassiaal.€2012), however, here DNA
was carefully extracted following the same protdoolall the samples. In addition,
PCR step is also known to be a source of bias andatiect final community
composition. Nevertheless, we tried to keep biasdsw as possible by reducing the
number of PCR cycles and using an optimized prétocdungal metabarcoding
(Clemmensen et al., 2016). Finally, sequencingldemy also have an impact on the
perceived diversity (Smith and Peay, 2014), how&ased on the rarefaction curves
(Fig.1) our sequencing depth was able to captundasi coverage of the fungal
diversities of the community.

Surprisingly, neither Shannon nor Simpson fungeéidity indexes were affected by
sampling pooling, although they slightly increaged not significantly. Thus, for
Shannon and Simpson indexes the first hypothesistiaccepted. It is well known that
diversity is dependent on richness and evenness,itiseems that richness increases
are compensated in our case by evenness valuendiatain or decrease slightly with
sample pools). Finally, although not tested hereawgele that future studies should
consider both species-area and species-time neshijo as it would lead to a deeper
understanding of fungal diversity patterns (Ladial ¢ 2019).

In forest ecosystems, differences in dominantspeies identity can lead to
diversity and compositional changes (Ishida et28lQ7; Urbanova et al., 2015; Nagati
et al., 2018). Simultaneously, mixed forests aqgeeted to harbour higher taxonomical
richness in all ecosystem compartments than paralst(Ishida et al., 2007, Cavard et

al., 2011). For instance, Suz et al. (2017) reponigher ectomycorrhizal richness in
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409 mixed pine-oak stands compared to pure pine st@wlstesults follow these trends,
410 with greater richness in mixed stands comparedite pnes (Fig 1). Consequently, the
411  minimum number of sample pool size was differerttvieen pure and mixed stands. For
412 example, pooling at least three soil samples ajyr@aolvide consistent richness

413 estimations foP. sylvestris and Q. robdorests (same sampling effort), whereas for
414 mixed stands pools should include almost six soiges.

415

416 4.2. Sample pooling effect on fungal 3-diversitg species composition

417 In this study, we observed a steady decrease ofdisity values with increasing
418 number of soil sample pools in bd® sylvestriandQ. roburstands, while there were
419 no significant changes in mixed forest stands &iglhus, hypothesis 2 is partially
420 accepted. In purBinusandQuercusforest, the results followed the predicted trends,
421 with a decrease of dispersion values when incrgabmnumber of sample pools. This
422  result indicates that pooling many samples redtleef-diversity estimation between
423 sites, which means a higher compositional simitdsétween different sites. This is
424  important, since by increasing the number of sampleach pool we may be able to
425 reduce the type Il error and therefore reduce trar gariance or unexplained variation.
426 The higher 3-diversity values observed in poolsasgnted by low number of samples
427 in Pinusor Quercusis likely attributed to insufficient sampling eftdahat failed in

428 capturing the whole community in the site, withindual samples picking a different
429 subset of the community due to the patchinessilligton of each fungal species

430 (Cairney, 2012). Thus, it seems that smaller sampptds, i.e. lower than three, will
431 capture distinct subsets of the community, whiclhu@xplain why there was much
432 higher heterogeneous communities between sitesloviter pools than with larger soil

433 sample pools (Manter et al., 2010) since each rawipcreased the species gains. Our
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results agree with Ranjard et al. (2003), who fohiggher replicate variation in small
sample sizes. It seems that in pure pine or oastpsoil sample pools lower than three
are prone to profile the community in a more biaseshner. Conversely, our results
showed that second hypothesis was not applicablaifeed stands, since increasing the
number of sample pools does not significantly dféedl fungal 3-diversity. It is

possible that the higher taxonomical richness apdtgr species coexistence present in
mixed forests (Cavard et al., 2011) could explay®-diversity is not higher when
pooling low number of samples. Further studies bdeah forest are needed to identify if
increasing the number of sample pools over mone Blacores causes a reduction of 3-
diversity values.

Interestingly, our 3-diversity findings were supeadrby species loss and gain values
between sample pools (Table 1). In pBreusandQuercusforest, while species gains
values slightly increased or decreased, we detedtedst constant species loss values
across sample pools. Thus, the core of most abtifulagal species is maintained
between sites, with low increases of less abunsiagties causing a reduction of 3-
diversity. In contrast, species loss and gain \&atlid not change in mixed forest, thus
there are different 3-diversity patterns betweeadbtypes, being more heterogeneous
the communities found in mixed forest, since int@ndjle ranges were higher than in
pure stands (Fig. 2). In any case, it seems tharev@ot collecting enough number of
samples to pool to characterize 3-diversity pastamd species gains and loses properly
in mixed forest.

Finally, increasing the number of sample pools madignificant effect on species
composition for any forest type. These resultscaresistent with our last hypothesis, as
we expected to not detect any influence of sampé#spon community composition in

each forest type. Since each low sample pool refiestibset of the higher pools
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increasing the number of sample pools will notuafice the species composition,
gualitatively or quantitatively. Thus, it is pos&itthat the main species are maintained,
and the incorporation of new species is then redlwdeen increasing new sampling
pools (see Fig. S1) (Magurran, 2011). Thereforegeéms that when profiling the core
community (more abundant species) low samplingreffoght be enough. However, an
increase in the number of sampling cores may bieatiés when targeting for rare or
less abundant species since many important pracessg be driven by specific, low

abundant species (Red list fungal species, Quamptthogens).
4.3. Conclusions

In this study, increasing number of sample pools$ aasignificant effect on fungal
richness in all the three forest types, indicatiagpositive positive species/area
relationship. Moreover, our results indicate tha minimum number of sample pools
to adequately estimate fungal richness and spemesposition will be lower in
monospecific stands, three in our case, than farendoverse mixed forest where the
optimal pooling will be almost six samples. Ourules shed light on best soil sample
monitoring implementations to be applied for ch&gazing pure and mixed forests
ecosystems. However, further research is needetedb if these results can be

extrapolated to different ecosystems in the area similar areas.
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698 Supplementary material

699 Table S1 Hill's N1 and Hill's N2 observed values acrosffetient sample pools iR.
700 sylvestris, Q. robuand mixed pine-oak forest stand types. The valwse wbtained
701 using the INEXT fuction (INEXT package, Hiesh et 2016). Hill's diversity consists

702  of three numbers: NO is species richness; N1 isuttidogarithm of Shannon’s diversity

703 index; and N2 is the inverse of Simpson’s diversitgex.
P. sylvestris Hill's N1 Hill's N2
P1 65.72 (+1.29) 26.10 (+0.51)
P3 80.83 (+1.32) 25.88 (+0.46)
P6 84.80 (+1.27) 27.39 (+0.50)
P10 97.58 (+1.44) 39.83 (+0.59)
P15 113.47 (+1.83) 44.46 (+0.73)
P20 107.79 (x1.17) 38.03 (+0.54)
Q. robur Hil's N1 Hill's N2
Q1 52.11 (+0.89) 12.70 (£0.24)
Q3 97.72 (+1.43) 30.74 (x0.51)
Q6 65.38 (+0.96) 16.18 (+0.25)
Q10 90.50 (+1.92) 22.40 (+0.52)
Q15 136.21 (+2.45) 36.62 (+0.64)
Q20 125.26 (+2.52) 27.52 (+0.76)
Mixed Hill's N1 Hill's N2
M1 109.26 (+1.46) 46.41 (+0.60)
M3 105.57 (+1.36) 46.40 (+0.59)
M6 126.57 (+1.20) 44.23 (+0.55)
M10 131.12 (+1.90) 48.38 (+0.88)
M15 120.74 (x1.70) 33.74 (x0.6)
M20 126.77 (+1.62) 41.48 (+0.68)
704
705
706
707
708
709
710
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Highlights

We identified optimal sampling size in three Medi@ean forests.

Soil samples were pooled to obtain mixtures of, 3,6 15, 20 samples.

Three sample pools in pure, six in mixed stand® gawmsistent richness estimations.
3-diversity decreased with increasing sample poabsonospecific-stands.

No effect of different number of sample pools odifersity in mixed stands.



