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Abstract

The community structure of ectomycorrhizal (ECM) fungi typically displays temporal dynamics. However, heavy snow
cover hinders belowground investigations in temperate-to-boreal forests where ECM trees dominate, and the dynamics of
the ECM fungal community structure during winter have not been fully elucidated. Given that boreal conifer species start
root production in response to snowmelt, studies on the response of the ECM fungal community to snowmelt are needed.
In the present study, to infer the community dynamics during the snowmelt season and their susceptibility to host tree
conditions, we investigated ECM fungi associated with saplings of the evergreen conifer Abies sachalinensis immediately
after the start and end of snowmelt in a common garden experiment. Saplings derived from two sources of contrasting
snowfall conditions (heavy vs. little) were grown under two different light conditions (open vs. shaded), and the ECM
fungal community dynamics patterns were compared across these combinations. The response of the ECM fungal com-
munity structure varied across treatments; although significant loss of ECM fungal operational taxonomic units (OTUs)
was observed when saplings from the heavy snowfall region were grown under shade conditions, no change in community
structure across the snowmelt season was observed for the other combinations. The stability of community composition
despite the change in abiotic conditions with snowmelt, together with the effects of host origin and light conditions on
community dynamics patterns, would imply the importance of host-mediated community dynamics of ECM fungi during
the snowmelt season.
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Introduction 2008), with different fungal taxa having different abilities

for soil nutrient acquisition (Pena et al. 2013; Van Nuland

In temperate-to-boreal forests, many of the dominant tree
species form mutualistic associations with ectomycorrhi-
zal (ECM) fungi (Taylor and Alexander 2005; Brundrett
and Tedersoo 2020). As these tree species largely depend
on ECM fungi for soil nutrient acquisition (Smith and Read
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and Peay 2020; Jorgensen et al. 2023; Khokon et al. 2023),
information on the ECM fungal community composition is
useful for understanding nutrient cycling and plant com-
munity dynamics in temperate-to-boreal forests. Thus,
many studies have been conducted to reveal the community
composition of ECM fungi and its spatial and/or temporal
dynamics (Lilleskov et al. 2004; Izzo et al. 2005; Tedersoo
et al. 2008; Pickles et al. 2010; Jarvis et al. 2013; Bahram et
al. 2015; Matsuoka et al. 2016; Sugiyama et al. 2020).
Despite these efforts to describe the temporal dynam-
ics of ECM fungal communities, little is known about their
dynamics outside the growing season. The temporal dynam-
ics of the ECM fungal community structure have been
described at various resolutions, from across years (Izzo et
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al. 2005; Pickles et al. 2010), seasons (Buée et al. 2005;
Walker et al. 2008; Richard et al. 2011) to months (Koide et
al. 2007; Courty et al. 2008; Mundra et al. 2015; Sugiyama
et al. 2020). However, these studies were mainly conducted
during the growing season. Reports on community dynam-
ics during the nongrowing season are still limited, possibly
due to the thick snow cover, especially in temperate-to-
boreal forests where ECM tree species dominate.

The response of host roots to snowmelt would make it
worthwhile to investigate the dynamics of the ECM fungal
community structure from winter to early spring. In fact,
boreal tree species often stop fine-root production in win-
ter and resume it gradually in early spring (Fukuzawa et al.
2021; Radville et al. 2016; Wang et al. 2018), mainly utiliz-
ing the stored starch in roots (Hansen et al. 1996; Endrulat
et al. 2010). Particularly in temperate and boreal coniferous
species, spring root elongation occurs in response to Snow-
melt (Sugai et al. 2024) and the increase in soil temperature
(Wang et al. 2018). As these newly produced fine roots can
serve as the recruiting ground for new ECM fungal species,
community dynamics under snowmelt are partially respon-
sible for the formation of the ECM fungal community in the
growing season.

The root production pattern in the snowmelt season can
change depending on the genetic variation in the host plants
and the growing conditions. Inter- (McCormack et al. 2014)
and intraspecific (Sugai et al. 2024) variations in root pro-
duction patterns have been revealed, and abiotic factors can
also change root production patterns (e.g., nutrient avail-
ability and light condition, Nadelhoffer 2000; Poorter et al.
2019). These variations in root production patterns during
the snowmelt season may affect the ECM fungal commu-
nity structure. Thus, studies that consider the variation in
host condition will further enhance our understanding of the
temporal dynamics of the ECM fungal community structure
during the snowmelt season.

In the present study, to infer the response of the ECM
fungal community to snowmelt and its susceptibility to host
tree conditions, we investigated the ECM fungal commu-
nity composition immediately after the start and end of the
snowmelt season in a common garden experiment. Abies
sachalinensis (Sakhalin fir) saplings from two different geo-
graphic origins were grown under two different light con-
ditions. Sakhalin fir is an evergreen conifer and the most
dominant component of boreal to subarctic forests on the
northernmost island of Japan. In this species, intraspecific
ecological variation in growth and survival traits (Ishizuka
et al. 2021) and differences in root elongation patterns dur-
ing the snowmelt season (Sugai et al. 2024) among differ-
ent origins with contrasting snowfall conditions (heavy vs.
little) have been reported. In addition, shading is known to
change host carbon allocation and root elongation (Poorter
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et al. 2012, 2019). With this common garden experimental
setting, we aimed to clarify (1) how the ECM fungal com-
munity structure changes during the snowmelt season and
(2) whether the dynamic pattern of the ECM fungal com-
munity structure changes with host conditions.

Materials and methods
Study design

The root samples were obtained from a common garden
experiment reported by Sugai et al. (2024). Sakhalin fir
(Abies sachalinensis) saplings was established at the nursery
of the Forestry Research Institute, Hokkaido Research Orga-
nization, located in western Hokkaido (43°29 N, 141°85
E, 50 m a.s.l.), the northernmost island in Japan. Saplings
studied were obtained from multiple seedlots collected in
the autumn of 2014 from a commercial seed orchard, sown
at the nursery described above in the spring of 2015, and
transplanted to the established plots of our experimental site
in the spring of 2019. In this experiment, saplings derived
from eight locations of two different regions with contrast-
ing climatic conditions were selected: four locations from
eastern Hokkaido (43°07+0.01 N, 145°03+0.01 E) and
four from northern Hokkaido (44°35+0.08 N, 142°32+0.01
E). Eastern Hokkaido is characterized by cool temperatures
with little snowfall in winter, whereas northern Hokkaido
is characterized by heavy snowfall. The climatic conditions
in winter were similar between northern Hokkaido where
seeds were collected and western Hokkaido where the com-
mon garden experiment was conducted. Corresponding to
this climatic contrast, the root elongation pattern in early
spring differed between Sakhalin firs from eastern Hok-
kaido and those from northern Hokkaido. Specifically, under
heavy snowfall conditions, such as those at our experimen-
tal site, root elongation starts earlier in lineages from the
heavy snowfall region than in those from the little snowfall
region (Sugai et al. 2024).

In the common garden experiment, six plots were estab-
lished, and in each plot, saplings from two different origins
were transplanted via a randomized design. In each plot,
approximately 50 saplings were placed at least 50 cm apart
from each other. The experiment at the six plots was per-
formed at relatively uniform soil condition; soil was derived
from a sedimentary rock formed mainly by clay which was
normally found around the experimental field and nearby
forests, but was cultivated here for the nursery. The soil was
watered twice a day with an automatic irrigation system
during the growing season (i.e., May to November) and fer-
tilized with 2 g per litter of soil of Osmocote Exact Standard
15-9-12 (HYPONeX JAPAN CORP., Osaka, Japan) at the
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Table 1 The number of samples Month Host Shading The number of The number of  The number of ECM fungal

and retrieved ectomycorrhizal origin treatment samples ECM fungal reads*

(ECM) fungal OTUs and reads OTUs*

for each treatment category April East Light 12 9(4.1+1.1) 407,849 (33987.4=8508.3)
Shade 12 15(5.3%1.2) 214,853 (17904.4+6156.8)

North  Light 11 9 (3.7£0.6) 377,524 (34320.4+11241.6)

Shade 12 35(8.5+3.3) 214,381 (17865.1+13779.0)

*Outside the parentheses are May East Light 12 12 (4.7£1.2) 408,815 (34067.9£11599.5)

the “’tﬁl numbe‘”shand mS‘delthe Shade 10 11 (4741.9) 248209 (24820.9£9644.0)

giff::aﬁ:: da(rgi:ﬁrzzaf’; rV:a‘é; North  Light 9 7(3.6+0.9) 275,088 (30565.3+12573.1)

sample Shade 12 14 (4.8+1.3) 290,405 (24200.4+ 13220.8)

Table 2 The list of treatments and the number of samples and retrieved
ectomycorrhizal (ECM) fungal OTUs and reads for each group

Treatment' Group The The number The number of
number of of ECM ECM fungal reads’
samples  fungal

OTUs’
Sampling  April 47 38 1,214,607
month (5.4£2.6) (25842.7+12914.4)
May 43 18 1,222,517
(4.5€1.4) (28430.6+11979.8)
Host origin  East 46 16 1,279,726
(4.7+1.4)  (27820.1£11036.1)
North 44 38 1,157,398
(5.3+£2.8)  (26304.5+£13909.0)
Shading Light 44 14 1,469,276
treatment 4.0£1.1) (33392.6+£10400.9)
Shade 46 41 967,848
(59+2.6)  (21040.2+11320.5)

ITreatments with significantly different number of OTUs between
groups are shown in bold (GLMM, p<0.05). The detailed statistical
values are provided in the text

2 Qutside the parentheses are the total numbers and inside the paren-
theses are the mean value and standard deviation for each sample

beginning of the growing season in 2019 and 2020. The soil
pH and electrical conductivity in KCl and C/N ratio were ca.
4.0-4.5, 66.0-89.0 and 14.7, respectively.

To test the effects of shading on the response of plants
and ECM fungal communities, three plots were shaded
throughout the growing season by covering the entire plot
with black mesh net. 80% of the light intensity was cut off
by this shading treatment, which affected the host plants’
growth (Ishizuka et al., manuscript preparation). It should
be noted that the shading treatment temporarily ceased just
before the snowfall (snowpack) until the snow completely
melted, as not to change the effect of snowfall on the plant
and ECM fungal communities. During the snowing season,
saplings were buried in snow. The further information on
the experimental settings is provided in Supplementary
material 1, including the photos and the data on the detailed
soil condition and climatic condition of experimental site,
latitude/longitude of each host origin and the change in host
biomass between sampling occasions.

Root sampling

To investigate the community dynamics of ECM fungi in
early spring, root sampling was conducted twice in 2021;
immediately after snowmelt started (April 9—11th, hereaf-
ter April sampling) and after the snow completely melted
and the soil temperature increased (April 30th to May 2nd,
hereafter May sampling). On each sampling occasion, eight
saplings (approximately less than 1 m in height, six years
old), composed of four eastern and northern Hokkaido indi-
viduals, were harvested from each plot, yielding a total of
48 samples. These 48 samples were composed of 24 shade
and light samples or 24 eastern and northern-origin samples,
respectively. However, in April, one light plot yielded seven
(lacking one northern sapling) saplings. In May, two light
plots yielded six (lacking two northern saplings) and seven
(lacking one eastern sapling) saplings and one shade plot
yielded six (lacking two eastern saplings) saplings. Thus,
the total number of April samples was 47, which was com-
posed of 24 shade and 23 light samples or 24 eastern- and
23 northern-origin samples, and the total number of May
samples was 43, which was composed of 22 shade and 21
light samples or 22 eastern- and 21 northern-origin samples
(Table 2). In the sampling, the entire root system was exca-
vated (ca. 40 cm in depth) and, after the shoots and roots
were separated, one root system was divided for ECM anal-
yses and morphology analyses (Sugai et al. 2024). The root
system for ECM analyses from one sapling was placed into
one plastic bag, transported to the laboratory and stored in
a plastic bag at -20 °C until further ECM root-tip sampling
(Table 1).

In the laboratory, 20 root tips (3—4 mm in length) were
collected from each of the 47 April and 43 May saplings.
Before the root tip sampling, the root samples were thor-
oughly checked and morphologically confirmed that ECM
diversity would be sufficiently covered with 20 root tips.
The root tips from the same sample were pooled into one
1.5 ml tube, serially washed in 70% ethanol (w/v) and
0.005% aerosol OT (di-2-ethylhexyl sodium sulfosuccinate)
solution and rinsed with sterile distilled water to remove
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adhering soil particles and fungal tissues (e.g. spores). After
washing, the samples were stored at -20 °C in cetyltri-
methylammonium bromide (CTAB) lysis buffer until DNA
extraction.

Molecular identification of ECM fungi

Total DNA was extracted from the root tips of 90 sam-
ples using the modified CTAB method (Gardes and Bruns
1993). To analyze the fungal communities colonizing the
roots, polymerase chain reaction (PCR) amplification tar-
geting the ribosomal internal transcribed spacer region
(ITS15.8 S-ITS2) of the ribosomal DNA was conducted
using the ITS1F_KYO2 and ITS2 KYO?2 (Toju et al. 2012)
primer pair fused with an Illumina sequencing primer and
six random bases (N). For PCR, 10 pL of a KOD FX Neo
(TOYOBO, Osaka, Japan) buffer system containing 1 X
PCR buffer, 0.4 mM deoxynucleoside triphosphates, 3 nmol
each of the forward and reverse primers, 0.2 units of KOD
FX Neo polymerase, and 1.0 pL of template DNA was used.
The PCR conditions were as follows: initial denaturation for
2 min at 94 °C, 40 cycles of 10 s at 98 °C, 30 s at 60 °C,
and 30 s at 68 °C, and a final extension for 5 min at 68 °C.
To subsequently fuse the 8 bp identifier indices (Hamady
et al. 2008) and the MiSeqP5/P7 adapter to the initial PCR
amplicons, we conducted an additional PCR using the same
PCR mixture and conditions as the initial PCR. The only
change to the protocol was that the number of cycles was
reduced to 12. The resulting PCR amplicons were pooled
and purified using AMPure XP (Beckman Coulter, Brea,
CA, United States). The purified library was then excised
using E-Gel SizeSelect (Thermo Fisher Scientific, Waltham,
MA, United States). The resulting library was subjected to
2x250-bp paired-end sequencing on the MiSeq platform
(Illumina, San Diego, CA, United States).

Bioinformatics

From the 90 samples, 3041791 fungal reads were obtained
via MiSeq sequencing. The retrieved reads were processed
using CLAIDENT version 0.2.2018.05.29 (Tanabe and Toju
2013). Reads were first demultiplexed using the “clsplit-
seq” command. The resulting reads were deposited in the
Sequence Read Archive of the DNA Data Bank of Japan
(accession numbers: DRR545416-DRR545506). Then,
using the “clfilterseq” command, low-quality 3’ tails were
trimmed, and low-quality reads were filtered based on a min-
imum quality value of 30. The resulting forward and reverse
reads were merged using the “clconcatpair” command. From
the resulting merged reads, potentially noisy and chimeric
sequences were eliminated using the “clcleanseqv” com-
mand. The remaining reads were clustered into operational
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taxonomic units (OTUs) with similarity thresholds of 0.97
using the “clclassseqv” command. Potentially chimeric
OTUs were eliminated using UCHIME (Edgar et al. 2011)
without any references. Additionally, cells with reads less
than 0.02% of the total reads in each sample (which cor-
responds to 1-11 reads) were removed because these rare
entries could represent contamination. After these pro-
cesses, 2,992,795 reads from 332 OTUs remained (Table
S1). Then, the taxonomic assignment of the retrieved OTUs
was conducted using CLAIDENT. The resulting sample x
OTU matrix with the taxonomic identities of each OTU is
available in Table S1. Based on their taxonomy, the func-
tional groups of the obtained OTUs were inferred using
FungalTraits (Pdlme et al. 2021). In addition, for ECM fun-
gal OTUs, the exploration type was inferred using Fungal-
Traits. In further analyses, only OTUs that were assigned to
ECM fungi were extracted and used.

Statistical analyses

All the analyses were conducted with R ver. 4.3.3 (R Core
Team 2024). Before the analyses, we calculated the sequenc-
ing read coverage for each of the 90 samples. The coverage
was 100% for all the samples, and the rarefaction curves
reached a plateau. Therefore, no rarefaction was conducted
on the OTU matrix.

First, the overall difference in community composition
among sampling occasion % plot x host origin was visual-
ized with nonmetric multidimensional scaling (NMDS)
ordination. In this ordination, a community matrix record-
ing the presence/absence of each ECM fungal OTU for each
category was constructed and converted into a dissimilar-
ity matrix using the Jaccard index. Here, to illustrate the
variation in community structure due to differences in rich-
ness and composition, we used the Jaccard index, which
reflects both changes in composition and richness (Chase
et al. 2011). Then, the variation in ECM fungal OTU rich-
ness and composition among the samples was tested. We
first checked the relationships between OTU numbers and
sampling occasions, host origins and shading treatments by
constructing a generalized linear mixed model (GLMM)
using ‘glmer’ command in ‘lme4’ package. In the GLMM,
sampling occasion (April vs. May), host origin (North vs.
East) and shading treatment (shade vs. light) were included
as fixed effects and plot as a random effect. The error struc-
ture and link function were Poisson and log, respectively.
Following this GLMM analysis, the categories with signifi-
cantly different ECM OTU numbers were specified using
Tukey’s honestly significantly different post hoc test using
the ‘glht’ function of the ‘multcomp’ package in R (Hothorn
et al. 2008). For the analysis of OTU composition, PER-
MANOVA and betadisper analyses were conducted with the
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‘adonis2’ and ‘betadisper’ commands, respectively, in the
vegan package. In the PERMANOVA, sampling occasion,
host origin and shading treatment were included as explana-
tory variables and plot was included as strata. In the beta-
disper analysis, eight categories (2 sampling occasions x 2
shading treatments x 2 host origins) were included as the
explanatory variables. In these analyses, the Raup—Crick
index was used to generate the dissimilarity matrix instead
of the Jaccard index. This is because the Raup—Crick index
is less susceptible to the difference in OTU number among
categories (Chase et al. 2011), and in our analyses, we con-
ducted separate analyses on the difference in OTU number
from the composition.

The present study aims to see the effects of host origin and
light condition on the ECM fungal community dynamics in
snowmelt season. To check these effects, further analyses
that divide samples in accordance with the host origin and/or
light condition were conducted. If differences in the number
of OTUs or the dispersion of OTU composition due to host
origin x light condition were detected in the above GLMM
and betadisper, the samples were divided into four datas-
ets according to host origin x shading treatment category,
and for each of these four datasets, differences in OTU rich-
ness and composition between April and May were tested.
For the analysis of richness, a GLMM was constructed that
included sampling occasion as the fixed effect and plot as
the random effect. For the analysis of composition, PER-
MANOVA and betadisper analyses were conducted, with
including sampling occasion as the explanatory variable. In
these analyses, the Raup—Crick index was used to gener-
ate the dissimilarity matrix. These GLMM, PERMANOVA
and betadisper analyses were repeated on the additional four
datasets: each of the light and shaded sample datasets (with
no discrimination of the host origin) and each of the north-
ern and eastern sample datasets (with no discrimination of
the shading treatments). The results for these four additional
datasets are provided in Supplementary material 2.

To further estimate how the ECM fungal community
composition of each of the host origin x shading treatments
changed from April to May, the dissimilarity between the
April and May communities was separated into turnover and
nestedness components (Baselga 2010). Turnover reflects
the replacement of OTUs, and nestedness reflects the loss
of OTUs. By calculating these two values, we assessed the
contributions of replacement and OTU loss (or gain) to the
change in community structure from April to May. In this
analysis, the standardized effect size (SES) values of pair-
wise turnover and nestedness values along with the total
Jaccard dissimilarity among samples were calculated. SES
was defined as (B, pB,,1)/Bsg» Where B is the observed
value of turnover or nestedness, B, is the mean of the null
distribution of turnover or nestedness and B, is the standard

deviation of the null distribution. B, were calculated using
the ‘beta.pair’ function in the ‘betapart’ package, with the
index family ‘jaccard’. The null distribution was calculated
based on 999 randomizations, preserving the OTU occur-
rence frequency with the ‘randomizeMatrix’ command in
the ‘picante’ package. To evaluate the contribution of these
two components to the temporal variation in the ECM OTU
composition of each host origin x shading treatment, four
ECM OTU matrices for each of the host origin x shading
treatment categories were generated, and sample-based
pairwise total Jaccard/turnover/nestedness SES matrices
were calculated. From the resultant dissimilarity matri-
ces, values comparing the April and May samples were
extracted, and their means and 95% confidence intervals
were calculated. Here, we used the Jaccard index because,
unlike the Raup—Crick index, which focuses on the turnover
component, the Jaccard index is the sum of nestedness and
turnover components.

To check whether the trend changes when the detailed
host origins (i.e. four localities within each of East and
North regions) were considered, boxplots of the number
of ECM OTUs per sample and the degree of the disper-
sion of OTU composition among samples were depicted.
Here, we visually check the trend and no statistical test was
conducted, as the sample sizes of each category (sampling
occasion x detailed host origin x light condition) can be too
small (n=1-4). The results for these analyses are provided
in Supplementary material 3.

Results
Community overview

In total, 41 ECM fungal OTUs were detected in the 90 root
samples. Among these, 38 and 18 OTUs were detected in
April and May, respectively, and 15 OTUs were shared
between the two sampling occasions.

Among the 41 ECM OTUs, 37 were Basidiomycota, and
four were Ascomycota. The retrieved ECM OTUs were
composed of 21 genera, among which Tomentella and Rus-
sula were the most and the second most OTU-rich genera,
respectively (Tomentella: 7 OTUs, 17% of the total ECM
OTUs; and Russula: 6 OTUs, 15%). The 38 ECM OTUs
detected in the April samples were composed of 15 gen-
era. Within the April community, Tomentella and Russula
were again the most and the second most OTU-rich gen-
era, respectively (Tomentella: 6 OTUs, 16%; and Russula:
5 OTUs, 13%). On the other hand, 18 ECM OTUs detected
from the May samples were composed of nine genera,
among which Tomentella and Sebacina were the OTU-rich-
est (3 OTUs, 17%). When focusing on the exploration type
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Fig. 2 Boxplot depicting the number of ECM fungal OTUs retrieved
from each sapling. The colors of the fill and frame represent the light
availability condition (gray: Shade, white: Light) and the host origins
(orange: East, blue: North), respectively. The bottom and the top of the
boxes represent the first and the third quartiles and the thick line in the
box represents the second quartile. The whiskers represent the maxi-
mum and minimums values within 1.5 x interquartile value from the
third and the first quartile, respectively. The black dots represent the
mean value. Different letters indicate significant differences (»<0.05)
among categories based on Tukey post hoc tests after one-way ANOVA

composition, the short-distance delicate type and medium-
distance _smooth types were the most and the second most
dominant, accounting for 59% (24 OTUs) and 42% (17
OTUs) of the total ECM fungal OTUs.

Variation in the ECM fungal community structure
among treatments and sampling occasions

The total number of ECM fungal OTUs retrieved from

each of the eight categories was approximately 10, except
for the April x North x Shade one, which yielded 35 OTUs
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Fig. 3 NMDS ordination results. The shape represents the sampling
occasion (triangle: April, square: May). The colors of the fill and frame
represent the light availability condition (grey: Shade, white: Light)
and the host origins (orange: East, blue: North), respectively. Stress
value=18.2

(Table 1; Figs. 1a and 2). The NMDS ordination indicated
that the ECM OTU composition was not clearly separated
in accordance with differences in sampling occasions, host
origins or shading treatments, but April X North x Shade
communities seemed to be slightly different from the others
(Fig. 3). From April x North x Shade samples, OTUs with
diverse exploration types were obtained. The long-distance
type, medium-distance_fringe type, and contact type, which
were absent or scarce in other categories, exists in April x
North x Shade samples (Fig. 1b).

The number of ECM fungal OTUs per sample signifi-
cantly changed with sampling occasion (GLMM, Estimate
= -0.20, p=0.04) and light condition (Estimate=0.37,
»<0.001), but not with host origin (Estimate=0.091,
p=0.34). The multi-comparison test showed that the
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number of OTUs per sample was significantly greater in the
April x North x Shade samples than in other samples except
for April x East x Shade ones. The number of OTUs in the
April x East x Shade samples did not significantly differ
from other samples (Fig. 2). The OTU composition sig-
nificantly differed between sampling occasions (R>=0.03,
p=0.04), shading treatments (R>=0.07, p=0.003) and host
origins (R>=0.03, p=0.03). The betadisper analysis showed
that the dispersion in the OTU composition significantly dif-
fered among the categories (F=9.48, p<0.001; Fig. 4). The
greatest dispersion was observed among the April x North
x Shade samples, followed by the April x East x Shade and
May x East x Shade samples.

The number of ECM fungal OTU tends to be high in
April x Shade x each of four northern origins. Also, the
dispersion of OTU composition was large in April X Shade
x each of four northern origins followed by April x Shade
x each of four eastern origins and May X Shade samples,
suggesting the consistency of results between localities in
North regions (Supplementary material 3).

Temporal changes in the ECM fungal community
Among the four host origin x shading treatment catego-

ries, only the North x Shade category showed a significant
decrease in OTU richness from April to May (GLMM,

o
)

Distance to centroid
o
N

o
(¥

—
00 L
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April May

Fig. 4 The result of betadisper analysis. The boxplot depicts the dis-
tance of each ECM fungal community from each sapling to the group
(sampling occasion x host origin x shading treatment) centroid based
on the Raup—Crick dissimilarity index. The colors of the fill and frame
represent the light availability condition (gray: Shade, white: Light)
and the host origins (orange: East, blue: North), respectively. The bot-
tom and the top of the boxes represent the first and the third quar-
tiles and the thick line in the box represents the second quartile. The
whiskers represent the maximum and minimums values within 1.5 x
interquartile value from the third and the first quartile, respectively.
The black dots represent the mean value. Different letters indicate sig-
nificant differences (p<0.05) among categories based on Tukey post
hoc tests

Estimate = -0.56, p<0.001). In this category, the OTU
composition did not significantly differ between sampling
occasions (PERMANOVA, R*=0.02, p=0.63), but the dis-
persion of composition was significantly greater in April
(F=5.6, p=0.027). For the remaining three categories,
neither OTU richness (North x Light, Estimate = -0.047,
p=0.84; East x Shade, Estimate = -0.14, p=0.46; and East
x Light, Estimate=0.13, p=0.50) nor composition showed
significant temporal changes (PERMANOVA: North x
Light, R?=1.72, p=0.11; East x Shade, R?=0.05, p=0.38;
East x Light, R?=0.03, p=0.49; betadisper: North x Light,
F=0.43, p=0.52; East x Shade, F=3.27, p=0.09; and East
x Light, F=2.97, p=0.10).

The SES value of the Jaccard index did not deviate from
the random expectation for all the host origin x shading
treatment categories. However, the separation of beta diver-
sity into nestedness and turnover components indicated that
the contributions of OTU replacement and loss differed
among the host origin x shading treatments. In the North
x Shade treatment (Fig. 5), the community showed signifi-
cantly high nest structure and low turnover, indicating that
the change in the OTU composition was attributable to OTU
loss rather than to OTU replacement. On the other hand,
the North x Light sample showed significantly lower nest
structure and high turnover. For the remaining categories,
both the nestedness and turnover values did not significantly
deviate from the random expectation.

Discussion

The present study described the dynamics of ECM fungal
communities across the snowmelt season and the effects
of host tree origin and light conditions on those dynam-
ics. Remarkably, the response of ECM community varied
depending on the combination of these two treatments, and
the turnover of ECM fungal OTUs seemed to be small dur-
ing this period.

The total number of OTUs decreased from April to May,
but this change was mainly driven by North % Shade sam-
ples. Among the 26 OTUs that were exclusively observed
in April (i.e., those disappeared in May), 21 OTUs were
observed only in the North x Shade samples (Table S1). The
significant loss of OTUs in the North x Shade samples was
supported by the GLMM (Fig. 2) and the large nestedness
values between the April and May samples (Fig. 5). The loss
of OTU in North x Shade samples was observed in all of
four localities within North region when each of four origins
within North and East was separately analyzed, supporting
the influence of the host origin.

The OTU loss observed in the North x Shade samples
provide important insights relevant to the interpretation of
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Total jaccard dissimilarity

nestedness turnover

Total jaccard Pairwise community dissimilarity
(jaccard SES)

Fig. 5 The composition of Jaccard dissimilarity between the April
and May communities. The means and 95% confidence intervals (CI)
are indicated. The SES was calculated based on the null distribution
obtained from the 999 randomizations of the community matrices.
Horizontal gray line represents zero and when CI do not include zero,

previously reported dynamics patterns. Decreases in ECM
fungal richness and soil microbial biomass from winter to
the growing season have been previously observed (Lipson
et al. 2000; Mundra et al. 2015), but specifically when such
decrease occurs is still uncertain. Our results demonstrate
that such a decrease in species richness may occur in part
during snowmelt season. In addition, the finding that such
OTU loss was exclusively observed in the North x Shade
samples in our common garden experiment supports the
possibility that the change in community composition was
attributable to the host response. The possibility of host
response-mediated temporal dynamics of ECM fungi has
been mentioned (Koide et al. 2007; Pickles et al. 2010;
Sugiyama et al. 2020), but rarely demonstrated. Thus, our
results based on the common garden experiment provide
important insights to advance the discussion of host-medi-
ated dynamics. On the other hand, despite the known effects
of temperature or soil conditions on community dynamics
in the growing season (Sugiyama et al. 2020), little change
in community structure was observed in most samples in the
present study from April to May, when temperature and soil
conditions clearly changed. This may suggest that the com-
munity dynamics during the snowmelt season are driven by
a different process than those during other seasons.

Among the two candidate processes that lead to the
loss of OTUs, namely, selection and ecological drift (Vel-
lend 2016), selection is suggested to be the process respon-
sible for the response of the North x Shade samples. In
the North x Shade samples, the loss of OTUs from April
to May decreased the dispersion in the OTU composition
among the samples. Considering that ecological drift usu-
ally leads to the random loss of OTUs (Vellend 2016), the
convergence of OTU composition observed in the North
x Shade samples should result from the selective loss of
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the dissimilarity value was regarded as significantly large/small. The
colors of the fill and frame represent the light availability condition
(grey: Shade, white: Light) and the host origins (orange: East, blue:
North), respectively

sample-specific OTUs and the selective persistence of com-
mon OTUs. In addition, with snowmelt, the OTU composi-
tion of the North x Shade samples became closer to those of
the other treatment categories (Fig. 3). This would indicate
that the North x Shade communities converged towards the
communities in the other treatments. From these results, it
might be possible that in samples other than the North x
Shade samples, the favorable ECM fungal community for
spring had already formed in April, but in the North x Shade
samples, the formation of spring communities accompanied
by the selective loss of OTUs occurred from April to May.
The exact pressure for the selective OTU loss is unclear,
but the dominance of short-distance exploration type in
May, which is known as C cost-efficient in inorganic N
rich soil may imply the selection by host towards less car-
bon demanding fungi in our fertilized soil (Suz et al. 2014;
Fernandez et al. 2017). In addition, competition with other
microbes (e.g., Bodeker et al. 2016; DeLancey et al. 2024)
may also have affected the ECM community, considering
that the activity of soil microbes can be also enhanced by the
host belowground activities (Broeckling et al. 2008; Huang
et al. 2014; Meier et al. 2020) in May.

In samples other than the North x Shade samples, little
change in community composition from April to May was
observed. As the community dynamics pattern of these
samples, two possibilities can be proposed: (1) the com-
munity structure changed from winter to spring in these
samples, but that change preceded the April sampling (i.e.,
the response was delayed in the North x Shade samples),
and (2) the community structure was stable from winter to
May in these samples (i.e., the change in community com-
position from winter to spring occurred only in the North x
Shade samples). As the underlying mechanisms for the first
possibility (that the formation of the spring community was
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delayed in the North x Shade samples), two mechanisms
can be postulated. First, the reduced carbon availability or
the delayed root response may have delayed the formation
of the spring community in North X Shade samples. Spe-
cifically, the reduced carbon allocation to roots by shading
(Rosinger et al. 2020) may have led to the lower carbon
availability in spring in shaded samples, which may have
delayed the response of the ECM fungal communities in
these samples. Besides, the possible difference in the timing
of root response to snowmelt may have led to the difference
in the timing of ECM community response between host
origins. A previous study, which investigated the root mor-
phological change under snowmelt using the same saplings
as ours, suggested that the root response to spring advances
in eastern saplings (Sugai et al. 2024). It is possible that the
response of ECM fungi could be also advanced in the east-
ern samples than in the northern samples. Secondly, there
is also a possibility that in North x Shade samples, specific
snow condition or temperature was required to form the
spring community. By the contributions of either or both
of these mechanisms, it is possible that the spring commu-
nity may have formed from April to May in the North x
Shade samples, whereas in the other samples, it had already
formed in April.

Based on previous reports, the second possibility that
the increase in ECM OTU in winter exclusively occurred
in North x Shade samples could also be relevant. Previous
studies based on field observations reported higher ECM
fungal OTU richness in winter and/or early spring (Mun-
dra et al. 2015; Sugiyama et al. 2020). Considering that
the winter conditions in our common garden experiment
were mostly similar to the natural conditions of the North
x Shade saplings, it is possible that such increase in rich-
ness occurred only in the North x Shade saplings. The host
tree species is categorized as a shade-tolerant species that
usually regenerates under closed forest floors. Additionally,
our common garden experiment was conducted in a heavy
snowfall region, which has climatic conditions similar to the
origin of the North individuals, but not to the East ones.
Thus, for light-exposed and eastern individuals, the dis-
tinctly different conditions of our common garden experi-
ment from the actual environments for their regeneration
may have hindered the formation of an OTU-rich winter
community. As another possible explanation, the limited
carbon assimilation and allocation to roots in the Shade and
North saplings implied from the reduced biomass in Shade
and North samples (Supplementary Material 1) may have
accelerated the turnover of ECM fungi within each root tip,
and the temporary colonization of various OTUs may have
led to the higher richness in the North x Shade saplings. The
winter reduction in carbon allocation (Zarter et al. 2006)
would be more severe in the North saplings, considering

that the East saplings are adapted to lower soil tempera-
tures (Ishizuka et al. 2021). The reduced carbon allocation
results in more non-colonized root tips (Trocha et al. 2016;
Turner et al. 2009), which may provide opportunities for
the colonization of new OTUs. Even if a stable association
could not form, the repeated death and reinfection of new
OTUs would maintain richness. From our study, it cannot be
determined which of these possibilities is most relevant, and
why such differences in dynamics patterns were observed.
Therefore, investigations over longer periods of time and
further experiments in other environments are needed.

The finding that community dynamics differ between
host light conditions and origins provides insights into the
spatiotemporal dynamics of the ECM fungal community
in forests. In forests, saplings in the understory are often
shaded (Jenkins and Chambers 1989; Lewis et al. 2000;
Lieffers et al. 1999; Rodriguez-Calcerrada et al. 2008),
whereas trees in gaps or mature trees are exposed to light.
Such differences in light availability among habitats or
between tree ages may lead to differences in ECM fungal
community dynamics. In addition, in plantation forests,
trees are sometimes planted at sites with environmental
conditions that differ from their origins. In particular, the
recent trials in the reconstruction of seed zones and/or
assisted migration to mitigate the impacts of ongoing cli-
mate change (Etterson et al. 2020; Ying and Yanchuk 2006)
will increase the chances of plantation on the foreign region
apart from seed source provenances. In these trials, it is pos-
sible to predict the suitability of the climatic conditions at
the planting site, whereas it is also necessary to know the
suitability and incompatibility of the soil conditions in order
to ensure excellent performance in the future. The impor-
tance of considering ECM fungi to understand transplants’
performance has been often discussed (Kranabetter et al.
2012, 2015; Winder et al. 2021), especially focusing on the
compatibility between transplanted hosts and local fungal
communities (Kranabetter et al. 2015; Pickles et al. 2015;
Winder et al. 2021). According to the present study, the
ECM community dynamics could differ with the hosts from
different origins with different phenology. This suggests the
possibility that the introduction of hosts whose phenology
differs from the native ones can affect local ECM commu-
nity dynamics. Further studies on the long-term impact of
such introduction on the local ECM fungal communities
are required. In addition, it should be noted that there is a
possibility that the interaction between light conditions and
host origin affects the response or its timing of ECM fungal
community to snowmelt, as implied by the unique charac-
teristics of the North x Shade sample (Figs. 1, 2 and 3).
It is unclear whether such interaction occurs additively or
synergistically, but our results highlight the complexity of
the spatiotemporal community dynamics of ECM fungi in
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early spring in forests, where host trees with varying light
conditions and varying root production patterns are growing
in combination.

As another significant result, the recruitment of new
OTUs rarely occurred from April to May in all the treat-
ment categories. Little recruitment was obvious from the
low turnover values (i.e., simultaneous OTU loss and gain
rarely occurred) between April and May, and the result that
among the 19 OTUs that were detected in May, only three
were newly recruited in May. Such little recruitment is char-
acteristic of our study, as in previous studies, continuous
recruitment was observed with a monthly survey during the
growing season (Mundra et al. 2015; Sugiyama et al. 2020).
From our study, it is unclear whether little recruitment is
characteristic to our sampling period or to our site, but for
the following two reasons, the sampling season might be
more responsible. First, in the North x Shade samples, higher
richness was observed in April, suggesting that recruitment
to form the April community should have occurred at some
point earlier in the year. Second, in the snowmelt season,
limitations in the number of non-colonized root tips and
spore arrival may limit OTU recruitment. Although some
fine-root production may occur in early spring, its peak
occurs from summer to autumn (Fukuzawa et al. 2021; Jos-
lin et al. 2001; Kondpka et al. 2005; Sato 1995; Tamura et al.
2022; Wang et al. 2018). Therefore, there should be fewer
non-colonized roots just after the snowmelt season, which
may have limited the colonization of new ECM fungal spe-
cies. Furthermore, the limited sporocarp production of ECM
fungi in the snowmelt season limits the recruitment of new
OTUs from outside the sampling site. Although spores bur-
ied in soil can be a source of new OTUs, the reduction in
total OTU richness of available spores may have led to the
limited recruitment of new OTUs. Nevertheless, the possi-
bility that little recruitment is characteristic of our site can-
not be ruled out. Further studies at other sampling sites or
repeated surveys over multiple years will confirm whether
the snowmelt season is generally associated with limited
recruitment.

There are some limitations in our study. First, in the pres-
ent study, the number of host origins was limited, and the
generality of the relatedness between the difference in host
root elongation patterns across origins and ECM fungal
dynamics needs to be further tested. In the present study,
saplings from eight origins were used and the trends were
similar among origins, supporting the generality of the
results. However, the number of replications was too small
to be statistically tested, so this remains a topic for further
study. The strength of the present study was the use of sap-
lings from origins where a difference in root elongation pat-
terns has been demonstrated. The current setting enables us
to discuss the relationship between root elongation patterns
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and ECM fungal dynamics, but studies with larger sample
sizes or the use of hosts from a wider range of climatic con-
ditions will help confirming the generality of our results and
to more robustly relate the host root elongation to commu-
nity dynamics. Second, in the present study, sampling was
only conducted twice. Thus, the relative importance of the
dynamics in snowmelt season in determining the commu-
nity composition in other seasons is uncertain. As the aim
of our study was to understand community dynamics under
snowmelt, samplings were conducted only twice, before and
after snowmelt. However, surveys in other seasons, such as
under snow cover or in late spring, would allow for the fur-
ther discussion on the impact of snowmelt on the ECM fun-
gal community dynamics in snowy regions.

In the present study, we investigated the changes in the
ECM fungal community structure associated with Sakhalin
fir across the snowmelt season in a common garden experi-
ment and showed that the dynamics pattern of the ECM
fungal community composition may change in association
with differences in host geographic origins and light condi-
tions. Additionally, we showed that the recruitment of new
OTUs may not be prevalent across the snowmelt season.
These results may suggest the importance of host-mediated
changes in community composition and little response to
changes in abiotic environmental conditions with snowmelt.
In addition, our results suggest that ECM fungal community
dynamics can vary at a fine scale depending on the light
conditions and seasonal response of associated host indi-
viduals, suggesting the necessity of fine-scale and/or long-
term studies to understand fungal dynamics in forests. As
our study is based on observations in a nursery and only tar-
gets a single host species, further investigation is necessary
to verify whether similar results can be observed in natural
settings and in other tree species or mature trees. Further-
more, although we observed little compositional change in
the ECM fungal community from April to May, how long
the composition remained stable is unknown. Since many
ECM tree species grow in areas with snow (Steidinger et al.
2019), confirming the generality of our results and enhanc-
ing our understanding of the response of the ECM fungal
community to snowmelt is essential for understanding the
temporal dynamics of ECM fungal communities.
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