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Abstract
Cryptomeria japonica, commonly known as Japanese 
cedar, is now widely distributed from glacial refuges 
to the entire Japanese archipelago, after the last ice 
age. The bark surface provides a habitat for many 
corticolous myxomycetes. Although corticolous 
myxomycetes are known to prefer tree species, the 
association between myxomycete distribution and 
host tree (C. japonica) divergence across the refuges 
has not been investigated. In this study, myxomycete 
communities in five refuges were assessed and com-
pared with those in 14 peripheral areas. Bark samples 
were collected from at least 10 trees per site and were 
subjected to the moist chamber culture method (10 
Petri dishes per tree) to examine the myxomycete 
fruiting bodies strictly. Environmental variables such 
as geographical location, climate condition, and bark 
traits (tree size, bark pH, and electric conductivity) 
were measured. Fruiting bodies appeared in 91% of 
the cultures, and 32 taxa (31 species and one varie-
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ty) were recorded. Comparison of the communities 
between refuges and peripheral sites showed six 
myxomycete species, Arcyria cinerea, Macbrideola 
argentea, Cribraria minutissima, Clastoderma debary-
anum, Physarum viride and Physarum pusillum, were 
significantly more abundant in the refuges and these 
communities preserved higher species diversity. By 
nonmetric multidimensional scaling, the communi-
ties in the Pacific side and the Sea of Japan side were 
ordered based on snow cover depth, in a pattern sim-
ilar to the phylogenetic distribution of the host tree. 
Myxomycete groups were identified in the northern 
region, the Sea of Japan region, and the southern re-
gion (including Yakushima Island) of Japan. Thus, the 
refugial tree populations preserved the myxomycete 
species diversity on their bark and functioned as an 
important hotspot for myxomycetes. The distribu-
tion of corticolous myxomycetes was associated with 
the diversification and biogeographical distribution 
history of their host tree, C. japonica. 

Introduction
Myxomycetes (myxogastrids or plasmodial slime 
molds) are a group of amoeboid protists character-
ized by a stage of fruiting body formation in their 
life cycle (Stephenson & Rojas 2017). Their tiny and 
ephemeral fruiting bodies release spores that are 
mainly dispersed by the wind across long distances; 
they can be found in almost all terrestrial ecosys-
tems (Stephenson et al. 2008). Myxomycetes inhab-
it various substrates, such as coarse woody debris, 
plant detritus, and living trees’ bark surface. A group 
of myxomycetes called corticolous myxomycetes is 
found on the bark of living trees; they inhabit various 
tree species’ bark and reproduce within a short life 
cycle in a dry environment (Keller & Brooks 1973). 

Many corticolous myxomycete species have 
been shown to prefer the Japanese cedar (Crypto-
meria japonica (Thunb. ex L. f.) D. Don) (Takahashi 
2014) because the bark surface of this tree has a 
fibrous smooth carpet structure with abundant 
vertical grooves that provide a microhabitat for 
myxomycetes. Thirty-six myxomycete taxa have 
been reported on C. japonica bark across Japan 

(Takahashi et al. 2018, Takahashi & Harakon 2018). 
However, the tree bark of C. japonica has distinctive 
protective and biological activities and is involved 
in defense of the tree; for instance, compounds with 
antifungal properties (e.g., ferruginol) have been 
identified in C. japonica bark (Kofujita et al. 2001), 
and the strongly acidic bark is found to demon-
strate antibacterial properties (Cheng & Chang 
2014). Despite these antibiotic properties, many 
myxomycetes live on the bark surface. As myxomy-
cete species preference for different tree species has 
been reported in previous studies (Takahashi 2014, 
Vaz et al. 2017), a specific relationship is also pre-
sumed to exist between corticolous myxomycetes 
and a particular tree species. 

Pollen analysis has shown that during the last 
glacial period (approximately 18,000 years ago), 
C. japonica was restricted to specific refuges such 
as the Wakasa Bay coast and Okinoshima Island 
along the Sea of Japan side, and the Izu Peninsula 
and Yakushima on the Pacific side of the Japanese 
archipelago (Tsukada 1982, Tsukada 1986). As the 
climate warmed after the glacial period, the distri-
bution range of C. japonica extended from the orig-
inal forest refuges but was limited to the Japanese 
archipelago and remained an endemic species over 
time. Two phylogenetic populations of C. japonica 
were distinctively formed along the Pacific and Sea 
of Japan side (Yasue et al. 1987). Currently, their 
range extends from Yakushima in Kagoshima Pre-
fecture in the south to Serigasawa in Aomori Prefec-
ture in the north (a distance of approximately 1,500 
km). Tree expansion from the refuges occurred from 
approximately 7,000 to 3,000 years ago through the 
Japanese Islands (Sugita & Tsukada 1983). Phyloge-
netic DNA analysis of allelic variation in natural 
populations of C. japonica revealed that the original 
refuge populations have been less affected by ge-
netic drift than other populations and demonstrate 
high allelic variation (Takahashi et al. 2005). Anoth-
er study indicated that its long-term isolation from 
other populations could explain the divergence of 
the C. japonica population of Yakushima Island and 
that its population in northern Tohoku district is 
likely to have been established by cryptic northern 
refugia on the coast of Japan Sea to the west of the 
archipelago (Kimura et al. 2014).    

The present study investigated the distribution 
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of myxomycete communities in C. japonica trees’ 
original refuge populations and compared their 
community structures between glacial refuges and 
peripheral regions. The study aimed to reveal spe-
cies diversity of corticolous myxomycetes in the 
host tree refugia and the host-related phylogenetic 
associations between C. japonica and myxomycetes. 

Materials and methods

Survey sites
Corticolous myxomycetes were assessed on C.  
japonica trees’ bark, an endemic species in the Jap-
anese archipelago, and one of the most important 
forest trees with broad use its functional attributes, 
for example, in construction and housing materials. 
Although forests cover approximately 70% of the 
Japanese archipelago, natural populations of C. ja-
ponica are limited in remote and specific places be-

cause of historical over-exploitation. Consequently, 
natural populations are now protected to conserve 
their genetic resources. 

In the present study, survey sites were selected 
in refuge forests comprising long-lived natural forests 
and old-growth artificially planted forests were found 
at the periphery of the refuges. Five sites in the ref-
uges and fourteen sites in the periphery are listed in 
Table 1, describing the forest type, latitude, longitude, 
altitude, and climate conditions, and the 19 survey 
sites were geographically located from the southwest 
to northeast, from 30.30°N to 40.43° N and 130.56°E to 
140.89°E. Their altitudinal locations ranged from 90 to 
1,134 m in the Japanese Islands (Fig. 1). 

The five sites in the refuge natural forests 
were as follows (Table 1): Yakusugi land (30.3090°N, 
130.5690°E, 1,134 m altitude, sampled on August 
27, 2019) in Yakushima-cho of Kagoshima Prefec-
ture and Izu Shiranuta (34.8535°N, 139.0093°E, 813 
m altitude, sampled on April 29, 2019) in Izu Pen-
insula of Shizuoka Prefecture on the Pacific side; 
Ashyu (35.2856°N, 135.7267°E, 789 m altitude, sam-
pled on November 11, 2019) in Miyama-cho of Kyoto 
Prefecture, Aobayama (35.5051°N, 135.4814°E, 625 
m altitude, sampled on June 2, 2019) in Takaha-
ma-cho of Fukui Prefecture, and Shizenkaikinomori 
(36.2678°N, 133.3217°E, 422 m altitude, sampled 
on June 8, 2019) in Okinoshima Dougo island of 
Shimane Prefecture on the Sea of Japan side. 

The fourteen peripheral sites surveyed in this 
study were listed in Table 1 and ordered according 
to latitude, from south to north. These sites locat-
ed along the Pacific side and the Sea of Japan side 
(Fig. 1) were Ambo (plantation, 249 m, sampled on 
August 27, 2019) in Yakushima-cho, Kirisimayama 
(plantation, 870 m, sampled on August 29, 2019) in 
Kirishima city of Kagoshima Prefecture, Shenbon-
yama (natural forest, 880 m, sampled on November 
29, 2019) in Umaji-mura of Kochi Prefecture, Nachi 
(shrine, 142 m, sampled on November 19, 2019) in 
Wakayama Prefecture, Tamaki shrine (natural for-
est, 963 m, sampled on November 18, 2019) in Tot-
sukawa-mura of Nara Prefecture, and Ashitakayama 
(plantation, 768 m, sampled on December 8, 2018) 
in Susono-city of Shizuoka Prefecture on the Pacific 
side; Kenashiyama (natural forest, 782 m, sampled 
on September 29, 2019) in Shinjo-son, Wakasugi 
natural forest (natural forest, 1050 m, sampled on 

Fig. 1. Survey sites of corticolous myxomycetes on 
Cryptomeria japonica tree bark in the Japanese archipelago. 
▲: Sites in glacial refuges  ●: Peripheral sites
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May 6, 2019) in Nishiawakura-son in Okayama Pre-
fecture, Bijodaira (natural forest, 1043 m, sampled 
on July 15, 2019) and Oyama shrine-Maetateshadan 
(shrine, 181 m, sampled on July 15, 2019) in Ta-
teyama-cho of Toyama prefecture, Nibetu (natural 
forest, 221 m, sampled on May 1, 2019) in Akita-city, 
Nifuna Mizusawa (natural forest, 155 m, sampled on 
May 2, 2019) in Futatsui-cho, and Nanakurayama 
(natural forest, 91 m, sampled on May 2, 2019) in 
Futatsui-cho of Akita Prefecture close to the Sea of 
Japan side; and Towada shrine (shrine, 412 m, sam-
pled at May 3, 2019) in a mountain lake area in Tow-
ada-city of Aomori Prefecture. 

The geographical locations (latitude, longitude, 
altitude) were obtained from the Geospatial Insti-
tution Authority of Japan (https://www.gsi.go.jp/ti-
zu-kutyu.html, accessed on March 5, 2020). Climate 
data (annual mean temperature, coldest month tem-
perature, annual precipitation, and maximum snow 
cover depth) were obtained from the Japan Meteor-
ological Agency (https://www.data.jma.go.jp/obd/
stats/etrn/index.php, accessed on March 5, 2020) 
(Table 1). Climatic characters at survey sites were indi-
cated using the average data for 1981–2010 from the 
neighboring observation points; the temperature for 
the survey sites was adjusted based on a temperature 
decrease rate of −0.55 °C per 100 m elevation. The 
mean annual temperatures across the survey sites 
ranged from 7.5 °C to 19.2 °C, and the mean tempera-
ture of the coldest month ranged from −3.8 °C to 11.5 
°C. The regional mean annual precipitation ranged 
from 1,563 to 4,477 mm, and maximum snow cover 
depth ranged from 0 to 171 cm.

Bark sampling
The average diameter at breast height (DBH) of the 
sampled trees was 95 cm and ranged from 44 to 133 
cm (Table 1). Among the peripheral sites, there were 
eight natural forest sites, three mature plantation 
forest sites, and three sites with long-lived trees in 
shrine areas. The average DBHs of sampled trees 
in the natural forest sites, mature plantation forest 
sites, and shrine sites were 125 cm, 65 cm, and 126 
cm, respectively. Barks were sampled from 10–16 
trees per site (total n = 220 trees), with the bark 
stripped in approximately 800 cm2 area around the 
tree stem’s entire diameter. The bark without epi-

phytes at 50–200 cm above the ground was sampled 
manually and then placed in a paper bag. 

Bark sampling was performed year-round be-
cause corticolous myxomycetes in moist chamber 
cultures were not affected by seasonal cues (Härkö-
nen & Ukkola 2000); thus, myxomycete fruiting bod-
ies were found in the moist chamber culture when-
ever the bark was sampled.

Moist chamber cultures
The moist chamber culture method is useful for 
observing corticolous myxomycetes (Stephenson 
& Rojas, 2017). Bark samples were air-dried for 
approximately one week at room temperature and 
then placed in moist chamber cultures with 10 
plastic Petri dishes (9 cm in diameter) per tree, as 
described by Takahashi et al. (2018). Bark samples 
were cut into 3–8-cm-long pieces. Approximately 5 
g bark (dry weight, around 50 cm2) was placed on a 
clean filter paper in each dish. Each dish was filled 
with approximately 25 mL distilled water (pH 6.9) 
and covered, and the bark was soaked for 3 days. 
The pH and electric conductivity (EC) of the result-
ing exudate were measured with a compact pH and 
EC meter, respectively (Horiba, Kyoto, Japan). The 
bark pH and EC were determined as the median and 
mean of five exudate samples per tree, respectively. 
At least 100 cultures were incubated for each survey 
site, with a total of 2,200 cultures. 

The dishes were continually drained of exces-
sive water and incubated for 3 weeks at 23 °C to de-
velop myxomycetes. Next, the cultures were stored 
with their lids half-open to dry the bark samples. As 
the corticolous myxomycetes have a short lifecycle, 
the sporulation typically developed in 10–70 days 
from moist chamber cultures (de Basanta 2000). 
The fruiting bodies were assessed at 30–50 days 
using a dissecting stereomicroscope, and the inter-
nal structures were checked to identify the species 
by microscopic observation. All samples within a 
culture batch were assessed within a 2-week peri-
od. Successful cultures (i.e., those with sporangia) 
were recorded as positive cultures. The percentage 
of positive cultures was obtained by dividing the 
number of dishes with sporangia by the total num-
ber of cultured dishes. The species abundance was 
estimated from the number of the positive culture 
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Fig. 2. Myxomycete plasmodium and fruiting bodies that appeared in the moist chamber culture of Cryptomeria 
japonica tree bark from a refuge site. a: Red plasmodium of Physarum nutans var. rubrum, b: Fruiting bodies of P. 
nutans and P. nutans var. rubrum, c: Fruiting bodies of Arcyria cinerea, d: Macbrideola argentea, e: Cribraria minutissima, 
f: Clastoderma debaryanum. Scale bar = 1 mm.

A

C

B

D

E F
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dishes in which sporangia appeared. The number 
of myxomycete species identified per tree and per 
site was recorded. Species richness and abundance 
were recorded for each tree and survey site.

According to Yamamoto (1998), myxomycete 
species classification was performed, and the no-
menclature used in the most recent study (Lado 
2005-2020) was followed. Voucher specimens were 
prepared using separate paper boxes for each spe-
cies. Bark with myxomycete fruiting bodies was 
glued to the bottom of each box, and the collection 
boxes were stored at the Tottori Prefectural Museum.

Data analysis
The observed number of taxa at each site was esti-
mated by comparing the presumed number of taxa 
by Chao 1 (Chao 1984) using PAST software (Ham-
mer et al. 2001). The number of taxa was counted, 
which comprised the number of species and varie-
ties of species. 

The relevance of the environmental factors 
described in Table 1 was assessed by correlation 
analyses performed using the Bell Curve for Excel 
software (SSRI Co., Ltd., Tokyo, Japan). The relative 
abundance of different species was calculated by di-
viding the abundance of a given species by the site’s 
community’s cumulative abundance. We defined 
dominant species as those with >5% relative abun-
dance at the site community level and recorded 10 
or more sites. To quantify myxomycete species di-
versity at different sites, Shannon–Wiener diversity 
index (H’) (Shannon & Weaver 1963) and equitabili-
ty (J’) were calculated.

The myxomycete community (i.e., of all 19 sites 
collectively) was analyzed by nonmetric multidimen-
sional scaling (NMDS; Kenkel & Orlóci 1986), which 
is a method to examine the community structure 
and produces an ordination based on a dissimilarity 
matrix of communities, and is often used in the eco-
logical analysis for community structure (e.g., Taka-
hashi & Hada 2010, Park et al. 2014, Novozhilov et al. 
2018). NMDS was performed using PAST software, 
based on Bray–Curtis dissimilarities (Bray & Curtis 
1957). The communities were plotted and ordinated 
according to the NMDS scores of the first two axes 
in Figure 3. Grouping the communities was performed 
by cluster analysis (Ward’s method) for the NMDS 

scores of the first two axes. Correlation analyses were 
performed between the first two NMDS scores and 
environmental variables, such as latitude, longitude, 
altitude, annual mean temperature, the average tem-
perature of the coldest month, annual precipitation, 
snowfall, and tree traits (DBH, bark pH, and EC) to 
identify important environmental factors.

Fisher’s exact probability test of independence 
was used to compare the abundance of species be-
tween refuges and peripheral sites and the selected 
characteristic species in a site because of its ob-
served efficacy in other studies (e.g., Takahashi & 
Hada 2010, Chytrý et al. 2002). When the test indi-
cated that the abundance of a given community spe-
cies was significantly greater (p < 0.01) than zero, the 
species was considered to prefer this microhabitat. 
Species with fewer than 10 observations and three 
sites across all survey sites were excluded from the 
analysis. Differences in averages were evaluated us-
ing Tukey’s honest significant difference test. Statis-
tical tests were performed using Esumi Excel Statis-
tics 5.0 software (Esumi Co. Ltd, Tokyo, Japan).

Fig. 3. Ordination plots of nineteen corticolous 
myxomycete communities analyzed by nonmetric 
multidimensional scaling (NMDS), of which stress value 
was 0.172. Coefficient of determination was for first axis, 
r2 = 0.726, and second axis, r2 = 0.091. ▲: Glacial refuge 
sites, ●: Peripheral sites. Ellipses indicate approximate 
groups of the communities as determined by the cluster 
analysis (Ward’s method) of NMDS scores for the  
first two axes. 
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Results

Environmental factors
Latitudinal changes and geographical locations 
affected the climatic conditions, which tended to 
decrease the annual mean temperature (r = -0.667, 
p < 0.01), coldest month temperature (r = -0.748,  
p < 0.01), and precipitation (r = -0.663, p < 0.01), 
but increased the snow maximum accumulation  
(r = 0.602, p < 0.01) from the south to north. The 
maximum snow depth was greater on the Sea of 
Japan side than on the Pacific side. The latitudinal 
variance did not correlate significantly with var-
iance in the longitude, altitude, and DBH, but was 
significantly correlated with bark pH (r = -0.640,  
p < 0.01) and EC (r = 0.772, p < 0.01). The bark pH 
was generally strongly acidic (average pH ranged 
from 3.1 to 3.9), and average EC ranged from 82 to 
529 μS/m. The bark pH was significantly negative-
ly correlated with the EC (r = -0.841, p < 0.01). The  
average bark pH at refuge sites was not significant-
ly different from that at the Pacific sites and Sea of 
Japan sites.

Characteristics of myxomycete communities 
and species
Myxomycete fruiting bodies have developed in at 
least 53% of cultures at a site, with an average of 
91% of cultures across all sites (Table 1). The observed 
species richness based on the sampling effort from 
at least 10 trees per site and the culture of 10 dishes 
per tree reached a stable number of species, which 
was estimated from Chao 1 (Table 1). The number of 
taxa comprising species and intraspecific variety 
was 7–19 taxa per site. The total number of taxa at 
all survey sites was 32 (Table 2), i.e., Physarum nutans 
Pers. and Physarum nutans var. rubrum (Nann.-
Bremek. & Y. Yamam.) Chao H. Chung were syno-
nyms of Physarum album (Bull.) Chevall. but only 
distinct taxa were counted in this list. The two taxa 
had different peridium colors (Fig. 2) (white or red) 
and ecologically different characters, i.e., Physarum 
nutans commonly distributed at almost all sites. In 
contrast, Physarum nutans var. rubrum was specifi-
cally distributed at higher montane sites in natural 
forests. The number of taxa at five refuge sites was 

27, with a range of 16–19 taxa per site; at peripheral 
sites (Pacific sites and Sea of Japan sites), the rich-
ness of the taxa was 29, with a range of 9–18 taxa 
per site (Table 1). The taxa per tree were 5.8–9.9 at the 
refuge sites and 3.4–8.5 at the peripheral sites. 

Species diversity (H’) ranged from 2.18 to 2.52 
at the refuge sites and 1.73 to 2.47 at the peripheral 
sites (Table 1). The mean value of species diversity at 
the refuge sites (H’ = 2.38) was significantly higher 
than that at the peripheral sites (H’ = 2.14) accord-
ing to Tukey’s test (p < 0.05), but the equitability 
score was slightly lower of J’ = 0.612 at the refuge 
sites than at the peripheral sites (J’ = 0.647). 

The four most abundant species were recorded 
at all sites were Arcyria cinerea (Bull.) Pers., Cribrar-
ia confusa Nann.-Bremek. & Y. Yamam., Paradiache-
opsis rigida (Brândza) Nann.-Bremek., and Hemitri-
chia velutina Nann.-Bremek. & Y. Yamam. (Table 2). 
The relative abundances of these species were cu-
mulatively over 50% of the total. An additional nine 
taxa were recorded at 13 or more sites: Cribraria 
microcarpa (Schrad.) Pers., Macbrideola argentea 
Nann.-Bremek. & Y. Yamam. (Fig. 2), Physarum nu-
tans Pers., Enerthenema melanospermum T. Macbr. 
& G.W. Martin, Cribraria minutissima Schwein, Phy-
sarum nutans var. rubrum, Comatricha pulchella (C. 
Bab.) Rostaf., Licea variabilis Schrad., and Diderma 
chondrioderma (de Bary & Rostaf.) Kuntze. Addi-
tionally, 19 species temporarily appeared in less 
than ten sites and were rare, with a relative abun-
dance below 1.4%. 

Upon comparing populations between refuges 
and peripheral sites by Fisher’s exact test, six species 
were detected to be significantly more abundant in 
the refuges than in the peripheral sites. These char-
acteristic species in refuges are shown in Fig. 3 and 
include Arcyria cinerea, Macbrideola argentea, Cri-
braria minutissima, Clastoderma debaryanum A. 
Blytt, Physarum viride (Bull.) Pers., and Physarum 
pusillum (Berk. & M. A. Curtis) G. Lister (Table 2).

 

Ordination of myxomycete communities

The corticolous myxomycete communities of the 19 
sites were plotted using the first two axes scores of 
the NMDS analyses (Fig. 3). The NMDS plots illus-
trated divergence in the community composition 
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of myxomycetes between five refuges and fourteen 
peripheral sites. The myxomycete communities of 
the refuges were all found nearly in the central part 
of the NMDS plots, indicating the similarity of these 
communities; of these, three sites (Ashyu, Aobay-
ama, and Okinoshima Island) around the Wakasa 
Bay coast along the Sea of Japan coast formed a core 
placement. The Izu refugee site, which is on the Pa-
cific side, was situated close to the refugee sites on 
the Sea of Japan side. In contrast, the Yakushima Is-
land refuge site was separated and located far in the 
first axis’s negative domain. In the positive domain 
of two axes, the Nibetsu site of Akita Prefecture in 
northern Japan was plotted close to the Wakasu-
gi and the Kenashiyama site in Chugoku montane 
of western Japan, adjacent to the refuge sites of 
Okinoshima Island and Wakasa-wan Bay along the 
Sea of Japan side. According to the first axis, all the 
investigated communities were divided into the Pa-
cific side or the Sea of Japan side.

Cluster analysis results were mostly grouped 
into three assemblages, which were broadly repre-
sented by ellipses in Fig. 3 with a confidence level of 
49%. The five sites on the Pacific side, including Yak-
ushima island refuge, were marked in the negative 
dimension of the first axis (Group 1). Ten sites most-
ly plotted in the first and second axes’ positive di-
mension included three refuges in the Sea of Japan 
side and one refuge in the Izu Peninsula (Group 2). 
Four sites in the northern region plotted positively 
in the first axis dimension and negatively in that of 
the second axis (Group 3). 

The placement of these communities was asso-
ciated with the species composition and community 
structure. The first axis scores were positively corre-
lated with the number of species per tree and total 
species richness of a site (r = 0.697, p < 0.01 and r = 
0.633, p < 0.01, respectively). In addition, the index of 
species diversity was comparatively correlated with 
the first axis scores (r = 0.545, p < 0.05), and the equi-
tability index (J’) were weakly negatively correlated 
with the first axis scores (r = -0.460, p < 0.05) (Table 3). 

Relationships with environmental factors
Environmental factors influencing the myxomycete 
communities’ NMDS ordination were examined by 
correlation analysis (Table 3). The NMDS score of 

  Axis 1  Axis 2  

Myxomycetes     

 Number of species 
per tree 0.697  ** 0.382  

 Species richness 0.633  ** 0.469 *

 Species diversity (H’) 0.545 * 0.427  

 Equitability (J’) -0.460 * -0.122  

Geographical location    ≤  

 Latitude 0.519 * -0.405  

 Longitude 0.426  -0.421  

 Altitude 0.009  0.163  

Climate factors  
 

  

 Annual mean 
temperature -0.535 * 0.314  

 Coldest month mean 
temperature -0.519 * 0.345  

 Annual precipitation -0.483 * 0.111  

 Snow cover depth 0.605  ** -0.482 *

Tree traits     

 DBH -0.326  -0.518 *

 Bark pH -0.141  0.309  

 EC 0.223  -0.225  

Table 3.  Correlation coefficients between the NMDS 
scores of the first two axes for myxomycete species 
diversity and environmental variables.  
Significance **p < 0.01, * p < 0.05
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the first axis primarily showed a positive correla-
tion with maximum snow cover depth (r = 0.605, p 
< 0.01), annual mean air temperature (r = -0.535, p < 
0.05), and coldest month temperature (r = -0.519, p < 
0.05). There was also a negative correlation between 
the first axis and latitude (r = -0.519, p < 0.05). Sites 
at the Sea of Japan and the Pacific were remarkably 
separated into distinctive groups associated with 
geographical and climatic conditions. The second 
axis did not show significantly high correlation co-
efficients for any environmental factors. 

The relative abundances of myxomycete species 
were examined for their correlation with environ-
mental factors, which were effective factors for the 
NMDS first axis, i.e. latitude, annual mean tempera-
ture, and snow cover depth (Table 4). An increase in 
latitude was negatively correlated with H. velutina 
(r = -0.734, p < 0.01) and Echinostelium minutum de 
Bary (r = -0.674, p < 0.01). The annual mean temper-
ature was negatively correlated with the occurrence 
of M. argentea (r = -0.538, p < 0.01) and was positively 
correlated with the occurrence of C. microcarpa (r 
= 0.576, p < 0.01), D. chondrioderma (r = 0.649, p < 
0.01), and E. minutum (r = 0.876, p < 0.01). The maxi-
mum snow depth was positively correlated with the 
occurrence of P. rigida (r = 0.774, p < 0.01). 

The altitudinal location further influenced 
the distribution of some species. Higher montane 
sites positively influenced the relative abundance 
of three species, i.e. P. viride (r = 0.613, p < 0.05), Ly-
cogala exiguum Morgan (r = 0.655, p < 0.05), and P. 
nutans var. rubrum (r = 0.407, p < 0.05), whereas the 
abundance of D. chondrioderma decreased with in-
creasing altitude (r = -0.616, p < 0.01). 

Discussion
Japanese forests have a dorsoventral distribution 
of vegetation on the Pacific side and the Sea of Ja-
pan side. Physical factors such as low temperature 
and snowslides or snowy pressure have a major im-
pact on plant growth (e.g., Shimano 2006). The two 
separated populations of C. japonica have different 
traits in their regeneration systems (seedlings in the 
Pacific side and regeneration by laying in the Sea of 

Japan side, Taira et al. 1997) and the diterpene com-
ponents in the leaf (Yasue et al. 1987). After climate 
amelioration in the late-glacial period, C. japonica 
( Japanese cedar) populations expanded northward 
from their glacial refuges and upslope across Japan; 
currently, C. japonica is phytogeographically distrib-
uted on the Pacific side and the Sea of Japan side 
(Tsukada 1982, 1986). These distribution patterns 
of C. japonica are climatically influenced by snow 
cover depth (Kimura et al. 2013). Speciation of the 
Japanese cedar has resulted from adaptation to 
environmental differences; the Sea of Japan side is 
characterized by snowfall in the winter season. The 
Pacific side receives rain in the summer season. In 
the present study, the distribution pattern of cor-
ticolous myxomycete communities corresponded 
exactly to the divergence pattern of the host tree, C. 
japonica, and was thus divided into two groups, the 
Sea of Japan side and the Pacific side. 

The refuge communities of myxomycetes had 
higher species diversity than the peripheral com-
munities. The highest species diversity was in  
Aobayama (H' =2.52) in the vicinity of Wakasa Bay 
along the Sea of Japan. The Wakasa Bay commu-
nities (OKI, AOB, and ASH) were located adja-
cent to IZU on the Pacific side in the NMDS plot 
(Fig. 3). Thus, they are presumed to have a contin-
uous relationship within the mainland, showing a 
higher similarity with each other. The distribution 
of C. japonica was originated in the Last Pleistocene 
(around one million years ago) and prospered in the 
Japanese archipelago (Taira 2001). The relationships 
with corticolous myxomycetes and host trees can be 
ongoing geographically and historically. After the 
last glacial period, historical geographic isolation 
from the mainland may have affected the commu-
nity similarity as observed by the lower similarity of 
the Yakushima Island refuge site with the other refu-
gia. In the ice age, C. japonica tree barks presume to 
provide microhabitats on the bark surface for many 
corticolous myxomycetes. The refuges communities 
today preserve the highest species diversity. 

The communities ordinated by NMDS were 
approximately divided into three groups, mostly in-
dicating the myxomycetes’ divergent region (Fig. 3). 
Group 1 in the negative domain of the NMDS first 
axis consisted of the southern region in the Pacific 
sites associated with the Yakushima Island refuge 
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site. Group 2 was plotted in the positive domain of 
the first two NMDS axes located along the coast of 
the Sea of Japan side and showed close similarity 
despite their large geographical distance from each 
other. Group 3 was located in the positive and neg-
ative domain of the first two NMDS axes, including 
communities in the northern part of the mainland, 
i.e., Tohoku district and Toyama Prefecture, and may 
likely correspond to the cryptic northern refugia of 
C. japonica (Kimura et al. 2014). Although the bark 
pH occasionally influenced the inhabitation of corti-
colous myxomycetes on C. japonica tree bark (Taka-
hashi 2017, Takahashi et al. 2020), the traits of the 
bark did not induce any significant difference in the 
average values among these three groups. Natural 
forests of C. japonica have been recently preserved 
as genetic resources in various places in Japan. These 
areas are still spotted in smaller than 100 hectares, 

except at locations such as Yakushima Island, Nibe-
tu in Akita Prefecture, and Bijodaira in Tateyama in 
Toyama Prefecture (Tsumura 2011). These widely 
conserved natural forests and refuge forests of C. 
japonica were found to preserve the original myx-
omycete community. They could preserve a specific 
structure of the communities based on the geograph-
ical location. 

The present study indicated divergence of the 
corticolous myxomycetes from the host tree refuges 
to the Japanese archipelago. A recent genetic study 
of C. japonica (Tsumura et al. 2012) indicates four 
gene pool groups, the Sea of Japan region, the Pacif-
ic region, the northern Tohoku region, and south-
ern Yakushima Island. Corticolous myxomycetes 
showed three groups, and so, the Pacific community 
group was not distinct because the Izu community 
showed a high similarity with that at the Sea of Ja-

 Latitude  Altitude  Annual mean 
temperature  Snow cover 

depth  

Paradiacheopsis rigida 0.497  -0.114  -0.415  0.774 **

Hemitrichia velutina -0.734 ** 0.463  0.386  -0.386  

Cribraria microcarpa -0.385  -0.137  0.576 ** -0.373  

Macbrideola argentea 0.162  0.361  -0.538 ** 0.387  

Diderma chondrioderma -0.180  -0.616 ** 0.649 ** -0.453  

Echinostelium minutum -0.674 ** -0.234  0.876 ** -0.275  

Physarum viride -0.566 * 0.613 * -0.278  -0.407  

Lycogala exiguum -0.470  0.655 * 0.127  -0.548  

Physarum nutans  
var. rubrum -0.228  0.407 * -0.230  -0.173  

Table 4. Correlation coefficients between the relative abundances of myxomycete species and environmental 
variables. Significance  **p < 0.01, *p < 0.05.
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pan sites. Therefore, appropriate survey sites along 
the Pacific region need to be selected in further 
studies. Overall, C. japonica’s refuges are hotspots 
for corticolous myxomycetes, whose divergence 
suggested two distinctive patterns, from the Yak-
ushima Island refuge into the southwestern Pacific 
area and from the refuges around Wakasa Bay in the 
Sea of Japan side into the coast of the Sea of Japan. 
Furthermore, a distinctive group of myxomycete 
communities may be broadly existing as a group in 
the northern part of the mainland, reflected by the 
cryptic northern refugia of C. japonica. 

The ordination of the communities was affect-
ed by snow cover depth associated with annual 
mean temperature and latitude. This principally 
indicates the dorsoventral difference in location 
between the Sea of Japan side and the Pacific side. 
The sites at the Sea of Japan side are in the northern 
latitudes, corresponding to the Japanese archipela-
go’s geographical and topographical features and a 
large amount of snow in the winter season on the 
Sea of Japan side. The geographical and climatic dif-
ference phytogeographically results in varying anti-
bacterial properties (Yasue et al. 1987) and repro-
ductive systems (regeneration by laying branches, 
Taira et al. 1997) of C. japonica. However, it remains 
unclear whether the snow cover depth influences 
corticolous myxomycete inhabitation directly as a 
climatic factor or indirectly through changes in the 
host tree’s bark traits. The bark pH, which decreased 
with increasing bark exudates (indicated by the EC), 
has influenced the community structures in other 
studies (Takahashi 2017, Takahashi et al. 2020), 
but did not affect the myxomycete distribution in 
this study. Other environmental factors (e.g., wind 
direction and strength, storm system) might have 
influenced the distribution/diversity of corticolous 
myxomycetes but were not investigated here. 

Snow cover is needed for an ecological group 
of myxomycetes called snowbank (nivicolous) myx-
omycetes (Stephenson & Stempen 1994). The myx-
omycete inhabitation is also affected by snow cover 
depth and the remaining period. The fruiting bodies 
appear on plant litter at the snow melting line in 
spring and the alpine snowbank in summer. Thus, 
they are associated with the amount of snowfall, 
which is likely explained by the presence of a stable 
and long-lasting snow cover (Dahl et al. 2018). Al-

though it is unclear how snow cover depth affects 
myxomycetes living on the bark of living trees, it re-
mains a research subject that global warming and 
climate change will influence the distribution of 
corticolous myxomycetes. 

Cryptomeria japonica trees can live for more 
than 1,000 years, and thus, myxomycete communi-
ties are persistent on the long-lived trees in refuges, 
especially on Yakushima Island. Yakushima island 
forms the southern limit of C. japonica distribution 
and exhibits a specific myxomycete community 
that is not closely related to that in the other refu-
gia. Yakushima was historically separated from the 
mainland to a satellite island because of climate 
warming and volcanic activity in the region from 
approximately 10,000 years ago. Thus, specific iso-
lation from that time may indicate the specificity 
of the myxomycete community. The present study 
suggested that the distribution of the corticolous 
myxomycete communities migrated and synchro-
nized with the phylogenetic distribution of C. japon-
ica, resulting in the expansion of myxomycetes from 
glacial refuges. 

A biogeographical influence on myxomycete 
distribution is suggested by the difference in distri-
bution between neotropical and Asian palaeotropi-
cal forests (Dagamac et al. 2017), which shows a his-
torical and considerable biogeographical distance 
on the continent spatial scale. However, differentia-
tion between myxomycete communities was region-
ally influenced by geographical and phylogenetic 
differences in the host tree. The last glacial refuges 
of trees and plants function as hotspots in the Medi-
terranean in Europe (Petit et al. 2003). It is likely that 
C. japonica population in the refuges demonstrate 
high allelic variation (Takahashi et al. 2005) and also 
preserve a hotspot for corticolous myxomycetes. 
The limited and protected refuges of C. japonica for-
ests are thus valuable sanctuaries in nature. Further 
studies are needed to reveal the ecological and phy-
logenetic relationship between myxomycetes and 
their host trees with respect to biological interaction 
and evolution. It is the first finding that the similar 
distribution pattern between the host tree C. japon-
ica and corticolous myxomycetes indicates a phyto-
geographical association between myxomycetes and 
the host tree species in biological evolution. 
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