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Abstract
Myxomycetes occur globally, but little is known 
about the mechanism by which myxomycete diver-
sity and community structure respond to environ-
mental gradients and human activity at local scales. 
The present study assessed the distribution of cor-
ticolous myxomycetes living on the bark of Crypto-
meria japonica trees along three rivers originating 
in the Chugoku Mountains in western Japan. Bark 
samples were collected from 14 sites along each 
river, which encompass the river sources as well as 
the upper, middle, and lower reaches. The environ-
mental characteristics of each site were assessed 
for three variable types: geography, climate, and 
land-use. A 1 km2 grid was superimposed onto each 
survey site, consisting of 100 cells of 1 ha each, and 
each cell was classified using aerial imagery into a 
broad land-use type. Of these, three land-use types 
(forest, farmland, and residential) were regularly 
used as a comprehensive indicator of landscape. 
The bark samples were cultured using the moist 
chamber technique, and the resulting myxomycete 
fruiting bodies were identified. Sporophores formed 
on 96% of the 1,490 moist chamber cultures and 
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were classified into 27 taxa (26 species and one vari-
ety). Species diversity was highest in natural forests 
near river sources and decreased with proximity 
to downstream estuaries. Community similarities 
between survey sites were analysed using non-met-
ric multidimensional scaling (NMDS). The first 
NMDS axis was negatively correlated with distance 
from estuary and forest coverage. Indicator species 
were identified for environmental changes along 
river basins. The relative abundances of Macbride-
ola argentea, Hemitrichia velutina, and Physarum 
nutans var. rubrum were positively correlated with 
forest coverage. In contrast, the relative abundances 
of Clastoderma debaryanum, Diderma chondrio-
derma, and Echinostelium minutum were positively 
correlated with residential area coverage. The dis-
tribution of corticolous myxomycetes on C. japonica 
trees was associated with local landscape changes 
along the river environments. This is the first report 
on myxomycetes assemblages along river basins 
(acting as ecological corridors) and indicates that 
forest degradation and land-use types strongly 
affect myxomycete diversity on the bark of living C. 
japonica trees. 

Introduction
Myxomycetes are eukaryotic fungus-like protists 
that engulf bacteria as their primary source of nutri-
ents. Many species are associated with wood and 
plant debris, and play important roles as scavengers 
or decomposers of decaying plant debris (Stephen-
son 2011), which is important in controlling the 
material cycle in terrestrial ecosystems. As myxo-
mycetes mainly disperse as spores by wind, they are 
thought to occur globally; however, myxomycete 
species actually only colonise preferred habitats 
(Schnittler & Tesmer 2008). The corticolous myxo-
mycetes are an ecological group of myxomycetes 
that exclusively live on tree bark surfaces (Gilbert & 
Martin 1933), where they complete their entire life 
cycle (Keller & Brooks 1973).

Recent studies have suggested that geographic 
ranges of myxomycetes are limited by regional cli-
mate and vegetation (Schnittler et al. 2000; Rollins 

& Stephenson 2011; Lado et al. 2016; Dagamac et al. 
2017), and that myxomycetes may follow the moder-
ate endemism model (Stephenson et al. 2008). Some 
myxomycetes are likely to have restricted ranges 
based on preferences for different habitats with 
varied climates and substrates (Estrada-Torres et 
al. 2013; Aguilar et al. 2014). For example, Physarum 
pseudonotabile Novozh., Schnittler & Okun has been 
found in extreme habitats and described as being a 
xerotolerant species that inhabits the bark of living 
plants and ground litter in arid regions (Novozhilov 
et al. 2013). Myxomycete geographic distribution 
has been examined in a few studies at local scales 
(Macabago et al. 2017; Novozhilov et al. 2018; Taka-
hashi et al. 2020), but there remains a lack of de-
tailed insight about how their association with a re-
gion is affected by local environmental factors. The 
local climate, geographical features, and impacts 
from human activity could all affect myxomycete 
distribution and abundance. 

The Japanese archipelago has many geologi-
cal and topographic features creating various local 
environments, making it an ideal region to investi-
gate myxomycete distribution patterns. Rivers in 
Japan create deep valleys, which are accompanied 
by varied natural environments and vegetation. 
They run from upper montane regions to estuaries, 
with the longest river in the country only 210 km in 
length. The environments along the rivers and as-
sociated streams produce varied habitats for many 
organisms as well as human occupation. Land use 
has historically changed the natural environment 
and influenced species distribution and biodiversi-
ty along rivers. For example, Cryptomeria japonica 
(Thunb. ex. L. f.) D. Don trees, which originally pre-
ferred humid locations, have been widely planted in 
the mountains and along rivers because C. japonica 
trees are useful for timber production; the forestry 
industry has extended many planting areas. 

Corticolous myxomycetes grow abundantly on 
the bark of C. japonica trees in the Japanese archi-
pelago: approximately 30 species have been identi-
fied in previous studies (Takahashi & Harakon 2018; 
Takahashi et al. 2018). The trunks of C. japonica are 
flat with fibrous and furrowed bark, which is suit-
able for trapping wind-dispersed spores and pro-
viding habitat for myxomycetes; however, little is 
known about how local geographical and climatic 
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environments, including land-use types, influence 
the community structure and species distribution 
of myxomycetes. A river basin is an ecological corri-
dor from river source to estuary and is composed of 
various natural environmental factors and human 
activities. The objective of this study was to identify 
myxomycete distribution patterns and diversity on 
the bark of C. japonica trees growing along rivers in 
western Japan. 

Materials and methods

Survey sites 
Three class A rivers, the Yoshii River, the Asahi 
River and the Sendai River, in the Chugoku district 
in western Japan, were set for basin survey (Fig. 1) 
because they flow toward the north or south from 
the Chugoku Mountains (approximately 1,200 m alti-
tude) to estuaries downstream of, and near to, urban 

areas. Information on the river environment was 
obtained from the Ministry of Land, Infrastructure, 
Transport, and Tourism (https://www.mlit.go.jp/
river/toukei_chousa/kasen/jiten/nihon_kawa/07_
chugoku.html, accessed April 2019). There is pre-
served natural forest of C. japonica at the source of 
each river. The Sendai River extends 52 km, running 
through Tottori Prefecture in the north to the Sea 
of Japan. To the south, the Yoshii River extends 130 
km and the Asahi River extends 142 km. Both run 
through Okayama Prefecture to the Setouchi Inland 
Sea. The various landscapes surrounding these 
three rivers contain natural C. japonica forests in 
their reaches and C. japonica plantations scattered 
along the river basins. 

Survey sites were selected at several points 
along each river that encompass the river sourc-
es as well as the upper, middle, and lower reaches. 
Sample sites included native forests in the Chugo-
ku Mountains and plantations, shrines, and green 
parks along the river basins. Four sites were estab-
lished along the Sendai River, six along the Yoshii 
River, and four along the Asahi River (Fig. 1). Survey 
site information, including geographical locations, 
climate variables, and landscape types, is described 
in Table 1.

Temperature and precipitation data for each 
survey location were obtained from the Japanese 
Meteorological Agency (http://www.data.jma.go.jp/
obd/stats/etrn/index.php?sess, accessed on March 
2020) observations from neighbouring areas, and 
calculated for study sites based on a temperature 
decrease rate of −0.55 °C per 100 m gain in elevation. 
The mean annual temperature across the study 
area ranged from 7.6–16.2 °C and the mean low-
est monthly temperature ranged from −4.7–4.9 °C. 
Regional mean annual precipitation ranged from 
1,106–1,924 mm. 

Environmental gradients and land-use types
The 14 survey sites were assessed for three environ-
mental variable types: geography [distance from 
estuary (km), latitude (°north), longitude (°east), 
and altitude (m)], climate [annual mean tempera-
ture (°C), lowest month mean temperature (°C), and 
annual precipitation (mm)], and land-use. 

Land-use types were assessed using aerial im-

Fig. 1. Locations of 14 survey sites along three rivers in 
Okayama Prefecture and Tottori Prefecture in western 
Japan. Code names for survey sites are provided in Table 
1. Symbols indicate three rivers,▲: Sendai River,    : 
Yoshii River,    : Asahi River. The source of each river is 
in the Chugoku Mountains.
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agery and an associated classification scheme from 
the Geographical Survey Institute (http://maps.gsi.
go.jp/, accessed September 2019). Each survey loca-
tion was overlaid by a 1 km2 grid, consisting of 100 
cells of 1 ha each, and each grid cell was categorised 
into one of six broad land-use types: forest, farm-
land, residential, empty space (wasteland, vacant 
lots, and roads), water, and industrial. Each cell was 
assigned a land-use type if >50% of the cell was occu-
pied by that type, and cumulatively counted within 
each 1 km2 grid. Land-use types that occupied ≤3% 
of the grid were excluded from the analysis, as they 
were considered insignificant and without mean-
ingful association with the distance from estuary 
metric. In this study, three land-use types ( forest, 
farmland, residential) were regularly used as a com-
prehensive indicator of landscape, as indicated in 
Table 1. 

Bark sampling 
Bark was sampled over two to three days between 
May and November of 2019 along each river. Sam-
ples were collected from 10 to 13 trees at each site 
(149 trees in total). Trees with stem diameters at 
breast height (DBH) over 20 cm were selected for 
sampling. The outer bark was peeled off by hand 
from the stem surface at a height of 50–200 cm from 
the ground and placed in a paper bag. Bark that 
was attached to the surface by moss or lichen was 
excluded from sampling.

Myxomycete cultures
Moist chamber (MC) cultures were prepared using 
plastic Petri dishes (9 cm diameter) following the 
protocol of Takahashi et al. (2018). Ten cultures 
were prepared per tree, resulting in a total of 1490 
MC cultures. Bark samples were air-dried for 1–2 
weeks at ambient temperature then cut into pieces 
3–8 cm in length. Approximately 5 g of bark (dry 
weight) was placed on clean filter paper in each 
dish; outer surface of the bark was upper side, and 
soaked with approximately 25 mL distilled water 
(pH 6.9) for 3 days. The chemical properties of the 
bark were assessed by measuring the pH and electri-
cal conductivity (EC) of the resulting exudate, using 
a compact pH and EC meter (Horiba, Kyoto, Japan). 

The EC and pH values per tree were respectively 
estimated as the mean and median of five exudate 
samples in a random manner, and then the average 
values per site were calculated. 

Next, excess water from each MC dish was 
drained and the dishes were incubated for three 
weeks at 23 °C to stimulate sporulation. Then, the 
dishes were kept with their lids halfway open to 
dry the bark samples. When fruiting bodies ap-
peared in the MC, they were observed using a ster-
eomicroscope. Myxomycete species were identified 
through morphological characteristics of the fruit-
ing body and spore characterisation as described 
by Yamamoto (1998), and followed the nomencla-
ture of the most recent literature (Lado 2005–2020). 
Voucher specimens were prepared using separate 
paper boxes for each species. Bark with myxomycete 
fruiting bodies were glued to the bottom of each box, 
and collection boxes were stored in the laboratory. 

Data analyses
Species richness and abundance were determined 
for each survey site. Sampling adequacy (percent-
age of exactitude) was assessed by dividing the 
number of species observed (Sobs) within a site by the 
estimated number of species (Sest) using the Chao1 
estimator (Chao 1984) and PAST software (Hammer 
et al. 2001). To quantify myxomycete species diver-
sity at different sites, the Shannon–Wiener diversity 
index, H’, (Shannon & Weaver 1963) and equitabil-
ity, J’, were calculated, following previous studies of 
myxomycetes (Stephenson 1989).

The abundance of a species was estimated us-
ing the number of positive culture dishes in which 
sporangia appeared on the bark. The percentage 
of positive cultures was calculated by dividing the 
number of dishes with successful cultures (i.e. those 
with sporangia) by the total number of dishes. Rela-
tive abundances were calculated by dividing a given 
species’ abundance by the cumulative abundance of 
the site’s community (Stephenson et al. 1993). We 
defined common species as those that appeared at 
every site, and dominant species as those with > 10% 
relative abundance at the site community level. The 
influence of environmental factors on relative abun-
dances was examined with correlation analysis. 
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 Yoshii river       Asahi river    Sendai river   

Code of Survey site* WAKA Awak Mima Susa Wake Seto  KENA Kuse Fuku Okay  ASHI Chiz Kawa Tott

Geography                 

Distance from estuary (km) 133 116 68 66 41 10  142 99 41 16  52 38 22 10

North latitude (˚) 35.2518 35.1503 34.9349 34.9181 34.8067 34.6948  35.2290 35.0872 34.8641 34.6861  35.2815 35.2660 35.3921 35.4998

East longitude (˚) 134.3932 134.3312 134.1258 134.0961 134.1588 134.1012 133.5226 133.7443 133.9026 133.9194  134.3843 134.2469 134.2071 134.2452

Altitude (m) 1050 298 58.8 48.3 23.9 9.9  782 189 69 4.2  1145 259 40 22

Climate                 

Mean temperature (˚C) 8.4 12.5 14.2 14.2 14.0 14.8  9.3 13.3 13.8 16.2  7.6 12.5 14.7 14.8

Lowest month temperature (˚C) -4.4 -0.2 1.9 1.9 2.5 3.9  -4.7 1.8 2.3 4.9  -3.7 1.2 3.8 3.9

Annual precipitation (mm) 1647 1647 1416 1416 1174 1086  1726 1432 1240 1106  1924 1924 1914 1914

Land-use types (%)                 

Forest coverage 100 80 54 42 40 30  96 55 53 9  100 63 31 59

Farm coverage 0 18 16 23 21 44  0 11 15 0  0 13 44 1

Residence coverage 0 2 15 15 22 21  4 19 30 74  0 18 10 37

Table 1. Geography, climate and land-use types at survey 
sites along three class A rivers flowing from the Chugoku 
Mountains. Site names written in capital letters are river 
sources.

*Codes for survey site names are provided.  
WAKA: Wakasugi natural forest at Yoshii river source,  
Awa: Nishiawakura, Mima: Fukumoto at Mimasaka shi,  
Susa: Susai at Akaiwa shi, Wake: Wake chyo,  
Seto: Osafune chyo at Setouchi shi, KENA: Mt. Kenashi  
of Shinjou son at Asahi river source, Kuse: Kuse at  
Maniwa shi, Fuku: Fukuwatari at Okayama shi,  
Okay: Tsushima at Okayama shi, ASHI: Ashizu valley  
at Sendai river source, Chiz: Chizu chyo,  
Kawa: Kawahara chyo, Tott: Uemachi at Tottori shi. 
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 Yoshii river       Asahi river    Sendai river   

Code of Survey site* WAKA Awak Mima Susa Wake Seto  KENA Kuse Fuku Okay  ASHI Chiz Kawa Tott

Geography                 

Distance from estuary (km) 133 116 68 66 41 10  142 99 41 16  52 38 22 10

North latitude (˚) 35.2518 35.1503 34.9349 34.9181 34.8067 34.6948  35.2290 35.0872 34.8641 34.6861  35.2815 35.2660 35.3921 35.4998

East longitude (˚) 134.3932 134.3312 134.1258 134.0961 134.1588 134.1012 133.5226 133.7443 133.9026 133.9194  134.3843 134.2469 134.2071 134.2452

Altitude (m) 1050 298 58.8 48.3 23.9 9.9  782 189 69 4.2  1145 259 40 22

Climate                 

Mean temperature (˚C) 8.4 12.5 14.2 14.2 14.0 14.8  9.3 13.3 13.8 16.2  7.6 12.5 14.7 14.8

Lowest month temperature (˚C) -4.4 -0.2 1.9 1.9 2.5 3.9  -4.7 1.8 2.3 4.9  -3.7 1.2 3.8 3.9

Annual precipitation (mm) 1647 1647 1416 1416 1174 1086  1726 1432 1240 1106  1924 1924 1914 1914

Land-use types (%)                 

Forest coverage 100 80 54 42 40 30  96 55 53 9  100 63 31 59

Farm coverage 0 18 16 23 21 44  0 11 15 0  0 13 44 1

Residence coverage 0 2 15 15 22 21  4 19 30 74  0 18 10 37
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Ordination of myxomycete communities

Non-metric multidimensional scaling (NMDS; Ken-
kel & Orlóci 1986) was performed for the 14 myxo-
mycete communities based on Bray-Curtis dissimi-
larities (Bray & Curtis 1957), wherein higher values 
(to a maximum of 1.0) indicate greater dissimilarity 
between communities in terms of species compo-
sition and abundance. The NMDS was performed 
using PAST software (Hammer et al. 2001) based 
on its effectiveness in a similar study (Takahashi 
& Harakon 2016). Then, correlation analyses were 
conducted between the first two NMDS axes and 
environmental variables, such as environmental 
gradients, latitude, longitude, altitude, annual mean 
temperature, lowest monthly mean temperature, 
annual precipitation, tree traits (DBH, bark pH, 
and EC), and land-use types to identify important 
environmental factors for understanding myxomy-
cete ecological features. Significant environmental 
variables affecting the community ordination were 
further assessed by correlation with species relative 
abundances of the 14 communities to determine 
distribution patterns of species corresponding to 
environmental variables.

Results

Environmental gradients along rivers 
The environment factors present at each river are 
presented in Table 1, in order from the site at the river 
source to the site closest to the estuary. Distance 
from estuary positively correlated with altitude  
(r = 0.603, p < 0.05) and was also significantly corre-
lated with annual mean temperature (r = −0.655, p < 
0.05), lowest monthly mean temperature (r = −0.791, 
p < 0.01), forest coverage (r = 0.717, p < 0.01), and 
residential coverage (r = −0.599, p < 0.05). Landscape 
coverage with forest was greatest in montane sites 
but decreased closer to the estuaries with increasing 
residential and farmland coverage (Fig. 2). 

Traits of sampled trees are shown in Table 2.  
The DBH ranged from 39–104 cm and did not sig-
nificantly correlate with altitude (r = 0.537), bark  

pH (r = −0.392), or EC (r = −0.084). Bark pH ranged 
from 3.5–4.1 and EC ranged from 92–493 μS/m 
(Table 2). There was no correlation between pH and 
EC (r = −0.089); however, bark pH had a significant 
negative correlation with forest coverage (r = −0.731, 
p < 0.01). The environmental variances selected as 
affective factors for environmental gradients were 
distance from estuary, altitude, annual mean tem-
perature, forest coverage, and residential coverage, 
in addition to bark pH.

Fig. 2. Composition of land-use types in survey sites 
along the three rivers. A: Six sites along the Yoshii 
River, B: Four sites along the Asahi River, C: Four sites 
along the Sendai River. Land-use was categorised into 
the following six types: forest, farmland, residential, 
industrial, empty space, and water. Land-use type is 
indicated by percentage of area in 1 km2.  
Code names for survey sites are provided in table 1.
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Myxomycete species diversity

Myxomycete fruiting bodies developed in 82–100% 
of the sites and in 96% of the 1,490 total MC cultures. 
Species richness per tree ranged from 3.9–7.8, which 
was positively correlated with distance from estuary 
(r = 0.800, p < 0.01), altitude (r = 0.698, p < 0.01), and 
forest coverage (r = 0.689, p < 0.01). Species richness 
per site ranged from 8–15 species, comparable to the 
number of species estimated by Chao-1, which indi-
cated 95% accuracy. Species richness was negatively 
correlated with latitude (r = −0.620, p < 0.05). Species 
diversity (H’) ranged from 1.62–2.27, which was sig-
nificantly correlated with the distance from estuary 
(r = 0.552, p < 0.05), and correlated with equitability 
(J’) values ranging from 0.74–0.88 (r = 0.820, p < 0.01). 

Twenty-seven taxa (26 species and one variety) 
were recorded and are arranged in order of relative 
abundance in Table 3. The most abundant species, 
which were recorded at every site and contributed 
to > 10% of the relative abundance, were Paradi-

acheopsis rigida (Brândǎ) Nann.-Bremek. (22%), Cri-
braria confusa Nann.-Bremek. & Y. Yamam. (17%), 
Arcyria cinerea (Bull.) Pers. (13%), and Enerthenema 
melanospermum T. Macbr. & G.W. Martin (11%). 
Physarum nutans Pers. also appeared at every site 
with a relative abundance of 6%. Thirteen taxa had 
relative abundances of 1–6% and there were nine 
rare taxa, with < 1% relative abundance.

Ordination of myxomycete communities
Similarities among 14 myxomycete communities 
(i.e., site-level communities) were evaluated using 
NMDS analysis (Fig. 3). In the ordinations, the 
upriver communities were arranged on the negative 
side of the first axis, and the downstream communi-
ties were on the positive side. The six communities 
in the Yoshii River extended along the widest range 
of the first axis, following those of the Asahi River 
and the Sendai River. 

Correlation coefficients between the first 

Fig. 3. Non-metric multidimensional scaling (NMDS) ordination plots of myxomycete communities from 14 survey 
sites. Symbols indicate three rivers, ▲: Sendai River,     : Yoshii River,     : Asahi River. Codes for survey site names 
are provided in Table 1. Site names written in capital letters and surrounded by an oval are river sources.  
Stress = 0.154, coefficient of determination, r2 = 0.754 for axis 1 and r2 = 0.050 for axis 2.
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  Yoshii river       Asahi river     Sendai river    

 Code WAKA Awak Mima Susa Wake Seto Entire  KENA Kuse Fuku Okay Entire  ASHI Chiz Kawa Tott Entire

Tree traits                    

 Tree samples 13 10 11 10 10 10 64  10 11 10 12 43  11 10 10 11 42

 Diameter of breast height (cm) 73 40 59 54 63 39 55  104 72 70 40 71  79 57 46 86 67

 Bark p H 3.6 3.8 3.7 3.8 3.9 3.8 3.8  3.6 3.5 3.6 3.6 3.6  4.1 3.5 3.7 3.9 3.8

 Electric conductivity (μS/cm) 320 268 354 344 305 338 321  179 155 123 175 158  92 493 126 94 201

Myxomycetes                    

 Positive culture (%) 100 100 98 100 100 99 100  100 90 88 94 93  97 100 96 82 94

 Mean species richness per tree 7.5 7.1 5.5 6.1 5.2 5.4 6.1  7.8 4.4 4.8 4.6 5.4  6.2 4.7 4.7 3.9 4.9

 Total species richness 13 13 12 13 11 15 25  14 12 15 13 20  12 8 10 10 18

 Chao-1 13 13 13 13 11 16 28  15 15 15 16 26  12 9 10 11 19

 Species diversity (H´) 2.27 2.19 2.02 2.17 1.84 2.16 2.51  2.22 1.89 2.09 2.08 2.42  2.11 1.62 1.73 1.70 2.11

 Equitability (J´ ) 0.88 0.85 0.79 0.84 0.77 0.80 0.78  0.84 0.76 0.77 0.81 0.81  0.85 0.78 0.75 0.74 0.73

Table 2.  Tree traits, myxomycete occurrences and 
species diversity at survey sites. Codes for survey site 
names are provided in Table 1. Site names written in 
capital letters are river sources. Italics indicate data  
in a entire river.

two NMDS axes (NMDS1 and NMDS2) and 11 en-
vironmental parameters (geographical, climate, 
landscape factors, and tree traits) are given in Table 
4. NMDS1 was significantly correlated with dis-
tance from estuary (r = -0.725, p < 0.01), altitude  
(r = -0.852, p < 0.01), annual mean temperature (r = 0.838,  
p < 0.01), lowest monthly mean temperature  
(r = 0.877, p < 0.01), and forest coverage (r = -0.815,  
p < 0.01). NMDS2 was not significantly correlated 
with any environmental parameter. 

Myxomycete communities along NMDS1 
were arranged according to species diversity (H’ )  
(r = -0.526, p = 0.057), equitability (J’ ) (r = -0.631, p 
< 0.05), and species richness per tree (r = -0.776,  
p < 0.01). The upriver sites had higher species diversi-
ty than the downriver sites. 

Species spatial patterns 

Nine species were found to be indicators of five 
environmental gradients (Table 5). Distance from 
estuary was positively correlated with the relative 
abundances of Cribraria microcapa (Schrad.) Pers.  
(r = 0.581, p < 0.05), Cribraria minutissima Schw.  
(r = 0.674, p < 0.01), Macbrideola argentea Nann.-
Bremek. & Y. Yamam. (r = 0.630, p < 0.05), and Phy-
sarum nutans var. rubrum (r = 0.565, p < 0.05), and 
negatively correlated with P. rigida (r = -0.590, 
p < 0.05) and Clastoderma debaryanum A. Blytt.  
(r = -0.579, p < 0.05). Altitude was positively correlated 
with Hemitrichia velutina Nann.-Bremek. & Y. Yamam. 
(r = 0.886, p < 0.01), M. argentea (r = 0.940, p < 0.01), 
and P. nutans var. rubrum (r = 0.816, p < 0.01), and neg-
atively with P. rigida (r = -0.637, p < 0.05). Annual mean 
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  Yoshii river       Asahi river     Sendai river    

 Code WAKA Awak Mima Susa Wake Seto Entire  KENA Kuse Fuku Okay Entire  ASHI Chiz Kawa Tott Entire

Tree traits                    

 Tree samples 13 10 11 10 10 10 64  10 11 10 12 43  11 10 10 11 42

 Diameter of breast height (cm) 73 40 59 54 63 39 55  104 72 70 40 71  79 57 46 86 67

 Bark p H 3.6 3.8 3.7 3.8 3.9 3.8 3.8  3.6 3.5 3.6 3.6 3.6  4.1 3.5 3.7 3.9 3.8

 Electric conductivity (μS/cm) 320 268 354 344 305 338 321  179 155 123 175 158  92 493 126 94 201

Myxomycetes                    

 Positive culture (%) 100 100 98 100 100 99 100  100 90 88 94 93  97 100 96 82 94

 Mean species richness per tree 7.5 7.1 5.5 6.1 5.2 5.4 6.1  7.8 4.4 4.8 4.6 5.4  6.2 4.7 4.7 3.9 4.9

 Total species richness 13 13 12 13 11 15 25  14 12 15 13 20  12 8 10 10 18

 Chao-1 13 13 13 13 11 16 28  15 15 15 16 26  12 9 10 11 19

 Species diversity (H´) 2.27 2.19 2.02 2.17 1.84 2.16 2.51  2.22 1.89 2.09 2.08 2.42  2.11 1.62 1.73 1.70 2.11

 Equitability (J´ ) 0.88 0.85 0.79 0.84 0.77 0.80 0.78  0.84 0.76 0.77 0.81 0.81  0.85 0.78 0.75 0.74 0.73

temperature was positively correlated with C. debary-
anum and P. rigida and negatively correlated with H. 
velutina, M. argentea, and P. nutans var. rubrum.

Forest coverage was positively correlated with 
M. argentea (r = 0.796, p < 0.01), H. velutina (r = 0.731, 
p < 0.01), and P. nutans var. rubrum (r = 0.651, p < 0.01), 
whereas it was negatively correlated with C. debary-
anum (r = −0.608, p < 0.05), Diderma chondrioderma 
(De Bary & Rostaf.) G. Lister (r = −0.547, p < 0.05), 
and Echinostelium minutum de Bary (r = −0.547, p < 
0.05). The latter three species were positively corre-
lated with residential cover [E. minutum (r = 0.809, p < 
0.01), D. chondrioderma (r = 0.764, p < 0.01), and C. de-
baryanum (r = 0.547, p < 0.05)]. The landscape change 
from forest coverage to residential area strongly in-
fluenced the abundances of these three species. 

Discussion
The dominant and common species of myxomycetes 
on C. japonica bark were identified across three river 
basins. There were two dominant species, P. rigida 
and C. confusa, which have previously been found 
to be common on C. japonica bark (Takahashi et al. 
2018, 2020). Arcyria cinerea and P. nutans also fre-
quently appeared in almost all survey sites, which 
was also observed in previous surveys (Takahashi et 
al. 2018, 2020). 

The spatial distribution pattern of myxomy-
cetes have suggested that it may relate to the eco-
logical differences on a local scale (Stephenson et 
al. 2008). Cryptomeria japonica trees are distribut-
ed across river environments, from river source to 
estuary, and provide microhabitats for corticolous 
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 Yoshii river      Asahi river    Sendai river    
Total

Relative 
abundance 
(%)Species                                                                  Code WAKA Awak Mima Susa Wake Seto  KENA Kuse Fuku Okay  ASHI Chiz Kawa Tott  

Paradiacheopsis rigida (Brândz a �  ) Nann.-Bremek. 38 68 75 41 77 64  30 65 70 51  55 83 85 54  856 22

Cribraria confusa Nann.-Bremek. & Y. Yamam. 72 63 20 74 36 52  52 30 24 44  18 49 61 47  642 17

Arcyria cinerea (Bull.) Pers. 31 60 30 28 8 45  30 29 48 29  46 15 32 48  479 12

Enerthenema melanospermum T. Macbr. & G. W. Martin 41 25 36 12 63 49  3 26 7 43  35 47 28 11  426 11

Physarum nutans Pers. 74 50 31 20 8 12  3 3 8 13  17 1 6 1  247 6

Macbrideola argentea Nann.-Bremek. & Y. Yamam. 91 4      72  5   46  1 2  221 6

Hemitrichia velutina Nann.-Bremek. & Y. Yamam. 31 3      33 3 7   55 1    133 3

Cribraria microcarpa (Schrad.) Pers. 22 13 2 1  20  39 19 3    12    131 3

Physarum nutans var. rubrum (Nann.-Bremek.  
& Y. Yamam.) Chao H. Chung 65     10  23     14     112 3

Cribraria minutissima Schwein. 16 47   5 1  33 1 2 4     1  110 3

Comatricha pulchella (C. Bab.) Rostaf. 10  2 41 9   7 7 6      14  96 2

Comatricha laxa Rostaf.  4 21  13 9     1   21 19 3  91 2

Clastoderma debaryanum Blytt   17 9 7 19   1 8 13  6  2 6  88 2

Enerthenema papillatum (Pers.) Rothtaf.    18  8   6 30 6       68 2

Diderma chondrioderma (de Bary & Rostaf.) G. Lister 3  6     1  4 19    5   38 1

Comatricha elegans (Racib.) G. Lister  14  3 7 2         4   30 1

Macbrideola confusa Nann.-Bremek. & Y. Yamam.  17  7              24 1

Enerthenema berkeleyanum Rostaf.    21              21 1

Licea variabilis Schrad.    3    6  2   4     15 0.4

Echinostelium minutum de Bary   1   2   1 2 5  1     12 0.3

Paradiacheopsis solitalia Nann.-Bremek. & Y. Yamam.  5           2     7 0.2

Lycogala exigiuum Morgan   2   1            3 0.1

Licea kleistobolus G. W. Martin 1          1       2 0.1

Stemonitopsis curiosa Nann.-Bremek. & Y. Yamam.      1            1 0.0

Hemitrichia minor G. Lister     1             1 0.0

Macbrideola cornea (G. Lister & Cran) Alexop.        1          1 0.0

Paradiacheopsis fimbriata (G. Lister &  
Cran) Hertel ex Nann.-Bremek.          1       1 0.0

Total abundance 495 373 243 278 234 295  333 191 226 230 299 229 243 187  3856  

Table 3. Corticolous myxomycete species and abundances on the bark of living C. japonica trees at each survey 
sites. Numbers written in italics are the relative abundances in the total community. Codes for survey site names are 
provided in Table 1. Site names written in capital letters are river sources. The relative abundance of each species was 
indicated by rounded values. 
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 Yoshii river      Asahi river    Sendai river    
Total

Relative 
abundance 
(%)Species                                                                  Code WAKA Awak Mima Susa Wake Seto  KENA Kuse Fuku Okay  ASHI Chiz Kawa Tott  

Paradiacheopsis rigida (Brândz a �  ) Nann.-Bremek. 38 68 75 41 77 64  30 65 70 51  55 83 85 54  856 22

Cribraria confusa Nann.-Bremek. & Y. Yamam. 72 63 20 74 36 52  52 30 24 44  18 49 61 47  642 17

Arcyria cinerea (Bull.) Pers. 31 60 30 28 8 45  30 29 48 29  46 15 32 48  479 12

Enerthenema melanospermum T. Macbr. & G. W. Martin 41 25 36 12 63 49  3 26 7 43  35 47 28 11  426 11

Physarum nutans Pers. 74 50 31 20 8 12  3 3 8 13  17 1 6 1  247 6

Macbrideola argentea Nann.-Bremek. & Y. Yamam. 91 4      72  5   46  1 2  221 6

Hemitrichia velutina Nann.-Bremek. & Y. Yamam. 31 3      33 3 7   55 1    133 3

Cribraria microcarpa (Schrad.) Pers. 22 13 2 1  20  39 19 3    12    131 3

Physarum nutans var. rubrum (Nann.-Bremek.  
& Y. Yamam.) Chao H. Chung 65     10  23     14     112 3

Cribraria minutissima Schwein. 16 47   5 1  33 1 2 4     1  110 3

Comatricha pulchella (C. Bab.) Rostaf. 10  2 41 9   7 7 6      14  96 2

Comatricha laxa Rostaf.  4 21  13 9     1   21 19 3  91 2

Clastoderma debaryanum Blytt   17 9 7 19   1 8 13  6  2 6  88 2

Enerthenema papillatum (Pers.) Rothtaf.    18  8   6 30 6       68 2

Diderma chondrioderma (de Bary & Rostaf.) G. Lister 3  6     1  4 19    5   38 1

Comatricha elegans (Racib.) G. Lister  14  3 7 2         4   30 1

Macbrideola confusa Nann.-Bremek. & Y. Yamam.  17  7              24 1

Enerthenema berkeleyanum Rostaf.    21              21 1

Licea variabilis Schrad.    3    6  2   4     15 0.4

Echinostelium minutum de Bary   1   2   1 2 5  1     12 0.3

Paradiacheopsis solitalia Nann.-Bremek. & Y. Yamam.  5           2     7 0.2

Lycogala exigiuum Morgan   2   1            3 0.1

Licea kleistobolus G. W. Martin 1          1       2 0.1

Stemonitopsis curiosa Nann.-Bremek. & Y. Yamam.      1            1 0.0

Hemitrichia minor G. Lister     1             1 0.0

Macbrideola cornea (G. Lister & Cran) Alexop.        1          1 0.0

Paradiacheopsis fimbriata (G. Lister &  
Cran) Hertel ex Nann.-Bremek.          1       1 0.0

Total abundance 495 373 243 278 234 295  333 191 226 230 299 229 243 187  3856  
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Table 4. Correlation coefficients between the  
first two NMDS axes scores and environmental 
variables, tree traits, and myxomycete diversity.

  Axis1  Axis2  

Geographic factors     

 North latitude -0.385  0.006  

 East longitude 0.097  -0.067  

 Distance from estuary -0.725 ** -0.078  

 Altitude -0.852 ** 0.195  

Climatic factors     

 Annual mean temperature 0.838 ** -0.148  

 Precipitation -0.348  -0.024  

Land-use types     

 Forest coverage -0.815 ** 0.102  

 Farm coverage 0.468  -0.287  

 Residence coverage 0.511  0.106  

Tree traits     

 Bark pH 0.072  0.210  

 Electrical conductivity 0.178  -0.445  

Myxomycete diversity     

 Species richness per tree -0.776 ** -0.015  

 Total species richness -0.251  0.285  

 Species diversity (H´) -0.526  0.318  

 Equitability (J´) -0.631 * 0.192  

 
Significance **p < 0.01, *p < 0.05

H. velutina, and P. nutans var. rubrum, were negative-
ly affected by forest depletion that occurred as the 
rivers reached lower elevations (i.e., highly populat-
ed areas or farmland). Conversely, P. rigida preferred 
the lower altitudes found downstream. Decreasing 
forest and increasing residential area resulted in an 
increase in C. debaryanum, D. chondrioderma, and E. 
minutum abundance, which suggests that these spe-
cies prefer urban environments. These species are 
likely to be sensitive to local geography and topog-
raphy. The present study revealed that myxomycetes 
are not ubiquitously distributed across river basins 
but inhabit different regions depending on geo-
graphical features, including land-use changes and 
human activities. The river basins likely function as 
an ecological corridor, creating habitat diversity and 
affecting species diversity for myxomycetes in those 
environments.

The distribution of corticolous myxomycetes on 
C. japonica bark may have been influenced by a num-
ber of environmental factors, such as topology, geo-
graphical location, temperature, and land-use type 
(i.e., artificial environments). In this study, forest cov-
erage along the river basins had the greatest effect 
on myxomycetes. The highest species diversity was 
found in the natural forests in the mountains, which 
provided habitats for specialists, but degradation of 
forest coverage affected the myxomycete community 
structure and influenced the distribution of several 
species. As landscape types changed from forest to 
urban or farmland, the abundance of corticolous 
myxomycetes decreased, resulting in lower species 
densities on trees. Natural forests along river reaches 
maintained higher species diversities of corticolous 
myxomycetes on C. japonica barks, whereas the 
downstream degradation of forest correlated with 
changes to dwelling myxomycete species. It is likely 
that the barks of C. japonica in natural forests that 
existed as refuges of the last ice age preserved higher 
myxomycete diversity than those in the peripheral 
planted forests (Takahashi 2020). 

The variation in landscape composition affect-
ed the inhabitation of myxomycete species and the 
community structure. The land uses were quite dif-
ferent near the estuary for each river, i.e., the Seto 
site on the Yoshii River was dominated by farmland, 
the Okay site on the Asahi River was dominated by 
urban areas, and the Tott site on the Sendai River 

myxomycetes. Thus, it was revealed in this study 
that diverse climates and ecological differences 
exist along a river basin due to topographical and 
geographical differences influenced myxomycete 
distribution along river basins. It has been reported 
that altitudinal differences influence myxomycete 
distribution on C. japonica bark (Takahashi 2017). 
The distribution of three species specialised for 
mountain forests in the present study, M. argentea, 
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was dominated by forest adjacent to residential ar-
eas (Fig. 2). Species richness along the Yoshi, Asahi, 
and Sendai Rivers were 26, 20, and 18 species, re-
spectively, and the species diversity (H’ ) was 2.51, 
2.42, and 2.11, respectively. The Yoshii River had the 
highest species diversity in the basin, which exhibit-
ed a steady decrease in forest coverage from reach to 
estuary and consisted of heterogeneous landscapes. 
These geographical and landscape differences along 
a river basin likely have ecological effects for myxo-
mycete species and the community. The river basin 
constitutes a corridor for myxomycete habitats. 

 Previously, the main factors thought to be af-
fecting the occurrence of myxomycetes were tem-
perature and moisture (Alexopoulos 1963). In a 
Japanese archipelago, geographical distribution of 
myxomycetes was primarily driven by air temper-
ature (Takahashi & Hada 2010; Takahashi & Har-
akon 2018; Takahashi et al. 2018). In this study, the 
altitudinal difference from the lowest to the highest 
site was approximately 1,100 m, resulting in a tem-
perature difference of approximately 7 °C. Large 
differences between the river source communities 

and downstream communities were observed along 
NMDS1 scores, as shown in Fig. 3. The separated 
clusters may be due to the temperature differenc-
es of approximately 4 °C between river sources and 
neighbouring sites. This indicates the potential for 
climate warming to alter corticolous myxomycete 
community structures in these regions. 

There have been several studies on the effects 
of human activities on myxomycete communities. 
Myxomycetes are influenced by air pollution in large 
European cities such as Helsinki (Härkönen & Vän-
skä 2004) and Madrid (Wrigley de Basanta 2000); 
however, it is unclear if urbanisation influences 
corticolous myxomycetes. In Sydney, myxomycete 
diversity is driven by factors at the substrate level 
in urban parks, but not by the park’s location with-
in the city (inner city or semi-urban) (Hosokawa et 
al. 2019). Differences in myxomycete communities 
have been observed between agricultural planta-
tions (Redeña-Santos et al. 2017) and old-growth 
forests in the Philippines (Dagamac et al. 2015), 
and there is evidence that forest disturbance de-
creases myxomycete richness and fruiting in the 

Table 5. Correlation coefficients between the relative abundances of dominant species  
and environmental variables along rivers. 

 Distance 
from 
estuary

 
Altitude

 
Annual mean 
temperature

 Coverage

    Forest    
Residence  

Clastoderma debaryanum -0.579 * -0.514  0.577 * -0.608 * 0.547 *

Cribraria microcarpa 0.581 * 0.277  -0.335  0.348  -0.306  

Cribraria minutissima 0.674 ** 0.292  -0.326  0.455  -0.307  

Diderma chondrioderma -0.307  -0.271  0.425  -0.547 * 0.764 **

Echinostelium minutum -0.368  -0.269  0.407  -0.547 * 0.809 **

Hemitrichia velutina 0.357  0.886 ** -0.869 ** 0.731 ** -0.448  

Macbrideola argentea 0.630 * 0.914 ** -0.894 ** 0.796 ** -0.485  

Paradiacheopsis rigida -0.590 * -0.637 * 0.579 * -0.515  0.298  

Physarum nutans var. 
rubrum 0.565 * 0.816 ** -0.770 ** 0.651 * -0.448  

Significance **p < 0.01, *p < 0.05.
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Amazon basin (Rojas & Stephenson 2013). In the 
current study, forest degradation had a major effect 
on myxomycete communities on C. japonica bark. 
This is likely not due to substrate loss or change, but 
rather to change of microenvironments in air flow, 
temperature, and humidity as a result of deforesta-
tion. It remains unclear whether bark-dwelling myx-
omycetes are affected by physical environmental 
factors or biotic interactions that result from forest 
loss. The association of myxomycete diversity with 
environmental changes in geography, climate, and 
anthropogenic activity require further research be-
cause myxomycetes play important functions in the 
ecological control of decomposition and nutrient 
cycling in local terrestrial ecosystems. 
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