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Abstract: Volcanic lava cave habitats are extreme environments. We carried out field investigations
for five years and reported the results of bryophyte diversity in eight volcanic lava caves of Jingpo
Lake World Geopark, where the largest underground lava caves in China are preserved. The results
are as follows: (1) A total of 230 quadrats were set up, and 2041 bryophyte specimens were collected.
The specimens belong to 272 species of 107 genera in 47 families, including 26 liverworts (13 genera,
11 families) and 246 mosses (94 genera, 36 families). (2) The « diversity of bryophytes in Underground
Lava Fall Cave was the highest, while that in Foggy Cave was the lowest. (3) The dominant families
included Mniaceae, etc, accounting for 55.9% of the total species. The dominant genera included
Plagiomnium, etc, accounting for 24.3% of the total species. The dominant species included Sanionia
uncinata (Hedw.) Loeske etc. (4) There are no shared species among all eight lava caves, and each
cave has a unique species composition. (5) Compared with that in other habitats in our previous
studies, the similarity of bryophyte species between lava caves and underground forests of craters
was high (113 species, 40.07%), while it was low between lava caves and lava platforms (9 species,
4.65%). Our study revealed that the lava caves have a high potential for bryophyte diversity, and such
ancient ecological disaster sites are now rare refuges for bryophytes. Mosses are more adapted to
cave habitats than liverworts. Bryophytes in this special eco-environment need to be considered and
protected in order to preserve high-quality gene resources for humans, which is of great significance
for the maintenance and development of biodiversity.
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1. Introduction

Biodiversity is a global research hotspot of common concern [1]. Bryophytes are
the second largest group in the plant kingdom, with a species diversity second only to
that of angiosperms, and play an important role in biodiversity [2]. Bryophytes widely
colonize terrestrial ecosystems. To date, a large number of studies on bryophyte diversity
in conventional habitats have been carried out in countries worldwide [3]. It is noteworthy
that the secondary metabolites of plants in extreme habitats can facilitate resistance to a
harsh external environment. Undoubtedly, bryophytes have proven to be a considerable
repository of resources [4]. According to previous studies, some bryophytes in special
eco-environments possess antitumour activities against different cancer cell lines [5].

Caves are a special type of landform harbouring highly distinct ecosystems. Cave
habitats are characterized by weak light, small temperature fluctuations, high air humidity,
limited organic matter, etc., and most organisms cannot survive and reproduce in such
harsh habitats. Therefore, the special eco-environments in caves are defined as extreme
habitats [6]. However, caves contain high levels of biodiversity, and cave organisms are an
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important component of biodiversity [7]. Organisms in cave habitats face high-intensity
environmental stress, which stimulates the organisms to produce the most effective and
best-adapted secondary metabolites to resist extreme eco-environments [8]. Therefore,
because of their unique and rare natural properties, cave habitats have become an ideal
natural laboratory for research on biodiversity and attract global scholars, who carry out
field investigations.

Research on cave organisms has a history of more than 100 years. The darkness
in caves cannot sustain plants because plants in cave habitats have more specific eco-
environmental requirements for light, temperature, water, heat, etc. Accordingly, research
on biodiversity in cave habitats has focused on animals [9] and microbes [10]. However,
the plant communities in caves are the most important feature of the lava biosphere. Some
shade- and moisture-tolerant plants that can adapt to cave habitats have been neglected
for a long time. The earliest records of cave plant diversity were collected in the late 18th
century [11]. Fossils discovered in recent years show a rich plant flora of recent centuries in
the Makauwahi Cave habitats [12]. As the earliest terrestrial plants and the most primitive
higher plants, bryophytes originated in the Cambrian approximately 500 million years
ago [13]. Unlike other higher plants, bryophytes prefer dark and damp eco-environments
and can adapt to cave habitats and establish populations successfully. Bryophytes are found
to be pioneer plants in areas with strong environmental pressure [14]. It can be inferred that
cave habitats preserve a high diversity of bryophytes, which is worth further exploration.

The diversity of bryophytes, a distinctive plant group in the extreme habitats of
caves, has aroused great interest from researchers. In the early 20th century, for example,
Ammons et al. reported a list of bryophytes in McKinney Cave [15]. Later, Thatcher et al.
classified bryophytes in artificially illuminated caves in Crystal, Wisconsin, USA [16].
Next, Mason-Williams et al. reported the floristic composition of bryophytes in caves in
South Wales, UK [17]. In the late 20th century, Zhang et al. conducted detailed studies
on bryophytes in karst caves in China [18,19]. Monro et al. discovered a high diversity of
vascular plants in cave habitats in Southwest China and mentioned that the bryophytes
in caves flourished, yet they did not identify bryophyte species [20]. Internationally, there
have been relatively few reports on the diversity of bryophytes in lava caves, especially
in China.

China is a country with numerous caves. Generally, natural caves are divided into
volcanic, karst, glacier, Danxia, and gypsum caves, among others. Volcanic lava caves
form unique and fragile yet biodiverse ecosystems. Jingpo Lake World Geopark is one
of 35 priority biodiversity conservation areas in China. Approximately 12,000 years ago
in the Holocene, when the volcanic cluster in Jingpo Lake erupted on a large scale, the
outer layer of liquid magma solidified, and the inner layer emptied, forming unique
underground lava caves (also known as lava tunnels). Although there are many volcanoes
in China, not all volcanic eruptions can form lava caves. Surprisingly, Jingpo Lake World
Geopark is home to the largest preserved underground lava caves in China, with intact
structures, rich geomorphic types and clear shapes, which are globally rare and have high
scientific research value. In 2006, the geopark was rated as a world natural heritage site
by UNESCO. Among all volcanic geological relics in the park, underground lava caves
are important representative landscapes and key protected areas. Lava caves of Jingpo
Lake World Geopark have received increasing attention owing to their unusual geologic
processes [21]. Bryophytes are the main plant groups in the primary succession stage of
volcanic ecosystems. Nevertheless, the diversity of bryophytes in lava caves of volcanic
ecosystems in China has not been surveyed thus far. Our previous finding of numerous
bryophytes in the underground forests in craters and lava platforms of Jingpo Lake World
Geopark [22,23] prompted this detailed study of eight volcanic lava caves. Consequently, it
is critical to carry out field investigations on bryophytes in ancient ecological disaster sites
in lava caves.

We addressed the following questions: (1) How many and which species of bryophytes
can be found in the lava caves of Jingpo Lake World Geopark? (2) Which cave has the
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highest bryophyte « diversity index? (3) What are the dominant groups of bryophytes?
(4) How similar are the bryophytes among the eight caves?

2. Materials and Methods
2.1. Study Sites

Jingpo Lake World Geopark is located in southeastern Heilongjiang Province, China
(44°02'-44°20' N, 128°27'-128°55' E), with a total area of 1200 km? (Figure 1). The climate
is temperate continental monsoon. Specifically, the annual average temperature is 3.6 °C,
the average temperature in the coldest month (January) is —20 °C, the average temperature
in the hottest month (July) is 22 °C, the annual temperature difference is 3848 °C, the
annual average precipitation is 589.6 mm, the annual evaporation is 1022.9 mm, the relative
humidity is 70.9%, and the frost-free period lasts approximately 150 days. The soil is
dark brown soil. The vegetation is temperate coniferous and broad-leaved mixed forest,
and the dominant species include Pinus koraiensis Siebold & Zuccarini, Larix olgensis A.
Henry, Tilia amurensis Rupt., Picea jezoensis (Siebold & Zucc.) Carriere, Fraxinus mandshurica
Rupr., and Phellodendron amurense Rupr. The park has large-scale volcanic landforms, and
lava caves were formed by volcanic eruptions. The matrix of the lava tunnels consists of
basanites, alkali olivine basalts, and tephrites [24]. Under long-term effective protection,
the bryophytes in the lava cave habitats remain primitive.

vl Vil

Figure 1. Locations of eight volcanic lava caves in Jingpo Lake World Geopark. (The numbers
correspond to the caves reported in Table 1).
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2.2. Field Investigations

From September 2017 to September 2021, we visited eight volcanic lava caves in Jingpo
Lake World Geopark five times and conducted field investigations on bryophytes using
typical investigation methods. First, quadrats were established in representative areas
where bryophytes were abundant. Second, a quadrat sieve (40 cm x 40 cm) was placed on
the bryophyte community, and the cover of each species of bryophyte was recorded. A total
of 230 quadrats were set up. Third, bryophytes were collected from the quadrat and placed
into separate sealing plastic bags. We recorded the investigation information, including plot
number, investigation time, name of the lava cave, longitude, latitude, elevation, habitats,
cover, name of the investigator, etc. A total of 2041 bryophyte specimens were collected.
Information on the lava caves, number of quadrats, and number of specimens is shown in
Table 1.

Table 1. Information on eight volcanic lava caves and the numbers of quadrats and specimens in
Jingpo Lake World Geopark.

No. Caves Location Elevation/m N(;i:g::tgf g;;:;i;‘:sf Length i;zlzltl: Height
el ETONT a w w ow s
II Foggy Cave 14;;293’;/9{;/1/% ]’5 603 11 103 200 18 6
I Ice Cave 1421222/72/(1),1,\11’5 600 42 354 — 20 8
v Fairy Cave 142482293,61’72/(/)% 1:] 612 28 313 — 12 6
\% Lava Cave 142%2?3/73’23/;’1’\T ]’5 522 10 80 200 10 1.15~3

VI Weg:ézng 1424822/72/57,1,\11'5 515 16 144 — 7 1.7~2

via Nested Cave 142482253:91'55/;’1’“ I,E 462 8 82 60 7 2

VIII Sheep Cave . ggj Z‘,L:ZI,\,LE 442 30 208 150 6 2

2.3. Species Identification

The bryophyte samples were brought back to the laboratory and dried under a venti-
lated shade. The bryophytes were placed into kraft specimen bags with the same specifi-
cation (15 cm x 10 cm), and then the collected information was transcribed to the cover
of the specimen bags. According to bryoflora taxonomic keys, by using a stereoscopic
microscope (manufacturer: Olympus Corporation; model: SZ2-ILST) and an optical micro-
scope (manufacturer: Nikon Corporation; model: Eclipse Ci-L), the species were identified
morphologically. Then, we organized the scientific names of the bryophyte species. All
voucher specimens were deposited in the bryophyte herbarium of Jiangxi Normal Univer-
sity JXNU).

2.4. Data Analyses

In quantitative ecology, the importance value reflects the importance of species in
communities [25]. In this study, the dominance of bryophyte species was quantified by
using the importance value. After converting the number of individuals to cover, we calcu-
lated the ecological importance value of each bryophyte species according to the relative
frequency and relative cover [26]. « diversity indices were employed to quantitatively
describe the diversity characteristics of bryophytes [27]. The data analyses and graphic
visualization were performed in R 4.3.0. The calculation formulas are as follows:
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F = (number of quadrats with a certain bryophyte/total number of quadrats) x 100% 1)

Fr = (frequency of a certain bryophyte/sum of frequencies of all bryophytes) x 100% (2)

Cr = (average cover of a certain bryophytes/sum of average covers of all bryophytes) x 100% (©)]

IV = (Fr + Cr)/2 4)

where F is frequency; Fr is relative frequency; Cr is relative cover; and IV is the species
importance value.

H' ==Y pilnpi (5)
D=1-Y pi (6)
E=H'/In(S) 7)

where H' is the Shannon-Wiener index; D is the Simpson index; E is the Pielou index; pi
is the importance value of a species; and S is the total number of bryophyte species in
each quadrat.

S; =2c/(a+b) x100% 8)

where S; is the Serensen similarity coefficient; a is the total number of species in habitat
a; b is the total number of species in habitat b; and c is the total number of shared species
between habitats a and b [28].

3. Results
3.1. Species Richness and Species Composition of Bryophytes in Lava Caves of [ingpo Lake
World Geopark

In total, 272 species of bryophytes belonging to 107 genera and 47 families were
identified in the lava caves. Among them, there were 26 liverworts belonging to 13 genera
and 11 families and 246 mosses belonging to 94 genera and 36 families. The numbers of
families, genera, and species of bryophytes in each cave are shown in Figure 2.

200 1
Number of species
Number of genera

= Number of families

150 1

98

100

62
60 56 59

Number of taxon

42

40
so] 48
37 37 36 38
31
: I : I I I
8
N — T
I il it v \% VI VIl VI

Volcanic lava caves

Figure 2. Family, genera, and species numbers of bryophytes in eight volcanic lava caves of Jingpo
Lake World Geopark. (The names of caves are listed in Table 1).
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3.2. Evaluation of the a Diversity of Bryophytes in Lava Caves of [ingpo Lake World Geopark

The Shannon-Wiener and Simpson indices showed more diverse bryophyte commu-
nities within cave I than in the other seven caves, while the lowest diversity was observed
in cave II. The maximum and minimum values of the Pielou evenness index were observed
in caves III and VII, respectively (Table 2).

Table 2. Alpha diversity indices of bryophytes in eight lava caves of Jingpo Lake World Geopark.

Lava Caves Shannon-Wiener Simpson Dominance Pielou Evenness
Diversity Index (H) Index (D) Index (E)

I 4.24 0.98 0.93

I 2.21 0.87 0.92

I 4.00 0.97 0.97

v 3.59 0.97 0.96

\% 3.49 0.96 0.95

VI 3.79 0.97 0.93

VI 3.57 0.96 0.89
VIII 3.88 0.97 0.95

3.3. Dominant Groups of Bryophytes in Lava Caves of Jingpo Lake World Geopark
3.3.1. Dominant Families

The dominant families (species > 10) of bryophytes in the lava caves of Jingpo Lake
World Geopark were Mniaceae, Brachytheciaceae, Pottiaceae, Hypnaceae, Entodontaceae,

Dicranaceae, Bryaceae and Plagiotheciaceae, accounting for 37.4% of the total genera and
55.9% of the total species (Table 3).

Table 3. Analysis of dominant families of bryophytes in volcanic lava caves of Jingpo Lake World

Geopark.
No. Family Name Genus Percentage/% Species Percentage/%
Number Number

1 Mniaceae 6 5.6 32 11.8
2 Brachytheciaceae 7 6.5 31 114
3 Pottiaceae 14 13.1 25 9.2
4 Hypnaceae 6 5.6 16 5.9
5 Entodontaceae 1 0.9 15 55
6 Dicranaceae 1 0.9 12 4.4
7 Bryaceae 2 19 11 4.0
8 Plagiotheciaceae 3 2.8 10 3.7
9 Pylaisiaceae 3 2.8 9 3.3
10 Pylaisiadelphaceae 5 4.7 9 3.3
11 Thuidiaceae 2 19 8 2.9
12 Anomodontaceae 4 3.7 7 2.6
13 Neckeraceae 4 3.7 7 2.6
14 Hylocomiaceae 4 3.7 6 22
15 Leucobryaceae 3 2.8 6 2.2
16 Frullaniaceae 1 0.9 5 1.8
17 Dicranellaceae 1 0.9 4 1.5
18 Jungermanniaceae 2 1.9 4 1.5
19 Polytrichaceae 3 2.8 4 1.5
20 Porellaceae 1 0.9 4 15
21 Oncophoraceae 2 1.9 4 15
22 Amblystegiaceae 3 2.8 3 1.1
23 Leskeaceae 2 1.9 3 1.1
24 Metzgeriaceae 2 1.9 3 1.1
25 Plagiochilaceae 1 0.9 3 1.1
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Table 3. Cont.

No. Family Name 1\?.1 iﬂgzr Percentage/% ;E::Le:r Percentage/%
26 Sematophyllaceae 2 1.9 3 11
27 Aulacomniaceae 1 0.9 2 0.7
28 Bartramiaceae 1 0.9 2 0.7
29 Climaciaceae 1 0.9 2 0.7
30 Conocephalaceae 1 0.9 2 0.7
31 Fabroniaceae 1 0.9 2 0.7
32 Grimmiaceae 2 1.9 2 0.7
33 Leucodontaceae 1 0.9 2 0.7
34 Anastrophyllaceae 1 0.9 1 04
35 Calypogeiaceae 1 0.9 1 0.4
36 Ditrichaceae 1 0.9 1 04
37 Dumortieraceae 1 0.9 1 04
38 Fissidentaceae 1 0.9 1 0.4
39 Funariaceae 1 0.9 1 0.4
40 Hedwigiaceae 1 0.9 1 0.4
41 Lepidoziaceae 1 0.9 1 0.4
42 Marchantiaceae 1 0.9 1 04
43 Ptychomitriaceae 1 0.9 1 0.4
44 Rhytidiaceae 1 0.9 1 0.4
45 Scorpidiaceae 1 0.9 1 0.4
46 Sphagnaceae 1 0.9 1 0.4
47 Tetraphidaceae 1 0.9 1 0.4

Total 107 100.0 272 100.0

3.3.2. Dominant Genera

The dominant genera (species > 9) were Plagiomnium, Entodon, Brachythecium, Di-
cranum and Bryum, accounting for 24.3% of the total species (Table 4).

Table 4. Analysis of the dominant genera of bryophytes in volcanic lava caves of Jingpo Lake World

Geopark.

No. Genus Name Species Number Percentage/%
1 Plagiomnium 16 59
2 Entodon 15 5.5
3 Brachythecium 14 51
4 Dicranum 12 44
5 Bryum 9 3.3
6 Eurhynchium 8 2.9
7 Plagiothecium 8 2.9
8 Mnium 7 2.6
9 Claopodium 6 2.2
10 Hypnum 6 22
11 Frullania 5 1.8
12 Pohlia 5 1.8
13 Anomodon 4 1.5
14 Brotherella 4 15
15 Dicranella 4 15
16 Didymodon 4 15
17 Homomallium 4 15
18 Porella 4 15
19 Pylaisia 4 15

20 Trichostomum 4 15
21 Anoectangium 3 1.1
22 Ctenidium 3 1.1
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Table 4. Cont.

No. Genus Name Species Number Percentage/%
23 Dicranodontium 3 1.1
24 Gollania 3 1.1
25 Neckera 3 1.1
26 Oncophorus 3 1.1
27 Plagiochila 3 11
28 Rhynchostegium 3 1.1
29 Taxiphyllum 3 1.1

Note: Only the genera containing three or more species are listed.

3.3.3. Dominant Species

In terms of the importance value, the dominant species were Sanionia uncinata (Hedw.)
Loeske, Myuroclada maximowiczii (G. G. Borshch.) Steere & W. B. Schofield, and Plagiomnium
cuspidatum T. ]. Kop. (Table 5).

Table 5. Analysis of the dominant species of bryophytes in volcanic lava caves of Jingpo Lake World

Geopark.
Species Relative Frequency Relative Cover Importance Value
(Fr)/% (CN/% avy%

Sanionia uncinata (Hedw.) Loeske 7.77 8.44 8.11

Myuroclada maximowiczii (G. G. Borshch.)
Steere & W. B. Schofield 279 777 528
Plagiomnium cuspidatum T. J. Kop. 1.82 4.72 3.27
Entodon cladorrhizans (Hedw.) Miill. Hal. 1.70 4.03 2.87
Rhytidiadelphus squarrosus (Hedw.) Warnst. 1.70 4.03 2.86
Anomodon thraustus Mull. Hal. 2.18 3.76 2,97
Thuidium piligerum Cardot 1.58 3.61 2.60
Plagiothecium cavifolium var. cavifolium 1.58 3.44 251
Plagiothecium laetum Bruch & Schimp. 1.33 2.97 2.15
Entodon schleicheri (Schimp.) Demet. 1.33 2.80 2.07
Mnium laevinerve Cardot 1.33 241 1.87
Plagiomnium confertidens T. J. Kop. 121 2.40 1.81
Conocephalum conicum (L.) Dumort. 1.21 2.12 1.67
Dicranum nipponense Besch. 1.09 2.04 1.57
Herpetineuron toccoae (Sull. & Lesq.) Cardot 1.09 2.00 1.55
Pseudosymblepharis angustata (Mitt.) Hilp. 1.09 1.89 1.49
Pylaisia brotheri Besch. 0.97 1.86 1.41
Pylaisiadelpha yokohamae (Broth.) W. R. Buck 0.97 1.80 1.39
Thuidium delicatulum (Hedw.) Mitt. 0.97 1.79 1.38
Pohlia leucostoma (Bosch & Sande Lac.) M. Fleisch. 0.97 1.56 1.26
Bartramia ithyphylla Brid. 0.97 1.46 1.21
Plagiomnium maximoviczii (Lindb.) T. J. Kop. 0.85 1.43 1.14
Plagiomnium medium T. J. Kop. 0.85 1.14 1.00

Note: Only the species with importance values above 1.00% are listed.

3.4. Shared Species of Bryophytes among Volcanic Lava Caves in Jingpo Lake World Geopark

The Venn diagram showed that there were no species of bryophytes shared among all
eight volcanic lava caves (Figure 3A). Underground Lava Fall (I) had the largest number
of unique species (46), followed by III, VII, VI, VIII, V and IV, while Foggy Cave (II) had
the lowest number (3). In the pairwise comparisons, there were more shared species (8)
in Il and IV and fewer than or equal to six shared species between the other lava caves
(Figure 3B).



Diversity 2023, 15, 842

90f13

Number of unique and shared species

o ...°. I:I ) : III:I: !

100 75 s 250
Number of species
Figure 3. Unique and shared species of bryophytes among eight volcanic lava caves of Jingpo Lake
World Geopark. (A). Flower diagram of the shared bryophytes among eight volcanic lava caves;
(B). UpSet intersection diagram of unique and shared bryophytes among eight volcanic lava caves).

3.5. Similarities in Bryophyte Species among Lava Cave Habitats and Other Volcanic Habitats in
Jingpo Lake World Geopark

We analysed the shared species of bryophytes and the similarity coefficient among
three habitats: underground forests of craters, lava platforms, and lava caves in Jingpo
Lake World Geopark. The results showed that there were 36 shared bryophyte species
in all three habitats. The species similarity between lava caves and underground forests
of craters was high (113 species, 40.07%), while it was low between lava caves and lava
platforms (9 species, 4.65%) (Figure 4, Table 6).

Underground forests of craters Lava caves

129 114

36

14 9

56

Figure 4. Number of shared species of bryophytes among lava caves and other volcanic geomorphic
relics in Jingpo Lake World Geopark.
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Table 6. Similarity coefficients of bryophytes among lava caves and other volcanic geomorphic relic
habitats in Jingpo Lake World Geopark.

. . . Topography Features No. of No. of Shared Similarity
Volcanic Geomorphic Relics and Habitats Species Species Coefficient/%
Lava caves Inside the lava caves 272 — —
Underground forests of craters [22] Inside the volcanic cones 292 113 40.07
Lava platform [23] Exposed volcanic landform 115 9 4.65

4. Discussion

Species richness, that is, the total number of species, is a basic indicator for measur-
ing species diversity in an ecological environment. At present, the species richness of
bryophytes reported in lava caves internationally is as follows: 136 bryophytes in 28 caves
in Sicily [29] and only six bryophytes in Selarong Cave, Indonesia [30]. Several bryophytes
have been recorded in Azorean lava tube caves [31]. We took systematic samples in eight
lava caves in Jingpo Lake World Geopark, representing the first report of bryophyte species
diversity in lava cave habitats in China. We found that there were abundant bryophyte
species (272 species) in the lava caves of Jingpo Lake World Geopark. Thus, they are a
hitherto hidden cradle of bryophyte diversity. Meanwhile, the species richness of mosses
was nine times higher than that of liverworts. This result is the same as that reported for
karst caves in China [18,19], suggesting that mosses are more adapted to wet and dark cave
habitats than liverworts are. Furthermore, each cave had a unique species composition.
One possibility is that, although the eight lava caves were formed simultaneously when
the volcano erupted, due to their different shapes and sizes of caves in the later stage,
the availability of internal habitats was different [32]. Bryophytes are sensitive to the
microenvironment, and habitat heterogeneity filters out species that cannot adapt to the
extreme conditions. Therefore, the differences in habitats contributed to the unique species
compositions of the eight caves.

o diversity indices are indicators used in quantitative ecology to assess species di-
versity. The « diversity indices of the eight lava caves further confirmed that cave I
(Underground Lava Fall Cave) had the most bryophytes, while cave II (Foggy Cave) had
the least. The reason for this may be that light has the greatest impact on bryophyte diver-
sity among many ecological factors [33]. Bryophytes can use light efficiently in low-light
environments [34]. It is speculated that the differences in the diversity indices of bryophytes
among the caves could be related to differences in light among the caves. In our research,
the highest light intensity was observed in Underground Lava Fall Cave, which also had
the highest diversity index of bryophytes. Comparatively, Foggy Cave is 200 m long with
high air humidity; theoretically, such a large sampling area and humid habitats are suitable
for bryophytes. However, we found in the field survey that only areas with light at the
entrance had bryophytes, and there was no growth in the dark inside the caves. Thus,
the bryophyte diversity index of Foggy Cave was the lowest. Additionally, we found that
bryophytes in cave habitats exhibited a phototropic distribution. The size and scale of
bryophyte populations in the same cave decreased to zero with decreasing light. Population
size and species diversity tended to be limited due to the small size of the lava cave habitats.
Light not only affects the species diversity of bryophytes in caves but also affects their
distribution patterns.

The relationship between species and the environment is bidirectional. Bryophytes
are indicators of the environment, with the dominant groups reflecting particular habitat
conditions [26]. Specifically, in the eight volcanic lava caves of Jingpo Lake World Geopark,
the dominant families were mainly large families with a wide ecological range, such as
Mniaceae, Brachytheciaceae, and Pottiaceae. The dominant genera were mainly the largest
genera in the dominant families, such as Plagiomnium, Entodon and Brachythecium, which
are resistant to humidity, drought and cold, respectively [23]. The dominant species was
Sanionia uncinata (Hedw.) Loeske, which is resistant to shade, cold, humidity and poor
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nutrition, occupies an important niche and has a wide ecological range. The species is
distributed widely in most of the lava caves. It has been reported that this species survives
in oligotrophic and low-temperature eco-environments in polar regions [35]. This dominant
species may be involved in the deposition of stalactites and the formation of soil. The
abundance of this species indicates that the lava cave habitats of Jingpo Lake are similar to
those of polar regions. Extreme cave habitats can accommodate most dominant families
and dominant genera with broad niches. Simultaneously, they also have complex and
diverse local niches and a polar-like microhabitat to support dominant species.

The study of shared species is of great significance for revealing the degree of associ-
ation among different habitats. The superset intersection graph demonstrated that there
were no shared species among all eight lava caves. That is, the internal habitats of the eight
caves differ from each other, which may be related to the shape of the caves and the way
in which they connect with the ground [36]. The number of unique species indicates the
independence of the geographical unit, i.e., its difference from other geographical units. In
terms of unique species, Underground Lava Fall (I) had the largest number, while Foggy
Cave (II) had the smallest number. The ranking of unique species was essentially consistent
with the total species in each cave. In the pairwise comparisons, caves III and IV had the
largest number of shared species. This may be due to the close geographical locations of
the two caves, which are conducive to the spread, diffusion and colonization of bryophyte
spores. Thus, bryophytes in the eight caves are both closely related and independent of
each other, and their similarity and independence may depend on factors such as the
geographical location, altitude, terrain, size, light, and vegetation of the caves [37].

Compared with our previous results [22], the similarity value of bryophytes between
volcanic lava caves and underground forest habitats in Jingpo Lake World Geopark was
the highest. The reason for this may be that both sites have relatively closed internal
habitats, which are less disturbed by the outside world. Lava platforms are exposed to
sunlight, which is quite different from the relatively hidden internal habitats. Therefore, the
similarity coefficient of bryophytes between the lava caves and platforms was the lowest.
The extremely different ecological environment makes the lava platform less similar to the
other two. Therefore, similar ecological environments can support similar species.

Although China has strongly called for the protection of cave habitats, this protection
is mainly aimed at karst caves [38]. In fact, although the scale of lava caves is smaller than
that of karst caves, the species richness of bryophytes in volcanic lava caves is 2~14 times
greater than that in currently known karst caves [18,19,37]. Our study revealed that the
extreme habitats in lava caves are an important refuge for bryophytes. Similar to our
findings, Fraser et al. found that volcanoes might have acted as glacial microrefugia for a
wide range of species, including bryophytes [39]. Rich and luxuriant bryophytes in lava
caves also provide a habitat similar to the paleoclimate for relict animals [40]. Notably,
the relative growth rate of bryophytes is low in extreme cave environments. Such rich
bryophytes survive in the volcanic lava caves of Jingpo Lake World Geopark, which may
be the result of millions of years of evolution, mutual adaptation to extreme habitats and
competition between individuals [41]. Lava caves are threatened biodiversity hotspots, and
they receive little governmental attention or appropriate management action [7]. Hence,
we argue that volcanic lava caves should be listed as priority and key protected areas of
biodiversity. Otherwise, the lack of conservation of cave plant diversity will restrict the
discovery, development, and utilization of resources.

5. Conclusions

This is the first extensive collection of specimens undertaken in lava cave habitats
in China, and diverse bryophyte flora were observed. Although habitats in volcanic lava
caves are poor, extreme habitats, these ancient ecological disaster sites are now rare refuges
for bryophytes, with 272 species (107 genera in 47 families). We predict that such a pattern
can occur elsewhere in lava caves around the world. Among the eight lava caves, the
Underground Lava Fall Cave had the most abundant bryophytes, the highest diversity
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index and the most unique species, and thus needs key protection. We speculate that the o
diversity of bryophytes is related to light. The dominant groups are mainly large families
with a wide ecological range, large genera of dominant families, and species resistant to
shade, humidity, and barrenness. The species richness of different caves is different, and
the species composition of each cave is unique. The diversity of bryophytes in volcanic cave
habitats is greater than that in underground forest and lava platform. Our findings support
the idea that lava cave environments can nurture high bryophyte diversity. This study
accumulates information on bryophyte diversity in lava cave habitats of Jingpo Lake World
Geopark, and it yields a scientific basis for enriching the biodiversity in lava caves in China.
Bryophytes are the dominant plants in lava cave habitats, and their existence increases the
value of habitats. We call on the Government of China to strengthen large-scale research on
bryophyte diversity in volcanic lava caves in order to preserve, develop and utilize more
bryophyte resources.
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