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Abstract Recent research efforts have significantly
advanced our knowledge on Asian freshwater mussel
(Bivalvia: Unionida) diversity and distribution. Here
we provide a modern consensus of the diversity,
biogeography and conservation of Unionida in the
region comprising East and Southeast Asia (exclud-
ing Wallacea) and Asian Russia. A data review
confirmed the presence of 228 native and 3 non-
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native Unionida (98% Unionidae, 2% Margaritiferi-
dae), rendering the region a global hotspot of
freshwater mussel diversity. Species richness was
highest in China (particularly Yangtze basin) in
absolute numbers and Cambodia when correcting for
country area, and decreased gradually towards the
south and steeply towards the north and east. Six of
the seven unionid subfamilies are native to the region,
with species richness peaking in Southeast Asia for
Rectidentinae, Gonideinae, Parreysiinae and Modell-
naiinae, China for Anodontinae and Unioninae, and
Asian Russia for Margaritiferidae. Conservation
status and data collected after 1980 were not avail-
able for 61 and 24% of species, respectively. Dams,
deforestation and pollution are likely the major
threats to mussels in the region, though data in this
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respect are scarce. The Philippines, Laos, Indonesia,
Myanmar and Malaysia are among the countries with
the poorest data availability and urgently require
research.

Keywords Distribution - Margaritiferidae -
Mollusca - Russia - Unionoida - Unionidae

Introduction

Our current understanding of freshwater mussel
(Bivalvia: Unionida) diversity in East and Southeast
Asia is based on a collection of geographically
restricted assessments of varied timeliness and out-
dated comprehensive reviews concerning the whole
region. However, several recent and concerted efforts
have begun to modernise the traditional interpretation
of freshwater mussel diversity and distribution in the
region. Our objective herein is to briefly review
historical literature that formed the basis of our
traditional understanding, create a modern consensus
of the diversity, biogeography and conservation
status, and discuss future research directions related
to freshwater mussels in East and Southeast Asia.
The scientific study of freshwater mussels in this
region started in the mid-nineteenth century. Eduard
von Martens, Pierre Marie Heude and Mattheus
Marinus Schepman were some of the first researchers
who sampled and described freshwater mussel
species from East and Southeast Asia, including
Japan, Vietnam, China and Borneo (Martens,
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1861, 1867, 1902; Heude, 1875-1885; Dautzenberg
& d’Hamonville, 1887; Schepman, 1896; Martens,
Dautzenberg & Fischer, 1906a, b, 1907). In the early
twentieth century, the first significant contributions
on the freshwater mussels of Myanmar were pub-
lished by Preston (1912, 1915) and Prashad (1922).

Simpson’s (1900, 1914) synopsis and catalogue on
the whole order and Haas’ (1910-1920, 1923) con-
tributions on Asian freshwater mussels represent the
first comprehensive works relevant to the present
review, as they treated considerable numbers of taxa
from the study region. These publications were later
updated and complemented by Haas’ (1969) and
Brandt’s (1974) monographs on the whole order and
freshwater mussels of Southeast Asia (predominantly
Thailand), respectively.

For large parts of Southeast Asia, including
Cambodia, Laos, Malaysia, Indonesia and the Philip-
pines, the works listed above still represent the
primary sources for scholars interested in the diver-
sity and biogeography of freshwater mussels. For
other countries, particularly in East Asia, however,
relatively recent monographs on freshwater mussel
species-level diversity are available, including Viet-
nam (Déng et al., 1980), Russia (Starobogatov et al.,
2004; Kantor & Sysoev, 2005), South Korea (Min
et al., 2004), Japan (Kondo, 2008) and China (He &
Zhuang, 2013). The apparent rise in scientific interest
in Asian freshwater mussel diversity and conserva-
tion around the turn of the twenty first century
followed a growing recognition of the endangered
status and ecological importance of the relatively
well-studied freshwater mussel fauna of North
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America and Europe (Bogan, 1993; Bauer &
Wichtler, 2001; Vaughn & Hakenkamp, 2001;
Lydeard et al., 2004).

The beginning of the twenty first century also
witnessed the arrival of the molecular revolution in
freshwater mussel research, which resulted in a vastly
altered understanding of the evolutionary relation-
ships between freshwater mussel lineages. Graf &
Cummings (2006, 2007) presented the first molecular
phylogeny and subsequent classification for the
Unionida, but resolution of (sub)tropical lineages
was limited, particularly for Asia. Since then, further
revisions, focused on including representatives from
the (sub)tropical and Asian fauna, have substantially
refined our understanding of freshwater mussel
evolution and their higher-level classification (Zhou
et al.,, 2007; Whelan et al., 2011; Pfeiffer & Graf,
2013, 2015). Very recently, Lopes-Lima et al.
(2017b) published a long-overdue, revised molecular
phylogeny of the most species-rich freshwater mussel
family Unionidae with much improved taxon sam-
pling, particularly with respect to Asian taxa. That
phylogeny, based on a combined dataset of 1032 bp
(COI + 28S) covering 70 species in 46 genera,
divided the Unionidae into 7 subfamilies and 18
tribes, three of which (i.e. Chamberlainiini, Cristari-
ini and Lanceolariini) were newly erected. In
addition, the recent focus on Asian freshwater
mussels using molecular approaches has improved
our understanding of the species-level diversity and
distribution, including the recognition of several new
—sometimes  morphologically  cryptic—species
(Kongim et al., 2015; Thach, 2016a; Zieritz et al.,
2016).

In light of the recent advances in understanding
freshwater mussel diversity, distribution and evolu-
tion in East and Southeast Asia, an updated review of
the current state of knowledge in the region is timely.
In this context, knowledge on the numbers and
identity of species present across the region is the
basis for any further research or conservation efforts.
The aims of this review are therefore to (1) provide
an up-to-date species inventory of the Unionida for
each of the 17 countries of East and Southeast Asia
(excluding Wallacea and including Asian Russia), as
well as the 26 largest river and lake basins in the
region; (2) elucidate differences in availability and
quality of data between taxa, countries and basins,
and identify those taxa, countries and basins with

particularly poor data availability; (3) assess spatial
patterns of subfamily and species diversity in the
region, and identify the regions of particularly high
richness; and (4) based on these findings (objectives
1-3), identify the regions and scientific questions that
urgently require further research.

Materials and methods
Study region and basins

The study region comprises East Asia, Southeast Asia
(excluding Wallacea) and Asian Russia (i.e. Russia
from the Ob basin to the east; Fig. 1). The study
countries were therefore Brunei, Cambodia, China
(including Hong Kong and Macau), Indonesia (West
of Wallace’s Line = Sumatra, Java and Borneo),
Japan, Laos, Malaysia, Mongolia, Myanmar, North
Korea, Philippines, Asian Russia, Singapore, South
Korea, Thailand, Taiwan and Vietnam. In addition,
we analysed data for the 26 largest river and lake
basins in the study region (i.e. those
with >50,000 km? drainage area; Fig. 2): Amur,
Ayeyarwady (= Irrawaddy), Baikal, Barito, Chao
Phraya, Hai, Hwang Ho (= Yellow River), Indigirka,
Kamchatka, Kapuas, Kolyma, Lake Ubsa, Lena,
Liao, Mahakam, Mekong, Min, Musi, Ob, Salween,
Song Hong (= Red River), Tarim (Yarkand), Xi + Bei
(= Pearl River), Xinyi, Yangtze and Yenisei.

Data collection and preparation

Data on unionoid species presence in a country or
basin were gathered from the following groups of
sources: (1) records collected personally by at least
one co-author; (2) literature (Drouet & Chaper, 1892;
Simpson, 1900; Preston, 1912, 1915; Simpson, 1914;
Prashad, 1922; Haas, 1923; Zhadin, 1965; Brandt,
1974, Déng et al., 1980; Zatravkin & Bogatov, 1987,
Yang, 1990; Deein et al., 2003; Kantor & Sysoev,
2005; Thach, 2005; Zi-Qiang, 2005; Clements et al.,
2006; Thach, 2007; Chan, 2008; Dolgin, 2009; Tan
et al., 2012; Thach, 2012; He & Zhuang, 2013;
Kongim et al., 2015; Pfeiffer & Graf, 2015; Qian
et al., 2015; Thach, 20164, b); (3) museum collections
(i.e. California Academy of Sciences, North Carolina
Museum of Natural Sciences, Zoological Institute of

@ Springer
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«Fig. 1 Distribution of unionoid species diversity across
countries in East and Southeast Asia shown for A Unionida,
B Unionida per country area, C Anodontinae, D Unioninae,
E Rectidentinae, F Gonideinae, G Parreysiinae and H Margar-
itiferidae species

the Russian Academy of Sciences); and (4) the Mussel
Project Database (http://mussel-project.uwsp.edu/,
Graf & Cummings, 2015) (using the following search
terms for “specimen locality”: Amur, Ayeyarwady,
Baikal, Barito, Bei, Brunei, Burma, Cambodia,
Chaophraya, Chao Phraya, China, Hai, Hong Kong,
Hwang Ho, Indigirka, Indonesia, Irrawaddy, Japan,
Kamchatka, Kapuas, Kolyma, Korea, Laos, Lena,
Liao, Mahakam, Malaysia, Mekong, Min, Mongolia,
Musi, Myanmar, Macau, Ob, Pearl, Philippines, Red,
Russia, Salween, Singapore, Song Hong, Tarim,
Thailand, Taiwan, Ubsa, Vietnam, Xi, Xinyi,
Yangtze, Yarkand, Yellow, Yenisei).

If at least one of the above sources indicated the
presence of a given species in a given country/basin,
the respective cell in the matrix was coded according
to the following rules:

(1) If at least one co-author collected the record
him-/herself from the field not earlier than 1980
— R (recent).

(2) 1If at least one co-author has seen a museum
specimen or photograph of specimen that was
collected not earlier than 1980 — R (recent)
with reference.

(3) If at least one co-author has seen a museum
specimen or photograph of specimen that was
collected earlier than 1980 — H (historical)
with reference.

(4) Record based on literature reference with no
specimens or pictures of specimens seen by any
co-author — L (literature) with reference.

Each cell thereby only contained a maximum of
one letter, with “R” taking priority over “R with
reference”, which took priority over “H”, which took
priority over “L” (ranked by decreasing reliability of
records).

The complete dataset was then reviewed by all co-
authors to identify any potentially erroneous records
due to, for example, misidentifications and/or misla-
belled museum specimens, as well as doubtful
records as indicated in Online Resources 1 and 2.

(Potentially) introduced species that are not native in
a given country/basin were also indicated in the
dataset.

Data on IUCN Conservation Status of species in
the study region were gathered from www.iucnredlist.
org (IUCN, 2016).

Data analysis and illustration

River basin layers were downloaded and adjusted
from projects WRI Major Watersheds of the World
at https://worldmap.harvard.edu/data/geonode:wrib
asin_leu and Hydrosheds at http://hydrosheds.cr.
usgs.gov. Geopolitical layers were downloaded from
DIVA-GIS project at http://www.diva-gis.org/Data.
Distribution of freshwater mussel species diversity
was mapped for the whole order, and at the family
and subfamily levels using the classification of
Lopes-Lima et al. (2017b).

Results
General description of dataset

In total, our dataset indicates the presence of 228
native species from 54 genera, 6 subfamilies and 2
families in the study region (Table 1). In addition, 3
non-native amblemine genera and species are present
but have been introduced from North America. At the
family level, 98% of species belong to the Unionidae,
whereas Margaritiferidae represent only 2% of the
species diversity. Within the Unionidae, the Goni-
deinae are the most species-rich subfamily in the
region, representing 25% of all unionoid species,
followed by Parreysiinae (18%), Unioninae (16%),
Anodontinae (15%), Rectidentinae (11%), Modell-
naiinae ( < 1%) and the non-native Ambleminae (1%)
(Fig. 3A). The unionid subfamily-level position is
unknown for 12% of the species in the region [i.e.
incertae sedis (i.s.) Unionidae].

The IUCN conservation status for 42% of the
species has not yet been assessed, and 19% were
assessed as Data Deficient (Fig. 3B). Of the remain-
ing 39% of species in the region, 29% were assessed
as Least Concern, 1% as Near Threatened, and 3% as
Vulnerable, Endangered and Critically Endangered,
respectively.
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«Fig. 2 Distribution of unionoid species diversity across major
river basins in East and Southeast Asia shown for A Unionida,
B Unionida per country area, C Anodontinae, D Unioninae,
E Rectidentinae, F Gonideinae, G Parreysiinae and H Margar-
itiferidae species. 4m Amur, Ay Ayeyarwady, Ba Baikal, Ch
Chao Phraya, HwH Hwang Ho (= Yellow), In Indigirka, Kam
Kamchatka, Kap Kapuas, Ko Kolyma, Le Lena, Me Mekong,
Ob Ob, Sa Salween, SoH Song Hong (Red), Xi Xi & Bei
(Pearl), Ya Yangtze, Ye Yenisei

Data quality

For 6 genera (11%) and 55 species (24%), no recent
data (i.e. collected in or after 1980, see Methods
section) were available (Online Resource 1, Fig. 4A).
The higher taxa with the most species lacking recent
records were the Oxynaiini (11 spp.), followed by
Unionidae i.s. (10), Pseudodontini (8), Contradentini
(7), Parreysiini (6), Lamellidentini (4), Anodontinae
i.s. (2), and Unioninae i.s., Anodontini, Rectidentini,
Lamprotulini, Gonideini, Gonideinae i.s. and Modell-
naiinae (1 spp. each) (Fig. 4A).

We gathered a total of 459 species-per-country
records (Online Resource 1). For 59% of these
records, recent data were available, whereas the
remaining 41% were exclusively based on data pre-
dating 1980. Pronounced differences between coun-
tries were observed in this respect, so that no recent
records were found for the Philippines, Taiwan and
Brunei, whilst recent data were lacking for less than
10% of species present in South Korea, Japan and
China (Fig. 4B). In the case of China, however, the
bulk of “recent” data are based exclusively on He &
Zhuang (2013), and the exact date of each of these
records is unknown.

We gathered 264 species-per-basin records (On-
line Resource 2). For 75% of these records, recent
data were available, whereas the remaining 25% were
exclusively based on data pre-dating 1980. As for
countries, pronounced differences were present in
data quality between river basins. Recent data were
completely lacking for the Kapuas, Ob, Yenisei,
Lena, Indigirka and Kolyma Rivers, lacking in over
50% of data for the Salween and Ayeyarwaddy
Rivers, and less than that for the Mekong, Song
Hong, Chao Phraya, Yangtze, Amur and Kamchatka
Rivers (Fig. 4C). All species records from all other
river basins for which unionoid presence was con-
firmed were based on recent data (collected in or after

Table 1 Generic and species diversity of Unionida in East and
Southeast Asia

Taxa Number of Number of
genera in study species in study
region region

UNIONIDA 57 231

UNIONIDAE 56 226
Anodontinae 8 34
Anodontini 1 2
Cristariini 4 17
Lanceolariini 2 13
Anodontinae i.s. 1 2
Unioninae 9 37
Unionini 1 3
Unioninae i.s. 8 34
Rectidentinae 6 25
Contradentini 3 16
Rectidentini 3 9
Gonideinae 10 57
Chamberlainiini 2 3
Lamprotulini 2 16
Gonideini 1 6
Pseudodontini 2 28
Gonideinae i.s. 3 4
Parreysiinae 5 42
Parreysiini 1 11
Lamellidentini 1 8
Oxynaiini 3 23
Modellnaiinae 1 1
Ambleminae® 3 3
Unionidae i.s. 14 27

MARGARITIFERIDAE 1 5

i.s. incertae sedis

% Subfamily not native in Asia

1980). No native Unionida could be confirmed for the
remaining river basins studied, i.e. the Barito,
Mahakam and Musi Rivers in Indonesia, the Hai,
Liao, Min, Tarim and Xinyi Rivers in China, and
Lake Ubsa, Mongolia.

Distribution of species-level diversity
With 99 recorded species, China is by far the most
unionoid species-rich country, followed by southern

neighbours Vietnam, Thailand and Myanmar with 58,
52 and 43 species, respectively (Fig. 1A). Unionoid
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(A) Taxa

Margaritiferidae
i.s. Unionidae

Ambleminae
Modellnaiinae

Parreysiinae

Gonideinae

Fig. 3 Relative distribution of East and Southeast Asian
freshwater mussel species (Bivalvia: Unionida) across A higher
taxa and B IUCN Conservation Statuses. All 231 species
present in the region included in A but only 228 native species

species diversity per country decreases relatively
gradually towards the south and more steeply towards
the north and east. Thus, the Southeast Asian states
Cambodia, Laos, Malaysia and Indonesia count 25—
36 species; the Philippines, South Korea and Japan
count 7-21 species; and Mongolia and Russia count 8
and 19 species, respectively.

When controlling for country area and excluding
very small and mini-states (i.e. Brunei, Singapore and
Taiwan), the epicentre of unionoid species diversity
is, however, displaced to the south. Cambodia is the
most speciose country for its size in the region,
followed by Vietnam, Laos and Thailand (Fig. 1B).
From that epicentre, unionoid diversity per area
gradually decreases towards the west (i.e. Myanmar),
south (i.e. Malaysia and Indonesia) and east (i.e.
Philippines, South Korea and Japan). Unionoid
diversity per area decreases sharply towards the north
and is comparatively low in China, Asian Russia and
Mongolia.

When assessing biodiversity patterns by major
river basins, the Yangtze and Mekong stand out as the
by far most unionoid-speciose basins in the region,
counting 68 and 51 species, respectively (Fig. 2A).
These were followed by neighbouring basins Aye-
yarwady, Chao Phraya, Song Hong and Xi & Bei
with 18 to 29 unionoid species, respectively. Union-
oid diversity is slightly lower in the two remaining
basins of that cluster, i.e. the Salween (11 spp.) and
the Hwang Ho (13 spp.), which attained similar
diversity as the more southern Kapuas and more
northern Amur basins (with 9 and 14 spp.,
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Anodontinae

Unioninae

Rectidentinae

(B) Conservation
CR EN

VU

NT

NA
LC

DD

included in B. CR critically endangered, DD data deficient, EN
endangered, is. incertae sedis, LC least concern, NA not
assessed, NT near threatened, VU vulnerable

respectively) (Fig. 2A). The seven major river and
lake basins of Northern Russia were uniform in
exhibiting only 1 or 2 unionoid species.

When correcting for basin size, the three smaller-
sized basins Chao Phraya, Song Hong and Kapuas
were identified as the basins with the highest
unionoid species richness per area (Fig. 2B). The
next highest values were found in the Ayeyarwady,
Mekong and Xi & Bei basins, and only then in the
Yangtze, Salween as well as the smaller Kamchatka
basin.

Biogeographic patterns

Based on the species diversity heat maps (Fig. 1), the
unionoid subfamilies native to the study region can
be grouped into three by major distribution patterns:
(1) Southeast Asian epicentre [Rectidentinae, Goni-
deinae, Parreysiinae, Modellnaiinae (monotypic
subfamily confined to Thailand and therefore not
depicted)]; (2) Chinese epicentre (Anodontinae,
Unioninae) and (3) North Asian epicentre
(Margaritiferidae).

Southeast Asian epicentre

Despite their high species diversity in the region, the
Parreysiinae are the subfamily with the most limited
distribution in the region, being restricted to an area
in mainland Asia extending to China in the north and
Thailand in the south (Fig. 1G). With 29 species, the
by far highest species diversity of Parreysiinae in the
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Anodontini
Cristariini
Lanecolariini
Anodontinae i.s.
Unionini
Unioninae i.s.
Contradentini
Rectidentini
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Lamprotulini
Gonideini
Pseudodontini
Gonideinae i.s.
Parreysiini
Lamellidentini
Oxynaiini
| Modellnaiinae
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| Margaritiferidae

(B) Country

Indonesia
Singapore
Malaysia
Brunei
Philippines
Myanmar
Thailand
Cambodia
Laos
Vietnam
China
Taiwan

S. Korea
Japan
Mongolia
Russia

(C) River basin
Kapuas
Mekong
Chao Phraya
Salween
Ayeyarwaddy
Song Hong
Xi & Bei
Yangtze
Hwang Ho
Baikal
Amur
Kamtchatka
Ob
Yenisei
Lena
Indigirka
Kolyma

@ specimens <1980 [ literature
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4Fig. 4 Proportion of species for which freshwater mussel
records were collected after 1980 (black bars), or only before
1980 with available museum specimens/images (grey bars) or
only literature references (white bars), assorted per A higher
taxa (assorted by subfamilies as indicated by black bars on the
left), and East and Southeast Asian B countries and C major
river basins (both listed from southernmost to northernmost
country/basin). Numbers to the right of the columns refer to the
absolute number of freshwater mussel (Bivalvia: Unionida)
species per higher taxon, country or basin, respectively

region is attained in Myanmar; 24 of these species
can be found in the Ayeyarwady basin (Fig. 2G).

In comparison to the Parreysiinae, the Rectidenti-
nae are slightly more widespread towards the South
and East, with a considerable diversity in Malaysia,
Singapore and Indonesia (Fig. 1E). The epicentre of
this subfamily is Thailand, and more specifically the
Mekong basin, both of which count 17 species
(Figs. 3E, 4E).

Together with China (27 spp.) and Vietnam (18
spp.), Thailand (17 spp.) also represents the epicentre
of the Gonideinae (Fig. 1F). The highest Gonideinae
species diversity is attained in the Yangtze basin with
20 species, followed by the Mekong basin with 14
species (Fig. 2F). The Gonideinae is the subfamily
with the widest distribution in the region, and native
species records for this subfamily are only lacking for
Mongolia and the Philippines. Species diversity
decreases gradually to the south of the epicentre
and more sharply to the west, north and east.

Chinese epicentre

The Anodontinae are spread across the entire study
region (Fig. 1C), although the southernmost expan-
sion of this subfamily to Malaysia and Indonesia is
exclusively due to the introduction of Sinanodonta
woodiana (Lea, 1834), native to China. The epicentre
of this subfamily is China with 19 species, 17 of
which can be found in the Yangtze basin (Fig. 2C).
Relatively high anodontine diversity is also present in
Vietnam (mostly northern Vietnam), Japan and Asian
Russia, hosting 11, 10 and 7 species, respectively
(Fig. 10).

China is also the dominant epicentre of the
Unioninae (Fig. 1D). This country hosts 28 species
of this subfamily, with 23 species alone being present
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in the Yangtze basin (Fig. 2D). China is followed by
Vietnam with 8 species, and no unionine species are
known from any other Southeast Asian countries
except for one doubtful record of Nodularia dou-
glasiae (Griffith & Pidgeon, 1833) from the
Philippines (Online Resource 1).

North Asian epicentre

The Margaritiferidae attain their highest species
diversity of 4 species in Asian Russia but can be
found as far south as Cambodia (Fig. 1H). Our dataset
confirms the presence of single margaritiferid species
in the Amur, Kamchatka, Salween and Mekong
basins (Fig. 2H).

Discussion

East and Southeast Asia—a global hotspot
for unionoid subfamily- and species-level
diversity

With 221 native unionoid species (i.e. 228 minus 7
species, which occur only in Asian Russia), East and
Southeast Asia is a global hotspot of unionoid
diversity. This statement holds true even when
compared to Northern America (i.e. the region
spanning the United States and Canada), counting
302 species and therefore home to the most diverse
unionoid fauna on Earth (Haag, 2012; Table 2). When
correcting for size of the two regions, East and
Southeast Asia in fact narrowly exceeds Northern
America as well as all other major geographic regions
of the world in unionoid diversity with 1.40 unionoid
species/10* km? (Table 2). The vast region of Asian
Russia, on the other hand, shows exceptionally low
unionoid diversity, counting only 19 native species
and 0.15 unionoid species/ 10* km? (Table 2).
Besides its high species-level diversity, East and
Southeast Asia as well as Asian Russia is also a
global hotspot for unionoid subfamily-level diversity,
including representatives of six of the seven subfam-
ilies of the most species-rich family, i.e. the
Unionidae. In comparison, only South America
reaches a similar level of higher-level unionoid
diversity (Table 2). Against this background, East
and particularly Southeast Asia represents an
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important region for understanding patterns of fresh-
water mussel diversification and dispersal.

Taxonomic and phylogenetic problems

Whilst our data clearly indicate high unionoid
diversity in East and Southeast Asia, actual unionoid
species diversity in the region is likely to be even
higher. This is suggested by the fact that recently
intensified research efforts in the region have led to
the discovery of a number of newly recognised
species, including Scabies songkramensis from Thai-
land (Kongim et al., 2015) and Lanceolaria bogani
from Vietnam (Thach, 2016a). In addition, molecular
tools are continuously revealing morphologically
similar (possibly cryptic) species. One recent exam-
ple is Hyriopsis bialata, which was believed to be a
fairly common species, widespread across several
major river basins in Southeast Asia, but in fact
comprises three different species (Zieritz et al.,
2016). Ranges for a number of other species featured
in the present work (e.g. in the Southeast Asian
genera Pseudodon and Pilsbryoconcha; Online
Resources 1 and 2) are also speculative and likely
to represent species complexes (J. Pfeiffer, unpub-
lished data). On the other hand, unionoids are
notorious for their high intraspecific morphological
variability and phenotypic plasticity, as has been
shown for a number of well-studied European and
North American species (Hornbach et al., 2010;
Zieritz et al., 2010). Against this background and
considering the lack of high-resolution molecular
data for the majority of Asian taxa, there is also a
chance that some of the species in the region may
actually be lumped in future studies. Unfortunately,
conservation efforts at the species level are severely
hampered by these taxonomic issues, which concern
dozens of unionoid species in the region.

Besides our knowledge gaps with regard to the
number and identities of species, there are clear
shortcomings in our understanding of the phyloge-
netic placement of many of the unionoid taxa of the
region. For example, our data indicate that the
subfamilies of 26% of all genera and 12% of all
unionoid species in the region have not been resolved
yet (Table 1). China, Indonesia and Malaysia show
particularly high numbers of such incertae sedis
Unionida or Unionidae taxa (i.e. 4—6 genera and 7-10
species). Similarly, a number of recent publications
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Table 2 Comparison of absolute and relative native freshwater mussel (Bivalvia: Unionida) diversity between seven major geo-

graphic regions of the world

E and SE-Asia  Asian  Northern South Europe Africa Australasia
(combined Russia America America
values and
separately in
brackets)
Area [Mio km?] 15.76 13.1 21.98 17.84 10.18 30.3 8.77
(11.80 + 3.96)
Unionida spp. 221 (116 + 135) 19 302 111 16 83 (=79 Afrotropical 32
spp. +
U. durieui +
U. foucauldianus +
U. gibbus +
U. ravoisieri)
Unionida spp./  1.40 0.15 1.37 0.62 0.16 0.27 0.36
10* km? (0.98 + 3.41)
Unionida 2Q2+2) 2 2 2-3 (unclear status 2 3
families of Acostea and
Bartlettia)
2
Unionida 76+ 7) 4 3 5-7 (unclear status 4 5
subfamilies of Acostea and
Bartlettia)
3
References This study This Graf Pereira Lopes-Lima Graf & Cummings Walker
study & Cummings et al. et al. (2017a) (2015), Froufe et al. et al.
(2007), Haag (2014) (2016) (2014)

(2012)

revealed generic polyphyly of several genera of the
region, including Pseudodon (Kondo & Yamashita,
1980), Lamprotula (Zhou et al., 2007; Pfeiffer &
Graf, 2013) and Solenaia (Lopes-Lima et al., 2017b).
These gaps in phylogenetic understanding confound
our ability to accurately determine subfamily and
generic ranges in the region, especially in Sundaland.

Conservation and threats

Efforts towards protecting freshwater mussels in East
and Southeast Asia are almost non-existent. JUCN
conservation status assessment has not been
attempted or could not be completed due to a lack
of data for 61% of the unionoid species in the study
region. In comparison, this is the case for only 19%
of European and 25% of Northern American unionoid
species (1 and 67 spp. Not Assessed, 2 and 9 spp.
Data Deficient, respectively; IUCN, 2016). National
Red-lists for Unionida are available for only four of

the 17 study countries (i.e. Vietnam, South Korea,
Japan and Russia; Table 3). Not one of the 228
unionoid species of the region is protected by
international legislation. The lack of Asian freshwater
mussel species in the Convention on International
Trade in Endangered Species of Wild Fauna and
Flora (CITES) is thereby particularly surprising
considering the fact that commercial use and trade
of these animals is most likely more intense here than
anywhere else in the world (Fiske & Shepherd, 2007;
Ali & Cartier, 2013; Ng et al., 2016). Finally, national
protection is in place for only two species in South
Korea (Table 3).

To a large part, the lack of protection of freshwater
mussel species in East and Southeast Asia is due to
the lack of knowledge on their status, threats and
other conservation-related issues. Scientific studies
specifically investigating threats to and host fish
identities of freshwater mussels in the region are
particularly rare and restricted to three countries in
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Table 3 National conservation status, protection and data availability on conservation of Unionida in East and Southeast Asian

countries

Red Data Book

National protection

Major threats

Knowledge on host fish,
reproductive biology

Indonesia No

Singapore No
Malaysia  No

Brunei No
Philippines No
Myanmar No

Thailand  No

Cambodia No
Laos No

Vietnam Yes (2007): 11

species assessed, of
which 1 CR, 1 EN,

6 VU and 3 DD
China No
Taiwan No
North No
Korea
South Yes (2012): 7 of 9
Korea native species VU,
EN or CR
Japan Yes (2014): 13 of 19
native species NT,
VU, EN or CR

Mongolia No

No

No
No

No
No

Yes, 2 species are under
national protection by
the Endangered Wild
Species Class 1

No

No

No published data, but probably
pollution, dam construction,
deforestation and land-use change

(A. Zieritz, pers. obs.)

Urbanisation (Tan et al., 2012)

Pollution, deforestation, land-use
change and interaction with non-
native species (Zieritz et al., 2016);
dam construction and mining (A.

Zieritz, pers. obs.)
No data
No data

No published data, but probably
includes overharvesting (I. Vikhrev,

pers. obs.)

No published data, but probably
includes climate change, pollution
and sediment accumulation (U. and

S. Kovitvadhi, pers. obs.)
No data

Dam construction, deforestation,
pollution, overharvesting (Bolotov

et al., 2014)

Deforestation, mining, overharvesting,
pollution, dam construction and
other hydrological alterations

(Bogan & Do, 2013)
Dam construction and other

hydrological alterations combined
with climate change (Xiong et al.,
2012; Zhang et al., 2012), mining
(Xiong et al., 2012), overharvesting
(D. Zanatta, pers. obs.), pollution
(Shu et al., 2009; Xiong et al., 2012),
draining of wetlands (D. Zanatta,

pers. obs.)
No data
No data

No published data, but dam
construction, pollution and

urbanisation (J.H. Lee, pers. obs.)

Dam construction, pollution, decline of
host fish populations due to
overfishing and introduction of non-
native predators, such as nutria
(Myocastor coypus), hybridisation
with non-native unionoids (Shirai
et al., 2010; Ishida et al., 2015)

No data

No data

No data
No data

No data
No data
No data

Very restricted data for a
few species (e.g. Panha,
1990, 1992; Chaopaknam
et al., 1994)

No data
No data

No data

Very restricted data, many
species are likely
generalists (Shu et al.,
2009).

No data
No data

Known for some species
(e.g. Choi & Choi, 1965;
Kwon, 1981; Park &
Kwon, 1995)

Known for most species
(e.g. Awakura, 1968; Itoh
et al., 2010, 2014)

No data
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Table 3 continued

Red Data Book National protection

Major threats

Knowledge on host fish,
reproductive biology

Yes (latest 2012): 10 No
species NT, VU,
EN or CR

Russia

Overfishing of host fish, pollution,

Known for some species
(Kondo & Kobayashi,
2005; Klishko, 2012b)
(Bolotov et al., 2014)

mining, deforestation,
overharvesting, predation by non-
native muskrats (Ondatra zibethicus)
(Klishko, 2012a; Klishko &
Bespalaya, 2015) (personal
observation I. Vikhrev and O.
Klishko)

CR critically endangered, DD data deficient, EN endangered, NT near threatened, VU vulnerable

North and East Asia (i.e. Japan, South Korea and
Russia; Table 3). For most of the study region, our
knowledge in this respect is therefore confined to
anecdotal personal observations (Table 3), general
studies on threats to freshwater ecosystems and their
biota in the region (e.g. Dudgeon, 2000; Dudgeon
et al., 2006; Allen et al., 2012; Winemiller et al.,
2016) and studies on freshwater mussels in other
regions of the world (e.g. Bogan, 1993; Williams
et al., 1993; Lopes-Lima et al., 2017a). These sources
suggest that the main threats to freshwater mussels in
East and Southeast Asia include dam constructions,
deforestation and land-use change, mining, eutroph-
ication and pollution, overharvesting, competition
with non-native species, climate change and loss of
host fishes (Table 3).

Identifying fields and regions for further work

Considering the many gaps in our knowledge and
understanding of East and Southeast Asian unionoid
diversity, biogeography and conservation status as
presented above, it is clear that we urgently need to
intensify our research efforts on these animals in the
region. According to our dataset, the countries with
the poorest recent data availability and thus most
urgent need for research are Brunei, the Philippines,
Taiwan, Laos, Indonesia, Myanmar, Malaysia and
North Korea (Fig. 4). The Kapuas, Salween and
Ayeyarwaddy were identified as the major river
basins of the region with the least proportion of
recent data available. In addition, we failed to recover
unionoid records for three large Indonesian (i.e.
Barito, Mahakam and Musi) and five large Chinese
river basins (i.e. Hai, Liao, Min, Tarim (Yarkland)

and Xinyi), as well as Lake Ubsa in Mongolia. With
the exception of the highly saline Lake Ubsa, it is
unlikely that freshwater mussels are indeed lacking
from all of these basins, but rather that records are
either not readily available for scientists outside the
country or not known to science yet.

The difficulties in conducting field research in
aforementioned countries and rivers are often con-
nected with difficult geographical and/or geopolitical
situations, as well as a lack of local scientific
expertise. However, recently, considerable progress
has been made in this respect by Bolotov et al. (2014)
in Laos, Konopleva et al. (2015) in Myanmar and
Zieritz et al. (2016) in Peninsular Malaysia. Whilst in
many cases these efforts were led by scientists from
and based outside the study country, successful
conservation can only be achieved through collabo-
ration and long-term commitment of local researchers
and authorities.
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