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Abstract: The Mekong River is one of the world’s largest rivers and has an annual captured fish
production of about 2.3 million tonnes, equivalent to around 11 billion USD. Although the Mekong
provides important ecological and socioeconomic benefits to millions of people, it is facing intensive
change due to anthropogenic stressors. Therefore, it is necessary to understand the changes to
the spatiotemporal fish communities to inform sustainable fisheries management. Here, we aimed
to characterize patterns of the fish communities and identify the ecological status of each fish
community using daily catch data from 2007 to 2018 at 25 monitoring sites in the Lower Mekong Basin
(LMB). The collected data were classified by a self-organizing map into four main groups. Group 4
represented the lower Vietnam Mekong Delta (VMD), while groups 1, 2, and 3 were subdivided into
subgroups 1a (upper LMB), 1b (upper and middle LMB), 2a (Mekong River below the Khone Falls
and Sesan River), 2b (Mekong River below the Khone Falls and Sekong, Sesan and Srepok (3S) Rivers),
3a (Floodplain-Tonle Sap and Songkhram) and 3b (upper VMD). Among the 571 species recorded,
119 were identified as indicator species. Based on the abundance and biomass comparison curves,
the fish community of 2b was in a healthier condition with a positive W-statistic value while the rest
had a negative W-statistic value. The highest species richness and diversity were observed in 3a and
2b, so these subgroups deserve high management and conservation priority. Likewise, 1a should
also be considered as a high priority area since it harbors several endangered and long-distant
migratory fishes. It was also noticed that the fish communities of groups 3 and 4, located far from
the hydropower dams, remained mostly unchanged compared to those of groups 1 and 2, close to
the mainstream and tributary dams in the upper LMB and 3S Rivers.
Keywords: self-organizing map; species diversity; indicator species; fish community structure;
rarefaction curve; ABC curve; fish community health

1. Introduction
Freshwater ecosystems are under threat from various stressors, such as land degradation, pollution,
water extraction, and dam construction [1–5]. Anthropogenic hydrological changes have modified
freshwater ecosystems and altered the physical characteristics of the aquatic habitat, strongly affecting
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the structure and composition of fish communities [6–8]. Additionally, overfishing by both legal and
illegal fishers acts as a key factor that may dramatically lessen fish populations [9,10].
An assessment of the fish community structure is useful to evaluate the biotic integrity
in rivers [11,12]. Fish are very sensitive to changes in the aquatic environment due to their dependence
on both the physical environment and the other aquatic organisms, so a fish community with an altered
composition may indicate a change in the quality of the environment. Likewise, the health of each fish
community can reflect the status of the entire aquatic community [13–15].
The Mekong River, one of the world’s largest rivers, supports nearly 70 million people who partly
or entirely rely on it for their subsistence. Further, the Mekong River is one of the 35 biodiversity
hotspots globally, providing significant ecological services to fish, plants, and mollusks, as well as
a number of critically endangered species, such as the Irrawaddy dolphin and the Mekong giant
catfish [16–20]. The Mekong River basin hosts nearly 1148 fish species [21] and is ranked third globally
after the Amazon River Basin (2406 species) [22] and Congo River Basin (over 1200 species) [23].
Moreover, the Lower Mekong Basin (LMB) annual captured fish production yielded about 2.3 million
tonnes, or about 20% of the inland captured fisheries production globally, which is valued at around
11 billion USD [21]. Although the Mekong River provides massive ecological and socioeconomic
benefits, its ecosystem is facing intense pressure due to anthropogenic induced stressors, such as
hydropower, irrigation, navigation, sand mining, and overfishing [24–27]. Consequently, it may
lead to changes in fish diversity and community structure. Data and information reflecting these
changes are crucial in assisting planners (i.e., river basin management planners) to make trade-off
decisions for ecologically sustainable river management [28,29]. However, only one large-scale study
on patterns of fish diversity and assemblage structures in the LMB [30] has been conducted to date.
In addition, their study covered only the Mekong mainstream, excluding the key tributary habitats
of the LMB, for example, Tonle Sap River and Lake, and Sekong, Sesan, and Srepok (3S) Rivers,
and inter-annual changes in the fish community. In addition, the study was based on data collected
from December 2000 to November 2001, but given that the LMB has undergone rapid changes from
regional development over the past two decades, the analysis needs to be updated using more recent
data. Therefore, the objectives of this study were: (i) to describe spatial and temporal patterns
in fish communities and define community groups, (ii) to identify indicator species characterizing
each community group, and (iii) to assess the ecological status of fish communities in each group as
a response to anthropogenic activities. Our study contributes to the knowledge of long-term changes
and health of the fish communities in the LMB as a factor to be included in the decision-making process
for effective planning and sustainable management of the LMB fisheries resources.
2. Materials and Methods
2.1. Study Area
The Mekong is a trans-boundary river with a length of 4763 km. The river rises onto the Tibetan
plateau and runs through China, Myanmar, Lao People’s Democratic Republic (Lao PDR), Thailand,
Cambodia, and Viet Nam. The catchment has an area of 810,000 km2 , discharging on average 446 km3
of water annually [21]. The Mekong Basin has been split into two sections, the Upper and Lower
Mekong Basins. The Upper Mekong Basin runs through China and Myanmar, covering a total surface
area of 186,356 km2 , making up 23.2% of the total basin area and contributing 15–20% of the water
flowing into the Mekong River [21,31]. The LMB comprises about 76% of the whole Mekong River
Basin (Figure 1) covering a large part of land area of Lao PDR and Cambodia, the northern and
northeast regions of Thailand, and the Central Highlands and Mekong Delta of Viet Nam.
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Figure 1. Distribution of monitoring sites and hydropower dams in the Lower Mekong River (Data source:
MRC Hydropower Project Database 2019). Site names: LPB = Luangphrabang; LPO = Pak Ou; LVT =
Vientiane; LBX = Borikhamxay; TCK = Loei; TNK = Nong Khai; TSK = Sisongkhram; TUT = Tha Uthen;
TKR = Ubon Ratchathani; CST = Stung Treng; CSK = Sekong; CSS = Sesan; CSP = Srepok; CKT = Kratie;
CSR = Siem Reap; CBT = Battambang; CPT = Kompong Thom; CPS = Pursat; CKC = Kompong Chhang;
CKD = Kandal; VAP = An Phu; VCM = Cho Moi; VTS = Thoai Son; VVL = Vinh Long; VTV = Tra Vinh.

2.2. Data Collection
Fish data were collected through fisheries-dependent monitoring supported by the Mekong River
Commission (MRC) and implemented by national teams from fisheries-related agencies in the four
MRC Member Countries (Cambodia, Lao PDR, Thailand, and Viet Nam). The daily fish catch data
were collected from 25 monitoring sites spread across the LMB (Figure 1), and monitoring was based on
the MRC’s standard sampling procedures for fish catch monitoring in the LMB [32,33]. Most data were
collected between 2007 and 2018, except the data from the five sites in the provinces around Tonle Sap
Lake (TSL) of Cambodia which was between 2012 and 2018. Moreover, the data have some gaps due to
financial shortages during certain years, especially between 2014 and 2016 (Figure S1). Although these
time-series data are incomplete, they can capture changes in the status of fish communities over
the 12-year period induced by anthropologic activities. Each site consists of three fishers who collected
and recorded their daily fish catches in a logbook, including fish weight, total weight, number of fish
and fishing effort. This is a multi-gear fishery, but the most common gear type used was stationary
gillnet (61%), followed by drift gillnet (13%) and trammel net (12%). The captured fish were identified
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to the species level using an updated species list (1148 species) from the MRC Fisheries Database (2015).
Based on the updated species list, fish species were ecologically categorized into 11 guilds (Table S1).
The key advantage of this sampling design is the relatively low cost, but it still provides a continuous
and consistent long-term record of fish catch data. The fish catch data recorded in the logbooks were
collected quarterly, checked, and entered into the national databases by the national teams of each
country. Then, the four national databases were sent to the fisheries monitoring specialists of the MRC
Secretariat twice a year for error checking and synchronizing into a regional fish monitoring database.
2.3. Statistical Analysis
Daily fish catch data (abundance and biomass) by the three fishers at each monitoring site were
used for this study. They were computed as daily mean data and then aggregated into yearly relative
fish abundance and biomass data by species over the 12-year study period.
2.3.1. Fish Community Structures and Spatiotemporal Variations
A self-organizing map (SOM) is a type of an unsupervised artificial neural network aiming to
visualize similar items in a dataset, and also to reduce multidimensional data to fewer dimensions [34].
SOM was used since it can be more efficient with large and complex ecological data, especially
non-linear, heterogeneous, and missing data. In addition, it is able to maintain spatial and temporal
variations, and includes both dominant and rare species [35]. There is also evidence that SOM
could work better than other conventional methods that use ecological data, such as polar ordination,
principal component analysis, correspondent analysis, and non-metric multidimensional scaling [36,37].
The structure of the SOM is comprised of two layers—input and output. The input layer is formed
by a set of neurons, which are input values from the data matrix (212 samples and 571 species),
while the output layer made by output neurons is arranged into a hexagonal lattice for better data
visualization. The hexagonal lattice was applied in this study since it does not favor horizontal
or vertical directions as much as rectangular [38]. The selection of SOM size was conducted by
examining a number of SOMpsizes (row × column)—12 × 6, 12 × 7, 13 × 5, and 13 × 6—close to
Vesanto’s heuristic rule (5 × number o f samples) [39]. A SOM size of 13 rows and 6 columns was
selected as it provided a clear-cut classification among SOM groups. Yearly relative fish abundance
data were Hellinger-transformed prior to SOM computation, and then SOM was computed through
the “som” function of the “kohonen” package in R [40]. Furthermore, during the SOM learning process,
Euclidean distance was used since it provides equal importance to species with high or low relative
total abundances [41]. We also used Ward’s hierarchical clustering on weight vectors of SOM to identify
boundaries of clusters in the SOM map defining groups of sites or fish communities. In addition,
the SOM map was used to visualize the probability of occurrence for the indicator species in each SOM
group (Figure S4).
After fish samples were classified into SOM groups, a sample-based rarefaction curve was
used to compare the species richness and the inverse Simpson diversity index among SOM groups.
The rarefaction method allows researchers to make a fair comparison among sites where there has
been a different sampling effort [42]. Also, the rarefaction curve was computed by the “iNEXT”
package in R [43] with a doubling in sample size for the extrapolation curve and 500 bootstraps for
estimating 95% confidence intervals [44]. Moreover, significant differences at a level <5% in richness
and in the diversity index among groups were observed through nonoverlapping 95% confidence
intervals. Moreover, total beta diversity (BDTotal ) was used to investigate the temporal variation
in species composition among survey years within each SOM group. BDTotal was partitioned into
temporal local contributions to beta diversity (LCBD) to indicate and test which years between 2007
and 2018 of each SOM group significantly contribute to the overall variation in species composition.
The significant LCBD indices show the fish community’s uniqueness in certain years and can be linked
to a small or large number of species [45]. BDTotal and LCBD were applied to supplement SOM,
which mainly captures the spatial pattern of the fish communities. The relative fish abundance data
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were classified by SOM groups and then Hellinger-transformed [45,46] before estimating the BDTotal .
The value of BDTotal ranges from 0 to 1. When the species composition is completely different for
all survey years, BDTotal is equivalent to 1. BDTotal was calculated by the “beta.div” function of
the “adespatial” package with 999 permutations in R [47].
Lastly, indicator species were determined according to an ecological preference of the species to
spatially differentiate the characteristics of each SOM group; the indicator species was also computed
(999 permutations) by the “multipatt” function from the “indicspecies” package in R [48–50].
2.3.2. Status of Fish Communities in the LMB
The status of the fish communities was assessed using the abundance and biomass comparison
(ABC) curve [51], which was initially developed for detecting disturbances to marine macrobenthic
communities. Theoretically, the ABC curve adopts a classical evolutionary theory of r- and K-selection.
A stable community that is undisturbed is dominated by K-selected species, which are slow-growing,
have a large body size, are long-lived and mature later in life [29,51]. Thus, the curve of the cumulative
biomass would be higher than that of the cumulative abundance. On the contrary, a highly
disturbed community is dominated by r-selected species that are fast-growing, have a small body size,
are short-lived and are opportunistic. As a result, the cumulative abundance curve would be higher
than the cumulative biomass curve. For a moderately disturbed community, both curves would closely
parallel and may cross each other. This method is useful for detecting human-induced stressors on
the river fish community [52]. Another advantage of this method is that it enables the assessment of
the status of the community when the data of both relative biomass and abundance are available for
the same time and place without the need for a baseline, or control samples, in time or space [53].
The yearly fish catch data (relative abundance and biomass) were clustered by the SOM groups,
then, both relative abundance and biomass for each sample (site and year) were accumulated for each
SOM group. Combined k-dominance curves of relative abundance and biomass were created following
the ABC curves method [51], where species were ranked in the order of importance on the x-axis
(logarithmic scale) with percent dominance on the y-axis (cumulative scale). The distance between
the abundance curve and the biomass curve is determined by W-statistics ranging from −1 and +1,
and was calculated using the following formula. ABC curves were developed, and the W-statistic was
computed using the “abc” function of “forams” package in R [54].
s
X
(Bi − Ai )
W=
[50(S − 1)]
i=1

where S is the number of species, Ai is an accumulative abundance value of each species rank i, and Bi
is an accumulative biomass value of each species rank i.
2.3.3. Classification of Fish-Bodied Size
The fish-bodied size in the LMB was categorized into four groups, namely small (≤25 cm), medium
(26–60 cm), large (61–99 cm), and giant (≥100 cm) according to the total length of the fish [55]. In this
study, the total length of the fish caught was obtained from the Mekong Fish Database [56] and
FishBase [57], and classified into fish-bodied size groups. To visualize the dominant fish catch by SOM
groups, yearly relative fish abundance data were clustered by SOM groups and then plotted according
to fish-bodied size (Figure S3).
3. Results
3.1. Fish Community Structures
Across the 12-year study period, a total of 571 fish species (28,046,065 individuals) were collected
from 25 sampling sites; the species belonged to 76 families within 20 orders. Fish species belonging to
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11 out of the 76 families accounted for 64% of the total number of species, and the family Cyprinidae
dominated the catch, making up 31% of the total number of species. Among the 571 species, four were
categorized as critically endangered, 12 as endangered, and 18 as vulnerable (Table 1).
Table 1. Threatened species categorized by IUNC Red List: CR = critically endangered; EN =
endangered; VU = vulnerable.
Order

Family

Scientific Name

Category

Cypriniformes
Cypriniformes
Siluriformes
Siluriformes
Cypriniformes
Siluriformes
Cypriniformes
Cypriniformes
Osteoglossiformes
Cypriniformes
Cypriniformes
Myliobatiformes
Cypriniformes
Myliobatiformes
Cypriniformes
Myliobatiformes
Cypriniformes
Siluriformes
Cypriniformes
Cypriniformes
Perciformes
Perciformes
Cypriniformes
Cypriniformes
Clupeiformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes

Cyprinidae
Cyprinidae
Pangasiidae
Pangasiidae
Cyprinidae
Pangasiidae
Cyprinidae
Cyprinidae
Osteoglossidae
Cyprinidae
Cyprinidae
Dasyatidae
Cyprinidae
Dasyatidae
Cyprinidae
Dasyatidae
Cyprinidae
Pangasiidae
Cyprinidae
Cyprinidae
Osphronemidae
Datnioididae
Cyprinidae
Cyprinidae
Clupeidae
Cyprinidae
Cyprinidae
Cobitidae
Cobitidae
Cyprinidae
Cyprinidae
Balitoridae
Cyprinidae
Cyprinidae

Aaptosyax grypus
Catlocarpio siamensis
Pangasianodon gigas
Pangasius sanitwongsei
Poropuntius deauratus
Pangasianodon hypophthalmus
Probarbus jullieni
Probarbus labeamajor
Scleropages formosus
Luciocyprinus striolatus
Poropuntius solitus
Dasyatis laosensis
Poropuntius bolovenensis
Himantura oxyrhynchus
Poropuntius consternans
Himantura signifer
Hypsibarbus lagleri
Pangasius krempfi
Cirrhinus microlepis
Scaphognathops bandanensis
Osphronemus exodon
Datnioides undecimradiatus
Labeo pierrei
Bangana behri
Tenualosa thibaudeaui
Epalzeorhynchos munense
Poropuntius speleops
Botia nigrolineata
Serpenticobitis cingulata
Tor ater
Mystacoleucus lepturus
Hemimyzon confluens
Oxygaster pointoni
Troglocyclocheilus khammouanensis

CR
CR
CR
CR
EN
EN
EN
EN
EN
EN
EN
EN
EN
EN
EN
EN
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU
VU

From the spatiotemporal fish community data, samples were ordinated by SOM into
a two-dimensional map, and the SOM units were classified by a hierarchical clustering into four main
groups (Figure 2). Group 1 represented the fish community at the upper and middle LMB and split
up into two subgroups (1a and 1b). Subgroup 1a consisted of 19 samples from LPB (2008–2014),
LPO (2008–2010), LVT (2012 and 2017), and LBX (2008–2013). Subgroup 1b contained all of the samples
from TCK, TKR, and TUT, as well as some samples from CKD, LPB, LPO, and LBX for the latest years.
Furthermore, four samples of LVT (2008, 2011, 2014, and 2018) were within this subgroup. Group 2,
representing the fish community in the Mekong below the Khone Falls and the 3S Rivers, consisted of
two subgroups. Subgroup 2a contained almost all of the samples from the early years of the monitoring,
including 20 samples from CKT, CST, and CSS at the Mekong below the Khone Falls and Se San River,
seven samples from CKD (2008–2015, except 2014) at Tonle Sap River, and three samples from LVT
(2009, 2010, and 2013) upstream of the Mekong River in Lao PDR. Subgroup 2b comprised all of
the samples from CSK and CSP and four samples from CSS (2015–2018). In addition, six of the samples
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from CST (2010–2018, except 2011–2013) and the other six samples from CKT (2010–2018, except 2011,
2012, and 2016) were assigned to this subgroup. Group 3 characterized the floodplain fish community,
and was divided into two subgroups. Subgroup 3a encompassed almost all of the samples from the five
sites (CBT, CPS, CPT, CSR, and CKC) of the TSL, all samples from TSK and TNK in northeastern
Thailand (including Songkhram floodplain), and two samples from VAP (2017–2018) at the upper Viet
Nam Mekong Delta (VMD). Subgroup 3b comprised most of the samples from VAP, VCM, and VTS
at upper VMD, plus two samples from CSR (2014 and 2015) at TSL. Among the four main groups,
group 4 was the smallest and contained all of the samples from VVL and VTV located at the lower
VMD, very close to the sea.

Figure 2. The output neurons of SOM with the assigned 212 samples from 25 fish monitoring sites:
(a) SOM classification based on the similarity of fish composition; and (b) hierarchical clustering
according to the similarity between SOM neurons. The four main groups of SOM are marked off by
the blue vertical line. The group and their subgroups are labeled based on the longitudinal gradient of
the river. Each sample is denoted by a five-character code comprising of three letters identifying the site,
with the first character representing the country: C for Cambodia, L for Lao PDR, T for Thailand, and V
for Viet Nam. The last two digits of the code indicate the year sampled.

The highest species richness was found in subgroups 2b and 3a (Figure 3a), which were not
significantly different, followed by subgroup 2a and subgroup 1b. Moreover, subgroup 3b and group 4
had a significantly similar species richness, but with lower values than the above-mentioned subgroups.
Subgroup 1a showed the lowest species richness. Likewise, the highest diversity index was found for
subgroup 2b (Figure 3b), followed by subgroups 2a and 3a with no significant difference, and subgroup
1b. The lowest diversity index was found for subgroups 1a and 3b, as well as group 4. Among the seven
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SOM groups and subgroups, total community variation across years (BDTotal ) was relatively high
for subgroup 1b (0.53) and subgroup 3a (0.45), while the rest ranged from 0.18 to 0.32 (Table S2).
For subgroup 1b, the LCBD index was significant in 2012 (Table S2), illustrating that the species
composition was significantly different from the other years. The dominant species of that year were
Pangasius conchophilus, Garra fasciacauda, and Sikukia gudgeri (Figure S2). In addition, the LCBD indices
of subgroup 3a were significantly higher in the early survey years (2007–2009 and 2011). This indicates
a compositional heterogeneity of species among the early survey years, as well as between the early
survey years and the later ones (2012–2018). The most abundant species of those years with high
LCBD indices were Henicorhynchus siamensis, Labiobarbus lineata, and Mystus singaringan in 2007,
Parambassis siamensis and Puntius spilopterus in 2008, P. siamensis, P. spilopterus, and Sikukia gudgeri
in 2009, and P. spilopterus and Osteochilus schlegeli in 2011 (Figure S2).

Figure 3. Cont.
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Figure 3. Rarefaction curves on (a) fish species richness of seven groups and subgroups, and (b) inverse
Simpson diversity index of seven groups and subgroups. All extrapolation curves are plotted to
a doubling in sample size, and 500 bootstrap replicates are used to estimate 95% confidence intervals.

3.2. Indicator Species by Groups
Among the 571 species, 119 were identified with significant indicator values for the seven SOM
groups and subgroups (Table S3). The number of indicator species varied between fish communities
from the upper to lower reaches of the LMB, with the largest number being found in subgroup 3a
(43 species), followed by group 4 (39 species), while the lowest number was observed in subgroup
1b (4 species). Subgroup 1a was characterized by seven indicator species, of which three species
(Belodontichthys dinema, Cyprinus carpio, and Labeo erythropterus) were non-native fishes, two species
(Dasyatis laosensis and Hypsibarbus vernayi) were short-distant white fishes, one species (Bagarius yarrelli)
was a rhithron resident and another (Pangasianodon gigas) was a long-distant white fish. Subgroup 1b
was composed of four indicator species, which were short-distant white fishes (Bangana elegans and
Helicophagus leptorhynchus) and grey fishes (Neodontobutis aurarmus and Sikukia gudgeri). Five main
indicator species for subgroup 2a were grey fishes (Paralaubuca barroni, P. riveroi, and Rasbora aurotaenia)
and estuarine residents (Arius argyropleuron and Ophisternon bengalense). Subgroup 2b comprised of
15 indicator species categorized into six guilds, of which rhithron residents were a dominant guild
with five species (e.g., Onychostoma fusiforme and Neolissochilus stracheyi). Several key indicator species
(43 species) representing subgroup 3a belonged to eight guilds, yet it was dominated by short-distant
white fishes (e.g., Wallago attu, Albulichthys albuloides, and Kryptopterus micronema) and grey fishes
(e.g., Thynnichthys thynnoides, Heterobagrus bocourti, and Mystus atrifasciatus). Subgroup 3b contained six
indicator species of short-distant white fishes (Akysis similis and Hypostomus plecostomus), a black fish
(Macrognathus siamensis), estuarine residents (Batrachocephalus mino and Eleotris fusca), and a non-native
fish (Oreochromis niloticus). Group 4 consisted of 39 indicator species from five guilds, but most species
were estuarine residents, such as Osteogeneiosus militaris and Arius maculatus and marine visitors, such
as Nibea soldado and Coilia macrognathos.
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3.3. Status of Fish Communities in the LMB
The ABC curves showed that only the fish community of subgroup 2b had a positive W-statistic
(W = 0.0442), while those of subgroups 1a, 3a, 3b, and group 4 had small negative W-statistic values
(Figure 4). The fish communities of the remaining two subgroups (1b and 2a) had relatively large
negative W-statistic values, and the distance between the abundance and biomass curves were
relatively large. Finally, while the biomass curve of subgroup 2b is above the abundance curve,
the other subgroups displayed the opposite pattern.

Figure 4. Cont.

Water 2020, 12, 3522

11 of 21

Figure 4. Comparison of abundance and biomass curves by group: (a) group 1a, (b) group 1b, (c) group
2a, (d) group 2b, (e) group 3a, (f) group 3b, and (g) group 4.

4. Discussion
4.1. Fish Diversity in the LMB
In this study, long-term time-series data of major habitats in the LMB, which documented 571 fish
species, was used. The study confirmed that Cyprinidae was the most dominant family, and this aligns
with previous studies [30,58–60].
The lowest level of richness was found in the upper LMB (subgroup 1a), while the highest
level was found in the lower LMB (subgroup 2b and subgroup 3a). This phenomenon is a common
upstream-downstream gradient in fish richness since the upper LMB has a higher slope with fast
and variable flowing water, while the lower LMB has larger surrounding floodplains and diverse
habitats for various fish species [61–64]. Additionally, the linkage between rivers, floodplains,
and tributaries in the lower LMB can enhance more foods and nutrients for numerous fishes [65,66].
For instance, subgroup 3a within a very large floodplain area in South-East Asia (Tonle Sap floodplain)
is characterized by various species from eight fish guilds (Table S3), of which estuarine and marine
fishes also occur. Similarly, previous studies also reported that estuarine or marine fish could migrate
further upstream to Tonle Sap floodplain and to Khone Falls on the border between Lao PDR and
Cambodia [60].
4.2. Fish Community Structure and Its Ecological Status
SOM and hierarchical clustering were used to partition the fish communities into four main
groups reflecting the upstream-downstream gradient, which is quite similar to previous findings of [30],
except for the additional habitats (TSL and 3S Rivers) not studied previously. Given that SOM mainly
captures the spatial patterns in this study, future studies would benefit from exploring the temporal
components of the dataset. Based on the classification, fish communities were longitudinally defined
as follows: group 1 in the upper and middle LMB from Luangphrabang to Champasak province in Lao
PDR and Ubon Ratchathani province in Thailand; group 2 in the Mekong River below Khone Falls and
3S rivers; group 3 in floodplains including Songkram floodplain, TSL, and upper VMD; and group 4 at
lower VMD. The fish communities of the upper and middle LMB consisted of two subgroups (1a and
1b). Subgroup 1a, located in the upper LMB, was characterized by seven indicator species under
four fish guilds (Table S3), namely rhithron residents, short-distant white fishes, long-distant white
fishes, and non-native species. Poulsen, et al. [67] highlighted that the Mekong River in this reach
is dominated by migratory species. Consistently, B. yarrelli, D. laosensis, L. erythropterus, and P. gigas
have been previously reported to occur in this reach, and they migrate upstream [30,56,68,69].
Among the seven indicator species, only B. yarrelli and D. laosensis appeared in the Mekong River below
the Khone Falls and Sesan River (Figure S4). Subgroup 1b residing in the upper and middle LMB was
characterized by four indicator species from short-distant white fishes and grey fishes. Those species
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use the Mekong mainstream as a refuge, especially during the dry season, and floodplain habitats
associated with the Mun, Songkhram, and Xe Bang Fai tributaries for feeding or rearing. For example,
the short-distant white fish species (Bangana elegans and Helicophagus leptorhynchus) were shown to
prefer a large river of the middle LMB [56,70]. Similarly, the grey fishes (Neodontobutis aurarmus
and Sikukia gudgeri) are common in marshes, swamps, backwaters and flooded fields, and were
previously reported in upland rivers, especially in the middle LMB along the Thai-Lao PDR border [57].
These two communities (subgroup 1a and 1b) differed by the variation in fish fauna composition,
especially the disappearance of two main guilds (rhithron residents and long-distant white fishes)
in subgroup 1b, and the spatiotemporal shift in fish communities of LPB, LPO, LVT, and LBX during
the later years of monitoring from subgroup 1a to 1b. Also, the overall change in species composition
over a study period (BDTotal ) was relatively high in subgroup 1b, and LCBD index was significantly
high in 2012 (Table S2). This may indicate a high disturbance of fish habitats for these guilds, which was
observed using ABC curves for subgroup 1b (Figure 4b). Various threats (e.g., irrigation, sand mining,
and destructive fishing practices) have been reported to take place in these river reaches [25,68],
and several hydropower dams at the upper Mekong River in China and 31 dams, including Xayaburi
dam, in the upper and middle LMB (Figure 1) may be mainly responsible for the high disturbance
of fish communities [71]. Particularly, the disappearance of the two guilds may have resulted from
the changes in the flow of water and sediments and fragmentation in the river [72–76]. The Mekong River
Commission [77] found similar results to this study, expecting that rhithron resident species and shortand long-distant white fishes could disappear due to habitat loss from impoundments. Other studies
in Nam Ou and Nam Ngiep Rivers proved similarly that the habitat modification from the free-flowing
river into reservoirs resulting from dams (e.g., Nam Ou 2, 5, and 6, and Nam Ngiep 1) has had
negative effects on many key species, for example, Catlocarpio siamensis, Probarbus jullieni, D. laosensis,
Pangasius krempfi, Anguilla marmorata, Mekongina erythrospila, and Pangasianodon hypophthalmus [68,78].
The Mekong River below the Khone Falls and 3S Rivers encompassed almost all sites from
northeast Cambodia, and the fish communities in this area were split into two subgroups (2a and
2b). In subgroup 2a, five grey and estuarine fish species (Table S3) were indicative of this subgroup.
Among the five indicator species, the estuarine resident (Ophisternon bengalense) showed a wide range
of habitat including both fresh and brackish waters of rivers and swamps with thick muddy vegetation,
and also resides in soft bottom sediments [56]. Likewise, the grey fishes (Paralaubuca barroni and
P. riveroi) are common in large rivers, and they have been previously reported in the Mekong and 3S
Rivers [79,80]. Subgroup 2b was characterized by 15 indicator fish species under six guilds, namely
rhithron residents, short-distant white fishes, grey fishes, black fishes, estuarine residents, and marine
visitors. Among the six guilds, rhithron residents are the most dominant guild with five species,
of which Onychostoma fusiforme, O. gerlachi, Neolissochilus stracheyi, and Opsarius pulchellus commonly
occur in the rapids with swift water [56], and they have also been previously recorded in the Mekong
and 3S Rivers [79,80]. The fish communities of subgroup 2b are distinct from 2a and group 1 through
an upturn in species richness, diversity and indicator species, and with a presence of new fish guilds
such as black fish and marine visitors. This reflects a rise in more diverse and suitable habitats for
fishes from Sekong and Srepok Rivers, resulting in relatively high species richness [58]. Another clear
difference between subgroup 2a and 2b can be noticed through ABC curves (Figure 4c,d), indicating that
the fish community in subgroup 2b is healthier than 2a. SOM map revealed a spatiotemporal and
substantial shift in fish communities for all sites (CKD, CST, CKT, CSS and LVT) from subgroup
2a, illustrating degraded fish communities which well correspond to the results of the ABC curves.
Also, the temporal changes of community composition (LCBD) in subgroup 2a were significant
in 2016. The high disturbance reported for subgroup 2a may arise from a combination of threats,
such as hydropower dams and overfishing. Indeed, several hydropower dams at the upper reaches
of Sesan River have impacted flow, sediment, and water quality [7], potentially explaining the low
species richness and both taxonomic and functional diversity documented in previous studies [58,81].
Similarly, Oliveira, et al. [82] revealed that fish functional traits in the Paraná River have been changed
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by long-distant migrations with superior or subterminal mouth position with pre-impoundment
conditions to non-migratory species with lower mouth position with post-impoundment conditions.
The change in fish functional traits with pre- and post-impoundment conditions indicate an alteration
from lotic to lentic environments. Several dams were also built in the upper reaches of Sekong and
Srepok in Lao PDR and Viet Nam respectively, yet these rivers have been impacted relatively little
by dams. This might be a positive effect of the protected areas (PA) which these rivers flow across.
For instance, Srepok River flows through large PAs, such as Lumphat, Mondulkiri, and Yok Don Pas [83],
which provide intact habitats to fish populations to grow in body size and biomass. This conclusion
is supported by a study on the impact assessment of protection duration (years of fishing closure)
and location (distance from shore) on reef fish diversity [84]. Further, forest degradation was low
in the Sekong and Srepok Basins in comparison to the Sesan Basin [85], probably due to a positive
effect of the PAs. Consequently, the forests may positively affect the fish diversity in the Sekong
and Srepok Rivers. Lo et al. [86] reviewed a number of studies on forests and freshwater fishes
in the tropics and inferred that forests generated a heterogeneity of habitats and foods supporting
various species, generally resulting in a positive relationship between fish diversity and forest cover.
Besides dams, overfishing is also considered a key factor causing the decrease of various species [26].
For example, intensive fishing pressure in the Tonle Sap system, where fish are exploited across
seasons, species and sizes by a variety of fishing gears, has led to changes in the fish composition over
the 15-year study period. A decline in catches of the medium to large-bodied species, that tend to
occupy the high trophic levels, and stability or increases in catches of small-bodied species is seen [4].
Likewise, our 12-year data analysis indicates that the small-bodied species dominate the fish caught
in subgroup 2a at about 85% (Figure S3). This is consistent with “fishing down the food web” theory
which assumes that harvesting tends to remove larger individuals at higher trophic levels and replaces
them with smaller ones at low trophic levels [87]. Illegal fishing—including the use of fine mesh
size, dynamite, poison and electrofishing, as well as fishing in conservation zones [88,89]—is also
inflicting substantial damage on fish species. The illegal fishing practices (with electrofishing being
identified as the greatest threat to fish populations) have been taking place, not only in subgroup 2a,
but also throughout the LMB since they are comparatively quick and efficient in relation to the legal
methods [68,90–93]. The effect of these practices is small-scale, yet wide-ranging, with a very large
damaging impact on fish populations [10], especially when combined with the other threats, such as
habitat loss, hydrologic changes, and environmental degradation [26].
Floodplain fish communities are divided into two subgroups (3a and 3b). Subgroup 3a covers
crucial natural floodplains such as the floodplains in Songkhram and Tonle Sap, which provide
diverse habitats which serve as feeding and/or spawning areas to many key fish species and other
animals. This subgroup had the highest species richness and was characterized by 43 indicator
species categorized into eight guilds, namely rhithron residents, short-distant white fishes, grey fishes,
black fishes, estuarine residents, marine visitors, non-native species, and generalist fishes. The species
with high abundance or occurrence in this subgroup appeared to be short-distant white fishes (11 species)
and grey fishes (10 species) (Table S3), which share common habitats such as rivers, streams, floodplains,
and lakes. For example, Albulichthys albuloides and Wallago attu (i.e., short-distant white fishes) have been
reported in the rivers, streams, and lakes, especially the TSL [56,94]. Similarly, Thynnichthys thynnoides,
Parachela siamensis, and P. williaminae (i.e., grey fishes) prefer large rivers, canals, oxbows, and floodplains,
and have been recorded in the TSL and Songkram floodplain [56,95,96]. The abundance and/or
high occurrence of the species from these two guilds reflects a different feature of the habitats
(floodplains) for this subgroup from the abovementioned subgroups. Interestingly, we found one
species (Gymnothorax tile, a marine visitor) in this subgroup, which has never been previously reported
(Figure S4). However, a comprehensive taxonomic study of this species may need to be conducted
to confirm its presence in freshwater in the location of 3a. Subgroup 3b comprised sites mainly
in the estuary in the upper VMD with heterogeneous habitats from the earlier mentioned subgroups.
The habitats are also covered by floodplain, still they are strongly influenced by tide extension
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during the dry season [77]. Six indicator species from short-distant white fishes, estuarine residents,
black fishes, and non-native species are significantly associated with this subgroup, and these species
show their preference for floodplain, estuaries, and tidal rivers. For example, an estuarine resident
(Batrachocephalus mino) and a short-distant white fish (Pseudobagarius similis) have been recorded in tidal
rivers of the Mekong [56,73]. Based on species occurrences in the SOM map (Figure S4), the black
fish (Macrognathus siamensis) is commonly found in the floodplains of Tonle Sap and upper VMD,
and a non-native fish (Oreochromis niloticus) is found mostly in the upper VMD and upper LMB. It
was reported that O. niloticus escaped from farms, and the catch of this species in the Mekong Delta
has increased each year from 2003 to 2012 [97]. The difference between fish communities for these
two subgroups (3a and 3b) can be observed through an absence of fish species in subgroup 3b under
various guilds, especially those from short-distant white fishes, grey fishes, and generalist fishes.
This may have arisen from unsuitable habitats, such as soil with high levels of sulfate and acidic
water in canals and rice fields during the dry season [60]. Among these two subgroups, BDTotal of
subgroup 3a was relatively high and the LCBD indices of 2007, 2008, 2009, and 2010 contributed
significantly to community composition variation within this subgroup. Yet, ABC curves of these
subgroups showed similar level of disturbance (Figure 4e,f), which most likely stems from major
stressors such as irrigation, sand mining, overfishing and conversion of floodplains to agriculture
and aquaculture. Irrigation infrastructure in the Tonle Sap floodplain and VMD has existed for many
decades [98], and such infrastructure can modify flow, degrade habitats, create barriers and cause
pollution [72,99]. Furthermore, irrigation canals have displaced the wetlands, which are home to not
only fish but also to other aquatic animals and plants [8,100]; irrigation dams also block fish migration
within the floodplains, and between tributaries and floodplains [72]. Fishes can also be susceptible to
overharvesting and disease due to their accumulation below barriers [101]. In addition to irrigation,
sand mining is threatening the fish communities due to habitat changes and the unavailability of
food. A very large volume of sand has been extracted from the Mekong River and its tributaries [102].
Jordan et al. [103] found that sand mining in the VMD has led to riverbank and coastal erosion.
Likewise, indiscriminate sand mining in the Mekong River in Cambodia and tributary rivers, such as
the TSL tributaries, causes the river bank collapse and adverse impacts on the ecosystem [104,105].
In turn, sand mining may negatively impact fish due to changes in physical habitat conditions [69].
Moreover, sand mining can deteriorate aquatic plants [106] and decrease the diversity and density of
benthic animals [107,108] that are critical for fish in terms of foods, survival, and reproduction [109].
As with group 2, overfishing is also threatening fish communities in group 3. Indeed, fishers in the LMB
have increased their fishing effort to catch more fishes [90]. The Tonle Sap Authority [110] found that
51 fishing gears have been used in the TSL. Additionally, the gillnet length has been increased to 4000 m
in TSL [111] and 3000 m in VMD (MRC Fisheries Database 2019). The fishers in the TSL observed
changes in fish composition, with small-bodied species now dominating the ecosystem [4,112]. In line
with this, small-bodied species comprised about 80% of the fish caught in both subgroups (Figure S3).
Illegal fishing practices, especially electrofishing, affect these two subgroups (MRC fisher perception
database, 2019) and it was reported that some fishers in the TSL fished in conservation zones [113].
Clearing of flooded forests and forest fire in the TSL and degradation of the wetlands in the VMD were
also found, and this has degraded the ecosystem and lost fish habitats [113,114].
In the lower VMD, the two sites relatively close to the sea were assigned to group 4, and was
characterized by 39 indicator species under five guilds, specifically grey fishes, estuarine residents,
anadromous fishes, marine visitors, and non-native species. Due to the influence of marine water,
marine visitors (22 species), and estuarine residents (13 species) dominated this group. For example,
Coilia rebentischii and C. macrognathos (e.g., marine visitors) are known to occur in coastal waters
and estuaries [57]. According to the species occurrence in the SOM map (Figure S4), most fishes
from these two guilds are likely confined to the lower VMD, except for a few species (e.g., C.
macrognathos and Scomberomorus sinensis) which occur in the TSL and Sekong River. Interestingly,
we found P. krempfi, an anadromous fish, to be the indicator species for this group. This species
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is known to make long distance migrations of at least 720 km from marine and brackish waters of
the Mekong Delta to spawn in freshwater up to Khone Falls in southern Lao PDR, and possibly
beyond [115,116]. Based on the occurrence map (Figure S4), this species appears in both upper LMB
and VMD, and its presence has also been reported by prior studies [68,117]. With a high abundance
of estuarine residents and marine visitors, this fish community differs from the other subgroups.
The SOM analysis illustrated an unchanged pattern for fish communities of all sites (VVL and VTV)
over the study period, and small-bodied species represented only about 30% of the catch (Figure S3).
However, the overall community varied among years (BDTotal ) (Table S2), and significant differences
in species compositions were observed in 2017 and 2018. Hence, this group was also disturbed
(Figure 4g), which is probably caused by the same threats (i.e., irrigation, sand mining, and overfishing)
as the upper VMD, as well as the clearance of mangrove forests and urbanization. In the lower
VMD, Hong et al. [118] highlighted that the mangrove forests have been dramatically degraded by
aquaculture farming and rapid urbanization along the coastal regions, and this may have negative
impacts on fish habitats, especially refuges for juvenile fish [119].
5. Conclusions and Recommendation
Analysis of long-term and large-scale fisheries data identifies longitudinal
(i.e., upstream-downstream) gradient of fish diversity in the LMB, and also capture the spatiotemporal
variation in fish community structure, and indicator species in the LMB fish communities.
Such information is crucial to inform fisheries management and conservation in this region of interest.
Based on this study, the highest species richness and diversity were observed at the Tonle Sap and
Songkhram floodplains (subgroup 3a) and the Mekong River below the Khone Falls and the 3S
Rivers (subgroup 2b), so these subgroups deserve high priority for management and conservation.
Likewise, the upper LMB (subgroup 1a) should also be considered as a high priority area for
management and conservation since it harbors several endangered and long-distant migratory fishes,
for example, P. gigas and P. krempfi. Additionally, a more focused, follow-up study should be conducted
in the upper and middle LMB to identify which environmental factors driving the temporal change
in species composition to inform fisheries management and conservation in that area as well as
the whole LMB.
Based on SOM analysis of the fish communities, hydropower dams may be causing serious and
irreversible impacts to the fish communities. Groups 1 and 2 (close to both mainstream and tributary
dams at the upper LMB and the 3S Rivers) show altered and degraded communities, whereas groups 3
and 4 (located far from the hydropower dams) have remained mostly unchanged. Previous studies from
three different regions (Mekong River in Cambodia, Ter River in Spain, and rivers in New Zealand) also
showed the same pattern since the undammed fish communities experience more natural flows than
the dammed communities; and importantly, dams lead to a decline in both diversity and availability
of fish habitats [1,6,55,58]. Moreover, the cumulative effect of dams and other threats (e.g., irrigation,
sand mining, and overfishing) is an increasingly serious concern that deserves management and
conservation attention. Hence, we recommend that fisheries law should be strongly enforced by
cracking down on all illegal fishing practices. Furthermore, sand mining should be minimized during
the spawning season since the eggs and larvae are more vulnerable to the mining [120] and should be
banned in conservation areas [121]. Research should also be conducted to quantify the impact of sand
mining on fish communities in the LMB, which can be used to formulate science-based policies for river
and fisheries management [122]. Connectivity of the river network plays a central role in shaping fish
diversity, so the longitudinal and lateral connectivity should be sustained or restored [123], for example,
the Cambodian Mekong and Tonle Sap Ecosystem remain connected and free-flowing, and support
very diverse and interdependent fish communities. Moreover, effective fish passages should be in place
when hydropower and irrigation dams are proposed and built. As mentioned earlier, there was
a strong relationship between fish diversity and forest cover; it is therefore vital to restore and protect
primary and riparian forests to maintain fish diversity [124,125]. We further noticed that the non-native
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species occur throughout the LMB, thus, a proper transboundary management strategy is needed to
control such species before they become invasive and established in the LMB.
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