Knowl. Manag. Aquat. Ecosyst. 2024, 425, 21 Knowledge &

© S. Chrea et al., Published by EDP Sciences 2024 kﬂaﬂstgcement of
. uatl
https://doi.org/10.1051/kmae/2024019 Egosystems

Journal fully supported by Office
www.kmae-journal.org francais de la biodiversité

RESEARCH PAPER OPEN g ACCESS

Spatial patterns of benthic diatom community structure in the
largest northwestern river of Cambodia (Sangker River)

Socheat Chrea', Ratha Chea” ® and Loic Tudesque’

! Graduate School, National University of Battambang, Battambang City, 021402, Battambang Province, Cambodia

2 Laboratory of Freshwater Ecology (ECOFRESH), Department of Science, Faculty of Science Education, Battambang Teacher Education
College (BTEC), Battambang City, 021403, Battambang Province, Cambodia

3 Centre de Recherche sur la Biodiversité et I’Environnement (CRBE), Université¢ de Toulouse, CNRS, IRD, Toulouse INP, Université
Toulouse 3—Paul Sabatier (UT3), Toulouse, France

Received: 20 August 2024 / Accepted: 14 October 2024

Abstract — To date, very little is known about the relative importance of physicochemical factors
structuring the benthic diatom community in the flood-pulse tropical ecosystems. This paper aims to
investigate the spatial distribution of the benthic diatom community in a poorly studied river catchment of
the Tonle Sap Basin in Cambodia. Diatom samples were collected at nineteen (19) monitoring sites from
2018 to 2023 along the Sangker River, and the hierarchical clustering technique was applied to characterize
the variation in diatom community structure based on the similarity of diatom genera composition. Seventy-
eight (78) diatom genera belonging to 36 families, 18 orders, and 5 classes of diatom flora were recorded.
Gomphonema Ehrenberg, Nitzschia Hassall, and Navicula Bory were the most dominant diatom genera in
the catchment area. Accordingly, three main diatom assemblages (Ia, Ib, and II) were classified, and 11
indicator genera were identified. Indeed, the identified assemblages reflect the change of diatiom community
composition from the upstream assemblage (Ia), middle course (Ib), and floodplain assemblage (II).
Dissolved oxygen (DO), pH, conductivity (EC), total phosphorus (TP), and silicon dioxide (SiO,) were the
physico-chemical determinants of benthic diatom communities, while physical factors (DO, pH, and
nutrients) seemed to be more important than chemical factors. Consequently, any disturbances to the
physical condition of the river would drive an abrupt shift in the diatom community’s diversity and structure.
These findings pave an essential step towards the establishment of sustainable biomonitoring programs in
developing countries such as Cambodia to protect aquatic ecosystems from global change.
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1 Introduction fundamental knowledge of the biological community of the
river ecosystems, e.g., taxonomy, structure and dynamics of

The world is suffering nowadays from food and energy the community, mvirgnmental determinants (Morin ef al.,
crises resulting from ecosystem service degradation (Whiting, =~ 2016)- Diverse biological tools have been recommended to
2022; Petrosillo et al., 2023). Ecosystem health monitoringand ~ Monitor the freshwater ecosystems, particularly for river
restoration are among the primary tasks and questions raised ~ ¢cosystem health, e.g., fish, macroinvertebrate, phytoplankton
by scientific communities across the globe (Cooke et al., (Karr, 1999; Li, Zheng & Liu, 2010). Among those tools,
2022). Monitoring freshwater ecosystems is of paramount {reshwater diatoms are worldwide recognized as good bio-
interest in order to maintain the ecological health of the indicators and are used in many countries to assess the
hydrological systems and to establish the basis for the ccological status of running water (Kelly e al., 1998; Wu,
sustainable management of ecosystem services, which are 1999 Rott, Pipp & Pfister, 2003; Lobo e al., 2004, 2021;
essential for livelihoods and food security for millions of Wang, Stevenson & Metzmeier, 2005). )
people in the developing world (Boulton, 1999; Lu et al., 2015; Diatoms are single-celled algae living in aquatic ecosys-

Morin ef al., 2016; Pan et al., 2021). However, this requires tems and are among the most diversified protists on earth, with
’ ’ ’ ’ over ten thousand species (Mann & Vanormelingen, 2013).

Their presence in all water types, their high diversity, and their
*Corresponding author: ratha.chea@btec.edu.kh specific sensitivity to water pollution make diatoms a relevant
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tool for bioindication. Diatoms have been extensively used as
indicators to assess the ecological quality of river ecosystems
over the last few decades, especially across Europe. Many
studies have shown the important response of diatoms to
pollution driven by human activities, e.g., nutrient enrich-
ment, eutrophication. Diatoms are recommended as bio-
indicators of aquatic environments in many countries, and
more specifically for most European water types. Over many
decades, diatom-based tools (namely diatom indices) have
been developed and implemented to assess the status of
running water in these countries.

Very few study or documentation of benthic diatom flora in
Cambodia have been found. In 1970, the first pioneering study
of benthic diatom flora was conducted by Japanese research
teams to document the diatom taxa in the Mekong water
system, including the Tonle Sap Lake (TSL) and Tonle Sap
River (TSR). So far, seventy-seven (77) taxa of diatom were
recorded from both lentic and lotic ecosystems (TSL and
TSR), and thirty-six (36) benthic diatom taxa were docu-
mented for the Mekong River mainstream at that time (Ohno
et al., 1972). This exploratory study was a primordial study for
further scientific investigation of diatoms in the region. No
further research work on benthic diatom flora was found after
the first study conducted in 1970 in the TSL or in Cambodia. In
2006, the first biomonitoring program was introduced by the
Mekong River Commission (MRC), which aimed to assess the
ecological health of the Mekong River system. Thus, a series
of data collections on benthic diatoms, zooplankton, littoral
macro-invertebrates, and benthic macroinvertebrates was
performed, and two hundred six (206) benthic diatom taxa
were identified and recorded in the regional database (MRC,
2008). The biomonitoring program continued until 2017 in the
four riparian countries, basically along the Mekong main-
stream. However, there has been no holistic study of benthic
diatoms in Tonle Sap systems (MRC, 2019).

In Thailand, different case studies of diatom community
patterns were reported, and diatoms were used as bio-
indicators to assess the water quality in Thai river systems
(Suphan & Peerapornpisal, 2010; Moonsin et al., 2013;
Leelahakriengkai & Kunpradid, 2018). Whereas in northern
Laos, investigations of the benthic diatom community within
the paddy fields recorded one hundred four (104) diatom taxa,
while eleven (11) taxa within the recorded species were
unknown (Fujita & Ohtuska, 2005) . At the same time, several
new species, e.g., Amphipleura vavilovii sp.nov., were reported
from the diatom study in northern Laos (Glushchenko &
Kulikovskiy, 2017). In Vietnam, more documentation and
scientific literature were found compared to Cambodia and
Laos, where benthic diatom-based tools were used to assess the
water quality in river systems, e.g., the Saigon River (Luu &
Duc, 2018). Many new diatom species have been identified
and reported subsequently, e.g., O. japonica, O. subovalis, and
O. perjaponica comb. nov. (Kulikovskiy et al., 2015).

Among the Mekong Riparian countries, however, the
benthic diatom community in Cambodia was the least studied
and investigated after the first exploratory survey by Japanese
researchers. Until 2019, diatom research was launched again in
the TSL by French research institutions to document the
diatom taxa and assess the planktonic diatom community
dynamics within the TSL systems (Tudesque et al., 2019,

2021, 2023). So far, fifty-six (56) diatom genera have been
recorded from the study (Tudesque et al., 2019). This research
provided a good foundation for ecological health assessment of
Cambodian freshwater systems; this required a holistic
bioecological description of the benthic diatom community
in the lake and river systems, however, in order to protect the
Cambodian freshwater ecosystem facing rapid global change.
The current study aimed to describe the spatial distribution of
the benthic diatom community along the Sangker River
catchment in the Tonle Sap basin. Specifically, the paper aims
to provide the first description of the benthic diatom
community structure at the genus level while examining its
changes in terms of composition, occurrence, abundance,
richness, and diversity along the river course and its response
to environmental stressors within the river catchment. This
information is an essential step for river ecological health
assessment and would pave the foundation for further
investigation of the diatom community at the species level
as well as enriching the inventory of benthic diatom flora in
Cambodia.

2 Materials and methods
2.1 Study area

The largest north-western river of Cambodia, the Sangker
River (SR), is known for its cultural, socio-economic, and bio-
ecological values, which have sustained the livelihoods of
Cambodians for many decades (Campbell et al., 2006). The
river connects the north-western upland of Cambodia to the
Tonle Sap Lake (TSL), which is known for fish and freshwater
bird biodiversity (Fig. 1). The river drains a huge north-
western gar‘t of the TSL basin with a total catchment area of
6051 km” (ca. 10% of the TSL basin catchment area). Though
the river is critically important for Cambodian daily life,
scientific knowledge on the river is somehow scarce. Moreover,
rapid socio-economic development within the river catchment,
such as urbanization, industrialization, and agricultural intensi-
fication, in combination with the recent flooded forest fires in the
TSL basin in 2016, has posed an important environmental threat
to the river basin ecosystem's health (IUCN Cambodia, 2016;
Sourn et al., 2022). Thus, the baseline survey of river health
status and the river-based assessment tools must be put in place to
restore the river ecosystem services.

The Sangker River basin is known as an agricultural
catchment, where the head of the catchment is characterized by
a mountainous area and extensive agricultural land (e.g.,
cassava crops, fruit trees, paddy fields) (Fig. 1). When arriving
at the midstream, the catchment is composed of mixed
landscapes with dense riparian villages, agricultural land, and
industrial areas; the river ends up in the TSL floodplain after a
flowing distance of 200km (Oecurng et al, 2019) (Fig. 1).
Geologically, the river is composed of a rocky bottom at the
head of the basin, while from the middle to the downstream of
the river, the bottom is primarily composed of sediment
(muddy river bottoms) (Fig. 1). As part of the TSL basin, the
river exhibits the same tropical monsoon climate as the lake,
with two distinct seasons: wet (May—Oct) and dry (Apr—Nov).

Recent development within the Sangker River catchment
is posing a concern to local authorities, while cascade dam
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Fig. 1. Map of the Sangker River catchment (Tonle Sap Basin, Cambodia), with the geographical location of the nineteen monitoring sites (grey
polygones) and the red star indicating the largest city within the catchment area.

development (e.g., Sek Sak, Kahot, and Taorn dams),
deforestation, agricultural intensification, and the rapid
growth of urban areas are simultaneously affecting the
biodiversity and ecological health of the river (Sourn et al.,
2022). Thus, water quality monitoring is essential to
protecting the river health and livelihoods of people living
in the whole basin. Accordingly, nineteen monitoring sites
spatially distributed within the catchment were used for the

study, while the majority of sites were located along
the Sangker mainstream and a few sites were located in
the tributaries (Fig. 1). The selection of the sites was based
on the geographical condition and environmental gradient of
the river, i.e., mountainous areas, upland, and floodplains, to
ensure that the studied sites were representative to assess the
bethic diatom community diversity and structure within the
catchment.
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2.2 Benthic diatom data collection, treatment
procedure, and taxonomy

The benthic diatoms were collected twice a year in
November and in June from 2018 to 2022 within the Sangker
River catchment, which aimed primarily to identify the
potential locations for long-term environmental monitoring
and to develop the diatom-based tools for river ecosystem
health assessment. The benthic diatom samples were collected
from the available substratum of the river (Fig. 1), in
decreasing order of priority: stones (S), macrophyte stems
(Sm), macrophyte roots (R), and wood (W). Indeed, to collect
the diatom samples, stones and wood were removed from the
water and brushed with a toothbrush, while roots and stems
were cut and then squeezed. All samples were stored in clean
plastic containers (30- 40ml) and preserved with alcohol
(97%). All containers were labeled with the site name, date,
and substratum (S, Sm, R, and W) and preserved in a
refrigerator (5-7°C) prior to sample preparation in the
labratory.

In the laboratory, all samples were cleaned with boiling
hydrogen peroxide (H,O,) and hydrochloric acid (HCI) to
remove organic matter. Then, the diatoms were dried onto
cover slips and fixed on microscope slides using a high-
refractive index resin (Naphrax®, R.L.=1.7) to obtain
permanent slides that can be used for benthic diatom
taxonomic identification. Taxonomic identification was done
at the genus level by counting the relative abundance of
diatoms, i.e., counting 400 valves of diatoms per slide, using
the Olympus BX51 microscope (1000x magnification) with
oil immersion. The identification of diatom genera was done
based on different reference sources, such as diatom
identification handbooks from Europe and Asia, published
articles, and available benthic diatom studies in the region
(Lange-Bertalot, 2001; Krammer, 2002, 2003; Tanaka, 2007,
2014).

2.3 Physico-chemical data collection

Water quality sampling campaigns were conducted where
benthic diatoms were collected from November 2018 to June
2022. Twenty-six physico-chemical parameters were mea-
sured either in situ or analyzed in the laboratory for each
campaign at the nineteen sampling sites. Water temperature
(WT), dissolved oxygen (DO), oxygen saturation (OS),
electrical conductivity (EC), and pH were measured in-situ
using a multi-parameter probe (WTW Multi 3420 Set G),
while turbidity (Turb) was measured with a portable turbidity
meter (HANNA-HI937030). Other chemical parameters, such
as nutrients (total nitrogen (TN), nitrate (NO3 ), orthophos-
phate (PO4>"), and various cations and anions), were analyzed
in the laboratory in accordance with ISO standard methods
according to Chrea et al., 2023. In situ, two 100-ml plastic
containers were collected at each site; one container was used
to sample raw water for quantifying total nitrogen (TN), and
the other was used to store the filtered water (filtered through a
1.2 wm microglass fiber filter). The filters were stored and used
to quantify total suspended solids (TSS).

2.4 Statistical analyses

The study aimed to describe the distribution patterns of the
benthic diatom community at the genus level. Therefore, the
study therefore placed greater emphasis on the composition of
genera than on their abundance. The abundance of benthic
diatoms was expressed as relative abundance in percentages,
while the occurrence was computed as percentages to describe
the distribution of the benthic diatom community along the
Sangker River. The hierarchical clustering technique was
applied to investigate the spatial distribution of the benthic
diatom community. Before performing clustering, the benthic
diatom table was first averaged from different sampling
habitats (stones, macrophyte roots, macrophyte stems, and
wood) in each site to reduce the effect of varying sampling
efforts between sites, then standardized on the averaged table
to reduce the skewness and dominance of certain genera. The
standardization was computed using the scale function in
package “base” in the R program (R Core Team, 2024), with its
default arguments (z = (x — @)/, where z is the standardized or
scaled value, x is the original value, u is the sample mean
value, and o is the sample standard deviation). Next, “Ward.
D2” hierarchical clustering was performed based on a
standardized benthic diatom table to classify the monitoring
sites into different clusters according to their similarity in
genera composition (Murtagh & Legendre, 2014). The
analysis of similarities (ANOSIM) was then used to test the
significant difference in diatom community composition
between the identified clusters (Warton et al, 2012).
Additionally, genera richness (GR) and diversity index (i.e.,
Shannon index (SH)) were computed to describe the diversity
gradient from the identified clusters, and significant differ-
ences (p < 0.05) among clusters were tested using the Kruskal-
Wallis test and post-hoc pairwise comparison test.

The indicator genera of each group of sites were then
determined using the “indicspecies” package to describe the
differences in terms of genara composition within the
identified clusters (De Caceres et al., 2010). Indeed, for a
given cluster, the indicator value of the species or genera is the
square root of the product of two quantities called A and B,
which are predictive value and sensitivity respectively.
Quantity A is the probability of the target group of sites
given that an individual species has been found and was
defined as the mean abundance of the species in the target site
group divided by the sum of the mean abundance values over
all groups. Quantity B is the average relative abundance of
individuals of the species or genera at a site that belongs to the
target site group and was determined as the relative frequency
of occurrence of the species or genera inside the target site
group (De Caceres et al., 2010). The computation was
performed with a permutation of 999 times to ensure the
precise combination of diatom genera in each cluster.

To assess the relationship between the benthic diatom
community and physicochemical variations, the tri-plot ordina-
tion method was applied using canonical correspondence
analysis (CCA). CCA is a constraint ordination method that
reveals the relationships between community structure, sites,
and physicochemical variables (Legendre & Legendre, 2012).
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Precisely, in the bi-plot ordination map of the CCA model,
the importance of physicochemical variables is shown by the
length of the vectors, while the correlation between them is
exhibited by the angle between the vectors. First step, the CCA
model was performed by using all twenty-six contrained
physico-chemical factors, then the parsimonious CCA model
was computed based on the Monte Carlo permutation test and
variance inflation factor (VIF) assessment to improve the
performance of the model while reducing the multicollinearity
of the constrained factors. Indeed, Monte Carlo permutation
tests with 999 permutations were used to test whether the
variables significantly (p < 0.05) explained the diatom
community structure (Legendre & Legendre, 2012). The
“envfit” permutation test with 999 permutations from the
“vegan” package was used to examine whether the physico-
chemical variables significantly influence the variation of
the diatom community (Oksanen et al., 2013). Additionally,
the “vif.cca” function was used to assess the multicollinearity
from all constrained factors (Gross, 2003). Finally, only ten
important physicochemical variables were kept for the
parsimonious CCA model.

Lastly, to examine the contribution of the two sets of
physicochemical factors (i.e., physical vs. chemical factors) in
explaining the variation of the benthic diatom community
along the river course, variance partitioning was performed to
see individual and combined effects from physicochemical
factors on the variation of benthic diatom assemblages and was
displayed in the form of a Venn Diagram (Legendre &
Legendre, 2012; Lai et al., 2022). All statistical analyses were
performed in the R program (R Core Team, 2024).

3 Results

3.1 Benthic diatom flora in the Sangker River

Here, the first record of benthic diatom flora from the
largest northwestern river in Cambodia, the Sangker River
were recorded. So far, seventy-eight (78) genera were recorded
from nineteen monitoring sites along the river, belonging to 36
families, 18 orders, and 5 categories of benthic diatoms.
Detailed taxonomic descriptions of recorded benthic diatom
flora are given in Table S1. In the Sangker River, biraphid
diatoms were the most common diatom category found within
the catchment, accounting for 67% of diatom genera, followed
by centric diatoms (13%), and moniraphid diatoms (10%),
while the rest accounted for 10% (Fig. 2a). From the diatom
order composition, Naviculales, Cymbellales, and Achnan-
thales were the most diverse diatoms' orders in the river
catchment, accounting for 61% of the recorded total number of
genera (Fig. 2b). Accordingly, Naviculaceae was the biggest
diatom family, accounting for 10% of genera, followed by
Bacillariaceae (8%), Achnanthidiaceae (8%), Cymbellaceae
(6%) and Stauroneidaceae (6%), and Staurosiraceae (4%),
Diadesmidaceae (4%), Sellaphoraceae (4%), and Stephano-
discaceae (4%) while the rest 42% of families (26 families)
contained only one genus, e.g., Ulnariaceae, Amphipleuraceae,
Anomoeoneidaceae, Gomphonemataceae, Rhoicosphenia-
ceae, Rhopalodiaceae, Surirellaceaec, Thalassiosiraceae,
Fragilariaceae, and Tabellariaceae (Fig. 2c).

Indeed, in the Sangker River catchment, approximately
90% of the diatom community's abundance is defined by the
thirteen (13) main genera, while the remaining sixty-three (63)
genera account for only 10% of their total abundance (Fig. 3a,
Tab. S1). More precisely, Gomphonema Ehrenberg (GOMP)
was the most abundant genus in the river system, accounting
for 19.44% of the relative abundance, followed by Nitzschia
Hassall (NITZ) at 17.24%, Navicula Bory (NAVI) at 7.79%,
and Achnanthidium Kiitzing (ACHD) at 7.19% of the relative
abundance, respectively (Fig. 3a). Out of the four dominant
genera, Sellaphora Mereschowsky (SELL), Cymbella C.
Agardh (CYBM), and Eunotia Ehrenberg (EUNO) were
among the major diatom genera, accounting for 6.76%, 6.53%,
and 5.65% of total abundance, respectively. Other related
important genera were Craticula Grunow (CRAT), Melosira
C.Agardh (MELO), Encyonopsis Krammer (ENCY), Plano-
thidium Round & L.Bukhtiyarova (PLTD), Brachysira
Kiitzing (BRAC), Ulnaria (Kiitzing) Compére (ULNA),
Fragilaria Lyngbye (FRAG), and Tryblionella W.Smith
(TRYB). Each of those genera represented less than 5% of
the total abundance, while altogether they accounted for
19.28% of the total abundance. Likewise, GOMP, NITZ,
NAVI, ENCY, and FRAG were the most occurring diatom
genera along the Sangker river catchment; these genera
occurred in all sites and were followed by Luticola D.G.Mann
(LUTI) (94.73%), TRYB (94.73%), and CRAT (94.73%),
respectively (Fig. 3b).

3.2 Spatial distribution of the benthic diatom
community

The nineteen monitoring sites were grouped into three
different benthic diatom community clusters based on the
similarity of their genus composition (Fig. 4). Two main
community clusters were defined at the first split (clusters I
and II), reflecting the shift of the river gradient from a lotic to a
lentic water system, i.e., the Tonle Sap Lake floodplain. The
sub-clusters Ia and Ib revealed the upstream-middle stream's
benthic diatom community structure. Accordingly, the analysis
of similarity (ANOSIM) revealed a significant difference
between the identified clusters (Ranosm=0.732, p-value=
0.001). Cluster Ia grouped 8 sites located at the head of
the Sangker River basin, while cluster Ib was defined by the
majority of sites (6 sites) located in the middle course of the
river, and cluster II consisted of 5 sites located in the Tonle Sap
floodplain (Fig. 4). Aweak gradient of benthic diatom diversity
(genera richness and diversity) was observed along the river
course. The upstream cluster la was characterized by the
greatest genera richness (GR=43.62) and diversity (SH=
2.43), followed by cluster Ib (40.83, 2.36) and downstream
cluster II (30.40, 2.24). However, the differences were not
found to be significant (Kruskal-Wallis test, p > 0.05).

A total of sixteen benthic diatom indicator genera were
identified from the three clusters (Ia, Ib, and IT) (Tab. 1, Fig. 5).
Consequently, two primary indicator genera, namely Bacil-
laria J.F.Gmelin (BACI) and Encyonopsis Krammer (ENCP),
defined the upstream benthic diatom community (cluster Ia),
while the middle course community (Ib) was characterized by
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two indicator genera, namely Gogorevia Kulikovskiy, Glush-
chenko, Maltsev & Kociolek (GOGO) and Fistulifera Lange-
Bertalot (FITU) (Tab. 1, Fig. 5). In the floodplain, cluster II
was characterized by three major indicator genera, namely
Frustulia C.Agardh (FRUS), Chamaepinnularia Lange-
Bertalot & Krammer (CHAM), and Stenopterobia Brébisson
ex Van Heurck (STEN). Additionally, seven indicator genera
were identified to characterize the main cluster I (Ia and Ib),
i.e., Amphora Ehrenberg ex Kiitzing (AMPH), CYMB,
ACHD, Mayamaea Lange-Bertalot (MAYA), Seminavis D.
G.Mann (SMNA), Surirella Turpin (SURI), and Simonsenia
Lange-Bertalot (SIMO) (Tab. 1, Fig. 5). Whereas only 2 main
indicator genera, i.e., EUNO and Diadesmis Kiitzing (DIAM),
were identified from the combined clusters Ib and II, which are
the transitional zones between the river ecosystem and
floodplain (Tab. 1, Fig. 5).

3.3 Physico-chemical determinants of the benthic
diatom community

The CCA model showed an important association between
benthic diatom communities and physico-chemical variables
(ANOVA test, p=0.001), while the first two axes of the
parsimonious CCA model explained 48.10% of total variances
(Fig. 6). Located upstream of the Sangker River, cluster la was
defined by the genera ENCP and BACI, associated with a high
concentration of oxygen (DO and OS) and a high pH (Fig. 6).
Cluster Ib, located in the middle stream, was determined by the
genera GOGO and FITU, associated with a high concentration
of suspended sediment (TSS), nutrients (TP), and silicon
dioxide (Si0,) (Fig. 6). Last but not least, cluster II, located in
the TSL floodplain, was structured by the genera FRUS,
STEN, and CHAM; cluster II was defined by a low
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Fig. 4. Spatial distribution of the benthic diatom community along the Sangker River catchment (Tonle Sap Basin). Hierarchical clustering
(cluster dendrogram) according to the similarity of diatom genera composition (top left). Polygonal dots represent the diatom monitoring sites
associated with the identified cluster (Ia & Ib, I). Different colors indicated benthic diatom community assemblages: red (Ia), yellow (Ib), and
blue (II), while the black dot represented the dams.
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Table 1. List of indicator genera of benthic diatom flora by clusters along the Sangker river catchment, Tonle Sap basin (number of
permutations = 999).

Clusters  Codes Genera Family Category Stats  p-value
Ia BACI Bacillaria J.F.Gmelin Bacillariaceae Biraphid 0.023 *
ENCP Encyonopsis Krammer Cymbellaceae Biraphid 0.045 *
Ib GOGO  Gogorevia Kulikovskiy, Glushchenko Maltsev & Kociolek ~ Achnanthidiaceac ~ Monoraphid 0.012 *
FITU Fistulifera Lange-Bertalot Stauroneidaceae Biraphid 0.042 *
T FRUS Frustulia Rabenhorst Amphipleuraceae  Biraphid 0.001  ***
CHAM  Chamaepinnularia Lange-Bertalot & Krammer Sellaphoraceae Biraphid 0.006  **
STEN Stenopterobia Brébisson Surirellaceae Biraphid 0.004  **
Ia&Ib AMPH  Amphora Ehrenberg Catenulaceae Biraphid 0.001  ***
CYMB  Cymbella C. Agardh Cymbellaceae Biraphid 0.001  ***
ACHD  Achnanthidium Kiitzing Achnanthidiaceae ~ Monoraphid 0.001  ***
MAYA  Mayamaea Lange-Bertalot Incertae sedis Biraphid 0.001  ***
SMNA  Seminavis D.G.Mann Naviculaceae Biraphid 0.004  **
SURI Surirella Turpin Surirellaceae Biraphid 0.014 *
SIMO Simonsenia Lange-Bertalot Bacillariaceae Biraphid 0.01 *
Ib & I EUNO  Eunotia Ehrenberg Eunotiaceae Brachyraphid  0.021  *
DIAM  Diadesmis Kiitzing Diadesmidaceae Biraphid 0.013 *
Cluster Ia Cluster II Cluster Ia & Ib Cluster Ib & II
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Fig.1. Bacillaria(BACI)
Fig.2. Encyonopsis (ENCP)

Cluster Ib

Fig.1. Amphora (AMPH)
Fig.2. Cymbella (CYMB)
Fig.3. Achnanthidium (ACHD) -

10pum N X Mre!
. . Fig.4. Mayamaea (MAYA) . .
) ) Fig.1. Frustulia (FRUS) . PR Fig.1. Eunotia (EUNO)
Fig.1. Gogorevia (SOGO) Fig 2. Chamaepinnularia (CHAM) ©9> gjﬁlg;"gﬁg’:’;m) Fig.2. Diadesmis (DIAM)
Fig.2. Fistulifera (FITU)  Fig 3. Stenopterobia (STEN) g.9.

Fig.7. Simonsenia (SIMO)

Fig. 5. Indicator genera of the diatom community are presented by clusters (Ia, Ib, and IT) and by combined clusters (Ia and Ib, Ib and II); only the
common species within the indicator genera were selected for illustration.
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concentration of dissolved oxygen, a low pH, and an important
concentration of nutrients (TP and NO;), reflecting the
downstream condition of the Sangker River dominated by
organic pollution from upstream processes (Fig. 6).

3.4 Effects of physical and chemical factors on the
benthic diatom community

Variation partitioning in the benthic diatom community
indicated that physical factors were the predominant factors
affecting the variation of diatom community composition
along the Sangker River catchment, while the combined effects
of both factors (physical and chemical) explained 51% of total
variances (Fig. 7). More precisely, physical or chemical factors
alone explained 19% and 15% of variances, respectively, while
the joint effects of both factors explained 18% of total
variances (Fig. 7). Consequently, physical factors seem to be
more important than chemical factors in explaining the
variation of the diatom community, while the remaining 49%
of variances were explained by other factors such as land use/
land cover, substratum, altitude, flow velocity, efc.

4 Discussion

4.1 Composition, diversity, and abundance of the
benthic diatom community

This study provided the first holistic insight into the benthic
diatom community in the largest river in north-western
Cambodia, the Sangker River. In total, seventy-eight (78)
diatom genera were recorded from the Sangker river, which is
higher than the recent record in Tonle Sap Lake (TSL) (i.e., 56

Physical factors

Residuals =0.49

Fig. 7. Venn diagram of variance partitioning results showing the
relative effect of physical and chemical factors alone and in
combination with the variation of the benthic diatom community.
Numbers represent percentages of variation explained by each factor;
all factors were statistically significant (p-value <0.05).

diatom genera) (Tudesque et al, 2019). Naviculales,
Cymbellales, and Achnanthales were the most dominant
diatom orders in the Sangker river system. Indeed, it was
reported in many river systems across Europe, as well as the
Mekong River Basin (MRB), the wide distribution of
Naviculales and Cymbellales due to their diversities, dispersal
ranges, and resistances to pollution (Sala et al., 2008;
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Rimet & Bouchez, 2012; Larras et al., 2014). The GOMP,
NITZ, and NAVI were the most abundant in the river system,
accounting for more than 50% of total relative abundances; this
was consistent with the previous study reported in TSL
(Tudesque et al., 2019). Similarly, from the recent benthic
diatom inventory in northern Thailand, researchers recorded
fifty-three (53) new species of benthic diatoms, and NAVI,
honema Ehrenberg (HONE), and EUNO were the most
dominant genera. Besides, other related genera such as
Diatomella Greville (DITM), ACHD, Anomoeoneis E.Pfitzer
(ANOM), Rhopalodia O.Miiller (RHOP), SELL, and CRAT
were found among the most abundant diatom genera within
the northern river systems of Thailand (Pumas et al., 2018;
Suphan & Peerapornpisal, 2010). Whereas in the Saigon River
(Vietnam), ACHD, Coscinodiscus Ehrenberg (COSD), and
CYMB were found to be among the most dominant genera
beside the common genera EUNO, GOMP, NAVI, and NITZ,
reflecting the diatom community downstream of the Sangker
River cathment (clusters Ib and II), where the quality of
habitats is degraded (Pham & Nguyen, 2018; Pham, 2020).
Given the fact that GOMP, NAVI, and NITZ are the most rich
diatom genera and known as organic pollution-tolerant diatom
species, they are usually used for biological monitoring in
disturbed tropical river systems (Silva-Benavides, 1996;
Hattikudur et al., 2014; Datta et al., 2019).

The gradually decreasing trend of diatom diversity along the
Sangker River course reveals the environmental filtering process
of benthic diatom community structure (Jamoneau et al., 2018).
Consequently, upstream of the river basin (cluster Ia) and middle
(cluster Ib) were characterized by high diversity compared to
downstream of the river (cluster II). Moreover, benthic diatom
flora is very sensitive to disturbance, particularly pollution
induced by human activities, as reported in several river systems
in Vietnam, Thailand, and Malaysia, with a sharp decline in
diversity driven by domestic pollution (Maznah & Mansor,
1999; Thi et al., 2006; Duong et al., 2007; Feio et al., 2009;
Masouras et al., 2021). Accordingly, the decreasing trend of
diatom diversity was explained by the environmental filtering
and organic pollution accumulation processes along the
Sangker river course impacted by domestic waste, industrial
activities, and agricultural intensification (Heng et al., 2013;
Sourn et al., 2022). Moreover, the defined diatom indicator
genera from the diatom community are key elements to compute
the generic diatom index (GDI), which is one of the most
commonly used diatom-based indices for river health assess-
ment (Blanco et al, 2012). Indeed, GDI is a very practical
tool to detect organic pollution in river systems, while low values
of GDI exhibited low quality of water resulting from the
eutrophication effect. Thus, quick and immediate action can be
taken to protect ecosystem health, particularly in the data-scarce
environment of the Sangker River catchment.

4.2 Relative importance of physico-chemical factors
to benthic diatom community structure

Dissolved oxygen (DO), pH, total phosphorus (TP),
electrical conductivity (EC), magnesium (Mg,), and silicon
dioxide (SiO,) were the most important physico-chemical
factors influencing the patterns of the benthic diatom
community along the Sangker River catchment. Many

previous studies in tropical river systems have demonstrated
the relative importance of these physico-chemical factors in
explaining the variation of diatom community diversity and
structure (Triest et al., 2012; Dalu et al., 2017; Shibabaw et al.,
2021). Indeed, oxygen is the predominant factor affecting the
distribution of aquatic communities (e.g., fish, invertebrates,
phytoplankton, and diatoms) since it relates to the photosyn-
thesis and growth rate of biological communities in the aquatic
environment; consequently, more diversity and abundance of
diatom communities are expected in the highly oxygenated
environment associated with the high level of EC (Tan ef al.,
2017). Similarly, pH was described as reducing the growth rate
and causing physiological stress in the diatom community
(Zepernick et al., 2021). Silicon dioxide (SiO,) and magne-
sium (Mg,) were strongly correlated, while silica is a
fundamental element for diatom constitution; thus, the
decrease in diatom community was associated with the
depletion of SiO, (Gibson et al., 2000).

The distribution of the benthic diatom community
displayed the environmental gradient of the Sangker River.
The upstream community (cluster Ia) was defined by the
genera BACI and ENCP; these genera have been described to
be adapted to marine or brackish water (i.e., BACI) with a high
level of EC and nutrients (Spaulding ef al., 2021), which is in
contrast to the upstream conditions of the Sangker River. The
possible explanation for this observed pattern can be
associated with the variability of bioecological responses
within the species among the genera. For instance, the genus
ENCP was described as containing more than 28 species, and
several species were reported to be suited to an oligotrophic
environment with a high level of DO and low nutrients, e.g.,
Encyonopsis carraensis sp. nov. (Kennedy et al, 2019).
Besides, a recent study from Dongting Lake in China reported
the new species of BACI in the freshwater ecosystem, i.e.,
Bacillaria, B. sinensis sp. nov., and B. dongtingensis sp. nov.
(Long et al., 2021). More importantly, cluster Ia was defined by
a high concentration of DO and a high level of pH associated
with a high concentration of SiO,, revealing the pristine
condition at the head of the Sangker River that is suitable to
accommodate a great diversity of benthic diatom communities
(Sourn et al., 2022).

The middle stream diatom community (cluster Ib) was
described by the genera GOGO and FITU; these genera are
usually found in eutrophic environments and were described to
be resistant to organic pollution (Lange-Bertalot et al., 2018;
Spaulding et al., 2021). Consequently, the middle part of the
Sangker River was shown to be impacted by industrial
activities and agricultural and domestic pollution as a result of
socio-economic activities from the riparian villages (Solak
et al., 2020). In the TSL floodplain, the diatom community
(cluster II) was described by FRUS and STEN. These genera
are resistant to a hypoxic environment with a low level of DO
(e.g., DO < 2mgL™") and a high nutrient concentration. This
observed pattern was consistent with the recent benthic diatom
study in Tonle Sap Lake and the bioecological description from
the USA diatom database (Tudesque et al., 2019; Spaulding
et al., 2021). Indeed, FRUS, CHAM, and STEN were known
as bio-indicators for siltation in river systems and were
frequently observed frequently in acidic environments, as
reported in a previous study in French Guiana (Sylvestre ef al.,
2004; Bey & Ector, 2013; Rios-Pulgarin et al., 2016).
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The current study shows that the benthic diatom
community is very sensitive to environmental changes,
particularly the impact of physical factors induced by human
activities. Changes in physical factors such as DO, pH, EC, and
TSS therefore contributed significantly to the variation of
the benthic diatom community diversity and structure in the
Sangker River system. Indeed, these physical factors have
strong effects on diatom community growth, while benthic
diatom would colony productively in a less harmful, less
turbid, and highly oxygenated environment, as reported in
many studies from Europe and Africa (Finkel e al., 2009;
Verleyen et al., 2009; Shibabaw et al., 2021). Thus, any
disturbance to the physical conditions of the river system
would significantly change the diatom community composi-
tion, diversity, occurrence, and abundance (Soininen et al.,
2014; Shibabaw et al., 2021).

In addition, under the tropical monsoon climate, a major
seasonal change in benthic diatom community diversity and
composition was expected within the Sangker river catchment,
given the fact that environmental conditions change signifi-
cantly between wet and dry seasons. Consequently, high
diversity was expected in the wet season compared to the dry
season due to the great species turnover mechanism and habitat
diversity in the wet season as reported from the recent case
studies in TSL in Cambodia, Yellow River Delta and Pearl
River Delta in China (Huang et al., 2004; Ohtaka et al., 2010;
Tudesque et al., 2019; Liu et al., 2022). Recently, Yoshikawa
et al. (2024) revealed important spatial and seasonal variations
of benthic diatom abundance, i.e., Aulacoseira and Suriella,
across the Tonle Sap Lake. High abundance was observed in
the high water season compared to the low water period, given
the fact that the intrusion of river water in the lake induced
nutrient enrichment, which are the main drivers of diatom
community composition, diversity, and biomass. More
evidence on the relevance of benthic diatoms for ecosystem
health assesment has been proven; this should be a foundation
for future investigations of benthic diatom flora and
establishment of biomonitoring metrics for Cambodian
freshwater ecosystems (Thi et al., 2006; Wu et al., 2012;
Venkatachalapathy & Karthikeyan, 2015). Therefore, detailed
bioecological descriptions of Cambodian diatom flora at
species level are highly recommended for future studies in
order to generate a comprehensive catalogue of diatom flora
that is fundamental for long-term environmental monitoring in
Cambodia and the Mekong region.
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