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of marine free-living nematodes. Nutrients content 
(nitrate, ammonium, total phosphorus, total nitrogen), 
total suspended solids, total organic carbon, coliform, 
bacteria E. coli, pH, dissolved oxygen, total dissolved 
solids, methane and hydrogen sulfide concentra-
tion, and the nematode communities were character-
ized in sediment at selected stations along the river 
above and below the dam. Our results found elevated 

Abstract The impact of high siltation and accumu-
lation of organic and waste material in the intertidal 
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methane concentrations at the upstream side of the 
dam while hydrogen sulfide concentrations found to 
be highest in the downstream side of the dam. Fur-
thermore, methane and hydrogen sulfide concentra-
tions were correlated to nematode community char-
acteristics such as trophic composition densities and 
genera composition. There was a clear difference 
between the communities above and below the dam. 
The discontinuous nematode community distribu-
tion indicated that the Ba Lai River is impacted by 
dam construction. Potentially the high deposition and 
eutrophication could turn the area into a methane-rich 
area related to predicted impact on nematodes.

Keywords Ba Lai River · Ben Tre · Climate 
change · Environmental impact · Irrigation · 
Nematode · Reservoir

Introduction

The Mekong Delta in Vietnam plays a major role as a 
vast “food basket” for the country and for the global 
food market, exporting mainly rice, fruits, and seafood 
worldwide (Dung et al., 2019; Piesse, 2019). However, 
this delta is facing problems of serious salt intrusion 
and drought due to reduced freshwater discharge from 
upstream areas (Park et  al., 2021). In order to solve 
these problems, the construction of dams along the 
coastal region and estuarine areas has been a priority 
for the Vietnamese government. In 2002, the first larg-
est dam of the North Ben Tre Irrigation Project in the 
Mekong delta was built across the mainstream of the Ba 
Lai estuary (Hoang et al., 2009).

The Ba Lai sluice gate has brought some benefits, 
such as flood control, freshwater supply, and irriga-
tion, hence favoring the economic development of 
local communities (Ngo et  al., 2017a, 2017b). Its 
operation however has also resulted in long-term 
negative effects on the environmental quality. The 
erection of the Ba Lai dam is considered one of the 
reasons for the differences between its intertidal 
and subtidal nematode assemblages and those of 
the remaining Mekong estuaries (Ngo et  al., 2016) 
(Nguyen et al., 2020) both in terms of densities and 
species and genera diversity. Furthermore, the dam’s 
construction had an effect on the biochemical compo-
nents of the estuary, as observed by the increase in 
total suspended solids, heavy metal concentrations 

(Hg and Pb), and significant oxygen depletion 
(Nguyen et al., 2020). The dam’s presence may con-
tribute to driving the Ba Lai’s ecosystem to a tipping 
point.

Indeed, soon after the dam began to operate, 
the quantity of microalgae, the concentration 
of phosphates and nitrates, and the suspended 
sediments were higher upstream of the  dam  and 
lower near the river mouth area (Veettil et al., 2019). 
Furthermore, turbidity levels increased since the 
dam construction due to alluvial silty deposition 
(Veettil & Ngo, 2018). Also, sediments discharged 
from upstream could be trapped above the dam’s 
sluice forming a stagnant area (Lin, 2011). Combined 
with continuous siltation input, this has led to a 
reduction of the water capacity and subsequently 
the depletion of oxygen in the bottom layers turning 
the river’s function into a shallow “lake–river” and 
supporting anaerobic processes that produce a large 
amount of greenhouse gases such as methane with 
a warming potential far greater than that of carbon 
dioxide (Ramaswamy et al., 2001), but also hydrogen 
sulfide, which is toxic for most eukaryotic life forms 
(Liikanen et al., 2002).

In aquatic ecosystems, hydrogen sulfide has a 
major influence on benthic fauna (Bagarinao, 1993), 
including the dominant group within the meiofauna 
size class, the nematodes. An early experiment 
by Rodriguez-Kabana et  al. (1965), for example, 
reported that a decline in the total number of nema-
todes in flooded rice fields was associated with an 
increase of hydrogen sulfide. Moreover, Armenteros 
et  al. (2010) found that chemical stressors such as 
hydrogen sulfide affected the structure and distribu-
tion of nematode communities in the Cienfuegos Gulf 
sediments, Cuba. In contrast to the large amount of 
studies on the effect of hydrogen sulfide, investiga-
tions on the effects of methane in sediment on free-
living nematodes are more limited. However, the 
presence of methane is often associated with higher 
sulfide concentrations and therefore its effect is dif-
ficult to disentangle. Jensen (1995) studied the effect 
of methane emissions in soft sediments and discov-
ered that adults from the dominant nematode species 
Theristus (Penzancia) anoxybioticus were mainly 
found on the surface of sediments, while juveniles 
were distributed deeper in sediment. Remarkable is 
the presence of the mouthless chemosynthetic nema-
tode species Astomonema southwardorum (family 
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Siphanolaimidae) in a large pockmark with active 
methane seepage in the North Sea at 153–167  m 
depth (Austen et al., 1993; Dando et al., 1991). Also, 
Sapir et al. (2014) did a noteworthy observation that 
methane seeps supported complex ecosystems involv-
ing interkingdom interactions between bacteria, nem-
atodes, and parasitic fungi.

In this study, we used nematode communities to 
investigate the potential impact of a dam on the inter-
tidal benthic environment. It was hypothesized that 
like subtidal environments of the same river (Nguyen 
et al., 2020), the intertidal would also be impacted by 
increased deposition of silt and associated organic 
waste material resulting in anoxic sediments, the 
emission of methane, and the production of sulfides 
which may have effects on the associated free-living 
nematodes. We used nematodes as an indicator for 
the ecological effects of the changing biochemical 
conditions in intertidal sediments. Specifically, we 
hypothesized that (1) the presence of the dam resulted 
in different intertidal environments based on the 
investigated biotic and abiotic variables such as pH, 
dissolved oxygen( DO), salinity, total dissolved sol-
ids (TDS), total suspended solids (TSS), total organic 
carbon (TOC), nitrate  (NO3

−), ammonium  (NH4
+), 

total phosphorus (TP), total nitrate (TN), bacteria E. 
coli, total coliform concentrations (coliform), meth-
ane  (CH4), and hydrogen sulfide  (H2S) concentrations 
and (2) intertidal nematode communities differed 
in relation to changing environmental conditions 
derived from the presence of the dam.

Methodology

Sampling location

This study was conducted in both wet and dry sea-
son in the Ba Lai River, Ben Tre province, located 
at 106°20′0″E–106°40′00″ E and 10°0′0″–10°20′0″ 
N, within the Mekong Delta in southern Vietnam 
(Fig. 1). The southern part of Vietnam has a tropical 
climate with two seasons: wet (May to November) 
and dry (December to April). Even though the aver-
age monthly air temperatures do not fluctuate much 
in the south, the weather in this region still differs 
between the two seasons due to the variations in pre-
cipitation (Ngo et  al., 2017b). From the sea toward 
the inland, samples were collected in both Ba Lai 

Fig. 1  Sampling locations in the Ba Lai River, Vietnam, for both seasons
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riverbanks at 8 river transects coded from B1 to B8, 
within 2 sampling stations per transect for total of 16 
intertidal stations (Fig. 1).

Environmental variables

At each station, sediment samples were taken for 
chemical and physical characteristics, such as nutrient 
contents  (NO3

−,  NH4
+, TP, TN), TSS, TOC, coliform, 

E. coli, methane, and hydrogen sulfide. Water salinity, 
pH, DO, and TDS were measured on-site by a WQC-
22A Water Quality Checker (TOA, Japan).

For methane  (CH4) analysis, about 10  mL of the 
2-cm top of undisturbed sediment was placed into a 
40-mL thread bottle containing 5 mL of 0.1 N NaOH 
to terminate further bacterial activity. The vial was 
immediately capped with a Teflon-lined silicone 
septum and kept cool with dry ice. Once returned to 
the laboratory, samples were stored at − 18  °C until 
analysis. Methane in sediment samples was analyzed 
following the method of Leloup et al. (2007). In sum-
mary, methane in the headspace was determined by 
gas chromatography equipped with an Alumina Sul-
fate PLOT (30 m × 0.53 mm × 10 µm, Supelco, USA), 
a split/splitless injector, and a flame ionization detec-
tor. The injector was operated at splitless mode, and 
temperature of 35 °C. The linear velocity of nitrogen 
as carrier gas was set at 90 cm/s and the detector was 
operated at 250 °C, air flow rate of 400 mL/min, and 
hydrogen flow rate of 40  mL/min. Quantification of 
methane was carried out using a calibration curve 
made by injecting various volumes of standard meth-
ane gas 15 ppmv (Agilent) with five replicated injec-
tions of every sample and standard (Leloup et  al., 
2007).

For the sulfide  (H2S) analysis, the top 2  cm of 
undisturbed sediments were carefully placed in 
a 50-mL PE conical bottom tube with thread cap 
(ISOLAB). The sediment samples were kept on dry 
ice during sampling and transportation and stored 
at − 18 °C prior to the laboratory analysis. Total free 
 H2S concentrations were measured following the 
method of Brown et al. (2011). Briefly, the sediment 
sample stored in the 50-mL plastic tube was mildly 
defrosted at 4  °C overnight, and then centrifuged at 
3000  rpm for 5  min. The supernatant was decanted 
and the sediment was mixed well with a stainless-
steel spatula. A 10-mL portion of the homogenized 
sediment was taken and placed into another 50-mL 

PE tube containing 10  mL of sulfide  antioxidant 
buffer. The mixture was vortexed, and the concen-
tration of sulfide was quickly measured on a poten-
tiometer (Mettler Toledo) equipped with a sulfide ion 
selective electrode. The concentrations of sulfide in 
the samples were calculated based on a sulfide cali-
bration curve prepared in the same manner samples 
(Brown et al., 2011).

Escherichia coli (E. coli) and coliform bacteria 
concentrations in sediments were identified based on 
the standard most probable numbers (MPN) method 
(Olson, 1978). The MPN technique estimates micro-
bial population sizes by dilution and incubation 
of replicated cultures across several serial dilution 
steps.  For each sample, 300  g of surface sediments 
were collected, stored in sterile plastic bags, and pre-
served cool. The samples were transported to labora-
tory and analyzed within 36 h after being sampled.

For the analysis of nutrient concentrations in the 
sediments, sampling was conducted using a 6-cm 
inner diameter polycarbonate core pushed into the 
sediment up to 10-cm deep. The core-housing sedi-
ment was extruded, sliced every 1-cm segment 
and collected to 5-cm depth, and the remaining 
5-cm segment for the 5- to 10-cm depth. The por-
tions were preserved at 4  °C during the sampling 
trip. All sediment and porewater samples were kept 
frozen at − 20  °C until analysis. In the laboratory, 
porewater was extruded under  N2 atmosphere and 
passed through Whatman GF/C filters. The TOC 
and TN contents in sediment samples were analyzed 
by elemental analysis method (Element Analyzer 
Flash 2000, Thermo Scientific). In the TP analy-
sis, sediment samples were ignited to decompose 
organic ingredients followed by boiling in 1  N HCl 
(Andersen, 1976). The TP content as orthophos-
phate was measured by photometric method using a 
segmented flow analyzer  (SAN++, SKALAR). The 
 NO3

− and  NH4
+ in porewater samples were also ana-

lyzed by on segmented flow analyzer.

Sampling and analyses of nematodes specimens

For analysis of the nematode, communities’ triplicate 
samples were collected at the same 8 intertidal sta-
tions at both riverbanks by means of 10  cm2 transpar-
ent plastic cores that were pushed into the sediment to 
at least 10 cm depth. Samples were preserved in 7% 
neutralized formaldehyde (pre-heated to 60–70  °C) 
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before extracting from the sediment by washing the 
sample over a 1-mm sieve and keeping the fraction 
retained on a 38-µm sieve. The extracted samples 
were then separated and collected by flotation tech-
nique using Ludox-TM50 (specific gravity of 1.18) 
and stained with 1% solution of Rose Bengal (Vincx, 
1996). All nematode individuals in each sample were 
counted under a stereomicroscope. About 200 nema-
todes per sample (if the sample consists of less than 
200, all nematodes in that sample) were randomly 
picked out and processed for making permanent slides 
for taxonomic identification (De Grisse, 1969). The 
pictorial key on free-living marine nematodes part 
III (Warwick et  al., 1998), the identification manual 
for freshwater nematode genera (Zullini, 2021), the 
free-living nematodes in Vietnam (Nguyen, 2007), 
the handbook on freshwater nematodes: ecology 
and taxonomy (Eyualem-Abbe et  al., 2006), and the 
NEMYS database (Bezerra et al., 2020) were referred 
for the identification. The nematodes were classified 
into four feeding categories, based on the structure of 
the buccal cavity according to Wieser (1953): (1A) 
selective deposit-feeders, (1B) non-selective deposit-
feeders, (2A) epistratum feeders, and (2B) predators 
or omnivores (Jensen, 1987).

Data analysis

Nematode communities

Nematode data were presented by the averages and 
standard deviations of triplicate samples per sta-
tion per transect (16 station in 8 river transect). The 
indices of nematode communities, such as density 
(N), genera richness (S), Shannon–Wiener diversity-
H’ (Shannon & Weaver,  1949), Hill indices N1 and 
N2 (Hill, 1973), Hurlbert’s index–ES (50) (Hurlbert, 
1971), feeding type (1A, 1B, 2A, 2B) (Jensen, 1987; 
Wieser, 1953), trophic diversity index–TD (Heip 
et  al., 1988), and the Maturity index–MI (Bongers, 
1990; Bongers et  al., 1991), were tested for signifi-
cant differences.

The ANOVA design incorporated the factors sea-
sons, stations, and dam sides. The first factor design 
(“station”) compared differences between the stations, 
consisting of 8 groups. The second design considered 
the factor “season” including the dry season and the 
wet season. The third design took into account the 

presence of the “dam” and was therefore composed 
of two levels referred as downstream and upstream of 
the dam.

The Shapiro–Wilk test and Levene’s test were used 
to check for normal distribution and to evaluate the 
homogeneity of variances (p > 0.05). The data was 
log (x + 1) transformed if assumptions were not met. 
Firstly, one-way ANOVA (analysis of variance) with 
factor “station” was tested to see if there are signifi-
cant different between station (Table 2). Since the sta-
tions within each dam side were not significantly dif-
ferent, which is able to nest in dam (to prevent mixing 
of the stations from different dam sides) and to keep 
our focus interest in the effect of 2 factors “dam” and 
“season,” a two-factor ANOVA (“season” and “dam”) 
performed in RStudio (RTeam, 2020) in order to iden-
tify significant differences in each univariate variable. 
When significant differences were found (p < 0.05), a 
post hoc test (Tukey HSD) was applied for pairwise 
comparisons between stations. A three-factor PER-
MANOVA was replaced if the assumptions were not 
fulfilled. Because of multiple univariate tests, the 
multiple obtained p values were corrected with the 
Benjamini and Hochberg (1995) correction method to 
control overall experimental type I error and type II 
error rate.

The structure of the nematode communities was 
explored by using multivariate analyses. Signifi-
cant differences between groups in genera composi-
tion were analyzed with PERMANOVA based on 
log(x + 1) transformed data. After the PERMANOVA 
routines, pairwise pseudo  t  tests were executed to 
identify which pairs of transects were significantly 
different from each other. Subsequently, PERMDISP 
routines were performed to test for homogeneity of 
multivariate dispersions, indicating location differ-
ences through equally dispersed distance to centroids 
(p > 0.05). A cluster analysis (using Bray Curtis simi-
larity) was performed with all the replicates in order 
to explore group patterns. The MDS analysis (multi-
dimensional scaling analysis) was used to produce 2D 
graphs basing on the Bray–Curtis similarity index in 
order to visualize the pattern. The SIMPER analysis 
(SIMilarity PERcentages) was conducted to assess 
similarities and dissimilarities across taxa. This anal-
ysis examined the contribution of each taxon to the 
average Bray–Curtis dissimilarity between groups 
of samples and also determined their contribution to 
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the similarity within each group (Clarke & Warwick, 
2001).

Analyses of environmental variables

Data of methane, hydrogen sulfide, and relevant 
environmental variables were analyzed by a Drafts-
man plot to check for skewness and homogeneity. A 
principal component analysis (PCA) was performed 
to identify the present environmental gradient in the 
pattern.

Significant differences of environmental variables 
between stations, dam sides, and seasons were tested 
with a three-factor PERMANOVA (3 factors: “sea-
son,” “station,” and “dam”). The multivariate envi-
ronmental data  (H2S and  CH4, pH, DO, salinity, TSS, 
TDS, E. coli, coliform,  NO3

−,  NH4
+, TP, and TN) 

was first normalized and PERMANOVA on Euclid-
ean distances.

A DistLM (distance-based linear model) analy-
sis was conducted on the environmental variables 
with correlations lower than 0.9, in order to identify 
environmental factors associated with the variability 
in the structure of the nematode communities. The 
DistLM model was performed with the software 
PRIMER v.6 add on PERMANOVA using a step-
wise selection procedure, adjusted   R2  as selection 
criteria and visualized by the dbRDA (distance-based 
redundancy analysis) plots (Anderson et al., 2008).

The software STATISTICA 7.0 was also used to 
perform non-parametric Spearman rank correlation 
coefficients (p < 0.05) to identify the correlations 
between methane, hydrogen sulfide, and relevant sed-
iment environmental variables and the univariate data 
of nematode communities.

Results

Environmental characteristics of the intertidal area of 
the Ba Lai River

All data on environmental variables are shown 
in Table  1. Methane was mainly found in the 
upstream portion of the study, especially at the 
station B4 with values up to 8422.98 ± 14,215.95 
(mg/kg) in the dry season, but also at station B8 
with concentrations up to12858.3 ± 13,639.6  mg/
kg in the wet season. Hydrogen sulfide exhibited 

a high concentration at station B3 in the dry sea-
son with 316.15 ± 328.26  µM. For the other sta-
tions, hydrogen sulfide concentrations were ranging 
from 4.2 ± 3.4 to 214.1 ± 157.2  µM (Fig.  2). How-
ever, there were no statistically significant differ-
ences among stations, dam sides, seasons, and their 
interaction.

The concentrations of organic material and nutri-
ents in the sediment including TOC,  NH4

+,  NO3
−, 

TN, and TP showed in general higher values between 
the stations B3 and B6, especially in dry season 
(Table 1). Significant differences were found between 
stations for TOC,  NH4

+, TN, and TP. The concentra-
tion of  NO3

− was found significantly different based 
on the interaction between station and season.

Bacteria E. coli were most numerous at station B5 
with concentrations of 1110 ± 1485.6 (CFU/g) in the 
wet season. In the other upstream stations, high E. coli 
were also found in the wet season (from 246.7 ± 376.5 
to 668.3 ± 673.2  CFU/g). Also, coliform bacteria 
showed the highest values at the station B5 in the wet 
season with 49,033.3 ± 47,980.2 (CFU/g). The coli-
form concentrations in the remaining stations were 
also high especially at B7 (11,400 ± 9824.5 CFU/g), 
B8 (13,233.3 ± 18,852.1  CFU/g), and B3 
(3866.7 ± 2706.2  CFU/g). No significant difference 
was found in the case of bacteria E. coli. However, 
coliform bacteria numbers were found to be signifi-
cantly different between stations (p = 0.001). Post 
hoc comparison identified differences between the 
3 downstream stations (i.e., B1, B2, and B3), and 
between the upstream station B5 with the two adja-
cent stations B4 and B6.

Variables measured in the water column such 
as pH, dissolved oxygen (DO), and salinity are pre-
sented in Fig.  3. The pH was slightly alkaline; the 
lowest value was 7.2 ± 0.54 at station B6 in the wet 
season and the highest value was 8.5 ± 0.14 at B3 in 
the dry season. No significant difference was found 
for pH between stations, dam side, and seasons. 
Salinity ranged from 0.058 ± 0.002 ‰ at station B8 in 
the wet season to 8.27 ± 0.55 ‰ at the mouth station 
B1 in the dry season. Salinity was obviously higher 
in stations located downstream of the dam (i.e., from 
B1 to B3) where it ranged between 1.2 ± 0.2 and 
8.3 ± 0.6 ‰ compared to the salinity in the upstream 
stations (i.e., B 4 to B8). DO was quite low in both 
dry and the wet season for all stations ranging from 
3.7 ± 0.1  mg/L in the dry season to 6.6 ± 0.2  mg/L 
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at B8 also in the wet season. Significant differences 
were found between stations (p = 0.001), between B1, 
B2, and B3, and between B8 and B4, B5, and B7.

Total dissolved solids (TDS) and total suspended 
solids (TSS) concentrations were in general higher in 
the downstream than in the upstream stations. TDS 
ranged from 50.3 ± 2.1 (mg/L) at station B7 in the 
wet season to 8046 ± 506.4 (mg/L) at B1 in the dry 
season. TSS ranged between 35.3 ± 12.9 (mg/L) at 
station B3 in the dry season and 457 ± 286.5 (mg/L) 
at B6 in the dry season. Significant differences were 
found for TDS and TSS for the factor station but not 
for dam sides and season.

In order to visualize the most prominent environ-
mental gradient, a PCA was performed. The first two 
axes PC1 explain 45.1% and PC2 contributed to 29.9% 
of the variation. Along PC1 axis, coliform (0.77) and 
E. coli (0.59) were important variables that differenti-
ated sampling stations (Fig. 4). Stations before (down-
stream) and after (upstream) the dam were mainly sepa-
rated at different sides of PC2 axis. Along this axis, the 
variables  CH4 (0.83),  H2S (0.29), TDS (− 0.36), and 
Sal (− 0.18) correlated well (Fig. 4).

The characteristics of the intertidal nematode 
communities

Averages and standard deviations of nematode den-
sities per station in both dry and wet season are 
shown in Fig. 5. Average nematode densities in the 
wet season ranged from 63.7 ± 29.7 inds/10  cm2 at 
B8 to 870.9 ± 575.9 inds/10  cm2 at B1. The densi-
ties varied between from 95.5 ± 69.8 inds/10  cm2 
and 3269.4 ± 3928.4 inds/10  cm2 in the dry season. 
The nematode densities from the downstream sta-
tions were more abundant compared to those situ-
ated in the stations upstream from the dam for both 
the dry and wet season. In some stations such as 
B4, B5, and B6, the nematode densities in the dry 
season were on average higher in comparison to the 
wet season. In contrast, nematode abundance was 
higher in the wet season at the stations B2, B3, and 
B8, with considerably higher densities of more than 
3000 inds/10  cm2 at stations B2 and B3.

ANOVA analyses found significant differences 
in densities. And, there was also a significant inter-
action effect of the factors dam and season on the 
nematode density and the number of nematode gen-
era (Table 2).

The nematode communities consisted of taxa 
belonging to the two main classes: Chromadorea and 
Enoplia. In the dry season, 137 genera were found 
belonging to 49 families of 11 orders. In the wet sea-
son, 102 genera distributed over 43 families belong-
ing to 11 orders were identified. Both seasons were 
similar in terms of order composition including Arae-
olaimida, Chromadorida, Desmodorida, Desmoscol-
ecida, Dorylaimida, Enoplida, Monhysterida, Monon-
chida, Plectida, Rhabditida, and Triplonchida.

The relative abundance of Chromadorea was in 
total 74.29% in the wet season and it reduced to 66.2% 
in the dry season. In contrast, the relative abundance 
of class Enoplia was lower in the wet season (25.71%) 
compared to that in the dry season (33.8%).

The orders Monhysterida and Araeolaimida exhib-
ited the highest densities and accounted for 51.34% 
and 25.23% of the total density in the wet season. The 
same orders in addition to the Chromadorida contrib-
uted to highest densities in the dry season represent-
ing 26.61%, 24.03%, and 23.38% of the total commu-
nity, respectively.

The families Xyalidae, Linhomoeidae, and 
Axonolaimidae were the most dominant families, 
respectively, accounting for 35.37%, 13.38%, and 
12.49% of the total number of individuals in the wet 
season. The most abundant families in the dry season 
were Xyalidae, Chromadoridae, Comesomatidae, and 
Axonolaimidae, respectively, contributing to 22.4%, 
13.38%, 13.31%, and 13.28% of the total densities.

Ptycholaimellus, Parodontophora, Terschellingia, 
Desmodora, Metadesmolaimus, and Daptonema were 
the most abundant genera, each accounting for more 
than 5% of the total density over all stations and both 
seasons. Ptycholaimellus and Parodontophora were 
in general most abundant representing more than 
10% of all specimens. The dominant genera which 
individually contributed to more than 5% of the total 
density in the wet season were Daptonema (15.93%), 
Parodontophora (12.58%), Theristus (8.27%), 
Terschellingia (7.06%), and Sphaerotheristus 
(5.85%). The dominant genera in the dry season were 
Ptycholaimellus (16.94%), Parodontophora (9.07%), 
Metadesmolaimus (8.24%), Desmodora (8.12%), 
Terschellingia (6.86%), and Hopperia (5.2%). In both 
seasons, Daptonema, Hopperia, and Parodontophora 
were the most abundant genera in the downstream 
part of the dam, while the genus Theristus was 
only abundant in the upstream part of the dam and 
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the genus Desmodora was a dominant genus in the 
downstream part of the dam in the dry season.

The richness was higher in those stations located in 
the downstream part of the dam. The number of gen-
era was also on average higher in the wet season for 
all stations, except for B1 and B8 where it remained 
the same for both seasons (Fig. 6). ANOVA analyses 
found significant differences between both dam sides 
(Table 2). Two-way ANOVA also indicated an inter-
action effect of both factors dam and season on the 
genera richness.

The Hurlbert and Shannon–Wiener index were 
also on average higher in those stations located in the 
downstream side of the dam. These diversity indices 
were on average higher in the wet seasons compared 
to the dry season in most stations downstream and in 

stations B7 and B8, while in stations B4, B5, and B6, 
they remained unchanged between seasons (Fig.  7a, 
b). Significant differences were found between sta-
tions for ES (50). There was a significant interaction 
effect of dam and season for the Hurlbert and Shan-
non Wiener index (Table 2).

The Hill’s indices were higher in the wet season 
for all stations compared to those in the dry season, 
except for station B5. These indices were also consid-
erably higher in the downstream stations than those 
situated in the upstream stations of the dam (Fig. 8). 
ANOVA analyses showed a significant interaction 
effect of both factors dam sides and season for the 
Hill’s indices N1 and N2 (Table 2).

The values of the maturity index (MI) index var-
ied between 2 and 3 and were slightly higher in some 
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stations in the dry season. PERMANOVA analy-
sis indicated a significant difference in the MI index 
between the two seasons (Table 2).

The nematode communities were presented by all 
feeding type groups including selective deposit-feeders 
(1A), non-selective deposit-feeders (1B), epistratum 
feeders (2A), and predators/omnivores (2B). Group 1B 
was the most dominant in all stations in both seasons, 
except for station B1 in the dry season where 2A was 
more abundant one (Fig.  9a). Whereas the group 2B 
was rare in the downstream stations of the dam, and 
slightly increased in abundances at the upstream side, 
group 1A fluctuated strongly between stations and sea-
sons. ANOVA analyses found significant differences 
between stations in terms of the feeding groups 2A and 
2B and Tukey HSD (for factor dam*season) resulted in 
the significant difference of feeding type 2A between 
below dam stations and those in the above dam stations 
(Table 2). There was also interaction effect of both fac-
tors dam and season on feeding groups 1A, 1B, and 2A 
but not for 2B (Table 2).

The trophic diversity index (TD) ranged from 
about 0.36 to 0.66 and was on average highest at sta-
tion B5 in both seasons (Fig. 9b). TDs were on aver-
age higher in the dry season in those stations situated 

in the downstream side, while they were higher in the 
wet season in the upstream stations of the dam. How-
ever, there was no significant difference for TD in the 
case of factors station, season, and dam.

Fig. 4  Principal component 
analysis based on sedimen-
tary abiotic factors meas-
ured in 8 transects and 2 
seasons. Circle of the graph 
represents the vector unit. 
The percentage of explained 
variance by two first 
PCs: 75% (PC1 = 45.1%; 
PC2 = 29.9%) (Note: wbd, 
wet below dam; wad, wet 
above dam; dbd, dry below 
dam; dad, dry above dam)
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PERMANOVA analyses based on the relative 
abundance of the genera composition showed signifi-
cant differences for the interaction effect of both fac-
tors dam sides and season (Table 2), as illustrated by 
the separation of stations in the MDS (Fig. 10).

The result of the SIMPER analysis indicated the 
genera responsible for more than 50% of similarity 
and dissimilarity between dam sides and between 
seasons (Table 3). Four genera Halalaimus, Parodon-
tophora, Hopperia, and Linhystera were the major 
taxa contributing to the dissimilarity in terms of 
genus composition between the two dam sites, while 

the difference between the dry and the wet seasons 
was mainly explained by Theristus, Parodontophora, 
Terschellingia, Metalinhomoeus, Daptonema, and 
Sphaerotheristus in both sides. 

Interaction between nematode communities and 
environmental variables

Correlations were calculated between nematode 
community descriptors and environmental variables 
for both seasons separately (Tables  4 and 5). In the 
wet season, methane was positively correlated with 

Table 2  ANOVA/PERMANOVA and pairwise comparison of nematode communities for characteristics

*indicates p values generated from non-parametric analyses). bd dammed downstream, ad dammed upstream, w wet season, d dry 
season

Characteristics Factors p‑values Pairwise comparison (p values in bracket)

Density (N) station 0.006 B1 & B7 (0.03), B2 & B6 (0.03), B2 & B7 (0.015),
B2 & B8 (0.03), B3 & B7(0.022)

dam*season 0.006 bd:d & ad:d (0.006), bd:w & ad:d (0.006),
ad:w & bd:d (0.006), bd:w & ad:w (0.014)

Genera richness
(S)

station 0.006 B4 & B1(0.006), B5 & B1(0.006), B6 & B1(0.006), 
B7 & B1(0.006), B8 & B1(0.006), B4 & 
B2(0.017), B5 & B2(0.015), B6 & B2(0.014), B7 
& B2(0.015), B8 & B2(0.015), B4 & B3(0.015), 
B5 & B3(0.015), B6 & B3(0.022), B7 & 
B3(0.015), B8 & B3(0.017)

dam*season 0.006 bd:d & ad:d (0.006), bd:w & ad:d (0.006),
ad:w & bd:d (0.006), bd:w & ad:w (0.006)

Hurlbert –ES(50) station 0.014
dam*season 0.006 bd:d & ad:d (0.017), bd:w & ad:d (0.006),

bd:w & ad:w (0.004)
Shannon-Weiner (H’) dam*season 0.006 bd:w & ad:d (0.006), bd:w & ad:w (0.02)
Hill’s (N1) dam*season 0.006 bd:w & ad:d (0.006), bd:w & ad:w (0.022)
Hill’s (N2) dam*season 0.023 bd:w & ad:d (0.017)
Maturity index (MI) season 0.035*
%1A dam*season 0.006 bd:w & ad:w (0.014)
%1B dam*season 0.014 ad:w & bd:d (0.016)
%2A station 0.017 B5 & B1 (< 0.016)

dam*season 0.0016 bd:d & ad:d (0.006), bd:w & ad:d (0.006),
ad:w & bd:d (0.006)

%2B station 0.006 B2 & B6 (0.04), B2 & B7 (0.04), B2 & B8 (0.022),
B3 & B6 (0.03), B3 & B7 (0.03), B3 & B8 (0.022),
B4 & B6 (0.022), B4 & B7 (0.022), B4 & B8 (0.015)

Genus composition station 0.006* B1 & B4(0.017), B1 & B5(0.015), B1 & B6(0.015), 
B1 & B7(0.004), B1 & B8(0.004), B2 & 
B4(0.015), B2 & B5(0.017), B2 & B6(0.004), B2 
& B7(0.015), B2 & B8(0.015), B3 & B4(0.004), 
B3 & B5(0.022), B3 & B6(0.015), B3 & B7(0.02), 
B3 & B8(0.015)

dam*season 0.017* bd:w & ad:w ( 0.006), bd:d & ad:d ( 0.006)
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the density of the non-selective deposit-feeders 
(1B), while hydrogen sulfide  (H2S) showed positive 
correlations with the feeding groups non-selective 
deposit-feeders (1B) and epistratum feeders (2A) 
as well as with total density. The 1B feeding type 
nematodes also showed significant correlations with 
bacteria E. coli and other environmental variables 
such as  NO3

−,  NH4
+, TN, TP, and TOC as well as 

pH, DO, TSS, and salinity. The other feeding groups 
(1A, 2A, 2B) were also positively correlated with a 
number of environmental characteristics in addition 
to methane and  H2S (Table  4). Especially,  NO3

−, 
salinity, DO, and pH showed a significant correlation 
with most univariate nematode descriptors except 
density. Furthermore, the environmental variable 

 CH4 showed significant positive correlation with DO 
(r = 0.7, p < 0.001) and E. coli (r = 0.47, p = 0.02) 
and  H2S showed a significant correlation with TSS 
(r = 0.55, p = 0.006).

In the dry season, only density was positively cor-
related with  H2S. In contrast, methane did not show 
any significant correlation with the nematode com-
munities. Density also showed a positive correlation 
with coliform and TOC, while bacteria E. coli showed 
a negative correlation with MI, but positive corre-
lations with both epistratum feeders (2A) and TD. 
Genera richness showed a positive correlation with 
pH, DO, TDS, salinity, and  NO3

−. The other biodi-
versity-indices (ES(50), H’, N1, N2) were positively 
correlated with  NO3

−. In this season,  CH4 showed a 

Fig. 6  Averages and stand-
ard deviations of genera 
richness in the wet (W) and 
the dry (D) seasons in the 
Ba Lai River, Vietnam
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Fig. 7  Averages and standard deviations of indices: a Hurlbert (ES(50)), b Shannon-Weiner (H’) in the wet (W) and the dry (D) sea-
sons in the Ba Lai River, Vietnam
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negative significant correlation with TDS (r = − 0.44, 
p = 0.03) and salinity (r = − 0.48, p = 0.018), while 
 H2S showed a positive correlation with TN (r = 0.54, 
p = 0.007) and TP (r = 0.435, p = 0.03). Furthermore, 
both  CH4 and  H2S have a significant correlation in the 
dry season (r = 0.64, p = 0.001).

Cumulative variability of the environmental vari-
ables explained 48.35% of the total nematode com-
munity variability in the DistLM (Fig.  11). Axis 1 
explains 22.1% of the variation and axis 2 explains 
6.38% of the variation. The DistLM plot indicates 
a significant effect of  CH4 (p = 0.0007), bacteria E. 
coli (p = 0.014), pH (p = 0.004), TDS (p = 0.0001), 
 NH4

+ (p = 0.009),  NO3
− (p = 0.039), and salinity 

(p = 0.0001) on the nematode community composi-
tion based on the relative density.

Discussion

Concentration of methane and hydrogen sulfide gases 
in the environmental situation of dam impact

The accumulation of methane and hydrogen sulfide 
gases in the area appears to be a consequence of the 
dam. The methane concentrations showed low values 
in the downstream portion of the study, where salinity 
was high. In the dry season, methane showed a sig-
nificant negative correlation with salinity. However, 
in the stations upstream of the dam, the highest con-
centrations of methane were observed at station B4 
and station B8. The higher concentrations at B4 are 
similar with the findings for the subtidal of the same 
area as Nguyen et  al. (2020) found high methane 

Fig. 8  Averages and 
standard deviations of Hill’s 
indices in the dry (D) and 
the wet (W) season in the 
Ba Lai River, Vietnam
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Fig. 9  Proportion of feeding groups (a) and trophic diversity index (b) in the wet (W) and the dry (D) season in the Ba Lai River, 
Vietnam
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concentration at subtidal stations close to both sides 
of the dam. When the river brings organic mate-
rial such as dead plants and animal carcasses from 
upstream, it stops at the dam barrier, sinks down, 
and decomposes. Lin (2011) also noted that decaying 
plant and animal matters settle to the non-oxygenated 
bottom of a stagnant reservoir where the decomposi-
tion process eventually releases dissolved methane 
as a consequence of methanogenesis processes at 
the river bottom. Indeed, when oxygen is depleted, 
anaerobic processes such as methane production can 
prevail (Bartlett & Harriss, 1993; Oremland, 1988). 
However, methanogens can also tolerate oxygen to 
quite some extent and redox-active organic carbon 
compounds may affect the rates and pathways of  CH4  
production due to different methanotrophic micro-
bial communities among the various environments  
(Conrad, 2020). This could explain why dissolved oxy-
gen was low in water and the strong correlation with  
methane in the wet season. Because of this ability 
of methanogenic microbial processes, the upstream 
portion of the Ba Lai River works like a shallow 

“lake–river” that could become an artificial wetlands 
of methane emission.

Furthermore, the environmental quality in terms 
of DO and TSS in some stations was lower than the 
National Technical Regulations on surface water 
quality B2 standards (Ministry of Environment and 
Natural Resources, 2015). The nutrients  NH4

+,  NO3
−, 

TP, TN, and TOC had values exceeding regulatory 
limits, which indicate organic pollution. According 
to Istvánovics (2009), the construction of a dam led 
to increased eutrophication, especially nitrate and 
ammonium, which are more mobile in sediments than 
orthophosphate, since the latter is chemisorbed by 
clay minerals, iron (III) oxy-hydroxides, and carbon-
ates. Consequently, this stimulates sedimentation pro-
cesses in the riverbed. Additionally, the presence of 
E. coli indicates accurate bacterial contamination by 
fecal matter in the river (Dufour, 1977). The concen-
trations of coliform and E. coli in the study area were 
much higher than those provided by the Vietnamese 
Standard for Natural Water (Ministry of Environment 
and Natural Resources, 2015). Overall, the results 

Transform: Log(X+1)
Resemblance: S17 Bray Curtis similarity

damseason
wbd
wad
dbd
dad

Similarity
35

B1

B1

B1

B2
B2

B2

B3

B3

B3

B4

B4 B4

B5

B5
B5

B6 B6

B6B7
B7

B7

B8

B8 B8
B1

B1

B1

B2

B2

B2

B3

B3

B3
B4

B4

B4

B5

B5

B5
B6

B6

B6B7

B7

B7

B8

B8

B8 2D Stress: 0,15

Fig. 10  MDS illustrates for nematode communities in part of downstream stations (bd) and upstream stations (ad) in both seasons in 
the Ba Lai River, Vietnam (Note: wbd, wet below dam; wad, wet above dam; dbd, dry below dam; dad, dry above dam)
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indicate that the Ba Lai River is not only organically 
polluted, but it is also in a state of eutrophication. 
Moreover, input sources of organic carbon from adja-
cent agricultural activities, such as livestock, poultry, 

aquacultures, and domestic wastewater from farms 
and gardens in the basin, are stimulating methano-
genesis in surface sediment, and in the deeper sedi-
ment layer by diffusion of dissolved labile organic 

Table 3  The percentage of similarity/dissimilarity of each group/between groups and the proportion contribution of most important 
genera responsible for that similarity/dissimilarity based on log (x + 1) – transformed nematode data

Groups Similarity/ 
dissimilarity (%)

Taxa % Taxa %

Dammed downstream (bd) 47.85 Parodontophora 8.17 Hopperia 4.08
Daptonema 6.14 Sabatieria 3.4
Halalaimus 5.49 Paracomesoma 3.39
Terschellingia 5.24 Desmodora 3.27
Linhystera 4.85 Monhystrella 2.81
Sphaerotheristus 4.16

Dammed upstream (ad) 44.36 Theristus 14.23 Sphaerotheristus 9.26
Terschellingia 11.48 Mesodorylaimus 7.62
Parodontophora 9.43 Daptonema 7.37

bd & ad 70.87 Halalaimus 3.33 Ptycholaimellus 2.02
Parodontophora 3.08 Amphimonhystrella 1.9
Hopperia 3.06 Comesoma 1.89
Linhystera 2.9 Metalinhomoeus 1.84
Paracomesoma 2.69 Sphaerolaimus 1.82
Desmodora 2.66 Viscosia 1.73
Sabatieria 2.58 Sphaerotheristus 1.71
Daptonema 2.54 Leptolaimus 1.67
Theristus 2.36 Chromadorita 1.67
Terschellingia 2.36 Anoplostoma 1.61
Eumorpholaimus 2.1 Mesodorylaimus 1.57
Dichromadora 2.06

wet 53.10 Theristus 11.45 Terschellingia 7.4
Parodontophora 8.94 Mesodorylaimus 5.65
Sphaerotheristus 7.8 Rhabdolaimus 4.42
Daptonema 7.5

dry 37.40 Terschellingia 13.18 Sphaerotheristus 7.99
Theristus 10.64 Mesodorylaimus 6.5
Parodontophora 9.31 Daptonema 6.38

Wet & dry 60.03 Theristus 4.08 Monhystrella 2.35
Parodontophora 3.9 Desmodora 2.26
Terschellingia 3.71 Dichromadora 2.14
Metalinhomoeus 3.47 Halalaimus 1.91
Daptonema 3.41 Udonchus 1.89
Sphaerotheristus 3.09 Paraplectonema 1.77
Mesodorylaimus 2.87 Achromadora 1.7
Metadesmolaimus 2.78 Prismatolaimus 1.67
Mononchulus 2.38 Viscosia 1.67
Rhabdolaimus 2.38 Chromadorita 1.65
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matter (Schulz & Conrad, 1995). Additionally, under 
eutrophic conditions, the allochthonous input con-
tributed to high autochthonous production increas-
ing measures of organic matter (TOC, TN, TP) and  
accumulation of allochthonous organic matter in the  
littoral zone contributed to the increase in meth-
ane concentrations in the sediment (D’Ambrosio &  
Harrison, 2021; Furlanetto et al., 2012).

Similar to methane, hydrogen sulfide was also high 
at almost all stations upstream from the dam. However, 
the highest concentration was found in the dry season at 
station B3, which is downstream of the dam. This gas 
expressed a negative correlation with TSS in the dry 
season while it showed a significantly positive correlation 
with both TP and TN in the wet season. According to 
Nguyen et  al. (2020), the average  H2S values in the 
subtidal area of the dammed Ba Lai River were higher 
than that in an adjacent dam-free Ham Luong River in 
the Mekong estuarine system due to high accumulation 
of organic matter. Meanwhile, Mitterer et  al. (2001) 
stated that the high organic load in an oxygen-depleted 
environment could lead to anoxic conditions which in turn 
lead to the reduction of sulfate followed by the generation 
of methane. The authors assumed that the co-production 

of these reduced gases was due to the presence of 
noncompetitive substrates for the two types of microbes. 
Such is the case of the Ba Lai River, where methane 
and hydrogen sulfide showed significant correlation 
in the dry season and sulfate reduction to sulfide and 
methanogenesis were mutually exclusive microbial 
reactions (Mitterer et  al., 2001). Our results are also 
further supported by Fedorov et al. (2019), who found a 
close relationship between the concentrations of methane 
and hydrogen sulfide, as well as the abundance of sulfite-
reducing bacteria clostridia in the bottom sediments.

Intertidal nematode communities in the dam 
impacted river

Our results found that the intertidal nematode com-
munities in the Ba Lai River typically display high 
density and diversity. However, the communities 
were strongly influenced and shaped by the effect of 
the dam compared to the other factors (i.e., station 
or season). Indeed, the dam represents a barrier for it 
divides the river ecosystem into a downstream and an 
upstream section also reflected in the subtidal nema-
tode community structure (Nguyen et al., 2020). Most 
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indices of intertidal nematode assemblages, such as 
density, genera richness, and bio-indices (ES(50), 
H’, N1, N2), showed a significant dam*season inter-
action, and pairwise comparison revealed that most 
downstream stations were significantly different from 
upstream stations in terms of the abovementioned 
variables. While epistratum feeders’ group (2A) was 
the most abundant group in the river mouth station 
B1 in the dry season, predators/omnivores (2B) was 
exceedingly rare, especially downstream. According 
to Nguyen et  al. (2020), the differences in environ-
mental conditions related to dam in the Ba Lai River 
were like a driver of change for subtidal nematode 
community’s characteristics.

The presence of the dam was reflected also in 
the composition of nematode communities which 
were separated in two significantly different groups. 
Downstream, the marine nematodes Parodontophora, 
Daptonema, Halalaimus, and Terschellingia con-
tributed to within group similarity, while upstream 
communities were mostly Theristus, Terschellingia, 
Parodontophora, Sphaerotheristus, and Mesodory-
laimus. The communities on the upstream side also 
contained freshwater genera such as Mesodorylai-
mus, Rhabdolaimus, Metalinhomoeus, Mononchu-
lus, Mononchulus, Mylonchulus, Udonchus, Mon-
hystrella, Prismatolaimus, Metadesmolaimus, and 
Ironus. According to McLusky (1971), the intrusion 
of freshwater and marine species in the estuarine area 
depends on the daily flow of freshwater and the tidal 
regime. However, in the case of Ba Lai River, the dis-
tribution of these species depends on the dam sluice 
operation schedules throughout the dry and wet sea-
sons (Ngo et al., 2017a).

Noticeably, there was no difference in the nema-
tode order composition between intertidal region (this 
study) and the subtidal area (Nguyen et al., 2020) of 
the Ba Lai River, with 11 nematode members includ-
ing Araeolaimida, Chromadorida, Desmodorida, Des-
moscolecida, Dorylaimida, Enoplida, Monhysterida, 
Mononchida, Plectida, Rhabditida, and Triplonchida. 
Parodontophora and Theristus were the two major 
genera responsible for the differences in subtidal 
community composition in terms of abundances 
between the downstream and upstream part of Ba 
Lai estuary (Nguyen et  al., 2020). However, in the 
intertidal area, Parodontophora, Halalaimus, Hoppe-
ria, and Linhystera were the main contributors to the 
dissimilarities between the dam sides. In particular, 

Parodontophora communities were found to have 
wide distribution in the Mekong estuarine system 
(Ngo et  al., 2016). Seasonally, Theristus, Terschell-
ingia, Metalinhomoeus, Daptonema, and Sphaeroth-
eristus were most responsible for the dissimilarity in 
nematode assemblages between the dry and wet sea-
sons. Moreover, genus Desmodora was reported to 
have a high contribution to group similarity (61.1%) 
at the river mouth in the Mekong estuarine system 
(Ngo et al., 2016) but not in the Ba Lai River where 
they only were dominant in the downstream stations 
during the dry season.

How are the intertidal nematode communities 
associated with methane, hydrogen sulfide, and 
relevant environmental variables in the presence of a 
dam?

The dam has greatest influence on intertidal nematode 
communities in the Ba Lai River by dividing the 
river into two environmentally distinct habitats 
resulting in downstream and upstream nematode 
communities. Environmental variables demonstrated 
that the water quality was organically polluted and 
the DistLM analysis indicated that  CH4, E. coli, 
pH, TDS,  NH4

+,  NO3
−, and salinity values were 

most closely related with variations in nematode 
communities.  CH4 was positively correlated to 
feeding type 1B in the wet season and this was the 
most dominant feeding group, including the genera 
Parodontophora, Metadesmolaimus, Daptonema, 
Theristus, Pseudolella, Sphaerotheristus, Sabatieria, 
and Metalinhomoeus. According to Adão et al. (2009) 
and Danovaro and Gambi (2002), the proportions of 
feeding guilds in nematode assemblages is associated 
with food availability and quality and feeding group 
1B is positively correlated with the bacteria E. 
coli. Indeed,  CH4 concentration showed a positive 
correlation with DO and bacteria E. coli in the wet 
season but a negative correlation with TDS and 
salinity in the dry season. These correlation patterns 
suggest that methane concentration increases in 
organically polluted conditions in the upstream area 
that is often effected by waste water discharge and 
runoff from the domestic and agricultural sources in 
the basin (Ngo et al., 2017a; Vettil and Ngo, 2018). In 
fact, human settlements and rice cultivation may have 
major roles in causing water impairment (Nguyen 
et al., 2021). Hamzah and Hattasrul (2008) found that 
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a high amount of sediment load, like in the case of the 
Ba Lai river, is often related to high concentrations 
of pathogenic bacteria because they can be attached 
with the sediment particles (Murdoch & Cheo, 1996). 
High abundance of bacteria in sediment were also an 
important food resource for group 1B (Michiels & 
Traunspurger, 2004). Our result deduced that  CH4 can 
have close relationship with the high percentage of 
feeding type 1B nematodes in the condition of fecal 
and organic pollution pointing to the indirect impact 
of the Ba Lai dam on the inhabiting fauna.

Although  H2S did not significantly correlate to 
bacteria E. coli but it expressed a negative correla-
tion with TSS in the dry season and positive correla-
tions with TP and TN, under the eutrophic condition. 
The DISTLM performance did not indicate an effect 
of  H2S on the distribution pattern of nematode com-
munities. However,  H2S showed a significant positive 
correlation to feeding types 1B and 2A nematodes in 
the wet season and to community density in the dry 
season. According to Vanreusel et  al. (2010), the 
strong biochemical gradients such as high  H2S and 
food limitations may lead to the change in the abun-
dance of assemblages and to the success of nematode 
genera characterized by specific trophic or lifestyle 
modes. Although comprising different habitats, this 
theory might explain the correlation between hydro-
gen sulfide and both feeding groups non-selective 
deposit-feeders (1B), epistratum feeders (2A), and 
community densities. Our results were also supported 
by the case study on free living nematodes from the 
Cienfuegos Gulf (Cuba), which showed that chemi-
cal stressors such as hydrogen sulfide were impor-
tant factors affecting the structure and distribution 
of nematode communities (Armenteros et al., 2010). 
However, it is in contrast with the experiment of 
Rodriguez-Kabana et  al. (1965) who reported that 
nematode densities declined when hydrogen sulfide 
increased in flooded rice fields.

In both dry and wet season, the bio-indices were 
positively correlated with  NO3

− in the sediment. Like 
observation in the subtidal nematode communities 
of the Ba Lai River (Nguyen et  al., 2020), the gen-
era richness and the Shannon–Wiener index posi-
tively correlated with pH and  NO3

−. Moreover, the 
MI index showed positive correlations with salinity, 
DO, pH, and  NO3

− in the wet season, but was nega-
tively correlated with E. coli in the dry season. The 
MI index was also found to have significant positive 

correlation with  NO2
−  +  NO3

− in whole Mekong 
estuarine system (Ngo et  al., 2016). The densities 
of nematode assemblages were positively correlated 
with TDS,  NH4

+, TOC, TN, and TP in the wet season 
and with TOC and coliform in the dry season. This 
is similar to the intertidal nematode communities 
observed in the Mira estuary, where a high abundance 
of nematodes was found in the enrichment of organic 
matter (Adão et  al., 2009). In contrast with the 
subtidal nematode communities in the Ba Lai River 
study of Nguyen et al. (2020), there was no significant 
correlation between density and any environmental 
variables. This is different from lab experiments of 
Schratzberger and Warwick (1998), who reported that 
the addition of organic matter resulted in a significant 
decrease in most of univariate measures. The author 
also found, in muddy conditions, that the increasing 
amount of organic matter led to the decrease of diver-
sity caused by declining abundances of dominant 
nematode species (Schratzberger & Warwick, 1998).

Similar to other previous studies, salinity and 
 NO3

− were environmental factors associated with 
many characteristics of the nematode communities 
such as density, bio-indices, feeding types, trophic 
diversity, and mature index when they also played 
important role in shaping the structure of nematode 
communities (Adão et  al., 2009; Attrill, 2002; 
Ngo et  al., 2016; Smol et  al., 1994). However, this 
observation was dissimilar to subtidal nematode 
communities in the Ba Lai River which did not show 
any correlation with salinity (Nguyen et  al., 2020). 
The reason may be due to the periodic opening 
and closing of a dam, which can drastically affect 
the nematode communities by influencing salinity 
concentration (Nicholas et al., 1992).

Conclusion

The Ba Lai dam operation limits the water flow circu-
lation scheme, leading to high deposition of sediment 
rich in organic matter in the upstream area and alters 
the river ecosystem. Methane and hydrogen sulfide 
are concentrated in the sediment accumulation areas 
such as around the sluice gate. Methane concentration 
was highest in the upstream side of the dam, while 
hydrogen sulfide highest in the downstream side. 
Methane and hydrogen sulfide were significantly cor-
related to the nutrient contents and organic pollution 
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in the river. The results showed that methane and 
hydrogen sulfide have an effect on the characteris-
tics of nematode communities such as non-selective 
deposit-feeders (1B), epistratum-feeders (2A), com-
munity densities, and dominant genera. Nematode 
communities were clearly separated into two assem-
blages in the downstream and upstream communities. 
Due to the eutrophic conditions and deposition under 
low water circulation caused by the dam, the ecologi-
cal processes of the Ba Lai River appear to be con-
verted into a shallow lake and would produce a large 
amount of greenhouse gases, including methane and 
hydrogen sulfide.
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