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Abstract: Nematode communities and relevant environmental variables were investigated to assess
how the presence of a dam affects the Ba Lai estuary benthic ecosystem, in comparison to the adjacent
dam-free estuary Ham Luong. Both estuaries are part of the Mekong delta system in Vietnam. This
study has shown that the dam’s construction had an effect on the biochemical components of the Ba
Lai estuary, as observed by the local increase in total suspended solids and heavy metal concentrations
(Hg and Pb) and by a significant oxygen depletion compared to the natural river of Ham Luong.
The nematode communities were also different between the two estuaries in terms of density, genus
richness, Shannon–Wiener diversity, and dominant genera. The Ba Lai estuary exhibited lower
nematode densities but a higher diversity, while the genus composition only slightly differed between
estuaries. The results indicate that the present nematode communities may be well adapted to the
natural organic load, to the heavy metal accumulation and to the oxygen stress in both estuaries, but
the dam presence may potentially continue to drive the Ba Lai’s ecosystem to its tipping point.
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1. Introduction

The Mekong estuarine system in Vietnam is an ecologically important habitat, supporting, at
the same time, many different socio-economical activities in agriculture, fisheries and aquaculture.
The rivers within this system carry a lot of alluvium to form the lower Mekong River Delta, resulting
in a high diversity of bio-resources along the southern coastal area of the East Sea [1]. As in every
estuary, the Mekong supports a high diversity of both freshwater and marine species, including fish
and crustaceans, which use the present habitats for feeding, as refuge, as a migration route, and as a
nursery during the different stages of their life cycle [2].

In 2002, the first Mekong dam was built across the Ba Lai estuary, in the Ben Tre province [3]. The
barrage aimed to improve the province’s agricultural production and its economic development, by
transforming rice fields into polyculture. This action was supposed to help residents in minimizing
the damage caused by drought and inland salinization on farm production in the dry season, in
preventing flooding during the rainy season, and in irrigating crop fields with fresh water [3]. However,
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results from previous studies at other locations worldwide have shown that dams actually change the
physicochemical characteristics of the environment, disturbing the aquatic and riverine ecosystems,
as well as the socio-economical structure of local communities [4,5]. Dams create water reservoirs
upstream from the dam, transform lotic systems into lentic environments, slow down the water flow
and cause reduced dissolved oxygen concentrations and a higher deposition of fine sediments in
the reservoirs [6–9]. Consequently, these changes influence the aquatic biodiversity and the local
productivity, as well as food web interactions [10,11]. Numerous studies recorded a reduction in
abundance and diversity of aquatic communities (e.g., fish, algal, and benthic invertebrates), due to
changes in the environment following the construction of a dam. [4,10,12–14].

As observed in other dams worldwide, the construction of the Ba Lai dam has in many aspects
caused negative effects on the estuarine ecosystem and even on its surrounding environment, affecting
the local residents’ livelihood. The presence of the Ba Lai dam has changed the salinity gradient of
the natural estuary, and converted brackish habitats into a freshwater ecosystem and the sea-estuary
dynamics. The greatest impact of the dam is the transformation of forest land into farming areas in the
Ba Tri district, as the natural flow has been artificially controlled [2]. Not only has the production of fish
populations declined compared to the original estuary [7], but the reduction of water circulation also
resulted in the accumulation of organic pollutants and waste discharge [2,15]. Since the dam’s operation,
local communities were facing gradual depletion of natural aquatic resources, while landslides have
been threatening their land and houses [7,15]. Also, the Ba Lai estuary itself has started to decrease
its water volume, since the reduction in flow can no longer carry away all the alluvium [16]. This
process especially changes the benthic environment and its associated biota [5,10], of which free-living
nematodes represent one of the most abundant invertebrate groups.

Nematodes provide many advantages in biomonitoring studies, including their high density
and species richness, their ubiquity, and their different feeding strategies and life mode [17–21].
They lack a pelagic larval stage and respond promptly to environmental changes on the seafloor,
since their entire life cycle is associated with benthic compartment. Different attributes of nematode
communities, especially those related to their biodiversity, such as density and diversity indices, are
used to assess the ecological status and disturbance impacts in estuaries [22–29]. However, there have
been only a few studies that analyzed the response of nematode communities to the effects of dam
construction [27,30–33]. Depending on the area, different responses were found, among which were
significant reductions in diversity in the river Elbe, Germany [31] or reduced abundances of nematodes
in the river Murray, Australia [32].

Ngo et al. (2016) studied the intertidal nematodes assemblages of the eight Mekong estuaries in
Vietnam and authors observed that the community structure near the Ba Lai dam strongly deviated
from what was expected based on the sediment characteristics [25]. The mesohaline downstream
station (PSU of 22.9), which was located close to the barrier dam, was characterized by the dominance
of the rapid colonizer genus Diplolaimella, and by the absence of the typical dominant genera in silty
sediments, such as Parodontophora, Halalaimus, Thalassomonhystera, and Terschellingia, which resulted in
a very low maturity index, an index generally used to assess levels of disturbance. At this location,
unusually high ammonium concentrations where also observed, pointing to a source of disturbance.

Building upon the observations by Ngo et al. (2016) [25] for the Ba Lai estuary, the present study
evaluates the ecological impacts of the dam by characterizing free-living nematode assemblages and
their link to the environmental characteristics. As there are no historical data available from the
time before the dam construction, we also investigated an adjacent dam-free estuary, Ham Luong,
as a reference for our comparisons. We tested the following hypotheses: 1) The presence of a dam
affects the environmental conditions from both the downstream and upstream part of an estuary
compared to a natural estuary (i.e., dam-free). 2) The environmental differences between estuaries and
estuarine sections (upstream versus downstream) resulted in different nematode communities in terms
of diversity and composition.
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2. Materials and Methods

2.1. Study Area and Sampling Location

The Ba Lai estuary is on average 59 km long and 3–4 m deep, with a water flow volume of
50–60 m3/s in the dry season, while it is five times higher in the rainy season [2]. The Ham Luong estuary
is 72 km long and with a water flow around 800–850 m3/s during the dry season, and approximately
3300–3400 m3/s in the rainy season [2]. Both estuaries flow from the My Tho River to the East Sea and
they are located in the Ben Tre province.

Sampling was carried out in the Ba Lai (BL) and Ham Luong (HL) estuaries, during the dry season
in March 2017. In each estuary, 6 subtidal stations were identified from the mouth to the upstream.
Within the Ba Lai estuary, BL1, BL2, and BL3 (BL1-BL3) are the downstream stations, while BL4, BL5
and BL6 are located upstream of the dam. In the Ham Luong estuary, HL1, HL2, HL3, HL4, HL5, and
HL6 are reference stations situated at similar positions along the original estuarine gradient as in the
Ba Lai. The sampling area is shown in Figure 1.
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Figure 1. Sampling locations in the Ba Lai and Ham Luong estuary, Ben Tre province, Vietnam.

2.2. Sampling and Environmental Variable Analysis

One sample per station was collected for all environmental variables measured in the water
column and in the sediment.

In the overlying water, different physicochemical parameters, including salinity, pH, dissolved
oxygen (DO), total dissolved solids (TDS) and total suspended solids (TSS) were measured. Salinity
was measured in situ using a Multiparameter Water Quality Meter Model WQC22A. Based on the
measured salinity, stations were classified into different estuarine zones from polyhaline (18–30 PSU),
mesohaline (5–18 PSU), oligohaline (0.5–5 PSU), to freshwater (< 0.5 PSU), following Montagna et al.
(2013) [34]. The pH was measured with a pH-62K APEL equipment, DO was determined by DO-802
APEL instruments, TSS was measured using SMEWW 2540, and TDS was measured using a Water
Quality Checker WQC-22A. The methods followed the international guidance sampling technique
with ISO 5667-1: 2006 and ISO 5667-3: 2018 [35].

Sediment samples were collected using a Ponar type grab deployed from a small boat. The
undisturbed sediment was subsampled using different techniques for different purposes (Application
of ISO 5667-1: 2006, ISO 5667-12: 2017 and ISO 5667-15: 2009) [36].
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Sediment samples for grain size analysis were collected by means of a cut off syringe of 3 cm
diameter and 10 cm deep. The granulometry was analyzed by a Coulter type Mastersizer APA2000,
equipped with Hydro 2000G model AWA2000-Malvern. The sediment fractions were classified as sand
(> 63 µm), silt (4–63 µm), and clay (< 4 µm) [37].

Samples for the analysis of nutrients (including total organic carbon (TOC), total phosphorus (TP),
total nitrogen (TN), ammonium (NH4

+), and nitrate (NO3
−)) were collected with a core of 6 cm inner

diameter pushed in the sediment up to 10 cm and preserved at 4 ◦C until arrival at the laboratory, where
they were frozen at −20 ◦C until further analysis. TOC, TN, TP content in the sediment were analyzed
with an Element Analyzer Flash 2000 after lyophilization, homogenization and acidification with 1%
HCl. The sediment was thawed and processed for measurements of nitrate (NO3

−) and ammonia
(NH4

+) concentration, using an automatic chain (SANplus Segmented Flow Analyser, SKALAR).
Heavy metal sediment samples were collected, kept in glass bottles and transported to the

laboratory (3050B method). After centrifugation followed by decantation, the sediment fraction was
collected and kept frozen [38]. Amounts of 0.5 g of the wet samples (exact to 0.1 mg) were weighted
into Teflon-closed vessels, followed by the addition of 6 mL sub-boiling HNO3 (d = 1.42 g/mL) and 2
mL distilled, sub-boiling HCl (d = 1.19 g/mL). The vessels were then sonicated for 10–15 min, then
simmered for at least 12 h at 110 ◦C. During the simmering, the vessels were sonicated for 5 min after
every 4-hour simmering. After sonication, they were ramped to 160 ◦C and kept there for 4 h. After
cooling down to room temperature, the samples were quantitatively transferred into 25 mL volumetric
flasks and filled to the mark with deionized water. The bulk solutions were then transferred to 50 mL
PE tubes and centrifuged at 3000 rpm for 15 min. The supernatant was divided into two separated
15 mL test tubes: one tube for archive and one tube for CV-AAS/F-AAS/ICP-MS analysis. The solutions
were directly measured using the ICP-MS method for Cr, Cu, As, Se, Cd, Pb targets; as 1 g (to the
nearest milligram) for Hg target; and diluted 200 times prior to F-AAS measurement for Fe target. Cr,
Cu, As, Se, Cd, Pb were analyzed by inductively coupled plasma mass spectrometry (ICPMS). Fe was
analyzed by flame atomic absorption spectrometry (F-AAS). Hg was analyzed by cold vapor atomic
absorption spectrometry (CV-AAS).

For the Sulfide (H2S) analysis, the top 2 cm of undisturbed sediment samples were immediately
isolated after the grab returned to the boat and stored in 50 mL capped vials (polypropylene screw
cap, conical bottom tubes, ISOLAB) on dry ice (Ion-selective electrode method). Once returned to the
laboratory on shore, samples were transferred to a −18 ◦C freezer until further analysis. Total free H2S
concentrations were determined following the method of Brown et al. (2011) [39]. Briefly, the sediment
sample in the 50 mL plastic vial was mildly defrosted at 4 ◦C, then centrifuged at 3000 rpm for 5 min.
After the water layer was discarded, the sediment was homogenized with a stainless steel spatula. A 10
mL portion of the sample was transferred into another graduated plastic vial containing 10 mL of SAOB
and further vortexed. The mixture was measured as quick as possible to avoid sulfide conversion.

In order to analyze the Methane (CH4) concentration, about 10 mL of the top 2 cm of undisturbed
sediment was immediately stored after sampling into a tared 40 mL serum vial containing 5 mL of 0.1
N NaOH to terminate further bacterial activity (GC-FID method). The vial was quickly sealed with a
silicone stopper to minimize potential loss of methane and placed on dry ice. Once returned to the
laboratory, samples were transferred to a −18 ◦C freezer until further analysis.

2.3. Sampling and Analysis of Nematodes

Triplicate samples per station were collected for nematode analysis. Sediment samples were
taken from the boat with a Ponar grab. The grab was subsampled with a PVC core (30 cm long, 3.5
diameter) up to 10 cm depth in the sediment (10 cm2 surface area) and placed in a sample bottle (about
300 mL). Samples were fixed and preserved in the field with 7% hot neutralized formalin (60–70 ◦C)
and gently stirred.

In the laboratory, samples were washed over a 1 mm sieve to remove any big fractions of
stone, debris and sands. Nematodes were then separated and collected by flotation technique using
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Ludox-TM50 at a specific gravity of 1.18 g/cm3, using a 38 µm sieve [40]. The procedure was repeated
three times to make sure all organisms were extracted from the sample. In order to facilitate the
nematode counting, samples were stained with a 1% solution of Rose Bengal. A quantitative analysis
of nematodes was done using a Stereo microscope. From each sample, 200 individuals were randomly
picked out and gradually transferred to pure glycerin and then mounted on permanent slides for
taxonomic analysis, following the method of De Grisse (1969) [41]. For those samples with less than
200 individuals, all nematodes were picked out.

Nematode specimens on permanent slides were identified to the genus level using a Leica
light microscope. For nematode identification, we used the specialized literatures [42–47], including
free-living nematodes reported for Vietnam [48] and the Nemys database [49].

2.4. Data Processing and Statistical Analysis

Genus richness and Shannon–Wiener [50] diversity indices were used for biodiversity analysis.
Univariate data analyses were applied on the environmental variables, nematode densities

(individuals per 10 cm2) and diversity indices. Based on the dam presence and the measured salinity
zones (mesohaline zone and oligohaline-freshwater zone), we identified two factors for further
statistical analysis. The “estuary” factor, which includes 2 levels: the two estuaries Ba Lai and Ham
Luong (dammed versus reference estuary); The second factor was indicated as “estuarine-section”
and consists of 2 levels, upstream and downstream. The combination of the two factors resulted
in 4 groups referred as: “dammed downstream”, “dammed upstream”, “reference downstream”,
“reference upstream”. We chose to pool the stations per three according to their up-or downstream
position (based on the dam presence and the measured salinity zones), to reduce the effect of local
patchiness and to address the main question related to the dam effect.

The Shapiro–Wilk test was used to check for normal distributions and Levene’s test to evaluate
the homogeneity of variances (p > 0.05). The data were transformed by either square-root or log
transformation if assumptions were not met.

If assumptions were fulfilled, a two-factor ANOVA (analysis of variance) was performed in
RStudio [51]. When the assumptions were not fulfilled, the analyses were replaced by a non-parametric
permutational PERMANOVA on software PRIMER 6, in order to identify significant differences
between estuarine-sections and estuaries [52]. When significant differences were found (p < 0.05), a
post hoc test (Tukey HSD) was applied for pairwise comparisons between estuarine-sections.

The obtained p-values were corrected with the Benjamini and Hochberg (1995) [53]
correction method.

Multivariate analyses were performed using the software PRIMER 6 with the PERMANOVA
add-on package, and the same the design was used as the one described in the univariate analyses
section [52].

Significant differences between groups in nematode community composition datasets were tested
with PERMANOVA. The test was based on square-root transformed data for community composition.
Significant values were considered when p < 0.05. After the PERMANOVA tests, PERMDISP routines
were performed to test for the homogeneity of multivariate dispersions. Subsequently, pairwise
comparison tests were performed, to identify which pairs of estuarine sections were significantly
different from each other. Then, a SIMPER analysis (SIMilarity PERcentages) was performed to identify
the taxa responsible for dissimilarities between groups.

DistLM (distance-based linear model) analyses were conducted for environmental variables
with correlations lower than 0.9, in order to identify which environmental factors were significantly
associated with the variability observed in the nematode multivariate community structure. The
DistLM model was performed using a step-wise selection procedure and adjusted R2 as selection criteria.
Results from the DistLM were visualized using dbRDA (distance-based redundancy analysis) plots.

Correlation analyses between environmental and nematode variables were computed in R-Studio,
either using the Pearson or Spearman rank method (when the data were not normally distributed).
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3. Results

3.1. Environmental Characteristics of Ba Lai and Ham Luong Estuaries

3.1.1. Water Environmental Characteristics

In both Ba Lai and Ham Luong estuaries, the values for salinity, TDS, pH and DO decreased in
general from the downstream to the upstream sections, whereas the opposite trend was found for
TSS (Figure 2). Salinity and TDS showed higher variability between the two sections of the Ba Lai, in
comparison to the variation found between the two sections within Ham Luong.
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Based on the average salinity, we classified the DD part as mesohaline (6.37 ± 2.74 PSU) and the
DU section as freshwater (0.33 ± 0.15 PSU), whereas the two sections of the Ham Luong estuary were
characterized as mesohaline and oligohaline (5.67 ± 0.60 and 1.93 ± 2.22 PSU, respectively) (Figure 2A).
The TDS showed a concentration of 6220 ± 2628.52 mg/L in DD and 5536.67 ± 611.34 mg/L in RD. These
values were higher than that at both upstream sections, with 355.33 ± 147.02 mg/L in DU and 1916
± 2181.28 mg/L in RU (Figure 2B). The pH in all sections was higher than 7, pointing to an alkaline
environment. The level of pH only slightly fluctuated with higher values in the downstream parts,
compared to the upstream sides in both estuaries (Figure 2C). The Ba Lai estuary had, in general, lower
DO levels than Ham Luong. Both downstream sides of the two estuaries had greater DO concentrations
than the upstream parts, 4.40 ± 0.17 mg/L in DD and 5.23 ± 0.71 mg/L in RD, compared to values of
4.17 ± 0.15 in DU and 4.40 ± 0.35 in RU (Figure 2D). From Figure 2 (A, B, D), it can be seen that the



Diversity 2020, 12, 137 7 of 18

dammed upstream (DU) section of Ba Lai was characterized by the lowest concentrations of salinity,
TDS and DO, compared to all other sections.

The TSS concentration was higher in Ba Lai than in Ham Luong and it increased from downstream
to upstream in both estuaries, with 62.63 ± 18.38 mg/L in DD and 22.93 ± 8.78 mg/L in RD, compared
to 101.30 ± 24.49 mg/L in DU and 43.73 ± 17 mg/L in RU (Figure 2E).

The two-way ANOVA and permutational PERMANOVA analyses showed significant differences
between the two estuaries, in terms of DO and TSS. The estuarine sections were also different in
terms of salinity, TDS; pH, and DO. The significant p values were presented in Table 1. No significant
interaction effect was found for any of these variables.

Table 1. The significant p values generated from ANVOVA / permutational PERMANOVA and post hoc
comparison analyses for environmental variables (pe: the significant estuary effects, ps: estuarine-section
effect. “,” sign indicated for the significant differences).

P Value

Variable pe ps Post Hoc Test

Salinity 0.028 DD , DU: 0.034, DU , RD: 0.035
pH 0.035 DD , RU: 0.034, RD , RU: 0.048
DO 0.037 0.026
TSS 0.034
TDS 0.028 DD , DU: 0.034, DU , RD: 0.035
Pb 0.035
Hg 0.035 0.034 DD , DU: 0.049, DU , RD: 0.044

3.1.2. Sediment Environmental Characteristics

The sedimentary variables such as grain size (sand, silt, clay) and nutrient concentrations
(TOC, TP, TN, NH4

+ and NO3
−) are presented in Figure A1. They did not show any statistically

significant difference between estuaries and estuarine-sections, for either the two-way ANOVA or the
permutational PERMANOVA.

The concentrations of heavy metals (Figure 3) in the Ba Lai estuary were higher than those
found in Ham Luong. In addition, the values were all highest in DU compared to other estuarine
section. The same trend was found in the Ham Luong estuary, although with smaller variations,
except for Pb, As and Cd, which showed slightly lower average values than in the RU section. A
two-way ANOVA analysis showed significant differences between the two estuaries only for Pb and
Hg. The “estuarine-section” factor had a significant effect on the concentration of Hg and the Tukey
HSD pairwise comparison showed differences between DD and DU, and between DU and RD. The
significant p values are presented in Table 1.

The H2S concentration was higher in Ba Lai than in Ham Luong, and showing a higher variation
within the two estuarine sections of the dammed estuary (Figure 3I). The DU showed higher values
than the DD part, with values of 3.60 ± 3.75 and 4.43 ± 3.94 ug/g, respectively, while the concentrations
for both sections in Ham Luong varied less, with 0.55 ± 0.62 ug/g and 0.74 ± 0.98 ug/g in RD and RU,
respectively (Figure 3I). At station level, the highest concentration of H2S was observed in BL4 (8.58
ug/g) and BL3 (7.67 ug/g), which are the two nearest upstream and downstream stations to the Ba
Lai dam.

The CH4 concentration was also higher in the Ba Lai than in Ham Luong. In particular, at DD, the
CH4 concentration was 2028.78 ug/g, which is almost 10 times higher than in DU (212.76 ug/g), while
Ham Luong RU (1428.28 ug/g) contained much higher values of CH4 than RD (23.98 ug/g) (Figure 3J).
Nevertheless, within the Ba Lai estuary, again a high variation was observed between stations within
each estuarine section, with the highest concentration of CH4 found in station BL3 near the dam
(5975.56 ug/g). Additionally, BL4 showed elevated levels of CH4 (418.33 ug/g), however an order of
magnitude smaller than in BL3. In the Ham Luong estuary, the highest average values were present in
the stations HL6 and HL5 of the upstream part.
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Due to the high variation within some estuarine sections, no statistically significant difference was
found for both H2S and CH4 concentrations, either for the 2-way ANOVA or for the permutational
PERMANOVA analysis.Diversity 2019, 11, x FOR PEER REVIEW 8 of 19 
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3.2. Nematode Assemblages in Ba Lai and Ham Luong Estuaries

3.2.1. Density of Nematode Communities in Ba Lai and Ham Luong Estuaries

Nematode densities in DU were 111 ± 76 ind./10 cm2, being twice as low as in DD, with
218 ± 138 ind./10 cm2. The opposite pattern was found for Ham Luong, with RU showing 248 ±
195 ind./10 cm2, almost twice as high as the densities at RD (139 ± 109 ind./10 cm2) (Figure 4). A
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PERMANOVA analysis showed a significant interaction effect on the nematode densities for the estuary
and estuarine section (Table 2).
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Table 2. The significant p values generated from ANVOVA / permutational PERMANOVA and
pairwise comparison analyses for characteristics of nematode communities. (pe&s: the significant
interaction effect of both factors estuary and estuarine-section, pe: the significant estuary effects, ps:
estuarine-section effect. “,” sign indicated for the significant differences).

Variable
p Value

pe&s pe ps Post hoc Test

Density 0.0466 0.028 DD , DU: 0.034,
DU , RD: 0.035

Genus richness 0.0466 0.035
DD , DU: 0.0001,
DD , RD: 0.00026,
DD , RU: 0.000003

H’ 0.0015 0.026
DD , DU: 0.014,
DD , RD: 0.0065,
DD , RU: 0.0025

Genus composition
(square-root transformation) 0.0003 0.0001

DD , DU: 0.0001,
DD , RD: 0.0002,
DD , RU: 0.0001,
DU , RD: 0.0003,
DU , RU: 0.0039,
RD , RU: 0.0001

3.2.2. Diversity of Nematode Communities in Ba Lai and Ham Luong Estuaries

The genus richness was highly variable in Ba Lai, with DD containing twice as many genera per
sample (35) as DU (14). In Ham Luong, richness was less fluctuating between the two sections, with 15
and 12 genera encountered in RD and RU samples, respectively (Figure 5A). The two-way ANOVA
based on richness, followed by a pairwise comparison analysis, showed a significant interaction effect,
with significant differences between the pairs DD&DU, DD&RD and DD&RU.

The Shannon–Wiener diversity index (H’) was higher in Ba Lai compared to Ham Luong, while
H’ values were lower in upstream sections of both estuaries. The H’ value at DD was 2.62, being
significantly higher than in DU (H’ = 1.97) (Figure 5B), while the two sections in Ham Luong showed
H’s values of 1.79 and 1.56 in RD and RU respectively. Permutational 2-factor PERMANOVA analysis
showed a significant difference between the two estuaries and estuarine section (Table 2, Figure 5B).
The pairwise comparison showed differences between DD and DU, between DD and RD, and between
DD and RU (Table 2, Figure 5B). No significant interaction effect was found.
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point to estuary level. Abbreviations: “DD” =

dammed downstream, “DU” = dammed upstream, “RD” = reference downstream, “RU” = reference
upstream. Letters a, b and c pointed to significant differences. “,” sign indicated for the significant
differences between 2 estuaries or/and estuarine sections within an estuary, while “=” sign meant that
no significant difference was found.

3.2.3. Nematode Community Composition in Ba Lai and Ham Luong Estuaries

The nematode communities consisted of taxa belonging to both classes Enoplea and Chromadorea.
In total, 144 genera belonging to 51 families and representing 11 orders were identified. Orders included
Enoplida, Triplonchida, Dorylaimida, Mononchida, Chromadorida, Desmodora, Desmoscolecida,
Araeolaimida, Monhysterida, Plectida, and Rhabditida. The orders Desmoscolecida and Rhabditida
were absent in Ham Luong, while all occurred in Ba Lai. The total number of nematode genera
observed in the Ba Lai estuary was two times higher than those found in the Ham Luong estuary,
representing 129 (47 families, 11 orders) and 57 genera (29 families, 9 orders), respectively. The total
number of genera encountered in DD, DU, RD, RU were 125, 33, 45 and 77 genera, respectively.

A PERMANOVA analysis, based on the relative abundance of nematode genus nematode
composition, showed a significant effect for both factors “estuary” (68.29%) and “estuarine-section”.
Pairwise comparisons showed that all estuarine sections were significantly different. A SIMPER
analysis resulted in a percentage of dissimilarity between groups, ranging from 61.45% to 71.76%.
The most important genera are responsible for more than 50% of the differences between groups
(i.e., between the two estuaries and between each pair of all estuarine sections), and their percentage
contribute to the dissimilarities are shown in Table A1. Parodontophora and Theristus were the two major
genera responsible for the differences in community composition in terms of abundances between the
two estuaries and among estuarine sections.

In general, Parodontophora, Theristus, Daptonema, Terschellingia, Sphaerotheristus, and Viscosia
comprised the most abundant genera (represented each by more than 4% of the total relative abundance),
and together they contributed 67.48% of the total relative abundance of both estuaries. Parodontophora,
Theristus and Daptonema were the most common genera, representing 32.70%, 12.67%, and 8.36% of the
total community, respectively.

The eight most abundant genera in each estuarine section are shown in Figure 6. Parodontophora
was the dominant genus and contributed more than 26% to the total community in DD, RD and
RU, whereas in DU, Theristus was the most abundant genus (26.78%), with a relative abundance
which was twice as high that of Parodontophora (13.96%). Theristus and Terschellingia were present
in higher percentages in the upstream parts, especially in the DU section of Ba Lai. Parodontophora,
nevertheless, was found to be more abundant in the downstream sections. Especially within Ba Lai, in
DD Parodontophora was twice as abundant as in DU.
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3.3. Correlation Between Nematode Communities and Environmental Variables

Nematode generic richness was positively correlated with pH (p = 0.005, r = 0.753), and negatively
correlated with silt proportion in the sediment (p = 0.006, r = −0736). The H’ index showed positive
correlations with both pH (p = 0.01, r = 707) and NO3

− (p = 0.012, r = 695).
Furthermore, the DISTLM analysis showed that Hg (p = 0.0204), NO3

− (p = 0.019) and Fe (p = 0.0348)
best explained the observed nematode distribution patterns of genus composition, explaining 49% of
the variation. The dbRDA analysis (with axis 1 explaining 32% of the variation and axis 2 explaining
19.6%) illustrated the lack of clear differences between the four estuarine sections (Figure 7).
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Figure 7. The dbRDA plot on the correlation between nematode generic composition on abundance
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reference upstream.

4. Discussion

4.1. Differences in Environmental Variables Related to Dam Effects

Several environmental variables measured in the overlying water of the Ba Lai estuary showed a
different trend than the ones observed for the reference estuary Ham Luong, such as the significantly
lower DO values and higher TSS concentrations. The level of DO in the dammed estuary was also
lower than in other dam-free branches of the Mekong estuarine system [25], whereas the level of TSS in
Ba Lai, especially in the upstream part, was 1.5 times higher than that of the Mekong River system in
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the dry season of 2017 (61.4 mg/L), and more than twice as high as in the Bassac River (47 mg/L)—one of
the two main tributaries of the Mekong River delta [1]. TSS includes all particles which are suspended
in water, primarily composed of micro-algae, and organic and mineral particles linked to river input
by land erosion, as well as the re-suspension of sediment by the vertical mixing of the water column.
In the Mekong River delta, TSS is influenced by both natural and anthropogenic activities, including
the release of municipal and domestic waste water, synthetic and organic chemicals from industrial
waste, agriculture, aquaculture, construction, and soil erosion [1]. Therefore, the increase in suspended
solid loads tends to coincide with a decrease in dissolved oxygen, which could lead to hypoxic stress,
which in turn can result in lower abundances, diversity, and survival rates (less viable embryos and
larvae) during the development in fish species, as observed for the Notropis girardi in the Arkansas
River [13]. Additionally, TSS can also capture heavy metals and nutrients in the water column and
might contain high concentrations of contaminants. Once deposited on the bottom, it may disturb
the benthic environment and its biota [13]. Deposited sediment coming from upstream has been
reported to be associated with contaminants, including heavy metals and other toxic compounds, such
as pesticides, which can bioaccumulate in the river bed [54].

The heavy metal contamination also reached higher levels in the Ba Lai estuary, especially at
the upstream side in terms of Pb and Hg concentration. The level of Pb in the dammed upstream
section (48.84 µg/g) was higher than the lowest effect level (concentrations of Pb from about 31 µg/g can
already cause negative effects on the benthic life) as reported by Burton (2002) [55]. The concentration
of Hg in the dammed upstream area was also higher than in the natural biosphere reserve part of the
protected Can Gio mangrove forests in the southern part of Vietnam. Here, the amount of Hg varied
between 0.040 and 0.048 µg/g [56]. It has been previously reported that heavy metals are adsorbed
by suspended particulates and in this way they can settle down in the sediment and be remobilized
into the food chain [9]. Therefore, it seems plausible that the barrier created by the dam enhanced the
accumulation of contaminants especially in the upstream area.

In summary, despite the fact that dam effects are less prominent in terms of siltation and changes
in biochemical processes, the presence of the dam is clearly associated with lower DO and higher TSS,
Hg and Pb concentrations in the Ba Lai estuary.

4.2. Differences in Nematode Communities Explained by Differences in Environmental Conditions related to
Dam Effects

The subtidal nematode assemblages in Ba Lai and Ham Luong estuaries were significantly different
between both estuaries and estuarine sections. There were interaction effects on the nematode density
and genus richness. The dammed estuary showed lower densities and lower relative abundances of
dominant genera, such as Parodontophora, Theristus and Daptonema, but a higher generic richness and
H’ index, especially downstream, compared to the reference estuary.

The nematode densities of both the Ba Lai and Ham Luong estuaries were lower than the counts
from intertidal areas of the natural Mekong estuaries, which had densities ranging between 88 and 4580
ind./10 cm2 [57–59]. They were also lower than those in subtidal areas from other estuaries worldwide
(21–17,200 ind./10 cm2) [22,26,27]. The composition of subtidal nematode communities in the Ba Lai
estuary was more diverse than Ham Luong, but in the range of the diversity generally found in the
intertidal sediments of the Mekong estuarine system (71–230 genera, 20–59 families) [57–59] and in
other dam-free estuaries worldwide (106–120 genera belonged to 35–40 families) [22,26]. The generic
richness was higher than that of Mondego estuary (Portugal), with only 8–19 genera [22].

According to Ngo et al. (2013), the diversity of the intertidal nematodes communities did not
show any particularly common trend along the course of the Mekong estuaries in the dry season of
2009 [58]. Tran et al. (2018) reported that the Ba Lai’s upstream part was characterized by significant
lower density, generic richness and H’ index than downstream [59]. Our results showed no trend in
diversity for the natural Ham Luong estuary. In contrast, the downstream part of Ba Lai estuary was
characterized by a significant higher diversity (richness and Shannon–Wiener indices) in comparison to



Diversity 2020, 12, 137 13 of 18

upstream, and even to the Ham Luong estuary. The higher diversity in the downstream part of the Ba
Lai is to some extent unexpected, given the presumed impact of the dam. However, the environmental
analysis mainly showed that the upstream region of Ba Lai is contaminated with higher TSS and Hg,
while the environment of the downstream section does not differ much from the reference estuary. It is
possible that the increase in habitat heterogeneity has led to an increase in diversity [60]. The dammed
downstream section is also an intermediately disturbed area compared to the reference estuary on
one hand, and the more severely impacted upstream part of Ba Lai on the other [61]. Therefore, the
increase in diversity in this area could be explained as conforming to the intermediate disturbance
hypothesis [61]. An increased diversity, due to intermediate levels of disturbance, can be a plausible
explanation here, given that the organic loading of the area initially favors the diversity and densities,
but after a certain threshold impoverishes the communities.

Previous studies have documented that salinity, sediment composition and nutrient contents
play major roles in driving the distribution pattern and structure of nematode communities in estuaries
worldwide [27,62–64]. In some cases, the effect of salinity prevails over the role of the sediment composition,
being the main limiting factor for species distribution in transitional water systems [23,26,62,65]. Nicholas
et al. (1992) studied the effect of the periodic operation (opening and closing) of barrages in the mouth of
the Murray River estuary, South Australia, on the survival of the nematode communities. The authors
observed a higher mortality of organisms, due to the drastic decrease in salinity by a prolonged discharge
of river water when the barrages were opened [32]. In the present work, salinity differed between estuarine
sections in the Ba Lai estuary, but no significant correlation was found with the nematode communities.
This indicates that other environmental factors played a major role in the differences observed. Our results
also showed that pH positively correlated to the genera richness and the H’ index, and the H’ index also
increased with the elevation of NO3

−. The silt content negatively correlated with richness, despite the
fact that the sediment composition was not significantly different, but the dammed upstream contained,
on average, a higher silt fraction. The accumulation of fine sediment can slow down the mineralization
process of organic matter and can be associated with toxic compounds, causing negative effects on
organisms and their diversity [66]. The nematode density in the present research did not correlate with
any environmental variables, which contrasts with the observation by Adão et al. (2009) and Nguyen et
al. (2012), who found higher nematode abundances with increasing organic matter [57,62]. Similar to
our findings, nematode density in the Can Gio mangrove forest, a Biosphere Reserve in southern part of
Vietnam, were not significantly correlated to any measured environmental variables, such as nutrients,
grain size, heavy metal, etc. [67].

The generic composition of the nematode communities was significantly affected by the interaction
between nutrients (NO3

−) and heavy metals (Hg, Fe). Other studies also reported that nutrient content
is one of the environmental factors associated with the distribution pattern and structure of nematode
communities in estuaries [27,62–64]. Until present, the correlation of Hg and Fe in estuarine sediment
related to the nematode composition is still not well documented. Similar to our results, Alves et
al. (2013) reported that Daptonema was the most dominant genus in subtidal soft sediments of the
Mondego estuary (Portugal) [22]. Ngo et al. (2016) also found that Parodontophora was the main genus
found in the more silty intertidal upstream parts of the Mekong estuaries. It has been noted that, in
estuarine environments, nematode communities are usually comprised of a high number of genera,
with only a few dominant ones [26]. In our study, even though differences in relative abundances were
reported, Parodontophora and Theristus were the most dominant groups in all parts of both estuaries,
reflecting their wide range in salinity tolerance. This is relatively surprising, as they were not in the list
of abundant groups in many other studies from European estuaries, such as the Brouage mudflat in
France [68], the Thames estuary in the United Kingdom [23] or the Mondego estuary in Portugal [22].
This may indicate that these two genera are possibly specific for tropical brackish environments.
Furthermore, while Parodontophora was the prevailing genus in most estuarine sections, Theristus was
the most dominant genus in the dammed upstream part, suggesting that this genus is highly tolerant
to elevated heavy metal concentrations (especially Hg), low DO and high TSS. Interestingly, the genus
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Theristus is normally considered as a typical ‘colonizer’, identified as an indicator of organic pollution
in the Swartkops estuary of South Africa [69]. Moreover, Terschellingia, as the third most important
genus in the dammed upstream part, is reported to be tolerant to pollution and anoxia [22,26].

In conclusion, the presence of the dam seems to have caused differences in the environment,
as suggested by the local accumulation of contaminants and oxygen depletion in the Ba Lai estuary.
The response of nematode communities to the dam effect was more subtle, with shifts in the density,
diversity, presence of dominant genera and community composition. The present communities may
be well adapted to the natural organic and oxygen stress in both estuaries, but potentially the dam
may continue to drive the Ba Lai’s ecosystem to its tipping point. Therefore, further research is needed
and monitoring of the system is a major recommendation from this study.
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Dammed Estuary and Reference Estuary (68.29%) 
Parodontophora 7.2 Metalinhomoeus 3.56 Monhystrella 2.13 
Theristus 6.33 Viscosia 3.47 Mononchulus 2.12 
Terschellingia 3.92 Sphaerotheristus 3.21 Comesoma 1.89 
Daptonema 3.74 Monhystera 2.68 Desmodora 1.89 
Rhabdolaimus 3.63 Mesodorylaimus 2.58 Halalaimus 1.86 

Figure A1. The grain size (sand, silt, clay in graph (A)) and nutrient concentrations (TOC (graph
(B)), TP (C), TN (graph (D)), NH4

+ (graph (E)) and NO3
− (graph (F)) in sediment of Ba Lai and Ham

Luong estuary.
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The CH4 concentration was also higher in the Ba Lai than in Ham Luong. In particular, at DD, 

the CH4 concentration was 2028.78 ug/g, which is almost 10 times higher than in DU (212.76 ug/g), 

while Ham Luong RU  (1428.28 ug/g) contained much higher values of CH4  than RD  (23.98 ug/g) 

(Figure 3J). Nevertheless, within the Ba Lai estuary, again a high variation was observed between 

stations within each estuarine section, with the highest concentration of CH4 found  in station BL3 

near  the  dam  (5975.56  ug/g).  Additionally,  BL4  showed  elevated  levels  of  CH4  (418.33  ug/g), 

however an order of magnitude smaller than in BL3. In the Ham Luong estuary, the highest average 

values were present in the stations HL6 and HL5 of the upstream part.   

Due to the high variation within some estuarine sections, no statistically significant difference 

was  found  for  both  H2S  and  CH4  concentrations,  either  for  the  2‐way  ANOVA  or  for  the 

permutational PERMANOVA analysis. 

3.2. Nematode Assemblages in Ba Lai and Ham Luong Estuaries 

3.2.1. Density of Nematode Communities in Ba Lai and Ham Luong Estuaries 

Nematode densities in DU were 111 ± 76 ind./10 cm2, being twice as low as in DD, with 218 ± 

138 ind./10 cm2. The opposite pattern was found for Ham Luong, with RU showing 248 ± 195 ind./10 

cm2, almost twice as high as the densities at RD (139 ± 109 ind./10 cm2) (Figure 4). A PERMANOVA 

analysis  showed  a  significant  interaction  effect  on  the  nematode  densities  for  the  estuary  and 

estuarine section (Table 2).   

point to estuary level. Abbreviations: “DD” = dammed downstream, “DU” =

dammed upstream, “RD” = reference downstream, “RU” = reference upstream. Letter a pointed to
non-significant differences. “=” sign meant that no significant difference was found.
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Table A1. The percentage of contribution of most important genera responsible for dissimilarity in
relative abundance between groups based. Percentage dissimilarity (bold) between group (between the
two estuaries and between each pair estuarine sections) and contributing percentage of each contributor
for the dissimilarity between groups are shown together. Abbreviations: “DD” = dammed downstream,
“DU” = dammed upstream, “RD” = reference downstream, “RU”= reference upstream.

Dammed Estuary and Reference Estuary (68.29%)

Parodontophora 7.2 Metalinhomoeus 3.56 Monhystrella 2.13

Theristus 6.33 Viscosia 3.47 Mononchulus 2.12
Terschellingia 3.92 Sphaerotheristus 3.21 Comesoma 1.89
Daptonema 3.74 Monhystera 2.68 Desmodora 1.89
Rhabdolaimus 3.63 Mesodorylaimus 2.58 Halalaimus 1.86

DD and DU (71.45%) DD and RD (70.17%) DD and RU (71.76%)

Theristus 6.67 Parodontophora 6.07 Parodontophora 6.59
Parodontophora 5.39 Pseudochromadora 3.28 Theristus 5.86
Rhabdolaimus 3.48 Metalinhomoeus 3.15 Daptonema 3.86
Metalinhomoeus 3.25 Viscosia 3.06 Pseudochromadora 3.38
Pseudochromadora 3.18 Theristus 2.7 Terschellingia 3.34
Terschellingia 3.02 Comesoma 2.5 Sphaerotheristus 3.27
Monhystera 2.54 Trissonchulus 2.48 Viscosia 2.42
Mesodorylaimus 2.16 Daptonema 2.42 Rhabdolaimus 2.22
Daptonema 2.14 Marylynnia 2.15 Linhystera 2.11
Halalaimus 2.11 Terschellingia 2.03 Halalaimus 2.07
Linhystera 2.05 Amphimonhystrella 2 Amphimonhystrella 2
Monhystrella 2.02 Halalaimus 1.99 Cobbia 1.77
Viscosia 1.97 Rhabdolaimus 1.95 Oncholaimus 1.75
Udonchus 1.97 Desmodora 1.92 Mesodorylaimus 1.72
Amphimonhystrella 1.9 Sabatieria 1.88 Sabatieria 1.59
Afrodorylaimus 1.76 Mesodorylaimus 1.86 Microlaimus 1.52
Sphaerotheristus 1.69 Linhystera 1.81 Oxystomina 1.49
Cobbia 1.67 Rhynchonema 1.75 Desmodora 1.49
Mononchulus 1.6 Sphaerotheristus 1.74 Spilophorella 1.44

Cobbia 1.72 Achromadora 1.44

RD and RU (64.91%) DU and RU (61.45%) DU and RD (69.79%)

Parodontophora 9.18 Parodontophora 9.05 Theristus 8.41
Theristus 8.3 Theristus 8.65 Parodontophora 7.34
Daptonema 5.77 Terschellingia 6.2 Rhabdolaimus 5.35
Viscosia 5.57 Daptonema 5.73 Metalinhomoeus 5.04
Sphaerotheristus 5.04 Rhabdolaimus 5.24 Viscosia 4.79
Metalinhomoeus 4.69 Sphaerotheristus 5.21 Terschellingia 4.4
Comesoma 4.34 Metalinhomoeus 5.08 Comesoma 3.67
Terschellingia 4.31 Monhystera 4.63 Monhystera 3.43
Trissonchulus 3.9 Mesodorylaimus 3.68 Mesodorylaimus 3.24

Daptonema 3.2
Trissonchulus 3.1
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and Sromowiecki dam reservoirs (Pieniny mountains, Poland). Teka Kom. Ochr. Kszt. Środ. Przyr.—OL PAN
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