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Abstract The surface water quality in coastal areas
may be highly vulnerable to degradation due to vari-
ous pollution sources such as seawater intrusion and
anthropogenic activities. The current study sought to
spatially and temporally analyze and quantify pollu-
tion sources of the surface water system in the coastal
province of Tra Vinh, Vietnam. A total of 600 surface
water samples were taken from 30 monitoring sites
distributed over 4 spatial zones. Water samples were
collected in four campaigns each year during the dry
and rainy seasons from 2016 to 2020 and analyzed
for 10 physiochemical and biological parameters. The
analyzed data were calculated for the water quality
index (WQI). Two-way analysis of variance, princi-
pal component analysis/factor analysis (PCA/FA),
and multivariable regression analysis (MRA) were
conducted over the whole dataset. The results showed
that the WQI decreased from the inland zone to the
coastal area, was greater in the river zone than in the
canal zone, and was higher in the dry season than in
the rainy season. The PCA/FA revealed that surface
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water quality was affected by at least 4 main pollution
sources, including agricultural production, seawater
intrusion, residential activities, and mixed sources.
MRA revealed that these pollution sources explained
68.3%, 12.8%, 7.0%, and 2.7% of the total variance
of the WQI, respectively. In summary, the surface
water quality in the study area significantly changed
spatially and temporally, depending on four pollution
sources, which need to be managed properly for a bet-
ter environment and sustainable development.

Keywords Anthropogenic influences - Coastal
area - Multivariate statistical analysis - Pollution
sources - Water quality

Introduction

Surface water resource plays an important role in
ensuring global sustainable development goals.
Its quantity and quality should be conserved and
improved because of the increasing pressures from
economic and societal development as well as global
climate change (Mateo-Sagasta et al., 2018; Okello
et al., 2015). The surface water quality of a particu-
lar area can be deteriorated by numerous pollution
sources. In the context of global climate change as
reported recently (IPCC, 2019), the quality of a sur-
face water system of a coastal area could be influ-
enced by some typical pollution sources, including
anthropogenic activities (agricultural production,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-023-11026-x&domain=pdf
https://doi.org/10.1007/s10661-023-11026-x
https://doi.org/10.1007/s10661-023-11026-x

408 Page 2 of 14

Environ Monit Assess (2023) 195:408

residential activities, and industrial production) and
seawater intrusion. While the surface water quality
of sea-connected areas can be more influenced by the
seawater intrusion, that in the inland areas may be
controlled by anthropogenic activities. The quality of
the surface water can also vary with seasons, which
is involved in the hydrological regime occurring in
the coastal area. Those indicate that the surface water
quality can vary in space and time, which requires
more studies. Furthermore, primary pollution sources
in coastal areas should be analyzed and quantified to
develop appropriate management strategies and effi-
cient pollution treatment (Behmel et al., 2016; Giri
et al., 2020; Tirkey et al., 2013). The multivariate
analysis method such as principal component analy-
sis/factor analysis (PCA/FA) can be used to separate
and quantify the contribution of individual pollu-
tion sources to degrading the water quality (Ibrahim
et al., 2021; Oketola et al., 2013; Yang et al., 2021).
These findings indicate that many pollution sources

Fig. 1 Map of the study

can contribute to the degradation of the surface water
quality, which is needed to be analyzed and quantified
for better management.

Tra Vinh is a coastal province, located in the lower
reaches of the Mekong River in southern Vietnam,
between the Co Chien River (a tributary of the Tien
River) and the Hau River, which runs into the East
Sea (Fig. 1). The rapid socio-economic develop-
ment of Tra Vinh province in recent years has gener-
ated a considerable quantity of untreated wastewater
discharged into water bodies, degrading its quality.
Many anthropogenic factors, such as industrial pro-
duction, aquaculture, agricultural production, resi-
dential activities, and natural factors (runoff water
and seawater intrusion) may pollute surface-water
bodies in the province (DonRe, 2020). These pollu-
tion sources distribute differently in terms of spatial
and temporal aspects. In terms of spatial distribution,
the coastal area could be highly affected by seawater
intrusion, in addition to the other pollution sources
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such as agricultural, aquaculture, and residential
activities. Meanwhile, the inland areas may be influ-
enced by some pollution sources, such as industrial
and agricultural activities, social services, aquacul-
ture, and residential activities. The influence of these
pollution sources can be altered by strong seasonal
fluctuations, which are in need to study.

To protect the surface water resource for serving
social-economic development, the coastal province
of Tra Vinh needs to control these potential pollu-
tion sources effectively. Accordingly, it is important
to determine the main pollution sources for the devel-
opment of feasible and effective solutions to conserve
and protect its surface-water system. The current
study aimed to spatially and temporally analyze and
quantify pollution sources of the surface water sys-
tem in the coastal province of Tra Vinh, Vietnam. It is
hypothesized that the surface water quality would be
worse in the regions close to the coastline and some
key pollution sources such as seawater intrusion, agri-
cultural production, and residential activities would
contribute to the deterioration of the surface-water
quality in the coastal area.

Materials and methods
Study area

The current study was conducted in Tra Vinh prov-
ince, which is located in the coastal area of the
Mekong River delta region at 9° 31’ 57°—10° 04" 5
N and 105° 57'1 6°°-106° 36’ 04*’ E in southwestern
Vietnam (Fig. 1). The province has a total coastline
of 65 km, a total area of 2,390 km?, and a population
of 1,009,322 people. The average population density
is about 422 people per km? The province contains
nine administrative units, divided into two major
areas which are the inland area (one provincial city
and four districts) and the coastal area (one town and
three districts) (Fig. 1). The population density of the
inland area varies from 475 to 1,660 inhabitants per
square kilometer, while the population density of the
coastal area ranges from 275 to 461 inhabitants per
square kilometer (DonRe, 2020). The socio-economic
development conditions, the community’s livelihood,
the use and exploitation of water, and the discharge of
pollutants into the water bodies may vary from inland
region to coastal region.

Tra Vinh province lies in a subtropical mon-
soon climatic region which is suitable for agricul-
tural development. The average annual temperature
of the province varies from 27.2 to 27.4 °C and the
annual rainfall ranges from 1,602 mm to 2,384 mm.
The province has two distinct seasons, which are the
rainy and dry seasons. The province has an interlaced
network of rivers and canals with a total length of
578 km and 1,876 km of tributary canals, creating a
complicated waterway system throughout the prov-
ince (both inland and coastal areas). The system helps
to irrigate the farmland in dry seasons and drain it out
in the rainy seasons. The drainage system is linked
to the Co Chien and Hau Rivers, which are around
45-km and 55-km long, respectively (DonRe, 2020).

Experimental factors and design

With a position in the lower reaches of the Mekong
River and surrounded by the Hau and Tien (Co
Chien) rivers, Tra Vinh province has a surface water
system governed by human-related activities (socio-
economic, community livelihood) and natural fac-
tors (runoff water and seawater intrusion) (DonRe,
2020). Anthropogenic and natural factors have differ-
ent effects on surface water quality in the study area,
depending on spatial position and temporal variation.

For the spatial distribution, the quality of the surface-
water system in the study area could vary with the sea-
related zone and waterway-related zone. While water
bodies located inside the sea zone (areas near the coast-
line) could be strongly affected by the seawater intru-
sion, those situated in the inland area (areas far from the
sea) could be lesser influenced (Fig. 1). The waterway-
related zone may include the areas along the Co Chien
and Hau Rivers that border Tra Vinh province and areas
inside the province that are influenced by the interlaced-
canal network. The waterway network extends over the
whole study area, linking pollution sources from inside
the province to the main waterways (the Co Chien and
Hau Rivers) and ultimately to the sea. Therefore, the
study area was artificially and spatially divided into 4
spatial experimental zones, including zone 1 (canal
zone in the sea zone), zone 2 (canal zone in the inland
zone), zone 3 (river zone in the sea zone), and zone 4
(river zone in the inland zone), formed from two cross
spatial factors of the sea-related zone and the waterway
-related zone. Furthermore, the water quality of the
study area could be influenced by seasonal variation,
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which is another experimental factor of the current
study. To collect surface water samples for chemical
analysis, 30 surface-water sites were pre-selected over
the four experimental zones (Fig. 1). Zones 1, 2, 3, and
4 included 5, 6, 9, and 10 sites, respectively. Sampling
was conducted in both the dry and rainy seasons. There-
fore, the current study was set up as a completely rand-
omized design, with 3 experimental factors (sea-related
factors and waterway-related factors, and seasonal fac-
tors) and varying replicates.

Water sampling and chemical analysis

Surface water from the 30 pre-selected sites was
taken for chemical analysis in the last 5 years, from
2016 to 2020. Five sampling sites in zone 1 included
S19, S20, S24, S25, and S28; Six sampling sites in
zone 2 were S7, S8, S10, S11, S14, and S16; Nine
sampling sites in zone 3 included S17, S18, S21, S22,
S23, S26, S27, S29, and S30, and ten sampling sites
in zone 4 included S1, S2, S3, S4, S5, S6, S9, S12,
S13, and S15. Four sampling campaigns in March
and June for the dry season and in September and
November for the rainy season were carried out each
sampling year. Therefore, water sampling was con-
ducted over 5 years, four campaigns/year, and from
30 sampling sites, making a total number of 600
water samples collected for the current study.

In each water sampling campaign, the Van Dorn
water sampler was used to take 8 water samples in
the surface layer from 0 to 50 cm into a 100-L plastic
bucket. After being mixed well, water from the bucket
was representatively taken into a 5-1 plastic container
with a tight-fitting lid, which was placed in the 4 °C-
ice box. The 30 containers from 30 sampling sites
were immediately brought to the laboratory for chem-
ical analysis of 10 water quality parameters, including
pH, DO (dissolved oxygen), C17, total inorganic nitro-
gen (TIN), total suspended solids (TSS), phospho-
rous (P), 5-day biochemical oxygen demand (BODj),
chemical oxygen demand (COD), total coliform, and
oil and grease. These water parameters were selected
to measure for the current study because they could
form a minimal dataset, which can be used to iden-
tify, fractionate, and quantify the contribution of main
pollution sources, which could be presumably agri-
cultural production (TIN including NO;~, NO,™, and
NH,*) and P, residential activities (COD, BODs, DO,
coliform, and oil and grease), and seawater intrusion
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(CI"). pH and TSS could be derived from any pollu-
tion sources such as agricultural production and resi-
dential activities.

The pH and DO parameters were measured
directly at water sampling sites. More specifically, the
pH parameter was measured using the Thermo Sci-
entific™ Orion™ 3-Star Benchtop pH meter, and the
DO parameter was determined using the 3210 port-
able dissolved oxygen meter. Other parameters such
as CI~, TIN including NH,*-N, NO,-N, NO;-N, TSS,
P, BODs;, COD, total coliform, and oil and grease
were determined in laboratories. These analyses were
conducted according to the national standard QCVN
08-MT:2015/BTNMT (Monre, 2015) and by Nguyen
et al. (2019). The CI~ concentration was measured
using a titration method (Hajrasuliha et al., 1991).

Statistical analysis

The statistical analysis process in this study includes 4
consecutive steps as follows. The first step was to dis-
tinguish the pollutant sources using the principal com-
ponent analysis/factor analysis (PCA/FA) on the com-
plete dataset. The second step was to compute the water
quality index (WQI) for assessment. The next step was
to implement a two-way analysis of variance (ANOVA)
to compare the water parameter means of the four spatial
experimental zones. The last step was to conduct a mul-
tivariable regression analysis to quantify the contributive
percentage of different pollution sources on WQIL.

The PCA/FA was applied to the whole dataset to
differentiate pollution sources according to the pro-
cedure in previous studies (Egani et al., 2011; Phung
et al., 2015). The Kaiser—Meyer—Olkin (KMO) and
Bartlett’s test of sphericity were conducted to deter-
mine the dataset’s suitability for PCA/FA (Banda &
Kumarasamy, 2020) before performing PCA/FA.
Results from these two tests (an overall KMO value
of 0.59 and Bartlett’s significance level of less than
0.0001) indicated that the entire dataset in the current
study was suitable for PCA/FA. The PCA/FA was
applied in some studies conducted in Vietnam (Pham
et al., 2017; Thanh Giao et al., 2021). The WQI was
calculated from 10 water quality parameters based
on the results of PCA/FA (Mukherjee & Lal, 2014),
according to Eq. 1. The PCA/FA method was used to
compute WQI because this method used a flexible set
of water parameters, which fit better with the dataset
measured in the current study.
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WOI =3 w;s; ey

where n is the number of water quality parameters;
w; is the weightage of the i parameter, and s; s the
score of the i" parameter. The values of w; were
determined according to the result of the PCA/FA
(Table 3) and s; was the standardized value of all
measured values of the 10 water quality parameters
and was determined by Egs. 2 and 3. Ten water qual-
ity parameters were divided into three groups, includ-
ing “the more the better,” “the less the better,” and
“neutral.” The “the more the better” group includes
only the DO parameter; the “neutral” group included
pH, with values ranging from 5.5 to 9 (Monre, 2015),
and the “the less the better” group included the 8
remaining parameters. For the “the more the better”
and “neutral” parameters, the value of s; was calcu-
lated according to Eq. 2.

! Xmax — % (2)

For the “the less the better” parameters, s; was
determined following Eq. 3.

Xopax — X
S- — max 1 (3)
L
Xmax ~ Xmin
where x;, x,,;,, and x,,,, were the analyzed, minimum,

and maximum values of the parameter i, respectively.

Two-way analysis of variance (ANOVA) was per-
formed following a statistical procedure of a com-
pletely randomized design with two experimental
factors, which were the sea-related zone (sea zone
and inland zone) and waterway-related zone (river
zone and canal zone). The full statistical model of

the ANOVA was yije =p+ pi+ o + ofij +€ije; where
vije was the response of the individual combination
of the two experimental factors; p was the overall
mean of the whole dataset; oj was the fixed effect of
the j sea-related zone; Bi was the fixed effect of the
i waterway-related zone; afij is the interaction effect
of the two experimental factors; €ije is a random error
with a mean zero and having a normal distribution
(Akhtar & Memon, 2009). If ANOVA results showed
a significant effect with P <0.05, Tukey’s Honest
Significant Difference test was used to classify the
mean values. The multivariable regression analysis
was performed to determine the percentage of 4 water
quality factors (corresponding to 4 potential pollution
sources) extracted from PCA/FA that contributed to
the WQI (Putri et al., 2018). Statistical analyzes were
performed using the JMP pro 16 program (SAS Insti-
tute Inc, NC, USA). Al plots were established by run-
ning Sigmaplot 12 software (Systat Software Inc.).

Results

Principle component analysis/factor analysis (PCA/
FA)

Averaged values and standard deviation of the 10
measured water parameters were shown in Table 1.
The mean values of 10 water parameters over four
spatial zones and five examined years were also
shown in Supplementary Table 1. The whole data-
set was subjected to PCA/FA and the results showed
that the whole dataset of surface water quality for
the period 2016-2020 in Tra Vinh province could

Table 1 Averaged values

) Parameters Unit Mean SD Methods
and standard deviation
(SD) of 10 measured water pH N/A 7.06 035 pH meter
Paramet.ers.. TIN total DO mg 17! 1511.40 3398.88 Dissolved oxygen Meter
inorganic nitrogen
CI™ mg 17! 4.10 0.98 (Hajrasuliha et al., 1991)
TIN mg 17! 0.88 0.89 (Monre, 2015)
BOD;4 mg 1! 7.03 2.71
COD mg 17! 24.81 13.80
TSS mg 17! 57.39 49.85
P mg 17! 0.09 0.09
Coliform MPN 100 ml~! 153,229.53 498,128.84
Oil and grease mg 17! 0.41 0.27
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be divided into 4 main factors with loading greater
than 1 (Table 2). The four factors together explained
62.4% of the total variance of the dataset. The most
important factor (Factor 1) accounted for 20.92% of
the total variance, followed by factors 2 (17.04%),
factor 3 (14.01%), and factor 4 (10.43%). The first
factor had a high loading value with TIN (total inor-
ganic nitrogen), COD, P, and DO. The second fac-
tor exhibited a strong correlation coefficient with
3 parameters, which were CI~, pH, log(coliform).
Similarly, the 3" factor was shown to be signifi-
cantly correlated with 2 parameters of BODS5 and
total oil and grease. Finally, the 4™ factor (Factor 4)
had a significant loading value with TSS.

Surface water quality index

The water quality index (WQI) in the study area
varied substantially, depending on locations and
year of observation year (Fig. 2). In the inland zone,
the river zone had a significantly higher WQI (0.72)
than the canal zone (0.68), and in the sea zone, the
river zone also exhibited a greater WQI (0.67) than
the canal zone (0.66) (Fig. 2a). From 2016 to 2020,
WQI was similar between the dry and rainy seasons
with the exception of 2018, which showed a greater
WQI in the dry season than in the rainy season
(Fig. 2b).

Water quality parameters of the four PCA/FA factors

PCA/FA analysis showed that the ten measured water
quality parameters could be classified into four fac-
tors (Table 2) with different values. Four water quality
parameters, TIN, COD, P, and DO having high lead-
ing values with factor 1 were shown in Fig. 3. In the
sea zone, the TIN value in the canal zone (1.42 mg
L") was substantially greater than that in the river
zone (1.08 mg L™1), and in the inland zone, the TIN
value was still significantly higher in the canal zone
(0.92 mg L") than in the river zone (0.62 mg LY
(Fig. 3a). A similar situation was found for the COD
parameter (Fig. 3b), which showed that water samples
collected within the sea zone and canal zone had the
highest COD value (36.41 mg L™!), and the those col-
lected in the inland zone and river zone had the lowest
COD (17.14 mg LY. The inland zone and canal zone
had the greatest P concentration (0.12 mg L™!) while
the sea zone and river zone had the lowest (0.07 mg
L") (Fig. 3c). Figure 3d showed that the DO param-
eter in the inland zone was much higher in the river
zone (4.3 mg L") than in the canal zone (3.57 3 g
L'l) while in the sea zone, the DO value was similar
in the river and canal zones.

Three parameters, C17, pH, and log(coliform) hav-
ing a strong correlation coefficient with factor 2, and
one parameter, TSS having a high loading value with
factor 4 were shown in Fig. 4. The C1™ concentration

Table 2 Loading values of

10 water quality parameters Parameters Factor 1 Factor 2 Factor 3 Factor 4 Par.ameter
from principal component weightage
analysis/factor analysis. TIN 0.79 -0.03 0.07 ~0.16 0.13
igf&‘;mbers are greater CoD 0.68 0.42 034 0.16 0.13

P 0.53 -0.32 —-0.03 0.09 0.13

CI- —-0.06 0.79 -0.02 0.25 0.10

pH —-0.08 0.59 0.21 —-0.46 0.10

BOD; 0.25 —-0.04 0.77 0.23 0.06

Oil and grease —0.16 —0.11 0.71 —0.15 0.06

DO —-0.58 0.25 0.33 0.23 0.13

Log(coliform) 0.12 —-0.69 0.29 -0.01 0.10

TSS -0.12 0.11 0.07 0.81 0.06

Eigenvalue 2.09 1.70 1.04 1.04

Percent 20.92 17.04 14.01 10.43

Cum Percent 20.92 37.96 51.96 62.39

Factor weightage 0.36 0.29 0.18 0.18
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Fig. 2 Spatial and temporal variation of WQI of the study area. Within each panel, bars attached with the same letter are not signifi-
cantly different from each other according to ANOVA and a Tukey’s HSD test (p <0.05). Error bars indicate standard deviation

was the highest in the sea zone and river zone
(4776 mg L~!) and was the lowest in the inland zone
and river zone (160 mg LY (Fig. 4a). Water samples
collected from the inland zone exhibited a greater
coliform density than those collected from the sea
zone (Fig. 4c). The TSS value was the highest in the
sea zone and river zone (72.1 mg L") and was the
lowest in the inland zone and canal zone (40.1 mg
L~") (Fig. 4d). Two water parameters, BODs and
oil and grease having a strong relationship with fac-
tor 3 were shown in Fig. 3. While the concentration
of BODs within the sea zone was much higher in
the canal zone (8.3 mg L™') than in the river zone
(7.33 mg LY its concentration was similar in the
two examined zones located within the inland zone
(Fig. 5a). The concentration of oil and grease was not
significantly different from the four examined spatial
zones (Fig. 5b).

The multivariable regression analysis revealed
that the water quality index (WQI) was signifi-
cantly correlated with all four factors extracted
from the PCA/FA analysis, with factors 1, 2, 3, and
4 accounting for 68.3%, 12.8%, 7.0%, and 2.7% of
the total variance of the WQI index, respectively
(Table 3). All four factors together accounted for
90.8% of the total variance of the WQI.

Discussion

The PCA/FA analysis indicates that there could be
four major pollution sources associated with four
extracted factors (Tables 1 and 2) that contribute to
altering the ten measured quality parameters of the
surface water in the current study. Factor 1, hav-
ing a high loading value with TIN, COD, P, and
DO parameters, may suggest that the main pollution
source for these parameters could be connected to
the activities of agricultural production. Wastewater
from agricultural production could contain a large
quantity of phosphorus (P) in various forms (Bowes
et al., 2015; Butler et al., 1995; Kok et al., 2018).
Water from paddy fields may also be character-
ized by a high concentration of organic matter (Lee
et al., 2018), enriching the organic C-based param-
eters such as COD. Furthermore, runoftf water from
paddy fields can wash away materials containing N,
P, organic matter, and fertilizers (Bertol et al., 2010;
Cui et al., 2020; Li et al., 2017), raising the concen-
tration of inorganic nitrogen (TIN), phosphorus (P),
and COD in surface water while reducing DO. A high
concentration of inorganic nitrogen (TIN) in water
may be accompanied by a reduced DO concentration
due to the biological oxidation—reduction processes
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Fig. 3 Water quality parameters for factor 1 as affected by the
sea zone and river zone. Within each panel, bars attached with
the same letter are not significantly different from each other

of algae and bacteria (de Almeida Fernandes et al.,
2018; Hong et al., 2019; Xia et al., 2018). The pollu-
tion source of agricultural production is strongly sup-
ported by results from Fig. 3, which showed that the
value of TIN, COD, and P was greater in the canal
zone than in the river zone. This is because the canal
zone is situated inside the study area and is predicted
to receive more surface runoff and/or leaching water
from the agricultural areas and/or wastewater from
aquacultural areas than the river zone. The lower
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concentration of DO in the canal zone compared to
the river zone (Fig. 3d) could be a consequence of a
greater concentration of COD and TIN in the canal
zone than in the river zone.

Factor 2 has a high association with three param-
eters, pH, CI™, and log(coliform) (Table 2), indicating
that saltwater intrusion could be the primary source
responsible for these water parameters. Saline intrusion
is the main cause of increased CI™ concentration and
EC in surface and groundwater in river basins (Ahmed
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Fig. 4 Water quality parameters for factor 2 (Cl™, pH, and
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& Askri, 2016; Alfarrah & Walraevens, 2018; Panjaitan
et al., 2018; Nguyen et al., 2021). The seawater intru-
sion also raises pH value because of the existence of
some alkaline elements, such as sodium (Na), magne-
sium (Mg>"), calcium (Ca**), and potassium (K*) in
the seawater (Bardi, 2010; Weissman & Tully, 2020).
The density and activities of microorganisms such as
coliform can be influenced by habitat conditions, which
could be unfavorable in the areas affected by seawater
intrusion. The seawater intrusion as a pollution source
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letter are not significantly different from each other according
to ANOVA and a Tukey’s HSD test (p <0.05). Error bars indi-
cate standard deviation

worsening the surface water quality in the study area
is further supported by the results from Fig. 4, which
showed that the sea zone had a considerably higher
value of CI~, pH, and a lower coliform density than the
inland zone. The value of C1™ and pH was much greater
in the river zone than in the canal zone, especially in the
sea zone. This may imply that seawater may enter the
study area through the main flow of the two rivers (the
Co Chien and Hau Rivers, Fig. 1). These suggest that
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Ta B River zone
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Fig. 5 Water quality parameters for factor 3 as affected by the
sea zone and river zone. Within each panel, bars attached with
the same letter are not significantly different from each other

seawater intrusion is typically important in determining
the quality of the surface water in the study area.

Two parameters, BODs, and total oil and grease
having high loading values with factor 3 (Table 2)
could be influenced by pollution sources of domestic
wastewater and/or industrial production. Domestic
wastewater may contain a great quantity of bio-avail-
able organic carbon (reflected by BODs) and oil and
grease derived from bathrooms, kitchens, and toi-
lets. Consequently, water bodies receiving domestic
wastewater could be contaminated with high levels
of organic carbon, oils, and grease. Several previous
studies have attributed the main pollution sources
of the C-based parameter of surface water bodies to
municipal wastewater discharged from residential
areas (Simeonov et al., 2003; Vega et al., 1998).

0.6
(b) Oil and grease

@A River zone
XX3 Canal zone

a a Ta

0.0 - T T
Sea zone Inland zone

according to ANOVA and a Tukey’s HSD test (p <0.05). Error
bars indicate standard deviation

The concentration of BODs was consider-
ably higher in the canal zone than in the river zone
(Fig. 5a), indicating that the pollution source of
BODs could be derived from inside the study area,
which includes residential areas and the canal zone.
The BODj value was also greater in the sea zone than
in the inland zone (Fig. 5a), which could be explained
by several reasons. The first one could be related
to the transport of organic pollutants by river water
from the inland zone to the coastal zone, bringing the
pollutants to the sea zone. This reason can also be
responsible for a similar trend in the spatial variation
of COD (its concentration is lower in the inland zone
than in the sea zone) as shown in Fig. 3d. The second
one could be associated with a process of self-purifi-
cation (Gonzélez et al., 2014), which may occur more

Table 3 Percentage of individual latent factors from PCA/FA in explaining the total variance of WQI of the study area. Prob <0.05

indicates the effect of the considered factor is significant

Latent factor Sum of Squares Contribution (%) Prob>F Influenced parameters Pollution sources
Factor 1 1.77 68.3 <0.0001 TIN, COD, P, DO Agriculture production
Factor 2 0.33 12.8 <0.0001 CI7, pH, log(coliform) Seawater intrusion
Factor 3 0.18 7.0 <0.0001 BOD:;, Oil and grease Residential activities
Factor 4 0.07 2.7 <0.0001 TSS Various sources

Error 0.24 9.2

Total variance 2.59 100.0
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weakly in the sea zone due to strong salinity than in
the inland zone. The concentration of total oil and
grease was distributed relatively equally over the four
study zones (Fig. 5b). The real causes are still unclear
but they could be more likely involved in its physico-
chemical properties. Oil and grease are surface-float-
ing organic compounds and are relatively stable in the
environment. Consequently, they can quickly spread
over the surface of water bodies, if there is one con-
tamination point, leading to a statistically similar con-
centration of the materials over the study area.

TSS is the total suspended solids, which could
originate from various sources such as wastewater
from residential activities, agricultural production,
aquaculture, and freight transport on rivers. Domes-
tic wastewater contains a high quantity of suspended
solids and sediments, polluting surface water (Huang
et al., 2010). Food residues, manure, and metabolic
waste from aquaculture activities can also contami-
nate surface water with high concentrations of sus-
pended solids (Coldebella et al., 2017; Dauda et al.,
2019). In addition, the operation of boats on the river
often causes turbidity in the surface water of the
water bodies, such as rivers. Therefore, specific pol-
lution sources of TSS are still unclear and may need
more study. The TSS concentration was still higher in
the sea zone than in the inland zone (Fig. 4d), which
could be explained by a process of pollutant transport
by river water, similar to those responsible for the
spatial variation of BOD5 and COD.

In brief, three major pollution sources potentially
exist to deteriorate the quality of the surface water
system in the study area. Agricultural production is
the main economic sector of Tra Vinh province, and
consequently, agricultural production may be the pri-
mary cause of surface water pollution in the province,
accounting for around 68% of the total variance of
the WQI (Table 3). Because the current study area
is based on a coastal area, directly connected to the
sea, the second important pollution source degrading
the surface water quality of the area could be derived
from seawater intrusion, accounting for around 12.8%
of the total variance of the WQI. The third one could
originate from residential activities and/or industrial
production, which may account for a smaller percent-
age of around 7%. Furthermore, other mixed uncer-
tain pollution sources might contribute to the degra-
dation of the quality of surface water in the current
study.

In terms of spatial variation, water samples col-
lected from the river zone had a higher WQI than
those collected from the canal zone (Fig. 2a). The
reason could be related to the spatial distribution of
the two zones, which may receive different pollutant
discharge from different pollution sources. The canal
zone is situated inside the study area, where agricul-
tural production, such as paddy rice cultivation and
fisheries, is carried out annually. Agricultural produc-
tion is identified as a primary pollution source for the
surface water system in the current study (Table 3).
On the other hand, the WQI had a general tendency
of decreasing from inland to coastal areas (Fig. 2a).
The decreasing tendency could be explained by three
reasons. The first one could be related to seawater
intrusion, which may have a greater influence on the
sea zone than the inland zone. The seawater intru-
sion is also identified as the second most important
pollution source deteriorating the quality of surface
water in the current study. The second one could be
connected to the hydrological flow of fresh water
from the upper reaches of the Mekong River through
Hau and Co Chien Rivers (Fig. 1), which may carry
relatively high-quality fresh water to the study area.
Consequently, WQI was much better in the river zone
than in the canal zone, as seen in Fig. 2a. The last one
could be involved in the transport of pollutants from
the upper areas (inland zone) to the lower areas (sea
zone), degrading the water quality in the coastal area.
The trend of decreasing WQI from the upper zone to
the lower zone has also been found in many other riv-
ers such as the Saigon River (Nguyen et al., 2011) and
Cau River (Son et al., 2020), Vietnam; Beheshtabad
River (Fathi et al., 2018), and Talar River (Darvishi
et al., 2016), Iran, and Suceava River (Briciu et al.,
2020), Romania.

In terms of temporal variation, the WQI of surface
water was greater in the dry season than in the rainy
season (Fig. 2b). This disparity might be attributed
to runoff and high water levels during the rainy sea-
son, which washes contaminants from agricultural
land into water bodies (Maprasit et al., 2018; Ofosu
et al., 2021; Xiao et al., 2020). Agricultural produc-
tion was demonstrated to be the primary cause of
pollution in the study area, reflected through factor 1
of the PCA/FA (Tables 2 and 3). On the other hand,
because the study area is located downstream of the
Mekong River, additional pollutants could be carried
from upstream and nearby areas to accumulate in the
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study area during the rainy season. The transport of
pollutants from the upstream or adjacent area of a
river to downstream areas identified as the main cause
of poor water quality has been discovered and stud-
ied in many river basins (Babi¢ et al., 2019; Darvishi
et al., 2016; Fathi et al., 2018; Nguyen et al., 2011;
Son et al., 2020). The change in WQI over the last
five years was not significant (Fig. 2a), implying
that pollutant discharge from their sources may vary
slightly over a period from 2016 to 2020. Nonethe-
less, with rapid and strong economic and industrial
development recently in the study area as well as cli-
mate change, the surface water system in the study
area may become more degraded due to increased
pollutant discharge from agricultural production,
particularly industrial activities, as well as seawa-
ter intrusion. More research is needed, and subse-
quent management strategies should be prepared and
implemented for a better environment and sustainable
development.

Conclusion

Surface water quality in Tra Vinh province tends to
decrease from inland to coastal areas, is better in the
river zone than in the canal zone, and is higher in the
dry season than in the rainy season. Surface water
quality can be influenced by 4 primary pollution
sources, of which the most important source could be
involved in agricultural activities in the area; the sec-
ond source could be linked to the saline intrusion into
rivers and canals; the third source could be derived
from residential activities, and the fourth source is
a mix of various factors. The transport of pollutants
from upstream to downstream of the Mekong River,
as well as from inland to coastal areas, and seawater
instruction from the coastal areas could be the natu-
ral processes primarily responsible for decreasing
surface water quality from inland to coastal areas.
Erosion and pollutant leaching from the cultivation
land into water bodies might be the main causes of
the decline in water quality during the rainy season
compared to the dry season. In the upcoming time,
it is vital to have some feasible methods and policies
to manage, regulate, and treat the primary pollution
sources for a healthier environment and consequent
sustainable development of Tra Vinh province.
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