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Abstract: Temporal and spatial water quality data are essential to evaluate human health risks.
Understanding the interlinking variations between water quality and socio-economic development
is the key for integrated pollution management. In this study, we applied several multivariate
approaches, including trend analysis, cluster analysis, and principal component analysis, to a 15-year
dataset of water quality monitoring (1999 to 2013) in the Thi Vai estuary, Southern Vietham. We
discovered a rapid improvement for most of the considered water quality parameters (e.g., DO, NHy,
and BOD) by step trend analysis, after the pollution abatement in 2008. Nevertheless, the nitrate
concentration increased significantly at the upper and middle parts and decreased at the lower part of
the estuary. Principal component (PC) analysis indicates that nowadays the water quality of the Thi
Vai is influenced by point and diffuse pollution. The first PC represents soil erosion and stormwater
loads in the catchment (TSS, POy, and Fey,1); the second PC (DO, NO,, and NO3) determines the
influence of DO on nitrification and denitrification; and the third PC (pH and NHy) determines point
source pollution and dilution by seawater. Therefore, this study demonstrated the need for stricter
pollution abatement strategies to restore and to manage the water quality of the Thi Vai Estuary.

Keywords: cluster analysis (CA); long-term monitoring; nutrient pollution; principal component
analysis (PCA); water quality assessment

1. Introduction

Population growth and economic development are often associated with contamina-
tion risks that often exceed the environment’s self-purification potential [1,2]. The aquatic
ecosystems are often subject to combined impacts of multiple polluting stressors, including
nutrients, pathogens, plastics, and other xenobiotic chemicals such as antibiotics, heavy
metals, and pesticides [3]. Anthropogenic activities are responsible for river pollution in
most countries [4,5]. For example, the potash industry was the primary anthropogenic
source of salts in rivers in Germany, with the dominant ions being C1~, PO43~, Na*, Mg2+,
and SO,42~ [6,7]; pesticide residues and nutrients runoff from agriculture activities to sur-
face water also threaten freshwater biodiversity in the European Union [8,9]; pesticides
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and other chemicals also enter into rivers from a point source, e.g., wastewater treatment
plants [10-12].

Pollution in rivers and water bodies may result in biodiversity loss and degradation
of aquatic ecosystem functions. Nitrogen (N) and phosphorus (P) are directly related to
eutrophication and harmful algal blooms [13], one of the major factors altering the ecosys-
tem’s health. The aquatic organisms, including invertebrates communities, can also be
significantly affected by rising salinity [14,15]. Moreover, insecticides (e.g., neonicotinoids,
pyrethroid, and fipronil) have a devastating impact on aquatic insects and crustaceans due
to their acute and chronic toxicity [16-18], leading to disturbed freshwater ecosystems [19].
Besides, river pollution has been one of the leading causes of various severe health prob-
lems in humans. In 2000, water sanitation and hygiene-associated diseases (diarrheas,
schistosomiasis, trachoma, and intestinal helminth infections) killed more than 2,200,000
people [20]. Approximately 65 million people in the West Bengal suffer from fluorosis,
a crippling disease caused by high amounts of fluoride, whereas 5 million were estimated
to be affected by arsenicosis due to high arsenic concentrations [21].

Surface water pollution is also one of the primary environmental concerns in Viet-
nam, particularly in the Southeast of Vietnam, recognized as one of the vital regions for
industrial and agricultural development [22]. Although there are numerous efforts from
the government in developing legislative documents such as the Law of Environmen-
tal Protection and the Law of Water Resources, successful stories are still very limited,
and in some areas the problems has even worsened [23]. Limited investment in water
treatment facilities (e.g., domestic wastewater) or water quality monitoring are typical
reasons, apart from governance-related issues [23,24]. For example, in terms of surface
water quality monitoring, it is highly recommended by the Ministry of Natural Resources
and Environment to have quite a range of monitored parameters (physical parameters,
nutrients, metals, and pesticides) and a certain monitoring frequency (from automatic to
monthly or quarterly). Nevertheless, the extent of the surface water quality monitoring
program of different provinces or cities is highly dependent on budget availability [25].

The Thi Vai River located in this region was heavily contaminated by the discharge
of a large volume of untreated industrial wastewater [26-28]. Illegal discharge of wastew-
ater from manufacturing activities, especially the Vedan factory (a Taiwanese producer
of monosodium glutamate), was determined as one of the major sources responsible for
the poor water quality in the Thi Vai River. The Vedan factory was responsible for ap-
proximately 80-90% of the pollutant loads [29]. In 2008, the Vedan factory was forced
to stop its operation. Moreover, the construction and extension of wastewater treatment
plants at other industrial zones have further improved the water quality of the Thi Vai
River [22]. However, the estuary is still considered as polluted and does not meet national
water quality standards. This observation demonstrates the need to further evaluate the
interlinks between water quality and socio-economic development in the watershed.

There are quite a number of approaches, which have been developed by studies to
analyze and improve water quality, especially in data-driven perspectives. Multivariate
statistical analysis was applied to identify potential sources of pollutants entering surface
water [30-33], whereas others applied two statistical models to predict the combined
effect of land use and climate change on river and stream chemistry [34]. Deterministic
mathematic modeling is also another effort in water quality management at both the river
and catchment scale [35—40]. Besides, numerous real-time monitoring systems have been
designed based on in situ sensors to control the water quality 24 h per day, such as nutrient
fluxes estimation, ecological assessment of rivers, or detection of domestic wastewater
impacts [41-45].

Therefore, this study aims to assess the short- and long-term changes in water quality
and the major drivers causing water quality deterioration in the Thi Vai River before and
after the Vedan scandal. Since the primary pollution source and the period when the
pollution was stopped were well known, a step trend analysis was applied to investigate
spatial and temporal changes in water quality parameters over 15 years of socio-economic
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development history and water quality monitoring data [46]. Multivariate statistical
methods (cluster analysis and principal component analysis) were applied to investigate
the spatial and seasonal (dry and rainy season) variations of water quality parameters and
identify their main drivers. Besides, we also suggest abatement solutions to improve the
water quality.

2. Materials and Methods
2.1. Study Area

The Thi Vai estuary and its tributaries are located in Dong Nai, Ba Ria-Vung Tau, and
Ho-Chi-Minh City in Southern Vietnam. The river catchment size is 625 km?2, with the
lower part influenced by a semi-diurnal tidal regime. Seawater can intrude up to 32 km
from the river mouth. The main tributaries are the Bung Mon, Suoi Ca, and Cau Vac River
(Figure 1). The region is subject to a tropical monsoon climate, with a distinct rainy season
from May to November and a dry season from December to April. The mean annual
rainfall is 1800 mm, of which 80% falls in the rainy season.

Besides a high density of industrial parks (10% of the catchment area) along the Thi Vai
River, the catchment also hosts intense agricultural activities, especially rubber plantations
(42% of the catchment area) and aquaculture in the downstream areas [22]. Other important
crops and land use types in the catchment are rice (5%), annual plants (6.7%), mangrove
forest (7%), and country housing areas (10%). Acidic soil types, such as acrisols, dominate
the catchment (e.g., arenic acrisol 23.4%, ferric acrisol 9.4%, gleyic acrisol 8.3%, and plintic
acrisol 8.1%). Other important soil types are rhodic ferals (14.7%) and thionic fluvisols
(10.9%) [22,26,27,47].
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Figure 1. Location of the sampling sites along the Thi Vai estuary and key industrial zones (dark red circles). Water quality
data from each sampling site were used to calculate the water quality index (WQI, [48]).
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2.2. Data Collection

Water quality data, including ammonia (NHy), nitrite (NO,), nitrate (NOs3), biological
oxygen demand (BODs), dissolved oxygen (DO), orthophosphate (PO,3~), and total iron
(Feota1) were investigated for (i) a long-term and (ii) a short-term trend. Concentrations of
N and P species were determined as weight concentrations based on N and P (i.e., NH4-N,
NO,-N, NO3-N, and POy4-P). Hereafter, their concentrations will be referred to as NHy,
NO;, NOj3, and POy. The locations of the 11 considered monitoring sites are presented in
Figure 1. We investigated the upper (stations TV1 to TV3), middle (TV4 to TV6), and lower
(TV7 to TV9) parts of the estuary. The other stations (BM, SC, and CV) were installed on
the main tributaries of the Thi Vai estuary [47].

To assess the historical variations of water quality within the study region, we ob-
tained a long-term and quarterly dataset from the Department Of Natural Resources and
Environment (DONRE) of Dong Nai province. The data were available at four stations:
TV2 (Long Tho), TV4 (Go Dau), TV8 (Phu My), and TV9 (Phao 13) (Figure 1) from 1999 to
2013. The DONRE also provided estimated BOD5 and total nitrogen (TN) loads in 2006,
2008, and 2009 from several industrial point sources along the estuary in their monitoring
program (dark red circles in Figure 1). We compiled this dataset here (Table 1) to support
the interpretation of our results.

Table 1. Estimated BODs and total nitrogen (TN) loads from industrial point sources along the Thi
Vai estuary before 2008 (2006 and 2008) and 2009. Data are compiled from the monitoring program of
the IER and DONRE Dong Nai.

BOD; (kg d—1) TN (kg d—1)
Before 2008 2009 Before 2008 2009
Go Dau 205 41 45 5
Vedan 75,862 102 15,745 25
NhonTrach 1 132 217 147 37
NhonTrach 2 2400 131 115 21
NhonTrach
3—Tin Nghia 960 47 113 5
NhonTrach 266 106 369 2
3—Formosa
NhonTrach 5 38 101 17 84
Det may
NhonTrach 42 72 3 17
My Xuan A 4068 159 707 5
My Xuan A2 130 106 59 23
My Xuan Bl 2 2 1 1
Phu My I 672 80 2284 35
Phu My II - 193 - 47
CaiMep 22 22 14 6
Total 84,799 1379 19,619 313

To evaluate short-term variations of water quality, we also collected high temporal
resolution data in the Thi Vai estuary and its main tributaries. Samples were collected from
March 2013 to January 2014 in the project EWATEC-COAST. We installed six monitoring
stations in total: three in the Thi Vai Estuary including TV2 (Long Tho), TV5 (Vedan), and
TV8 (Phu My) and three in the main tributaries (Bung Mon (BM), Suoi Ca (SC), and Cau Vac
(CV)) (Figure 1). Stations TV2 (Long Tho) and TV8 (Phu My) are similar to the monitoring
sites considered by the DONRE. Water samples (grab sampling) were collected weekly for
the analysis of river water quality. Physical-chemical parameters, including temperature,
pH, electric conductivity (EC), turbidity, and DO were directly measured in the field using a
multiparameter probe (V2 6600, YSI). Other parameters (NHy, NO,, NO3, POy, and Feyqq1)
were quantified spectrometrically (NOVA 60, Merck) not later than 24 h after sampling. The
total suspended solids (TSS) were analyzed gravimetrically [49]. In addition, data provided
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by the local Department of Nature and Resources at five monitoring stations (TV1, TV3,
TV4, TV6, and TV7) were also used for short-term analysis.

2.3. Data Analysis

Box and whisker plots were used to visualize temporal and spatial variations of water
quality parameters. We calculated the Water Quality Index (WQI) defined by the Canadian
Council of Ministers of the Environment [48] to classify the overall water quality. The Cana-
dian WQI is applied worldwide as one of its main strengths is that site-specific objectives,
rather than universal guidelines, are used in the calculation process. Furthermore, the
Canadian WQI is not affected by the weight of a single water quality parameter, which is
the case with other WQI calculations [50]. The Canadian WQI quantifies the number of
parameters that exceed a reference value (scope), the number of records in a dataset that
exceed a reference value (frequency), and the extent to which the reference value is not
met (amplitude). The WQI is normalized between 0 and 100; sites with excellent water
quality score toward 100, whereas sites with poor water quality have their scores close
to zero [48]. Our data were compared to the Viethamese water quality standards [51], as
shown in Table 2, using the standard A2 as a reference value for residential use with proper
treatment, preservation of aquatic plants, or other purposes.

Table 2. Summary of the median and percentiles of the water quality parameters monitored at the sampling stations at
the Thi Vai estuary (TV2 Long Tho, TV4 Go Dau, TV8 Phu My, and TV9 Phao 13) (long-term dataset (i)). N = number of
samples (N1 1999-2008; N2 2009-2013). All units are in mg L.

1999-2008 2009-2013
Station Percentile DO BODs NH; NO, NO; DO BODs NH; NO, NO;
Long Tho (TV2) 5 1.0 2.2 1.46 0.004 0.05 3.0 3.0 0.03 0.004 0.02
N1 =62 25 2.1 5.0 1.93 0.011 0.10 4.1 4.0 0.05 0.054 0.13
N2 =174 Median 29 6.6 3.31 0.020 0.24 4.6 5.0 0.09 0.170 0.25
75 4.3 10.0 4.47 0.030 0.43 5.3 7.5 0.20 0.248 0.44
95 5.5 20.9 7.51 0.199 2.16 6.8 9.0 0.34 0.310 0.58
Go Dau (TV4) 5 0.4 3.0 2.35 0.002 0.05 3.3 3.0 0.03 0.036 0.06
N1 =62 25 1.1 53 3.28 0.005 0.05 4.0 4.0 0.06 0.110 0.13
N2 =174 Median 2.2 7.1 4.46 0.010 0.12 4.5 5.0 0.07 0.190 0.22
75 2.6 10.2 5.94 0.016 0.24 5.0 7.0 0.11 0.250 0.40
95 4.2 15.0 7.75 0.110 2.73 5.9 9.0 0.24 0.320 0.52
Phu My (TV8) 5 2.0 2.2 0.40 0.010 0.05 4.2 3.0 0.03 0.019 0.02
N1 =64 25 3.0 3.7 0.98 0.050 0.15 5.0 5.0 0.05 0.044 0.12
N2 =144 Median 3.7 6.0 1.82 0.215 0.36 5.5 6.0 0.06 0.079 0.20
75 4.7 8.9 2.82 0.300 0.72 5.8 7.0 0.08 0.143 0.27
95 5.7 129 5.13 0.399 2.44 6.3 9.0 0.17 0.200 0.44
Phao 13 (TV9) 5 29 2.2 0.11 0.011 0.09 4.3 3.0 0.01 0.012 0.02
N1=>54 25 3.8 3.3 0.34 0.050 0.31 5.0 5.0 0.03 0.026 0.11
N2 =144 Median 5.2 5.0 0.73 0.140 0.42 5.4 6.0 0.05 0.050 0.18
75 5.7 7.0 1.57 0.190 0.48 59 7.0 0.07 0.080 0.24
95 6.1 9.6 7.65 0.295 1.32 6.5 9.8 0.10 0.120 0.40
Al >6 4 0.1 0.01 2
Vietnamese Water A2 >5 6 0.2 0.02 5
Quality Standards B1 >4 15 0.5 0.04 10
B2 >2 25 1 0.05 15

Note: Al: For residential use and other purposes; A2: For residential use with proper treatment, preservation of aquatic plants, or other
purposes; B1: For irrigation or other purposes requiring a similar quality of water; B2: For water transport and other purposes requiring
low quality (MONRE (2008) [51]).

Only the parameters pH, DO, TSS, NH4, NO,, NOs, POy, and Fey, were considered
in multivariate analyses (cluster analysis and principal component analysis, CA and PCA,
respectively) of the river water quality. Water temperature was not included in the analysis
as it remained spatially and temporally constant in the catchment because of the tropical
climate. Besides, salinity and electrical conductivity were also not considered in this
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Figure 2. Long-term variations and step trend analysis of dissolved oxygen at the stations (a) Long Tho, (b) Go Dau (Vedan),
(c) Phu My, (d) Phao13. The dashed lines show the averages of the two assessed periods (1999-2008 and 2009-2013) while
the full line demarks the Vietnamese Water Quality Standard A2 [51]. AY is the magnitude of the step trend together with
the upper and lower bounds of the 95% confidence interval. The asterisk identifies a significant difference between the two
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analysis because these two parameters showed strong natural spatial patterns in the

catchment, which would influence the CA and PCA results.

2.3.1. Trend Analysis

The main focus of this study lies in the spatial and temporal changes of water quality
parameters before and after the Vedan scandal in 2008 [52]. Therefore, step trend analysis
was applied to identify changes in water quality patterns. The nonparametric rank-sum
test (Mann-Whitney U test) and associated Hodges-Lehmann estimator were used to
analyze the magnitude of the step-trend [46,53]. The Mann-Whitney U test determined a
significant difference between the two periods (a = 0.05), identified in each figure by an
asterisk (Figures 2-6). We used the Hodges-Lehmann estimator of step trend to determine
the magnitude of the step (AY). This was specified in each figure together with the 95%
confidence interval. The step trend analysis was applied to the long-term dataset.
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Figure 3. Long-term variations and step trend analysis of BODj at the stations (a) Long Tho, (b) Go Dau (Vedan), (c¢) Phu
My, (d) Phao13.. The dashed lines show the averages of the two assessed periods (1999-2008 and 2009-2013) while the
full line demarks the Vietnamese Water Quality Standard A2 [51]. AY is the magnitude of the step trend together with the
upper and lower bounds of the 95% confidence interval. The asterisk identifies a significant difference between the two
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Figure 5. Long-term variations and step trend analysis of NO; at the stations (a) Long Tho, (b) Go Dau (Vedan), (c) Phu My,
(d) Phaol3.. The dashed lines show the averages of the two assessed periods (1999-2008 and 2009-2013) while the full line
demarks the Vietnamese Water Quality Standard A2 [51]. AY is the magnitude of the step trend together with the upper and
lower bounds of the 95% confidence interval. The asterisk identifies a significant difference between the two time periods

(b)

@

(x=10.05)
(a) Long Tho Go Dau (Vedan)
4 A¥=0.00(0.07/-0.05) AY*=0.08 (0.12/0.04)
i 10
—_— 3. ' 4
Qo 1
£ 5|
=z 2]
ol H Q
Z T s T
b AU P 1 |
-5t
(c) Phu My Phao 13
TAY=-0-16(-0:097-0:25) AY =-0.23 (-0.18/-0.27)
s {1.5¢1
o0
2t |
=Z 2L 1
o | 057 oo | LB L] . ot
@) Q o< B + H '@3 T E;J
...... B O SN 2= . T = = I SO0 S = T T = =
=Y it B & @ B-dr-d-b-broor | ol- = T EIB EI? |
DO ANNTVONDDO ~ N M DO Tr ANDMTWONDDO ~ AN M
loRoReReReNoleReRole o Rl NS00 O0DD - v —
loReReReBeReReReReReReReReR=RK=! loRsReBeReBeReReBeReBeRReR=R=|
AN AN AN AN AN AN ANANANANANANANA ~ N AN AN AN AN AN ANANANANANANANAN

Figure 6. Long-term variations and step trend analysis of NOj at the stations (a) Long Tho, (b) Go Dau (Vedan), (c) Phu My,
(d) Phaol3.. The dashed lines show the averages of the two assessed periods (1999-2008 and 2009-2013) while the full line
demarks the Vietnamese Water Quality Standard A2 [51]. AY is the magnitude of the step trend together with the upper and
lower bounds of the 95% confidence interval. The asterisk identifies a significant difference between the two time periods

(o = 0.05)
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2.3.2. Cluster Analysis

Cluster analysis is an approach to group objects (cases) into classes (clusters) based on
similarities within a class and dissimilarities between different classes [54]. In this study;,
the derived clusters were profiled in terms of the monitoring sites to identify their similarity.
This is expressed by the Euclidean distance, which describes the difference between the
environmental factors of the monitoring sites [54,55]. The Ward method, considered the
most suitable method for quantitative variables, was used to determine the similarity
between observations. The variance of each variable was standardized with the Z-scale
transformation to avoid misclassification due to wide variances in data dimensionality on
Euclidean distances [54-56]. CA was used to examine the short-term data -set.

2.3.3. Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical approach to reduce the
number of dimensions and complexity in a dataset [57]. The method helps to identify the
most important water quality parameters and investigate the possible sources of different
pollutants [30]. In addition, the PCA was applied to clarify the temporal (seasonal) differ-
ence of the water quality parameters. Before applying PCA, the data were standardized for
the entire period as well as for each season. Then Kaiser-Meyer-Olkin (KMO) and Bartlett’s
tests were performed to examine the suitability of the datasets for PCA [57]. Principal
components (PCs) were computed from covariance or other cross-product matrixes, which
describe the dispersion of the measured parameters to obtain eigenvalues and eigenvectors.
Only the components exhibiting an eigenvalue greater than 1 were retained [57]. After
extracting the most important components, the PCA solution was rotated using VARIMAX
rotation to facilitate the interpretation of the principal components. All calculations and
graphics were performed in MATLAB 8.1 (R2013a) [58]. PCA was used to examine the
short-term dataset.

3. Results and Discussion
3.1. Quarterly and Long-Term (1999-2013) Evolution of Water Quality

A significant event that marked the history of the Thi Vai watershed’s socio-economic
development was the revelation of illegal untreated wastewater discharge from the Vedan
factory into the river in 2008. Based on monitoring data compiled by the Institute for Envi-
ronment and Resources (IER) and DONRE Dong Nai in 2006, 2008 and 2009 (Table 1), the
estuary received approximately 84,800 and 19,600 kg day ! of BOD5 and TN, respectively,
before 2008; the Vedan factory was responsible for approximately 80-90% of the pollutant
loads (Table 1). As a consequence of removing this point source, the pollutant loads into
the estuary were massively reduced by 98% in 2009 (Table 1). To reveal the temporal and
spatial variations in water quality within the Thi Vai estuary, we plotted the concentrations
of DO, BODs5, NHy, NO;, and NOj (Figures 2-6, respectively) over time (1999-2013) at
four stations: Long Tho (TV2), Go Dau (TV4), Phu My (TV8), and Phao 13 (TV9) (Figure 1).
As 2008 marked a sharp breakpoint in the water quality data for most of the investigated
water quality parameters (e.g., Figure 2 for DO), we subdivided the whole dataset into two
periods (1999-2008 and 2009-2013). We also calculated the median and relevant percentiles
for each water quality parameter and sampling station (Table 2).

3.1.1. Period before the Vedan Scandal (1999-2008)

Data before 2008 allowed an assessment of the variations in water quality associated
with a long-term and recurring pollution period. Untreated wastewater discharge from
manufacturing factories directly to the Thi Vai River through illegal pipes was responsible
for the input of these pollutants into the water [26]. According to the national news
reporting on the legal investigation [59], approximately 35,000 to 45,000 m3 per day of
untreated effluents were directly discharged into the Thi Vai River by the Vedan factory
for over 15 years. Besides, other factories, such as Phuoc Long (textile), Cofidec (seafood
processing), and Mai Tan (paper), discharged ca. 1500, 90, and 300 m?, respectively, of
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untreated wastewater per day into the river [59]. Consequently, the median concentrations
of most water quality parameters exceeded the A2 VNWQS across the estuary (Table 1).

The worst conditions prevailed at Long Tho (TV2) and Go Dau (TV4), the two stations
located in the upper and middle part of the estuary (Figure 1). These locations were
characterized by depleted DO concentrations (Figure 2) and elevated BODs5 and NHy
(Figures 3 and 4). Go Dau station, located near the Vedan factory, showed the lowest
median DO concentrations but highest median NH, concentrations. At all stations, 89 to
99% of NH, concentrations were higher than the threshold value (A2 VNWQS) of 0.2 mg
L~L. Their median concentrations exceeded the standard by 16, 22,9, and 7 times at Long
Tho, Go Dau, Phu My, and Phao 13, respectively.

Median concentrations of NO, were slightly elevated at Long Tho and Go Dau station
(Figure 5). A substantial increase in NO; concentrations was observed at the stations
located at the lower parts of the estuary. At the station Phu My and Phao 13, 84 and 87%
of the measured NO, concentrations were higher than the threshold value. The highest
median concentration of NO, was found at the station Phu My, exceeding the threshold
concentration by 11 times.

In contrast to NH4, NO3 concentrations remained low (Figure 6). The median and
95th percentile of NO3 concentrations were below the threshold value of 5 mg L~! at all
stations. This observation can be attributed to ammonium oxidation inhibition due to the
very low DO (Figure 2). According to Baisan [60], oxygen concentrations below 0.5 mg/L
in stream waters significantly decrease nitrifying bacteria growth. Wheaton et al. [61] also
suggested 2 mg/L as the minimum oxygen level to maintain nitrification in aquaculture.
At Go Dau station, 98% of the DO measurements were below 5 mg L1 and 48% were
below 2 mg L™}, while at Long Tho station, 92% of the DO measurements were below
5mg L~! and 21% were below 2 mg L~! (Figure 2). This suggests the effects of deficient
oxygen levels in the Thi Vai estuary on ammonium oxidation.

3.1.2. Recovery Period after the Vedan Scandal (2009-2013)

A clear improvement in the Thi Vai estuary’s water quality was observed between
2009 and 2013. The step trend analysis showed a significant increase in DO after 2008 at
all stations (Figure 2). The most significant change was observed at Go Dau, followed by
Long Tho and Phu My, with a relative AY of 114, 59, and 44%, respectively. The slightest
change was found at Phao 13 (AY = 10%). DO concentrations were only slightly below
the VNWQS of 5 mg L~! at Long Tho and Go Dau stations. The improvement in DO is
coherent with a decrease in BOD5 concentrations at the stations Long Tho (AY = —17%)
and Go Dau (AY = —28%), whereas no significant step trend was detected for the stations
Phy My and Phao 13 (Figure 3). BODs concentrations ranged from 5 to 6 mg L~! at all
stations; approximately 70% of the measurements were below the threshold of 6 mg L~1.

Relative to the 1993-2008 period, NH, concentrations were significantly reduced;
these remained below the threshold value of 0.2 mg L~ at all stations from 2009 to 2013
(Figure 4) with relative AY ranging from —98 to —91%. The highest NH4 concentrations
were found at the station Long Tho but with only 24% of the measurements above the
threshold. On the other hand, there was a significant increase in NO; concentrations at
Long Tho (AY = 580%) and Go Dau (AY = 1700%) station, whereas NO, concentrations
decreased at Phy My (AY = —56%) and Phao 13 (AY = —55%) (Figure 4). The strong
increase in NO, at the upper and middle parts of the Thi Vai estuary can be attributed to
the increase in DO concentrations at these parts of the estuary, favoring the ammonium
oxidation process. Finally, NO3 concentrations remained well below the VNWQS from
2009 to 2013. However, we observed a significant increase in NO3 concentration at Go Dau
(AY = 67%) but no significant variation at Long Tho (Figure 5). At Phu My and Phao 13,
nitrate concentrations decreased by —45 and —55%, respectively.

Overall, the decrease in point source emissions along the Thi Vai estuary after the
Vedan scandal resulted in a general improvement of the aquatic environment, including
decreased BODs and increased dissolved oxygen. This promoted the oxidation of NHy
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towards nitrite and consequently reduced N toxicity, as the most toxic N species (unionized
ammonia) are interrelated with NH,* through pH and water temperature [61]. However,
despite the improved water quality, nitrite concentrations remained above the guideline
values for all four stations (Figure 5), and thus became the species of most significant
environmental concern.

The overall positive trends for the inorganic nitrogen fractions indicated an increase
in nitrogen loads from point and/or diffuse sources into the Thi Vai estuary from 2009
to 2013, reflecting the rapid economic growth in the Thi Vai catchment. The increase in
industrial enterprises in the districts Long Thanh and Nhon Trach, bordering the Thi Vai
estuary, were responsible for point source pollution [62]. Besides, the growing population,
fertilizer application, the number of poultry and pigs, and aquaculture production resulted
in increased diffuse pollution in the catchment [62].

3.2. Temporal and Spatial Analysis—Short Term
3.2.1. Descriptive Statistics of Short-Term Water Parameters

The statistical analysis of water quality parameters for the short-term dataset (March
2013 to September 2014) is shown in detail in Table 3. The spatial and temporal (dry and
rainy season) variations in the water quality parameters are shown in Figure 7. Water
temperature averages ranged from 28 to 31 °C and showed only slight variations between
the sampling sites. Low EC values of the tributary sites (BM, SC, and CV) were typical of
freshwater sources, whereas the increasing trend of EC from stations TV1 to TV8 revealed
the mixing with seawater. In the dry season, EC was remarkably higher in the estuary
than in the rainy season, revealing brackish water in the estuary. We also observed a
significant correlation between EC and pH (Pearson’s r = 0.78, p < 0.05). This reflects the
natural dilution of seawater by freshwater from the tributaries [63]. Other parameters,
including pH, POy, NO,, and NO3 were below the levels of the Vietnamese water quality
standards. Averaged dissolved oxygen concentrations of the estuary stations (TV1 to TV6)
were below the threshold level (5 mg L~1) in both seasons, in contrast to marine stations
(TV7 and TV8). In general, the DO concentrations in the estuary were, on average, lower
in the dry season than the rainy season. We also observed a positive but not significant
correlation between DO and EC (Pearson’s r = 0.22, p = 0.59). Under environmental
conditions, increasing salinity often decreases DO concentrations, resulting in a negative
correlation [40]. This indicates that the DO balance of the Thi Vai estuary is still negatively
affected by anthropogenic processes. Finally, the tributary stations and the upper estuary
stations (TV1 and TV2) showed elevated TSS and Fe,,;, which was more noticeable during
the rainy season. This observation was coherent with an enhanced surface runoff associated
with abundant precipitation in the rainy season.
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Table 3. Summary of mean and standard deviation of water quality parameters monitored at the sampling sites at the Thi
Vai estuary and its catchment during 2013-2014 (short-term dataset).

Sampling Site T pH EC DO TSS NH, NO, NO; POy Feiotal
BM (Bung Mon)  29.8(12) 6.4 (0.) (8:8;) 63(14) 121 (298) (8:% (8:85) ((1):;1% (8:82) (é:gg)
SC(SuoiCa)  299(13) 73(02) (8:(1);) 63(09)  58(90) (83;) (8:82) (érgg) (8:8;) (é:gg)
CV(CauVac)  288(19) 69(0.7) (8:(1);’) 64(09) 90 (162) (8:52) (8:}(2)) (3:55);) (8:}(2)) (§j§§)
V1 306 (15) 7.0 (0.1) (}g:;) 52(10) 39 (83) (8.%) (8:(1;91) (8235) (8:82) (;:Zg)

TV2 (Long Tho) ~ 29.8(1.0) 7.0(05) 23.8(9.8) 43(14) 39 (38) (8.'23) (8:82) (8?8) (8:83) (ﬁg)
30.3 015 020 040 004 098

TV3 31.0(1.0) 7.1(0.1) 47(12)  13(7)

(12.9)
TV4 (GoDau) 308 (12) 7.2(0.14) 387(9.6) 4.6(0.9)  18(14)

0.09  (0.09  (0.18)  (0.04)  (0.62)
0.11 0.21 0.38 0.03 0.84
0.05)  (0.08)  (0.18)  (0.01)  (0.45)
0.10 0.20 0.19 0.03 0.54
(0.12) (007  (0.13)  (0.03)  (0.70)
0.09 0.21 0.36 0.03 0.74
0.04)  (0.09  (0.16)  (0.01)  (0.44)
0.08 0.15 0.35 0.03 091
0.03)  (0.08) (0.16)  (0.01)  (0.92)
0.07 0.09 0.19 0.03 0.61
0.08)  (0.05  (0.14)  (0.02)  (0.53)

TV5 (Vedan) 305(09) 7.0(05) 389(85) 46(l1)  32(26)
TV6 309 (1.1) 7.3(02) 418(72) 46(09)  17(12)
TV7 313(12) 7.5(0.2) 459(63) 54(0.7)  21(36)

TV8 (PhuMy)  31.0(L1) 7.2(05) 432(63) 5108  31(27)

VN-Standard A1 6-8.5 >6 20 0.1 0.01 2 0.1 05
VN-Standard A2 6-8.5 >5 30 0.2 0.02 5 0.2 1
VN-Standard B1 5-5.9 >4 50 05 0.04 10 03 15
VN-Standard B2 5-5.9 >2 100 1.0 0.05 15 05 2
Number of 743 523 509 502 522 555 556 555 556 581
samples

Note: Al: For residential use and other purposes; A2: For residential use with proper treatment, preservation of aquatic plants, or other
purposes; B1: For irrigation or other purposes requiring a similar quality of water; B2: For water transport and other purposes requiring
low quality (MONRE (2008)) [51]. Temperature T (°C), electrical conductivity (mS/cm), dissolved oxygen (DO), total suspended solids
(TSS), ammonia (NHy), nitrite (NO,), nitrate (NO3), orthophosphate (POy), and total iron (Feyot,y), all in mg/L.

3.2.2. Cluster Analysis of Short-Term Temporal and Spatial Variations in Water Quality

Hierarchical agglomerative cluster analysis was applied to the river water quality
dataset to identify spatial and temporal variations of water quality in the estuary and
its tributaries. The resulting dendrograms for the dry and the rainy season are shown
in Figure 8. For both seasons, CA classified the 11 sampling stations into two distinct
clusters at (Djjux/Dyax) % 100 < 60. It is also important to note that water temperature, EC,
and salinity were not considered in this analysis as they were either constant or primarily
driven by water mixing, as stated in Section 3.2.
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Figure 7. Spatial and temporal variations of nine water quality parameters measured from 2013 to 2014 in the Thi Vai
estuary and its catchment. Black and grey box plots refer to the dry (December to April) and rainy (May to November)
seasons, respectively (red crosses are outliers). Dashed lines denote the Vietnamese Water Quality Standard A2 (MONRE

2008) [51].
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Figure 8. Dendrograms showing clustering of sampling sites according to surface water quality characteristics of the Thi
Vai catchment during the (a) dry and (b) rainy season.
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A clear distinction between the tributaries and the estuary can be observed in the
dry season. This is related to the spatial variations of DO, NO3, and NO,. During the dry
season, the tributary stations had higher DO and NOj3 but lower NO; concentrations than
the estuary stations. In fact, cluster 1 comprised the three tributaries (Bung Mon, Suoi Ca,
and Cau Vac). The stations TV1 to TV, located along the estuary, were grouped in Cluster
2 according to their location in the estuary. The upper (TV1, TV3), middle (TV4-TV6)
and lower parts (TV7-TV8) were mainly clustered according to their spatial similarities
in DO and NO,. The middle part of the estuary, however, showed the lowest DO and
highest NO, concentrations. Moreover, station TV2 remained separate because of elevated
concentrations of pollutants associated with numerous industrial point sources close to
this site.

In the rainy season, stations TV1 and TV2 joined the tributary stations in Cluster 1
(Figure 8b). Cluster 1 showed high concentrations of TSS, POy, and Fey,). This observation
could be related to the increased freshwater discharge into the estuary’s upper part from
the catchment during the rainy season, leading to significantly higher terrigenous material
loads. The other stations in the estuary were grouped in Cluster 2. We observed a much
higher dissimilarity between the two clusters in the rainy season than the dry season. This
will be further discussed through principal component analysis in the following section.

3.2.3. Principal Component Analysis on Current Drivers of Pollution in the Thi Vai River

Principal component analysis was conducted to provide an in-depth assessment of the
dataset. To test whether this was an appropriate data treatment approach, we calculated
KMO values, which ranged from 0.57 to 0.62. This confirmed the applicability of this
multivariate approach [32]. The results of Bartlett’s test of sphericity also showed significant
relationships between the variables (p < 0.05). Accordingly, Table 4 below summarizes
loadings and eigenvalues of three principal components (PCs), as well as variance and
cumulative variance explained by each component.

Table 4. Loadings of the principal components for the entire period, the dry season (December to April), and rainy season

(May to November). Values greater than 0.5 are marked in bold.

Entire Period Dry Season Rainy Season
Parameters
PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
pH 0.038 —0.087 0.640 —0.409 0.318 —0.549 0.034 0.158 0.775
DO 0.099 0.819 0.167 0.828 0.018 —0.178 0.163 0.759 0.178
TSS 0.780 0.076 —0.239 0.050 0.801 0.079 0.688 0.150 —0.386
NHy 0.191 0.000 —0.719 —0.114 0.293 0.818 0.202 0.196 —0.543
NO, 0.032 —0.684 0.348 —0.577 —0.152 —0.098 0.060 —0.794 0.387
NO; 0.302 0.654 —0.107 0.823 0.029 0.255 0.434 0.515 0.028
POy 0.603 0.304 0.166 0.529 0.381 —0.130 0.737 0.123 0.169
Feyotal 0.867 0.034 —0.078 0.196 0.830 0.078 0.809 0.042 —0.200
Eigenvalue 1.86 1.67 1.18 2.20 1.69 111 1.93 1.58 1.30
Total
variance 23.3 20.9 14.7 27.5 21.1 13.8 24.1 19.7 16.2
[%]
Cumulative
variance 23.3 442 58.9 27.5 48.6 62.4 24.1 43.8 60.0
[%]

Overall, the three principal components described 58.9, 62.4, and 60.0% of the ob-
served variation in water quality over the entire period, the dry season, and rainy season,
respectively. The loadings represent the correlation between the PCs and original variables.
Liu et al. [31] classified the component loadings as “strong”, “moderate”, and “weak”,
corresponding to absolute loading values of > 0.75, 0.75 to 0.5, and 0.50 to 0.30, respectively.

A strong positive or negative loading of a parameter indicates it was highly involved in the
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corresponding PC [64]. Loadings of the PCs are presented with the normalized scores in

Figure 9.
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Figure 9. Biplots of PCA results showing the loadings and normalized scores of the three selected components for the Thi
Vai catchment for the (a,b) dry season (December to April) and (c,d) rainy season (May to November).

In the rainy season, the first principal component (PC1) explained approximately 24%
of the total variance, with strong positive loadings of TSS (0.69), POy (0.74), and Feyya)
(0.81). As indicated by their scores, the tributaries and upper part of the Thi Vai estuary
were associated with PC1 during the rainy season (Figure 9c). This confirms the results
of the cluster analysis. In the Thi Vai catchment area, the rainy season is associated with
nearly 80% of the annual rainfall [36]. Accordingly, this PC could represent soil erosion
processes by enhanced surface runoff in the catchment, which are especially important in
the rainy season [31,32]. This results in large amounts of eroded organic and inorganic
soil components, including TSS, POy, and total Fe. It is important to note that the soils
in the Thi Vai catchment predominantly consist of acrisols and ferrasols, known for their
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high iron contents [36]. The second principal component, accounting for approximately
20% of the total variance, was strongly related to DO (0.76), NO, (—0.79), and NOjs (0.52).
Therefore, this PC could be associated with the influence of dissolved oxygen on the N
cycle, as discussed previously (Section 3.1.2). This was further supported by the negative
correlation between DO and NO, (Figure 9a,c). It is also worth noting that the study area
hosts intensive agriculture activities, e.g., rubber and a small proportion of rice crop area
in the upper catchment, leading to high amounts of nutrients, which enter the estuary
through the tributaries via diffuse pollution [65]. These findings are in good agreement
with Le et al. [30], who also investigated a catchment area in South Vietnam using PCA
and CA. They also identified a PC related to erosion, associated with Fe, TSS, and POy,
and a PC associated with DO and NOj3 processes during the rainy season. Similar results
have also been found for estuaries in other tropical regions (e.g., Malaysia and India),
relating surface runoff to elevated Fe, TSS, and nutrient loads by applying PCA [63,66,67].
The third component had strong loadings on pH (0.78) and medium loadings on NHy
(—0.54) (Figure 9b,d). It is well known that marine water is more alkaline than the Thi Vai
tributaries due to the dominance of acid soils in the catchment [63,68]. Besides, tributary
water sites had lower NH, concentrations than the estuarine and marine stations because
of major N emission sources downstream (Table 1).

In the dry season, the first component was characterized by nutrient parameters with
positive loadings of DO (0.83), NO; (—0.58), NO3 (0.82), and POy (0.53). This observation
indicated that smaller water volumes associated with decreasing precipitation in the dry
season resulted in insignificant dilution effects on nutrients discharged from point sources,
e.g., wastewater from industrial facilities, aquacultures, or urban areas [69]. Besides, this
principal component described the influence of DO on the processes of nitrification and
denitrification, which determine the transformation of nitrite and nitrate [70]. High DO
and NOj concentrations were observed, whereas less NO, occurred in the tributaries. The
stations in the estuary showed lower DO and NO3 concentrations while NO, concentrations
were elevated, especially in the middle part, supporting the results of the CA. Parameters
such as soil erosion were explained in the second component, which described 21.1%
of the total variance. Similar to the rainy season, pH and NH,; were presented by the
third component.

3.2.4. Implications for Water Quality Management

Currently, the management strategy of the Thi Vai water quality focuses only on
industrial zones bordering the water shores. Clearly, untreated industrial and domestic
wastewater were responsible for the input of NO,, NO3, POy, and NHjy in the Thi Vai
estuary in the past. The worst conditions at the stations Long Tho and Go Dau (1999 to
2008) were associated with manufacturing factories directly discharging untreated indus-
trial effluent through illegal pipes [26]. Therefore, abating nutrient pollution should first
aim at enhancing the treatment of effluents from manufacturing factories. This could be
encouraged by incentives such as awarding grants for environmental management pro-
grams (inspection, supervision, and monitoring) and stricter regulation and environmental
liability through Environmental Damage and/or Hazardous Products Acts [71].

Human activities, such as construction, logging, mining, and other activities, increase
soil exposure and reduce vegetation coverage [72]. Besides, agricultural activities could
also contribute to the currently poor water quality, although it remains challenging to
quantify their contributions relative to the industrial emission [73]. The Thi Vai river was
also polluted by N compounds (especially NO, and NO3); the situation was shown to be
worsened in the rainy season [69]. Therefore, although industrial point sources’” emissions
could have been abated after the Vedan scandal in 2008, nutrient management practices
should be improved to minimize non-point sources (e.g., agriculture) [36]. To minimize the
emission of TSS, nutrients, and Fe caused by runoff, it is timely and important to establish
green corridors and infrastructure (e.g., stormwater retention ponds) along the river stream
to prevent terrestrial particles from entering the aquatic environment [48]. Green corridors
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(e.g., trees, shrubs, and grasses along the edges of fields) are especially important as they
contribute to abate the nutrient loads by absorbing or filtering out nutrients before reaching
the surrounding water bodies. Other strategies should also be considered to improve
soil health improvement and decrease erosion, runoff, and soil compaction to reduce the
frequency and amplitude of field tillage [74].

4. Conclusions

The analysis of trends, changes, and water quality patterns over 15 years in the Thi
Vai estuary and its main tributaries represented a novel approach to identify the effects of
anthropogenic activities on river water quality. After the environmental scandal of illegal
wastewater discharge of a major industrial factory in 2008, a general improvement was
observed for most of the water quality parameters. On the other hand, the multivariate
analysis results also pointed out non-point emission sources in this area. Especially, surface
runoff in the catchment and stormwater loads from impervious areas contribute to an
enhanced TSS and Fe delivery into the tributaries and the upper part of the estuary during
the rainy season.

Given that anthropogenic activities could intimately affect the environmental quality
of the surrounding ecosystem, this research demonstrated the need to combine long-term
environmental monitoring data, history of socio-economic development, and environmen-
tal regulation and enforcement strategy. The outcome is essential to evaluate the impacts
of anthropogenic stressors on the environment, determine the efficiency of environmental
policy in place, and guide future management strategies. In the Thi Vai estuary, adopt-
ing multiple approaches for assessing spatial-temporal water dynamics is imperative for
integrated water quality management. Environmental enforcement had an evident and
positive impact on abating illegal industrial discharge. However, several non-point sources
persist, and therefore, further approaches should be adapted to prevent contaminants from
reaching water bodies.
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