Science & Technology Development Journal - Science of The Earth & Environment 2025, 9(1):1086-1100

Open Access Full Text Article

Research Article

Evaluation of the surface water system using statistical method
(PCA, FA and ANOVA): a case study of Binh Thuan province,

Vietnam

Le Viet Thang”

Use your smartphone to scan this
QR code and download this article

Institute of Environmental Science,
Engineering, and Management,
Industrial University of Ho Chi Minh
City, Ho Chi Minh City, Vietnam

Correspondence

Le Viet Thang, Institute of Environmental
Science, Engineering, and Management,
Industrial University of Ho Chi Minh City,
Ho Chi Minh City, Vietnam

Email: levietthangmt@gmail.com

History

e Received: 18-12-2024

e Revised: 28-05-2025

o Accepted: 18-06-2025

e Published Online: 30-06-2025

DOI:
https://doi.org/10.32508/stdjsee.v9i1.800

| '.) Check for updates

Copyright

© VNUHCM Press. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution 4.0 International license.

° \.=
W\

VNUHCM PRESS

ABSTRACT

This study aimed to assess the spatial and temporal variations in surface water quality in Binh Thuan
Province and identify the underlying causes of pollution affecting regional water resources. The
comprehensive assessment was based on surface water monitoring data systematically collected
from 2016 to 2019, totaling 24 strategically positioned monitoring sites distributed across three
distinct areas: 12 sites in upstream domestic water supply areas, 4 sites in downstream domestic
water supply areas, and 8 sites in downstream non-domestic water supply areas. Water quality pa-
rameters were monitored quarterly throughout the study period, with sampling conducted twice
during the rainy season and twice during the dry season to capture seasonal fluctuations. A total
of 14 water quality parameters were collected at each monitoring event and rigorously compared
against national water quality standards established by the Ministry of Natural Resources and Envi-
ronment. The entire dataset was subjected to sophisticated statistical analysis employing multiple
analytical approaches, including Principal Component Analysis and Factor Analysis (PCA/FA), two-
way Analysis of Variance (ANOVA), and Water Quality Index (WQI) calculations. Statistical results
from PCA/FA successfully identified five principal factors that significantly influence surface wa-
ter quality conditions: domestic wastewater discharge, industrial activities, agricultural activities,
saltwater intrusion, and meteorological conditions, collectively accounting for 54.52% of the total
variance in the dataset. ANOVA analysis revealed that surface water quality in Binh Thuan Province
exhibited distinct spatial and temporal variations throughout the monitoring period. WQI calcula-
tions demonstrated that water quality systematically declined from upstream to downstream areas
and was consistently superior during the rainy season compared to the dry season. The compre-
hensive findings contribute significantly to elucidating the complex impacts and characteristics of
socio-economic development activities on surface water quality in Binh Thuan Province, thereby
providing valuable scientific evidence to assist provincial authorities in developing effective water
resource protection strategies to support sustainable socio-economic development objectives.
Key words: Binh Thuan, human impact, statistical analysis (ANOVA, PCA and FA), pollution sources,
surface water monitoring, water quality

INTRODUCTION

Surface water systems provide water for industrial,
agricultural, service, and domestic purposes while
also functioning as receptors and diluters of wastew-
ater!. This resource is also very important for an-
nual socio-economic development policy>®. Due to
the rising pressure from socio-economic development
and climate changes, both the quantity and quality
of water in rivers, lakes, and canals need to be pre-
served >,

Generally, water pollution arises from various an-

thropogenic and natural sources”.

Human pollu-
tion typically originates from industrial and agricul-
tural operations, domestic activities, and wastewa-
ter discharge®. Natural contamination include cli-

mate changes (precipitation, humidity, and evapo-

ration) and calamities (drought, floods, and land-
slides)”. Water resources located in coastal areas can
be especially impacted by both factors®. Wastewa-
ter from agricultural, industrial, and residential areas
has been identified as an important source of pollu-
tion that degrades surface water quality in many re-
gions >0, Wastewater flows generated from agricul-
ture, aquaculture, industry, and residential zones is a
major factor in declining water quality in the surface
water systems'!. Seasonal changes further influence
water quality through variations in hydrological con-
ditions.These indicate that surface water quality may
fluctuate spatially and temporally, which requires fur-
ther research. Furthermore, the major sources of sur-
face water pollution must be evaluated to develop ap-
propriate management strategies and effective treat-
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ment solutions 2. Statistical analysis methods such

as PCA, FA, and ANOVA have been widely used in
studies on surface water quality and in identifying
sources of pollution 13141521 These findings indi-
cate that multiple pollution sources may contribute to
the degradation of surface water quality, which need
to be analyzed and assessed for better management.
Binh Thuan is a coastal province in the South Central
Coast of Vietnam, with a geographical transition from
the south to the west (forming the country’s remain-
ing’S’ shape). The region experiences a prolonged dry
season, often lasting up to nine months of the year. Its
rivers are typically short with highly variable flow rate
in rainy season. During the rainy season, the flow rate
may be very high. Recently, the rapid socio-economic
development of Binh Thuan province has generated
a large amount of untreated wastewater discharged
into water sources, which degrades water quality.
Many human factors, such as industrial production,
aquaculture, agricultural production, residential ac-
tivities, and natural factors (water runoff and seawa-
ter intrusion) can pollute surface water sources in the
province??. Pollution distribution varies by location.
Regarding spatial distribution, downstream (coastal)
areas can be significantly affected by seawater intru-
sion and anthropogenic sources such as industrial,
agro-aquaculture, and residential activities. More-
over, midstream and upstream areas are affected by
several pollution sources, such as agricultural, aqua-
culture, and residential activities. Seasonal variations
further complicate pollution dynamics. Thus, this
study aims to investigate spatial and temporal vari-
ations in surface water quality and identify the pri-
mary sources of pollution in Binh Thuan Province.
The study hypothesizes that surface water quality in
the study area varies significantly based on spatial fac-
tors (the specific regions within the study area) and
temporal factors (seasons).

MATERIALS AND METHODS
Study area

This study was conducted in Binh Thua province, lo-
cated at 10°33’42” to 11°33’18” N and 107°23’41” to
108952°18” E. The province has a coastline of 192 km
and covers an area of approximately 7,812.8 km?. Its
population is estimated at 1.201.239 individuals (ac-
cording to official statistics as of April 1, 2019), and a
density of 153 people/km?. It consists of 10 adminis-
trative units (including 8 districts, 1 town, 1 provincial
city) and 127 communes, wards and towns >2.

The region features low to medium-height hills and
narrow coastal plains, with topography sloping from

northeast to southwest. Four main land types were
identified: medium-height mountains (31.65%), low
hills (40.7%), tidal flats (9.43%), and coastal sand
dunes (18.22%).
equatorial tropical monsoon climate zone that is char-

Binh Thuan is located in a sub-

acterized by abundant sunlight, strong winds, and no
distinct winter season. As one of the driest regions in
the country, these harsh conditions pose challenges
to daily life but also offer favorable potential for wind
power development. The climate in Binh Thuan can
be distinctly categorized into two seasons: the rainy
and dry season. The average annual temperature
ranges from 27-29°C, with total yearly sunshine hours
ranging from 2,900 to 3,000 hours. Total annually
rainfall is from 800 to 1,600mm, increasing in inten-
sity towards the south.The rainy season is from May to
October, while the dry season extends from Novem-
ber to April of the following year. However, it’s im-
portant to note that the rainy season is concentrated
primarily in August, September, and October. Con-
sequently, the dry season is often more prolonged.
Rivers in the region are short and seasonal. Their flow
varies significantly between the rainy and dry seasons,
necessitating the use of reservoirs for water manage-
ment. Therefore, the construction of irrigation sys-
tems, afforestation for soil coverage, and windbreaks
play a crucial role in the province’s development 2.
The surface water system in the province comprises
65 rivers and canals, with a total area of 5.000km?2. It
consists of the 7 main rivers, La Nga, Long Song, Luy,
Cai Phan Thiet, Ca Ty, Phan and Dinh. Five rivers
discharge into the sea, primarily at Phan Thiet Estu-
ary, Phan Ri Estuary, and La Gi Estuary. This study
area’s total annual water volume is approximately
2.393 million cubic meters. This water is extracted,
utilized, and transferred between this basin through
the presence of 48 large, medium, and small reser-
voirs. The three most significant reservoirs are Song
Quao Reservoir in Ham Thuan Bac district (V;,=80
million m?®), Ca Giay Reservoir in Bac Binh district
(V},=37 million m?), and Long Song Reservoir in Tuy
Phong district (V=37 million m3)22.

In general, the surface water system in Binh Thuan
province is influenced by natural factors (such as to-
pographical slope, savanna climate, water evapora-
tion, precipitation, erosion, and saltwater intrusion),
and human factors (economic, social, and human
activities), the type of water sources (rivers, lakes,
canals). Anthropogenic and natural factors have dif-
ferent impacts on surface water quality in the study
area, depending on the origin and characteristics of
the pollution sources, the flow and pollutant load, as

1087



Science & Technology Development Journal - Science of The Earth & Environment 2025, 9(1):1086-1100

well as the effectiveness of pollution control and treat-
ment solutions implemented before discharge into re-
ceiving water bodies.

Experimental set-up

Surface water samples were collected at 24 monitoring
sites (Figure 1 ) categorized into three zones: TN-SH
(upstream domestic water supply), HN-SH (down-
stream domestic water supply), and HN-KSH (down-
stream non-potable water supply). The zones repre-
sent different levels of human and natural impact.
The study is conducted based on the application of
statistical analyses (PCA, FA and ANOVA) to pro-
cess monitoring data, with the aim of clarifying the
spatial and temporal variations in surface water qual-
ity in Binh Thuan province and identifying pollution
sources. The research specifically examines the im-
pact on surface water quality of two completely ran-
domized and repeated experimental factors: tempo-
ral factors (dry season, rainy season) and spatial fac-
tors (3 zones of surface water distribution system from
upstream to downstream: TN-SH, HN-SH, and HN-
KSH) (Figure 1).

Based on the surface water system and 24 monitor-
ing points for surface water quality, 3 surface water
regions were selected for study. These include TN-
SH, representing the upstream water supply sources
(12 monitoring points), which is heavily influenced by
natural factors; HN-SH, representing the downstream
water supply sources (4 monitoring points), which is
strongly impacted by anthropogenic factors; and HN-
KSH, representing the downstream of non-portable
water supply system (8 monitoring points), which af-
fected simultaneously by human activities and saline
intrusion. The criteria for selecting the monitor-
ing locations were as follows: (1) Objectives satisfac-
tion: Protecting surface water environments accord-
ing to the province’s environmental strategy/goals
(effective and sustainable use of surface water re-
sources; monitoring and protecting water quality); (2)
Functional assurance: The selected locations must be
highly representative of the environmental quality in
a given area and serve as strong indicators of pollution
sources, facilitating the identification of causes for
changes in water quality; (3) Technical requirements:
Locations should allow for integration/modeling and
forecasting; (4) Other considerations: Relative stabil-
ity of natural conditions (geography, climate, hydrol-
ogy, etc.) and accessibility. The temporal factor was
analyzed in terms of the rainy and dry seasons, with a
dataset of surface water monitoring accumulated over
4 years (2016-2019). Monitoring was conducted at

each site with a frequency of 4 times per year during
the dry season (March, December) and the rainy sea-
son (June, September). A total of 384 samples (24 sites
X 4 times/year x 4 years) were collected.

Water sampling and analysis

A Van Dorn water sampler was used to collect wa-
ter samples, which were taken in the 0-50 cm surface
layer. 5L plastic containers with firm caps contained
the samples, which were immediately stored in an ice-
box at 4°C and transported to a laboratory for mea-
surements Table 1 .

The water remaining in the Van Dorn container was
measured directly for pH by Thermo Scientific™
Orion™ 3-Star Benchtop pH Meter, turbidity by a
portable turbidity meter NTU 100, temperature by °C
Meter, electrical conductivity (EC) by Oaklon con-
ductivity,Con 11 series, and dissolved oxygen (DO)
using an Oxygen 3210 portable dissolved oxygen me-
ter.

The laboratory analysis covered nine additional pa-
rameters: CI~, NH4+,NO,~,NO3 7, total suspended
solids (TSS), PO43~, five-day biochemical oxygen
demand (BODjs), chemical oxygen demand (COD),
and total coliform Table 1 . All methods followed
the national technical regulation QCVN 08:2023/BT-
NMT?3, All parameters are expressed in mg/L, except
for the total coliform parameter, which is measured
using MPN/100mL.

Statistical analysis

The JMP Pro 13 (SAS Institute Inc., NC, USA) was
used for statistical analyses. Sigmaplot 12 software
(Systat Software Inc) was applied to create all figures..
The statistical analysis process in this study consists
of 5 sequential steps as follows: (1) Descriptive statis-
tics: calculation of the means and standard devia-
tions of 14 water quality parameters at 3 spatial lo-
cations (TN-SH, HN-SH, and HN-KSH) and com-
parison with QCVN 08:2023/BTNMT—the national
technical regulation on surface water quality. This
includes categorizing water quality levels, with Col-
umn A classification for areas used for domestic wa-
ter supply (TN-SH, HN-SH) and Column B classifica-
tion for areas intended for other uses (non-portable
water) 2. (2) Pearson correlation analysis examines
the relationships among the 14 water quality parame-
ters through Pearson correlation analysis. (3) Source
identification of pollution: Differentiating pollution
sources by employing principal component analysis
and factor analysis (PCA and FA) on the complete
dataset. (4) Two-way analysis of variance (ANOVA):
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Figure 1: Map of the study area and sampling site in Binh Thuan province, Vietnam. NM1 to NM24 are denoted for
sampling sites Note: TN-SH (blue markers) represents the upstream of the domestic water supply with 12 sampling
sites; HN-SH (purple markers) represents the downstream of the domestic water supply with 4 sampling sites, and

HN-KSH (red markers) represents the downstream of other surface water system, comprising 8 sampling sites.

Source: Author

application of ANOVA to compare the water quality
parameters across the three spatial locations (TN-SH,
HN-SH, and HN-KSH) during two seasons (rainy and
dry). (5) Water quality index (WQI) calculation: The
calculation of the water quality index (WQI) follows
the guidelines of the Vietnam Environmental Admin-
istration (2019). The WQI indices will also involve
ANOVA to assess variations based on spatial location
and seasonal factors. Pearson correlation analysis is
a preliminary descriptive technique used to estimate
the degree of association between multiple variables
involved in the study. The following formula is em-
ployed to calculate the Pearson correlation coefficient

(1: _ _
Y Xi—X)x (¥i—¥)

T AL XX /oL (T m

where r is the Pearson correlation coefficient between

variable X and variable Y ; n is the number of obser-
vations; X; the value of X of i-th observation; Y; the
value of Y of i-th observation.

The values of r range from —1 to 1, with the sign of
each correlation coefficient indicating a negative (-)
or positive (+) relationship between the variables. A
strong correlation is indicated when the coefficient r

approaches —1 or 1. A moderate correlation is ob-
served when its absolute value falls between |0.3] and
|0.5; correlation coefficients greater than 0.5 are con-
sidered strong. Conversely, the correlation is deemed
low when the absolute value of the correlation coeffi-
cient is less than [0.3] 2+2°.

Principal component analysis and factor analysis
(PCA and FA) is utilized to categorize the pollution
sources that may contribute to water quality degrada-
tion. PCA facilitates the reduction of base parameters
that do not significantly contribute to data variabil-
ity while generating a new set of parameters known
as principal components (PC). The eigenvalue coef-
ficient is used to determine which principal compo-
nents (PCs) are selected (Eigenvalue >=1). The larger
this coefficient, the more significant its contribution
to explaining the variability of the original dataset°.
Factor analysis (FA) further reduces the contribution
of less significant variables obtained from PCA, re-
sulting in new variable groups known as varimax fac-
tors (VF), which are generated by rotating the axes of
the principal components (PCs) identified by PCA '°.
A two-way analysis of variance (ANOVA) was con-
ducted based on a completely randomized design, in-
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corporating two experimental factors, including spa-
tial location. (TN-SH, HN-SH, and HN-KSH) and
season (rainy season and dry season).. The statistical
model for the ANOVA is: ¥jje = 4 + Bi + & + a3
+ €;jo ; Where 7, is the response of individual com-
binations of two experimental factors; u is the overall
mean of the whole dataset; f3; is the effect of the ith
spatial zone; @ is the effect of the j/'; af;; is the in-
teraction effect between spatial zone and season and
€;je is the random error with a mean zero and nor-
mal distribution?’. Following a significant ANOVA
result (P < 0.05), Tukey’s Honestly Significant Differ-
ence (HSD) test was employed to distinguish differ-
ences among treatment means.

The parameters used to calculate the Water Quality
Index (WQI) according to the guidelines of the Viet-
nam Environmental Administration in 2019 are di-
vided into five groups: the pH group, the pesticide
group (comprising 9 parameters), the heavy metal
group (comprising 7 parameters), the organic and nu-
trient group (comprising 8 parameters), and the mi-
crobiological group (comprising 2 parameters). These
parameters must satisfy two conditions: (1) at least 3
out of the 5 parameter groups must be included in the
calculations, and (2) the organic and nutrient group
must contain at least 3 parameters. Thus, the dataset
in this study fulfills the requirements for calculating
the WQI. Meanwhile, according to the guidelines of
the Vietnam Environmental Administration, param-
eters such as turbidity, electrical conductivity, total
suspended solids (TSS), and chloride (Cl—) have not
been calculated; thus, the dataset used for calculations
includes only 10 out of the 14 analyzed parameters.
WQI value is calculated by the formula (2):

wo =" x XL Wol ks won]t @)
where WQI, refers to the WQI value calculated for the
parameters DO, BODs, COD, N-NH4+, N-NO, ™,
N-NO;3~, and P-PO43~; WQI,is the WQI value cal-
culated for coliforms, while WQI,y represents the
value calculated for pH. The calculated WQI is subse-
quently analyzed using ANOVA based on the spatial

and seasonal factors.

RESULTS & DISCUSSION

Descriptive statistics

The result of statistical analysis of water quality moni-
toring data in Binh Thuan for 4 years (2016-2019) are
shown in Table 1 . The surface water system has been
affected by anthropogenic pollution sources and natu-
ral factors. In the TN-SH and HN-SH zones, concen-
trations of TSS, BODs5, COD, and Cl" (HN-SH), along

with Coliform counts, surpassed QCVN 08:2023/BT-
NMT Level A thresholds. In the HN-KSH zone, lev-
els of BODs5, COD, Cl, NO;", and Coliform were
recorded, exceeding Level B limits.

Correlation among Water Quality Variables
and the result of multivariate analysis (PCA
and FA)

Table 2 present the correlation between 14 observed
indicators in the study area. It can be found that most
of the 14 water quality parameters have a significant
correlation with p < 0.05 (Table 2). The correlations
between two parameters with a meaningful relation-
ship are in bold numbers. Some medium-strong posi-
tive correlations are: TSS-turbidity (0,43); COD-BOD
(0,6); Cl~- Conductivity (0,34), CI~ - COD (0,41).
Therefore, the relationships among the water quality
indicators and the parameters contribute to determin-
ing the characteristics of study water bodies.

PCA and FA grouped variables into five principal
components that together accounted for 54.52% of the
total variance (Table 3). The main factors (PC 1) in-
cluded BODs, COD, EC, and CI", which accounted
for 16,98% of the total variance, had a high load value
(>0.5). The second factor (PC 2) comprised turbid-
ity, TSS, and NO;", and accounted for 12,95% of the
total variance . Similarly, the third principal compo-
nent (PC3) grouped Coliform and NH4*, accounting
The
fourth component (PC4) showed substantial loadings
for NO;~ and PO43", while the fifth component (PC5)
demonstrated strong correlations with temperature,
pH, and dissolved oxygen (DO). Together, PC4 and
PC5 explained 8.16% and 7.64% of the total variance,
respectively.

for 8.79% of the total variance in the dataset.

The sources of surface water pollution in
Binh Thuan province

Five principal components extracted from PCA and
FA analysis (Table 3) identified several major pollu-
tion sources that significantly impact 14 surface wa-
ter quality parameters in the study areas. In relation
to Factor 1, the most critical pollution sources affect-
ing BOD5 and COD are likely to originate from agri-
cultural activities, aquaculture, industrial discharges,
and domestic wastewater.

The primary causes of BODs and COD pollution
are anthropogenic activities such as wastewater from
agriculture, aquaculture, industry, and households.
BODs and COD are closely related and are typically
formed from various wastewater sources>?°. Agri-
cultural practices using organic fertilizers *° introduce
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Table 1: Averaged values and standard deviation (SD) of 14 measured water parameters.

Parameters  Unit Mean

TN- HN- HN-

SH SH KSH
Temperature °C 28.9 29 28.5
pH - 7.4 7.52 7.36
Turbidity NTU 19.25 24.36 18.41
EC ms/cm 1.22 4.34 17.82
DO mg/l 6.28 6.25 5.96
TSS mg/l 28 31 38
BOD5 mg/l 7 8.6 20.8
COD mg/l 15 18 35.1
Cl- mg/l 11.1 3114 8,004.6
NH4+ mg/l 0.06 0.07 0.11
NO3- mg/l 1.1 1.06 1.25
NO2- mg/l 0.04 0.04 0.12
PO43- mg/l 0.08 0.11 0.18
Coliform MPN/100ml 902 1,165 1,790

STD QCVN QCVN
08:2023 08:2023
(Level A) (Level B)

TN-SH HN- HN-

SH KSH

1.2 1.5 1.2 = =

0.53 0.47 0.56 6.5-8.5 6.0 - 8.5

48.67 59.54 34.66 - -

10.57 20.46 36.71 - -

1.15 1.24 1.44 6 5

35 36 38 25 100

44 6 26 4 6

8.1 7.8 37.7 10 15

29.5 2,166.8 13,529.8 250 250

0.05 0.08 0.2 0.3 0.3

2.47 1.6 1.24 - -

0.18 0.05 0.2 0.05 0.05

0.28 0.11 0.15 - -

2,847 3,208 4,459 200 1,000

a large amount of organic matter into the environ-
ment. Aquaculture wastewater contains high levels of
nutrients, organic matter, and animal waste>!. Sim-
ilarly, industrial and domestic wastewater contribute
significant nutrient and organic loads to surface water
bodies 2.

In inland aquatic systems, salinity is reflected through
parameters such as Cl, TDS, or EC 33,
intrusion is the main cause of increased EC and CI’

Saltwater

concentrations, and salinity in surface waters of river

basins 1720:34

This degrades water quality and af-
fects the livelihoods and production of local com-
munities, especially in coastal estuaries and south-
ern floodplains such as the Dong Nai River Basin and
the Mekong Delta>. Currently, saltwater intrusion
is becoming more prevalent in estuarine and coastal

3536 In Binh Thuan Province, saltwater

plain areas
intrusion is increasingly severe due to climate change
impacts—particularly in estuaries such as Dinh, Luy,
Phan, Ca Ty, and Cai rivers—where saline intrusion
reaches far inland, and Cl" concentrations signifi-
cantly exceed the limits set in Column B of QCVN
08:2023/BTNMT *.

Similarly, saltwater intrusion in estuarine areas may

also be the key factor affecting Coliform (which has

a high loading on Factor 3) and pH (high loading on
Factor 5) values in the water (Table 3). Saltwater in-
trusion increases Cl” concentrations, raises pH levels,
and reduces the number of coliforms detected in wa-
ter, thereby weakening the self-purification capacity
of rivers and canals*’.

Turbidity (NTU) and Total Suspended Solids (TSS)
have high loadings on Factor 2 (Table 3). These
parameters may indicate soil erosion or wastewater
inflows from residential, industrial, agricultural, or

aquaculture sources 16-21:38:39

. Suspended solids are
abundant in domestic and aquaculture wastewater
and can pollute surface waters 2831 Leftover feed, ex-
crement, and metabolic waste from aquaculture ac-
tivities release high levels of suspended solids into the

water 40

. Shrimp farming—a dominant aquaculture
activity in Binh Thuan—results in persistently high
TSS levels®, and shrimp is one of the key species cul-
tivated in the province’s major aquaculture areas?>.

Parameters such as NO;~ (high loading on Factor 2),
NH4* (Factor 3), NO3~, PO43" (Factor 4), and DO
(Factor 5) (Table 3) may all be associated with pollu-
tion from agricultural, forestry, aquaculture, and do-
mestic sources. Nutrient-rich surface waters are in-

dicative of areas influenced by agricultural runoff*!.
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Table 2: The correlation coefficients between the parameters insurface water quality

Pa-
ram-
e-

ters

Tem-

per-

ture

pH

Tur-
bid-
ity
EC

DO

TSS

BOD5

COD

Cl-

NH4+

NO3-

NO2-

PO43-

Co-
1-

iform

Tem- pH Tur- EC DO
per- bid-
a- ity
ture
0.02
(0.68)
0.08 -
(0.11) 0.07
(0.18)
- 0.02 -
0.02  (0.66) 0.05
(0.71) (0.34)
0.07  0.09 0.05 0.07
(0.16) (0.07) (0.37) (0.15)
- - 0.43 0.05 0.08
0.06 004 (<0.001)(0.34) (0.12)
(0.26) (0.44)
- 0.00 - 015 0
0.10 (0.99) 0.02  (0.003)
(0.04) (0.67)
- 0.04 - 024 -
0.06 (0.48) 0.01  (<0.001)0.17
(0.23) (0.91) (0.001)
= = = 034 -
0.02 001 0.09 (<0.001)0.18
(0.72)  (0.92) (0.08) (<0.001)
= = 0.17  0.08  0.00
0.08 0.03 (0.001 (0.11) (0.99)
(0.12) (0.56)
0.03 0.01 - - -
(0.51) (0.88) 0.03 0.0l  0.001
(0.52) (0.85) (0.99)
0.05 - 0.22 0.10 -
(0.37) 0.04  (<0.001)(0.049) 0.04
(0.43) (0.43)
- - 020 0.04 0.06
0.02  0.04 (<0.001)(0.499) (0.28)
0.71) (0.42)
- 0.00 021 - 0.03
0.05 (0.99) (<0.001)0.02  (0.52)
(0.371) (0.68)

TSS BOD5 COD ClI- NH4+ NO3- NO2- PO43- Co-
-
iform

0.05

(0.348)

0.14 0.60

(0.007) (<0.001)

0.03 0.30 0.41

(0.54) (<0.001)(<0.001)

0.20 0.20 0.05 0.12

(<0.00 (<0.00 (0.31) (0.017)

0.04 - - - -

(0.41) 0.04 0.003 0.01 0.00

(0.44) (0.95) (0.86) (0.99)

0.11 0.12 0.12 0.28 0.11 0.002

(0.03) (0.02) (0.017) (<0.001)(0.03) (0.97)

0.23 0.12 0.15 0.02 0.06 0.21 0.30

(<0.001)(0.015) (0.003) (0.710) (0.28) (<0.001)(<0.001)

0.10 0.16 - - 0.23 0.06 0.11 0.09

(0.05) (0.002) 0.01 0.06 (<0.001)(0.38) (0.03) (0.097)

(0.84) (0.28)

Note: R (p), where:
+ R (upper line, without parentheses): correlation among the parameters in surface water;
+ p (parentheses):the meaning of the statistical significance ofthe correlation between parameters is as follows: With p <0.05, the correlation

between two parameters is significant and represented by boldnumbers; p > 0.05: the correlation between two parameters is not significant and
represented by faint lines.
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Table 3: Loading values of 14 water quality parameters from
principal component analysis and factor analysis. Highlighted
numbers are those having an absolute value greater than 0.5

Parameters PC1 PC2 PC3 PC4 PC5
Temperature -0.13  0.28 -0.35 -0.01  0.52
pH -0.04 -027 022 0.15 0.59
Turbidity -0.16  0.76 0.28 -0.06  0.10
EC 0.55 0.08 -0.12 -0.09 0.01
DO -0.24  -0.02  0.01 0.11 -0.68
TSS 0.03 0.60 0.28 0.07 -0.17
BOD5 0.66 -0.11 0.43 0.09 -0.04
COD 0.77 -0.02  0.18 0.13 0.05
Cl- 0.76 0.09 -0.11 -0.07  0.09
NH4+ 0.13 0.22 0.60 -0.13 -0.05
NO3- -0.07  -0.06 -0.02 0.81 0.07
NO2- 0.31 0.57 -0.09 0.15 0.05
PO43- 0.14 0.42 0.02 0.65 -0.15
Coliform -0.11  0.14 0.69 0.09 0.08
Eigenvalue 2.38 1.81 1.23 1.14 1.07
% Percentage 1698 12.95 8.79 8.16 7.64
% Cumulative percentage  16.98  29.93  38.72  46.88 54.52
Domestic wastewater contains high levels of phos-  heat.

phorus compounds*?. Livestock and aquaculture
wastewater are also rich in nutrients and organic mat-
ter32. NHy+ and PO43" represent nutrient pollution
from aquaculture and domestic wastewater 314344,
A study by Wilbers [8] also found that untreated
wastewater is a major source of nutrients in surface
waters in the Mekong Delta.

As for water temperature (Factor 5), the rise in tem-
perature may be attributed to prolonged sunny con-
ditions in Binh Thuan. The province experiences a
long dry season of up to nine months, with intense
solar radiation and total annual sunshine hours reach-
ing 3,000 (averaging 250 hours/month)?2, leading to
increased water temperature and evaporation. Fur-
thermore, suspended solids in water can absorb heat
from sunlight, further raising the water temperature
and evaporation rate*’.

In general, based on the multivariate analysis results
(PCA and FA), it can be concluded that under current
conditions in Binh Thuan Province, the main sources
of surface water pollution include domestic wastewa-
ter, industrial discharges, agricultural runoff, and nat-
ural factors such as saltwater intrusion and prolonged

Water quality parameters trends

As Table 3, the BODs and COD (having a high load-
ing value with PC 1) were significantly affected by sea-
sonal variation and spatial zone (Figure 2). BODs and
COD levels increase gradually from the upstream to
the downstream sections in areas designated for do-
mestic water supply (QCVN 08:2023/BTNMT, Col-
umn A) to those intended for non-portable water sup-
ply (QCVN 08:2023/BTNMT, Columns B, C, D). Ad-
ditionally, these levels are higher in the dry season
than in the rainy season. This indicates that the pollu-
tion level in rivers rises as water flows from upstream
to downstream (especially organic and nutrient pol-
lutants,) leading to higher BODs and COD values in
surface water. During the rainy season, rainfall dilutes
organic and nutrient pollutants in the river, lowering
BODs5 and COD levels compared to the dry season.
Some previous studies proposed that the transport of
contaminants from upstream or from adjacent areas
toward downstream regions can cause the reduction

of water quality 67,
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Figure 2: Seasonal variation of water quality parameters in factor 1(a, b, ¢, d), including: COD, Cl~, BODs, EC
(Note: Error bars indicate the standard deviation of the mean. Within the insets, barswith the different letter are
significantly different from each other (p<0,05)). TN-SH - the upstream of the domestic water supply source; HN-
SH -the downstream of the domestic water supply source, and HN-KSH - the downstream of the non-potablewater

supply source. Source: Author

Likewise, the interaction between seasonal dynamics
and spatial heterogeneity had a significant influence
on electrical conductivity (EC) and chloride (Cl") lev-
els. The increase of EC and Cl™ from upstream to
downstream showed the strong impact of saline intru-
sion on water quality in Binh Thuan. There was a vari-
ation of seasonal impact on study areas. In the TN-SH
zone, the dry season had a lower EC and CI ™~ than the
rainy season. Erosion during the rainy season can be
the reason for this issue. It also increases the C1~ level
in water bodies *®. In the HN-SH zone, the dry season
had a higher magnitude of the EC, Cl~ concentration
than the rainy season. The saltwater intrusion into
the inland area may be the reason for this situation.
Meanwhile, in the downstream area of the estuary,
these parameters were less affected by the interac-
tion of seasonal variation because this zone is often
strongly influenced by saline intrusion >2.

Among the three water quality parameters presented
in Figure 3, turbidity, total suspended solids (TSS),
and nitrite (NO3") were significantly affected by the
interaction between spatial zones and seasonal varia-
tion. In the rainy season, upstream rivers had a greater
turbidity value than downstream. Conversely, the

turbidity value of upstreams was lower than down-
stream in the rainy season (Figure 3a). Soil erosion,
which carries surface materials, sediments, and sus-
pended solids into surface water, increases the tur-

4950 The TSS concentration

bidity concentration
had a similar tendency to turbidity fluctuation (Fig-
ure 3b).
wastewater attributed to the rise of this param-
eter in HN-KSH and HN-SH zones and TN-SH, re-

spectively. Similarly, the rainy season had a higher

Domestic wastewater? and aquaculture
31,42

NO; ™ than the dry season (Figure 3¢)in 3 zones. This
could be linked to the nitrification process, where am-
monium is transformed into nitrite>!. The rise of the
magnitude of NO, ™ concentration in HN-KSH, TN-
SH, and HN-SH areas was observed in both the rainy
and dry seasons (Figure 3 ¢). This increase is likely
attributed to the transport of pollutants from the up-
stream areas toward the downstream sections of the
river basin 2.

Coliform density, which showed a strong association
with factor 3, was markedly elevated in the rainy sea-
son relative to the dry season within the TN-SH and
HN-SH regions (Figure 4a). Precipitation which car-
ried pollutants, such as surface materials, sediments,
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suspended solids, wastewater, fertilizers, and bacteria
into water, was the main reason*®, Meanwhile, col-
iform levels in the HN-KSH area are lower during the
rainy season than during the dry season. This may be
due to the high slope of the river, helping to push pol-
lutants being diluted into rainwater and floodwaters
quickly flowing towards the river’s mouth.

Figure 4 b-d and 5a showed the spatiotemporal vari-
ation of NH4 T, NO3~, PO43~
tions. Agricultural, forestry, aquaculture, and resi-

and DO concentra-

dential activities, accounted for the change of these
parameters. Wastewater from agricultural areas or
residential sources can release a significant amount of
phosphate (P) into the environment >. Surface runoff
from fields can wash away residual fertilizers (nitro-
gen, phosphorus, organic matter), as well as other wa-

30,5455 This causes

ter pollutants, into surface water
an increase in NH4 " and NO3 ™, phosphate (P), nu-
trients, and organic matter in water bodies and oxy-
gen consumption. Consequently, DO amounts in wa-
ter reduced, eutrophication happened, and toxic algae
grew up. The presence of high NH; " and NO3 ™ lev-
els contributes to decreased dissolved oxygen (DO)
levels by increasing biological (microorganisms and
algae) oxidation process®®>%. The addition of nitro-
gen content in surface water can come from various
sources, including atmospheric deposition, pollutants
carried by rainfall, agricultural wastewater runoff,
municipal wastewater, and industrial effluents 59,60
but it is often most abundant from surplus food in
aquaculture activities 3!,

In the TN-SH area, the rainy season showed a greater
NH4 " concentration than the dry season (Figure 4b).
The reason may be the erosive washing away of vari-
ous pollutants, including excessive inorganic and or-
ganic fertilizers, into the water 48 Conversely, in the

HN-SH and HN-KSH areas, the reduction in NH4+
levels during the rainy season in comparison to the
dry season can be explained by the dilution of pollu-
tants by rainwater.

The NO3 ™~ the season factor influenced concentration
in 2 zones (TN-SH, HN-SH) (Fig 4c). It found that
the value of NO3™ in rainy season was lower than
in the dry season. This decrease could be attributed
to the dilution of pollutants by rain. In contrast, an
increase in NO3~ levels in the HN-KSH area dur-
ing the rainy season compared to the dry season was
likely due to the pushing pollutants towards the river

mouth during the rainy season /.

Regarding the
PO43~ parameter (Fig 4d), the rainy season showed
a lower PO43~ concentration than the dry season in
the TN-SH area, which can also be explained by the
dilution of contaminants by rainwater. Conversely, a
greater PO43* concentration during the rainy season
was found in both the HN-SH and HN-KSH areas.
Accumulation of contaminants at the river’s mouth
during the flooding generated this issue.

For the DO parameter (Figure 5 a), the DO concen-
tration was not influenced by the season, but it gradu-
ally decreased from the upstream to the downstream
area. As mentioned, this decrease is due to higher
pollution levels (organic matter and nutrients) in the
downstream areas *>*”. Moreover, the pH parameter
decreased from the upstream to the downstream ar-
eas during the rainy season (Figure 5 b). This value
during the dry season was higher in all three areas.
For TN-SH, HN-SH area, rainwater washing surface
materials, sediments, and suspended solids into the
river were the main reasons for a reduction in pH lev-
els in the water*°°, However, in the HN-KSH area,
seawater intrusion increased chloride ion concentra-
tions and pH during the dry season (Figure 5 b). As
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Figure 5¢, in TN-SH, HN-SH, and HN-KSH areas, a
higher temperature in the rainy season than in the dry
season was found. This can be explained by the so-
lar energy absorption of suspended solids in the wa-
ter source *°. It is evident that during the rainy season,
the TSS in surface water showed a significant increase
compared to the dry season in all three research areas
(Figure 3b).

Water quality index (WQl)

A declining trend in the Water Quality Index (WQI)
was observed from upstream to downstream areas in
Figure 6 a. Additionally, from 2016 to 2019, the WQI
in the rainy season was slightly higher than the dry
season (Figure 6 b).

Pollutant accumulation contaminating the estuaries
may reduce the WQI in the downstream area. Pre-
vious studies about Cau River*” and Sai Gon River*®
proposed a similar tendency of WQI decrease. The
transport of pollutants from the upstream to the
downstream areas has been found in various studies
about river basins °>°!, and 2.

From 2016-2019, WQI was lightly influenced by sea-
sonal variation (WQI in the rainy season is higher
than in the dry season). Precipitation diluted the pol-
lutants in water, thus helping to increase the WQI
value.

CONCLUSIONS

During the period from 2016 to 2019, surface wa-
ter quality in Binh Thuan Province tends to be con-
taminated by TSS, BOD5, COD, NO2-, Cl-, and Co-
liform at varying levels. Statistical analyses (PCA, FA
and ANOVA) indicated that surface water quality is
potentially influenced by human activities (domes-
tic use, agriculture, aquaculture and industry) as well
as natural factors (saltwater intrusion, rainfall, ero-
sion and prolonged heat). There was a spatiotempo-
ral fluctuation of surface water quality in Binh Thuan
province. Controlling seawater intrusion during the
dry season and minimizing artificial pollution sources
helps protect the province’s surface water resources,
serving the sustainable development of Binh Thuan
province.
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