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ABSTRACT

Dong Nai River provides essential water resources for millions of people across 11 provinces and cities in Vietham. However, the different
pollution sources such as household, farming, and industrial operations have caused the river water quality to deteriorate over the past
decade. To gain a comprehensive understanding of the river's surface water quality, this study employed the water quality index (WQI)
across 12 different sampling sites. In total, 144 water samples with 11 parameters were analyzed in accordance with the Viethamese stan-
dard 08:2015/MONRE. Results revealed a range of surface water quality, from poor to good according to the VN-WQI (Vietnamese standard),
and a medium even bad level in some months according to the NS-WQI (American standard). The study also identified temperature, coliform,
and dissolved oxygen (DO) as strong contributors to WQI values (VN_WQI standard). Principal component analysis/factor analysis was used to
determine pollution sources, with the results highlighting agricultural and domestic activities as the main contributors to river pollution. In
conclusion, this study underscores the importance of effective planning and management of infrastructure zoning and local activities to
improve the river's surface water quality and surrounding areas, as well as safeguard the well-being of the millions who depend on it.

Key words: agricultural activities, domestic activities, Dong Nai River, infrastructure planning and management, water pollution, water
quality index (WQl)

HIGHLIGHTS

® Surface water quality of the Dong Nai River varies from poor to good according to the VN-WQI and medium to bad according to the NS-WQl.
® Agricultural and domestic activities are the main contributors to river pollution according to the study’s results.
® The study’s findings could assist researchers and policymakers in taking comprehensive actions for sustainable water management.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Water is a vital component of ecosystems, providing sustenance for humans, animals, plants, and aquatic organisms
(Sanchez et al. 2019). However, water resources around the world, including Vietnam, are facing significant pressure due
to climate change, population growth, and human activities. This has led to a decline in water quality and a rise in pollution
levels. Rivers are used as the main source of fresh water for different objectives worldwide, including domestic, industrial,
agricultural, and conservation (Shi et al. 2017; Zhang et al. 2019; Belle et al. 2020). Regrettably, the quality of surface
water sources has been seriously endangered by human activities and atmospheric pollutants. As a result, many countries
consider water quality to be a sensitive and important issue (Sener ef al. 2017; Kumar & Singh 2018). Systematic observation
and assessment of water quality are crucial for controlling, managing, and safeguarding rivers against pollution and degra-
dation, which is a sensitive and significant matter (Barakat ef al. 2016).

The Water Quality Index (WQI) is a combined measure that integrates several measurements of water quality attributes
into a solitary score, reflecting the overall quality of the river water at the research sites (Sarkar & Abbasi 2006; Neswiswi
2014; Ewaid 2017). The WQI provides a numerical scale that spans from 0 (lowest level) to 100 (highest level), enabling a
quantitative representation of water quality. This enables monitoring of the changes in water quality over time for a river
or specific section, or for different purposes of usage (Bhargava 1983). Additionally, different WQI models can be developed
by each country for various purposes. Lately, several studies in Vietnam have focused on investigating the application of WQI
models developed in India and Canada (Bhargava 1985). Furthermore, there have been suggestions in certain studies to uti-
lize water quality indicators such as WQI-2 and WQI-4 to assess the water quality information pertaining to the Saigon River
from 2003 to 2007 (Trinh 2008; Ho 2012). The Vietnam Environment Administration has officially released Decision No.
1460/QD-TCMT (12/11/2019), which is the national technical guidance for calculating and publishing Vietnam’s water
quality index (VN-WQI) standard. This decision aims to guarantee consistency in the computation of the WQI in Vietnam
for water quality assessment.
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The longest inland river in Vietnam is the Dong Nai River, which is a substantial body of water that begins the North of
Lam Vien Plateau. The river has a basin that covers an area of 38,600 km2 and flows through six provinces and Ho Chi Minh
city, spanning a distance of 586 km. The basin of the Dong Nai River system includes 11 provinces and cities with a popu-
lation of approximately 18 million, including seven provinces and cities that belong to the key economic region in the
southern portion of Vietnam (Nien 2010b; Vietnam’s Government 2013; Dong Nai’s Decision 2014). An essential supply
of water for industrial, agricultural, and domestic needs is provided by the river. The Dong Nai River receives wastewater
from various sources, including industrial parks, hospitals, and urban areas, among others. Unfortunately, a significant
number of these facilities discharge inadequately treated or untreated wastewater into the river, leading to water pollution.
According to the Department of Natural Resources and Environment of Dong Nai province, the discharged wastewater con-
tains many indicators that surpass the acceptable limits (Nien 2010a; Pham et al. 2017). Thus, it is essential to evaluate the
water quality status of the Dong Nai River and identify potential hazards to reduce pollution in the future.

To achieve this goal, the researchers used the WQI and multivariate statistical techniques such as principal component
analysis (PCA), correlation analysis, and factor analysis (FA) to assess the biological and chemical characteristics of the
river. The study aimed to achieve the following three objectives:

(1) Assess the surface water quality;

(2) Identify the sources of pollution;

(3) Determine the relative significance of individual water quality parameters in the lower region of the Dong Nai River
system.

2. EXPERIMENTAL DESIGN AND PROCEDURES

2.1. Experimental field

The study area is situated in Can Gio district, Ho Chi Minh City (Vietnam), in the downstream part of the Dong Nai River
basin, within the geographical coordinates of 106°38'-107°11'E longitude and 10°20'-19°50'N latitude (Figure 1). The area is
characterized by two different seasons with total rainfall ranging from 1,700 to 2,800 mm (dry and rainy). In the lower region,
the Dong Nai River system is formed by the confluence of the Long Tau River and the Soai Rap River, along with two tribu-
taries: the Vam Co River, corresponding to tributary #1, and the Thi Vai River, corresponding to tributary #2. The present
research involved the surveying and sampling of 12 sites (ST) along the Dong Nai River, as shown in Figure 1.

Group 1 included three sampling sites, namely ST01, ST06, and ST12, located at the top of the two river tributaries. The
remaining nine sites belonged to group 2, situated in the mainstream and downstream area of the two tributaries. Among
these, ST1, ST2, ST07, and ST12 were positioned in residential areas; ST11, ST10, ST09, and ST05 were in industrial and
residential areas; STO8 was near industrial and agricultural areas; ST06 was adjacent to a residential area, and ST03 and
ST04 were in proximity to residential and agricultural areas. Furthermore, ST01, ST05, ST06, and ST07 sampling sites
could potentially be affected by the flow from the upstream area of the two tributaries and the Saigon-Dong Nai River system.

2.2. Approaches for measuring and assessing water quality indicators

In 2017 and 2018, a total of 144 water samples were collected from 12 distinct locations within the Dong Nai River system for
the purpose of sampling and analysis, with each location being measured in two seasons (i.e., rainy and dry) for 2 years, and
replicates taken on three occasions. Various parameters were assessed from the water samples, including pH, dissolved
oxygen (DO), turbidity, ammonium (NH}), nitrate (NO3), total suspended solids (TSS), phosphate (PO3~), chemical
oxygen demand (COD), 5-day biochemical oxygen demand (BODs), and coliform, in accordance with the Vietnamese stan-
dard 08:2015/MONRE: National Technical Regulation on surface water quality. The water temperature was also measured
using a thermometer. The selection of the sampling sites was made by evaluating the characteristics of the area, the human
communities residing there, and the boundary of the Dong Nai River area. The water samples were gathered under uniform
conditions, avoiding sewage drains, and at a depth of 0.5 m below the water surface. Three samples of water were collected at
each location, and then immediately placed into pre-cleaned glass bottles that were designed to block light. The bottles were
then put into a cooler set at 5 °C, and conveyed to the laboratory for further examination.
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2.3. WQI calculation
The study continuously monitored 11 parameters of water quality, including temperature, pH, BODs, COD, DO, TSS, NH;,
NOj3, PO;-, turbidity, and coliform, from 2017 to 2018. The collected data were converted to a general scale of 0-100 based
on mathematical equations and transferred weights according to their importance to human health, as suggested by Kannel
et al. (2007) and Sedefio-Diaz & Lépez-Lépez (2007). The values obtained indicated that the WQI is in the range of 0-100
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Figure 1 | The sampling site and study area map.
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with higher values reflect better quality of water. The NS-WQI standard classifies water quality into five categories (Brown
et al. 1970; Noori et al. 2019):

(I) in the range of 0-25: very bad

(IT) in the range of 25-50: bad

(III) in the range of 50-70: medium
(IV) in the range of 70-90: good

(V) in the range of 90-100: excellent.

Meanwhile, the VN-WQI standard categorizes water quality into six groups (MONRE 2011):

(I) in the range of <10: very heavy pollution
(II) in the range of 10-25: poor

(III) in the range of 26-50: bad

(IV) in the range of 51-75: medium

(V) in the range of 76-90: good

(VD) in the range of 91-100: very good

Thus, this study conducted multiple regression analysis to determine the correlation between parameters of water quality
and WQI values. Furthermore, dominance analysis, based on the procedure proposed by Pissarra et al. (2019), was used to
determine the relative importance of each water quality parameter. This study calculated the WQI values for the 11 par-
ameters at 12 sites with a total of 144 samples (as described above) using the formula proposed by the National
Sanitation Foundation of the United States (NSF) (Brown et al. 1970; Noori et al. 2019), as follows:

CiP;

M=

WQI =

Il
-

7 oy
p;
-1

where 7 is the total of water quality parameters, C; denotes the ith parameter after normalization, and P; stands for the ith
parameter’s weight. Note that, weights will be assigned to all parameters and they are in the range of 1-4, and are determined
based on their significance to water quality, as confirmed in previous studies (Kocer & Sevgili 2014; Deng ef al. 2022;
Rajkumar et al. 2022).

Another equation which was used to calculate the WQI for this study is based on the guideline in MONRE (2011)
(VN-WQI standard), as described in the following equation:

qi — qdi+1

WQlsi = gp.,— BP,

(BPir1 — Cp) +gia )

where BP; is the acceptable minimum concentration level of the specified parameter value at the ith level; BP(;_ 1) is the maxi-
mum allowable concentration of the specified parameter value at the (i + I)th level; g; stands for WQI at the given ith level of
BP;; q11) stands for WQI at the given (i + I)th level of BP;1); C, indicates the parameter value used in the calculation
process.

2.4. Statistical analyses

In this study, the water quality of 11 parameters was analyzed in triplicate to ensure the accuracy and reliability of the data.
The mean values + SD were calculated at the 5% probability level (p < 0.05) to determine the central tendency and the vari-
ation in the data. Statistical analyses were conducted using two software packages: SPSS 20 and Sigmaplot 14. These software
programs were used to determine the significance of the data, which is a critical step in statistical analysis. By using SPSS 20
and Sigmaplot 14, we were able to perform various statistical analyses, including regression analysis, correlation analysis,
descriptive statistics, and analysis of variance (ANOVA). These statistical methods were used to test the hypotheses and to
identify any significant dependencies between the parameters of water quality. Overall, the use of these statistical analysis
methods ensured that the data were properly analyzed and that the results of the study were reliable and valid.
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3. RESULTS AND DISCUSSIONS

3.1. WQI assessment

According to the VN-WQI standard, the quality of water in the Dong Nai River ranged from poor to good, as illustrated in
Figures 2 and 3. Figure 2 illustrates the Dong Nai River water quality using the VN-WQI standard, which ranged from poor to
good across different sites. According to the standard, ST10, ST11, and ST12 exhibited fluctuations at all months but reached
good quality (80-90%) in some months, such as May and December for ST10, March and April for ST11, and from September
to December for ST12. The water quality tended to increase at the ST10 site from February to October but remained poor
(<20%) in January and February. The ST12 site also recorded bad quality (25-50%) in some months, including May, June,
July, and August. Conversely, ST01, ST03, ST05, ST06, ST07, and ST09 only showed medium quality (10-70%) throughout
the year. ST02 and STO8 recorded the worst water quality, with ST02 showing poor quality (10-30%) in several months, and
bad quality (<50%) in the remaining months. ST08 had consistently poor and heavily polluted water due to organic pollution
loads that reduced the river’s self-cleaning capacity in the area. Overall, the results indicated that the water quality exhibited
continuous fluctuations across all sampling sites.

The water quality at most sampling sites was found to be at a medium level throughout the year when compared to the NS-
WQI standard, as shown in Figure 3. Specifically, STO1 and ST03 consistently exhibited medium-level water quality (around
50-55%), while ST02 showed bad-level water quality in the first 2 months of the year (ranging from 40 to 50%). Although the
water quality at ST04 increased slightly from March to December (reaching 60%), it remained at a medium level (around
50%) in the first 2 months of the year (January and February). ST05 and ST09 showed similar water quality, with better
water quality in the first few months of the year (over 60%) compared to the last few months (ranging from 50 to 60%).
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Figure 2 | Assessment results of water quality using the VN-WQI index and its classification categories.
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Figure 3 | Assessment results of water quality using the NS-WQI index and NFS standard classification categories.

ST06 and ST07 had medium-level water quality throughout the year (ranging from 50 to 60%). The water quality at ST09 to
ST12 tended to be good (ranging from 50 to 67%, mostly over 60%) according to NS-WQI standards. However, the water
quality at position 08 was only at a medium level (ranging from 50 to 55%) and even bad in some months (January, February,
May, June, and September to December).

The results of the current study on surface water quality assessment using the WQI value in the Dong Nai River, Vietnam,
are consistent with those of previous research (Namugize & Jewitt 2018; Diaz-Casallas et al. 2019; Pissarra et al. 2019).
Namugize & Jewitt (2018) discovered that the WQI value of the Mungeni River (South Africa) varied over time, with a
decrease in water quality from the upper to lower regions. Similarly, in the Luanhe River (North China), medium water qual-
ity was prevalent at 75.3%, with the remaining water quality levels being very good, good, and poor, accounting for 0.4, 19.6,
and 4.7%, respectively. No sampling site was classified as very bad (Tian ef al. 2019). Furthermore, Diaz-Casallas ef al. (2019)
reported that the water quality of the Bogota River (Colombia) achieved only 43% medium, 32% acceptable, and 24% poor,
with only 1% being classified as very bad and no site reaching good water quality.

Comparatively, the Dong Nai River’s water quality was found to be inferior to that of the entire Yamuna River section in
India (Maneesh Jaiswal et al. 2019). The Beheshtabad River’s water quality in Iran did not undergo significant modifications
during the experimental stage and only achieved medium and good WQI values (Fathi ef al. 2018). Eight locations in two
major rivers in Odisha exhibited suitable water quality for drinking purposes, with only one location requiring precautions
due to poor water quality (Rath ef al. 2019). A river in southeastern Nigeria demonstrated good to very good water quality
at almost all surveyed sites, although discharge activities required monitoring and control (Donald & Blessing 2019). In con-
trast, the Shatt Al-Arab River’s water quality was mostly classified as medium based on WQI values, with poor water quality
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observed in Al-Ribat, Al-Khandaq, Al-Khora, and Al-Ashar. Furthermore, the Nag River (Dutta ef al. 2018) and the Caraha
River in Lages (Brazil) (Quinatto et al. 2019) exhibited poor water quality, likely caused by agricultural and human activities.

3.2. Relationship between WQIs and water quality parameters

In this study, the dominance analysis was selected using the stepwise elimination method and compared to both VN-WQI
and NS-WQI standards. The analysis results are calculated as shown in Table 1.

Table 1 presents the water quality parameters that were selected using the stepwise elimination method and compared both
VN-WQI and NS-WQI standards. The chosen parameters for evaluating water quality at the sampling sites were temperature,
TSS, NOj3, PO;~, coliform, BODs, DO, and NH . These parameters were deemed the most effective, as illustrated in Table 1.
The dominance analysis in Table 1 revealed that, according to the VN-WQI standard, coliform was the most influential factor
among all water quality parameters. It contributed significantly to the linear regression model, followed by TSS, temperature,
and NOg3. Similarly, based on the NS-WQI standard, DO was the most dominant factor among all water quality parameters,
followed by coliform, TSS, BODs, NH;, NO3, temperature, and PO;".

As mentioned earlier, STO1 and ST03 consistently had moderate water quality levels, whereas ST02 had poor water quality
during the first 2 months of the year, but there was a slight improvement from March to December. ST04 had a similar pattern
to ST02, with slightly increased water quality from March to December, but still at a moderate level during January and Feb-
ruary. STO5 and ST09 had comparable water quality, with better quality during the first few months of the year but a decline
in the last few months. ST06 and ST07 had moderate water quality throughout the year. ST09-ST12 generally had good water
quality according to NS-WQI standards, but ST08 had only moderate water quality and poor quality during some months.

Throughout the year, most sampling sites exhibited medium-level water quality (around 50-55%) even bad level in some
months (lower than 50%) compared to the NS-WQI standard. The outcomes indicate a significant association between temp-
erature and coliform, as per the VN-WQI standard, as illustrated in Figure 4 with a p-value of less than 0.001. Conversely,
based on the NS-WQI standard, only DO displays a positive correlation, while the other indicators exhibit either weak or
negative correlation. Our initial findings are reinforced by further examinations conducted on WQI value. For instance, a
study carried out on the Kinta River in Malaysia demonstrated that DO displayed a strong correlation with WQI values,
whereas pH and TSS had a feeble correlation (Gazzaz et al. 2013). Similarly, Kumar & Dua (2009) discovered that in the
Ravi River in India, the WQI value was influenced by the DO factor, and as the DO level rose, water clarity improved.
This is in agreement with the findings of Verma ef al. (2019), which also reported a significant correlation between DO
and WQI value in surface water environments. However, in contrast, the water quality of the Ubogo and Egini Rivers in
Nigeria, as per the WQI value, displayed a negative correlation with DO and BOD (Ejoh ef al. 2018). Moreover, Pham

Table 1 | Stepwise elimination (SE) for the multiple regression of WQIs with water quality parameters and dominance analysis (DA)

VN-WQI NS-WQI

SE DA SE DA
Parameters Estimate Prob > |t| pr(®) Ranking Estimate Prob > |t| pr(®) Ranking
Temperature 4.90 0.001 0.4798 3 0.63 0.004 0.4369 7
pH 0.00 0.606 0.00 0.291
BODs 0.00 0.503 -0.15 <0.001 —0.5238 4
COD 0.00 0.531 0.00 0.935
DO 0.00 0.361 2.63 <0.001 0.8616 1
TSS -0.19 <0.001 —0.6046 2 -0.03 <0.001 —0.6746 3
NH; 0.00 0.246 0.87 0.003 0.4586 5
NO3 —11.04 0.014 —0.3604 4 —-214 0.003 —0.4539 6
PO, 0.00 0.145 —-16.47 0.016 —0.3734 8
Turbidity 0.00 0.692 0.00 0.322
Log(coliform) —-13.33 <0.001 -0.771 1 —1.96 <0.001 —0.8105 2

apartial correlation.
Note: The bold type shows the significant differences and contributed significantly to the linear regression model.
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Figure 4 | The relationship between WQIs and important parameters of water quality identified by dominance analysis.

et al. (2017) observed either no or weak correlation between WQI and COD, BOD, and NH;-N concentrations during the
rainy season in the Dong Nai River sub-basin in Vietnam. DO and pH parameters are not strongly related to the WQI value
since they meet the VN-WQI standard.

3.3. Principal component/factor analysis

To identify the primary water quality parameters and assess the causes of water pollution in the research area, this study
employed a PCA/FA method. The significance of factors was determined by the eigenvalue, with a value equal to or greater
than 1.0 considered as meaningful, as shown in Table 2. The absolute load values of the primary components were divided
into three categories based on their magnitudes: strong (values > 0.75), medium (values between 0.75 and 0.50), and weak
(values between 0.50 and 0.30), as stated by Everitt & Hothorn (2011). The PCA results, including loading values, eigen-
values, total variance, and cumulative variance, are presented in Table 2. It is important to mention that the loading
values acquired through the PCA/FA encompassed 11 water quality parameters and the varimax factor (VF).

In this study, four VF components were analyzed using PCA, which accounted for 78.32% of the total variance. Consistent
with previous statistical analyses, these results helped identify the source of water quality pollution. VF1 components
accounted for 30% of the total variance, with a substantial loading of NO3. This finding indicates that a mobile pollutant
source, likely from decaying organic matter in agricultural areas, significantly contributes to the pollution in this river (Nien
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Table 2 | PCA results of this study based on 11 water quality parameters

Principle component

Parameters VF1 VF2 VF3 VF4
Temperature 0.59 -0.23 0.09 0.67
pH —-0.36 0.43 0.64 0.15
BOD; - 053 0.69 -0.07 0.41
COD - 0.60 0.67 ~0.22 0.19
DO 0.00 —-0.38 0.75 0.23
TSS 0.56 0.45 0.57 -0.11
NH; 0.38 0.37 —0.38 0.15
NO3 0.78 0.07 —0.34 -0.17
PO, 0.63 —0.06 -0.13 0.58
Turbidity 0.64 0.50 0.41 ~0.32
Log(coliform) 0.56 0.61 -0.14 -0.05
Eigenvalue 3.30 2.27 1.81 1.23
% total variance 30.00 20.64 16.48 11.20
Cumulative percentage variance 30.00 50.65 67.13 78.33

Note: The bold type presents values that are greater than 0.75, while underlined type presents values that are greater than 0.5 but less than 0.75.

2010b; Vietnam’s Government 2013; Dong Nai’s Decision 2014). This is in line with the findings of Pham et al. (2017), who
suggest that agricultural sewage is the primary source of pollution due to high fertilizer use in the tributaries (Pham et al. 2017).
The medium loading was observed for temperature, BOD5s, COD, TSS, PO?{, turbidity, and coliform, while pH, DO, and NH;
showed weak loading. The oxidation of nitrogenous materials in water can decrease DO concentration, leading to continuous
depletion and microbial depletion, which promotes water pollution (Venkatramanan et al. 2014).

The present study utilized PCA/FA to identify key water quality parameters in the Dong Nai River and assess pollution
sources. VF1 components, accounting for 30% of total variance, showed a large loading for NO3 parameter, indicating
organic matter decay from agricultural areas as a significant pollutant source. VF2 components, accounting for 20.64% of
the total variance, showed medium loadings for BODs, COD, turbidity, and coliform parameters, indicating pollution
from agricultural areas and domestic wastewater. VE3 components, accounting for 16.48% of the total variance, had a
large loading for DO, indicating pollution due to nitrogenous material oxidation. VF4 components, accounting for 11.2%
of total variance, showed medium loadings for temperature and PO3~ and weak loadings for other parameters, suggesting
pollution from multiple sources. These findings are consistent with previous studies, confirming the impact of human activi-
ties and natural processes on water quality. A previous study by Nguyen et al. (2019) has shown that organochlorine
pesticides (OCPs) could come from residential and agricultural areas and are one of the causes contributing to pollution
and deterioration in the quality of the receiving water, which is the Dong Nai River (Pham et al. 2017; Nguyen et al.
2019) . Because some substances in the plant-protection chemical group (OCPs) such as DDTs are still illegally used in Viet-
nam as an effective tool to kill mosquitoes against malaria, kill termites against damage to houses and warehouses.
Although, according to the Stockholm Convention, DDTs have been banned since 1972. In addition, agricultural waste-
water containing chemicals such as pesticides, stimulants, fertilizers also contributes to river water pollution, making
the water quality deterioration (Pham et al. 2017). The present study found that ST02 and ST08 have bad water quality
according to both standards (VN-WQI and NS-WQI standard), in which ST08 was near industrial and agricultural areas
and STO02 was positioned in residential areas. These results once again confirm that the geographical location, infrastruc-
ture, and human activities in daily life as well as in production have a great influence on the river water quality. Therefore,
the usefulness of WQI and PCA/FA in analyzing complex water quality data and identifying pollution sources/factors is
highlighted, providing valuable insights into water quality management, and facilitating effective measures for improving
the Dong Nai River system’s water quality.
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4. CONCLUSIONS

To summarize, this study assessed the water quality of the Dongnai River using two WQIs, VN-WQI and NS-WQI. The results
showed that the water quality varied from ‘poor’ to ‘good’ based on the VN-WQI and achieved a medium or bad level across
all sampling sites according to the NS-WQI. The study identified human activities, agricultural practices, and industrial pro-
duction as significant pollution sources impacting the river’s surface water quality. Therefore, the implementation of
appropriate management strategies, such as urbanization plans, agricultural practices, and industrial production, is crucial
for improving the river water quality and the surrounding areas. These measures are essential to protect the sustainability
of the region’s ecosystem and public health. Overall, this study provides valuable insights into the water quality management
of the Dongnai River and can guide policymakers in implementing effective measures to enhance water quality in the area.
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