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December. The water quality index also indicated that 
water quality in December was mostly classified as mod-
erate and bad. The principal component analysis indi-
cated that surface water quality could be affected by five  
main sources that explain 64.40% of the total variation. 
This significantly caused the fluctuation of pH, tempera-
ture, turbidity, TSS, DO, BOD, COD, N-NH4

+, P-PO4
3-, 

Fe, and As, which should all be the focus for future  
monitoring. Surface water management in Can Tho city 
should also emphasize on the wastewater from urbaniza-
tion and agriculture, which has been recognized by the 
analysis to have highest contribution to organic, nutrient, 
and microbial pollutants in the water bodies.

Keywords  Can Tho city · Surface water 
quality · Water pollution · Water quality index · 
Comprehensive pollution index

Introduction

Can Tho city, located in the center of the Mekong Delta, 
plays an important role in the economic development 
and economic restructuring towards industrialization and 
modernization of the region (Can Tho’s People Com-
mittee, 2020). The city’s gross regional domestic prod-
uct in 2020 was estimated to increase by 1.02% com-
pared to 2019. Of this number, the agriculture, forestry, 
and fishery sector were expected to increase by 1.58%, 
while the industry and construction sector and the ser-
vice sector were expected to grow by 1.69% and 0.51%, 
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respectively. Due to this economic acceleration, the 
water demand for production processes was increasingly 
required, thereby generating more wastewater (Can Tho’s 
People Committee, 2020). Although the wastewater and 
solid waste treatment systems in the Mekong Delta have 
been improved in terms of technology, they were still 
ineffective. As a result of this deficiency, water pollu-
tion has arisen in this area (Ojok et al., 2017; Ministry 
of Natural Resources and Environment (MONRE), 2018; 
Atwebembeire et al., 2019).

Water quality monitoring can reflect the effectiveness 
of the regulations or legal documents on water quality 
protection. For example, the Vietnamese Law on Envi-
ronmental Protection stipulates water quality monitor-
ing as an important and regular task for central and local 
authorities (Vietnam National Assembly, 2020). This 
task is divided into background or baseline monitoring, 
impact monitoring, and flux monitoring, for which the 
monitoring sites are usually located in wetlands and bor-
der areas (baseline monitoring), in the areas where there 
are high waste generation sources such as urban areas 
(impact monitoring), and in estuaries (flux monitoring) 
(Vietnam National Assembly, 2020). The indicators 
used in the monitoring program can reflect the charac-
teristics of wastewater from socio-economic develop-
ment processes, thereby suggesting solutions in the 
waste management process (MONRE, 2015). The moni-
toring indicators can include physical parameters (such 
as temperature, turbidity, TSS, and dissolved oxygen), 
chemical parameters (such as BOD, COD, N–NH4

+, 
N–NO2

–, N–NO3
–, P–PO4

3–, total nitrogen, and total 
phosphorus), biological factors (such as phytoplankton, 
zooplankton, benthic, Escherichia coli, and coliform 
bacteria), heavy metals (such as Fe, Cr, As, Pb, and Hg), 
and pesticide compounds (such as organophosphate 
and carbamate) (Kazi et al., 2009; Oketola et al., 2013; 
MONRE, 2015; Islam et al., 2017; Chounlamany et al., 
2017; Zoltan et al., 2021).

In Vietnam, surface water quality is assessed 
through the water quality index (WQI) and Viet-
namese standards (MONRE, 2015; Vietnam Envi-
ronment Administration (VEA), 2019; Giao et  al., 
2021a, 2021c). However, considering each param-
eter separately one by one for the analysis of water 
quality may not cover all aspects of the water quality 
assessment or not able to obtain important informa-
tion from the related parameters (Chounlamany et al., 
2017; Giao et  al., 2021c; Kazi et  al., 2009; Oketola 
et  al., 2013; Zoltan et  al., 2021). Therefore, various 

methods can be used to supplement the water qual-
ity assessment by WQI such as the comprehensive 
pollution index (CPI) and the organic pollution index 
(OPI) (Qin et al., 2020; Son et al., 2020; Zhang et al., 
2020). Using the WQI, Giao et al. (2021c) found that 
the surface water in Dong Thap province was classi-
fied as poor quality, of which further results from CPI 
and OPI showed the high potential of eutrophication 
in Cau River (Son et al., 2020). Multivariate statisti-
cal methods, including cluster analysis (CA), princi-
pal component analysis (PCA) combined with APCS-
MLR model, and numerical discriminant analysis, 
can also be used for clustering monitoring location, 
identifying potential pollution sources and the extent 
of their contribution to the fluctuations, and differ-
entiating the water quality indicators by time and 
study space, respectively (Kazi et  al., 2009; Oketola  
et  al., 2013; MONRE, 2015; Islam et  al., 2017;  
Chounlamany et  al., 2017; Zhang et  al., 2020; Qin, 
et al., 2020; Zoltan et al., 2021; Giao et al., 2021a). 
These methods allow all the analytical criteria to be 
collectively considered in the water quality assess-
ment, providing more advantages over the current 
assessment method in Vietnam (Giao et al., 2021a).

There have been studies on surface water quality 
of Vietnam that applied statistical analysis methods 
to explain the effect of important parameters on sur-
face water quality. Prathumratana et  al. (2008) used 
Pearson correlation to analyze the water quality, cli-
matic data, and hydrological parameters in the lower 
Mekong River areas and found the strong correlation 
between the water quality and climatic data. Pearson 
correlation and principal correspondence and analyses 
were also used to separate the groups of water qual-
ity and plankton community structure along the Day 
River in Red River delta, northern Vietnam (Hoang 
et al., 2018). It has been shown by another study that 
that the surface water quality in the northern part of 
Vietnam was influenced by anthropogenic sources 
during rainy and dry seasons in the Day River and 
Nhue River according to Mann–Whitney U test and 
hierarchical cluster analysis (Hanh et al., 2010). Son 
et  al. (2020) used pollution indices including WQI, 
CPI, and OPI to assess the river water quality of Cau 
River in the north of Vietnam. The water quality indi-
ces showed variations depending on location and sea-
son, and the analysis by CA method could categorize 
the water monitoring points into five groups with the 
gradual quality deterioration. CA and PCA methods 
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have also been proved useful for grouping and deter-
mining the important parameters in surface water 
quality analysis by our previous studies in the Mekong 
Delta region including Hau Giang province (Giao, 
2020a, b), Tien Giang province (Giao et al., 2021a),  
Dong Thap province (Giao et al., 2021b, c), and An 
Giang province (Giao, 2020a; Hong & Giao, 2022).

Despite the importance of Can Tho city, only few 
studies have evaluated the surface water quality using 
the statistical analysis. According to the 2008–2012 
data from 38 sampling sites, Phung et  al. (2015) 
applied multivariate statistical techniques includ-
ing CA and PCA to group the sites into three clus-
ters: mixed urban–rural areas, agricultural areas, and 
industrial zone. Wilbers et al. (2014) also monitored 
the surface water pollution during 2011–2012 in Can 
Tho city, Hau Giang, and Soc Trang provinces. The 
study could identify the key factors explaining the 
observed pollution in the surface water through PCA 
and the significant differences in water quality from 
season and tidal movement. Based on these previous 
studies, it is important to have more recent and com-
prehensive studies that can determine and explain the 
recent changes of the surface water in Can Tho city. 
Therefore, the objective of this study is to analyze the 
fluctuations in the surface water quality of Can Tho 
city by using the integration of the three water quality 
and pollution indices (WQI, CPI, and OPI) and PCA 
with the support of APCS-MLR model. The tidal 
and seasonal effects on surface water quality were 
observed along with the key variables and pollution 
source contribution to the surface water quality. The 
findings from this study not only serve as a model of a 
complete monitoring task but also provide important 
reference values in analyzing and evaluating changes 
in surface water quality in Can Tho city, Vietnam.

Materials and methods

Description of the study area

Can Tho city is situated between longitudes 
105°13′38″–105°50′35″E and latitudes 09°55′08″ 
–10°19′38″N. The total area is 1408.949 km2, 
accounting for 3.5% of the total area of the Mekong 
Delta. Can Tho borders An Giang province in the 
north, Dong Thap and Vinh Long provinces in the 
east, Kien Giang province in the west, and Hau Giang 

province in the south. The administrative unit of the 
city consists of 9 districts (Ninh Kieu, O Mon, Binh 
Thuy, Cai Rang, Thot Not, Vinh Thanh, Co Do, Thoi 
Lai, Phong Dien), 44 wards, 5 towns, and 36 com-
munes (Can Tho’s People Committee, 2020). In 2019,  
Can Tho had a total population of 1.235 million  
people, with a population density of 859 people/km2 
(Can Tho’s People Commitee, 2020).

Can Tho has a flat topography with the slope 
from the northeast lower to the southwest and from 
the Hau River lower to the inland field. This is a 
land with an interlaced system of more than 158 riv-
ers and canals, with an elevation ranging from 0.8 
to 1.0 m above sea level at Hon Dau national land-
mark. The density of rivers and canals is relatively 
large, about 1.8 up to over 2 km/km2, along the Hau 
River in Ninh Kieu, O Mon, Cai Rang, and Thot Not 
districts (Can Tho’s People Committee, 2020). The 
hydrological regime of the river and canal system is 
governed by the flow of the Mekong River through 
the Hau River, the tides of the East Sea, regional 
rainfall, and infrastructure systems (Mekong River 
Commission (MRC), 2015; (MONRE), 2015). Hau 
River is the western branch of the Mekong River in 
the territory of Vietnam, serving as the main source 
of freshwater supply for the Mekong Delta and 
Can Tho city, with a total length of 55 km flowing 
through Can Tho city and the average water flow of 
5470–10,600 m3/s (flooding season) and 630–1840 
m3/s (dry season) in 2020 (Can Tho Hydrologi-
cal Station, 2020). The canal system includes the 
16-km-long Can Tho canal, Binh Thuy canal, Tra 
Noc canal, O Mon canal, Thot Not canal, Cai San 
canal, and many other canals in the suburban dis-
tricts (Can Tho’s People Committee, 2020). These 
large canals channel water from Hau River into the 
inland areas and other canals of the neighboring 
provinces. This is a freshwater source all year round 
for irrigation in the dry season, for drainage effect 
in the flood season, and especially for traffic.

Sample collection and analysis of water quality

The monitoring data were collected in 2020 from the 
Department of Natural Resources and Environment 
of Can Tho city. Surface water samples were inves-
tigated at 38 locations (S1-S38) along all rivers and 
canals of Can Tho city (Fig. 1), with a frequency of 4 
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times per year (March, June, September, and Decem-
ber). These samples were also collected at the time 
of high tide and low tide for each monitoring period. 
After that, the samples were analyzed for 18 param-
eters, including pH, temperature, turbidity, dissolved 
oxygen (DO), biochemical oxygen demand (BOD), 
chemical oxygen demand (COD), total suspended 
solids (TSS), ammonium (N–NH4

+), nitrite (N–NO2
-

), nitrate (N–NO3
-), orthophosphate (P–PO4

3-), iron 
(Fe), fluoride (F-), chromium (Cr), arsenic (As), lead 
(Pb), mercury (Hg), and total coliform. The tempera-
ture, pH, DO, and turbidity were measured in the field 
while other parameters were analyzed in the labora-
tory using standard methods (APHA, 2012). The 

analytical methods for all parameters are presented in 
Table 1.

Data analysis

The characteristics of the surface water bodies of 
Can Tho city were evaluated using the national tech-
nical regulations on surface water quality (QCVN 
08-MT:2015/BTNMT, column A1). Details of the 
allowable limits of each indicator are given in Table 1. 
In addition, the difference between low tide and high 
tide data in each sampling month was determined by 
the independent t-test analysis using the SPSS software 
(version 20.0, IBM Corp., Armonk, NY, USA).

Fig. 1   Surface water sampling locations in Can Tho city
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Water quality and pollution indices

The overall water quality was assessed using the 
CPI, OPI, and WQI. The CPI is calculated using Eq. 
(1):

where PIi =
Ci

Si
 , n is the number of parameters, Ci is 

the observed concentration of pollutants, and Si is the 
limit value of the pollutant in QCVN 08-MT:2015/
BTNMT.

The OPI is calculated using Eq. (2):

where COD, DIN (N-NH4
+, N-NO3

-, N-NO2
-,), DIP 

(P-PO4
3-), and DO are the observed values in this 

study; CODs, DINs, DIPs, and DOs are the limit val-
ues in surface water in Vietnam.

(1)CPI =
1

n

n
∑

i=1

PIi

(2)OPI =
COD

CODs

+
DIN

DINs

+
DIP

DIPs
-
DO

DOs

According to theguidelines of the Vietnam Envi-
ronment Administration (2019), two forms ofcal-
culation were introduced to calculate the WQI as 
described below.If the water body shows organic-
pollution problems (OPI>1), the WQI will be cal-
culated by Eq. (3). In contrast, the WQIwill be cal-
culated based on Eq. (4).

(3)
WQI =

WQIpH

100
×
(
∏4

i=1
WQI1)

1

4

100

×

�

�

1

7

∑7

i=1
WQIII

�2

×WQIcoliform

�
1

3

(4)
WQI =

WQIpH

100
×
(
∏4

i=1
WQI1)

1

4

100

×

��

1

7

∑7

i=1
WQIII

�

×WQIcoliform

�

1

2

Table 1   Analytical methods and limit values for water bodies in Vietnam

Parameter Description Unit Analytical methods QCVN, A1

pH pH – TCVN 6492:2011 6–8.5
Temp Temperature °C SMEWW 2550B:2012 –
Turb Turbidity NTU Turbidity meter –
DO Dissolved oxygen mg/L TCVN 7325:2004  ≥ 6
BOD Biochemical oxygen demand mg/L TCVN 6001–1:2008 4
COD Chemical oxygen demand mg/L TCVN 6491:1999 10
TSS Total suspended solids mg/L TCVN 6625:2000 20
N-NH4

+ Ammonium mg/L TCVN 6179:1996 0.3
Fe Total iron mg/L TCVN 6177:1996 0.5
N-NO2

- Nitrite mg/L SMEWW 4500-NO2
–.B:2012 0.05

N-NO3
- Nitrate mg/L TCVN 6180:1996 2

P-PO4
3- Orthophosphate mg/L SMEWW 4500-PO4

3–.E:2012 0.1
Cr Chromium mg/L SMEWW 3500-Cr D 0.01
F- Flouride Mg/L SMEWW 4500-F-.B&D:2012 1
As Arsenic mg/L TCVN 6626:2000 0.01
Pb Lead mg/L SMEWW 3113B:2017 0.02
Hg Mercury mg/L TCVN 7877:2008 0.001
Coliform Total coliform MPN/100 mL TCVN 6187–2:1996 2500
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Identification of key parameters and sources affecting 
the water quality

PCA was employed to identify the source of con-
tamination and was represented by principal com-
ponents (PCs). Eigenvalues and weighting coef-
ficients were used to evaluate the importance of 
the main components and the contribution of each 
parameter in each main component. The absolute 
value of the significant correlation coefficient is 
considered weak, moderate, and strong when its 
values are 0.3-0.5, 0.5-0.75, and > 0.75, respec-
tively (Chounlamany et  al., 2017; Islam et  al., 
2017). After identifying the sources from PCA, 
APCS-MLR model was applied to quantify fur-
ther the contribution of latent factors (Qin et  al., 
2020; Su et al., 2011; Zhang et al., 2020). The con-
tribution of pollution sources in the APCS-MLR 
method is calculated using Eq. (5):

where (r0)i is the regression constant, rik is the 
regression coefficient of the source k (PC) for pol-
lutant i, APCSjk is the absolute principal compo-
nent score, and rik × APCSjk is the average contri-
bution of sources to parameter i.

The APCSjk value is calculated using the follow-
ing Eqs. (6), (7) and (8):

(1)	 Normalization of pollutant content i is calculated 
by Eq. (6).

(2)	 The value assumed for the sample with zero pol-
lutant concentration is calculated by Eq. (7).

(3)	 Calculation of APCS score of each source in the 
water sample at position j is calculated by Eq. 
(8).

From Eqs. (6), (7) and (8) 
−

C i and σi are the mean 
and standard deviation of the observed parameters, 

(5)Ci = (r0)i +
∑n

k=1
rik × APCSjk

(6)
(

Z0

)

i
=

0 - Ci

�i

(7)(A0)k =
∑i

i=1
Sik × (Z0)i

(8)APCSjk =
(

Az

)

jk
−
(

A0

)

k

Sik is the coefficient of the principal component 
points (loading), and (Az)jk is the composite score of 
the main components (principal component score).

Negative values during the calculation were 
converted to positive contributions by taking the 
absolute value to avoid skewing the results of the 
contributions of the sources (Zhang et  al., 2020). 
Classification of water quality according to CPI, 
OPI, and WQI is presented in Table 2.

Results and discussion

Tidal effect on surface water quality

The impact of tides on the surface water quality 
of Can Tho city is presented in Table 3. The pH of 
water bodies was ranging between 7.09 ± 0.24 and 
7.83 ± 0.37, which was within the allowable limit of 
QCVN 08-MT:2015/BTNMT, column A1 (6.0–8.5). 
The pH during high tide tended to be significantly 
higher than that during low tide as observed from 
March to September (p < 0.05). Tides also influ-
enced the water temperature from June to December. 
The temperature was ranging from 26.79 ± 0.32 to 

Table 2   The water quality classification value of the indices

a Anh et al. (2020)
b Son et al. (2020)
c VEA (2019)

Water quality index Value Classification

CPIa 0–0.2 Excellent quality
0.21–0.4 Good
0.41–1 Lightly polluted
1.01–2 Moderately polluted
 > 2.01 Heavily polluted

OPIa, b  < 0 Excellent
0–1 Good
1–4 Polluted
 > 4 Extremely polluted

WQIc 91–100 Excellent
76–90 Good
51–75 Moderate
26–50 Poor
10–25 Very poor
 < 10 Heavily polluted
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30.23 ± 0.17 °C, of which the highest was in March. 
Despite the variation, the temperatures during low 
and high tides of all seasons were within the suita-
ble range for the growth of aquatic organisms (Boyd, 
1998; Phu & Ut, 2006). Our previous studies in the 
border provinces of Can Tho city showed similar 
ranges of the temperature (25.96 to 31.20  °C) and 
pH (6.70 to 7.80) during 2018 to 2020 (Giao et  al., 
2021a, b  and c), suggesting similar water quality in 
terms of these two parameters over the past few years.

In addition, the turbidity was significantly affected 
by the tide in all sampling months (p < 0.05, Table 3). 
The low-tide turbidity was significantly higher than 
the high-tide turbidity, which is possibly due to 
low dilution process (Ongley, 2009; MRC, 2015). 
The dilution effect was also shown by higher low-
tide TSS values than the high-tide ones (p < 0.05). 
The TSS concentrations were ranging between 
20.39 ± 4.83 and 61.93 ± 13.55  mg/L, which exceed 
the allowable limit of 20  mg/L (Table  1). In recent 
years, the surface water of bordering provinces of 
Can Tho city also showed TSS values exceeding the 
limit according to our previous studies (Giao et  al., 
2021c). The surface water bodies of An Giang and 
Dong Thap provinces, which are connected to Can 
Tho city at the north, showed similar TSS values of 
41.16–48.67  mg/L in 2018 and 53.33–59.59  mg/L 
in 2020 for An Giang (Giao, 2020a; Hong & Giao, 
2022) and 21.71–49.57  mg/L for Dong Thap (Giao 
et al., 2021c). It is worth mentioning that the ranges 
of TSS values found in these two provinces are less 
varied than the range observed in the surface water 
bodies of Can Tho city, which could suggest more 
variation of water pollution in this area. Other stud-
ies also found that TSS of other water bodies in the 
Mekong Delta exceeded the allowable limit of the 
same standard (Ongley, 2009; MRC, 2015; Lien 
et  al., 2016; Giao & Minh, 2021). In this study, the 
TSS values in September and December were signif-
icantly higher than those in March and June, which 
could have resulted from an increase in the amount 
of water flowing and flooding from the upstream that 
contains high sediments in these months.

The effect of tide on organic pollution was deter-
mined from DO, BOD, and COD values. The DO 
content in the water bodies fluctuated in the range of 
5.38 ± 0.21–6.05 ± 0.26  mg/L (Table  3). The DO val-
ues were comparable to or slightly lower than the per-
missible level (≥ 6  mg/L), suggesting the mild organic 

pollution in water (Phung et  al., 2015; Chounlamany 
et al., 2017; Zhang et al., 2020; Zoltan et al., 2021). This 
was also demonstrated by the BOD values in the range 
of 5.08 ± 1.10–8.32 ± 1.96  mg/L and the COD values 
in the range of 11.39 ± 2.43–16.11 ± 2.88  mg/L, which 
both exceed the allowable limit of QCVN 08-MT: 2015/
BTNMT, column A1 (4  mg/L and 10  mg/L, respec-
tively). These three parameters were significantly influ-
enced by the changes of tides. The low-tide DO values 
were significantly higher than the high-tide ones since 
low tide normally occurs in the afternoon, which can 
limit the photosynthetic oxygen production (McKellar 
et  al., 2007). High-tide BOD and COD concentrations 
were also lower than those during low tide. It can be seen 
that the effect of natural dilution during high tide could 
not reduce the organic pollutants to below the allow-
able limit. Our previous studies showed comparable DO 
values in the ranges of 5.29–5.56 mg/L in 2018 for An 
Giang (Giao, 2020a) and 4.73–5.55  mg/L in 2019 for 
Dong Thap (Giao et al., 2021c); however, these two prov-
inces suffered more organic pollution than Can Tho city. 
The COD values of An Giang surface water increased 
from 11.68–13.54  mg/L in 2018 to 21.14–37.22  mg/L 
with the BOD values of 13.65–24.19  mg/L in 2020 
(Giao, 2020a; Hong & Giao, 2022). In the case of Dong 
Thap province, the ranges of BOD and COD values were 
12.75–18.00 and 20.00–25.75 mg/L in 2019, respectively 
(Giao et al., 2021c). Hau Giang province also had higher 
organic pollution in surface water than Can Tho city, 
which can be observed from the DO, BOD, and COD 
values of 3.20–5.20, 6.30–14.00, and 14.00–25.00 mg/L 
in 2019, respectively (Giao, 2020b). It should be noted 
that the different results between provinces can occur 
due to sampling year and parameters used for determin-
ing organic pollution, which relied on the resource avail-
ability and the monitoring projects conducted each year 
at each province. Nonetheless, it can still be seen that 
the provinces bordering Can Tho city has gradually suf-
fered same organic pollution. Other studies also reported 
organic pollution problems in the surface water bodies of 
the Mekong Delta resulting from domestic, urban, and 
industrial wastewater (Atwebembeire et al., 2019; Ojok 
et al., 2017; Ongley, 2009; MRC, 2015; Lien et al., 2016; 
Giao & Minh, 2021). Stormwater runoff could also con-
tribute to high organic content and high TSS concentra-
tions, leading to the deterioration of surface water quality 
and the increased cost of feedwater treatment (Ongley, 
2009; MRC, 2015; MONRE, 2018; Ratpukdi et  al., 
2019). Thus, it is expected that high organic content 
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will facilitate the growth of microorganisms. The results 
showed that the water bodies in Can Tho city were con-
taminated with coliform bacteria, exceeding the allow-
able limit of 2500 MPN/100 mL (QCVN 08-MT:2015/
BTNMT, column A1) with the range of 3065.79 ± 731.
26–17,692.11 ± 16,707.20 MPN/100  mL. Our previous 
studies in bordering provinces found coliform contami-
nation with wider ranges and higher maximum values 
in An Giang and Don Thap provinces, which showed 
11,067.00–31,363.00 MPN/100  mL (Hong & Giao, 
2022) and 1708.00–25,300.00 MPN/100  mL (Giao 
et  al., 2021c), respectively. The coliform contamina-
tion was lower in Hau Giang province with the range of 
1156.30–11,657.50 MPN/100  mL (Giao, 2020b). This 
could be due to the fact that Hau Giang province has 
smaller number of population and area compared with 
An Giang, Dong Thap, and Can Tho city, which leads to 
the lower amount of activities in the province contribut-
ing to coliform contamination.

The tidal effect on the nutritional parameters was 
found varying among the species of the compound. 
The N–NH4

+ concentrations in the water bodies, rang-
ing from 0.08 ± 0.03 to 0.25 ± 0.06  mg/L, were sig-
nificantly higher during low tide than during high tide. 
The results also showed that N–NH4

+ in the canals of 
Can Tho city was lower than that in other areas of the 
Mekong Delta. For example, N–NH4

+ compounds 
had an average concentration of 0.27 ± 0.16  mg/L 
in the canals of Hau Giang province (Giao, 2020b), 
0.30 ± 0.40–0.50 ± 0.50 mg/L in Tien Giang (Giao et al., 
2021a), 0.36 ± 0.061–0.40 ± 0.074  mg/L in Dong Thap 
(Giao et  al., 2021c), and 0.35–4.14 mg/L in Soc Trang 
(Tuan et  al., 2019). In contrast, N–NO2

– concentrations 
were not significantly affected by tides, except in Decem-
ber where higher N–NO2

– concentration during low 
tide was recorded (Table 3). This is slightly higher than 
the N–NO2

– concentration found in Hau Giang prov-
ince (0.01 ± 0.01–0.02 ± 0.01  mg/L) (Giao, 2020b). The 
N–NO2

– concentrations observed in both Can Tho city 
and Hau Giang are relatively small compared with those 
observed in Tien Giang province (0.00–0.20 ± 0.30 mg/L) 
(Giao et al., 2021a). According to the study by Koçer and 
Sevgili (2014), the concentration of N–NO2

– in water 
bodies usually fluctuates between 0.001 ± 0.001 and 
0.022 ± 0.012  mg/L. High N–NO2

– concentrations 
have been observed in water bodies with high DO and 
low N–NH4

+ (Ongley, 2009; MRC, 2015; MONRE, 
2018). However, it should be noted that both N–NH4

+ 
and N–NO2

– concentrations in the water bodies of Can 

Tho city observed in this study were within the allow-
able limits of 0.3 and 0.05  mg/L, respectively (QCVN 
08-MT:2015/BTNMT, column A1). Similar to the 
N–NH4

+ concentrations, the N–NO3
– concentrations of 

0.33 ± 0.13–1.08 ± 0.34  mg/L were also subject to tidal 
influence, in which the N–NO3

– concentrations during 
low tide were significantly greater than those during high 
tide. The range of N–NO3

– concentrations was within the 
allowable limit of 2 mg/L (QCVN 08-MT:2015/BTNMT, 
column A1), which was similarly observed in other areas 
of the Mekong Delta (Ongley, 2009; MRC, 2015; Lien 
et al., 2016; Giao, 2020b; Giao et al., 2021a, 2021c; Giao 
& Minh, 2021). For the P–PO4

3– concentration, a signifi-
cant tidal effect was observed only in June, in which the 
dissolved phosphorus during low tide was higher than that 
during high tide. The P–PO4

3– concentrations in the study 
area were in the range of 0.05 ± 0.02–0.07 ± 0.03 mg/L, 
which was within the allowable limit of 0.1 mg/L (QCVN 
08-MT:2015/BTNMT, column A1). The results were 
comparable to the values observed by other studies in 
the Mekong Delta: 0.02–0.47 mg/L in the canals of An 
Giang province (Ly & Giao, 2018) and 0.04–0.11 mg/L 
in the Hau River in the An Giang-Hau Giang section (). 
In the natural environment, P–PO4

3– is usually at very 
low concentrations, around 5–20  µg/L (Boyd & Green, 
2002). Combined with the findings of the previous stud-
ies, it is found that the P–PO4

3– concentrations of surface 
water in the Mekong Delta region were higher than the 
background level, hence being an important environmen-
tal problem (Ongley, 2009; MRC, 2015; Lien et al., 2016; 
MONRE, 2018).

Heavy metal content in surface water was also 
evaluated in this study (Table  3). The Fe content in 
the canals of Can Tho city was within the allow-
able limit (0.5  mg/L), ranging from 0.09 ± 0.04 to 
0.28 ± 0.10  mg/L. The Fe concentrations during 
low tide tended to be higher than those during high 
tide. However, the statistically significant difference 
between low tide and high tide was recorded only 
in September, which could be the result of intense 
dilution by a considerable increase in the amount of 
rainfall and water flow from upstream in September 
(National Center for Hydro-Meteorological Forecast-
ing, 2020). The F– concentrations fluctuated from 
0.06 ± 0.06 to 0.27 ± 0.18  mg/L, not exceeding the 
allowable limit (1.0 mg/L). Significantly higher fluo-
ride concentration was observed during low tide in 
December. Other heavy metals (Cr, As, Pb, and Hg) 
in surface water of Can Tho city were in very low 
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concentrations, mostly below the detection threshold 
of the analytical methods and equipment used in this 
study.

In summary, high tide mostly had the negative 
influence on the water parameters in surface water of 
Can Tho city, reducing their concentrations in water. 
However, it was suggested that the water bodies were 
contaminated with organic pollution according to the 
TSS, BOD, and COD values, in which the concentra-
tions exceeded the allowable limits despite the dilu-
tion during the high tide.

Seasonal effect on surface water quality

Seasonal fluctuation of water parameters especially 
the organic ones, such as TSS, BOD, N–NH4

+, 
N–NO3

–, Fe, and coliform, have been reported in pre-
vious studies, which was due to the temporal changes 
in anthropogenic activities, hydrology, precipitation, 
and water flow rates (Ongley, 2009; MRC, 2015; 
Islam et al., 2017; Chounlamany et al., 2017). In this 
study, the temporal variation of surface water quality 
was determined by the CPI and OPI (Fig. 2). Accord-
ing to the CPI assessment (Fig. 2a), the surface water 
quality in Can Tho city showed seasonal fluctuation. 
The surface water bodies in March, June, and Sep-
tember were slightly polluted with the locations S11, 
S31, and S35 being assessed as moderately polluted, 
respectively. These locations were contributed by 
small rivers generated by residential areas and agri-
cultural activities. The water quality in December was 

mild to heavily polluted, of which about 39.5% of the 
locations (15 out of 38 sites) were moderately pol-
luted and 7.9% (3 out of 38 sites) were severely pol-
luted. The heavily polluted location was identified at 
location S30, which was strongly affected by residen-
tial activities. The OPI assessment (Fig.  2b) shows 
that the surface water quality was organically polluted 
all year round with the highest index in March, which 
reduced to the lowest in September before increasing 
again in December. Out of all locations, the extremely 
polluted water was observed in location S5 where it 
was highly affected by residential wastewater. This 
result is consistent with the previous discussion that 
the water quality in the study area was organically 
polluted due to low DO and higher TSS, BOD, and 
COD than the allowable limit (Table  3). Previous 
studies have shown that land-use type greatly impacts 
water quality, particularly residential and urban areas 
being the major contributor to surface water pollution 
(Giao et al., 2021a, 2021c; Islam et al., 2017).

The spatial variation of surface water quality in 38 
water bodies of Can Tho city assessed by WQI is pre-
sented in Fig. 3. In March (Fig. 3a), excellent water 
quality was observed in 19 out of 38 locations, good 
water quality was observed in 18 locations, and only 
one location was observed with medium quality. In 
June (Fig. 3b), the water quality was excellent, good, 
and average at 22, 14, and 2 locations, respectively. In 
September (Fig. 3c), the water quality was excellent, 
good, and average at 24, 13, and 1 locations, respec-
tively. It can be seen that the number of locations 

Fig. 2   Temporal variation of surface water quality classified by CPI (a) and OPI (b)
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with excellent water quality increased from March 
to September. However, in December (Fig. 3d), only 
3 locations were observed with excellent water qual-
ity, and 11, 7, and 17 locations were found with good, 
medium, and bad water quality, respectively. Accord-
ing to the calculated WQI data, the water quality fluc-
tuated greatly over time (Fig. 4), which also shows the 
lowest WQI and highest WQI variation in December. 
The seasonal variation determined by WQI is consist-
ent with other seasonal variations observed by deter-
mining water quality parameters separately (Ongley, 
2009; MRC, 2015; Islam et al., 2017; Chounlamany 
et  al., 2017). This means that WQI can effectively 
summarize a large number of parameters into a single 
index to evaluate the overall water quality (Anh et al., 
2020; Giao et al., 2021c). Similar to the WQI results, 
the CPI showed that the water quality in December 
was more polluted than the water quality in other 
months (Fig. 2). While the OPI showed high organic 
pollution in December, the most severe organic 

pollution was observed in March. OPI is an impor-
tant and useful index for assessing the water quality 
in the domestic water supply sector because organic 
substances in the input water can lead to the forma-
tion of disinfection by-products with chlorine, which 
can be precancerous compounds, seriously affecting 
human health (Ratpukdi et  al., 2019). According to 
the results from this study, it is recommended that the 
assessment of surface water quality in similar cities of 
Vietnam or other countries should be assessed by the 
OPI index in addition to the WQI index.

Identification of key variables influencing the surface 
water quality

PCA method was employed to identify the indica-
tors affecting the surface water quality of Can Tho 
city, which in turn helps to determine the possible 
pollution sources. The principal components (PCs) 
with an eigenvalue greater than 1 are considered the 

Fig. 3   Spatial variation of surface water quality classified by WQI
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main components that significantly influence water 
quality variability (Chounlamany et  al., 2017; Islam 
et al., 2017). From Fig. 5, 17 PCs obtained from the 
PCA method described 100% of the variation. The 
first five PCs (PC1–PC5) have been identified as hav-
ing a great influence on the change of water pollution 
(eigenvalue > 1), which could explain 64.40% of the 
variation in water quality. This is in accordance with 
several previous studies that reported 5–6 PCs caus-
ing water quality fluctuations in similar water bodies 
(Giao et al., 2021a).

The correlation coefficients of water quality 
parameters and PCs are presented in Table  4. The 
analysis showed that PC1 has a weak positive corre-
lation with temperature and pH while it has a weak 

negative correlation with Cr, TSS, and Golia et  al. 
(2015) also found that pH was negatively corre-
lated with Fe content. Since the contents of Cr and 
Fe found in the study area were within the standard 
(Tables 1 and 3), it could be deduced that a major pol-
lution in this PC is possibly from natural processes 
such as the leaching from Fe-containing soil and 
other suspended matter into water bodies (Nga and 

Fig. 5   The eigenvalues and their percentage of variance of the 
PCs

Table 4   Loading values of parameters in PCA method

PC PC1 PC2 PC3 PC4 PC5

pH 0.31 0.26 0.18 0.08 0.18
Temp 0.43 0.22 0.09 0.06 0.04
Turb  − 0.13 0.32  − 0.40 0.14 0.04
DO  − 0.23 0.12  − 0.36  − 0.02 0.01
BOD 0.06 0.47 0.05  − 0.41  − 0.26
COD  − 0.05 0.39 0.20  − 0.50  − 0.29
TSS  − 0.42 0.14  − 0.22 0.05 0.04
N-NH4

+ 0.12 0.37 0.23 0.24 0.27
N-NO2

- 0.26 0.04 0.00 0.22  − 0.09
N-NO3

- 0.09 0.24  − 0.21 0.32  − 0.27
P-PO4

3-  − 0.05 0.18 0.40 0.33  − 0.15
F¯  − 0.25  − 0.08 0.28  − 0.05  − 0.06
Fe  − 0.36 0.08 0.24 0.06 0.16
Cr  − 0.31 0.11  − 0.20 0.19  − 0.05
As 0.11 0.03  − 0.04  − 0.35 0.69
Pb  − 0.03 0.22 0.38 0.27 0.20
Coliform  − 0.27 0.28 0.02  − 0.02 0.28

Fig. 4   Temporal variation 
of WQI
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Thuy, 2011; Du et al., 2021). PC2 had a weak posi-
tive correlation with BOD, COD, N–NH4

+, and tur-
bidity. All of these parameters were mainly affected 
by urbanization including domestic and industrial 
wastewater discharge as observed in the previous 
study (Giao, 2020b). In addition, the positive correla-
tion of turbidity to PC2 could be attributed to the dis-
turbance by water transport, tides, and other surface 
currents. PC3 had a weak positive correlation with 
P–PO4

3– and Pb while it had a weak negative correla-
tion with turbidity and DO. These parameters could 
be considered the effect of agricultural activities on 
surface water through erosion and agricultural runoff, 
which can contain high P–PO4

3– due to excessive fer-
tilizer application. This source of pollution has also 
been reported in many previous studies in agricultural 
areas (Giao et al., 2021a; Su et al., 2011). Moreover, 
it was also suggested that fertilizer application can 
increase heavy metal content in soil (Nhien & Giao, 
2019; Wang et al., 2016).

PC4 had a weak positive correlation with P–PO4
3–, 

a weak negative correlation with As and BOD, and a 
moderately negative correlation with COD. This result 
indicates a decrease in both organic and inorganic mat-
ter content in water, so PC4 is more likely to be con-
sidered a source of decomposition of organic/inorganic 
substances in water (Peralta-Maraver et al., 2021). PC5 
had a weak correlation with all water quality indicators 
but a moderate positive correlation with As. However, 
As concentrations in this study were reported at very 
low to undetectable concentrations. Therefore, As might 
not be affected by anthropogenic sources but could be 

from atmospheric circulation, deposition, and rainwa-
ter (Qin et al., 2020). It should be noted that no signifi-
cant correlation was observed for other pollutants such 
as N–NO2

–, N–NO3
–, F–, and coliform even though the 

coliform data showed contamination in the water bodies 
of Can Tho. This contrasts with the studies in neighbor-
ing water bodies, which reported that the water bodies 
were mostly affected by coliform and N–NO3

– (Giao 
et al., 2021a; Phung et al., 2015).

According to the PCA results, the main parameters 
affecting the surface water quality of Can Tho city 
include pH, temperature, turbidity, TSS, DO, BOD, 
COD, N–NH4

+, P–PO4
3–, Cr, Pb, Fe, and As. Thus, 

these indicators are important and should be required 
in the monitoring of surface water quality of Can Tho 
city and other similar cities. Variation of natural pro-
cesses, domestic wastewater, erosion, and leaching 
from agricultural land were possibly the main pollu-
tion sources affecting the water quality in the study 
area, even though several other pollution sources 
were identified in the analysis; however, they need to 
be investigated further in the field for specific identifi-
cation in the future.

Quantitative evaluation for the contribution of each 
pollution source

The contribution of the pollution sources to each 
water quality parameter was conducted by the 
APCS-MLR method and the results are shown in 
Fig.  6. Most of the R2 values ranged from 0.53 to 
0.94 (except DO, N–NO2

–, N–NO3
–, F–), which 

Fig. 6   Contribution of pol-
lution sources to the vari-
ation of individual water 
parameter
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are higher than 0.5 and show that the APCS-MLR 
model has medium-to-high accuracy (Wang et  al., 
2016). Overall, the values of R2 in APCS-MLR 
model analysis are consistent with the PCA analy-
sis. In this study, most of the parameters were 
mainly affected by natural sources (PC1), untreated 
wastewater (PC2), and agriculture (PC3); this was 
expressed as a percentage of the contribution of 
the pollutant sources in the Y-axis (Fig.  6). The 
contribution of pollution sources to pH and tem-
perature fluctuations ranged from 5.2 to 46.7% 
and 0 to 65.6%, respectively, in which the sources 
from natural processes had the greatest contri-
bution. The main sources of turbidity variation 
were natural processes, and domestic and agricul-
tural wastewater with an average value of 30% per 
source. Meanwhile, TSS showed that the variation 
is mostly caused by natural processes in the water, 
accounting for 66.5% of the total sources of vola-
tility. Besides, two sources from natural processes 
(45.3%) and agriculture (37.8%) were the sources 
with the highest contribution to DO fluctuations. On 
the contrary, there was little change of BOD, COD, 
and N–NH4

+ by natural elements since the pollu-
tion from untreated wastewater was the source that 
contributed significantly (38.5–50.3%) to the varia-
tion of this parameter. In addition, agriculture was 
also identified as a source of N–NH4

+ contribution 
and volatility. On the other hand, the contribution 
rate of leaching and erosion of cropland (agricul-
tural source) was identified as the main source for 
P–PO4

3– followed by the wastewater discharge from 
activities and decomposition of organic/inorganic 
substances containing phosphorus compounds. The 
fluctuations of heavy metals have been recorded 
mainly by natural transformation processes in water, 
in particular Fe (66.4%) and Cr (54.0%). For As, the 
model estimated that 74.2% of the variation was due 
to the decomposition of organic matter, atmospheric 
circulation, and deposition while Pb showed vari-
ation caused by agricultural sources (35.8%) and 
wastewater from operations (28.4%).

From the results, the water quality parameters 
had many different sources of pollution, causing 
the overall water quality variation in the study area. 
It was also found that the field monitoring param-
eters (pH, temperature, DO), TSS, and heavy met-
als are mainly controlled by natural factors while 

the remaining parameters are governed by human 
sources (livelihood and agriculture).

Conclusions

In summary, the surface water quality in Can Tho city 
has been contaminated with organic matter (low DO 
and high BOD, COD, and TSS) and microbiological 
pollution (coliform). Among the measured param-
eters, pH, turbidity, TSS, BOD, COD, N-NH4

+, and 
N-NO3

-, were significantly increased during low 
tide. The indices of water quality (WQI) and pollu-
tion (CPI and OPI) showed that water quality fluctu-
ates greatly over location and time. The WQI index 
showed that overall water quality in December was 
more polluted than that in other months; however, 
the OPI index suggested that the organic pollution in 
March was more severe than that in the other months 
as observed. Therefore, it is recommended that the 
assessment of surface water quality in Vietnam 
should include the calculation of both WQI and the 
OPI indices. According to the APCS-MLR method, 
64.40% of water quality variation in the surface water 
bodies of Can Tho city could be explained by five 
main components (PC1–PC5), which represent natu-
ral processes, wastewater from urbanization, agricul-
ture, decomposition of substances by microorgan-
isms, and atmospheric deposition, respectively. The 
main parameters that affect the water quality were 
pH, temperature, turbidity, TSS, DO, BOD, COD, 
N–NH4

+, P–PO4
3-, Fe, and As. Therefore, the sugges-

tions from this study include the continuous monitor-
ing of these indicators, the focus monitoring during 
the low tide, and the identification and restriction of 
pollution sources from urbanization and agriculture.
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