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Abstract

While numerous studies have examined pollution sources and seasonal effects on surface water quality independently, the
complex interactions between these factors remain understudied. This research aimed to fractionate and quantify pollution
sources and examine their interactive effects with seasonal variations on surface water quality in Khanh Hoa, Vietnam.
The current study was based on 1080 surface water samples taken from three common water bodies - lakes, rivers, and
canals across dry and rainy seasons and analyzed for 13 physiochemical properties. Findings revealed that surface water
quality was influenced by four primary pollution sources: agricultural activities, residential areas, onsite erosion, and cli-
matic factors. Agricultural sources dominated canal water quality (93.0-94.7%) but had less impact on lakes and rivers
(12.8-23.8%). Residential sources significantly affected lakes and rivers (30.23-32.66%) but minimally influenced canals
(2.6-5.6%). Onsite erosion sources had greater impacts on lakes and rivers typically during the rainy season and exhibited
minimal impacts on canals. Lakes and rivers maintained consistent and higher water quality across seasons (water quality
index (WQI) 9.1 to 9.3 out of 1.0 — excellent), while canals exhibited substantially lower quality in the dry season (WQI
0.75) compared to the rainy season (WQI 0.78). These interactive impacts were mitigated by self-purification, water resi-
dence time in lakes and rivers, dilution effects, and fast pollutant transport in canals. Our findings highlight the importance
of effective management of these key pollution sources in interaction with seasonal variation for maintaining water quality
and ensuring environmental sustainability.
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1 Introduction

Recently, Jia et al. (2021) reported that surface water in
lakes is more polluted during the rainy season than during
the dry season. Similarly, specific water quality parameters
such as biological oxygen demand (BOD;), dissolved oxy-
gen (DO), total suspended solids (TSS), and coliforms were
noted to be higher in the rainy season compared to the dry
season (Ly and Giao 2018). In contrast, other studies have
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found that surface water quality was significantly lower dur-
ing the dry season than during the rainy season (Woldeab et
al. 2018); Gomes et al. (2019) found that some water bodies
showed better quality while others exhibited lower quality
in the same season. There could be many reasons explaining
the diverse findings among these studies. Moreover, Nguyen
et al. (2020) observed that the impact of seasonal variation
on surface water quality is dependent on pollution sources.
These findings suggest that, apart from seasonal fluctua-
tions, the nature of pollution sources and their interaction
could be the primary factors contributing to the disparities
observed in these studies, which are insufficiently discussed
in the literature.

While the surface water system holds significance for
various reasons (Banaduc et al. 2022; Ringler et al. 2022),
the rapid growth of population and urbanization, especially
in developing nations, is causing the gradual degradation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00477-025-02948-8&domain=pdf&date_stamp=2025-2-24

Stochastic Environmental Research and Risk Assessment

of this system (Bhateria and Jain 2016; Ma et al. 2022). In
a particular region, the surface water system may include
a few main types of water bodies such as rivers, lakes, and
canals, serving as vital water resources for domestic, indus-
trial, agricultural, and recreational purposes. Additionally, it
plays a role in collecting wastewater discharged from vari-
ous human activities (Giao and Ly 2023; Nguyen et al. 2021;
Reda 2019). The utilization of surface water resources, such
as for irrigation or human consumption, hinges on their
quality, which is influenced by pollution sources (Zhang et
al. 2023). These sources may originate from human activi-
ties such as residential, industrial, urban, and agricultural
practices, as well as natural processes like seasonal varia-
tion, changes in rainfall, land surface erosion, and sediment
transport (Anh et al. 2023; Miiller et al. 2020; Qadir et al.
2008; Wang et al. 2023). Different pollution sources exhibit
distinct characteristics in their impacts on surface water
systems. For example, pollution sources derived from agri-
cultural activities may elevate nutrient parameters such as
NH,", NO;", and P in the surface water due to inorganic fer-
tilizer application, while residential areas introduce organic
pollutants by discharging blackwater to surface water sys-
tems (Rashmi et al. 2020; Vadde et al. 2018; Xia et al. 2020).
It is crucial to identify and quantify these pollution sources
to effectively develop management strategies for maintain-
ing the high quality of surface water systems.

Moreover, the impacts of diverse pollution sources are
contingent upon seasonal variations, typically character-
ized by dry and rainy seasons (Dey et al. 2021). Various
pollution sources may release a substantial volume of pol-
lutants into the surrounding environment, and these pollut-
ants are subsequently transported to various water bodies
via water flow, a process influenced by seasonal changes.
Heavy rainfall in the wet season can carry pollutants over
significant distances from their origins to larger water bod-
ies like lakes and rivers. Consequently, lakes and rivers may
exhibit higher pollution levels during the rainy season than
during the dry season (Jia et al. 2021). Conversely, minimal
rainfall and great water evaporation in the dry season may
result in a greater accumulation of pollutants in proximity
to their sources, particularly in canals. Canals, being nar-
row waterways, commonly collect pollutants directly from
their sources, leading to increased pollution during the dry
season. These imply that the influence of human activities,
manifested through anthropogenic pollution sources, on the
quality of surface water systems may depend on natural fac-
tors like seasonal variations, warranting further research.

To comprehensively assess the interaction effects of pol-
lution sources and seasonal variation, it is crucial to estab-
lish a study in a region featuring various water bodies of
canals, rivers, and lakes, which can be commonly found
in inland water systems (Némethy et al. 2022). In general,
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lakes and large inland water bodies receive water from vari-
ous sources, including rivers and canals and others such as
precipitation, runoff, and underground springs. The inflow
from rivers and canals introduces sediments, nutrients, and
pollutants, thereby influencing the water quality of lakes
(Kuriata-Potasznik et al. 2020). Rivers, as naturally flow-
ing watercourses, flow toward oceans, seas, lakes, and other
rivers, while canals are artificial waterways or channels
constructed to convey water for various purposes, such as
irrigation, drainage, and the collection of wastewater from
various pollution sources. These typical water bodies are
susceptible to pollution at different levels depending on pol-
lution sources and seasonal fluctuation. Therefore, the cur-
rent study was conducted in Khanh Hoa province, Vietnam,
as a case study with objectives of (1) fractionating and quan-
tifying pollution sources and (2) examining their interactive
effects with seasonal variations on the surface water quality
of the study area. This particular region is predominantly
characterized by mountainous terrain, with a narrow delta
constituting less than one-tenth of its total area. The region
has a complex surface water system, including numerous
lakes, and short and steep rivers, as well as canals designed
for irrigation and wastewater collection.

2 Materials and methods
2.1 Study area

The current study was undertaken in Khanh Hoa prov-
ince, Vietnam, spanning from 11°48°22” to 12°52°39” N
and 108°40’8” to 109°27°50” E with various study stages
shown in Supplementary Fig. 1. Covering a natural area of
5,137.8 km?, the province had a population of more than
1232,000 people as of April 1, 2019, resulting in a popula-
tion density of 238 people/km? (Khanh Hoa statistics offices
2020). For comparison, in the same year, the entire territory
of Vietnam had a population density of approximately 291
people/km?. Khanh Hoa, positioned as a coastal province
in South Central Vietnam, lies near the Truong Son moun-
tain range, featuring a rugged topography characterized by
numerous mountains and a network of short, steep rivers
and streams (Donre 2020). Khanh Hoa province experiences
a tropical ocean monsoon climate, with an average annual
temperature of 26.7 °C (Le and Nguyen 2023). Temperature
fluctuations follow a seasonal pattern, peaking in the dry
season and declining in the rainy season. Annual rainfall
varies from 1,270 to 1,762 mm, strongly influenced by both
season and terrain. The rainy season spans four months,
from September to December, contributing 60—80% of the
total rainfall, while the dry season lasts eight months, from
January to August each year (Donre 2020).
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Khanh Hoa province boasts essential continental surface
water resources, including rivers, streams, canals, and lakes,
catering to residential, industrial, agricultural, and energy-
related purposes. The entire province has 31 reservoirs,
comprising 28 irrigation lakes and 3 hydroelectric lakes.
With approximately 40 rivers exceeding 10 km, Khanh Hoa
has a robust internal water network. Notably, four signifi-
cant rivers, Cai, Dinh, Suoi Dau, and To Hap play crucial
roles in the socio-economic development of the region.
Additionally, the study region possesses a network of canals
serving various purposes such as drainage, irrigation, trans-
portation, and wastewater collection.

2.2 Experimental setup

The surface water resources in Khanh Hoa Province are
subject to varying influences from both natural factors like
temperature and rainfall (seasonal variation), and human
activities. These human factors involve the intake and dis-
charge of wastewater from residential activities, agriculture,
fisheries, industry, transportation, tourism, and services.
Consequently, the current study focused on three types of
water bodies, lakes, rivers, and canals in the region. Lakes
are relatively large reservoirs, storing water with pollut-
ants derived from various sources, while canals are narrow
waterways mainly collecting and transporting water and pol-
lutants from their sources. Eighteen sampling sites, 7 sites
on lakes, 8 sites on rivers, and 3 sites on canals (Supplemen-
tary Fig. 2) were pre-selected for surface water sampling in
both dry and rainy seasons. Therefore, seasonal variation is
one experimental factor contributing to the determination of
the quality of the surface water system (three water bodies)
in the current study. Water body reflecting pollution sources
was another experimental factor examined in the current
study.

2.3 Water sampling and water quality analysis

The current study involved the collection of surface water
samples from 18 pre-selected sites over 5 consecutive years,
from 2016 to 2020. Sampling was conducted in two sea-
sons, covering all 12 months each year, making a total of
1080 surface water samples (18 sites/month x 12 months/
year x 5 years). At each sampling site, the Van Dorn water
sampler was employed to collect 8 sub-samples from the
0-50 surface layer into a 20-liter bucket. From the bucket,
approximately 4 L of water were taken and transferred into a
plastic jar with a secure lid, which was then placed in an ice
box at 4 °C. The remaining water in the bucket was directly
measured for pH using a pH meter (Thermo Scientific™
Orion™ 3-Star Benchtop pH Meter, USA), temperature
using a thermometer, turbidity using a spectrophotometer
(Hach DR/2010 spectrophotometer, USA), and dissolved
oxygen (DO) using the DO meter (Oxi 3210 portable dis-
solved oxygen Meter, USA ) (Table 1). The water-contain-
ing jars were then promptly transported to the laboratory
for analysis of 9 key water quality parameters, including
CI, NH,", NO,,, NO;, and PO,*, biochemical oxygen
demand (BODs), chemical oxidation demand (COD), total
suspended solids (TSS), and total coliform. These analyses
were carried out based on the national standard methods
QCVN 08-MT:2015/BTNMT (Monre 2015) and the meth-
ods outlined in the previous study (Nguyen et al. 2019).
The CI” concentration was specifically determined using the
titration method (Hajrasuliha et al. 1991).

2.4 Statistical analysis

Principal component analysis/factor analysis (PCA/FA)
with a detailed description shown in Supplementary Text
1 was applied to the whole dataset of 13 water parameters
over five years to fractionate and quantify pollution sources
(Chidiac et al. 2023; Pati et al. 2023). In brief, PCA/FA

Table 1 Averaged values and standard deviation (SD) of 13 measured water parameters in five years

Parameters 2016 2017 2018 2019 2020
Mean SD Mean SD Mean SD Mean SD Mean SD

Temperature (°C) 29.35 2.65 28.99 2.77 29.10 2.62 29.38 1.67 29.57 1.84
pH 7.53 0.45 7.25 0.51 7.50 0.46 7.43 0.39 7.40 0.43
Turbidity (NTU) 16.20 19.07 8.94 19.78 29.85 40.89 20.05 24.35 29.25 41.96
DO (mg L") 5.28 1.03 5.52 1.04 5.55 1.31 5.29 0.96 5.30 0.95
TSS (mg L™ 21.31 27.00 21.22 26.30 21.12 26.65 21.20 31.75 20.41 23.19
BOD; (mg L 7.25 13.61 6.66 11.57 5.86 7.09 7.47 2.14 7.66 5.46
COD (mgL™h) 14.61 27.03 12.10 20.89 10.19 12.31 12.57 3.52 13.22 9.16
Cl" (mgL™) 31.33 80.15 26.48 69.34 38.86 107.82 32.43 95.89 33.45 90.04
NH," (mgL ™) 0.72 3.12 0.71 2.09 0.56 1.75 0.69 1.90 0.68 1.80
NO;™ (mg LY 0.25 0.45 0.31 0.44 0.31 0.53 0.19 0.39 0.15 0.40
NO, (mg LY 0.03 0.07 0.03 0.09 0.03 0.11 0.04 0.13 0.02 0.04
PO43’ (mgL™h 0.25 0.67 0.25 0.65 0.24 0.70 0.22 0.64 0.10 0.24
Coliform (Log(MPN 100 m1™ 1)) 2.02 1.64 1.71 1.25 1.09 1.15 1.34 1.02 0.59 0.90
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was applied using the JMP application (JMP pro 17, SAS
Institute Inc, NC, USA), based on the varimax rotation
method, which is recommended for obtaining orthogonal
rotation variables (latent factors) (Pati et al. 2023). Latent
factors with eigenvalues greater than 1 (representing more
explained variance than a single original variable) were
retained. Original variables with high loadings (absolute
values greater than 0.5) on a specific factor were considered
to be strongly associated with that factor and were used to
interpret its meaning.

Analysis of variance (ANOVA) was performed based on
a completely random 2-factor model after confirming the
homogeneity of variance and normal distribution. Tukey’s
Honest Significant Difference test was employed to discern
differences between means when ANOVA results indicated
significant differences at P<0.05.

The WQI was calculated from 13 parameters based on
the results of PCA/FA analysis (Le et al. 2023a), according
to Eq. 1 (Eq. 1). The WQI has a scale ranging from 0.00 to
1.00, where 1 indicates excellent quality.

WQI =5 i wisi (Eq.1)

where n is the number of parameters; w; is the weightage
of the i parameter and s; is the score of the ith parameter.
The values of w; were determined by the results of PCA/
FA analysis (Table 2) and the values of s; were determined
based on the method by (Le et al. 2023b). Thirteen param-
eters were divided into 3 groups including the “more is bet-
ter” group, “less is better” group, and “optimal” group. The
groups “more is better,” “less is better,” and “optimal” indi-
cate that within each group, a parameter is considered better

Table 2 Correlation coefficients of surface water parameters with
latent factors from principal component analysis/factor analysis.

Water parameters Fac- Fac- Fac- Fac- Param-
tor 1 tor 2 tor 3 tor 4 eter
weight-
age (w;)
PO 0.83 0.33 0.08 0.07 0.13
NO,~ 0.82 -0.01 0.09 -0.14 0.13
NO;~ 0.82 -0.03 0.07 -021 0.13
Clr 0.77 0.35 0.01 0.12 0.13
NH,* 0.62 0.38 —0.06 024 0.13
COD 0.14 0.90 0.09 0.04 0.05
BOD; 0.16 0.90 0.10 0.04 0.05
Log(coliform) 0.14 0.58 -0.07 -0.20 0.05
Turbidity -0.07 -0.03 0.90 0.08 0.04
TSS 0.25 0.14 0.83 -0.16 0.04
DO -0.56 —-055 -0.09 -0.22 0.05
Temperature 0.03 0.15 0.02 0.73 0.03
pH -0.04 -0.22 -0.08 0.69 0.03
Eigenvalue 4.67 1.62 1.52 1.20
Percent 3595 1249 11.71 9.26

Cumulative Percent  35.95 4844 60.15 69.41
Factor weightage 0.52 0.18 0.17 0.13
Bold numbers are those greater than 0.5.
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at higher levels, lower levels, and optimal levels, respec-
tively. The “more is better” group includes DO; the optimal
group includes pH and the “less is better” group includes
the remaining 11 parameters. For the “more is better” and
“neutral” groups, the si value was calculated according to
Eq. 2 (Eq. 2).

S; =

Ti—=Tmin

Tmaz —Tmin (Eq. 2)
For the “less the better” group, s; was determined based
on Eq. 3 (Eq. 3).
S =

sy (B4 3)

Where z;, ZTmin, and x,,q, were the analytical, mini-
mum, and maximum values of parameter i, respectively.
The componential water quality indexes (componential
WQIs) reflecting each of the four pollution sources identi-
fied by PCA/FA were computed based on the method by (Le
et al. 2023a). In addition, multiple linear regression analysis
was undertaken to quantify the contribution of four factors,
associated with four potential pollution sources, derived
from PCA/FA analysis to the overall WQI index (Putri et
al. 2018).

3 Results

3.1 Principle component analysis/factor analysis
(PCA/FA)

The averaged values of the 13 water parameters in five
years were shown in Table 1. The application of PCA/FA
showed that four varimax factors, each possessing an eigen-
value exceeding 1, were extracted that together explained
69.41% of the total variance of the whole dataset (Table 2
and Supplementary Fig. 3). Factor 1 explained 35.95% of
the total variance, followed by factor 2 (12.49%), factor 3
(11.71%), and factor 4 (9.26%). The most important factor,
factor 1, had high loading values (exceeding 0.5) with five
parameters, including PO437, NO, , NO;~, CI', and NH,".
Factor 2 displayed high correlation coefficients with four
parameters, including BODs, COD, Log(coliform), and DO.
Similarly, Factor 3 demonstrated a strong correlation with 2
parameters of turbidity and TSS, and Factor 4 exhibited a
noteworthy correlation with temperature and pH. The inter-
relationships among the 13 water parameters were shown in
Supplementary Table 1.

3.2 Overall surface water quality index (WQI)
The WQI exhibited the highest values in the lakes (0.93 and

0.93 units), followed by rivers (0.92 and 0.91 units), and
canals (0.75 and 0.78 units out of a scale of 1.00 excellent)



Stochastic Environmental Research and Risk Assessment

in dry and rainy seasons, respectively (Fig. 1). A signifi-
cant interaction between water bodies and the seasons was
observed on WQI. Although the WQI remained relatively
consistent between the two seasons in lakes and rivers, a
significant difference was observed between the two sea-
sons in canals. Specifically, the WQI in canals was statisti-
cally significantly lower during the dry season, compared to
the rainy season, based on two-way ANOVA with p<0.05.

3.3 Water quality parameters of the four PCA/FA
factors

Figure 2 shows the componential WQI reflecting factor 1
(WQI1) and water parameters having high loading values
with factor 1. A significant interaction between water bod-
ies and seasons was observed for WQI1. In lakes and riv-
ers, WQI1 remained consistent between the dry and rainy
seasons (around 0.65 units), while the dry season exhib-
ited a lower WQI1 (0.52 units) than the rainy season (0.54
units). The water parameters associated with Factor 1, such
as NH," (Fig. 2b), NO;~ (Fig. 2¢), NO, (Fig. 2d), PO,*
(Fig. 2e), and Cl” (Fig. 2f) had higher levels in canals than
in the other water bodies. NH," levels varied from 0.3 to 0.6
(mg L) in lakes and rivers, and from 3.54 to 4.01 (mg L™ )
in canals. Similarly, canals exhibited the highest levels of
NO; (0.70 and 0.63 mg L™ "), NO, (0.12and 0.13 mg L™ "),
PO,* (0.15and 0.08 mg L"), and CI" (181.7 and 113.9 mg
LY, in the dry and rainy seasons, respectively, compared to

1.2
1 Dry season
Interaction effect = * Rainy season
1.0 4
T3 —tab Tab —p
jn)
S, 038 1 Td c
2
0.6
0.4 T T T
Lakes Rivers Canals
Water body

Fig. 1 The overall water quality index (WQI) of surface water col-
lected from three main water bodies in two seasons. Error bars indicate
the standard deviation of the mean. Bars attached with the same letters
are not significantly different from each other. * indicates the effect is
significant

the other two water bodies. In lakes and rivers, NO;~ varied
from 0.11 to 0.21 mg L™'; NO, ™ ranged from 0.01 to 0.02
mg L™!, PO,* from 0.03 to 0.04 mg L™!, and CI” from 5.52
to 8.07 mg L™!. In canals, the Cl~ concentration was signifi-
cantly lower during the rainy season (113.95 mg L™ ') than
the dry season (181.7 mg L™ '), while no significant seasonal
difference was observed in lakes and rivers.

The componential WQI reflecting factor 2 (WQI2) and
water parameters exhibiting strong correlations with fac-
tor 2 were shown in Fig. 3. WQI2 values were significantly
higher in lakes (0.169 and 0.171 units) and rivers (0.161
and 0.166 units), compared to canals (0.121 and 0.132 units,
for the dry and rainy seasons, respectively). In rivers and
canals, WQI2 was significantly lower in the dry season than
in the rainy season, while lakes exhibited similar WQI2
between the two seasons. The water parameters associ-
ated with factor 1, COD, BODs, and log(coliform), were
notably higher in canals than in the other two water bodies.
COD values varied from 8.02 to 9.84 mg L™ ! in lakes and
rivers, escalating to 23.7 to 35.3 mg L™ ! in canals. BODj
levels ranged from 4.52 to 5.34 mg L™ ! in lakes and rivers
and 13.73 to 19.65 mg L™! in canals. In lakes and rivers,
these parameters exhibited no significant seasonal variation,
while canals showed significant differences between the dry
and rainy seasons. Log(coliform) values changed from 0.41
to 1.60 units in lakes and rivers and from 0.42 to 0.92 units
in canals. This parameter was significantly higher in the dry
season than in the rainy season across all three water bodies.
DO levels in canals were significantly lower than in other
water bodies and seasonal variation caused no significant
effects on this parameter.

The componential WQI reflecting factor 3 (WQI3) and
its associated water parameters were shown in Fig. 4. Lakes
exhibited the highest WQI3 (0.081 and 0.078 units), while
canals had the lowest values (0.075 and 0.071 units) and the
dry season showed a higher WQI3 than the rainy season.
The levels of turbidity and TSS were lower in the dry season
than in the rainy season. Turbidity levels varied among the
three water bodies, with rivers showing the highest values
(21.0 and 38.5 NTUs) and lakes having the lowest (12.0 and
20.9 NUTs). Conservely, TSS concentrations were highest
in canals (32.7 and 42.8 mg L™') and lowest in lakes (7.9
and 12.5mg L.

The componential WQI associated with factor 4 (WQI4)
displayed a notable increase from lakes (0.034 and 0.032
units) to rivers (0.037 and 0.033 units) and canals (0.039
and 0.040 units) (Fig. 5a). The dry season showed a sig-
nificantly higher temperature, averageing29.63 °C, than the
rainy season (28.99 °C) (Fig. 5b). Canals exhibited a higher
temperature than the other two water bodies. Canals also
exhibited the lowest pH level (7.21), while lakes showed the
highest pH value (7.66) (Fig. 5c).
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Fig.2 Componential WQI1 and its associated water quality parameters
in three water bodies and two seasons. Error bars indicate the standard
deviation of the mean. Within a panel, bars attached with the same let-

The multiple regression analysis showed that the overall
WQI was significantly correlated with all four componen-
tial WQIs (Table 3). In lakes and rivers, the componential
WQI2 explained the highest total variance in the overall
WQI during the dry season —30.23% for lakes and 32.66%
for rivers. Conversely, during the rainy season, componen-
tial WQI3 explained the greatest variance in the overall
WQI — 49.55 for lakes and 46.25% for rivers. For canals,
the componential WQI1 accounted for the highest propor-
tion of the overall WQI during both dry (93.02%) and rainy
(94.96%) seasons. Specifically, factor 1-based componen-
tial WQI1 was important in determining the overall WQI for
surface water in canals in both seasons. Additionally, factor
2-based componential WQI1 was significant for lakes and
rivers during the dry season, while factor 3-based compo-
nential WQI3 was important for lakes and rivers during the
rainy season.
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ters are not significantly different from each other. * and NS indicate
the associated effect is significant and insignificant, respectively

4 Discussion
4.1 Pollution sources

Principal component analysis/factor analysis revealed four
key latent factors (Tables 2 and 3) driving the total variance
in the whole dataset. These factors represented the primary
pollution sources exerting the most significant influences
on the 13 surface water quality parameters analyzed in
the present study. The primary contributor to variations in
NH,*, NO;~, NO, , and PO,>" appears to be agricultural
production, including both crop and livestock activities.
Notably, these parameters having significant inter-relation-
ships (Supplementary Table 1), additionally suggested that
these could come from a common source. The application of
organic and inorganic fertilizers in crop production released
a large amount of P and N into the environment (Berger et
al. 2022; Liu et al. 2021). Livestock wastewater is known
for its high nutrients and organic matter contents (Hu et al.
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Fig.4 Componential WQI3 and its associated water quality parameters ters are not significantly different from each other. * and NS indicate
in three water bodies and two seasons. Error bars indicate the standard the associated effect is significant and insignificant, respectively
deviation of the mean. Within a panel, bars attached with the same let-

@ Springer




Stochastic Environmental Research and Risk Assessment

0.08 . 50 10
a) Componential WQI4 b) Temperature c)pH C— Dry scason
C—— Dry scason C— Dry season Emm Rainy season
mmmm Rainy season ) mEmmm Rainy season 9 1
0.06 1 [teraction effect = * 40 A &f{;cglggyeg?gét_zis Interaction effect = *
8 4
= Season effect = * = al a T L
2 = c C
Z 004 1 b ei 810301l T o] 14 al Tabe| 2 o .
g . € Ic C ~ E’;
N’ 6 |
0.02 A 20 -
5 4
0.00 T T T 10 T \ T 4 \ T T
Lakes Rivers Canals Lakes Rivers Canals Lakes Rivers Canals
Water body Water body Water body

Fig.5 Componential WQI4 and its associated water quality parameters
in three water bodies and two seasons. Error bars indicate the standard
deviation of the mean. Within a panel, bars attached with the same let-

ters are not significantly different from each other. * and NS indicate
the associated effect is significant and insignificant, respectively

Table 3 Percentage of individual componential WQIs computed based on PCA/FA in explaining the total variance of the overall WQI of three

water bodies and two seasons.

Componential WQIs Lakes Rivers Canals
Dry season Rainy season Dry season Rainy season Dry season Rainy season

WQI1 12.86* 21.75% 23.39* 19.12* 93.02* 94.96*
WQI2 30.23* 8.49% 32.66* 16.82* 5.65% 2.62%
WQI3 17.8* 49.5% 17.24% 46.25% 0.3* 1.62*
WQI4 18.76* 10.5% 15.18* 8.49%* 0.73% 0.52%

Error 20.34 9.76 11.53 9.32 0.29 0.28

Total variance 100.00 100.00 100.00 100.00 100.00 100.00

* indicates the effect of the associated componential WQI is significant at P<0.05.

2020). These pollution sources contribute to elevated nutri-
ent-related parameters in surface water resources through
runoff from crop fields and livestock areas. Wastewater
from aquaculture, rich in nutrients, organic matter, oil, and
grease resulting from excess food and feces (Coldebella et
al. 2017; Dauda et al. 2019; Romano and Zeng 2013) also
poses potential impacts on nutrient-related parameters in
receiving water bodies. As for Cl”, given the considerable
distance of the water system, especially canals, from the
sea in the study area, it can be assumed that salinity intru-
sion from the sea has no obvious impact on the sampling
sites. On the other hand, agricultural application of organic
manure or animal wastes, which were rich in CI” (Geilfus
2019), may contribute to the CI™ concentration in the sur-
face water system of the study area.

Four parameters, COD, BODs, Log(coliform), and DO
displaying high loading values with factor 2 (Table 2), may
share a common source derived from residential areas. Resi-
dential areas contribute greatly to surface water pollution as
domestic wastewater introduces large amounts of organic
matter, suspended solids, and pathogenic bacteria (Jiao
2021). Especially, the discharge of black water, known for
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its richness of organic compounds (Islam 2023), contributes
to the increase of organic carbon-based parameters in the
water system in the current study. The presence of elevated
levels of organic compounds, as indicated by COD and
BODj, leads to increased consumption of dissolved oxygen
through biological oxidation-reduction processes, thereby
reducing DO levels in surface water systems (Azha et al.
2023; Hong et al. 2019; Xia et al. 2018).

The third pollution source, affecting turbidity and TSS,
was potentially linked to onsite erosion, landslides, and sedi-
ment disturbance (Lin et al. 2011), which happened strongly
during the rainy season in the study areas, compared to the
dry season. The study area had a high rainfall, concentrated
during the rainy season from September to December.
Moreover, the topography of the study region featured steep
slopes and numerous mountains, which enhanced the likeli-
hood of onsite erosion or landslides, especially during peri-
ods of heavy rainfall. Additionally, the vigorous water flow
during the rainy season had the potential to disturb sediment
at the bottom of water bodies, leading to its redistribution
into the upper water layer and causing pollution (Lin et al.
2011). The common source for turbidity and TSS in the
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surface water systems in the current study was also con-
firmed by the observations that both parameters exhibited
statistically higher values during the rainy season compared
to the dry season (Fig. 4) and that they were significantly
correlated with each other (Supplementary Table 1). Two
other parameters, temperature, and pH exhibiting elevated
loading values with factor 4 (Table 2), may be influenced
by climatic factors, particularly air temperature. High air
temperature during the dry season increased the tempera-
ture of surface water, compared to low water temperature in
the rainy season (Fig. 5). Conversely, water pH is primar-
ily associated with hydrogen ions (H") in the water. High
temperatures during the dry season may reduce pH due
to increased dissociation of H" from water molecules or
greater accumulation of carbon dioxide (Oh et al. 2009; Rie-
del 2019). Nevertheless, temperature and water pH do not
show a significant correlation, necessitating further studies
to clarify.

4.2 The overall effects of seasons

Seasonal variations are closely linked to hydraulic param-
eters such as flow rate, velocity, and water depth, which in
turn influence the quality of the surface water system. Our
study revealed that the impacts of seasonal variation on WQI
differed among three water bodies with varying hydrau-
lic parameters. While lakes and rivers showed statistically
similar WQI between the two seasons, canals exhibited sub-
stantially lower WQI in the dry season than in the rainy sea-
son (Fig. 1). This key finding can be attributed to the strong
relationship between surface water quality parameters
and hydraulic geometry factors, including bankfull width,
depth, velocity, and discharge (Jung et al. 2013; Obateru et
al. 2023). It is generally accepted that increased rainfall dur-
ing the wet season leads to higher velocity, flow rate, and
total discharge in local water bodies compared to the dry
season. In canals, due to their narrow width, the greater flow
rate and velocity during the rainy season may result in rapid
transport of pollutants to lakes and rivers, while in the dry
season, the lower flow rates and velocities allow pollutants
to reside longer in the canals. Additionally, evaporation dur-
ing the dry season contributes to an increased concentration
of pollutants (Faulstich et al. 2023). These factors collec-
tively contribute to lower pollutant concentrations in canals
during the rainy season, resulting in a higher WQI compared
to the dry season.

In rivers and lakes, key parameters such as NH4+, NO;,
NO,, PO,*", COD, and BODj exhibited higher levels dur-
ing the rainy season than during the dry season (Figs. 2 and
3). The heightened water originating from pollution sources
during the rainy season carries a greater load of pollutants
into larger water bodies such as rivers and lakes through

narrow water bodies such as canals. This phenomenon may
account for the observed trend of elevated levels of these
parameters in lakes and rivers during the rainy season com-
pared to the dry season. The findings indicate the impor-
tant role of rainwater in washing away and transporting
pollutants from their sources to rivers and lakes (Yang et
al. 2021). Meanwhile, in canals, except NO, ", these param-
eters were higher in the dry season than in the rainy season.
Compared to rivers and lakes, canals are expected to have
a shorter water residence time, determined by the ratio of
water-storage capacity to flow rate (Rueda et al. 2006). This
implies that pollutants in canals are likely to persist for a
shorter duration compared to rivers and lakes.

The parameters, CI™ (Fig. 3f), Coliform (Fig. 4d), and
temperature (Fig. 5b) exhibited higher values during the dry
season than the rainy season in all three water bodies of the
surface water system. These findings can be attributable to
the elevated temperature of the surface water system dur-
ing the dry season, fostering improved microbial activities,
including increased coliform bacteria. Notably, coliform
bacteria thrive within an optimal temperature range from 35
to 37 °C (Li and Liu 2019), leading to their higher density
during the dry season than the rainy season. The elevated
concentration of CI™ might be related to dilution effects dur-
ing the dry season, resulting in higher levels during the high-
temperature season. Moreover, the rainy season, generating
substantial rainwater rapidly transports organic matter from
canals to rivers and lakes. This process leads to lower BODj4
and COD levels in canals during the rainy season compared
to the dry season (Fig. 3b and c), subsequently elevating the
content of these two parameters in rivers and lakes. Further-
more, heightened rainfall contributes to increased turbidity
and TSS across all three water bodies, primarily as a result
of onsite erosion, landslides, and disruption of bottom sedi-
ment (Lin et al. 2011).

4.3 The interaction of seasonal variation and
pollution sources in the surface water system

The impacts of seasonal variation on water quality depend
not only on hydraulic parameters such as velocity, flow rate,
and total discharge but also on pollution sources. These
sources were identified as agricultural activities, residen-
tial areas, onsite erosion, landslides, sediment disturbance,
and climatic factors. The exponential WQI1, indicative of
agriculture-derived pollution sources, exhibited similarity
in lakes and rivers across two seasons (Fig. 2). This sug-
gests that pollution sources may not have a direct impact on
water quality in these two water bodies. The great dilution
effects and self-purification capacity of these relatively large
and deep water bodies may enhance their WQI compared
to canals (Farhadian et al. 2015; Liu and Li 2023). The
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effects of seasonal variation and agriculture-derived pollu-
tion sources are more evident in canals, where WQI1 was
statistically lower in the dry season than in the rainy season.
Additionally, WQI1 also accounted for 93.2 to 94.96% of
the total variance of WQI in canals (Table 3), highlighting
the important role of this pollution source for canal water
quality. Because the study region has two primary rice sea-
sons, falling within the dry season (Le and Nguyen 2023),
more pollutants derived from agricultural areas can be
expected, accounting for this finding. This indicates that
canals may receive more pollutants originating from agri-
cultural fields, which are more intensively cultivated during
the dry season in the study area. Upon collecting pollutants
canals may transport them to larger water bodies such as
rivers and lakes, where they can undergo self-assimilation,
lowering their levels (Darji et al. 2022; Farhadian et al.
2015). This process explains the higher WQI1 observed in
lakes and rivers than in canals.

The componential WQI2, reflecting pollution sources
from residential areas, was statistically better in the rainy
season than in the dry season (Fig. 3), which is in line with
findings from Jia et al. (2021). Moreover, canals exhibited a
considerably lower WQI2, compared to the other water bod-
ies. These findings indicate that residential areas-originating
pollution sources may directly lower WQI2, while the rainy
season induces dilution effects to improve the water quality
of the inland water resources in the current study. Onsite
erosion, landslides, and sediment disruption constitute pol-
lution sources, accounting for the exponential WQI3. This
may explain a lower WQI3 in the rainy season than in the
dry season. Rainstorms can trigger onsite landslides, ero-
sion, or disruption of bottom sediment, leading to increased
turbidity and TSS of the three water bodies.

4.4 Overall water quality of the surface water
system and implication for management

The overall WQI in the surface water system was signifi-
cantly higher in lakes and rivers than in canals, in line with
other studies (Le et al. 2023b). Canals, being direct conduits
to pollution sources, receive a greater influx of pollutants
from their origins and subsequently transport them to rivers
and lakes. Consequently, water collected from canals tends
to be more polluted than that from rivers and lakes. In con-
trast, larger water reservoirs of lakes and rivers may exhibit
better self-purification processes and longer residence time
(Tong et al. 2019), contributing to an overall improvement
in water quality in the study region. Among the four primary
pollution sources exerting the most significant impact on the
surface water quality of rivers, lakes, and canals (Table 3),
the first two - agricultural production and residential areas -
are anthropogenic pollution sources. These sources play an
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important role in determining nine biochemical parameters
(PO,*,NO, ,NO;, CI", NH,*, COD, BOD;, DO, and coli-
forms), associated with factors 1 and 2. Meanwhile, the last
two sources are natural pollution contributors, decisively
influencing the remaining four physicochemical parameters
(turbidity, TSS, temperature, and pH) coresponding to fac-
tors 3 and 4. Managing these pollution sources is essential
for enhancing the water quality of the surface water system.

The current study reveals varying water quality in the
surface water system, influenced by pollution sources, sea-
sonal variation, and specific pollutants. The water quality
in lakes and rivers is primarily shaped by pollution from
residential areas and onsite erosion and landslides, while
canals are driven by agricultural pollution sources (Table 3).
Agricultural production, characterized by inorganic-nutri-
ent contamination, represents a non-point pollution source
directly discharged into canals before reaching rivers and
lakes (O’Geen et al. 2010). Conversely, pollution originat-
ing from residential areas is characterized by organic matter,
accounting for COD, BODs, DO, and coliforms (Table 2).
Lakes and rivers receive and accumulate organic pollutants
that are also transferred from non-point sources. Factor 3
reflecting onsite landslides, erosion, or sediment disrup-
tion, is also important in determining water quality in lakes
and rivers, typically during the rainy season. These findings
highlight an important discovery, notably originating from
the region with limited terrain, brief and steep rivers, and
canals.

While water in canals is qualified for irrigation for agri-
cultural or horticultural production, water in rivers and lakes
with higher quality can be used for daily consumption by
humans after appropriate treatments. In the long term, the
three most important pollution sources should be managed
for enhancing water quality and preserving the environ-
ment. Tailoring management strategies to suit the charac-
teristics of each pollution source is crucial. This involves
integrating a mix of targeted technical solutions, regulatory
measures, public awareness initiatives, and infrastructure
enhancements. By combining these strategies and custom-
izing them based on specific regional and pollution source
characteristics, it is possible to improve the quality of the
surface water systems in various regions worldwide, pre-
serving water quality for sustainable development.

5 Conclusions

The current study reveals that the quality of the surface
water system is influenced by four primary pollution sources
derived from agricultural activities, residential areas, onsite
erosion and landslides, sediment disruption, and climate-
related factors. The effects of these pollution sources vary
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seasonally, with the dry season showing detrimental impacts
on canals but no significant influence on lakes and rivers
when compared to the rainy season. In the dry season, sur-
face water quality in lakes and rivers is driven by pollu-
tion from residential areas, whereas pollution sources in the
form of onsite erosion, landslides, and sediment disruption
take precedence during the rainy season. Conversely, canals
are primarily influenced by agriculture-based pollution
sources throughout both seasons. Enhanced self-purification
and longer water residence time in lakes and rivers could be
the key mechanisms ameliorating the impacts of pollution
sources and seasonal variations in these two water bodies,
while dilution effects, rapid pollutant transport, and direct
pollution input may be the reasons contributing to affect-
ing water quality in canals. Overall, lakes and rivers exhibit
higher water quality than canals, influenced by pollution
sources and seasonal changes. In essence, the water qual-
ity in the surface water system, encompassing lakes, riv-
ers, and canals, is predominantly shaped by four pollution
sources that interact with seasonal variation. Effective man-
agement of these pollution sources is crucial for maintain-
ing high water quality and ensuring a sustainable, healthy
environment.
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