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ABSTRACT

The Son La hydropower reservoir (S.L.R.) is the largest water reservoir in Vietnam. Da River water has been
treated for drinking and domestic purposes; water quality management is essential for the safety of ecosystems and
human health. This study was conducted to determine changes in water quality indicators [pH, dissolved Oxygen
(D.0.), total suspended solids (T.S.S.), chemical oxygen demand (C.0.D.), ammonium (NH,"), nitrite (NO,"), and
coliform] in the Da River in 2010 and the Son La hydropower reservoir during 2014-2023. The results of mean
annual values of Da river water quality and Son La hydropower reservoir were, specifically: pH (7.8; 7.4), D.O. (4.3;
6.2), T.S.S. (112; 5), C.0.D. (15; 8.7), NH," (0.17; 0.3), NO, (0.009; 0.04), and coliform (1,723; 747). Water quality
parameters significantly varied between rive and reservoir water: D.O., T.S.S., C.0.D., and Coliform. pH, T.S.S., and
C.0.D. slightly decreased; however, Dissolved oxygen (D.0O.), NH,", NO,, and coliform demonstrated an increasing
trend during 2014-2023. The impact of the Son La Dam (S.L.D.) on water quality was relatively straightforward:
increasing the concentration of dissolved oxygen and the self-cleaning ability of pollutants. Periodic water
impoundment was divided (April to August) into a low water level of 175 m, impoundment (January to March), a
median water level of 190m, and a high water level of 215 m (September to December) to period. However, the
impact of the staged impoundment on water quality, especially in 2014-2023, remains unclear, except D.O., T.S.S,
NH,", NO,™ and Coliform exceeded limits or were lower is not significant for living water under the Vietnam
regulation, specifically: D.O. (5.36, 5.52; > 6), T.S.S. (25.13; < 25), NH," (0.3331; 0.3), NO,™ (0.0504; 0.05),
coliform (1,018.5; < 1,000). Results from the current study provide valuable information for reservoir and river water
pollution source management and reduce potential risks to exposed ecosystems, livelihoods, and human health.

Keywords: Hydropower reservoir, temporal and spatial, multivariate statistical analysis, Son La, water quality.

1. Introduction (Killingtveit., 2019), and it is currently the
leading renewable energy source in most
Asian countries (Vaidya et al., 2021; Li Chen
et al., 2020). Hydropower reservoirs play a
fundamental role in storing water, producing
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Hydropower is a significant source of
renewable electricity, with a share of 16%-—
17% of the total world electricity generation
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irrigation of agricultural land, providing clean
water activities, tourism, water quality, and
landscape conservation (Hadjibiros et al.,
2005). Despite hydropower's benefits, these
structures can also trigger substantial
environmental impacts such as water supply
to communities, flood control, and greenhouse
gas reduction (Silva et al.,, 2021). Water
quality inside the reservoir is affected
principally by meteorological, hydrological,
and geological factors and land use (Dalu et
al.,, 2018; Jerves et al.,, 2020; Vega et al.,
2018). The construction of dams causes many
problems. Some  significant  impacts
associated with dams and their recommended
mitigation measures for water quality
management are pH, BODs, and T.S.S.
(Tiwari et al., 2022). Most dams seasonally
reduce the concentrations of total suspended
solids by large percentages (50%—99%)
through sediment trapping (Winton et al.,
2023). The ecological hydropower reservoir
water quality in the mainstream (previously
known as the River) is good, in the status
above good (Ye L. et al, 2023). Dam
construction and operation may affect water
quality parameters because they regulate river
flow and change the flow regime
(Mostafazadeh et al., 2024). Reservoirs help
reduce the health effects of heavy metals
dissolved in aquifers (Zhao Z. et al., 2024).
Understanding changes over time in water
quality in hydropower reservoirs is essential
to assess the environmental impact of dam
construction and protect freshwater resources
(Zhao et al., 2013). The water quality of
hydropower reservoirs has  significant
implications for water management and
regional development (Xia et al., 2018). After
water impoundment in a hydropower
reservoir, the chemical oxygen demand
(C.0.D.) tends to decrease due to changes in
flow in the reservoir. In contrast, the
biological oxygen demand (BODs) increases
due to flood and decomposition of
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phytoplankton biomass, and the ammonium
(NH;") concentration increases as a result of
human activities (Li et al., 2019). Fluctuations
in the water level are essential for changing
the water quality in reservoirs (Heikal., 2010).
Hydropower dams significantly reduce
turbidity, silt, and total suspended solids
(T.S.S.) in the water from upstream to the
reservoir, whereas  the  concentrations of
nitrate (NO3’) and phosphorus in the reservoir
water decline (Cruz et al., 2015). The
reservoir water quality may be assessed using
a range of parameters, such as BOD:s, nitrate,
phosphorus, dissolved oxygen, and metals,
because these are the essential elemental
ingredients in freshwater reservoirs (Bhateria
et al., 2016). The water quality analysis uses
physicochemical parameters in the reservoir,
such as pH, turbidity, clarity, T.S.S., water
hardness, phosphate (P), nitrate (NOj3),
dissolved oxygen (D.O.),and biochemical
oxygen (BODs) (Medudhula et al., 2012).

The water quality in hydroelectric reservoirs
can be described by the BODs, dissolved
oxygen (D.0.), NH,", NO,, NOs, heavy metals
(Fe), and coliforms regularly sampled during
the 5-year post-impoundment period for
analysis (Gao et al., 2016). The flow regime of
the River has changed markedly over the last
century. Increased diversions and the
construction of dams result in lower average
monthly and annual flows compared with
natural conditions. Moreover, the extent of
average annual floods declined (Maheshwari et
al., 1995). Agriculture in watersheds
contributes more than 70% of the delivered N
and P (Richard et al., 2008). Livestock
contributes significantly to the environmental
impact of 73% of water pollution of both N and
P (Leip et al., 2015). In addition, fisheries in
the reservoir contributed to the pollution of N
and P (Ma et al., 2009). The total phosphorus
input in the reservoir was mainly provided by
surface inflows, rain, and bottom sediments
(Holas et al., 1999). The results are high T.S.S.
values and large amounts of C.0O.D., nitrogen,
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and phosphorus. The seasonal parameters of
tropical reservoirs include pH conductivity,
turbidity, temperature, and dissolved oxygen
(Atobatele et al., 2008). The changing pH of
the water is often related to climatic factors
such as rainfall, sunlight hours, and depth in
the reservoir water (Maberly., 2008). At the
same time, the increase in C.O.D. and nitrogen
concentration depends on the flow from the
basin and the retention time in the reservoir
(Fukushima et al.,, 2000). The seasonal
increased concentration of NH; in the
reservoirs depends mainly on transporting
nutrients from the sub-basins and rivers (Yang
et al., 2013). Over time, the reservoir water's
clarity improves. This corresponds to decreased
T.S.S. concentration and increased D.O. in the
reservoir water (Eimers et al., 2005). At the
same time, the flow in the basin combined
with the reservoir depth does not influence the
Fe content in the reservoir water (Norton,
2008). At the same time, the parameters of
nitrogen and coliforms change over time and
space (Varol et al., 2012). The T.S.S.
concentration in the reservoir significantly
influences water clarity and depends on the
dry and flood seasons: in the dry season, it is
only 60% (Lizotte et al, 2014). The
conversion from nitrogen to NH," and NO,
mainly occurs in the summer from April to
August, corresponding to floods (Lerat et al.,
1990). Simultaneously, the density of total
coliforms increases in summer, which is
associated with the leaching of grazing
animals from the basin. The increased
coliform density with depth is mainly due to
their association with particles (An et al.,
2002). Ammonium (NH,") increases with
depth, and the decrease in nitrate (NO3") with
depth in the reservoir could be due to
denitrification in the bottom layers and
nitrification in the surface layers (Noori et al.,
2018). The effects of rain, deforestation,
chemical fertilizers, and pesticides influence
the seasonal wvariability of the parameters
(Ibrahim., 2010). Seasonal fluctuations in the
water levels affect the solubility of total

phosphorus (total P), nitrate (NO5"), and nitrite
(NOy) in the reservoir water (Geraldes.,
2005). The nitrogen nutrient flow in the
reservoir shows a good correlation with the
concentrations of NH,", NO5", and NO,". The
abundance of biomass, phytoplankton, and
nutrient status positively correlates with
increased BODs and coliforms in reservoir
water by year (Adamovich., 2019). The
hydropower reservoir water quality considers
a range of water levels related to the annual
operation of the reservoir; surface water
quality parameters in each water level are
analyzed and rated good or bad to measure the
temporal and spatial changes in water quality
in the reservoir during the 20 years after the
hydroelectric dam impoundment (Xiang et al.,
2021).

Dams are a significant issue in the
sustainable management of finite water
resources, particularly in arid and semi-arid
regions, making plain the need for dams for
hydropower and irrigation (Altinbilek., 2002).
Various reservoirs have been serving as the
most critical drinking water sources due to the
uneven distribution of precipitation and severe
river pollution (Gu et al., 2014). Deteriorating
water quality or physicochemical parameters
(pH, D.O., C.0.Dh,, T.S.S,, and
microbiological parameters using World
Health Organization (WHO) of rivers is of
significant concern; this is especially true for
rivers being used as drinking water sources
(Shrivastava et al., 2015). Processes occurring
in the watershed can adversely influence
drinking water reservoirs, and understanding
linkages between these processes and
reservoir water quality provides the basis for
protecting or improving source water quality
for maintaining safe drinking water (Cooke et
al., 2001). Reservoirs play a more and more
critical role in providing potable water in
many developing countries. Drinking water
quality is one of the most significant factors
affecting human health. However, drinking
water quality in many countries, especially
developing countries, is undesirable, and poor
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drinking water quality has induced many
waterborne diseases (Li et al., 2019). Water is
a threat to human health. The results also help
to undertake proper management strategies
and incorporate monitoring programs that
study river water to implement safety
measures to protect human health (Hasan et
al., 2021). The contribution to the drinking
water supply from lakes and reservoirs is
increasing due to their better water quality
(Zhang et al., 2023).

Dissolved Oxygen (D.O.) is one of the
most essential factors for aquatic animals,
especially those that derive dissolved oxygen
from the water. D.O. levels indicate water
quality (Bulbul et al., 2022). The pH value is
used as a standard to measure the properties of
water, and alterations in drinking water pH
affect the gut microbiota's composition in
humans (Yehia., 2021). T.S.S. is a significant
cause of water quality deterioration, leading to
aesthetic issues and higher water treatment
costs (Bilotta et al., 2008). Chemical oxygen
demand (C.0.D.) and biochemical oxygen
demand (B.O.D.)  with irreplaceable
significance are comprehensive indicators for
evaluating water quality (Qi et al., 2021). The
toxic effects of ammonium (NH4") nitrite
(NOy) in river water depend dramatically on
their natural or synthetic origins and chemical
structures (Spataru, 2022). The water in
reservoirs appeared safe; however, coliforms
and opportunistic pathogenic bacteria such as
Pseudomonas aeruginosa were identified on
other selective media. This study illustrates
that storage reservoirs in the drinking water
distribution system have low microbiological
water quality due to opportunistic pathogens,
and therefore, water quality must be
controlled (Lee et al., 2006).

Most studies have focused on assessing
water quality and its relationship with
meteorological and anthropic variables in
eutrophic reservoirs (Winton et al., 2019).
However, the application of multivariate
statistical analysis in tropical reservoirs is
limited (Ling et al., 2017; Marques et al.,
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2019). Statistical analysis and prediction play
an essential role in processing surface water
quality time series, with tools such as outlier
detection, normality tests, and trend detection,
among others, granting an excellent first
approach (Fu et al.,, 2012). To perform an
integrated statistical analysis of water quality,
it is necessary to consider hydrological,
meteorological, and anthropic activities.
Multivariate statistical analysis, such as
principal component analysis and correlation
analysis, facilitates integrated water quality
data analysis because it identifies factors
influencing water quality (Chen et al., 2015;
Varol., 2020). Water samples were collected
in the wet (May) and dry (August) seasons.
Multivariate statistical analysis was applied to
deduce associations and identify pollution
sources (Njuguna et al., 2020). These methods
exhibit a practical approach to assessing and
forecasting the water quality of reservoirs and
can be used as a tool for water quality
management (Varol., 2020).

Son La Reservoir is the largest hydropower
reservoir in Vietnam, with an area of 225 km?.
The Son La hydropower reservoir was formed
on the Da River in northwest Vietnam in
2012. The lake water level fluctuates by
approximately 40 m, which is 20 times higher
than the fluctuation of natural river water.
Reservoir water levels rise and fall, causing
upstream and downstream erosion (EVN,,
2006). Large volumes of water stored in the
Son La hydropower reservoir stimulate
earthquake activity (Le et al.,, 2012). In
addition to the primary goal of generating
electricity for the Son La hydroelectric power
plant with an installed capacity of 2,400 MW,
itis essential to regulate the Hoa Binh
hydropower reservoir's flood water and supply
water for production and domestic use in the
basin. The Son La hydroelectricity plant and
dam are essential regarding socioeconomic
and national conditions, room, and security.
The Da River provides drinking and domestic
water with a capacity of 300,000 m*/day for
an estimated 100,000 housecholds in Hanoi,
the capital of Vietnam. The Da River water
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has been treated for drinking and domestic
purposes, and water quality management is
essential for the safety of ecosystems and
human health. This study aimed to assess
temporal and spatial variation in water quality
in the Son La hydropower reservoir during
2014-2023 with 2 specific objectives:
(1) changes in the water quality index in the
front and after the dam compartment;
(2) Periodic impoundment drives annual
changes in water quality indices. Results from
the current study provide valuable information
for identifying the critical pollution indicators
for water source management and reducing
potential risks to human health.

2. Materials and Methods
2.1. Research area

The reservoir basin covers an area of
11,075 km®, with coordinates 21°15'15" to
22°45'10" North, 102°50'10" to 104°35'15"

h Sciences, 46(3), 411-431

East (Fig. 1). The mainstream (Da River) and
three tributaries Nam Muc River, Nam Na
River, and Nam Mu River) supply water to
the Son La hydropower reservoir (Fig. 1). The
Nam Muc River has a length of 128 km and a
sub-basin area of 1,618 km’. The Nam Na
River has a length of 109.4 km, corresponding
to a sub-basin area of 2,949 km?. The Nam
Mu River has a length of 183.7 km,
corresponding to a sub-basin area of
2,972 km® (Do et al., 2020). Their water levels
regulate the yearly regime to produce
electricity: the low water level of 175 m (from
April to August) corresponds to a capacity of
2,756 million m’, and the average water level
of 190 m (from January to March)
corresponds to a capacity of 6,504 million
m’, and the high water level of 215 m (from
September to December) corresponds to a
capacity of 9,260 million m’.

103°0'0

"E 103°30'0"E 104°0'0"E

22°300"N

N

CHINA

u, £ hydropower dam 3
Laos Rl 2 f 3z g
Thailand Hoang Sa Islands S \:> : &

o

N _f
o

Lao Cai province

22°30'0"N

; %ot 3 'E:
5 ol > i
a1 * Sus 4o A
o e Ay O zll i z
. 1
ruong Sa\skands o { \ [~=~Son La &
1] ;,7 A > hydro;;(;v'vcrdam &
Legend e o)
| ~~~ Stream
i Son La province
i Son La watershed P
0 510 20 30
- % Son La lake Kilometers

103°0'0"E

103°30'0"E 104°0'0"E

Figure 1. Map of Son La hydropower reservoir in the basin of Northern Vietnam
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2.2. Data collection

Ten monitoring stations have been
operated by the Son La Hydropower
Company in the study area since 2014,
including SL1 (Downstream of Lai Chau
Dam), SL2 (Trang village, Le Loi commune),
SL3 (Hang Tom Bridge), SL4 (Nam Tac
Confluence), SL5 (Nam Ma Confluence), SL6
(Ca Nang Stream Confluence), SL7 (Nghe
Tong), SL8 (Phieng Lanh town), SL9 (Nam
Mu Confluence), and SL10 (Dam Upstream).
Figure 2 and Table 1 show that the SL1, SL2,
SL3, SL4, SLS, SL6, SL7, SL8, SL9, and
SL10 stations monitored the water quality of
the Son La hydropower reservoir. The
monitoring frequency is four times yearly in
March, May, August, and November.
Monitoring data of surface water quality (pH,
D.O., T.S.S., BODs, C.0.D., NH,", NO,,
NO;, PO,”, Total Fe and Coliform) at 10
stations (SL1-SL10) during 2014-2023 were
collected. pH and D.O. values were measured

by the Sensionl56 portable equipment
(H.A.C.H., U.S.); BODs and C.O.D. were
determined by the (H.A.C.H., U.S.); T.S.S.
was detected by the analytical method
(T.C.V.N. 6625:2000); and total Fe was
detected by the (S.M.E.W.W. 3111B:2012).
The portable model 556 equipment (YIS,
U.S.)) was wused to determine the
concentrations of NH,", NO,, NO;, PO,”,
and total. Fe in water. Coliforms were
detected by the (QTNB-QTPT-05). The
average values of quality in May and August
were used for the rainy season, corresponding
to a capacity of 2,756 million m’ at the water

level of 175 m. The average values of quality
in March were used for the dry season at a
water level of 190 m, corresponding to a
capacity of 6,504 million m’. The average
values of quality in November were calculated
to represent the dry season with a capacity of
9,260 million m® at a water level of 215 m.
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Figure 2. Location of the monitoring points

Table 1. Simulate sampling location of surface water from Son La hydropower reservoir in the period 2014 —2023

No Sampling location Symbol No Sampling location Symbol
1 Downstream of Lai Chau Dam SL1 6 Ca Nang Stream Confluence SL6
2 | Trang village, Le Loi commune SL2 7 Nghe Tong SL7
3 Hang Tom Bridge SL3 8 Phieng Lanh town SL8
4 Nam Tac Confluence SL4 9 Nam Mu Confluence SL9
5 Nam Ma Confluence SL5 10 Dam Upstream SL10
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2.3. Statistical Analysis

The R-Studio package was used for
statistical analysis of the monitoring data.
Surface water quality data was log-
transformed for homogeneity and tested to fit
a statistical significance and normal
distribution using the Shapiro-Wilk (Table 2),
and Cor. test (Table 3). Significant differences
and correlations among variations were
determined using one-way analysis to analyze
variance (ANOVA ) and Pearson coefficients
(). Significant differences in data between the

water level and between dry and rainy seasons
were analyzed using the Independent-Samples
T-Test. Figures were drawn using Origin Pro
2018 v9.5.0 and R-Studio.

With probability (p-value) > 0.05, the data
are considered to be normally distributed.
Based on the 10-year average variables of the
surface water quality monitoring dataset, the
9/11 wvariables (Table 2) have a normal
distribution. Therefore, the annual average
value and standard deviation of the seven
monitoring parameters in 2014-2023 can be
(Table 2 and 3).

Table 2. Verification of reservoir water quality monitoring data using the Shapiro-Wilk from 2014 to 2023

COD W =10.94 p-value > 0.05 INormally distributed
BOD; W=0.93 p-value > 0.05 INormally distributed
pH W =0.95 p-value > 0.05 INormally distributed
DO W =10.85 p-value > 0.05 INormally distributed
TSS W =0.96 p-value > 0.05 INormally distributed
NH," W=0.79 p-value < 0.05 INot normally distributed
NO, W =091 p-value > 0.05 INormally distributed
NO; W =0.86 p-value > 0.05 INormally distributed
PO,> W =091 p-value > 0.05 INormally distributed
total.Fe W =0.95 p-value > 0.05 INormally distributed
Coliform W=0.77 p-value <0.05 INot normally distributed

Table 3. Check the statistical significance of lake water monitoring data using the Cor. test for the period

2014-2023
pH t=-16.5 df=38 p-value <0.01 Statistical significance
DO t=5.9 df=8 p-value < 0.01 Statistical significance
TSS t=-10.9 df=38 p-value <0.01 Statistical significance
NH," t=5.53 df=8 p-value < 0.01 Statistical significance
NO, t=2.83 df=38 p-value < 0.05 Statistical significance
COD t=-3.18 df=8 p-value < 0.05 Statistical significance
Coliform t=4.36 df=38 p-value < 0.01 Statistical significance
total. Fe t=2.15 df=8 p-value > 0.05 No statistical significance
BOD:; t=-1.59 df=38 p-value > 0.05 No statistical significance
NO5 t=0.73 df=8 p-value > 0.05 No statistical significance
PO, t=0.15 df=8 p-value > 0.05 No statistical significance

With probability <0.05, the average data
during 2014-2023 (Table 3) of seven lake
water quality parameters are considered
statistically significant, including pH, DO,
TSS, NH,", NO,, COD, and coliform. These
parameters can be used to forecast change
trends and quality correlations over temporal
and spatial variations.

3. Results and discussions
3.1. Results

3.1.1. Changes in water quality indicator
impoundments  before and  after the
impoundment of reservoir dam

Tables 4 and 5 show the comparative data
on the values of water quality parameters (pH,
D.O., T.S.S., C.0.D., NH,", NO,, Coliform
impoundment before and after Son La
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hydropower reservoir dams impoundment.
Water quality indicators' values differed in
2010 and from 2014 to 2023. The mean water
quality indicators of the Da River from SL1 to
SL10 (2010) and the Son La hydropower
reservoir from SL1 to SL10 during 2014—
2023 were, specifically: pH (7.8 £ 0.5; 7.4 +
0.3), D.O0. (43 +0.8; 6.2 +10.3), T.S.S. (112
+94; 5+£53.1), COD. (15+7.1; 8.7 £ 2.9),
NH," (0.17 £ 0.1; 0.3 = 0.6), NO,” (0.009 +
0.01; 0.04 = 0.04), and coliform (1,723 +
3,332; 747 + 857) during 20142023 after
impoundment of Son La hydropower reservoir
dams. The values of all monitored
water quality parameters were lower than the
limits of national technical regulation on
Surface water quality (Level A: Good water
quality) Vietnamese guideline (Q.C.V.N.
08:2023/B.T.N.M.T.) (pH: 6.5-8.5;
D.O. mg/L: > 6.0, T.S.S.: < 25 mg/L,
C.0.D.:< 10 mg/L, NH,": 0.3 mg/L, NO,:

0.05 mg/L, coliform: < 1,000 MPN/100 ml)
(M.O.N.R.E., 2023). The concentrations of
T.S.S., C.0.D., and coliform in 2010 before
impoundment varied within to, specifically:
43 mg/L, 112 mg/L, 15 mg/lL, 1,723
MPN/100 mL, which exceeded the Q.C.V.N.
08:2023/B.T.N.M.T. regulation (Table 5). The
D.O. concentrations in the hydropower
reservoir were significantly higher. They
showed significantly higher values than those
in the Da River, reflecting the reservoir's role
in increasing the dissolved oxygen
concentration (p<0.05). The T.S.S., C.O.D.,
and coliform concentrations in front of the
dam compartment were significantly higher
than those after the dam impoundment,
reflecting the role of the reservoir in settling
the sediment and suspended solids and the
self-cleaning ability of pollutants such as
chemical oxygen demand and coliform
bacteria (p<0.05).

Table 4. Group distribution of surface water parameters of Son La hydropower Reservoir

Years pH() |DO(mg/L) | TSS(mg/L) | COD(mg/L) NH," (mg/L)|NO, (mg/L) |Coliform(MPN/100mL)
2010 7.8+£0.5 | 43408 112+ 94 15+7.1 0.17+£0.1 [0.009 £0.01 1,723 £ 3,332
2014  |7.87+£0.49(4.43+0.48|21.8+9.49 | 12.4+5.79 [0.026 £ 0.01|0.034 + 0.04 273.5£535
2015 |7.68+£0.40|4.40+0.55| 18.3£9.06 | 11.3+2.73 [0.052 £ 0.05]0.026 + 0.004 306.1 463
2016 |7.71£0.17]4.61 £32.0| 19.1 £32.5 | 10.2 £ 1.82 [0.048 £ 0.02/0.024 + 0.003 318.9+273
2017  |7.57+£0.16]4.65+0.12]16.4+149.6| 9.6+2.13 [0.070£0.11{0.016 £ 0.02 331.9 £ 464
2018 |7.47+0.17|4.80£0.10| 15.3+30.7 | 8.3+0.69 [0.078£0.01]/0.007 +0.01 368.7 £ 676
2019  |7.46+0.19]5.04 +£0.30| 15.8+3.78 | 6.9+0.36 [0.052+0.01]/0.005+0.01 342.0£1,230
2020 |7.36+0.17]6.04+0.40| 13.6+3.4 | 9.04+0.15 | 0.30+0.06|0.062 + 0.05 1,450 £ 935
2021 7.27+0.25[5.89£0.79]12.70 £ 30.8| 8.71 £2.09 | 0.43 + 0.80 | 0.062 + 0.03 976 +775
2022 |7.21+0.28|5.88+1.40[12.41 £31.3| 8.61 £2.17 | 0.50 £ 0.95 | 0.068 + 0.03 1,140 £ 874
2023 7.18£0.20|5.68 +1.44|11.27£10.6| 8.45+£1.31 | 0.73 £1.24 | 0.089 £ 0.06 1346 £ 691

Median 7.4 6.2 25 8.7 0.3 0.04 747
Min 6.4 5.1 3.0 1.8 0.0002 0.001 0.0
Max 8.7 150 522 32 7.93 0.30 3,700

Pearson's(r)] - 0.98 0.90 -0.96 -0.74 0.89 0.70 0.83

Notes: Data are presented as: The average value +Standard deviation

The increasing trend of water quality
values in the period 2014-2023 was found for
D.O. (r=0.90), NH," (r=0.89), NO; (r=0.70),
coliform (#=0.83), possibly as the results of
agriculture in the river basin and increasing
aquaculture in the reservoir (Fig. 4). In
contrast, pH (r=-0.98), T.S.S. (r=-0.96), and
C.OD. (r=-0.74) (Fig. 3) showed a
decreasing trend during this period. The
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construction of dams in the upstream areas of
Son La hydropower and the trapping of
sediments and suspended solids in upstream
reservoirs may be responsible for the
reduction of T.S.S., and the process of
reducing biomass decomposition in the
reservoir may be responsible for the reduction
of C.0.D. and pH in the Son La hydropower
reservoir.
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Table 5. Variation in pH, dissolved oxygen (D.O.), total suspended solids (T.S.S.), chemical oxygen
demand (C.0.D.), ammonium (NH;"), nitrite (NO;), and coliform in front of the dam compartment in
2010 and after the dam compartment from 2014 to 2023

In front of the dam After the dam compartment QCVN 08:2023/BTNMT
Parameters compartment (2010) (2014-2023) regulation (National technical
. . regulation on Surface water
Max | Min ) Mean | Max | Min | Mean |0, ivy) (M.ON.RE., 2023).
pH 8.4 7.3 7.8 8.7 6.4 7.4 6.5-8.5 (A)
DO (mg/L) 5.8 3.15 4.3 150 5.1 6.2 >6.0 (A)
TSS (mg/L) 507 13 112 522 3.0 25 <25(A)
COD (mg/L) 35 2.4 15 32 1.8 8.7 <10 (A
NH, " (mg/L) 0.44 0.008 0.17 7.93 | 0.0002 0.3 0.3 (Value limit)
NO, (mg/L) 0.07 0.001 | 0.009 0.30 0.001 0.04 0.05 (Value limit)
Coliform (MPN/100ml) | 11,000 | 230 1,723 | 3,700 0.00 747 < 1,000 (A)
8.0 T T T T 22 (] T T T T
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Figure 3. Three physicochemical parameters of surface water tend to decrease during 2014-2023

The concentrations of NH4', NO,, and
coliform in water were slight to strongly
correlated (r=0.92, r= 0.88, r=0.90; p<0.01)
(Fig. 5), implying that the Non-point sources

of organic matter and nutrients from
agriculture, domestic release, and
aquaculture in reservoirs were possibly

responsible for water quality. In addition,
Fig. 5 shows that the concentrations of
T.S.S., pH, and C.O.D. in water are strongly
correlated (r=0.99, r 0.75, r=0.76;
p<0.01), reflecting the role of hydropower
reservoirs in the self-cleaning ability of
pollutants.
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3.1.2. Periodic impoundment drives changes
in interannual water quality indices

Table 6 shows the comparative data on the
values of water quality parameters (pH, D.O.,
T.S.S., C.0.D., NH,", NO,, coliform) at water
levels of 175 m, 190 m, and 215 m in the Son
La hydropower reservoir from 2014 to 2023.

The values of water quality parameters were
different among the water level 175 m, which
corresponds to a capacity of 2,756 million m’;
water level 190 m, which corresponds to a
capacity of 6,504 million m*; and water level
215 m, which corresponds to a capacity of
9,260 million m”>.

Table 6. Reservoir operating water level in the period 2014—2023

No Month Reservoir Reservoir capacity Legend
water level (m) (million m®)
1 | April - August, low water level 175 2,756 Winin
2 | January - March, median water level 190 6,504 W hedian
3 | September - December, the highest water level 215 9,260 W nax
Table 7 shows the values of water quality than the Q.C.V.N. 08:2023/B.T.N.M.T.

indices during 2014-2023 (level of 175 my;
190 m; 215 m) were, specifically: pH (6.5-
8.7; 6.5-8.7; 6.4-8.3), D.O. (0.7-151; 3.4-7.3;
2.1-7.2 mg/L), T.S.S. (3.0-522; 3.0-40; 6-
39 mg/L), C.0.D. (1.8-24; 2.04-32; 4.5-
29 mg/L), NH," (0.0003- 6.4; 0.06-0.49;
0.0002-8.09 mg/L), NO, (0.0007-0.3; 0.002-
0.18; 0.002-0.50 mg/L), Coliform (0.0-3,200;
0.0-3,700; 0.0-3,200 MPN/100mL). The
mean yearly values of water quality were,
specifically (Fig. 6, and Table 7):
pH (7.36+0.31; 7.36+0.36; 7.34+0.33), D.O.
(6.84 £ 14.5; 5.40+0.84; 5.52£1.01 mg/L),
T.S.S. (35.3£73.5; 14.246.63; 16.3£7.79),
C.O.D. (8.36£2.35; 8.56%;3.86; 9.33+ 2.80
mg/L), NH,” (0282+ 0.61; 0219+
0.183; 0.333£0.813), NO, (0.042+0.045;
0.040+0.028; 0.050+0.05), coliform
(673£755; 612£803; 1,019£1,033).

The values of all monitored water quality
parameters at water levels of 175 m to 190 m
and 215 m were lower than the limits of the
national technical regulation on Surface
water quality (Level A: Good water
quality) Vietnamese guideline (Q.C.V.N.
08:2023/B.T.N.M.T.), except D.O. at water
levels of 190 and 215 m, T.S.S. at water level
of 175 m, and coliform at water level of 215
m (M.O.N.R.E., 2023). The concentrations of
D.O. at water levels of 190 m and 215 m,
which correspond to a dry season, were 5.40
and 5.52 mg/L, respectively, which is lower

regulation (= 6.0 mg/L). The concentrations of
T.S.S. at a water level of 175 m, which
corresponds to a rainy season, were
significantly higher and exceeded the
Q.C.V.N. 08 MT:2023/B.T.N.M.T. regulation
(< 25 mg/L) and showed significantly higher
values than those at water levels of 190 m and
215 m. The concentrations of coliform at a
water level of 215 m (dry season) exceeded
the Q.C.V.N. 08:2023/B.T.N.M.T. regulation
(< 1,000 MPN/100 ml).

Figure 7 shows ammonium (NH,") at
water levels of 175m, 190 m and 215 m
demonstrated the strong correlation with NO,
and coliform (r=0.88, p<0.05; r=0.63,
p<0.05; r=0.78, p<0.05), (r=0.84, p<0.05;
r=0.80, p<0.05; r=0.72, p <0.05), (r=0.91,
p<0.05). At a water level of 215 m, which
corresponds to a capacity of 9,260 million m’
in dry season NH;  medium correlation with
coliform (#=0.33, p< 0.05), and NO,” medium
correlation with coliform (7=0.40, p<0.05).
Thus, in the rainy and dry seasons, which
correspond to capacities of 2,756 million m>,
6,504 million m’, and 9,260 million m’, water
quality indices NH,", NO,, and coliform in
the reservoir were all high. This is possibly
due to the non-point sources of organic matter
and nutrients in the water flows into the
reservoir, and the population, tourism,
agriculture, and aquaculture in Sonla
hydropower reservoirs reservoir were possibly
responsible for water quality.
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Table 7. Group distribution of surface water parameters of the Son La hydropower reservoir by water level

Years pH DO TSS COD NH," NO, Coliform
Q) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (MPN/100mL)
Surface water parameters at water level of 175 m
2014 7.840.49 4.5+0.42 21.549.9 11.243.8 0.025%0.01 0.02610.03 2754543
2015 7.620.38 5.0£0.48 17.749.52 7.842.8 0.06240.055 | 0.007+0.004 3254442
2016 7.320.16 | 19.7444.7 | 32.3+44.7 6.1£1.31 | 0.040£0.039 | 0.004+0.004 1931297
2017 7.440.18 5.320.1 118+£200 5.841.24 | 0.034£0.015 | 0.002+0.0 4154525
2018 7.240.15 5.320.1 39440 9.2+0.98 0.300£0.0 0.050£0.0 6851594
2019 7.3£0.17 5.610.3 1545 9.1+0.44 0.30040.0 0.050+0.0 87190
2020 7.440.14 5.940.5 1445 9.0+0.13 0.300+0.0 0.075+0.08 1,635+870
2021 7.240.25 5.840.6 37441 8.4+1.53 0.555£1.15 | 0.06340.05 8304671
2022 7.240.28 5.5¢1.7 37442 8.4£1.91 0.645£1.36 | 0.070+0.04 9771745
2023 7.2+0.21 5.6%1.5 22411 8.5£1.26 0.560+0.45 | 0.079£0.02 1,311£701
Median 7.31 6.79 25.13 8.345 0.2818 0.0425 673
Min 6.5 4.6 3.0 1.8 0.0003 0.0007 0.0
Max 8.7 151 522 24 6.4 0.3 3,200
Pearson's (1) -0.72 -0.69 -0.73 0.93 0.93 0.89 0.76
YVears pH DO TSS COD NH," NO;, Coliform
() (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (MPN/100mL)
Surface water parameters at water level of 190 m
2014 8.0£0.62 4.3+0.62 | 23.748.25 14.847.6 0.022+0.02 | 0.044£0.05 180+248
2015 7.240.34 4.2+0.32 9.74£5.8 10.4+1.96 | 0.126+0.01 0.01+0.0 3114398
2016 7.240.12 5.240.18 11.7¢1.5 | 4.59+1.17 0.02+0.0 0.003+0.0 210£281
2017 7.240.13 5.1£0.11 13£1.6 5.35+1.82 0.058+0.0 0.003+0.0 75+103
2018 7.5+0.10 5.3£0.12 14.2+1.1 910.0 0.3£0.0 0.05+0.0 800£910
2019 7.540.11 5.540.28 12+0.0 9.1240.36 0.3£0.0 0.05+0.0 160£215
2020 7.3+0.08 6.1£0.10 13.3+1.8 9+0.0 0.3£0.0 0.050.0 1,380+1,150
2021 7.3£0.21 5.840.85 12.6+4.4 7.7£1.86 0.263+0.2 0.055+0.0 777£697
2022 7.3£0.25 6.1£0.86 11.844.6 7.612.26 0.315+0.2 0.060+0.0 916+812
2023 7.1£0.21 6.0£0.90 20+10.8 7.9£1.53 0.492+0.2 0.075+0.0 1,371£662
Median 7.36 5.36 14.2 8.546 0.2196 0.040042 618
Min 6.5 34 3 2.04 0.06 0.002 0.0
Max 8.7 7.3 40 32 0.49 0.18 3,700
Pearson's (1) -0.4 0.9 -0.6 -0.3 0.8 0.7 0.7
Years pH DO TSS COD NH," NO, Coliform
) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (MPN/100mL)
Surface water parameters at water level of 215 m
2014 7.91+£0.25 | 4.26+0.37 | 20.849.6 12.746.05 0.03240.0 0.042+0.1 3641692
2015 7.5+0.42 | 4.85+0.50 16.548.4 | 7.46+2.19 0.065%0.0 0.006%0.0 507+530
2016 7.03+0.13 | 5.27+0.09 16.5+2.7 | 7.5442.00 0.035+0.0 0.002+0.0 390+122
2017 7.45+0.11 | 5.2240.10 14.745.3 9.440.92 0.27240.1 0.048+0.0 160+323
2018 7.320.09 | 5.36+0.08 18.618.1 9.0+0.0 0.300£0.0 0.050+0.0 180+240
2019 7.320.13 | 6.02+0.09 1240.0 9.0+0.0 0.300£0.0 0.050+0.0 2,880+218
2020 7.310.24 | 6.3240.42 12.5¢1.5 9.12+0.24 0.300+0.0 0.048+0.0 1,150+757
2021 7.240.29 6.1£1.01 15.5+8.4 10.1+2.55 0.335+0.2 0.065+0.0 1,469+857
2022 7.140.30 6.4+1.01 14.3+7.3 9.942.02 0.389+0.2 0.070£0.0 1,693+967
2023 7.240.21 5.4+1.76 12.0+£10.6 8.9+1.00 1.303£2.3 0.123£0.1 1,392+733
Median 7.329 5.52 16.34 9.312 0.3331 0.0504 1,018.5
Min 6.4 2.1 6 4.5 0.0002 0.002 0.00
Max 8.3 7.2 39 29 8.09 0.50 3,200
Pearson's (1) -0.6 0.7 -0.7 -0.6 0.7 0.8 0.6
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Figure 6. Water quality indices at water levels of 175-190 and 215 m
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Figure 7. The correlation coefficient (r) between the physicochemical parameters of the Son La
hydropower reservoir at 175 m, 190 m, and 215 m water levels corresponding to reservoir capacities of
2,756 million m®, 6,504 million m’, and 9,260 million m’

3.2. Discussions

The impact of the Son La hydropower
Dam (S.L.D.) on reservoir water quality
showed that the significantly better values of
reservoir water Da River were, specifically,
dissolved oxygen (D.O.). The Son La
hydropower  reservoir  increased  the
concentration of dissolved oxygen (D.O.) in
water because D.O. is one of the most
essential components in the dynamics and
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characterization of aquatic ecosystems
(Coura., 2021). The stabilized reservoir,
whose quality is characterized as "higher"
than River water (Samiotis et al., 2018), and
the water quality showed better conditions in
the reservoir than in the River. This result is
consistent with previous studies because the
water-dissolved reservoir oxygen increased by
5.32% and 8.10%, respectively, compared
with the water river (Tomczyk et al., 2021). In
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addition, the concentrations of D.O. at water
levels of 190 m and 215 m in the Son La
hydropower reservoir, which corresponds
with the dry season, were lower at a water
level of 175m in the rainy season because the
dissolved oxygen (D.O.) showed high
fluctuations in summer at all reservoirs,
indicating the existence of seasonal effects
(Park and Kang., 2022). D.O. in the reservoir
has  seasonal changes  (Lliev  and
Hadjinikolova., 2013). In this same sense, in
the case of the reservoir, changes in the
dissolved oxygen are given by water
temperature and the intensity of biological
processes such as photosynthesis, respiration,
and decomposition of organic matter (Rajwa
Kuligiewicz et al., 2015) due to changing
hydrometeorological conditions (Rajwa et al.,
2014), air temperature and nutrients (Dordoni
etal., 2022).

The water quality indicators of T.S.S.,
C.0.D., and Coliform in the Da River were
significantly higher. They showed
significantly higher values than the Son La
hydropower reservoir, reflecting the role of
the reservoir in the self-cleaning ability of
pollutants. This result is consistent with
previous studies on the role of pollutant
assimilation or water self-purification in the
reservoir (Wei et al., 2009). The reservoir
significantly decreased turbidity (mean, 38%)
and concentrations of total solids (23%) than
river water (Fantin et al., 2016). The decrease
in flow rate affects the deposition of the
sediment, thus reducing the amount of total
suspended solids (T.S.S.) (Li et al., 2019). In
addition, trapping sediments and suspended
solids in wupstream reservoirs may reduce
T.S.S. in the study area (Kummu et al., 2007).
The Da River flow in the rainy season
decreased between 5% and 43% and increased
to an average of 71.6% in the dry season in
the Dam post-impact period (Yen et al,
2019). Son La hydropower reservoir, the
concentrations of T.S.S. in water at the water

level of 175 m correspond with a capacity of
2,756 million m’ in the rainy season, higher
concentrations of T.S.S. at water levels of
190 m and 215 m. Under the influence of
different slope gradients, slope lengths, and
rainfall intensities, these physical
characteristics would affect the runoff
generation and T.S.S. loads. Thus, Human
activities significantly impact total runoff; for
instance, severe rainfall erosion occurs in
agricultural land (Chen et al., 2019). At the
same time, it shows that the self-purification
of pollutants is the largest during the abundant
water period and the smallest during the dry
water period (Do et al., 2020; Zhang et al.,
2022). C.0.D. levels increased before
impoundment but decreased because of the
water's self-purification capacity (Do et al.,
2019; Rong et al., 2021). These C.O.D. and
T.S.S. reductions were caused primarily by
reductions in flow in the reservoir, which led
to enhanced sedimentation (Li et al., 2018).
The Coliform reductions show the self-
purification mechanism by the Son La
hydropower reservoir water higher in the Da
River.

In the rainy season, a water level of 175 m
corresponds with a capacity of 2,756 million
m’, and in the dry season, at a water level of
190 m and 215 m corresponds with a capacity
of 6,504 million and 9,260 million m’, water
quality indices NH,", NO,, coliform in the
Sonla hydropower reservoir were are all
high. In addition, this study's result shows that
the concentrations of NH,, NO,, and
coliform in the Son La hydropower reservoir
are slightly too strongly correlated. This result
is consistent with previous studies, implying
that the pollutants derive from similar sources
(Ha et al., 2011). The pollutants containing
nitrogen are transformed into NH4: and NO,
of the Son La hydropower reservoir (Do et al.,
2020). High values of NO, and NH, are
caused mainly by the agricultural use of the
catchment (Tomczyk et al., 2021). Non-point
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sources of organic matter and nutrients from
agriculture, domestic release, and aquaculture
in the Sonla hydropower reservoir were
possibly responsible for water quality (Do et
al., 2020). The microorganisms within the
water are prime sources to cause different
waterborne diseases like Diarrhea, Cholera,
Scabies, Asthma, etc. (Shultana et al., 2022).
Therefore, specific measures, such as controls
on point source pollution control and tailings,
should be taken to maintain drinking water
safety and aquatic ecosystem health (Wang et
al., 2018).

Water quality indicators values of pH,
D.O., T.S.S., C.0.D., NH,, NO,, and
Coliform of Son La hydropower reservoirs
(S.L.R.) were lower than the regulation limits
for living water in Vietnam (Q.C.V.N.
08:2023/B.T.N.M.T.) (MONRE., 2023). In
addition, the input water of Son La
hydropower reservoirs from Lai Chau
hydropower reservoirs, the mean yearly
values of water quality were, specifically: pH
(6.3-6.8), D.O. (5.5-6.3), T.S.S. (2-30), and
C.O0.D. (6.1-20.7) (Do et al.,, 2019). The
output water of Son La hydropower reservoir
is the primary input to supply water to Hoa
Binh hydropower reservoir and Da River
water of Hoa Binh hydropower reservoirs has
been treated for drinking and domestic with
quality indicators values of pH, D.O.
fluctuated from 7.1-7.6 mg/L, 6.4-7.4 mg/L,
and the value of T.S.S. is 200-250 mg/L in the
flood season, 20-30 mg/L in the dry season
(Nguyen et al., 2018). It is suggested that river
water be treated before its use for drinking
and other domestic purposes (Beshiru et al.,
2018). Thus, the water quality of Da River in
Lai Chau, Son La, and Hoa Binh hydropower
reservoirs is still good; itis relatively safe
water and meets the demand for drinking and
other purposes.

This result is consistent with previous
studies; results from the discussion further
support the new findings of this study, which
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revealed that D.O. parameters in Son La
hydropower reservoir water are higher than
those in Da river water. This shows that the
biogeochemical process in the reservoir bed
has stabilized after more than 10 years of dam
construction and water storage. The decrease
in T.S.S. concentration or turbidity is
considered a higher sediment deposition
process in reservoir flow than in river flow.
Reducing biomass decomposition in the
reservoir bed may cause a decrease in the
C.0.D. parameter concentration. The pH in
the Son La hydropower reservoir water
decreased, which may be related to the depth
of the reservoir water. The parameter groups
NH,", NO,, and coliform increase mainly due
to waste sources from residential areas,
agriculture, fish cages, and tourism. The water
quality of Son La hydropower reservoirs
changes over time and space. Still, it is better
than Da River water, demonstrating the ability
to self-clean and assimilate pollutants, making
the lake water clean and safe for health.

4. Conclusions

Water quality indicators impoundment
before and after the impoundment of the Son
La hydropower reservoir Dam in the Da River
mainstream varied considerably in 2010 and
during 2014-2023. Water quality indicator
values of pH, D.O., T.S.S.,, C.0.D., NH,",
NO,, and coliform were lower than the
regulation limits for living water in
Vietnam. The D.O. concentrations in the
hydropower reservoir were significantly
higher than those in the Da River, reflecting
the role of the reservoir in increasing the
concentration of dissolved oxygen. The
concentrations of T.S.S., C.0.D.,
and Coliform in Da River water in 2010
exceeded the for living water Vietnam
regulation (< 25 mg/L; < 10 mg/L; < 1,000
MPN/100ml), and showed significantly higher
values than the reservoir, reflecting the role of
reservoir for the self-cleaning ability of
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pollutants. The results demonstrated
an increase trend of D.O., NH,", NO,, and
Coliform and a decrease trend of pH, T.S.S.,
and C.0.D. of the reservoir during 2014-
2023. Water quality indicator values of pH,
D.O., TS.S., C.OD., NH,, NO,, and
coliform at 175 m, 190 m, and 215 m were
lower than the regulation limits for living
water in Vietnam. The concentrations of
T.S.S. in water at the water level of 175 m in
the rainy season exceeded the Vietnam
regulation. The Coliform quality indicator at
the water level of 215 m (dry season)
exceeded limits for living water in the
Vietnam regulation. The concentrations of
D.O. at the water level of
190 m and 215 m corresponding with the
dry season were lower than the Vietnam
regulation. After ten years of water
impoundment from 2014 to 2023, Da River
was relatively safe; water has been treated for
drinking and domestic purposes. Further study
should be conducted to clarify the sources and
self-purification mechanism by which the
hydropower reservoir supplies water for daily
use. In addition, water quality pollutant load
and water quality management in the whole
river system ofthe SonLa Hydropower
reservoir basin should be conducted.
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