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The research was carried out to determine the extent of surface water and
sediment pollution using the physicochemical parameters and heavy metal
concentrations. The surface water and sediment samples were obtained from 25
sites along the river on March 22 and September 5, 2019 at the main river
influenced by the complex tidal regime and aquaculture practices in Ca Mau
peninsular in the Vietnamese Mekong Delta. The water quality was compared with
international and national standards, while the sediment quality was compared with
Vietnamese standards and pollution indices (geo-accumulation index,
contamination factor, and pollution load index). Principal component analysis
(PCA) was employed to explain the main factors responsible for the observed levels
of water pollution. The dependence of water quality parameters and variations in
water quality due to tidal regimes and seasonality were also evaluated by statistical
comparisons. Based on the logistic regression models, the temporal variability of
selected water quality parameters was visualized using QGIS. The Delft 3D model
was used to evaluate changes in hydraulic characteristics based on actual fieldwork.
The concentrations of nutrients and organic compounds exceeded 2-3 times greater
than the standard for surface water quality. The contents of heavy metals were
below the standard for sediment quality and consistent with the background levels.
The influence of the tidal regime and seasonality caused significant changes in
water quality and its association with various flow regimes (P<0.05). Three
components based on the PCA accounted for approx. 79.84% of the total variance
in water quality characteristics of which the first, second, third component
explained for 53.64%, 18.43%, and 7.77% of total variance related to
physicochemical properties and organic matter pollution, suspended solids and
nutrients, and DO consumption, respectively. Water quality maps indicated
pollution hotspots, and the extensive and improved — extensive shrimp culture
practices were identified in connection to the changes in water quality. Changes in
the river's hydraulic characteristics were influenced remarkably by the tidal regime
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CHAPTER 1
INTRODUCTION

1.1 Background and Rationale

River and sediment contamination has been one of the most concerning
environmental issues in recent decades, and it continues to pose a global threat to
humans, biodiversity, and aquatic organisms [1]. The contamination of surface water
poses serious environmental and health risks [2, 3]. They presented all of the
sediments and surface water found over last years [4, 5]. The natural and
anthropogenic activities are main causes supporting the accumulation of polluted
sediments in streams and leading directly or indirectly to the increase of pollutants
into the environment. The discharge of contaminants from the non-point and point
sources is considered as the main source that pollutes the water and sediment [6]. All
pollutants occur in surface water at dissimilar forms, although they are mostly at low
dissolved contents. Upon entry into the surface water, precipitation of the
contaminants happens on the bottom sediments (e.g., rivers, streams, and estuaries).
The availability and mobility of the pollutants are governed by the different
physicochemical processes occurred in the water and sediments [7]. The extent of the
pollutants (e.g., nutrients, organic substances, and heavy metals in the surface water

and sediments) have been studied and observed over years [8-17].

The Vietnamese Mekong Delta (VMD), located in the South of Vietnam, obtains
around 39,400 km? (approx. 8.1% area of the Mekong basin) (Figure 1.1), the region
has dense artificial and natural canal/river networks supply for irrigation, drainage,
and water navigation. The VMD is characterized by the tropical semi-equatorial
climate with an average temperature and humidity of about 27°C and 83%,
respectively. An average rainfall ranged annually between 1,600-2,000 mm, of which
90% occurred during the wet season from May to October and the dry one generally
elongates from October to May. The flood season comes normally in the period
between September and October [18-20]. The VMD is a major agricultural and
aquaculture region in the South of Vietnam where inhabitants were around 17.3

million [21]. The land used for rice crops and other agricultural practices in the upper



Delta and aquaculture in the coastal areas was approx. 55.9% and 93%, accordingly
[22, 23]. The application of various fertilizers and pesticides maintained and enlarged
agricultural and aquaculture production, but this resulted in the large number of
residual chemicals represented as the potential sources of pollutants to the Delta [24].
Besides, industrial activities were additional sources of pollutants degrading the
environmental quality [24, 25]. Due to the influences of anthropogenic activities, the
previous studies revealed that the concentration of the pollutants in surface water and
sediments in the main rivers and canals has not only increased over the past decades
but also exceeded the allowable standards [26-29]. Moreover, the effects of
hydrodynamic and seasonal factors were also additional causes of great changes in

the physicochemical properties of the surface water [30, 31].

The Ca Mau Peninsula, located in the southernmost section of the VMD, is within the
seawater intrusion zone, which is influenced by both East and West Sea tidal regimes,
resulting in unsuitable water quality for irrigation during the dry season. As a
consequence of seawater intrusion, traditional rice production was limited to only one
wet season crop, this resulted in a constraint of priority policy for agriculture led-
growth since the 1990s. As a result, up until the year 2000, a series of coastal
embankments and tidal sluices had been completed to prevent seawater intrusion for
rice farming. When freshwater within protected zones was supplied adequately for
rice production increasing in double or triple rice crops, conflicts occurred among
stakeholders who used brackish and saline water for aquaculture practices. Thus, a
new policy for the balanced development of aquaculture and agriculture practices,
adopted in the year 2000, significantly promoted the region's economic growth [32,
33]. However, adverse consequences for the environmental impacts have not been
considered adequately [34]. Over the last few decades, there has been a prompt
increase in the modified landscape due to land-use and seawater intrusion
management, which have resulted in remarkable effects on surface water quality in
the Ca Mau Peninsular. The surface water quality at main rivers has been polluted due
to urbanization, aquaculture and agriculture practices [35, 36]. In addition, the region
is influenced by the complex tidal regimes of the East and West Sea, which are
inundated twice daily with the various tidal amplitudes. The East Sea, characterized
by a mixed semi-diurnal tidal regime with a tidal range of up to 3 m, and an average



flow of 871.9 m3.s%, has daily twice neap and spring tides of different amplitudes. The
tidal regimes affect widely the area from the Ganh Hao River to the Ca Mau
Peninsula, the southernmost tip. The tidal range falls from 3.0 m at the Ganh Hao
River to 1.0 m at the Ca Mau peninsula. While the West Sea described by a diurnal
tide with a tidal range of about 0.8 m is fairly much smaller than that of the East Sea.
The surface water in the rivers is either brackish or saline with an average salinity of
24.5-26.0%o0, decreasing to 18.0-20.0%o after heavy rainfall [37-40]. The previous
studies [31, 41, 42] stated that the hydrodynamic and seasonal element were one of
the primary causes leading to the pollutant diffusion and contributing to variability of

the surface water quality in the river.
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Figure 1.1 Map of the Vietnamese Mekong Delta

Together with the impact of tidal regimes, the discharge of untreated or improper

treated domestic, agriculture, and aquaculture sources entering the receiving waters,



which found the most apparent consequences of water pollution in the Ganh Hao
River, caused the negative effects making changes in physicochemical characteristics
of surface water [43, 44]. The status of surface water and sediment quality at Ganh
Hao River has been polluted considerably, the high contents of nutrients, organic
substances, and metal (loid)s have been discovered at the river courses over the years.
For instance, the spatial and temporal variability of arsenic (As) and cadmium (Cd)
contents found in the surface water and sediment, of which the former spotted the
concentrations of the As in ranges of 2.13-2.27 (ug.L™) and 0.4-23.33 (ug.L™), and
0.2-0.26 (ug.L?) and 0.39-0.4 (ug.L?) for the Cd in the dry and wet seasons,
respectively. The later illustrated the contents of the As in ranges of 4.9-6.7 (mg.kg™?)
and 10.77-14.97 (mg.kg ), and 0.3-0.6 (mg.Kg™) and 0.3-0.5 (mg.Kg™?) for the Cd in
two seasons [45]. The surface water and sediment polluted with high pollution of the
As contents, compared to the previous study, ranged from 15.43-78.41 (ug.L?) and
7.10-12.4 (mg.kg™), accordingly [46]. The surface water quality at Ganh Hao River
and tributaries deteriorated by nutrients and organic substances, of which dissolved
oxygen (DO), ammonium (N-NH4*), and phosphorous (P-PO4**), discovered at
sampling sites, varied from 3.32-7.12 mg L?, 0.195-1.577 mg L, and 0.019-0.185
mg L, respectively [47]. The content of nutrient and organic substance, detected at
canals/rivers and Ganh Hao River belonging to Ca Mau province, was at ranges such
as DO 1.37-7.95 mg L, N-NH4* 0-3.111 mg L?, and P-PO4** 0.008-0.963 mg L™
[48]. Therefore, degradation of the surface water quality at Ganh Hao River has not
only remarkably affected aquatic organisms but also inhabitants who have relied
chiefly on the water resources for daily purposes [49]. However, few studies assessed
entirely the variation of the surface water and sediment quality under the various
drivers of influence. The previous studies just investigated either the content of
pollution in the surface water or sediment at a large scale. It is difficult to assume that
the water and sediment quality of tributary systems are similar to that of the key
waterway. Therefore, to fill the gap in the literature, the research was conducted to
evaluate the water and sediment quality at representative sites along the river by
referring the national and international standards. The influence of tidal regimes and
seasonality and factors for interpreting the variability on water quality were assessed
and specified in the research. Changes in hydrodynamic characteristics and water



quality responding to different flow regimes were also addressed the study. The
results of the study did not only assist policymakers in developing strategies of water

resources management but also the scientific basic for further studies in the future.
1.2 Research objectives

The general objective of the study was to evaluate the status of surface water and
sediment quality at the Ganh Hao River where has been impacted significantly by the

sources of the pollutants from the aquaculture practices.
According to the general objective, three sub-objectives of the study are as follows:
1.2.1 To assess the contamination levels of surface water and sediment.

+ Comparing with the Vietnamese guidelines (2015) and the USEPA
(2001) standards for quality of surface water.

+ Comparing with the Vietnamese guidelines (2017) and sediment
pollution indexes as Geo — Accumulation Index (I-geo), Contamination Factor

(CF), and Pollution Load Index (PLI) for quality of the bottom sediment.
1.2.2  To identify the variability of surface water quality at the study area.

+ To identify the main factors explaining the oscillation of the surface

water for the possible sources of contaminants.

+ To evaluate the tidal and seasonal fluctuations of the surface water
quality.
+ To create a map of water quality to visualize spatially in the surface

water quality of the study river and determine hot-spot areas of

contamination.
1.2.3  To simulate the hydrodynamics and evaluate changes in water quality
+ To evaluate changes in hydraulic characteristics of the river reaches.

+ To evaluate changes water quality and its association with different

flow regimes



1.3 Research hypotheses
Given the objectives above, this research was conducted the following three
hypotheses:

+ Concentrations of the pollutants are expected to be above national and

international standards

+ Pollution of the surface water and sediment comes from aquaculture

activities.
+ The tidal dynamics contribute greatly to changes in variability of the
pollutants.
1.4 Research questions
In order to test three above hypotheses, the following research questions was
considered:

+ How much the contents of pollutants were there in the surface water

and sediment at the study area?

+ How was the temporal and spatial variability of contaminants in

surface water and sediment at the study area?

+ How were changes in water quality between neap and spring tide?

+ Where are the possible sources of pollutants contributing to the study
area?

+ How to know which observed sites in the study area were mostly

influenced by aquaculture practices?

+ How to know the changes in hydraulic characteristics and water

quality to various flow regimes?
15 Scope of the study

The scope of the study was as follows:



* The segment of the study river locating in the lower area of Ganh Hao River
with a total length of ~ 11 km was specified by the upstream and downstream
boundaries, of which the former was primarily the confluence of Kenh Xang canal
belonging to Dinh Thanh commune. The latter was the confluence of the Ganh Hao-
Ho Phong canal associating with An Phuc commune around 6 km from the estuary of
the river. Changes in water quality of the river was specified by major effects of
shrimp culture systems from the communes, where they are located in Dong Hai and
Dam Doi districts belonging to Bac Lieu and Ca Mau provinces, respectively.
Collection of the surface water and sediment samples was conducted in two
consecutive seasons that were the dry season in March 2019 and the rainy one in
September 2019.

+* A total of 25 measured parameters consists of 18 water quality parameters
which were temperature, electrical conductivity (EC), total dissolved solids (TDS),
total suspended solids (TSS), pH, dissolved oxygen (DO), chemical oxygen demand
(COD), salinity, ammonium (N-NH4"), nitrogen-nitrite (N-NO>’), nitrogen-nitrate (N-
NOs), total-nitrogen (TN), total-phosphorus (TP), phosphate-phosphorus (P-PO4>),
and metal(loid) (e.g., arsenic (As), coper (Cu), lead (Pb), and zinc (Zn)). For sediment
quality, seven parameters were measured such as EC, pH, total organic carbon (TOC),
As, Cu, Pb, and Zn.

+* The surface water quality was evaluated by comparing with the Vietnamese
guidelines (2015) and the US.EPA (2001). The sediment quality was compared with
the Vietnamese guideline (2017) and three indices of pollution (e.g., the Geo-
Accumulation Index (l-geo), the Contamination Factor Index (CF), and Pollution
Load Index (PLI)). The temporal and tidal oscillation of the contaminants in the
surface water was assessed by statistical comparison. The principal component
analysis (PCA) was employed to specify the main factor elucidating the seasonal
changes in the quality of the surface water. The map of water quality was created by
the Quantum Geographic System (QGIS-3.12) to identify the hot spot-areas of
pollution. Changes in hydraulic properties were simulated using the Delft 3D model.
The variation in water quality and its dependence to flow regimes were evaluated by

statistical analysis.



CHAPTER 2
LITERATURE REVIEW

2.1 Sources of surface water pollution

Surface water is considered the most controllable natural resources due to its
utilization (e.g., alteration, navigation, storage, and reuse. These characteristics bring
to water its large usage for humankind. The surface water contributes a central role in
variety of fields (e.g., agriculture and aquaculture practices, hydropower production,
industrial and recreational activities, transportation, etc.). The freshwater obtains
approx. 0.5% (2.84x105 km®) of the earth’s surface, while rivers form a quantity of
0.1% in the land surface and waters of the earth occurring in rivers/channels gain an
insignificant amount of 0.01% [50]. The rapid increase in the population and
industrial activities has resulted in the great demand for water in the last few decades
[51]. The productive activities, particularly agricultural practices utilizing an
enormous amount of fertilizers and pesticides, have threated to human beings [52].
The degradation of water quality relating primarily to anthropogenic activities due to
direct or indirect discharge of the pollutants into the surface water [53, 54].

The point and non-point sources are specified as major ones influencing the surface
water quality. Of which point sources originate mainly from municipal and industrial
effluents, which can control with technological measures; therefore, the effect of
pollutants occur generally the areas near them. Whilst non-point ones derive from a
number of various sources (e.g., runoff from aquaculture, agriculture, and urban, etc.).
Due to coming from the non-identifiable sources; therefore, the pollutants being
discharged into the environment do not only affect in one area but also the further
distance away. The pollutants, adverse impacts of the surface water, may principally
be organic and inorganic ones, of which the former comprise of insecticide and
herbicide products and other kind of chemicals, bacteria, and other organic
compounds, etc. the latter arrive from the application of fertilizers, industrial
wastewaters, landfill, and mine drainage, etc. [55].



2.2 Sediments and sources of contaminants

The sediments are layers of solid particles in water bodies (e.g., reservoirs and rivers)
formed by sedimentation process of eroded soil particles conveyed by the water flow.
It is a complicated process due to variation of basin sediments, transportation and
deposition. The sedimentary deposition reduces significantly the storing capacity of
basins and river flow [56, 57]. The temporal sedimentation can occur at floodplains
and lakes in the natural river networks, however, the trapped sediments behind dams
and reduced sediment supply at the downstream area were found in the controlled
rivers [58]. The sedimentation remains globally substantial threats to stream eco-
networks, a study recording long-term sediments in 145 chief rivers of the world
illustrated that a remarkably downward flow trend due to deposition was observed
around 50% of the rivers [59].

The pollutants are introduced the receiving water through different pathways from
rural and urban areas and direct sources. The erosion of soils, channel banks, the
waste of dumping sites, and indirect sources due to atmospheric removals is identified
as sources from the rural areas, while sources discharged by building materials and
drain systems are contributed from urban areas. Eventually, the industrial and
shipping activities are ascribed as direct sources of the pollutants [60]. The
differences between the point and diffusive sources of the pollution demonstrated
their nature due to changes in meteorological factors. The extent of contamination
caused by point sources is not affected by the magnitude of the meteorological
elements while the meteorological factors are associated closely with spreading the

sources of the pollutants derived from diffusive sources [60].
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Figure 0.2 A general overview of land-use and sources of the pollutants into the
coastal basin, source [60]

2.3 Parameters of water quality and sediments

2.3.1 Temperature

Temperature illustrates to the status of the water (e.g., hot or cold condition) and
express in degree Celsius. Changes in water temperature would involve closely with
dissolved oxygen, rate of substance diffusion, and photosynthetic reactions, etc. Thus,
temperature is a crucial factor in aquatic environment due to its impacts on the
properties of water chemistry. A higher temperature leads to an increase in chemical
reactions, this makes more dissolved minerals in the environment. Consequently, it
will increase greatly an electrical conductivity. Temperature does not only largely
effect on biological processes and growth but also management of aquatic organisms
in the streams and lakes. Therefore, monitoring programs the temperature should
conduct regularly [60].

A higher temperature can increase the toxicity of compounds to aquatic life, the
temperature therefore is a factor influecing substantially the surface water. The
influences of temperature are follow as: i) more dissolved oxygen in cold water than

warm one was observed; ii) high water temperature can promote greatly the
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photosynthetic process of aquatic plants leading to degration of the water quality due
to phenomenon of algal bloom; iii) alterations of water temperature can affect
capacity of aquatic organism resistance resulting in lowering their resistance (e.g.,
pollutants and diseases) [61].

232 pH

The pH is an indicator showing water property in the rivers, for example, pH value of
6 to 9, less than 7, and greater than 7 indicates neutral, acidic, and base condition,
respectively. The sunlight plays an major role in photosynthesis altering carbon
dioxide and water into oxgyen and carbonhydrate. The pH is raised in water bodies
due to the generated hydroxy ions. Moreover, a huge amount of carbon dioxide used
by aquatic plants during photosynthesis process lowers the extent of carbonic acid in
the water bodies, this process therefore contributes to an increase in water pH. While
the water pH tends to decrease gradually at night, this is because an large amount of
carbon dioxide released by aquatic organisms through respiration activities produces
significantly the carbonic acid and hydro ions in the water. The aquatic organisms can
be influenced substantially by high or low values of the pH. This is because some
compounds become more toxic wih high pH values and affect to parts of aquatic
organisms (e.g., grills, eyes, and skin of the fish). Whereas, the pollutants such as
heavy metal species in soils or bottom sediments can be easily dissloved and be more
mobile with low pH values. The nutrients are also an increase in ability of availability

resulting in the problems of enrich basin [62, 63].
2.3.3  Salinity

The salinity of any water body is the result of an equilibrium between the
environmental ionic inputs and removals. The open oceans are characterized by
remarkable stability and similarity of their composition, not only in their total salinity
but also for the relative proportions of the constituents within and between them [64].
Whereas the coastal areas, intermediate water column, and creeks follow to the effects
of tides, freshwater inputs, evaporation, and anthropogenic pollutants [65]. This
increases the salinity variability on temporal and spatial cycles. The salinity as the
amount of dissolved salts may behave conservatively. However, changes in salinity

may occur due to dilution or, in the case of semi-tropical areas or, evaporation [66].
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Salinity is an environmental master factor for aquatic organisms such that they can be
described in accordance with their salinity tolerances. Hence, a stenohaline organism
has a restricted salinity tolerance in contrast to a euryhaline organism. Thus, any
change to ambient salinity has the potential to affect the ability of animals to carry out
vital biological processes and thus their ability to survive and thrive. Therefore, the
salinity is regarded as a major element in productivity, dispersion of larval species,
distribution of geography, and activity of marine organisms. This is because changes
in the salinity does not only influence the structures but also boundaries of species
communities. Thus, it should have a cost requested to adapt changes in the salinity

that may cause the impacts on the organisms [64, 67].
2.3.4  Electrical conductivity (EC) and Total dissolved solids (TDS)

The electrical conductivity (EC) and total dissolved solids (TDS) are two parameters
used regularly for evaluating changes in water quality in the coastal areas. They are
utilized popularly for studies focusing on seawater intrusion, demonstrating the extent
of salinity in water, the EC and TDS contents correlate closely together. The EC
illustrates the water ability to conduct the charge of electrics; it is therefore dependent
on the contents of dissolved ions, ionic power, and temperature. While TDS
represents normally as the content of dissolved ions [68-71]. The content of TDS
shows the existence of inorganic and organic substances in the water while EC
measures the electrical currents [72]. The natural and anthropogenic activities are the
main factors causing high content of TDS and EC in the environment (e.g., runoff,
erosion, salinity intrusion, wastes of domestic and industries, and aquaculture and

agricultural practices) [70, 73].

Due to effects of high TDS and EC, some standards are established to control the TDS
and EC in the water. For health protection, the permissible thresholds for TDS and EC
are between 500 mg L and 1,000 mg L, and 1,500 uS cm, respectively [74]. The
salt concentration or extent of salinity is also refered to categorize the parameters
[75]. The TDS is sorted as follow: less than 1,000 mg L (type I) , range of 1,000 to
10,000 mg L (type 1), from 10,000 to 100,000 mg L (type IlI), and greater than
100,000 mg Lt (type 1V) indicate freshwater, brackish water, saline water, and brine

water [76]. While EC is classified in to six forms as the following types: the non-
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saline (type 1), slight saline (type I1), moderate saline (type 1), high saline (type 1V),
very high saline (type V), brine water (type V1) follow respectively. The contents of
EC consisting of less than 700 puS cm™; from 700 to 2,000 uS cm™; greater than
2,000 puS cm? and less than 10,000 puS cm™; range of 10,000 to 25,000 puS cm™;
between 25,000 to 45,000 uS cm™; and greater than 45,000 puS cm™ [77].

2.3.5 Total suspended solids (TSS)

Total suspended solids (TSS) is defined one of the water quality parameters indicating
the amount of suspended materials in a specific identified volume of water trapped by
a filter [78], it is expressed in mass (mg) or content (mg L) of organic and inorganic
substances that is found in the water bodies of rivers, lakes, and channels. Whilst
suspended solids (SS) are primarily specified the fine particles having a diameter of
less than 62 mm, they are commonly the cohesive forms. The pattern of bigger
combined flocs occurs regularly through the transportation found in the previous
studies [79]. The transportation of SS is governed by natural conditions in the rivers,
their contents increase due to effects of anthropogenic turbulences. This can cause a
great change in physicochemical and biological characteristics of the water column.

Physical influences caused by SS consist of preventing from the light penetration,
temperature alterations, and reduction of channel and reservoir volume due to
deposition process, they also involve with lowering deficiency of treatment plants and
water supply and reduce the life span of constructed dams and reservoirs [80]. While
chemical effects induced by SS relate to the discharge of pollutants (metal(loid)s,
fertilizers, and pesticides) into the aquatic environment [81-83]. In addition, the
contents of dissolved oxygen can be reduced in the water due to a large amount of
organic substance in suspended solids; this can result in a critical dissolve oxygen
deficiency influencing aquatic species [84]. Eventually, the biological influences due
to the elevated concentration of SS on various species are primarily the decreasing in

productivity, motivated growth, and biomass of algae [85].
2.3.6  Dissolved oxygen (DO) and chemical oxygen demand (COD)

Dissolved oxygen (DO), which is the dissolved gases of oxygen, plays an important

role in activities of aquatic organisms, DO is introduced to the aquatic environment
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through atmospheric diffusion and photosynthesis process of aquatic plants. In the
water bodies, the level of DO balances persistently with the content of oxygen in the
atmosphere to sustain 100% status of DO saturation. The over-growth of aquatic
plants can induce the over-saturation of DO in the waters, this occurs when the
process of photosynthesis is greater than the one of diffusion from the atmosphere.
Normally, the DO is found at low content in waters when the amount of dissolved
oxygen consumed by aquatic organisms does not have a replacing mechanism [86].
The unnecessary growth of major producers (e.g., bacteria and fungi) relates closely
to high loading of nutrients, this leads to an increase in the metabolic activities of
river water resulting in degradation of dissolved oxygen in the water bodies. High
content of DO is provided by photosynthesis process from the aquatic plants during
the day; however, the level of DO reduces gradually in the night due to organism
activities. The death of producers is also one of the causes leading to a great reduction
in the dissolved oxygen because decomposers (e.g., bacteria) utilize much dissolve

oxygen for their activities [87].

Chemical oxygen demand (COD) (milligram per litter mg L), which is one of the
parameters determining the level of pollution by organic compounds, measures the
equivalent amount of oxygen requested to chemically oxidize organic substances in
water. Thus, elevated the chemical oxygen required illustrates high loading of the
pollutants in the water samples. Therefore, COD is popularly used for controlling
wastewater quality in treatment plants [88, 89]. The content of COD ranged from 20
mg L Oz or less to 200 mg.L? O in the surface waters and receiving waters,
respectively. The surface water is attributed to be highly contaminated by organic
compounds and influence significantly to the aquatic organisms when the content of
COD is over than 12 mg L™ [90].

2.3.7 Nutrient elements

Nitrogenous species are one of the elements playing a crucial role for living
organisms; they are a major component of proteins and genetic materials as well. The
inorganic nitrogen can be altered to the forms of organic nitrogen by plants and
microorganisms. The compounds of inorganic nitrogen exist in the states of oxidation

(e.g., nitrite, nitrate, and ammonium) which undergo processes of biological and non-
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biological transformation occurring in the nitrogen cycle in the natural environment.
The processes of non-biological involvement are characterized by transfer phases
(e.g., volatilization, sorption, and deposition). While the transformation of biological
phases include as follow: i) inorganic forms are converted to organic ones by plants
and microorganisms; ii) nitrogen gas is reduced by microorganisms to ammonia and
organic nitrogen; iii) complicated heterotrophic forms from organism are transferred
to another; iv) ammonia is oxidized to nitrite and nitrate; v) process of organic
nitrogen ammonification generates ammonia; vi) nitrate is reduced by bacteria to
nitrous oxide and molecular nitrogen. All nitrogen compounds (e.g., N-NOs’, N-NH.*,

and N-NO") are expressed in moles per liter or mg.L™?) [91].

The form of un-ionized ammonia occurs in equilibrium with the ammonium ion in the
aquatic environment. Therefore, total ammonia is the sum of these forms. Whilst
ammonia also exists in complex forms with some metal ions and is adsorbed onto
suspended solids, bottom sediments, and colloidal particles. It is also exchanged
between bottom sediments and water bodies. The total ammonia content, temperature,
and pH influence significantly the content of ionized ammonia. In the aquatic
environment, the nitrate ion exists commonly the form of combined nitrogen; it is
reduced to nitrite through denitrification processes. The nitrite ion is quickly oxidized
to nitrate. The igneous rocks, drainage, plants, and animal debris are principal sources
providing nitrate to surface waters. Nitrate playing an important role in supplying
nutrient for aquatic plants and temporal variations can be originated by decay and
plant growth. Its natural contents seldom is greater than 0.1 mg.L™?, however, its
contents can be enhanced by contributing from sources (e.g., municipal and industrial
wastewaters, disposal sites, and landfills). Other can contribute remarkable sources of
nitrate that are the application of inorganic nitrate fertilizers. In freshwater, nitrite
contents are generally very low, its concentrations ranges commonly from 0.001
mg.L? to 1.0 mg.LL. High nitrite contents are often associated with unsatisfactory
microbiological quality of water and industrial effluents. The existence of nitrate and
nitrite in the waters illustrates a general status of nutrient and organic contamination.
Thus, they are the most basic water quality parameters in monitoring programs, they
also include in monitoring programs to assess the influences of organic or relevant
industrial inputs [92, 93].
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The other form of nutrients also playing a major role for living organisms and existing
in the waters is phosphorus species consisting of both dissolved and particle ones. In
the aquatic environment and wastewaters, the phosphorus existed typically in the
species of dissolved orthophosphates, polyphosphates, and bound phosphates.
Alterations among these forms happen continuously due to decomposition and
synthesis of organically bound and oxidized inorganic species. The various forms of
phosphate occurred the equilibrium at different pH values. The content of phosphorus
is expressed as phosphorus (e.g., mg.L* P-POs*). The natural activities contribute
chiefly the phosphorus sources (e.g., weathering of phosphorus—bearing rocks and
organic substance decomposition). While anthropogenic activities in relation to
discharge of domestic wastewaters including detergents, industrial wastewaters, and
fertilizer runoff resulted in high concentrations in the surface water. The phosphorus
involved with organic and mineral components of sediments in the water column,
therefore, it could be mobilized by bacterial community and discharged to the water
bodies. In the waters, the phosphorus is easily take up by aquatic plants, thus it is
hardly found in elevated contents. The seasonal factor affected significantly changes
in phosphorus contents in the surface water, its concentrations varied normally from
0.005 to 0.020 mg.L™. Low content of 0.001 mg.L? P-POs** may be discovered in
pristine water, while high concentration of 200 mg.L™* may be found in enclosed
saline waters. The phosphorus plays a crucial form of the biological cycle in the
waters; it is often comprised in basic water quality monitoring programs. It is an

indicator for degradation of the water relating to eutrophic conditions [94-97].
2.3.8  pHinsediments

Sediment pH is specified as the hydronium ion activity (HsO" or the H") in the
sediment solution, it is stated as the negative logarithm (base 10) of the H™ activity in
the solution (mole per liter) [98]. Changes in pH may influence to biogeochemical
processes, nutrient recycle, and carbon burial in the coastal sediments [99, 100]. pH is
one of the factors affecting directly to alteration of physicochemical properties in the
bottom sediments, particularly an increase of mobility and solubility of the metal
speciation [101, 102]. Hydrogen ions are absorbed to surface negative charges and

hold the power to exchange other cations [103]. Low pH can cause the mobility of
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metal species while the mobility reduces at higher pH, although the impact of pH on
the mobility of metal speciation varies greatly depending on the concentration and
kind of organic substance [104, 105]. The metal dynamic is affected remarkably by
pH because it governs processes of adsorption and precipitation, which are the major

mechanism of the metal preservation in sediments [106].
2.3.9  Total organic carbon (TOC)

The organic substance in the sediments expressing as total organic carbon (TOC) is a
major representative reservoir for the global carbon cycle, it contributes to main role
in ocean chemistry [107]. The inorganic carbon precipitation of atmospheric CO;
though the process of photosynthesis in the water bodies produces the greatest
fraction of carbon entraining in the sediments. However, only a minor fraction enters
the sediment as most of it is oxidized [108]. It is estimated approx. 80% of the carbon
is attached in the continental margins; hence, the greatest carbon appears for the
current world ocean [109]. On the global scale, reservation of organic substance
(TOC) reflects the distribution form of phytoplankton biomass [108]. The presence of
organic carbon in the sediments derived from the natural and anthropogenic sources,
of which the former related to the plant decay, animals, and plankton, the latter was
chemical pollutants, fertilizers, and organic rich wastes [110]. At a regional scale, the
reservation of organic substance finding in deep-sea sediments was less than 0.5%. Its
level ranges various types of sediments and is governed by the rate of organic

substance production [111].

The diverse patterns such as organic and inorganic fragments and plankton cells
precipitate the bottom sediments, which can be ascribed as a complex accumulation of
organic and inorganic components, the sedimentary organic substances contribute
greatly in aquatic organisms as a food sources in the photic zone. The high sorption of
hydrophobic organic contaminants and metal species leads significantly the
distribution and bioavailability of pollutants [112, 113]. Hence, benthic species and
the nutritive value of organic substance in the bed sediments can cause a remarkable
impact on the bioaccumulation of both metal patterns and organic contaminants. As
trace elements, concentrating typically within the surface of finer-grained sediments

and organic substances has a strong affinity for metal speciation [114, 115].
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2.3.10 Heavy metals

Heavy metals, which are defined as metallic components, have an excessive density
as they are compared with water or more than 5 g/cm?[116]. They including vital and
non-essential metals, heavy metal species play a key role in living organisms as co-
element in enzyme functions. They support significantly the activity of antioxidant
enzymes such as glutathione peroxidase. Moreover, they are necessary for some
enzymes like carboxypeptidase and constituent of redox enzymes consisting of
cytochrome oxidase. Whilst non-essential metal speciation (e.g., cadmium, mercury,
lead and titanium) are not involved by living organisms because they inhibit with the

function of essential metals and enzymes as well [117].

The essential and non-essential metals may cause the toxicity when they are the
supra-optimal extents of crucial metals and higher levels of non-essential metals.
Besides, the living organisms would be at risk as their contents of metals increasing in
the environment, there were variety of contents of bioavailable toxic and necessary
metals that were required in micro-amounts by critical organs and biochemical
processes. When there was excessive or deficient quantity in the diet of one or more
than one of these components over time, the organism could develop an unusual
condition, disease, or even die. For instance, the congestive heart failure for young
children relates to the absence of Se in one’s body. Inversely, an excessive amount of
Se is responsible for acute vascular disturbance, chronic dermatitis, and hair loss.
Therefore, it requires different threshold contents of metals in critical organs and
biochemical systems of organisms. The ingestion of the available metal species is one
of the ways resulting in accumulation of the heavy metals through a food chain or
bioaccumulation of low concentrations occurs over the period of time [118].

The toxicity of heavy metals is dissimilar to other toxic elements, they neither are
generate nor damaged by human beings. The existence of hazardous metals derives
mainly from natural and anthropogenic activities [119, 120]. The anthropogenic
activities contribute greatly the pollution of heavy metals into the environment, they
include as follow: the industrial effluents, paper mills, application of fertilizers, and
pesticides, dyes, pigment, metal cleaning, leather, and mining, etc. [121]. In addition,

redistribution of hazardous metals could be found through activities (e.g., combustion
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of fossil fuel, metallurgy, and waste transport) [122, 123]. Eventually, the natural
sources such as the urban storm, runoff, landfill, weathering of minerals, and soil
leaching contribute to releasing the heavy metals into the environment [124, 125]. It
differs from herbicides, pesticides, and other toxicants, which have to undergo the
process of breakdown, while the heavy metals cannot eliminated from the water

column and persevere sediments [126, 127].

The heavy metals (e.g., As, Cu, Zn, and Pb), which would be evaluated in this study,
are the class 01 impurity heavy ones [128]. Elevated contents of these metals varied
seasonally and spatially and tended gradually to increase over time [129, 130]. They
also occurred generally in the natural environment and bio-accumulate possibly in the
human, organisms. Thus, they cause the most remarkable toxic to humans and
animals [131]. The routes (e.g., oral, dermal, and inhalation) are main pathways that
the heavy metals enter into the body. They can go across the body through the
bloodstream and accumulate to the target organs. Due to toxicity’s heavy metals, the
chronic exposure to metalloids can lead to serious effects at relatively low extents.
Consequently, they are concerned increasingly in the developed world due to
increasingly demanding for a better environment and reduction of pollutants

influencing to people [132-134].
a. Arsenic (As)

Arsenic (As) is a popular element in the nature and found widely in waters,
soils, rocks, and organisms. More than 200 different minerals as inorganic compounds
with lead, gold, and other metalloids are associated with the existence of As. It
presents generally at elevated contents in igneous and sedimentary rocks [135]. The
inorganic As is defined as combination of As with oxygen, chlorine, and sulfur, while
As combining with carbon and hydrogen is specified as organic As. As compounds do
not have smell and taste and white or colorless powders [136]. The major sources
releasing As into the environment are associated with the natural and anthropogenic
activities. The presence of As in groundwater and surface water involves with process
of erosion and weathering of rocks in the nature [137]. In addition, anthropogenic
activities at mining sites distribute significantly the contents of As into soils, surface

water and the deposit down sediments [138].
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It is estimated that millions of people are exposed chronically to As in the worldwide,
mainly in countries, where the groundwater and surface water are contaminated with
high extents of As. The ingestion, inhalation, dermal contact, and parenteral routes are
the chief pathways occurring As exposure [139]. As is a class 1 human carcinogenic
heavy metal with enough evidence from human epidemiological data [131, 140].
Three pathways of exposure are through oral, dermal, and inhalation. Although
dermal exposure to As can enter a small amount into the body compared with oral and
inhalation routes, basically As can accumulate and affect to any organs depending on
the lifestyles, demographic factors, frequency, and duration of exposure [137, 141].
As contents differing from remote areas and cities vary from 1 to 3 ng m=, and from
20 to 10 ng m3, respectively. Generally, contents of As in water are less than 10 pg L
! but its contents are high in soil fluctuating in ranges of 1 to 40 mg Kg [142].

Contamination with high contents of As is one of the causes resulting in the effects of
severe health. Many studies have indicated a great correlation between As exposure
and an increase of risks (e.g., carcinogenic and systemic effects of health). The organ
systems (e.g., nervous, renal, dermatologic, and respiratory systems) are influenced
significantly by As exposure. In many areas of As pollution, the considerably higher
standardized mortality rates for cancers (e.g., kidney, skin, and liver) are also shown
by many researchers. The extent of serious health effects involves with the chemical
type of As, time, and dose-dependent, as well [143, 144].

The dangerous inorganic patterns of As are methylated by bacteria, algae, fungi
through the biotransformation of As to offer mono-methylarsonic (MMA) and dime-
thylarsinic (DMA) acids. In the process of biotransformation, these inorganic As
patterns (iAs) are conveyed enzymatically to methylated arsenicals that are the end

process of metabolites and the biomarker of chronic As exposure.
1As (V) = iAs (II1) > MMA (V) > MMA (l11) > DMA (V)

A process of detoxification is called bio-methylation, the end products are methylated
by inorganic As (e.g., MMA (V) and DMA (V)), which are emitted through urine
(bio-indication of chronic As exposure). Nevertheless, MMA (111) is not removed and
presents inside the cells as intermediate products. While mono-methylarsonic acid
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MMA (111) is found as toxicity in comparison with other arsenicals, having potential
for arsenic-induced carcinogenesis [145].
2.3.10.1 Lead (Pb)

Lead (Pb), a soft, blue-gray element, is found naturally in combination with others in
the crust of the earth. It has been existed in the form of both organic and inorganic
compounds, which have no nutrient benefits for the human body. Pb is released into
the surrounding environment through natural sources (e.g., soil erosion and
atmospheric deposition). Natural deposits commonly happen together with heavy
species. The anthropogenic activities have discharged a great source of Pb into the
environment (e.g., mining, burning, fossil fuels, and lead-polluted products) [137,
146]. The mean level of Pb in surface soil was 32 mg Kg with a range of 10 to 67
mg Kg, whilst the elevated contents of Pb found at the gold mine tailings was 80 mg
Kg?[147, 148].

Pb, which is the most unsafe heavy species, can enter into the human body through
routes (e.g., oral, the dermal, and inhalation). The effects of Pb to organs and systems
of the human body depend on the duration and magnitude of exposure [132]. The
absorption rate of Pb through drinking water on adults and children is 35 to 50% and
greater than 50%, respectively. The Pb absorption is influenced by factors such as age
and physiology. The highest percentage of Pb is absorbed into the kidney, followed
by the liver and the other soft tissues (e.g., the heart and brain) [149]. The nervous
system is the most susceptible target of the Pb, the early impacts of Pb exposure on
the central nervous system are associated with the symptoms (e.g., headache, poor
attention spam, and loss of memory). Moreover, a plant containing high extent of Pb
holds on the production of reactive oxygen patterns leading to lipid membrane
damage that finally causes impairment of chlorophyll and photosynthetic processes.

Eventually, the entire growth of the plant is suppressed [150].

Pb metal becomes to toxicity in living cells by the following ionic mechanism and
oxidative stress. Of which oxidative stress in living cells is generated by the
imbalance between the production of free radicals and the generation of antioxidants
to detoxify the reactive intermediates. The occurrence of heavy species on a cell and

the balance between ROS production and the later defense offered by antioxidants.
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The antioxidants show the protection of the cells from free radicals as H2O, under the
impacts of Pb, but the extent of the ROS increases and the level of antioxidants
reduces. Once glutathione persists both reduced (GSH) and oxidized (GSSG) forms,
the reduced pattern of glutathione offers its reducing equivalents (H"+e") from its thiol
groups of cysteine to ROS making them stably. In the existence of enzyme
glutathione peroxidase, the reduced glutathione certainly combines with another
molecular of glutathione after giving the electron and generates glutathione disulfide
(GSSG) [149, 151]. The reduced (GSH) of glutathione elucidates for 90 per cent of
the total glutathione content and the oxidized pattern (GSSG) explains for 10 per cent
under typical conditions. On the other hand, the concentration of GSSD outdoes the
content of GSH under the status of oxidative stress. Additionally, the lipid
peroxidation considers as another biomarker of oxidative stress, since the electron
from lipid molecules demonstrating inside the cell membrane is collected by the free
radical, which eventually leads to lipid peroxidation. ROS may lead to structural harm
(e.g., cells, proteins, nucleic acid, membranes, and lipids) causing a stressed case at
the extent of cellular [152]. The ionic mechanism of Pb toxicity happens principally
due to the capacity of Pb metal ions replacing other bivalent cations (e.g., Ca?*, Mg®*,
and Fe?*) and monovalent cations such as Na*, which ultimately disturbs the
biological metabolism of the cells. Moreover, this mechanism causes significantly in
alterations of various biological processes. Pb can exchange calcium even in pico-
molar concentration affecting on protein kinase C, which controls neutral excitation
and memory storage [149].
2.3.10.2 Copper (Cu)

The atmospheric deposition, geologic input, roadways, and pressure-treated
lumber are possible sources releasing Cu into the environment. The atmospheric
statement and stream water involve with burning of Cu-holding coal and weathering
of Cu-comprising bedrock. Cu can be deposited on the roads by transport activities
such as burning of gasoline, diesel, and tire wear. In addition, the runoff due to
rainfall can wash out the Cu from the surfaces directly into the surrounding
environment [153, 154]. The natural concentration of Cu in soil, atmosphere and
water follows 50 ppm, ranges of 5 to 20 ng m=3, and from 40 to 10 ng L*,

respectively.
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The potential sources of Cu originate from the air (e.g., dust, volcanoes, forest
fires), while Cu is absorbed to the organic substances in the aquatic environment. The
anthropogenic sources comprise of Cu water pipes, drinking water, mineral
supplements, and fungicides including Cu [155]. Cu is an alteration metal having the
capacity of moderate solubility. However, it binds freely to sediments and organic
substances [156]. Because of high nuclear charge, small size, and high ionization
potential, Cu has low reactivity. The pattern of cuprous ion (Cu+) can be dissolved to
produce Cu (I1) and Cu (0). The cupric ions (Cu++) is the most chief oxidation state

of Cu, and it universally occurs in the aquatic environment [157]

The exposure to Cu via environmental or occupational pathways often include
exposure other metals such as As, Fe, Hg, and chemicals (e.g., polychlorinated
biphenyl and pesticides consisting of Cu [158]. Cu uptake depends on food choices,
dietary customs, and environmental factors. An amount of 1-5 mg Cu containing in
the most diets prevents a deficiency. Therefore, it is recommended that dietary intakes
of Cu base on the amount of 0.9 mg d-1 for adults both male and female from 19 to 70
years old [159]. It is around 6 to 13% of the mean daily intake of Cu via drinking
water. The maximum extent of Cu has been set at 1.3 ppm (US.EPA, 2013). It is quite
difficult to determine the upper intake extent of Cu consumption due to health impacts
of both Cu deficiency and excess. Thus, it suggests that it is considerably important to
re-evaluate and develop the scientific basis for an acceptable upper intake level of Cu

and Cu deficiency as well [160].

Copper (Cu) is explored a number of cells and tissues with the highest
concentrations in the liver and brain [161]. Most organisms gain a combination of
controlled import and enhanced export mechanisms protecting against metal-induced
toxicity. The mechanisms adjusted the status of metals via metal-combing proteins at
the levels of transcription and enzyme. The existence of chaperones controls Cu
homeostasis certifying Cu is offered to vital proteins without leading to severe effect
of cellular, whilst tissue damages and diseases are associated with disruption in the
homeostasis of Cu [162]. The reactive oxygen species (ROS)-induced oxidative
damage, one of the toxic mechanisms, contributes a major role in Cu toxicity.

Overbalance Cu can lead to per-oxidative to membrane lipids via the reaction of lipid
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radicals and oxygen to generate peroxy radicals [163]. High content of Cu illustrates
oxidative damage consisting of reduced extents of hepatic GSG, rose levels of
mitochondrial lipid peroxidation products. Moreover, it decreases the activity of
cytochrome oxidase and degrades liver mitochondrial respiration. The Cu deficiency
associates to the inactivation of major metabolic enzymes, whilst over-accumulation
of Cu involving with Wilson’s disease derives Cu reduced oxygen radical-mediated

damages [164]
d. Zinc (Zn)

Zinc (Zn), which is omnipresent in the environment, occurs in the crust of the earth at
mean concentration of approx. 70 mg kg?. It is not found freely, the form of +2
oxidation happens mainly in the nature as various minerals (e.g., zinc sulfide, zinc
carbonate, and zinc oxide). It is Fifty-five minerals containing Zn. The metal smelters
and mining activities as anthropogenic sources release Zn into the environment. The
production and use of minerals consisting of Zn lead to its release via various waste
effluents [165]. Zn can be found in natural streams in different chemical patterns (e.g.,
hydrated ions, metal-inorganic and organic complexes. The hydrolyzing process of
hydrated zinc cations forms the zinc hydroxide, while zinc sulfide may be favorable in
anaerobic environment. Zn accumulates in aquatic organism and bio-content factors
indicating from 1,000 to 2,000 for freshwater and marine fish [166].

Zn enters into the human body via three main pathways comprising of inhalation,
dermal, and ingestion. The effects and uptake of Zn to specific parts of the body
depend on the type of exposure. The inhalation of Zn including smoke is called the
metal fume fever derived from the uptake of Zn oxide. The acute syndrome relating to
industrial diseases chiefly occurs via inhalation of fumes with a particle size of <1
pum, the symptoms of alterable syndrome begin a few hours after acute exposure (e.g.,
fever, muscle, soreness, fatigue). The respiratory indicators go with an increase in
bronchiolar leukocytes. It is suggested that the allowable exposure limit of Zn oxide is
5 mg Kg?in workplace air during an 8-hour workday, 40-hour workweek to ensure
the occupational safety and health. The pH of the skin does greatly the effects of Zn
entering the human body via dermal absorption [167]. Previous studies indicated that

it was around 25% Zn oxide path (2.9 mg cm) was placed on human skin for 48
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hours, dermal irritation did not occur, while the dermal impacts of various Zn patterns

illustrated obviously the strongest irritation [137].

The Zn consumption via oral absorption as supplemental Zn has involved increasingly
with health consequence in the human body. It causes hematological effects; reduces
in cholesterol extents [168, 169]. Elevated levels of Zn can lead to a capacity of the
carrier-mediated path of zinc absorption. It is proved that intake of Zn excess may
cause a lack of Cu. Severe Cu deficiency surveyed by individuals ingested highly
doses of Zn for over one year. More subtle signs of impaired Cu status are
demonstrated visibly at lower Zn doses. Small amount of Zn up taken is vital for
survival. Therefore, it is recommended the permissible dietary for Zn is 11 mg day™
and 8 mg day?! for men and women, respectively. For infants and children are
requested (2-3 mg day™) and (5-9 mg day™?), accordingly. Overall, intake of such a

quantity is improbable, an amount of 225-400 mg could cause emetic symptom [159].
2.4 Hydrodynamic model

In recent years, numerical models, which have not only increased but also improved
remarkably, focus on the studies of the water quality and pollutant diffusion in surface
water as well. Over the last decades, studies relating to the fate and transport of
hazardous materials have been intensely conducted in aquatic systems. Nowadays,
many numerical models are used to simulate hydrodynamics and water quality, of
which the most common numerical models are as follow: the Streeter-Phelps models
in 1925, which consists of versions (e.g., S-P model, Thomas BOD-DO maodel,
O’Connor BOD-DO model, and Dobbins-Camp BOD-DO model), concentrates on
oxygen balance and one-order decay of BOD. They are chiefly one-dimensional
steady-state models. The QUAL models in 1970, including the patterns of QUAL I,
QUAL II, QUAL 2E, QUAL 2E UNCAS, and QUAL 2K, are suitable for dendritic
river and non-point source pollution. They are one-dimensional steady state or
dynamic models. The WASP models in 1983, which comprise of WASP1-7 models,
suit for water quality simulation (e.g., river, lakes estuaries, coastal areas, and
reservoirs). They associate with one - (1D), two - (2D), or three-dimensional (3D)

models. The QUASAR model is applied for dissolved oxygen simulation in larger



26

rivers; it is a one-dimensional dynamic model consisting of PC QUA SAR, HERMES
and QUESTOR modes. The MIKE models comprising of MIKE11, MIKE 21, and
MIKE 31 are employed for hydrodynamic and water quality simulation such as rivers,
estuaries, and tidal wetlands. They include one-(1D), two-(2D), or three-dimensional
(3D) modes. The BASINS models in 1996 consisting of BASINS 1, BASINS 2,
BASINS 3, and BASINS 4 are used for multi-purpose in the environmental system;
they combine point and non-point sources. The models suit to water quality analysis
at basin scale. Finally, the EFDC model in 1997 used for effective water quality
simulation (e.g., rivers, lakes, estuaries, and wetlands), comprises one-(1D), two-(2D),
or three-dimensional (3D) models [170].

The Delft 3D model developed by Deltares is the multi-dimensional (2D or 3D)
simulation program. The model can be applied for the various areas: i) tide-influenced
flows, wind, and density gradients; and wave-caused currents; ii) propagation of short
waves spreads directionally; iii) advection and dispersion of discharges; iv)
calculation of online morpho-dynamic (e.g., local erosion, short time and long scales);
V) transport of sediments; vi) water quality phenomena (e.g., the project of heavy
metal contents, relations between organic and inorganic suspended sediments, and the
water and bottom phase as well; vii) tracking particles such as oil spill; viii) changes

in dynamic 2D-morphology (time-fluctuating) [171].

In this research, the hydrodynamic module, which are integrated in the Delft3D
model, are used to simulate changes in hydrodynamics at Ganh Hao River. The
hydrodynamic module, Delft3D-FLOW, is a multi-dimensional simulation program
that computes unsteady flows as well as transport phenomena deriving from tide and
meteorology forcing on curvilinear and boundary-suitable grids as well. The
hydrodynamic module is associated with the full Navier-Stokes equations with the
applied shallow water approximation. The equations are with a procedure of
unconditionally stable solution. The hydrodynamic model can employ for several
areas, for examples, seawater intrusion, freshwater river effluents, thermal
stratification (e.g., lakes and seas), transport of sediments and dissolved substances,
storm surges, effects in combination with tide and wind, river flows, reservoir

deposition and degradation the bottom dams, and weirs.
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The coordinate system is principally Cartesian-x, y coordinate systems, orthogonal

curved coordinates (&,m ), and spherical coordinate systems (A,¢ ).
Where: £=\; n=0¢; £E=RG cos¢; nn= RG; R-earth radius; ¢-geographical latitude.

The system of vertical coordinate (o) is specified as follows:

Where: z: the vertical co-ordinate in physical space; C: the free surface elevation
above the reference plane (at z= 0); d: the depth below the reference plane; H: the

total water depth, given by (H=d+(). At the bottom o=-1; the free surface c=0.

Continuity equation: the depth-averaged continuity equation is originated by a
combination the continuity equation for incompressible fluids (V*vector (u)=0) over

the total depth, included the kinematic boundary conditions at the water surface and

bed levels, and is offered by: 1
% n 1 ad ((d + Q)U,[ GEE) i 1 ad ((d + C)V,[ GEE ) _ Q
ot Gy Gm 9% Gy G on

With U and V, the depth averaged velocities

| ¢ 0

[ [ w dz [ w do
d+C Jag Jo1
| ¢ 0

V [ vdz [ v do
d+¢ Jq J

In addition, Q represents as the contributions per unit area because of the discharge or

withdrawal of water, precipitation and evaporation:

Q= f_ol(qin —qout)do+ P —E (4)
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Where: qin and gout are the local sources and sinks of water per unit of volume (1/s),
accordingly; P and E are the non-local source of the precipitation and non-local sink

due to evaporation, respectively.

Momentum equations in horizontal direction are the momentum equations in & and n

direction as follow:

u ou v ou ® du uv 0,/Ge v 3,/Gyn

—t+ = t—=—==+ +
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1
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—+ — ——+ +
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1

1
T tht g aa( v ao) My (6)

Where: 6@—‘:: equation (5) is alteration of velocity in u direction over time.

‘Z_‘t’ : equation (6) is variation of velocity in v direction over time.

25 Related studies

In the Vietnamese Mekong Delta (VMD), the south of Vietnam, studies focusing on
pollution of the surface water and sediment have been carried out over the last
decades. The results of these studies found that pollutants (e.g., nutrients, organic
substances, and metalloids) have contaminated surface water and sediment
considerably. Concentrations of pollutants have not only varied significantly by time
and space but also illustrated the temporal increase of pollutants in the previous
studies.

The contents of metal species in both dissolved phase and suspended matter during
the different conditions of hydrological regime were normally explored within the
range detected for the unpolluted environment. The average dissolved phase contents
(n M) of heavy metals (e.g., Cd, Cu, Ni, and PDb) in the river from March to October
ranged in 0.03 and 0.09, 14 and 15, 7.8 and 8.4, 0.51 and 0.50, respectively. Overall,

the measured concentrations of two seasons illustrated no significant difference.
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Between the particulates and dissolved phase were not noticeable exchange due to
changing in the dissolved phase metal levels in surface water with the salinity
gradient. Whilst, the average contents of metal species (e.g., As, Co, Cr, Ni, Pb, and
Al in the suspended matter (Ag/g) surveyed in March to October at the river end-
associate) varied between 24 and 11, 17 and 9, 49 and 29, 32 and 18, 42 and 19, 113
000 and 67 000, accordingly. The average contents of trace metals in March were
twice higher than that in October, this was due to the effect of smaller particles
supplying during the dry season. The concentration of core components (e.g., carbon
total, carbon organic, Si, Al, Ca, K, Fe, Mg, and Ti) and trace metals (e.g., Pb, Zn,
Cu, Ni, Mn, Cr, Cd, and Hg) in external sediments illustrated similarly values during

the seasons and showed any major changes in depth [25].

The findings illustrated the contamination of trace metals (e.g., Hg, Cd, Pb, As, Cu,
Zn) in the river sediment in the estuaries of the VMD increased generally in the order
of Hg < Cd < Pb < As < Cu < Zn. Particularly, the average contents (mg Kg-1) of Hg,
Cd, Pb, As, Cu, and Zn were 0.1, 1.1, 3.8, 5.9, 33.4, and 96.6, respectively. It was
found that the great interaction between the river flow and seawater at downstream
and estuaries resulted in the deposition of particles comprising of metalloids, which
derived from the inland. Therefore, most metal species increased progressively
towards the sea. Additionally, elevated contents of heavy metals found in the small
tributaries where they follow into the course of the main rivers, this illustrated that the
existence of the metalloids in the sediments did not only originated from natural
sources but also anthropogenic ones. In general, the contents of detected metals in the
research were slightly less than the Vietnamese guidelines referred for assessing the
extent of adverse impacts to aquatic ecosystems), except for Pb. By compared with
the norms of several countries in the world, the findings in the observed areas were at
high levels [26].

The quality of surface water at main rivers/canals in the Ca Mau Peninsular was
assessed with parameters of temperature, pH, EC, TDS, DO, P-PO43-, and NH4+.
The results indicated that temperature, pH, EC, TDS, P-PO43- met the allowable
standards, which were suitable for aquatic organisms. However, the contents of NH4+

exceeded a double of the allowable norm with an average value of 0.638 mg L-1.
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Similarly, DO also was lower than the permissible limitation with an average content
of 48 mg L-1. This illustrated that degradation of surface water quality was
associated with the nutrient and organic substances. The findings showing agricultural
practices were the major factor resulting in the impairment of water quality [47]

The levels of heavy metal contamination (e.g., As, Cu, Pb, Zn, and Cd) were
evaluated in sediment and surface water at the canals, rivers, estuaries, swamp, and
mangrove forests in consecutive two seasons in Ca Mau province. The findings
indicated that the contents of As increased gradually from inland to estuaries with
elevated values found at Ganh Hao estuary. The measured contents of As in surface
water fluctuated from 0.4 to 23.3 pug L-1 and exceeded Vietnamese guidelines at
sampling sites. The levels of Cd in sediment and surface water were measured in
ranges of 0.027 to 0.093 mg Kg-1 and 0.023 to 0.06 mg Kg-1; 0.38 to 2.63 ug L-1
and 0.18 to 0.28 pg L-1 in the wet and dry season, respectively. Overall, the
contamination of As tended to increase gradually from the inland to the estuaries.
Additionally, it is found that As had a positive correlation with EC and pH. Changes
in the seasonal factor influenced significantly the variability of trace metals. The
sediment was polluted slightly by metal species (e.g., As, Zn, and Cu), which

exceeded the allowable standard for aquatic organisms [45].

The Vietnam River System and Plains model (VRSAP model) was used to manage
water resources in the Ca Mau peninsular, which has been improved with new
options. The study aimed to simulate the hydraulic and water quality as a basis of
avoiding the conflicts in water use among agriculture and aquaculture practices in the
coastal zones. The results enabled to specify the best measures for constructing
schedule, which would take the elevated return on investment; this was because
model measures could illustrate the impacts of sluice operation on water level and
salinity yearly as well. In addition, the schedules of sluice operation by using the
model solved the conflicts the demand for water used for rice cultivation and shrimp

culture in eastern and western part of the Ca Mau peninsular, respectively [172].

[31] conducted in variability analysis and relation among climate, hydrology and
water quality in the downstream of the Mekong River. The study based on the

monitoring data (e.g., climate, hydrology, and water quality) collected from 1985 to
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2004. Overall, the water quality was good or very good for water quality parameters
(e.g., DO, pH, EC, NOg, POs* and TP). The seasonal element did not only influence
on the climatic and hydrologic factor but also water quality parameters. The flow and
precipitation could be used for projecting changes in the climatic and hydrological
variables, and water quality, which were performed using ARIMA models. The
results showed that three variables (e.g., TSS, alkalinity, and EC) were bio-chemically
conventional parameters, whilst the predicting results of model regarding to other

parameters were consistent with shorter period in comparison the former parameters.

The assessment of surface water deterioration was associated with the As pollution at
different ecological zones including freshwater, brackish water, saline water in the
VMD. The results indicated that the average contents of As differed remarkably from
various ecological zones. Particularly, low levels of As found in freshwater with
contents in ranges of 0.26 to 8.63 pug L, higher contents were around 0.30 to 15.39
ug L in brackish water, and highest contents were around 24.47 to 78.41 pg L-1 in
saline area. The findings showed that As concentrations increased progressively from
inland to estuaries and from the upstream to the lower part of Tien and Hau River.
The content of As in saline areas was about 4 times higher than the allowable standard
for coastal water quality at Bac Lieu and Ca Mau province. The contents of As in
saline areas, which had significant difference from that in brackish and freshwater
areas, had the average contents of 49.47 pg L?, 8.51 ug L%, and 1.48 pg L*,
respectively. Additionally, it is found that As contents had a positive correlation with
pH, EC, and SS in saline areas, and EC and SS in brackish areas [130].

The findings revealed that pollution of surface water in the VMD causing
considerably risks to human, animal and ecosystem health due to intensive utilization
for drinking, irrigation, and domestic purpose. The research was implemented from
November 2011 to July 2012 at 32 observed locations demonstrating in the fresh,
brackish and saline environment. The findings illustrated that pH (max. 8.6), turbidity
(max. 461 FTU), highest contents of N-NH4* (14.7 mg L), metalloids (e.g., As (44.1
ug LY, Ba (157.5 ug L), Cr (84.7 pg L), Hg (45.5 pug L), Mn (1,659.7 pg LY), Al
(14.5 mg L), and Fe (17.0 mg L)) in canals exceeded the allowable limitation for

drinking and domestic use. Urbanization, metal species leaching from soils,



32

aquaculture practices, and tidal cycles elucidated 85% of the variation of water quality
through the PCA (principal component analysis) analysis. Moreover, water quality
maps denoted hotspot areas of pollution apparently with selected pollutants relating to
land-use [29].

The degradation of water quality at main rivers in Ca Mau province was investigated
through the parameters such as DO, COD, BODs, N-NHs", and P-POs*. The
measurements showed that DO was lower than the allowable standard for surface
water quality with the content of 4.66 mg L. Similarly, N-NHs* and P-PO*
exceeding the permissible limitation had the values of 3.111 mg L™ and 0.963 mg L™,
respectively. However, COD and BOD:s still satisfied the permissible standard. The
results of WQI indicated that the status of surface water quality was polluted
moderately; the agricultural activities and domestic wastewater were specified as the
possible sources of contaminants leading to impairment of water quality in this

province [173].

The water quality in mainstream and tributaries of the Hau River surveyed at
observed 36 sites has been degraded in the rainy season (June 2013 and September
2013) and the dry season (December 2013 and May 2014). The measurements
illustrated the temperature and pH were suitable for aquatic organisms. The higher
level of TSS in the rainy season than the dry one was discovered one at most sampling
locations while DO contents varied from 1.76-7.96 mg L, with a mean of 4.9+1.4
mg L. In addition, the concentrations of nutrients and organic substances in the dry
season were higher than that in the wet one. Particularly, the measured average values
of N-NOs,, TN, P-PO4*, TP, and COD were 0.11+0.07 mg L?, 1.17+0.6 mg L%,
0.1+0.07 mg L%, 0.29+0.25 mg L%, and 14.3+6.3 mg L™, respectively. A great
variability of water quality parameters was found in the study area shown by PCA
analysis. The content of suspended solids reaches a peak in the rainy season, while
nutrient and organic substance contents had the highest values in the dry season. In
general, water quality on the Hau River was relatively eutrophic, especially in the

areas affected by agricultural practices [174].

The developed hydrodynamic model using the MIKE 11 model and the application of

the developed model projected salinity intrusion under the different scenarios of seal
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level rise until 2030. The main objective of the research was to suggest mitigated and
adaptive solutions of salinity tolerance for maintainable agricultural practices in the
Ca Mau peninsula respect with proposed scenarios. The findings revealed that the
seawater intruding into inland, particularly the Hau River coastal areas, was less than
10 km, however, the salinity would be reduced in inside area of the Peninsular
depending on the different salinity levels. The complicated variation of seawater
intrusion would lead to a strong influence on the agricultural practices. Therefore, the
proper measures mitigating and adapting the sea level rise due to effects of climate
change should focus on land-use planning; the selective plants can tolerate to different
salinity limitations; solutions of less water irrigation utilized advanced techniques;

infrastructure used for seawater prevention was necessary in this area [37].

The simulation and computation the water level as well as water quality were carried
out through four variables (e.g., DO, NH4*, NOs', and BODs). A 1D model coupling
with 2D one employed for evaluating changes in water quality during the dry and wet
season of the year 2016 was associated with the coastal estuaries. The calibrated and
validated hydrodynamic model illustrated high degree of agreement respect with the
phase and amplitude of water level at observed stations with mean absolute error
(MAE), root mean square error (RMSE), and per cent bias varied from 0.05 to 0.37 m,
0.12 to 0.64, and -8.9 to 3.2 %, respectively. The findings of water quality model
demonstrated that the selected parameters such as DO and BODs in the dry and rainy
season exceeded the Vietnamese guidelines established for the surface and coastal

water quality as well as water quality for domestic water purposes [44].

A multivariate statistical method was used to conduct in analysis of surface water
quality based fifty one sample sites at main rivers in Ca Mau peninsular in the wet and
dry seasons in 2020. The results of the research revealed that the surface water was
polluted with organic matters, suspended solids, nutrients, and microorganisms. DO,
TSS, BODs and pH were specified to contributed up to 76.91 to seasonal variability of
water quality based on DA model. The water quality was classified from bad to heavy
pollution. Three main components (PC1-PC3) were the principal sources influencing
on water quality, explaining 85.54% of total variation on water quality. The sources of

contamination could derive from anthropogenic activities (e.g., domestic wastewater,
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waste from agriculture, fisheries, industry, landfills) and natural sources (e.g.,

hydrological regimes, rainwater overflow, and riverbank erosion) [175].
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Study location

Ganh Hao River with a total length of about 55 km runs through Bac Lieu and Ca
Mau provinces in VMD (Figure 0.3). It starts from Ca Mau City and flows southward,
then confluence in Ca Mau City, Dam Doi, and Cai Nuoc districts. This river then
changes eastward and courses to the East Sea [176]. The research area, a common
boundary of Dong Hai and Dam Doi districts in Bac Lieu and Ca Mau provinces, is
located in lower part of the Ganh Hao River with a total length of approx.11 km,
which was specified by the upstream and downstream boundaries. The upstream
boundary is primarily the confluence of Xang canal in Dinh Thanh commune, the
downstream boundary is the confluence of Ganh Hao-Ho Phong canal in An Phuc
commune around 6 km from the estuary of Ganh Hao River (Figure 0.3). The
predominant land use in the study area has been mostly aquaculture activities focusing
mainly on intensive, semi-intensive, extensive, and advanced-extensive shrimp
culture. Particularly, the Dong Hai district has a natural area of 57,008.74 ha of which
shrimp culture obtained for 39,387.5 ha. The district consists of 11 administrative
units at the level of commune, of which Dinh Thanh, An Trach, and An Phuc
communes accounted for 14,140.47 ha of a total natural district’s area with 11,095.12
ha used for shrimp farms [177, 178]. Whilst the Dam Doi district, which has the same
types of shrimp culture as Dong Hai district, comprised 42,821.2 ha out of a total
natural district’s area of 78.204,04 ha utilized for the shrimp farming. Six out of 15
communes, namely Tan Trung, Ta An Khuong, Ta An Khuong Dong, Ta An Khuong
Nam, Tan Duc, and Tan Thuan districts, had a total natural area of 30,858.96 ha



36

including 2314489 ha wused for aquaculture practices [179, 180].
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Figure 0.3 The study area catchment (a); the segment of study river where it was
mainly impacted by aquaculture practices (b); and sampling sites and hydrological

measurements were marked in figure (b) that was shown in figure (c)

The shrimp was stocked at different times of a year consisting of two crops per year
for various types of culture. Specifically, the first and second crops in Dong Hai
district started in January 2019 and May 2019 for types of intensive and semi-
intensive culture, respectively, while the extensive and improved extensive culture
was only one crop per year commencing since November 2018 [178]. Two crops per
year for the intensive, semi-intensive, extensive, and improved extensive types of
shrimp farming were also practiced in the Dam Doi district beginning in January 2019
and November 2019, accordingly [178]. The extensive and improved extensive
shrimp culture systems are known for having a low shrimp density and relying mainly
on natural feeds; however, a limited amount of organic fertilizers is occasionally

added to ponds. While a greater input of fertilizers and supplemental feeds is added to
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the intensive and advanced intensive shrimp culture systems that are reared with a
high density of shrimp [181]. (Cassou et al., 2017). The water exchange from shrimp
ponds differed from among types of culture. The extensive and improved extensive
ponds, the cycle of water supply and discharge, was specified twice a month with an
average of 4 days through direct interviews with the local community. While types of
intensive and semi-intensive culture exchange the water every ten days during the
stage of shrimp stock [182]. Pollutants from anthropogenic activities in the upstream
region and along the river reaches have been reported to have insignificant effects on
the river's lower reaches [183]. As a result, changes in water quality were understood
to be mainly associated with aquaculture activities, which contributed the most to the

receiving waters.
3.2 Water and sediment sample collection

3.2.1  Sampling sites

Sampling was conducted in the spring and neap tide in the dry (22/03/2019) and the
wet (05/09/2019) seasons at 25 observed sites by a distance of 0.5 km for each site,
except for the first sites (S1 to S3) and the last (S23 to 25), obtaining representative
sites for the study area (Figure 0.3). These were specified using satellite images and
interviews with local authorities. Consequently, sites were certified in situ by
investigating the actual land use and discovering potential disturbing factors (e.g.,
presence of shrimp farms or land use mixtures). All the observed sites selected based
on characteristics of impact sources and status of land use. Additionally, coordinates
of sampling sites were recorded by a global positioning system (GPS) as illustrated in
Table 0.1.

Table 0.1 The possible sources of pollutants contributed to the receiving water

Observed sites Coordinates Description/sources
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E(UTM) N (UTM)

S1 543054 1002295 Shrimp farms; tributary

S2 543043 1002353 Shrimp farms

S3 543061 1002232 Shrimp farms

S4 542586 1002019 Shrimp farms; erosion

S5 541858 1001469 Shrimp farms; tributary

S6 541465.6 1001195 Shrimp farms; erosion

S7 540930.5 1001639 Shrimp farms

S8 539906.9 1001573 Shrimp farms; erosion

S9 539148.1 1001936  Shrimp farms

S10 539483.9 1002438 Shrimp farms; erosion; ferry station
S11 538950.3 1002713 Landslides, shrimp farms

S12 538196 1002762 Shrimp farms; the large tributaries
S13 537512 1002815 Shrimp farms

S14 537072.5 1002352  shrimp farms

S15 536349.6 1002431 The large tributaries; ferry station

S16 535641.7 1002686 Landslides, shrimp farms

S17 534883.8 1002940 Construction material yards; tributary
S18 534650.6 1003407 Ferry station; tributary; shrimp farms
S19 534020 1003679 Multi-waste sources from shrimp farms
S20 533673.3 1004004 Shrimp farms; tributary

S21 533366 1004247 Multi-waste sources from shrimp farms
S22 532948.9 1004668 Shrimp farms

S23 532539 1004788 Shrimp farms; tributaries

S24 532538 1004827 Shrimp farms; erosion; tributaries

S25 532539 1004871 shrimp farms; tributaries

3.2.2  Surface water samples

Collection of water samples, which was performed on the boat along the river starting

at down to up boundary of the river reach, avoided closely to riverbanks because

stagnant phenomenon could lead to various water quality (e.g., direct inhabitant’s

discharges close to the riverbanks). Samples, analyzed for nutrient and organic
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pollution, were collected approx.10-30 cm below the surface to prevent intrusion of
floating debris and held in the opposite direction to the water flow. Bottles were
closed underwater to stop air intrusion. For measuring heavy metals, the collected
samples by using Vandorn equipment were at different three depths of each sampling
site. Samples were contained in high-density polyethylene (HDPE) bottles (1 L)
(Figure 0.4). The pre-labeled sample bottles were washed with 10% HNO; acid to
avoid any contamination from metal and non-metal ions and rinsed repeatedly with
distilled water [184]. Before sampling, the sample bottles were rinsed three times with
river water. For the measurement of heavy metal content, 65% HNO; acid was added
to each sample immediately to bring pH below 2 to prevent metal absorption into the
walls of the bottle. Directly after sampling, the bottles were stored in ice until they

were transported to the laboratory [185].

Figure 0.4 Surface water collection and in-situ measurement on the field

3.2.3  Sediment samples

Sediment samples, which were conducted at the same sampling sites as the water
samples, were collected by the Peterson grab from the sediment surface at the depth of
around 10 cm [186]. The total weight of each about 2-3 kilogram sample was
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contained in plastic bags made from polyethylene to avoid exposure to light; the
symbol was prescribed and brought to the laboratory. Before sampling, the
polyethylene bags were washed with a 10% HNO; acid solution and rinsed with
distilled water [187]. Samples, which were dried at room temperature and then
crushed up and through a sieve with a mesh of 0.5 mm, remained the dry weight of
about 0.5-1 kilograms [188] (Figure 0.4).

Figure 0.5 Collection and process of sediment samples
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3.3 Hydrological and bathymetric data

All field data used as inputs for the hydrodynamic model development were measured
on a cruise in the wet season (5-6 September 2019). The water level at the
downstream boundary (WL1) and middle location (WL2) was measured manually for
36 hours (one-hour intervals) (Figure 0.3 and Figure 0.6). The water discharge, flow
velocity, and bathymetric measurement was measured using two Acoustic Doppler
Current Profiler (Rio Grande ADCP-a 600 kHz configured for 0.25m bin size, USA)
mounted to the boats. The first ADCP, which was used for water discharge
measurement at the upstream boundary’s traverse section, operated repeatedly for 36
hours (one-hour intervals) (Figure 0.3 and Figure 0.6). The second ADCP was set up

for the velocity profile and bathymetric measurement on the zigzag trajectory at the

same time as the water sample collection (Figure 0.3 and Figure 0.6)

Figure 0.6 Data collection on the field: (a) water sample collection, velocity and
bathymetric measurements, (b) water discharge measurement at the upstream, and (c)
water level measurement at downstream of the river.

3.4 Analytical procedures

A total of 25 surface water and sediment quality parameters was measured in this
research. Surface water samples are analyzed for 18 water quality parameters
including temperature, electricity conductivity (EC), total dissolved solids (TDS),
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total suspended solids (TSS), pH, dissolved oxygen (DO), chemical oxygen demand
(COD), salinity, nutrients (e.g., nitrogen-ammonium (N-NH4"), nitrogen-nitrite (N-
NO2), nitrogen-nitrate (N-NO3"), total-nitrogen (TN) and phosphate-phosphorus (P-
PO.*), total-phosphorus (TP)), metal(loid)s (e.g., arsenic (As), copper (Cu), lead (Pb),
and Zinc (Zn)). The seven sediment quality parameters were detected for electrical
conductivity (EC), pH, total organic carbon (TOC), arsenic (As), copper (Cu), lead
(Pb), and Zinc (Zn).

3.4.1  Analysis of surface water samples

The temperature, EC, DO, pH. TDS, and salinity were measured in situ by using a
HandyLab 680 FK instrument (SI Analytics GmbH, Germany).

For nutrients, all samples were stored from 2 to 4°C until analyzed, and pre-treated by
syringe filters (0.45 um, Minisart Sartorius, Goettingen, Germany) and measured
within twenty-four hours of sampling. N-NOs, N-NO2,, N-NH4*, TN, P-POs*, TP,
COD were detected by the following methods:

- N-NH.": spectrometric method (ISO 7150-1: 1984)

Spectrometric measurement was conducted at 655 nm of the blue compound created
by reaction of ammonium with salicylate and hypochlorite ions in the presence of
sodium nitrosopentacyanoferrate (ll). Hypochlorite ions were generated in-situ by the
alkaline hydrolysis of N, AI’-dichloro-1, 3, 5-triazine-2, 4, 6 (1 H, 3H, 5H)-trione,
and sodium salt (sodium dichloroisocyanurate). The reaction between the chloramine
and sodium salicylate occurred at pH of 12.6 in the existence of sodium nitroprusside.
The presence of chloramines in the sample were quantitatively specified. Sodium
citrate was coupled with the reagent to cover interference from cations, particularly
calcium and magnesium. The method was applied for a range of 0.003 to 1 mg L.

- N-NO;™: colorimetric method (SMEWW 4500-NO," B: 2012)

Nitrite was measured through the creation of a reddish purple azo dye that was
produced at pH level of 2.0 to 2.5 by combining diazotized sulfanilamide N-(1-
naphthyl)-ethylenediamine dihydrochlori. The spectrophotometric measurements

could be applied for a range of 0.01 to 1 mg L (N-NOy) if a light path and green
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color of 5 cm were utilized. The color system follows Beer’s law up to 0.18 mg N L

with a-1cm light path at 543 nm.
- N-NOs": colorimetric method (SMEWW 4500-NOs™ B: 2012)

The method was applied for only screening samples containing low concentration of
organic substances. The curve calibration of nitrate conforms the Beer’s law up to 11
mg L. Of which methods (e.g., titanous chloride(G), hydrazine reduction (H), and
automated cadmium reduction (F)) was the following ranges of 0.01 to 10 mg L™ N-
NOs", 0.01 to 10 mg L2 N-NOs", and 0.5 to 10 mg L™ N-NOs". Water samples, which
were consisted of high contents of organic matters, were diluted into the range of the

selected method.
- Total-nitrogen (TN): TCVN 6638:2000 (ISO 10048:1991) method

Nitrogen patterns were eliminated by using Devarda’s alloy to ammonium. The
nitrogen was altered to ammonium sulfate in the existence of concentrated sulfuric
acid comprising of high content of potassium sulfate. The aim of this step was to
increase the boiling point of the mixture with the existence of the copper. The
ammonia was eliminated out of the solution by providing alkali, and then the mixture
was distilled in boric acid solution. The quantity of ammonium was measured by
spectrophotometer at 655 nm. The method could determined the content of substance

in range of 1to 200 mg L.
- P-PO4*: colorimetric method (SMEWW 4500-P E: 2012)

Firstly, phosphate was changed to the phosphorus pattern of interest to dissolved
orthophosphate; the second was colorimetric measurement of dissolved
orthophosphate. The different phosphorus patterns were specified analytically;
however, analytical differences had to be chose so that they could be utilized for
explanatory purposes. This was because phosphorus could occur in coupling with
organic substances, a digestion measurement determining a total phosphorus could
oxidize organic substance to discharge phosphorus as orthophosphate. Consequently,
the method using nitric acid-sulfuric acid was required for most water samples. After
digesting the samples, the ascorbic acid method (E), which was performed to

measured phosphate, followed the applicable range of 0.01 to 6 mg L.
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- Total-phosphorus (TP): colorimetric method (SMEWW 4500-P E&B:
2012)

The measurement was the same as method of 4500-P E: 2012 for the digestion.
Nevertheless, the acid-hydrolysable phosphorus concentration of the samples was
specified operatively as the difference between reactive phosphorus that was detected
in the untreated samples and phosphate was found after slight acid hydrolysis.
Normally, it comprised of patterns of condensed phosphates (e.g., pyro-, tripoly-), and
higher-molecular-weight species. Moreover, some water samples contained organic
phosphate species, which were hydrolyzed to orthophosphate under the test
conditions. Commonly, patterns of polyphosphates did not react to reactive
phosphorus tests; however, they could be hydrolyzed to orthophosphate by boiling
with acid. After hydrolysis process, reactive phosphorus, which was measured by a

colorimetric method, varied from 0.01 to 6 mg L.
- TSS: SMEWW 2540 D: 2012 method

The well-mixed samples were filtered through a weighed standard glass-fiber. The
residues were held on the filter, which was dried to a constant weight at 103 to 105°C.
The increase in weight of the filter represented the total suspended solids. If the
suspended substances choked the filter and extended filtration, the increased diameter
of the filter or reduced the sample volume was requested. To obtain an estimation of
total suspended solids, it required to compute the difference between total dissolved

solids and total solids. The lowest limitation of detection (LOD) is 2 mg L.
- COD: SMEWW 5220 C: 2012 method

The principle of the method was most organic substances oxidized by a boiling
mixture of chromic and sulfuric acids. The samples were refluxed in strong acid
solution with a known excess of potassium dichromate (K2Cr.O7). After digestion, the
titration process was conducted in the residual unreduced K>Cr,O7; with ferrous
ammonium sulfate solution to measure the amount of consumed K>Cr.O7 and then
oxidized substances were computed in terms of oxygen equivalent. The ratios of
reagent weights, volumes, and strengths constant were retained when sample volumes

over than 50 mL were utilized. A less reflux time of standard 2 hours was performed
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if the same results have yielded in a shorter period. The results, which were further
enhanced by reacting a maximum amount of dichromate, provided some residual

dichromate remains. The applicable range of the method was from 5 to 50 mg L.
- Heavy metals in surface water: US.EPA method 200.7 ICP-OES

The first of all, the acidified sample of around 50ml was taken at a rate of 5ml
of concentrated HNOz acid solution in a 11 sample solution that put into a 100ml glass
beaker. The glass beaker, which then was added 2ml of HNO3 acid solution (1:1) and
Iml of HCI acid solution (1:1), was covered with a watch glass to avoid the
contamination. The mixture was put on an electric hotplate at a temperature that was
not exceeded 85°C until the remaining volume of sample was about 20ml (do not
boil). The mixture then was taken down to cool at a room temperature and transferred
the acidified solution into a 50ml volumetric flask with distilled water to the mark.
The solution, which was filtered by filter paper with pore diameters of 0.4-0.45um,
was quantified by using the ICP-OES (Inductively Coupled Plasma Emission
Spectrometry). The calibration blank and standard were conducted similarly at the
same time. The concentrations of heavy metals were measured by the following

formula:
C(mg L) = (C1— Cy)+f

C: content of metal in water samples (mg L™?)
C1: metal content in the water sample measured (mg L)
C2: metal content measured from sample not containing analyte (distilled water) (mg
L
f: dilution factor (if diluted).

3.4.2  Analysis of sediment samples

pH and EC in sediment samples were measured in situ by using HI 99121-HANNA
instrument (Soil pH Test Kit, USA) and HI 8633-HANNA instrument (Multi-Range
Conductivity Meters, USA), respectively.

TOC content was measured by using an amount of 0.5g sediment sample was added

into a triangular flask, which was then put 10 ml of KCr.O; and 20 ml of



46

concentrated H2SO4. The mixture was slightly shaken to mix well between the sample
and chemicals within 20-30 minutes. The well mixed solution would be added 100 ml
of distilled water and 10 m of H3POa. Finally, the solution was titrated with 1N FeSO4
after adding 1 ml of the color indicator. The procedures were conducted in the same
steps without the sample of sediment for the blank samples [189]. The measurement

of TOC was determined by the following formula:

C(%) = [(V0-V)*N*0.003*100*1.33]/W

Vo(ml): volume of FeSO4 was used to titrate the sample of blank
V(ml): volume of FeSO4 was used to titrate the sample of sediment
W(g): weight of sample

N: ferrous sulfate (FeSOa).

- Heavy metals in sediment: US.EPA method 3051A ICP-OES

A sediment sample of 0.3g weight was put into a container connecting with a
controlled pressure reduction mechanism. The pressure reducing digestion flask was
added a volume of 10+1ml concentrated HNO3 acid solution or 9+0.1ml concentrated
HNOs acid. Then these reactors, which were closed according to the manufacturer’s
instructions, were put properly into a microwave system and connect the appropriate
temperature and pressure sensors. The temperature of microwave was increased to
175 + 5°C for about 15+0.25 minutes. The temperature was then lowered to 80°C for
25 minutes. The microwave oven was cooled down to a room temperature and
removed the decompression sample vessels from the microwave systems. To check
the weight of the sample can be carried out before and after the process to assess the
tightness. If the difference in weight of the sample exceeded 1%, the sample was
considered to be lost. The obtained solution was transferred to a 20ml volumetric
flask and quantify with distilled water to filter it. Finally, the solution was analyzed
for the content of heavy metals on ICP-OES. The process was conducted in the same
way with the blank samples. The concentration of metals would be measured as

follow:

Cm(mg Kg™?) = [(C1 — C2)*V*10%*f]/m
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Cm: content of metals in sediment samples (mg Kg?)
C1: content of metals in measured sediment sample (ug L™?)
C2: content of metals in blank sample (ug L)
V: volume of the volumetric flask (ml)
m: weight of the sample (g)
f: dilution factor (if diluted)
103: transfer from gram to kilogram.
3.4.3  Quality assurance (QA) and quality control (QC) in the laboratory

QC procedure was done by using the standard samples (CRMs-Certified Reference
Materials) for all parameters. The CRM sample was analyzed seven times (the
procedure was the same as real samples). The results of CRM were calculated mean
values and standard deviation (SD), then the graph for QC control was created by
using mean values and SD. QA was done by checking the analyzed results. If the
results are in a range of -2 SD to +2SD, the analysis procedures were reliable and high

accuracy.
35 Assessment of surface water and sediment quality

3.5.1  Surface water quality

The levels of surface water pollution were assessed by comparing with i) the
Vietnamese guidelines (QCVN 08-MT:2015/BTNMT) [190] and ii) the US. EPA
[191] for surface water quality.

3.5.2  Sediment quality assessment

The levels of sediment contamination were assessed by comparing with i) the
Vietnamese guidelines (QCVN 43:2017/BTNMT) [192] and ii) three contamination
indices including Geo-Accumulation Index (lge0), Contamination factor (CF) and
Pollution Load Index (PL1I).

- Geo-Accumulation Index (lgeo)
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lgeo Was utilized to measure and assess the metal contamination of the bottom
sediment [193]. The previous study of [194] illustrated that Igeo Was calculated the

following formula:
Igeo = IOg (Cn/lSXBn)

Cn is the measured concentration of the metal (n) and Bn is the geochemical
background of the metal (n). Factor 1.5 is used for possible variations of the
background data due to lithological variations [195]. lgeo Values were classified into
seven grades or classes: lgeo < 0 (grade 0), unpolluted; 0< lgeo <1 (grade 1), slightly
polluted; 1 < lgeo < 2 (grade 2), moderately polluted; 2< Igeo <3 (grade 3), moderately
severely polluted; 3< lgeo <4 (grade 4), severely polluted; 4< Igeo <5 (grade 5),
severely extremely polluted; lqeo > 5 (grade 6), extremely polluted [196].

- Contamination Factor (CF)

CF was used to evaluate the pollution content of the sediment with respect to heavy
metals [197]. The CF was determined by the following formula [198].

Measured metal concentration

- Background concentration of the same metal

The CF has provided four grade ratings of the sediment based on CF values: 0<CF<1
(grade 1), low CF; 1<CF<3 (grade 2), moderate CF; 3<CF<6 (grade 3), considerable
CF; CF>6 (grade 4), very high CF.

- Pollution Load Index (PLI)

The PLI was performed to find out the mutual pollution effects at different observed
sites and the overall toxicity status of each observed site [199]. The PLI was
determined as the n root of the multiplications of the contents (CF metals) by the

following formula [200]:

n

PLI = Y/CF1x CF2 x CF3 x...x CFn

The PLI value of zero indicates excellence, a value of one shows the presence of only
baseline levels of pollutants and values above one illustrating the progressive

deterioration of the observed sites and estuarine quality [200]. In this study, the world
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mean contents of heavy metals were referred as the following values: Cu (45 pg g™2),
As (13 pg g*), Pb (20 ug g™), and Zn (95 pg g™*) [201].

3.6 The seasonal variability of water quality parameter

3.6.1  Seasonal variability

The dataset of the 25 sampling sites, consisting of measured water quality parameters
in the dry (22/3/2019) and wet (5/9/2019) seasons, was utilized to assess seasonal
differences in water quality. The water quality in two seasons was statistically
compared (significance of 5%) with the non-parametric Mann-Whitney U test since
the normal distribution of the dataset checked by the Shapiro-Wilk test was not met.
The variations of water quality were visualized by box diagrams for the 14
representative parameters due to not discovering the existence of heavy metal
contents at most of the investigated sites.

3.6.2  The effect of tidal regimes

The Mann-Whitney U test (significance of 5%) was performed to observe the
influence of tides among water quality parameters because the normal distribution of
the dataset checked by the Shapiro-Wilk test was not met. For this analysis, the
seasonal dataset of 25 sampling sites was divided into two groups, one of them
represented at the spring tide and another was at the neap one. The variation of water

quality parameters were visualized by box diagrams for the 14 selected parameters.
3.6.3 Identification of pollutant sources

In this research, to identify the impact of each water quality parameter on water
quality and reduce the computation load, PCA was utilized to analyze the original
monitoring data. The objective of PCA was to extract the key information
representative of the characteristics of the water environment from a large amount of
data and characterize it as a new dataset of independent variables of the principal
component (Abdi and Williams [202], 2010). PCA reduces the dimensionality of a
multivariate data set to a small number of
independent principal components. Each principal component contains all the variable

information, thus reducing the missing of information [203]. In PCA, the Kaiser
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criterion drops the components, for which the eigenvalues are less than 1. Greater
than 1 eigenvalue suggests that the corresponding component interprets more variance
than a single variable. Therefore, the component in question can be used for reducing
the number of variables. In contrast, components with eigenvalues less than 1 would
not be useful for reducing the dimensionality of the data. The eigenvalue threshold is
zero, since the eigenvalues, obtained from the adjusted correlation (or covariance)
matrix can be negative. The reason for this is that the adjusted matrices do not have
full rank — the common variance is less than the total. The negative eigenvalues
cannot be safely interpreted as partitions of the common variance. Therefore, factor
analysis focuses only on the common variance, only factors with corresponding
positive eigenvalues are selected for rotation [204]. For this analysis, the initial
dataset of 25 sampling sites, comprising mean contents for all parameters, was
reduced to satisfy the criteria for the test (Bartlett test of sphericity, Kaiser-Meyer-
OlIkin). First, the parameters of As, Cu, Pb, and Zn were removed due to the low
variabilities and almost not detected among the observed sites. Second, N-NH4* was
distributed at two components, resulting significantly in reducing convergence of
other components and it was therefore excluded from the dataset as well. The reduced
dataset (e.g., temperature, EC, TDS, TSS, pH, COD, salinity, N-NO2", N-NOs", TN, P-
PO.*, and TP) was further rotated by a Varimax with Kaiser normalization to indicate
the loadings in the explaining components. Loadings of selected water quality
parameters in three components with eigenvalues of > 1. The dataset comprises a

reduced number of parameters to meet the criteria of the analysis.
3.7 Surface water quality maps

The effects of various land-use systems used for shrimp culture were further evaluated
by the logistic regression model to identify which types of shrimp culture systems
(e.g., intensive, advanced-intensive, or extensive and improved extensive shrimp
farms) were responsible mainly for the degradation of water quality at Ganh Hao
River. The logistic regression model works the same as linear regression one, with a
binomial response variable. The advantage of the model can utilize continuous
explanatory variables and it is easier to address more than two explanatory variability

simultaneously. It is essential when the interest is the effect of different explanatory
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variables on the response variable. If multiple explanatory variables are considered

independently [205]. The contents of pollutants, which were detected seasonally at

twenty-five observed sites, were utilized for this analysis. The land-use systems,

particularly areas utilized for a kind of different shrimp farms, were specified by a

digital map (satellite image solution) coupling with data (e.g., areas and the status of

land-use) collected from Dong Hai and Dam Doi people’s committee as shown in

Table 0.2.

Table 0.2 Types of land-use were available in Dong Hai and Dam Doi Districts

Kinds of land-use (ha)

Intensive & Extensive &

L Admin-Units Natural area -
Districts (Communes) (1) advanced  Improved- [a\lc;ri]cul ture
intensive extensive (2)
(2 (3)
Tan Trung 3311.41 83.24 2544.32 683.85
Ta An Khuong 3773.79 64.3 29295 779.99
Ta An Khuong 3633.54 88.25 2841.57 703.72
. Dong
Dam Dol Ta An Khuon
g 3001 222 2308 471
Nam
Tan Duc 6304.71 210.53 4919.18 1175
Tan Thuan 10834.51 103.73 6342 4388.784
Dinh Thanh A 8.89 2024.48 1129.33
agi”g An Trach 5210.77 63 4204.55 043.22
An Phuc 5767 9.2 4785 972.8

Table 0.2 including six communes belonging to Dam Doi District and three located in

Dong Hai District, did not show the differences among areas used for extensive and

improved-extensive shrimp culture systems. However, the rate calculated by dividing

the areas utilized for shrimp culture systems with the natural areas illustrated a

significant difference as presented in Table 0.3.

Table 0.3 The rates computed for types of land-use

Districts

Admin-Units

Kinds of land-use (ha)




52

(communes) Intensive & Extensive &
advanced intensive Improved-extensive
) ©)
Tan Trung 0.025 0.768
Ta An Khuong 0.017 0.776
] Ta An Khuong Dong 0.024 0.782
Dam Dol
Ta An Khuong Nam 0.074 0.769
Tan Duc 0.033 0.780
Tan Thuan 0.010 0.58
Dinh Thanh 0.003 0.64
_ An Trach 0.012 0.807
Dong Hai
An Phuc 0.002 0.823

Table 0.3 showed that the rates of the land-use system (extensive and improved-
extensive) consisted clearly of two groups and did not meet the normal distribution
(Shapiro test’s sig=0.012<0.05). Therefore, these rates would be divided by two
groups of zero and one, of which zero was communes having the rates (<0.7), and one
included the communes with the rates (>0.7). To identify the mean difference between
the two groups, the Mann-Whitney test (sig=0.05) was performed as shown in Table
0.4.

Table 0.4 The difference between the two groups

Test statistics Variables (Land-use)
Mann-Whitney U 0
Wilcoxon W 3
z -2.095
Asymp. Sig. (2-tailed) 0.036
Exact Sig. [2*(1-tailed Sig.)] .044

The result revealed a significant difference (sig=0.044<0.05) (Table 3.4) on rates of
extensive and improved-extensive between the two groups of the communes. Based
on the rates, the distribution of the observed sites and communes was presented in
Figure 0.7.
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Dong Hai district
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Dinh Thanh
and An Trach
S1 82 83 S4 S5 S6 87 S8 s9 S§10 S11 SI2 SI3 Sl4 SIS S16 S17 S18  S19 820 S21 S22 S23  S24 825
Ta An Khuong Nam,
Tan Thuan Tan Due Ta An Khuong Dong,
Ta An Khuonng and Tan Trung

AnPhuc

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1
Dam Doi district

Figure 0.7 the observed sites associating with communes distributed along with the

river

It was obvious that the difference in land-use was insignificantly among communes in
Dong Hai district, whereas it was shown apparently in the Dam Doi district. This was
because the total area of extensive and improved-extensive shrimp farms in Dam Doi
district was greater than that in Dong Hai district. Due to the insignificant difference
in land-use; therefore, it was supposed that the discharge of the pollutants into the
receiving water was evenly along the river reach. Consequently, the logistic
regression model was performed to evaluate the correlation between the land-use
systems and the release of the pollutants in the Dam Doi district. Using the logistic
regression method coupled with the multi-collinear reduction to find the highly
classifiable variables (parameters) of two groups of land-use and remove unnecessary

variables. The results of the analysis were denoted in Table 0.5.

Table 0.5 Summary of variables in logistic regression models

Model results Variables Percentage correct (%) Sig.
Dry EC, TSS, TP, N-NO» 93.3 0.00
Wet pH, EC, N-NO2", TP 93.3 0.00

Dry: the content of each water quality parameter among different sites in the dry
season
Wet: the content of each water quality parameter among different sites in the wet

season

Table 0.5 indicated that the results analyzed by the logistic regression model showed a

highly classifiable percentage (percentage correct of 93.3%) in both seasons.
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Moreover, the results of the model analysis indicated the observed sites consisting of
18, 19, 20, 21, 22, 24, 25 and 17, 18, 20, 21, 22, 23, 24, 25 in the dry and rainy
seasons (Table 0.6) accordingly were associated with land-use (extensive and
improved-extensive shrimp culture) due to having a high probability of classification.

Table 0.6 The analysis results of the logistic regression model

Dry season Wet season
Observed sites *P_ Y_ P_ Y_
*Rep *Y : Rep Y :
estimates ~ estimates estimates estimates
1 1 0 0.64632 % 1 0 0.00002 0
1 2 0 0.00739 0 2 0 0.00007 0
1 3 0 0.19277 0 3 0 0.00082 0
2 1 0 0.00003 0 1 0 0.00015 0
2 2 0  0.00000 0 2 0 0.00089 0
2 3 0 0.00000 0 3 0 0.00012 0
3 1 0 0.12559 0 1 0 0.00011 0
3 2 0 0.01810 0 2 0 0.00057 0
3 3 0 0.00190 0 3 0 0.00583 0
4 1 0 0.00041 0 1 0 0.00225 0
4 2 0  0.00002 0 2 0 0.00006 0
4 3 0 0.00500 0 3 0 0.00722 0
5 1 0 0.00356 0 1 0 0.00000 0
5 2 0 0.02530 0 2 0 0.00000 0
5 3 0 0.00661 0 3 0 0.00000 0
6 1 0 0.00001 0 1 0 0.00004 0
6 2 0  0.00000 0 2 0 0.00052 0
6 3 0 0.00002 0 3 0 0.00278 0
7 1 0 0.00047 0 1 0 0.00001 0
7 2 0 0.00000 0 2 0 0.00015 0
7 3 0 0.00001 0 3 0 0.02431 0
8 1 0 0.12398 0 1 0 0.00000 0
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Dry season Wet season
Observed sites *P_ Y P_ Y_
*Rep *Y ) ] Rep Y ] )
estimates  estimates estimates estimates
8 2 0 0.00826 0 2 0 0.00000 0
8 3 0 0.05395 0 3 0 0.00000 0
9 1 0  0.00001 0 1 0 0.00000 0
9 2 0  0.00000 0 2 0 0.00000 0
9 3 0  0.00000 0 3 0 0.00000 0
10 1 0 0.00015 0 1 0 0.00022 0
10 2 0  0.00003 0 2 0 0.00456 0
10 3 0  0.00033 0 3 0 0.01488 0
11 1 0 0.00052 0 1 0 0.00012 0
11 2 0  0.00146 0 2 0 0.00044 0
11 3 0  0.00002 0 3 0 0.00341 0
12 1 0  0.02419 0 1 0 0.02241 0
12 2 0  0.08065 0 2 0 0.21924 0
12 3 0 0.34076 0 3 0 0.52961 1
13 1 0  0.06094 0 1 0 0.00254 0
13 2 0 0.08658 0 2 0 0.03617 0
13 3 0 0.67732 1 3 0 0.17856 0
14 1 0 0.33920 0 1 0 0.00036 0
14 2 0 0.00721 0 2 0 0.00077 0
14 3 0 0.02286 0 3 0 0.01099 0
15 1 0 0.28033 0 1 0 0.13993 0
15 2 0 0.14616 0 2 0 0.60036 1
15 3 0 0.01674 0 3 0 0.92650 1
16 1 1 0.93274 1 1 1 047034 0
16 2 1 0.01533 0 2 1 0.89030 1
16 3 1 0.77276 1 3 1 097761 1
17 1 1 0.97673 1 1 1 0.96859 1
17 2 1 0.44170 0 2 1 0.99654 1
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Dry season Wet season
Observed sites *P_ Y P_ Y_
*Rep *Y ) ] Rep Y ] )
estimates  estimates estimates estimates
17 3 1 057105 1 3 1 0.99922 1
18 1 1 0.99975 1 1 1 0.99958 1
18 2 1 0.99996 1 2 1 0.99995 1
18 3 1 0.99999 1 3 1 0.99994 1
19 1 1 0.99959 1 1 1 0.19510 0
19 2 1 0.99581 1 2 1 0.56098 1
19 3 1 099131 1 3 1 0.92954 1
20 1 1 0.99709 1 1 1 0.88414 1
20 2 1 0.87534 1 2 1 0.97881 1
20 3 1 0.99091 1 3 1 0.99754 1
21 1 1 0.99989 1 1 1 0.84373 1
21 2 1 0.92400 1 2 1 0.97423 1
21 3 1 0.99994 1 3 1 0.99678 1
22 1 1 0.94174 1 1 1 0.97282 1
22 2 1 0.99080 1 2 1 0.99746 1
22 3 1 0.98568 1 3 1 0.99966 1
23 1 1 0.89103 1 1 1 0.98350 1
23 2 1 0.93200 1 2 1 0.99780 1
23 3 1 049714 0 3 1 0.99625 1
24 1 1 0.99471 1 1 1 0.90794 1
24 2 1 0.99855 1 2 1 0.98432 1
24 3 1 0.98549 1 3 1 0.99843 1
25 1 1 0.99995 1 1 1 0.93797 1
25 2 1 0.99444 1 2 1 0.84063 1
25 3 1 0.99945 1 3 1 0.98328 1

*Rep: number of measurement at each observed site

*Y': observed sites associate with land-use (0: low rate of extensive and improved-

extensive; 1: high rate of extensive and improved-extensive).

*P_estimates: estimation probability
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*Y _estimates: when estimation probability (>=0.5) showed that the observed site was

polluted highly (1) and the estimation probability (<0.5) illustrated inversely (0)

While the rates, which were calculated for land-use systems (Table 3.3), showed
small values for types of land-use systems utilized for intensive and advanced-
intensive shrimp farms. Therefore, based on geographical location, Dong Hai district
would be divided into two groups of land-use (An Phuc; and Dinh Thanh and An
Trach) and Dam Doi district included three groups (Tan Thuan; Tan Duc; and Ta An
Khuong, Ta An Khuong Nam, Ta An Khuong Dong, and Tan Trung) as illustrated in
Table 0.7. To assess the mean difference in the content of pollutants among groups of
land-use, the Kruskal-Wallis test (sig=0.05) was performed as shown in Table 0.7 and
Table 0.8, and the confidence intervals for mean were illustrated in Table 0.9 and
Table 0.10.

Table 0.7 Significant differences among parameters for groups of land-use in the dry

season
Groups of land-use Parameters Sig.

EC 0.000

TDS 0.001

Dong Hai Salinity 0.000

TN 0.000

N-NH4* 0.000

EC 0.000

TDS 0.001

Salinity 0.000

Dam Doi TN 0.000

TP 0.046

DO 0.000

N-NHs" 0.000

Table 0.8 Significant differences among parameters for groups of land-use in the wet

season

Groups of land-use Parameters Sig.




Dong Hai

Dam Doi
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Temperature 0.000
pH 0.001

TSS 0.000
N-NO2 0.000
N-NH4* 0.017
TP 0.000
Temperature 0.000
pH 0.001

EC 0.000
TDS 0.000
TSS 0.001
Salinity 0.000
N-NO2 0.000
N-NH4* 0.001
P-PO,* 0.008
TP 0.000
COoD 0.013

Table 0.9 Confidence intervals for mean on each group (parameters in the dry season)

Parameters  Dong Hai Dam Doi
Group 1 Group 2 Group 1 Group 2 Group 3
Temperature (30.9, (30.9,31.2) (30.8,31.1) (30.9,31.2) (30.9, 31.2)
(°C) 31.08)
Salinity (%0) (21.79, (22.2,22.5) (21.7,22) (22.1,21.9)  (548.3,
22.02) 637.1)
TSS (mg.L~ (420,552) (592,548)  (375.1, (638.0,693.8) (139.33,
h 526.1) 266)
N-NO2 (0.014, (0.013, (0.013, (0.012, (0.013,
(mg.LY) 0.019) 0.018) 0.019) 0.018) 0.017)
N-NHs" (0.069, (0.019, (0.07,0.11) (0.05,0.09) (0.02,0.012)
(mg.L ™) 0.099) 0.036)
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Table 0.10 Confidence intervals for mean on each group (parameters in the wet

season)
Parameters Dong Hai Dam Doi

Group 1 Group 2 Group 1 Group 2 Group 3
Temperatur  (29.51,30.1  (29.05,29.2) (29.6,30.34 (28.98,29.2) (29.05,29,2
e (°C) 4) ) 3)
Salinity (6.44,7.81) (5.86,6.27) (6.94,8.31) (4.7,5.07) (5.86,6.27)
(%0)
TSS (529, 1011) (139,266) (574, (286.88,377.1  (139.33,
(mg.L ) 1141) 2) 266)
N-NO2 (0.051,0.06 (0.068,0.07 (0.046,0.05 (0.081,0.094) (0.067,0.07
(mg.Lh) 2) 8) 5 8)

N-NH4* (0.17,0.22)  (0.11,0.12)  (0.15,0.21) (0.21,0.28) (0.11,0.12)
(mg.L™)

Table 0.7 and Table 0.8 indicated that the selected parameters differed among the
groups that occurred mostly in the wet season, the pollutants like N-NO2 and N-NH4*
came about in most cases. Two districts showed a higher mean content of pollutants
in the wet season than that in the dry one (Table 3.9 and Table 3.10); however, the
differences in the confidence intervals for mean in both districts. Particularly, higher
confidence intervals of salinity, TSS, and N-NH4* in group 1 than those in group 2
were found in Dong Hai district in the wet season while N-NO2 showed a higher
confidence interval in group 2 than that in group 1 (Table 0.10). In the Dam Doi
district, higher confidence intervals of salinity and TSS in group 1 than group 2 and 3
were illustrated in the wet season, whilst the highest confidence intervals of N-NOy
and N-NH4" were group 2 in comparison with other groups. It was obvious that water
quality parameters did not only differ among groups of land-use but also vary in each
group. Consequently, discharge of pollutants caused by intensive and advanced-
intensive shrimp culture did not show clearly the pollution respect with water quality
parameters at different groups. This was because the area utilized for extensive and
improved-extensive shrimp farms in each commune was greater than that used for

intensive and advanced-intensive shrimp culture. Therefore, the effects of extensive
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and improved-extensive shrimp culture were determined as a major factor influencing

changes in water quality at Ganh Hao River.

The maps of water quality, which were produced by using the Inverse Distance
Weighted (IDW) method integrated with the QGIS software, showed intuitively
seasonal changes in water quality for the selected parameter. IDW is based on
estimating interpolation by which unknown values were calculated by a linear couple
of values at identified points [206]. It assumes that each input point has a local impact
reducing with distance and the surfaces were generated by establishing an adjacent

search of points and weighting them by a power function [207].

3.8 Assessment of hydraulic characteristics, changes in water quality and

its association with various flow regimes

3.8.1  Hydrodynamic model

The Delft 3D model was performed to simulate changes in hydrodynamics of
the river reach. All data used for inputs of the model were measured on a cruise in the
wet season (5-6/9/2019). A hydrodynamic model was developed based on a series of
water levels and water discharge values, of which water levels were measured
manually at the downstream of the river, and water discharge values were measured
by an Acoustic Doppler Current Profiler (ADCP) upstream of the river reaches. The
hydrodynamic model is based on Navier-Stoke’s shallow water equations for an
incompressible fluid in 2D and 3D integrated into Delft3D-FLOW, which is fully
non-linear and physic-based. Modeling is carried out on a curvilinear, unstructured
grid in 2D while the vertical grid includes layers divided by o-planes, which follow

the bottom topography. The layers are constant over the computational domain [208].
J Computational grid

RGFGRID (Delft3D tool) is used to create orthogonal curvilinear grids in 2D model.
A curvilinear grid allows a high resolution of the grid near the area of interest and a
low resolution outside the area. Therefore, it reduces not only the total number of cells
but also and the computational time. In addition, it is used to check the orthogonality,

smoothness, and ratio of the mesh. The model's grid is created by many cells which
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are different quadrilaterals combined to form a grid system with its coordinates (M
Direction and N Direction). A grid of different quadrangular components was created
for a studied segment of the river, which has a resolution of 27x1800 distributed along
with the grid domain with a total number of 48,600 cells (Figure 0.8). In 3D
simulation, the vertical grid comprised of layers divided by o-planes, which follow
the bottom geomorphology and the free surface. The number of layers is constant over
the computational domain. In this research, the 3D model was developed simply by
adding o-layers to the 2D model. Based on the depth of the river (average depth of 2
m), the developed 3D model included four vertical layers that did not pose difficulties
in simulation (Figure 0.8d) [209].

o Bathymetric interpolation

QUICKIN (Delft 3D tool) was used to combine and create bathymetries by assigning
data of sample points to the cells. The Inverse Distance Weighting method (IDW) was
performed to interpolate the geomorphology of the river. The IDW interpolator is a
relatively popular technique as few parameters are required from the operator. The
IDW carries out the assumption that a value of an attribute at an unmeasured area is a
weighted average of known data points within a local neighborhood surrounding the
unmeasured one [210]. However, the original IDW method was not used due to
manipulating circular search neighborhoods. Therefore, the Rectilinear Inverse
Distance Weighting (RIDW) method was applied by using a rectangular box in the
flow direction found in the samples [211]. Geomorphology of the river reach was
interpolated as shown in Figure 0.8.
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Figure 0.8 Study area: (a) the entire modeled reach. Water level (WL1, 2), water
discharge (Q) measurement stations, and cross-sections (A, 1, 2, and 3), as well as
downstream and upstream boundaries, are marked in the figure. A cross-section is
marked by a red box in the figure where it represents a curvilinear grid (b) and
interpolated geomorphology (c). An area of interest (AOI) is marked by a black box
where it is interested in exploring changes in velocities. (d) A vertical grid is created

by the sigma coordinate system

o Boundary condition
Two boundary conditions included water discharge and water level values measured
on a cruise (5-6 September 2019) as input data for hydrodynamic model’s
development. The landward boundary condition was forced by hourly time series of
water discharge measured at the upstream part of the river reaches. The downstream
boundary was forced by tidal levels at hourly intervals, covering within 36 hours as

shown in Figure 0.9.
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Figure 0.9 A series of measured water discharge and water level values at upstream

and downstream of the river.
. Initial condition and physical parameters

All data used as inputs for the hydrodynamic model included water level’s initial
conditions and physical parameters, of which the first one was set to 2 meters and the
second was presented in Table 0.11. The selected parameters are based on many trials

running the model

Table 0.11 Input data selected for model set up.

Range Selected )
Parameters Type Unit
values

Gravity Constant  9.5-12 9.81 m/s?
Water Density Constant 900 -1500 1000 kg/m?
Manning coefficient n Specify ~ 0-0.04 0.022 m3/s
Horizontal eddy viscosity ~ Specify 0 - 100 2 m?/s
Vertical eddy viscosity Specify 0-100 0 m?/s

° Time frame

The time frame applied for the model setup was illustrated in Table 0.12. A time step

of 15 seconds was chosen for the model run. The selected time step based on the size
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of the grid cells and calculated time to ensure spatial distribution of courant numbers
for all the grid cells was not underestimated during the simulation process. Processes
entering the input data into the Delft 3D-Flow model were illustrated in the attached
Appendices.

Table 0.12 The time frame selected for model setup

Time frame Date and time (hh:mm:ss dd/mm/yyyy)
Reference date 05/09/2019
Simulation start time ‘ 8:00:00 05/09/2019
Simulation stop time ‘ 19:00:00 06/09/2019
Time step ‘ 00:00:15
Storing interval time 00:30:00
o Calibration and validation model

The process of calibrating a hydrodynamic model under the steady-state condition
relates to manipulation of the model inputs that agree closely the outputs based on the
field observations [208]. Calibration was performed by adjusting the 2D model’s
hydraulic roughness, coupling with user-dependent parameters, running for 36 hours
(with boundary conditions of water discharge and water level). The first parameters
were calibrated to obtain a good agreement between simulated and measured results.
The 3D model was calibrated by adjusting the horizontal eddy viscosity, combining
with the parameters defined by the 2D model. The 2D and 3D model was tested
respectively against the water level (WL2) and ADCP-based flow velocity
measurements at the cross-section (A). The suitable roughness and horizontal eddy
viscosity values, which maintain the model stability, were 0.022 m™*%/s and 2 m?/s,
respectively. To assess the model accuracy after calibration, the model validation
performance was quantified and reported as coefficient of determination (R?), Root
Mean Square Error (RMSE) for 2D model and Mean Absolute Error (MAE) for the
3D model. The RMSE, R? and MAE was performed as follows:

+* Root Mean Square Error (RMSE)

RMSE was calculated based on simulated and measured values of water level after

the model was calibrated to obtain a good agreement between simulated and observed
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results. Table 0.13 showed measured and simulated water levels at the observation
site (WL2).

Table 0.13 Simulated water levels (WLs;) and observed water levels (WLop) at the
observation site (WL2)

Date and time WLsi WLob
5/9/2019 8:00 2 1.9065
5/9/2019 8:30 1.429913 1.7865
5/9/2019 9:00 1.752274 1.5975
5/9/2019 9:30 1.382553 1.3855
5/9/2019 10:00 0.95538 1.1515
5/9/2019 10:30 0.996028 0.8445
5/9/2019 11:00 0.586835 0.4765
5/9/2019 11:30 0.302166 0.2755
5/9/2019 12:00 0.156761 0.0465
5/9/2019 12:30 -0.00726 -0.2335
5/9/2019 13:00 -0.16682 -0.3935
5/9/2019 13:30 -0.31085 -0.6035
5/9/2019 14:00 -0.4403 -0.7835
5/9/2019 14:30 -0.49782 -0.9635
5/9/2019 15:00 -0.46004 -0.9435
5/9/2019 15:30 -0.39895 -0.8035
5/9/2019 16:00 -0.21599 -0.5235
5/9/2019 16:30 0.076985 -0.1835
5/9/2019 17:00 0.433162 0.1765
5/9/2019 17:30 0.683233 0.5565
5/9/2019 18:00 0.897063 0.8825
5/9/2019 18:30 1.16143 1.1265
5/9/2019 19:00 1.351631 1.3655
5/9/2019 19:30 1.513921 1.4345
5/9/2019 20:00 1.528749 1.5165
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Date and time WLsi WLob
5/9/2019 20:30 1.504682 1.5525
5/9/2019 21:00 1.428642 1.5105
5/9/2019 21:30 1.405168
5/9/2019 22:00 1.364476
5/9/2019 22:30 1.134243
5/9/2019 23:00 0.992759
5/9/2019 23:30 0.848472
6/9/2019 0:00 0.612726
6/9/2019 0:30 0.413932
6/9/2019 1:00 0.244893
6/9/2019 1:30 0.207006
6/9/2019 2:00 0.374692
6/9/2019 2:30 0.449067
6/9/2019 3:00 0.449024
6/9/2019 3:30 0.630202
6/9/2019 4:00 0.941608
6/9/2019 4:30 1.096988
6/9/2019 5:00 1.361901
6/9/2019 5:30 1.590902
6/9/2019 6:00 1.521138
6/9/2019 6:30 1.722833 1.5915
6/9/2019 7:00 1.885115 1.7765
6/9/2019 7:30 1.815631 1.8215
6/9/2019 8:00 1.880588 1.8245
6/9/2019 8:30 1.8354 1.7545
6/9/2019 9:00 1.595847 1.6545
6/9/2019 9:30 1.536019 1.5265
6/9/2019 10:00 1.321356 1.3555
6/9/2019 10:30 1.050954 1.1515
6/9/2019 11:00 0.90451 0.9385
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Date and time WLsi WLob
6/9/2019 11:30 0.62174 0.6565
6/9/2019 12:00 0.395986 0.5465
6/9/2019 12:30 0.251476 0.2565
6/9/2019 13:00 0.120681 0.0365
6/9/2019 13:30 -0.04897 -0.2235
6/9/2019 14:00 -0.22594 -0.4535
6/9/2019 14:30 -0.34744 -0.6335
6/9/2019 15:00 -0.44928 -0.7435
6/9/2019 15:30 -0.47916 -0.8335
6/9/2019 16:00 -0.38915 -0.7535
6/9/2019 16:30 -0.27494 -0.6035
6/9/2019 17:00 -0.12309 -0.4435
6/9/2019 17:30 0.067737 -0.2635
6/9/2019 18:00 0.334403 -0.0835
6/9/2019 18:30 0.533368 0.4065
6/9/2019 19:00 0.630186 0.6565

RMSE =\/

+* Root Mean Square Error (RMSE) formula

N (Samples)

+ Coefficient of determination (R?)

YN (WLSi;—WLOb;) _

0.22

RZ =1 E?’=1[Qobs,i_ Qsim,i]2 -

— 2 =

N [Qobsi— Qobs]

0.98

Where: Qups; » @sim ;- Simulated and measured data; and, Q,ps: Mean measured data.
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Figure 0.10 Correlation coefficient between simulated and measured values
* Mean Absolute Error (MAE)

MAE values, which were calculated for different layers responding to horizontal eddy

viscosity (HEV=2, 4, 5, and 6 m?.s1), followed the formula:

MAE = dsimulation Z dADCP (1)

Where d was determined using the following a function:
ax®+bx*+cx+ d = f(x) (2
a, b, c, and d: constants

This equation is established based on the simulated velocity points and the ADCP
based velocities, representing the velocity distributions in different layers. The graphs
showed velocity distribution at different layers as shown in result and discussion.
Table 3.14 demonstrated the constant determination based on the function (2) for
different HEVs and layers. Table 3.15 showed MAE values for various HEVs at

different layers.

Table 0.14 Constants determined by using the function (2) for various simulation’s

scenarios
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Simulations a b c d Layer
0.000001 -0.000198 0.014 0.83 1
0.000001 -0.000209 0.015 0.81 2
HEV =2
0.000001 -0.000214 0.015 0.78 3
0.000000 -0.000139 0.009 0.71 4
0.000001 -0.000159 0.011 0.86 1
0.000000 -0.000151 0.011 0.84 2
HEV =4
0.000000 -0.000082 0.007 0.83 3
0.000000 -0.000099 0.005 0.74 4
0.000000 -0.000123 0.008 0.89 1
0.000000 -0.000118 0.008 0.87 2
HEV =5
0.000000 -0.000086 0.006 0.85 3
0.000000 -0.000072 0.003 0.77 4
0.000000 -0.000113 0.007 0.89 1
0.000000 -0.000108 0.007 0.87 2
HEV =6
0.000000 -0.000085 0.006 0.85 3
0.000000 -0.000065 0.003 0.77 4
0.000000 -0.000161 0.015 0.92 1
dapcp
0.000001 -0.000382 0.030 0.65 2
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Simulations a b c d Layer
0.000 0.000 -0.003 1.31 3
0.000 0.000 0.000 0.78 4

Table 0.15 MAE (Mean Absolute Error) calculated for different horizontal eddy

viscosities (HEVS) at the various layers

Simulations Layers MAE

1 0.09
0.16
0.25
0.13

HEV=2

0.07
0.19
0.31
0.07

HEV=4

0.04
0.22
0.33
0.06

HEV=5

0.04
0.22
0.34
0.05

HEV=6

A WO DN PP LODN PR O RN
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3.8.2 Changes in water quality and its association with different flow

regimes

Low, medium, and high flow regimes, which respond respectively to incoming,
gentle/unchanged, and outgoing tides, were used to explore the spatiotemporal
variabilities of both flow and water quality. The tidal states such as incoming,
gentle/unchanged, and outgoing tides responding to low, medium and high flow
regimes were classified based on the fieldwork. The analyzed results of water quality
parameters at sampling sites responding to different tidal states were used to assess
variabilities of water quality. The magnitude of water discharge corresponding to
three tidal states at the observed sites was extracted from the results of the developed
hydrodynamic model. Dataset of both flow and water quality parameters at the
observed sites, which were set into three groups, met a normal distribution for the
only flow dataset (determined by Kolmogorov-Smirnov test at the significant level of
5%). Therefore, the Duncan test (significant level of 5%) was used to examine the
significant differences among the mean of the flows. While the significant differences
among medians of water quality parameters were compared using the Kruskal-Wallis
test (significant level of 5%). The dependence of water quality on various flow
regimes was calculated using the Spearman test. All statistical analyses were

performed using SPSS 20.0 software.
3.9 Framework of methodology

Figure 0.11 showed the methods and contents conducted in the research.
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Figure 0.11 Methods and contents were conducted in the research.
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CHAPTER 4
RESULTS AND DISSCUSTION
SPATIOTEMPORAL VARIABILITIES OF WAER AND SEDIMENT QUALITY

4.1 Spatial variations of the water and sediment quality

4.1.1  Surface water quality
a. Temperature

The spatial fluctuations of water quality parameters measured seasonally during the
spring and neap tide at 25 observed sites. The findings indicated that physicochemical
and biological elements were chiefly responsible for the water quality variations of
the river reach while metal(loids) were hardly detected at most of the observed sites.
Figure 0.12 showed that the temperature varied from 30.3 to 31.52°C with the mean
value of 31.01+0.34°C and from 28.73 to 34.10°C with the mean value of
29.64+1.05°C in the dry and wet seasons, respectively. The variabilities of the
temperature among sampling sites in two seasons were not substantial, this was due to
the strong effects of the tidal cycle resulting in the spatially small increase of the
temperature and the sampling sites occurred during similar weather conditions [212].
In addition, the tropical estuaries are a more steady temperature than the temperate
ones [213]. In general, the variations of the temperature in the seasons were

completely suitable for the aquatic ecosystems [214].
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Figure 0.12 The spatial variabilities of water temperature in both seasons
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b. pH

pH values, showing slightly spatial oscillation the same as the temperature, ranged
from 7.67 to 7.77 with the mean value of 7.72+0.03 and from 6.90 to 7.33 with the
mean value of 7.15+0.13 in the dry and wet seasons, accordingly (Figure 0.13). The
study of [215] reported that two factors influencing primarily on changes in pH were
the temperature and salinity, of which the former triggered relatively small effects,
and the latter impacted substantially the dissimilar equilibrium constants, and few
constituents of sea salt were included in the acid-base reactions of seawater. This
could explain that the minor vacillations of pH resulted from intruding seawater with
slight alkaline (7.5-8.4) [213] due to the impacts of the semi-diurnal regime of the
East Sea; therefore, the sampling sites received correspondingly the seawater twice
daily. Besides, the same weather conditions occurring during the field sampling led to
slight variations of pH because of trivial alterations of the temperature among
sampling sites in the seasons. Otherwise, the direct discharge of untreated wastewater
from the shrimp farming into the surface water also was one of the causes resulting in
changes in pH values because pond bottoms concentrate largely nutrients and organic
substances residues during the rearing of aquatic organisms, acidifying the water
[216]. However, the fewer effects caused by shrimp cultures into the surface water
were observed during the field campaign occurring along banks of the river, it could
therefore explain that all sampling sites recorded the extensively unchanged values of
the pH. The spatial oscillations of the pH in the seasons were not exceeding the

allowable standard for water quality.
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Figure 0.13 The spatial variabilities of water pH in both seasons
c. Electrical conductivity (EC)

High EC level was observed in all the sampling sites of the river. Its values varied
marginally between 34.1 and 35.63 mS cm™ with the mean EC value of 34.78+0.47
mS cm? in the dry season while the rainy season showed the mean value of 12+3.33
mS cm™ and oscillated considerably in range of 8.30 to 21.37 mS cm™ (Figure 0.14).
The EC illustrated an increase in the spring tide moving upstream in the wet season; it
is due to seawater from the East Sea containing a substantial amount of dissolved salt
supplying the river reach. The previous study of [217] found that the agricultural
activities would involve in the increase of the EC level. Consequently, the highest EC
at sampling site S4 (EC=21.37 mS cm™) lying downstream of the river reaches,
especially near the Ganh Hao-Ho Phong tributary and Tan Thuan commune where
land use utilized for the shrimp culture obtained the biggest areas compared to other
ones, would be related to aquaculture activities. Otherwise, the highest temperature,
measured at S4 (34.1°C) in comparison to other sites, would link to an expansion of

the EC level; it is due to an increase in temperature causing an increase in the number
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of ions in solution [218]. The spatial variation of EC values in the seasons met the
water quality for marine aquatic life due to EC values being less than 50 mS cm™
[219].
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Figure 0.14 The spatial variabilities of water EC in both seasons
d. Total dissolved solids (TDS)

TDS varied spatially from 28.3 to 35.67 mg L, with the detected mean value of
34.11+1.99 mg L7 in the dry season while the measured mean value of TDS
11.98+3.31 mg L, with a range of 8.30 to 21.10 mg L in the wet season (Figure
0.15). The high EC values demonstrating in the seasons were involved in temperature,
salinity oscillations, and aquaculture related-activities as well [219]. Of all of these
effects, increased temperature of the water, influencing remarkably conductivity and
causing ions to move in solution more quickly, results in high content of TDS. Thus,
the EC and TDS correlated closely with each other [68, 220], it is therefore evident
that the variation of TDS values showed the same trend as that of EC values in the
wet season. The recorded TDS values among sampling sites, lowering substantially
the normal range of seawater (TDS=35,000 mg L), were suitable for aquatic
organisms [219, 221]
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Figure 0.15 The spatial variabilities of TDS concentration in both seasons
e. Salinity

Figure 0.16 showed that measured salinity ranged from 21.23 to 22.67%., with the
mean value of 22.03+0.4%o and varied from 4.70 to 12.83%o, with that of 6.88+2.06%0
in the dry and wet season, accordingly. The minor fluctuations of the salinity showing
among sites were in the dry season, while the significant ones illustrated in the wet
one. It could elucidate the tidal cycles and location within the estuary were
responsible for changes in the salinity. It is therefore clear that the dry and wet
seasons demonstrating similar oscillations in distributing the salinity, which was
respectively found at highest values at S8 (22.67%o) and S4 (12.83%o) lying in the
downstream, declined progressively at the upper reaches of the estuary. The observed
results agreed with the study of [222] reporting that, higher values of the salinity
occurred near the estuary and lower ones were upstream of the river reaches. The
spatial alterations of the logged salinity in both seasons were not harmful to aquatic

organisms as well as the excess of an allowable standard [223].
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Figure 0.16 The spatial variabilities of TDS concentration in both seasons
f. Total suspended solids (TSS)

Concentration of TSS, which showing spatially the highest levels at all sites, ranked
from 100 to 730.67 mg L, with the mean value of 516.21+220.34 mg L™, and from
87.33 to 3,642.33 mg L*, with that of 611.52+804.66 mg L™ in the dry and wet
seasons, correspondingly (Figure 0.17). Higher TSS levels at sampling sites of S1 to
S5 and S13 to S25 than S5 to S12 were observed in the dry season, of all of these
sites, the sampling site obtained the most elevated value (S1=731 mg L), compared
to other sites. Whereas higher values in order of S9 (3,642.33 mg L™ and S8 (2,188.33
mg L) than those in the rest of other sites were recorded in the wet season. High
concentrations of TSS, given the spatial variations of all the sites, were mostly
explored near the downstream of the river reaches; this could explain that the
sampling sites locating adjacent to the lower area of the reaches would link to
aquaculture released-sources and the effect of tidal regime. The discharges of
aquaculture consisting of numerous pollutants played a chief role in distributing the
possible sources of TSS to the surface water [224]. Additionally, an extreme current
flow impacted by semi-diurnal regimes prevented the normal transport upstream of

suspended solids due to confronting the current flow front moving downstream of the
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reaches, resulting in accumulating high concentrations of TSS at the lower area. The
finding showed relatively the same as the study of [225] reported that contents of TSS
tended to increase from upstream to downstream, related to the source of pollutants as
well as effects of tidal cycles to transport upstream of suspended sediments [226]. All
sampling sites in both seasons being logged with contents of TSS exceeded
approximately twice to three greater than the permissible level for the water quality
[190].
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Figure 0.17 The spatial variabilities of TSS concentration in both the seasons
g. Chemical oxygen demand (COD)

Figure 0.18 illustrated that the spatial concentrations of measured COD varied widely
at different sites in both the seasons. The mean value of COD among sites was
36.04+6.05 mg Lt and fluctuated broadly from 26.67 to 49.00 mg L? in the dry
season, while the contents of COD fluctuating from 12.80 to 36.27 mg L™, with the
mean value of 22.19+6.19 mg L were found in the wet season. High concentrations
of measured COD were discovered spatially at all sites, except for S16 (12.8 mg L)
in the wet season, which were related to the wastewater discharged from aquaculture
practices popularly occurring along the river reaches. In addition, the phase of tidal
cycle, particularly semi-diurnal regimes, caused in high buildup of contaminants

surrounding released sources leading to elevated concentrations of COD. [227] stated
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that the solute pollutants would be discharged into the river/estuary at lower part of
tides and be backed up the ones at spring tide so that the one would be deposited in
the surrounding areas. Given the lower stage of the tidal regimes, the pollutants would
also tend to have a longer retention time, which may probably result in a higher
accumulation in contents. The COD values were substantially greater than the
permissible standard, indicating the water quality was greatly polluted by organic

substances.
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Figure 0.18 The spatial variabilities of COD concentration in both seasons
h. Dissolved oxygen (DO)

The mean concentration of DO at various sites was 5.88+0.91 mg L™, with a range of
4.09 to 7.09 mg L in the dry, whereas a relatively wide variation from 2.79 to 6.99
mg L?, with the mean value of 5.68+1.21 mgL™? was recorded in the wet season
(Figure 0.19). The gradual decrease of DO showed evidently at sampling sites from
S14 to S18, with lowest value at S18 (4.09 mg L) and the one illustrating at different
sites, principally S9, S11, S15, S19, S21, S25, had the lowest content at S9 (2.79 mg
L1 ), compared to other sites in dry and wet season, respectively. The low
concentrations of DO finding at noticed sites could involve in sources of wastewater
discharged from aquaculture activities and temperature as well. DO contents varied

spatially and reduced with an increase of the temperature in the watercourse [228,



81

229]; however, the influence of the temperature changes in DO levels was considered
negligibly in the sense that the oscillation of the temperature was not widely at
various sites in both the seasons. Hence, the pollutants containing high nutrients and
organic substances were responsible for small DO contents, as documented by [217],
this was explained that activities of microorganisms consuming a large amount of
oxygen for decomposing the contaminants would drop possibly the DO levels in the
river water. Couple with this could closely relate to the high presence of the salinity,
causing to impairment of DO contents, the study of [230] revealed that high salinity
would decline the capacity of holding dissolved oxygen in the water. In general, the
mean value of DO was not much greater than the allowable norms; however, lower
values comparing to the permissible standards were detected spatially at different sites

in the seasons.
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Figure 0.19 The spatial variabilities of DO concentration in both seasons
i. Nitrogen-nitrite (N-NO2)

Nitrogen-nitrite (N-NO2") values ranging spatially between 0.01 and 0.04 mg L had
the mean content of 0.02+0.01 mgL* and from 0.02 to 0.09 mgL™?, with the mean
content of 0.06+0.02 mgL™ in the dry and wet seasons, accordingly (Figure 0.20). The
gradual increase of N-NO;" starting at S1 reached the elevated value of 0.04 mg L™
(S4) and then dropped progressively to the upper part of the river course in the dry
season. However, the contents of N-NO>" rising gradually from the downstream to the
upper part of the river reaches in the wet season got the highest value of 0.09 mg L™
(S18). Concentration of N-NO> in natural water is typically in a small range and
lower value was apparently found in the seawater [41, 231]. It is therefore obvious
that high levels of N-NO> at observed sites would link to land use in which
wastewater sources released by aquaculture practices containing high content of
nutrients. As reported by [232], nitrogen waste produced by the shrimp culture system
made deterioration of water quality due to excess of the assimilating capacity of
receiving waters. The finding illustrated the mean content of N-NO>" in the wet season
exceeding the allowable standards compared to the dry one still lowering norms the
[190, 191]; however, some of the observed sites in both the seasons revealing the

levels of N-NO> were beyond the standards.
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Figure 0.20 The spatial variabilities of N-NO2 concentration in both seasons
j. Nitrogen nitrate (N-NO3z")

Nitrogen-nitrate (N-NO3") concentrations, which sunk significantly in comparison
with the acceptable norms [190], oscillated respectively between 0.12 and 0.21 mg L
! with the mean value of 0.16+0.02 mgL* in the dry season and from 0.70 to 1.99 mg
L%, with that of 1.19+0.26 mgL™ in the wet one (Figure 0.21). The concentrations of
N-NO3z™ demonstrated small fluctuations at observed sites in the dry season, the
progressive increase of N-NOs™ starting at downstream (S1) reached the highest value
of 1.99 mg L (S8) where the lowest N-NO>™ value existed in the wet season. The
rapid augment of N-NOs™ here suggested that there was a mixture of N-NOgz™ pollution
sources, which was also impacted by nitrification processes [233]. The concentrations
of N-NOs™ varied slightly and declined gradually from observed sites S9 to S20,
however, these augmented progressively again within S21 to S25. This could explain
that washing out pollutants with high nutrients by aquaculture practices was
associated with changes in N-NOgz™ [224]. Additionally, a high spatial alteration of N-
NOz" concentrations occurred in some watercourses owing to the catchment features
[234]. The results illustrated that N-NOs™ pollution in the river reaches had distinct

differences among the observed sites.
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Figure 0.21 The spatial variabilities of N-NOgz™ concentration in both seasons
k. Nitrogen ammonium (N-NH4")

The concentrations of N-NH4* in both seasons lowered greatly in comparison with the
allowable standard [190] (except for the observed site S3) in the wet season. They
varied respectively between 0.01 and 0.28 mg L™, with the mean concentration of
0.07+0.05 mg Lt in the dry season and 0.06 to 0.44 mg L™, with that of 0.17+0.09 mg
Lt in the wet one (Figure 0.22). Both seasons showed spatially a various variation of
N-NHs*contents. The concentrations enlarged progressively from the S1 to S6 (the
highest value of 0.28 mgL™) at the downstream and then fell gradually within S7 to
S25 at the upper part of the river reaches in the dry season. Whilst an unsteady
fluctuation, particularly high values of N-NH4" at observed sites as S2, S3, S8, S10,
S14, S17, and S18 compared to other sites, occurred along with the river courses in
the rest of the season. It was due to the impacts of wastewater sources induced by the
aquaculture practices, containing excretion and decomposition of aquatic organisms
and differing also the number of pollutant outputs at the influenced sites, were
responsible for high N-NH4" concentrations [235, 236]. In overall, the results
illustrated relatively high contents in the seasons, but still met the allowable standard
for water quality. This could be due to the effects of water pH (>7.0) found at most of
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the sampling sites. The previous study [237] reported that the existence form of NH4*
depended greatly on pH values, which would promote the species of NH4" in the

acidic water environment (pH < 7.0).
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Figure 0.22 The spatial variabilities of N-NH4* concentration in both seasons
I. Total nitrogen (TN)

TN concentration fluctuated broadly in a range of 0.84 to 4.76 mg L1, with the mean
concentration of 2.43+0.87 mg L in the dry season and varied from 1.40 to 5.32 mg
L1, with that of 3.12+1.2 mgL in the wet one. Higher contents of TN at S11, S20,
and S25 than other observed sites occurred along with the study river in dry season,
while high TN values were detected at the sampling sites (S8, S9, S14, S18, S19, and
S24), comparing to other sites in wet seasons (Figure 0.23). The apparent lack of
trends along the river reach indicated that high contents of TN, which were found at
the observed sites both the seasons, would not relate to nitrogen sources contributing
to the study area from the upstream of the Ganh Hao River, but was rather linked to
effluents released by aquaculture practices occurring along the river. In addition, high
spatial changes in TN concentrations came out among the sampling sites, which could
associate with the catchment attributes [234]. The results illustrated that the mean

content of TN both seasons was over the established norms for water quality [238].
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The previous study of [239] reported that contents of TN ranging from 0.1 to 0.75 mg
L could lead to plankton blooms in coastal waters; it is therefore evident that water

quality was polluted substantially by TN loads.
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Figure 0.23 The spatial variabilities of TN concentration in both seasons
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m. Phosphate phosphorus (P-PO4*)

Phosphate phosphorus (P-POs*) concentrations, which were significant lower than
established standards [190, 191], varied respectively from 0.02 to 0.08 mg L, with
the mean value of 0.04+0.01 m gL and 0.01 to 0.20 mg L, with that of 0.04+0.04
mg Lt in the dry and wet seasons (Figure 0.24). Except for the observed site (S16)
has a high value of P-PO4* (0.20 mg L) in the wet season, the distinct sites presented
pretty much the low spatial contents of P-PO4* and oscillated negligibly in the
seasons. The presence of P-PO4> could associate with wastewater sources discharged
into the surface water containing residual chemicals, which were used at different
stages of aquatic animal feed and health management in aquaculture activities [240].
The results illustrated that the contents of P-POs*> were greatly smaller than these of
nitrogen species, demonstrating both the seasons, it was due to the fact that P-POs>
could be absorbed by a high amount of suspended solids. As stated by [241], P-PO4*
content, its soluble state in the surface water, was affected by suspended solids
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through adsorption; therefore, the less available in concentration was in the aquatic

environment.
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Figure 0.24 The spatial variabilities of P-PO4* concentration in both seasons
n. Total phosphorus (TP)

Total phosphorus (TP) concentrations had accordingly the mean value of 0.38+0.1 mg
L%, with a range of 0.14 to 0.53 mg L™ and that of 0.57+0.63 mg L™, with a variation
of 0.01 to 2.97 mg Lt in the dry and wet seasons (Figure 0.25). The spatial contents
of TP fluctuated slightly at different sites in the dry season, while these augmented
gradually from S1 to the highest value of 2.97 mg L™ (S16) and drop progressively to
S25 in the rest of season. A direct linking to wastewater source containing high
phosphorous content at sampling stage would accelerate the value of TP at S16
comparing to other sites; however, the fluctuations may be transitory because the
magnitude of distinct sources of phosphorus oscillated remarkably throughout the
catchment [242]. The previos study of Cavalcante [243] reported that phosphorus in
suspended solids chiefly existed in absorbed forms, leading to the low concentrations
in the surface water, however, the results showed that relatively elevated TP loads
were explored among the sampling sites. It was illustrated that deterioration of water
quality caused by phosphorus contents would be of 0.001 to 0.1 mg L™, resulting in
plankton blooms in the coastal waters [244]. It is therefore evident that the water
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quality polluted by nutrients, particularly phosphorus concentrations, occurred along

the studied segment at the period of the survey field.
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Figure 0.25 The spatial variabilities of TP concentration in both seasons
0. Heavy metal(oid)s

Table 0.17 indicated that concentrations of As, Cu, Pb, and Zn were hardly
discovered at most of the sampling sites; however, the few observed sites were
detected substantially the low concentrations and lowered greatly the established
norms [190, 191]. In particular, the As contents were not detected in all the sampling
sites in the dry season while they ranged slightly from N.D. to 0.01 mg L in the wet
season. The concentrations of Cu illustrated spatially the same range of N.D. to 0.01
mg L both the seasons. The Pb contents did not detect all the observed sites in the
dry season, but varied marginally from ND to 0.04 mg L%, the mean value of
0.01+0.01 mg L* in the wet season. Ultimately, the contents of Zn differed from ND
to 0.05 mg L, with the mean value of 0.0+0.01 mg L and ND to 0.08 mg L™, with
that of 0.01+0.02 mg L in the dry and wet seasons, respectively. The studied
segment has been influenced intensively by aquaculture practices for which high
loadings of heavy metals including in the effluents could introduce possibly into the
surface water [245, 246]. Nevertheless, the results indicated that the least contents of

metal(oid)s or even not detected could associate with physicochemical processes
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occurring popularly in the aquatic environment, which could lessen remarkably the
presence of heavy metal(oid)s. The principal process governing the distribution of the
different soluble forms of metals were dilution, dispersion, sedimentation, and
absorption and physicochemical properties of the water (e.g., pH, temperature, and
dissolved ions) as well [106]; thus, it could explain that the minor loadings of metals
would relate to the high existence of TSS contents. In addition, the studied river lying
inland is away approx. 6 km from the estuary of Ganh Hao River. Consequently, the
interplay of river flow and seawater under the impact of the tidal cycles produced a
rotational circulation enlarging water and sediment residence times within the estuary,
which usually led to the deposition of particulate metals within the estuary [247]. This

has been confirmed by several studies in coastal regions [41, 46, 247].

Table 0.16. Spatial variation of metal concentrations among sampling sites in two

Seasons.

Parameters Seasons Min Max Mean+SD?* LOD (mg VN(A2)°® US.EPAY
LYHb

Dry ND ND ND
As (mg L) 0.005 0.02 0.05
Wet ND 001  0.00

Dry ND 001  0.0:0
Cu (mg LY 0.03 0.2 0.1
Wet ND 001  0.0%0

Dry ND ND ND

-1
Pb (mgL™) Wet ND 004 0014001 0.002 0.02 0.05

Dry ND 005 0.0+0.01
Zn (mg L) 0.06 1.0 5
Wet ND 0.08 0.01+0.02

Number of samples for statistical analysis (n=25 for heavy metals in the dry and wet
seasons)

ND: not detected;

& Standard deviation

LOD: Limit Of Detection

¢ Vietnamese water quality standard refers to the water supply but must apply properly

treating technologies and other purposes require lower water quality.
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dUS.EPA allowable limit for surface water quality
4.1.2  Sediment quality
a. pH

The recorded mean of pH values having a value of 5.95+0.21 fluctuated variously
from 5.63 to 6.37 and 6.16+0.12, with a range of 5.91 to 6.42 at the observed sites in
the dry and wet seasons, respectively (Figure 0.26). The results indicated that the lack
of apparent trends and substantial variabilities of the pH among the sampling sites
were found evidently in the dry and wet seasons, the measurements demonstrated
slightly a lower the pH value than those in the surface water. This could be due to fact
that decomposition of deposited organic substances deriving from the aquaculture
practices resulted in low pH values in the sediment. The previous studies [248, 249]
reported that the low values of pH in the sediment could associate with the presence
of humic acid formed from decaying organic substances and deposits of acid sulfate
soils. Generally, sediment pH, showing slightly acidic property in comparison with
the common range observed for marine and estuarine sediment, was found in the
studied segment [250].
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Figure 0.26 The spatial variabilities of sediment pH values in both seasons
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b. Electrical conductivity (EC)

Figure 0.27 showed that EC values differed greatly from 76.13 to 191.87 mS cm™,
with the mean value of 137.76+29.71 mS cm™ in the dry season while the mean of EC
value was 92.42+26.52 mS cm, with a range of 39.37 to 142.53 mS cm™ in the rest
of the season. Higher values of EC at S2, S13, S17, and S22 than the other sampling
sites were recorded in the dry season; however, variability without apparent trend
occurred from the lower to the upper part of the river reach. Whilst, the highest values
in the wet season detecting at S5, S6, S10, and S12 compared to the other observed
sites and showed the same variation as the dry season. The finding illustrating high
EC contents both the seasons would associate with seawater under greatly impacted
by tidal cycles of the East Sea. The previous study of [251] stated that a strong
positive correlation between cation and capacity of exchange cation was remarkably
affected by the seawater, leading to high EC found in the sediment. In situ
measurement was also one of the factors resulting in elevated EC in the sediment. The
study of [252] indicated that high EC contents were measured directly in reduced
sediments because the direct conductivity measurement consisted of the ionic
contribution and electron conductivity and prevented the conductivity due to the air-

oxidation processes.

200

175 §

— ol cn =
— = =

[P VS IV SRV S RV 5]

150 ~ ¥ =

EC (mS/cm)
S o o 1o
= wn o tn
.

a_I

H

T e e e T Tl

(g
tn
1

<

D O
—

— N em =F v, \O [~ o0 vy
Uy uymuvmunuymnuw —

S18 ==

O I~
— —
[F 2o

S19
S20
S21
S22
S23
S24
S25

BDry season O Wet season

Figure 0.27 The spatial variabilities of sediment EC values in both seasons
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c. Total organic carbon (TOC)

The TOC values among the observed sites fluctuated moderately from 1.03 to 3.32%,
with the mean value of 1.98+0.65% and from 1.92 to 4.75%, with that of 3.2+0.83%
in the dry and wet seasons, accordingly (Figure 0.28). Theo TOC indicated an
inexplicit trend of variation in the dry season starting from the down to upstream of
the river segment. The highest content obtained at observed sites (S7, S15, and S22)
in comparison with the other ones. The measurements were found at different sites in
the wet season showing the same trend as the dry season. A high content of TOC was
found in the wet season compared with the dry one. The receiving waters at the river
reach have been substantially influenced a numerous amount of aquaculture derived-
inputs, which were considered to be one of the sources causing a high buildup of
organic matter loads in the sediments. Nevertheless, the minor contents of TOC
measured illustrated spatially at different sites in both seasons, this could derive from
strong effects of the hydrodynamics and sedimentary components. The previous
studies [253, 254] interpreted that sediment dispersion depended remarkably on the
tidal flow; therefore, high TOC contents were beneficial to the burial in the sediment
with the weak hydrodynamic environment. Additionally, sediment texture in the
course contained primarily clay-silt, fine sand, silty-green, and many shells [255]. The
study of [254] noticed that coarse-grained sediments (silty sand and sand) had the
lowest organic substance concentrations. Overall, the oscillation of TOC contents was

consistent with the normal range of 1.2 to 5.2% found in marine sediments [256].
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Figure 0.28 The spatial variabilities of TOC values in both seasons
d. Heavy metal(oid)s

The concentrations of As, Cu, Pb, and Zn varied widely among the observed sites.
Specifically, the As content averaged 9.24+2.94 mg kg, with a range of 5.35 to 15.2
mg kg at different sites and 5.84+1.59 mg kg, with a fluctuation of 2.22 to 8.49 mg
kg in the dry and wet seasons, respectively (Figure 0.29a). The highest values of As
finding at S7, S8, S11, S12, S19, and S22 as well as S1, S11, and S14 compared
respectively to the others in the dry and wet seasons, which showed spatially the
vague trend of variation with a start of lower to upper part of the river reach. The Cu
contents ranged from 8.72 to 16.28 mg kg, with the mean of 12.76+1.82 mg kg™.
The observed sites (S2, S12, and S16) had much more the Cu loads than the others did
in the dry season. While a relatively wide range of Cu contents from 7.43 to 22.92 mg
kg, with the mean of 18.21+3.84 mg kg™ were detected in the wet season (Figure
0.29b). Among the observed sites illustrated greater the values of Cu at S1, S2, S20,
S24, and S25 than the other sites. Similar to As, the spatial trend of fluctuation in Cu
contents was inexplicit seasonally at the sampling sites along the river reach. The
spatial Pb contents differing slightly from 8.84 to 13.22 mg kg averaged 11.04+1.19

mg kg at various sites, showing the highest values at S8 and S22 in comparison to
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the other relatively steady changes of the sites in the dry season. Whilst a significant
fluctuation of Pb contents among the sampling sites ranged from 4.58 to 17.09 mg kg
1 with the mean value of 12.21+2.73 mg kg™ in the wet season (Figure 0.29c). The
finding indicated the Pb loads, exploring at S1, S2, S3 was top of among the observed
sites, demonstrated also the uncertain changes in space. The Zn contents departing
from 35.21 to 45.58 mg kg* had the mean of 39.48+2.9 mg kg, the values of Zn
among the observed sites denoted a narrow alteration in dry season, except for the
highest value (S14=45.58 mg kg™). Whereas the Zn loads, altering widely from 21.59
to 61.13 (mg.kg?), with the mean value of 48.64+9.42 mg kg™ obtained a higher
value at S4 and S23 than the others did (Figure 0.29d). Both the seasons figured out
spatially the contents of Zn with an unspecific trend of variability from the down to
upstream of the course.
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Figure 0.29 The spatial variabilities of heavy metal contents in both seasons: a (As), b
(Cu), ¢ (Pb), and d (Zn).

The results elucidated that the seasonal concentrations of heavy metals found in the
sediment were much lower than those established standard for sediment quality [192].
The low contents of metal(loids) in the sediments at the studied river could associate
with several factors, of which relative lowering of pH and TOC contents, elevated
salinity, and intense hydrodynamics would be a core prerequisite causing the minor
contents in the bottom sediment. Concerning the pH found seasonally the observed
sites with a slight acidic property, which could drive the release of metals into the
water column. The previous studies [257, 258] reported that the release of metals in
sediments hardly occurred with a pH range of 7.0 to 9.0; however, metal ions would
be liberated with pH less than 6.0. This was because the coined ions (H") would be
involved in the competition with absorbed metal ions in the particles, which drove
desorption of the metals [259, 260]. The sinks of organic matter, also portraying a
central role in attaching the metal ions with particles, caused immensely accumulation
of metal species in the bottom sediments [261, 262]. Nevertheless, the seasonal
contents of TOC measured at the various sites denoted the relatively low percentage;
therefore, it was associated with reduction of metal speciation concentrations in the

sediment. It was obvious that an increase of heavy contents binding to organic species
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in the sediment had directly proportional with an elevated content of organic
substances. This was due to having a potent affinity for organic matters and high
mobility of metals, which were linked with the low concentrations of organic
substances [263-265].

High salinity and electrical conductivity measured were considered as the core
elements resulting in desorption of metal speciation, the total adsorption concentration
of heavy metals would reduce with the increasing salinity and electrical conductivity
due to stimulating mobility and competing among heavy metals and other cations
[265-267]. In addition, the elevated salinity could promote a vibration of high acidity
due to substitution of involved protons on the negatively charged clay colloids surface
in the bottom sediments by salt cations. The salts replace reduced acidic metal
cations (e.g., AI** and Fe?*) with later oxidation and hydrolysis inducing acidification,
influencing positively the desorption of sediment absorbed-metal species [268, 269].
A close relationship was found in the exchangeable mechanism of metal species
between the sediments and water column. The metal speciation released by
sedimentary dynamics was absorbed by the organic substances in the water and then
settles to the bottom sediments [270-272]. However, the minor total contents of heavy
metals or even not detecting at most of the observed sites was illustrated in both
seasons; thus, the complex hydrodynamics, especially irregular semi-diurnal regimes
at the studied river, was responsible for significant changes in metal contents. The
metal species discharging from the sediment were attributed to involving absorbing
particles in the water, heading a seaward direction, and accumulated high loads at the
estuaries and tidal mudflats. The previous studies [273, 274] discovered that the
distribution of metal loads increased progressively from inland towards the estuaries
in the sediments because the mixture of polluted sediment bearing-river flow and
seawater occurred greatly deposition of the pollutants at the estuaries. The findings
showed that As concentrations in the dry season was greater than the ones in the wet
season. While the concentrations of heavy metals (e.g., Cu. Zn, and Pb) in the wet
seasons were greater than the ones in the dry seasons. Low concentration of As in the
wet season could be explained by the effect of pH and presence of phosphate, leading
to As release to water environment. The previous study of [275] stated that As release
underwent pronounced kinetic effects, which were strongly affected by pH and
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phosphate. As release from the sediments may be associated with solid phase

dissolution processes under both acid and alkaline pH.

c. Sediment pollution indices
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Table 0.18 indicated that the calculated PLI values of metals ranged spatially from
0.34 to 0.57, with the mean of 0.46+0.06 and 0.20 to 0.62, with that of 0.48+0.09 in
the dry and wet seasons, accordingly. The results confirmed that the sediment of the
studied river was not polluted by the heavy metals due to PLI less than 1 [200].
Higher PLI indicated the central contribution of metals causing the sediment
contamination, relating to anthropogenic sources [276, 277]; therefore, the existence
of metals in the sediment might be associated with other sources (e.g., natural

sources).
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Table 0.19 demonstrated that the values of CF for all metals denoted a seasonally low
degree of contamination (CF <1). However, CF values of As at the observed sites
(e.g., S7, S8, S11, S19, and S22) had a moderate degree of pollution (1< CF < 3) with
the respective values of 1.17, 1.13, 1.01, 1.06, and 1.03 in the dry season [197].
Generally, the CF for all heavy metals in the dry and wet seasons was the descending

order of As >Pb > Zn > Cu and Pb > Zn > As > Cu, correspondingly. Eventually,
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Table 0.19 indicated the 1-geo values were negative for As, Cu, Pb, and Zn, indicating
a noncontaminated status of the sediment and background levels of these metals. The
I-geo values in the dry season were raked as Cu < Zn < Pb < As, while those in the

wet season were ranked as Cu < As < Zn < Pb.
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Table 0.17 Pollution Load Index (PLI) calculated for all metals in each observed sites

Observed sites Seasons PLI
Dr 0.48

S1 Y
Wet 0.63
Dr 0.51

S2 y
Wet 0.57
Dr 0.36

S3 Y
Wet 0.58
Dr 0.46

S4 \
Wet 0.55
Dr 0.45

S5 Y
Wet 0.49
Dr 0.34

S6 ¢
Wet 0.44
Dr 0.56

S7 ;
Wet 0.49
Dr 0.56

S8 7
Wet 0.56
Dr 0.40

S9 .
Wet 0.55
Dr 0.46

S10 X
Wet 0.39
Dr 0.53

S11 y
Wet 0.49
Dr 0.53

S12 y
Wet 0.39
Dr 0.40

S13 y
Wet 0.43
Dr 0.46

S14 y
Wet 0.43
S15 Dry 0.48
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Observed sites Seasons PLI

Wet 0.45

Dr 0.38
S16 Y

Wet 0.20

Dr 0.46
S17 y

Wet 0.42

Dr 0.41
S18 Y

Wet 0.49

Dr 0.52
S19 )

Wet 0.38

Dr 0.43
S20 Y

Wet 0.58

Dr 0.40
S21 g

Wet 0.53

Dr 0.57
S22 y

Wet 0.52

Dr 0.51
S23 y

Wet 0.57

Dr 0.42
S24 ;

Wet 0.48

Dr 0.43
S25 Y

Wet 0.51

Dr 0.34
Min y

Wet 0.20

Dry 0.57
Max

Wet 0.63

Dry 0.46+0.06

Mean + SD

Wet 0.48+0.09




Table 0.18 Contamination factor (CF) calculated for each metal

104

Observed sites  Seasons As Cu Pb Zn
Dry 0.79 0.29 0.55 0.41

> Wet 0.61 0.51 0.85 0.59
Dry 0.74 0.34 0.61 0.44

5 Wet 0.40 0.51 0.81 0.62
Dry 0.42 0.21 0.45 0.39

>3 Wet 0.55 0.48 0.77 0.55
Dry 0.69 0.29 0.53 0.42

>4 Wet 0.51 0.45 0.64 0.64
Dry 0.66 0.26 0.57 0.44

> Wet 0.42 0.42 0.60 0.54
Dry 0.41 0.19 0.44 0.37

58 Wet 0.35 0.38 0.61 0.49
Dry 1.17 0.29 0.61 0.45

> Wet 0.38 0.46 0.70 0.49
Dry 1.13 0.31 0.66 0.43

58 Wet 0.58 0.43 0.69 0.56
Dry 0.59 0.23 0.48 0.38

> Wet 0.56 0.43 0.70 0.52
Dry 0.58 0.30 0.56 0.45

>10 Wet 0.33 0.32 0.49 0.44
s11 Dry 1.01 0.30 0.61 0.44
Wet 0.65 0.39 0.56 0.39

Dry 0.89 0.35 0.62 0.41

>12 Wet 0.26 0.38 0.48 0.48
s13 Dry 0.49 0.28 0.49 0.37
Wet 0.40 0.43 0.46 0.43

s1a Dry 0.58 0.29 0.57 0.48
Wet 0.61 0.29 0.51 0.38

S15 Dry 0.81 0.29 0.57 0.41
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Observed sites  Seasons As Cu Pb Zn
Wet 0.47 0.39 0.53 0.45
S16 Dry 0.44 0.24 0.50 0.41
Wet 0.17 0.17 0.23 0.23
S17 Dry 0.67 0.32 0.56 0.39
Wet 0.56 0.28 0.42 0.46
s18 Dry 0.48 0.28 0.51 0.42
Wet 0.50 0.33 0.59 0.59
s19 Dry 1.06 0.28 0.59 0.41
Wet 0.35 0.29 0.51 0.41
Dry 0.68 0.26 0.51 0.38

S20
Wet 0.56 0.49 0.71 0.60
So1 Dry 0.58 0.24 0.49 0.39
Wet 0.45 0.47 0.67 0.56
S0 Dry 1.03 0.36 0.65 0.43
Wet 0.44 0.42 0.65 0.61
Dry 0.75 0.33 0.57 0.47

S23
Wet 0.49 0.47 0.71 0.64
24 Dry 0.60 0.27 0.50 0.38
Wet 0.29 0.47 0.70 0.54
Dry 0.50 0.28 0.59 0.40

S25
Wet 0.35 0.48 0.65 0.61
\i Dry 0.41 0.19 0.44 0.37

in
Wet 0.17 0.17 0.23 0.23
Dry 1.17 0.36 0.66 0.48

Max
Wet 0.65 0.51 0.85 0.64

Dry 0.71+0.23 0.28+0.04 0.55+0.06 0.42+0.03
Mean + SD

Wet 0.45+0.12 0.40+0.09 0.61+0.14 0.51+0.1




Table 0.19 Geo-accumulation index (Igeo) calculated for each element
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Observed sites  Seasons As Cu Pb Zn
s1 Dry -0.92 -2.37 -1.44 -1.86
Wet -1.31 -1.56 -0.81 -1.35
S Dry -1.02 -2.13 -1.30 -1.76
Wet -1.91 -1.56 -0.88 -1.27
s3 Dry -1.82 -2.81 -1.73 -1.95
Wet -1.45 -1.64 -0.96 -1.46
s4 Dry -1.12 -2.36 -1.50 -1.83
Wet -1.55 -1.75 -1.23 -1.23
- Dry -1.18 -2.55 -1.40 -1.76
Wet -1.83 -1.82 -1.32 -1.48
S6 Dry -1.87 -2.95 -1.76 -2.01
Wet -2.12 -1.99 -1.30 -1.60
S7 Dry -0.36 -2.35 -1.29 -1.73
Wet -1.97 -1.71 -1.10 -1.63
S8 Dry -0.41 -2.28 -1.18 -1.81
Wet -1.38 -1.79 -1.11 -1.43
so Dry -1.33 -2.71 -1.65 -1.97
Wet -1.41 -1.80 -1.10 -1.52
Dry -1.38 -2.31 -1.42 -1.73
S10
Wet -2.18 -2.25 -1.60 -1.77
Dry -0.57 -2.32 -1.30 -1.77
S11
Wet -1.20 -1.94 -1.42 -1.94
Dry -0.75 -2.10 -1.28 -1.86
S12
Wet -2.54 -1.99 -1.64 -1.65
Dry -1.61 -2.45 -1.60 -2.02
S13
Wet -1.90 -1.81 -1.69 -1.81
Dry -1.37 -2.38 -1.40 -1.64
S14
Wet -1.30 -2.36 -1.55 -1.97
S15 Dry -0.90 -2.36 -1.40 -1.86
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Observed sites  Seasons As Cu Pb Zn
Wet -1.69 -1.94 -1.51 -1.75
Dry -1.79 -2.62 -1.59 -1.88
S16
Wet -3.13 -3.18 -2.71 -2.72
Dry -1.16 -2.24 -1.43 -1.93
S17
Wet -1.43 -2.42 -1.84 -1.69
Dry -1.66 -2.40 -1.56 -1.82
S18
Wet -1.59 -2.20 -1.35 -1.36
Dry -0.50 -2.43 -1.36 -1.87
S19
Wet -2.12 -2.37 -1.54 -1.88
Dry -1.14 -2.50 -1.55 -2.00
S20
Wet -1.42 -1.63 -1.07 -1.33
Dry -1.36 -2.66 -1.60 -1.94
S21
Wet -1.74 -1.69 -1.15 -1.43
Dry -0.54 -2.05 -1.20 -1.80
S22
Wet -1.78 -1.85 -1.20 -1.29
Dry -1.00 -2.19 -1.40 -1.68
S23
Wet -1.60 -1.69 -1.07 -1.22
Dry -1.32 -2.49 -1.57 -1.98
S24
Wet -2.39 -1.66 -1.11 -1.48
Dry -1.58 -2.40 -1.35 -1.92
S25
Wet -2.10 -1.65 -1.21 -1.29
_ Dry -1.87 -2.95 -1.76 -2.02
Min
Wet -3.13 -3.18 -2.71 -2.72
Dry -0.36 -2.05 -1.18 -1.64
Max
Wet -1.20 -1.56 -0.81 -1.22
Dry -1.15+0.45 -2.42+0.21 -1.45+0.16 -1.86+0.11
Mean + SD

Wet -1.840.45 -1.93+0.37 -1.34+0.39 -1.58+0.33
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4.2 Tidal and seasonal variabilities of water quality

421 Tidal movement

Surface water along the Ganh Hao River is strongly affected by irregular semi-diurnal
tides from the East and West seas. These cause the water level to change and
influence the spatial variabilities of water quality due to fluctuations in the dilution of
pollutants. Figure 0.30 showed that high EC levels were observed during the ebbing
tide (neap tide) after seawater intruded, whereas low EC values were observed during
incoming tide (spring tide) before saltwater intruded. Similar results were found for
temperature, pH, TDS, salinity, DO, and COD, but not for the TSS concentration,
which was higher during the spring tide than during the neap tide.

A statistically significant difference was found between the neap and spring tides
with respect to temperature, TDS, DO, COD, and salinity (P < 0.05), while
nonsignificant differences were found for pH, EC, and TSS (P > 0.05). Hence, the
changes in temperature, TDS, DO, COD, and salinity could be explained by the
variation in the tidal regime, while the changes in pH, EC, and TSS values were
probably associated with other factors. The impacts of ebbing and spring tides also
resulted in various changes in the N and P concentrations; N-NO2" and N-NH4"
concentrations were statistically higher during the ebb tide than during the spring tide
(P < 0.05). Higher N-NOs", TN, P-PO4*, and TP concentrations occurred during the
spring tide than during the neap tide, although only the TN and P-PO*
concentrations were statistically higher (P < 0.05). The previous study of [278] also
reported that the effect of tides caused significant alterations in nutrient patterns. The
authors found that riverine inputs of pollutants during the ebb tide resulted in high
nutrient concentrations, while lower nutrient concentrations during the spring tide
were associated with river water—seawater mixing. Our findings are also consistent
with those of other studies that observed differences in pollutant concentrations
between high and low tides [279, 280].
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Figure 0.30 Differences in water quality parameters between the neap and spring tide

4.2.2 Seasonal variabilities

Figure 0.31 indicated the seasonal variabilities of water quality for representative
elements (e.g., physicochemical and biological parameters). The higher physical
parameters (e.g., temperature, pH, EC, TDS, salinity, and TSS) being measured in the
dry season than the wet one exhibited a statistically significant difference between
two seasons (P<0.05), except for TSS (P>0.05). The study of [275] revealed that solar
radiation governed primarily the temperature in the estuaries also received greatly the
heat by supplying from the tidal flow of the sea. Moreover, the highest solar radiation
was usually found for the dry season, comparing to the wet one in the VMD [281].
Consequently, it could explain the increase in temperature in the dry season was
greater than the wet one. A slightly lowering in pH level detected in the wet season
could be the consequence of higher run-off rates associating with acid soils in the
early wet season and the decomposition of nutrient residues and organic substances
discharged by aquaculture practices. EC, TDS, and salinity showed similar patterns

that substantially high levels in the dry season were discovered in comparison with
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the wet one. Elevated TDS extent was due to the effects of dissolved salts and
agricultural run-off [219]; therefore, impacts of seawater and aquaculture practices
coupling with less dilution coined by the rainfall would lead to a high level of TDS in
the dry season in comparison with the rainy one. Among TDS, EC, salinity presented
a strong correlation indicating the level of salinity; thus, one of them expanded would
result in an extension of other ones [282, 283]. This could interpret a higher level of
EC and salinity in the dry season than the rainy one would involve further saline
intrusion into the inland in the dry season occurred usually in the VMD [284, 285].

TSS displayed a greater median of content in the dry season than the wet one. This
was because of the effect of low water level in the dry season [286] coupled with
consistently strong flow velocities, generating a continuous disturbance and erosion of
soils and sediments. In fact, the river flow data was measured in different seasons and
the average water discharge in the rainy season (571.84 m?fs) is lower than that in the
dry season (842.09 m3/s). Overall, TSS (P>0.05) indicated the variability of TSS
contents was regardless of the seasons. DO level, denoting a minor oscillation in the
median of content, disclosed a statistically insignificant difference between the
seasons (P>0.05), whereas a greater median of COD content in the dry season than the
rainy one differed from statistical significance (P<0.05). The elevated extent of COD
in the dry season may ascribe to the decrease of the water column, coupling with
accumulated organic and inorganic matters in ponds released by aquaculture activities
along the course. A similar pattern was observed by the study of [287] revealed the
effects of dilution in the wet season combining with lower river flow in dry one would
visualize high loadings of COD in the dry season. Whilst a strong dilution due to the
effluent of tidal flow and rainfall events would lead to less concentration of COD in
the wet season. Inversely, the previous studies of [41, 287] logged the highest

concentrations for COD during the dry season.

All the nitrogenous compounds (e.g., N-NO2", N-NO3z~ N-NH.*, and TN) showed
much more concentrations in the wet season than the dry one, with a significant
difference between the seasons (P<0.05). Application of various chemicals and
residual feeds in the ponds discharged by overland runoff from aquaculture areas

along the river reach was responsible for elevated content of nutrients found in the
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wet season. Nonetheless, the finding obtained the higher content of P-PO4% and TP in
the dry season than the rainy one testified slightly an oscillation of concentrations in
the dry and rainy seasons. In the aquatic environment, TSS affected greatly the
phosphorus species through adsorption [288]; however, the elevated P-PO,*, TP, and
TSS contents were visible proportionally during the dry season. The statistical result
showed respectively an insignificant difference of P-PO.> and TP between the
seasons (P>0.05), indicating that temporal variability of them was not dependent on

the seasons.
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Figure 0.31 Variabilities of the water quality parameters between the dry and wet

seasons

4.2.3 ldentification of pollutant sources

Figure 0.32 shows that three components with eigenvalues of > 1 were extracted
based on the PCA, which accounted for approximately 79.84% of the total variance of

the water quality deterioration with respect to the selected parameters.
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The first component explained 53.64% of the total variance and had positive high
loadings for temperature, pH, EC, TDS, salinity, and COD, but negative loadings for
N-NO2" and N-NOs3. This component was explained as pollution related to
physicochemical properties and organic matter. Elevated loading for EC, TDS,
salinity, and COD were primarily influenced by the tidal cycle and untreated
wastewater discharges from shrimp culture activities. Both TDS and EC are indicators
of salinity and seawater intrusion in coastal areas, the high existence of them also
regarded to the high temperature due to promoting dissolved ions [69, 289] . In
addition, TDS includes inorganic salts and minor gquantities of organic substances in
water; thus, aquaculture practices could not be ignored as a contributor to the TDS
content in the study area [224, 290]. High pH levels could be due to seawater
intrusion moving inland between the dry and wet seasons. The previous studies of
[291, 292] found that generally low pH values in coastal regions were due to the
influence of chemicals applied during farm operations as well as the formation of
organic acids through the decomposition of organic compounds. Hence, the high pH
levels in the present study may have originated from high salinity, while untreated
wastewater discharges from shrimp farms could explain the elevated COD content.
Pollution sources derived from culture systems include solid waste comprising
uneaten feed and fecal droppings, and dissolved waste associated with food
metabolism or decomposition products. Solid waste material can contribute to an
increased TSS content and increased N species [293]. The previous study of [294]
reported that the discharge of accumulated solid waste associated with bacterial
activity was the main cause of an increased COD content of the water column.
Negative high loadings for N-NO2™ and N-NOs" in both seasons could be related to
the high salinity levels. A low content and narrow variation of N compounds in
coastal regions were due to elevated salinity levels [231].

The second component expounding 18.43% of the total variance included positively
high loadings of TSS and TP and moderate loading of TN. The suspended solid and
nutrient sources related-deterioration was considered for this component. The elevated
level of TSS is likely related to culture systems and tidal currents. The study of [295]
reported that a large number of solid wastes generated by aquaculture activities
augmented loadings of total suspended and dissolved solids. Besides, strong flow
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currents on the coast would disturb the settled particles, leading to an increase of TSS
[296]. The existence of TP and TN was involved greatly with coined residues from
aquaculture practices releasing into the surface water. Nitrogen and phosphorus
products are not only representative of nutrient pollution but also the major
components of protein found in a variety of aquatic organism foods. Therefore, the
elevated protein feeds consist of high amounts of nitrogen and phosphorus [297]. It
has been estimated that approximately 20%-30% of the nitrogen and phosphorus
added to feeds is released to the nearby environment [298].

The third component represented pollution corresponding to DO consumption. This
component accounted for 7.77% of the total variance, and consisted of a positive
loading for DO and small negative loading for P-PO4>. Low DO concentration in
receiving water bodies can be associated with effluent discharges with a high content
of organic matter, which consumes a significant amount of oxygen through
decomposition processes [239]. Moreover, the decreased level of DO was most likely
due to relatively remaining high temperature between the seasons [299]. The small
negative loading for P-PO,> suggests a slight effect of phosphorus on the surface
water of the river because of its prompt absorption by aquatic plants or suspended
substances [300].
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Figure 0.32 Loadings of selected water quality parameters in three principal
components with eigenvalues of > 1. The dataset comprises a reduced number of

parameters to meet the criteria of the analysis.
4.3 Water quality map

The land use for extensive and improved extensive shrimp cultivation systems
was found to be mostly connected to the temporal change in water quality. Based on
this relationship, logistic regression models were developed to specify the variables
(selected quality parameters) exhibiting a temporally high rate of classification
(percentage correct) with land use. The regression models of the water quality
patterns were utilized to generate water quality maps with a high probability of



115

classification. The maps were based on the seasonal mean concentrations of

pollutants, as determined from the water samples for both seasons.

Figure 0.33 indicated that the water quality parameters were associated with the land
use type mainly that of extensive and improved extensive shrimp culture systems
along the river. The elevated TP concentrations were visualized mainly at the middle
and lower parts of the river in the dry season while the highest TP concentrations
were visible at the upper and lower parts of the river in the wet season. N-NO2
concentrations were high in areas far away from the upstream parts of the river in the
wet season but they were found high concentrations at the upper and lower areas of
river reach in the dry season. Lower TP concentrations during the dry season
compared with the wet season were associated with elevated TSS contents because of
the potential absorption of available P to suspended solids. The presence of N-NO
related to land use in both seasons could be explained by the low DO concentration of
surface water due to the input of nutrients and organic pollutants from shrimp culture
activities. As an intermediate product in the N cycle, N-NO, was found at relatively
low concentrations, and the available form of N-NO>" was involved in the influence

of DO on the nitrification process in the water column [301, 302].

The EC values differed between the two seasons, and reduced gradually from the
upstream areas to the downstream parts of the river in the wet season compared with
the dry season; however, the spatial differences in the EC values were relatively small
over the entire area. The higher EC values could be explained by the direct impact of
aquaculture practices along with the tidal cycle of the East Sea [303]. In addition, pH
was also found to relate to land use, and could be explained by the impacts of effluent
discharges from shrimp farms and runoff from (acidic) soils in the wet season. The
previous study of [304] found that higher pollutant concentrations were discharged by
intensive shrimp culture in comparison to extensive and improved extensive shrimp
culture practices in interlaced shrimp farms. However, our logistic model analysis
suggested that extensive and improved extensive shrimp farms were very relevant to
the reduced surface water quality of the river. This was because a larger area of land
is used for extensive and improved extensive shrimp culture systems in comparison to

that used for intensive and advanced intensive shrimp farms. This coupled with the
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fertilizers and chemicals used for preparing the ponds and supplemental feeds during
stocking stages were specified as the main contributors to the water quality
deterioration [305, 306]. All the maps showed a relatively low diffusion of pollutants
among the investigated sites, partly because the sampling was carried out near the

peak of the tide, leading to a reduced transport of contaminants.

Overall, the findings of this study are helpful for policymakers to identify pollution
hotspots and develop strategies for water resource management. Additionally, the
water quality maps are useful for environmental practitioners because they are simpler

to understand than data tables and statistical model analyses.
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CHAPTER 5
RESULTS AND DISSCUSTION
CHANGES IN HYDRAULIC CHARACTERISTICS AND SURFACE WATER
QUALITY FOR DIFFERNENT FLOW REGIMES

5.1.1 Hydrodynamic model performance

The 2D model was calibrated with the most suitable Manning roughness coefficient
(n=0.022 m™3s) based on a range of values (n=0.02-0.05 m™*"3s) applying for natural
rivers, coastal and riverine areas in the plain [307]. The result indicated that the
simulated water levels agreed with the measured ones in terms of phase and amplitude
(Fig 5.1). The tidal phase was quite well re-produced and the tidal peak tended to
decrease gradually at the high tidal period. Even though water levels were not
monitored from 9 p.m. (5/9/2019) to 5 a.m (6/9/2019) due to bad weather conditions
during the wet season, there was a high level of agreement between measured and
simulated water levels at the tidal peaks. However, the observed water levels varied
and were lower than modeled ones, which showed clearly at 1 pm to 4 pm (5/9/2019),
a similar trend was explored on 6/9/2019. Overall, the calibrated model demonstrated
a good agreement between simulated and measured water levels. The n value used for
the model calibration was within the selected range of values confirmed by the
previous studies in the coastal areas, VMD [44, 308]. In addition, the validated model
with an RMSE and R? value was 0.22 and 0.98, respectively. Thus, the calibrated and
validated model showed high reliability and accuracy [309].
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Figure 0.34 Modeled and measured water level at the observation site (WL2)

The 3D model was developed using the defined roughness coefficient as well as user-
dependent parameters in the 2D model. The model was calibrated with the most
suitable horizontal eddy viscosity (HEV=2 m?.s™) based on a range of values (0-10
m?.st) [208]. Figure 5.2 demonstrated that the flow velocities were distributed
unevenly at the cross-section A where it was found high velocities on the right bank
(Figure 5.2a and 5.2b marked by a black circle) near the meander bend entrance of the
river reach. Changes in geomorphology along the meander bends could explain the
distribution of increased flow velocities. The flow pattern entering the bend was
dependent on the river's morphology and differed from the areas. Because of the point
bar, the high velocity was near the convex bank at the bend entrance, gradually going
towards the concave bank (Kasvi et al., 2017)). In addition, the simulated and
measured velocities showed a similar pattern (Figure 5.2a and 5.2b); nevertheless, the
depth-averaged velocities simulated were lower than ADCP-based velocities. The
previous study of [310] stated that depth-averaged velocities differed by 5-14 percent
from ADCP-based data, demonstrating the 3D hydrodynamic model's ability to
simulate vertical flows. The measured near-surface velocities, however, were different
and higher than the simulated velocities, which could be due to tidal flow disturbance.
As a result, high velocities were detected at dark red depth cells (Fg.34Db), resulting in
higher ADCP-based velocities than simulated measurements. (Mueller [311] et al.,
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2007) confirmed that the turbulent fluctuations could bias measured velocities near
the ADCP. Aside from the fact that the model predicted lower velocities than the
ADCP data, the differences between simulated and measured velocity magnitudes
were mostly random [310]. The contingent differences from the field-based flow may
suggest numerous causes relating to spatial variation of flow velocities and measuring
uncertainty (e.g., Doppler noise, flow heterogeneity among measurement beams)
[312].
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Figure 0.35 Modeled velocity (a) and ADCP-based velocity measurement (b) at the
cross-section (A). Note that the black circle was marked in the figure where the

highest velocities were measured at the neap tide.

Figure 5.3 demonstrated that the results of different HEV values explained in model

calibration. Changes in velocity distributions at diverse layers would be associated
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with various values of HEVs (Figure. 5.3 a, b, ¢, and d). Variations in velocity
amplitudes were induced by a rise in HEV values greater than 2 m?.s%, presenting in
typically straight lines with HEV values of 4 and 5 m%.s at the third and bottom
layer (Figure. 5.3 ¢, d). As a result, an amount of velocity error could increase in
model calibration because the 3D calibration approach was more sensitive to small
changes in HEV [313]. Therefore, in comparison to various HEV values at different

layers, the HEV=2 m2.s revealed the most suitable velocity distributions.
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Figure 0.36 (Color) velocity error distributions for analyzing horizontal eddy
viscosities (HEVs) at various layers: (a), (b), (c), and (d) shows the velocity’s

distributions at the surface, second, third, and bottom layers, respectively

Table 5.1 further revealed that the model accuracy was determined by the model mean
errors, which demonstrated a good degree of conformity in terms of MAE with HEV
values of 2 m2.s! at various layers. The overarching changes in HEV values caused
insignificant variability of MAE at the layers (e.g., 1, 2, and 4); however, the MAE
value tended to rise gradually with the increase of HEV values greater than 2 m2.s in
the third layer. The study of [314] stated that lower MAE values approaching zero

showed a good agreement between the measured and simulated values. As a result,
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the model accuracy for the HEV value of 2 m?.s, which had the smallest amount of
velocity error, was confirmed consistently. However, a higher value of MAE was
found in layer 3 compared to other layers, this could be due to ADCP’s limitations
caused by the effects of temperature, salinity, and high suspended sediment loads.
Due to the effects of the suspended sediments, backscattered acoustic energy and
bottom tracking were reduced, resulting in inaccurate water depth and invalid vessel
velocity measurements. In addition, the measurement of the vertical velocity patterns
and the depths was related to changes in sound speed, depending greatly on the
temperature and salinity for specifying the speed of sound for vessel-mounted ADCP
[315].

Table 0.20 MAE (Mean Absolute Error) calculated for different horizontal eddy
viscosities (HEVSs) at the various layers

Simulations Layers MAE

1 0.09
0.16
0.25
0.13

HEV=2

0.07
0.19
0.31
0.07

HEV=4

0.04
0.22
0.33
0.06

HEV=5

0.04
0.22
0.34
0.05

HEV=6

AW DN PR WODN PR ODN RPN
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5.1.2  Changes in hydraulic characteristics

Figure 5.4 indicated the distribution of velocity magnitudes, directions, and
the geomorphological changes in the area of interest (AOI), with high velocities at the
bend entrance, concave, and inflection bank during the neap tide (Figure 5.4a). This
could be due to high flow powers and low water levels preventing the flow from
straightening its way across the point bar, resulting in the outward flow. Other
processes were influenced by the outward velocity over the top of the point bar. The
net cross-stream discharge contributed to the maximum average velocity passing the
outer bank quickly [316]. High velocities caused by the outward flow at the outer
bank were enforced a downward flow along the bank that extended as an inward flow
and an upward flow at the convex bank [317]. This mechanism was referred to as
secondary circulation. Moreover, the geomorphological alterations influenced the
distribution of flow velocities at various locations. The velocity exhibited the same
oscillation phase at different times, as shown in Figure. 5.5 a and c; however, the
higher magnitude and distribution were focused on the higher inner bank than on the
outer bank. In contrast to the inner bank, the velocity distribution was towards the
outer bank, resulting in increased velocity (Figure 5.5b). In general, when the degree
of reverbed rose, the current velocity distribution at cross-sections 1, 2, and 3
increased correspondingly. The study of [317] discovered a negative association
between topographical change and stream power and velocity, implying that more
erosion had occurred in those areas. Furthermore, velocities were highest at mid tide
(12 p.m.) when compared to velocity at high tide (9 am.) and low tide (3 p.m.)
(Figure 5.5). The current velocities at low and high tide were lower than flow
velocities throughout the intertidal period, and were close to zero during the
unchanging tide [318]. Changes in hydrodynamic characteristics, on the other hand,
resulted in spatial geomorphological alterations of the river reach as a result of
deposition or erosion, which arose closer to the outer bank than the inner bank (Figure
5.4). This could indicate that the meander migration drove the outer bank erosion, that
the inner and outer bank processes were in balance, and that the outer bank was

eroded while the point bar developed laterally [319].
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Figure 0.38 The distribution of velocity and bed level at different cross-sections: (a),
(b), and (c) show respectively cross-sections 1, 2, and 3 at 9 a.m, 12 p.m, and 3 p.m
on 6 September 2019

5.1.3  Spatiotemporal variability of different flow regimes

A statistically significant variability of flow was found at low and high

regimes, which responded to incoming and outgoing tides, respectively (Figure. 5.6).
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The most variation of flow occurred at the downstream and upstream of the river
reaches. In general, the river’s lowest flow occurred during the stage of the incoming
tide at the upstream area, whereas medium and peak flow were observed at
gentle/unchanged and outgoing tide at midstream and downstream river reach. The
average flows at the downstream, midstream and the upstream area responding to
high, medium, and low flow regimes were 951+336, 714+231, and 475+249 m®/s,
respectively. Effects of hydrological and topographical factors could explain changes
in the average flows at distinct flow regimes, confirmed by previous studies [320,
321].

el
1250
1000 a.b
b
Q)
e 70
>
B
L
500
250
LIF MF HF

Figure 0.39 Differences in flow regimes including low flow (LF-based on nine
observed sites at incoming tide), medium flow (MF- based on seven observed sites at
gentle/unchanged tide), high flow (HF- based on nine observed sites at outgoing tide).
Note the same letters marked in the figure show statistically insignificant differences

among flow regimes (p<0.05)
5.1.4  Spatiotemporal water quality variations for various flow regimes.

Similar to water discharge, the selected water quality parameters were
detected statistically significant variabilities in all flow regimes, except for DO, N-

NOs", and P-PO4* (Figure 5.7). The flow regimes caused a significant impact on the
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variation of physical parameters. The temperature and pH responded inconsistently to
the different flow regimes, whereas EC, salinity, and TDS increased with the
magnitude of flows (except for TSS). The highest pH, which was found in response to
the low flow during the incoming tide, could be due to the seawater effect [213]. High
concentrations (e.g., EC, salinity, and TDS) were observed at high flow (outgoing
tide) compared with other flows, this could be explained by the effect of the tidal
regime and landward discharges during the outgoing tide. The dissolved solids caused
by aquaculture discharges along the reaches coupling with seawater intrusion led to
the increase in their concentrations [224, 322]. TSS concentrations were likely high
due to a strong flow velocity combined with pollution sources in the coastal area
impacted by the tidal regime and anthropogenic activities. However, the TSS value
peaked at a medium flow corresponding to a gentle/unchanged tide, which could
restrain the transport of suspended solids, resulting in an elevated level of TSS. DO
and COD representing organic pollution in water bodies responded differently to flow
regimes. The independent DO from the flows might be influenced by other factors
[323], implying that the river water has been polluted during the investigation. While
flow regimes caused a remarkable variation of COD concentrations that was detected
the highest level at high flow occurring at the lower part of the river reach. The
elevated COD could be due to accumulated organic and inorganic substances
discharged by aquaculture activities along the river, coupled with the impact of the
tidal regime at high flow.

The influences of various flow regimes also led to different variations in patterns of
nitrogen and phosphorus. Species of nitrogen (e.g., N-NOz, TN, and N-NH4")
fluctuated significantly to flow regimes, except for N-NOs™ varying without the effect
of flows. The variability of N-NO and TN showed the same trend with flow regimes,
which were observed at the highest concentrations at low flow, whereas the elevated
concentration was detected at high flow for N-NH4". A high existence of TN was
possibly associated with a reduction in dilution process through the low flow
(incoming tide), which could increase greatly TN concentration, as reported by [324].
In addition, elevated TN value could not only relate to flows but also its existing
patterns as TN measures the various constituents of nitrogen in terms of dissolved and

particulate forms [325]. Therefore, high N-NO2" concentration was explored at the
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same state of flow, as an example. Elevated N-NO," was likely due to depletion of DO
concentration coming out during the low flow. [231] reported that nitrite was an
intermediate in nitrification and denitrification processes, which could have the
adverse influences of increasing nitrite and nitrate levels, decreasing significantly DO
concentration. Presence of N-NH4" depends greatly on pH value (pH < 7.0) in aquatic
environment [326]; however, pH value measured during high flow demonstrated an
alkaline property (pH > 7.0). Thus, high N-NH4" concentration could be explained by
the impacts of nutrient discharges containing high patterns of nitrogen derived from
aquaculture activities [327, 328]. The flow regimes caused a large change in TP
concentration, whereas P-PO42 responded to statistically nonsignificant flows.
Phosphorus was greatly influenced by suspended solids through adsorption, resulting
in low phosphorus concentration in the aquatic environment [288]. However, elevated
TP value was measured in the same flow regime as TSS, where the tidal regime was
identified to be gentle/unchanged. This suggested that TP concentration was caused
by opportunities for retention time, leading to deposition of phosphorus originating
from aquaculture practices [329].
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Figure 0.40 Differences in water quality including (a) the physical and (b) biological
parameters among the flow regimes for low flow (LF-based on nine observed sites at

incoming tide), medium flow (MF-based on seven observed sites at gentle/unchanged
tide), and high flow (HF-based on nine observed sites at outgoing tide). Note the

statistically significant differences of water quality parameters among flow regimes

(p<0.05)
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5.1.5 Dependence of water quality on different flow regimes

As illustrated in Table 0.21, several water quality parameters depending
consistently on various flow regimes were found in temperature and N-NO3;
however, the degree of dependency varied among flows. The temperature had a
significantly negative and positive correlation with the low and medium flow regime,
respectively, whereas a significantly positive and negative correlation was found for
N-NO2". Other parameters were dependent on the flow regimes in diverse ways. The
parameters (e.g., EC, TDS, salinity, and TP) were significantly positively correlated
with the medium flow, whereas the parameters (e.g., pH, N-NO3s’, COD, and DO)
showed a significantly positive correlation with the high flow. Water quality
parameters' dependencies and degrees of dependability varied inconsistently across
flow regimes, showing that water quality was influenced not only by flow regimes but

also by physicochemical processes in the aquatic environment.

Among measured water quality parameters, patterns of nitrogen such as N-NO2
concentration was dependent variously on two flows, showing a reducing
concentration with an increase with the flow. While N-NO3™ depended primarily on
the high flow. This suggested that the concentration of nitrogen species was not only
impacted by the flow regimes but also their behavior [323, 325] Similarly, the
dependency of temperature varied distinctly on the flows, which increased with a
reduction in flow. The previous study of [330] reported that the low flow would
provide warm and clear conditions in the natural river systems. TP and TSS were
likely associated with suspended solids, which were found respectively their
dependency on the medium/high flow compared with the low flow. Elevated TSS and
TP on these flows could be mainly caused by the nonpoint source pollutants and
pollutant resuspension from suspended sediments [331, 332]. Dissolved pollutants
(e.g., EC, TDS, and salinity) were dependent greatly on the medium flow, which was
the result of seawater intrusion combined with landward loadings from nonpoint
source pollution. With an increase in flow, DO and COD increased appropriately in
the high flow. Under the tidal effect, high flow coupled with turbulence supports a
large potential for dissolved oxygen in the watercourse [331]. High COD

concentration at high flow was ascribed to a high level of organic substances



131

discharged primarily by aquaculture practice along the reach. The previous study of
[333] revealed a significantly positive correlation between COD and suspended
organic matter-containing sediments, as well as an increased COD value at high flow
due to high suspended sediment concentration. Similarly, the pH value was
discovered to be dependent on the high flow, which was likely to organic acid dilution
derived mainly from shrimp farming, the high pH of released water from eutrophic
reservoirs into waterbodies would increase owing to the dilution process at high flow
[334].

Table 0.21 Spearman correlation coefficients between water quality parameters and

various flow regimes

Darameters Flow regimes

LF (27%) MF (21%) HF (27%*)
Temperature -0.855 0.790 0.315
pH 0.359 0.058 0.549
EC -0.133 0.852 0.315
TDS -0.133 0.860 0.332
TSS -0.128 0.283 0.464
Salinity 0.078 0.869 0.316
N-NO2 0.538 -0.674 -0.237
N-NOs’ 0.291 0.413 0.518
N-NH4* -0.236 -0.103 -0.318
TN 0.103 -0.096 0.283
P-POs* 0.357 -0.136 0.149
TP 0.150 0.508 0.324
COoD 0.159 0.045 0.383
DO 0.274 0.140 0.522

LF: low flow regime at incoming tide; MF: medium flow regime at gentle/unchanged
tide; HF: high flow regime at the outgoing tide. Significant correlation coefficients are
boldface and sample sizes are in parentheses

* Number of samples used for statistical analysis
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS

6.1 Conclusions

The findings showed that the surface water quality of the Ganh Hao River was
generally poor during the study period, particularly with respect to parameters
representing nutrient and organic pollution, which exceeded the guidelines for surface
water quality. However, heavy metal concentrations were very low or undetected in
water samples from most sites. The metal concentrations of sediment samples were
much lower than the Vietnamese guidelines for sediment quality. Moreover, the
pollution indices (I-geo, CF, and PLI) indicated that the sediment in the study area
was consistent with the background concentrations of As, Cu, Pb, and Zn.

The tidal regime had a considerable influence on the variation in values of
physicochemical parameters, with significant differences between the ebb and spring
tides for all parameters excluding pH, EC, TSS, N-NOs’, and TP. There were also
significant differences in the pollutant concentrations between the dry and wet
seasons (except for TSS and TP). The PCA explained that nutrients and organic
substances were primarily responsible for the deterioration of the surface water
quality in the study area. The logistic regression model analysis identified the
extensive and improved extensive shrimp systems as the main source of pollutants
influencing the degradation of river water in both seasons. Based on the water quality
maps, pollution hotspots could be identified to recommend water extraction areas to

meet the daily water requirements of the population.

The 2D model was calibrated with the most suitable Manning roughness coefficient
(n=0,022 m™3s) which showed a good agreement between the simulated and
measured in terms of phase and amplitude. The validated model with an RMSE and
R2value was 0.22 and 0.98, showing high reliability and accuracy. The 3D model was
developed using the defined roughness coefficient as well as user-dependent
parameters in the 2D model. The model was calibrated with the most suitable
horizontal eddy viscosity (HEV=2 m?s?). The simulated and measured velocities

showed a similar pattern; the depth-averaged velocities differed by 5-14 percent from
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ADCP-based data, demonstrating the 3D hydrodynamic model's ability to simulate
vertical flows. The model accuracy was determined by the model mean errors, which
demonstrated a good degree of conformity in terms of MAE with HEV values of 2
m?.s! at various layers. Based on the hydrodynamic model, the result indicated that
changes in the river hydraulic characteristics were influenced remarkably by the tidal
regime as well as geomorphological. These changes also had an impact on the water
quality, resulting in significant differences in water quality. The investigated water
quality parameters not only had different responses but also were dependent on the
flow regimes, confirming that flow was one of the primary causes of spatiotemporal
variability in water quality. The diverse responses of the water quality parameters to
flow regimes were due to the discharges of aquaculture practices and the governing
processes under the tidal drivers.

6.2 Suggestions

Because of the intensive direct use of surface water and pollution of the Ganh Hao
River, water management strategies should be set for different areas of the river to
monitor water quality during various periods. Further studies should be performed
sampling in the river and in the shrimp ponds of different types of aquaculture
practices in order to comprehensively assess the status of local surface water quality.
Water quality management should not only focus on pollution sources but also pay
much attention to various flow regimes. As a result, different strategies and guidelines
should be considered in order to manage water resources more effectively. Moreover,
the application of technical solutions (e.g., numerical models and automatic
monitoring systems) should be executed in the studied area to control and manage
water resources in the context of climate changes and land-use changes. Despite the
fact that the data were conducted over a short period of time, the results of this study
were helpful for developing policies to better managing water resources and might

have likely widespread implications for other rivers beyond the geographical regions.



134

Although the study effectively addressed the existing environmental problems in the
study area. However, the research was conducted a short period in the dry and wet
seasons. Therefore, insufficient data series on water quality parameters simulate water
quality fluctuations as well as scenarios related to sea level rise and changes in land-
use.
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APPENDIX
A. Statistical analysis for seasonal variabilities of physicochemical parameters

Table 1. Tests of normal distribution for seasonal dataset

Kolmogorov-Smirnov

Parameters Seasons __ i
Statistic df Sig.
Dry 172 75 .000
Temp
Wet 254 75 .000
H Dry 202 75 .000
P Wet 173 75 .000
Dry 125 75 .006
EC
Wet 254 75 .000
Dry 317 75 .000
TDS
Wet 252 75 .000
Dry 302 75 .000
TSS
Wet 254 75 .000
Dry 129 75 .003
Sal
Wet .253 75 .000
Dry .289 75 .000
N-NO2
Wet 197 75 .000
Dry 113 75 .019
N-NOs
Wet 162 75 .000
Dry 115 75 .015
N-NHg4*
Wet .200 75 .000
Dry 193 75 .000
TN
Wet 140 75 .001
Dry .168 75 .000
P-PO4*
Wet .263 75 .000
Dry .100 75 .063
TP
Wet .196 75 .000
Dry 125 75 .005
COoD

Wet .246 75 .000
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DO Dry 75
Wet 162 75 .000
Table 2. Mann-Whitney test (U test) for seasonal dataset
Mann-Whitney Asymp. Sig. (2-

Parameters U Wilcoxon W Z tailed)

Temp 310.500 3160.500 -9.417 .000

pH 1.500 2851.500 - .000
10.639

EC .000 2850.000 - .000
10.575

TDS .000 2850.000 - .000
10.574

TSS 2322.000 5172.000 -1.844 .065

Sal .000 2850.000 - .000
10.578

N-NO2 124.500 2974.500 - .000
10.248

N-NOs’ .000 2850.000 - .000
10.587

N-NHs+ .000 2850.000 - .000
10.578

TN .000 2850.000 - .000
10.612

P-POs* 19.500 2869.500 - .000
10.522

TP .000 2850.000 - .000
10.574

COoD .000 2850.000 - .000
10.630

DO .000 2850.000 - .000

11.301




B. Statistical analysis for tidal variabilities of physicochemical parameters

Table 1 Test of normal distribution for tidal dataset
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Kolmogorov-Smirnov

Parameters Tides

Statistic df Sig.

Ongoing tide 138 69 .002

Temp Incoming 219 81 .000
tide

Ongoing tide 191 69 .000

pH Incoming 172 81 .000
tide

Ongoing tide 351 69 .000

EC Incoming 332 81 .000
tide

Ongoing tide 281 69 .000

TDS Incoming 330 81 .000
tide

Ongoing tide 294 69 .000

TSS Incoming 139 81 .001
tide

Ongoing tide .330 69 .000

Sal Incoming 334 81 .000
tide

Ongoing tide 140 69 .002

N-NO2 Incoming 218 81 .000
tide

Ongoing tide 331 69 .000

N-NOs’ Incoming 294 81 .000
tide

Ongoing tide 77 69 .000

N-NH4* Incoming 177 81 .000

tide
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Ongoing tide 198 69 .000
TN Incoming 118 81 .007

tide

Ongoing tide 211 69 .000
P-PO4* Incoming 247 81 .000

tide

Ongoing tide 309 69 .000
TP Incoming 122 81 .005

tide

Ongoing tide 151 69 .000
COD Incoming 174 81 .000

tide

Ongoing tide 189 69 .000
DO Incoming .080 81 .200

tide

Table 2. Mann-Whitney test (U test) for tidal dataset

Mann-Whitney Asymp. Sig. (2-
Parameters U Wilcoxon W Z tailed)
Temp 2040.000 5361.000 -2.849 .004
pH 2559.000 5880.000  -.894 371
EC 2332.000 5653.000 -1.745 .081
TDS 2136.500 5457.500 -2.482 .013
TSS 2561.000 5882.000  -.881 379
Sal 2252.000 5573.000 -2.047 041
N-NO 1876.500 4291.500 -3.462 .001
N-NOs’ 2620.000 5035.000  -.658 510
N-NH4* 2169.000 5490.000 -2.360 .018
TN 2196.000 4611.000 -2.264 .024
P-POs* 2117.500 4532.500 -2.563 .010
TP 2407.500 5728.500 -1.460 144
COoD 1891.500 5212500 -3.425 .001



DO 1610.000 4931.000 -4.467
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.000

C. Principal Component Analysis (PCA)

Table 1. KMO and Bartlett’s test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy.
Bartlett's Test of Sphericity Approx. Chi-Square
df

Sig.

.867

1032.633

78

.000

Table 2. Total Variance Explained

Extraction Sums of Squared

Initial Eigenvalues

Rotation Sums of Sque

Loadings Loadings
Component i i i i i
Total Variance  Cumulative 4 Variance  Cumulative Total Variance  Cum
% % % % %
1 6.973  53.638 53.638 6.973  53.638 53.638 6.773  52.099 52
2 2.396  18.434 72.073 2.396  18.434 72.073 2.544  19.566 71
3 1.010 7.768 79.841 1.010 7.768 79.841 1.063 8.176 79
4 .926 7.122 86.962
5 661 5.083 92.046
6 481 3.699 95.744
7 238 1.829 97.574
8 153 1.177 98.750
9 .070 542 99.292
10 .054 414 99.706
11 .031 241 99.947
12 .006 049 99.997
13 .000 .003 100.000

Table 3. Rotated component matrix

Parameters Components
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1 2 3
Sal .988
EC .988
TDS .982
pH 933
N-NO> -.909
N-NOs -.908
COD .795
Temp 57
TSS .963
TP 931
TN 573
DO .701
P-PO4* -.525
Scree Plot
.
1]
3 47
[
=
=
1]
=2
11}
.
o = & 3]
T T T T T T T T T
2 5} T g =] 10 11 12 13

Component Number
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Figure 1. Scree plot indicates eigenvalues and component numbers

D. Logistic regression model analysis
3.1 Data analysis in the dry season

Table 1. Variables in the Equation

Step )
Parameters B S.E. Wald df  Sig. Exp(B)
EC 10.683 3181 11279 1 .001 43596.982
TSS .025 .009 7.570 1 .006 1.026
TP 23577 12228  3.718 1 .054 17355618702.117
N-NO2” 471485 202.440 5.424 1 .020 5.797E+204
Constant . 119.606 11374 1 .001 .000
375
Table 2. Classification table
Predicted
Observed Y Percentage Correct
0 1
Step 1 Y 0 43 2 95.6
1 3 27 90.0
Overall percentage 93.3

3.2 Data analysis in the wet season

Table 3. Variables in the Equation

Step  Parameters B S.E.

Wald df Sig.

Exp(B)
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12
pH 20.419  7.866 6.738 1 009  737377990.539
EC -.730 564 1.671 1 .019 482
N-NO2> 130.138 53.136 5.998 1 014  3.299E+56
TP -9.416  3.640 6.692 1 .010  .000
Constant 54330 6.982 1 .008  .000
143.561
Table 3. Classification table
Predicted
Observed Y Percentage Correct
0 1
Step 1 Y 0 42 3 93.3
1 2 28 93.3
Overall percentage 93.3

Table 4. Kruskal-Wallis test for dataset in the dry season in Dong Hai district

EC TDS Sal TN N-NHs+
Kruskal-Wallis
H 31.942 14.111 21.369 17.694 29.064
df 2 2 2 2 2
Asump.Sig, .000 .001 .000 .000 .000

Table 5. Kruskal-Wallis test for dataset in the wet season in Dong Hai district

Temp pH TSS N-NO» N-NH4*
Kruskal-Wallis 13.805 11.435 14.623 12.756 5.714
H
df 1 1 1 1 1
Asump.Sig, .000 .001 .000 .000 .017

Table 6. Kruskal-Wallis test for dataset in the dry season in Dam Doi district

EC TDS Sal TN TP DO N-NH4*

Kruskal- 31.9 14.1 21.3 17.6 6.1 20.24 29.06
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Wallis H 4 1 6 9 6 2 4
df 2 2 2 2 2 2 2
Asump.Si .04

.000 .001 .000 .000 6 .000 .000
g,

Table 7. Kruskal-Wallis test for dataset in the wet season in Dam Doi district

Temp pH EC 1SS TDS sal N-NO;y  N-NH; P-POZ&

TP

CO

Kruskal-

Wallis H

df 2 2 2 2 2 2 2 2 2
Asump.Sig,  .000 .001 .000 .001 .000  .000 .000 .001 .008

2849 13.87 2433 1498 2419 2514 40.36 13.29 9.77

22.37

8.6

E. Input data for hydrodynamic model development
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F. Cross-sections obtained by using ADCP
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