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A B S T R A C T

The Saigon River flows through one of the most rapidly growing megacities of Southeast Asia, Ho Chi Minh City

(HCMC, > 8.4 million inhabitants). This tidal river is characterized by a tropical monsoon climate, alternating a

wet and a dry season. In the last few decades, increased economic and urban developments of HCMC have led to

harmful impacts on the water quality of this tidal river, with severe eutrophication events. This situation results

from the conjunction of contrasting hydrological seasons and the lack of upgraded sanitation infrastructures:

indeed, less than 10% of the domestic wastewater is collected and treated before being discharged directly into

urban canals or rivers. This study focuses on P dynamics because this is considered the key nutrient factor

controlling freshwater eutrophication. Based on field measurements and original laboratory experiments, we

assessed the P levels in the river water and sediments, and investigated P adsorption/desorption capacity onto

suspended sediment (SS) within the salinity gradient observed. Field surveys showed a clear impact of the HCMC

megacity on the total P content in SS, which increased threefold at HCMC Center, as compared with the up-

stream values (0.3–0.8 gP kg−1). Downstream, in the mixed estuarine area, the Total P was lower than 0.5 gP

kg−1 . Laboratory experiments were carried out to characterize the influence of SS concentrations (SS = [0.25–

0.9] g L−1), salinity (S = [2.6–9.3]) and turbulence (G = [22–44] s− 1) on the sorption capacity of P onto

sediment. The size of sediment particles and their propensity to flocculate were also originally measured with a

recently developed instrument: the System for the Characterization of Aggregates and Flocs (SCAF®). Under the

experimental conditions considered, SS concentrations had the greatest effect on the adsorption of P onto

sediment, e.g., P adsorption capacity increased when SS concentrations rose. In contrast, salinity and turbulence

had a smaller effect on the adsorption properties of sediments. Among these observed variables, the SS

concentration was shown to be the main driver for adsorption capacity of P onto SS within the salinity gradient.

We discuss the implication of these findings on understanding P dynamics within a highly urbanized, tropical

estuary.

1. Introduction

Among all nutrients, phosphorus (P) is generally recognized as

playing a crucial role for plant growth in soils and aquatic environ-

ments. Since the 1960s, the utilization of mineral fertilizers and poly-

phosphates in washing powders has increased the P inputs to most

aquatic environments of northern countries with serious ecological

consequences. P was banished in washing powders in the mid-1990s,

and its application to soils was also reduced (Némery and Garnier,

2016; Le Noë et al., 2018). In the same period, many scientists con-

tinued to pay attention to P concentrations in water (since

Vollenweider, 1968), but started to analyze its reactivity with sediment

(Heathwaite and Johnes, 1998; Sims et al., 1998; Sui et al., 1999;

Richard et al., 2001), and showed that high P values could strongly

promote algal growth and increase the risk of eutrophication. Such

studies have highlighted that the mobility of P and its sorption capacity
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can shift from dissolved to particulate phases through biological and

physicochemical processes, with some consequences on P transport and

P dynamics. P can be transported from upstream basins to estuaries in

the form of particulate phosphorus (PP) (Conley et al., 1995; Paludan

and Morris, 1999; Martha et al., 2004; Némery and Garnier, 2007), but

P can also be released from particulate to dissolved form, which leads to

the increase of the dissolved P concentration in aquatic systems. Dis-

solved P is then easily available for phytoplankton uptake (Meybeck,

1982; Reddy et al., 1999; Jordan et al., 2008).

Phosphorus can be transformed by adsorption/desorption and by

precipitation/dissolution processes (Froelich, 1988). These processes

can be controlled by iron (Fe), aluminum (Al) oxides and their organic

complexes (Torrent, 1997; Borggaard et al., 2005; Bruland and DeMent,

2009; Hinkle et al., 2015), silicate clays and calcite (Richardson, 1985;

House and Donaldson, 1986; Millero et al., 2001). The change of the

ionic strength within the salinity gradient (i.e., between brackish and

saline waters) is considered as an important factor for P adsorption/

desorption capacity (Sundareshwar and James, 1999; Némery and

Garnier, 2007; Jordan et al., 2008; Bruland and DeMent, 2009; Zhang

and Huang, 2011). The sediment redox potentials, especially the low

ones, can also have an impact on dissolution and can release P into

water (Lai and Lam, 2008).

Since P can adsorb onto particles, hydrodynamic (river discharge,

tides and induced turbulence, salinity) and sediment dynamics (erosion,

transportation, flocculation, deposition) conditions need to be char-

acterized prior to any robust assessment of eutrophication risk. While

sediment transport depends on water discharge (Craft and Richardson,

1993; Guo et al., 2004), dissolved P release is governed by diffusion of P

from pore water of the underlying sediment (Reddy et al., 1995;

Richardson, 1985). Likewise, physical characteristics of sediment such

as particle size, porosity and flocculation can become the dominant

factor for P adsorption capacity. When particle size distribution (PSD)

of SS decreases, P adsorption capacity onto sediments usually increases

(Walter and Morse, 1984; Zhang and Huang, 2007) because the pro-

portion of fine clay particles increases. A sediment containing a sig-

nificant proportion of clay minerals, with electromagnetic properties

causing the sediment to bind together, is called a cohesive sediment.

Small particles can be easily re-suspended by turbulence, however

(through wave action or the tide in estuaries), and have a longer re-

sidence time in the water column than coarser particles, such as silt and

sand, which are mostly transported by siltation near the bottom.

Therefore, cohesive sediments interact more easily with dissolved P in

the water column. Moreover, P adsorption capacity can be strongly

modified at the interface of bottom sediment and water (Kim et al.,

2003; Wang et al., 2006).

In developing countries, such as Vietnam, fast economic growth has

affected the quality of aquatic systems (Trinh et al., 2012). Aquatic 

systems are thus frequently enriched in P by both the diffuse (e.g., 

agricultural activities) and point inputs (e.g., domestic and industrial 

wastewater discharge) (Camargo et al., 2005). This is particularly the  

case of Ho Chi Minh City (HCMC), the second largest city in Vietnam.  

Industrialization and urbanization have developed rapidly during the  

last decade while wastewater treatment has remained basically un-

changed (Marcotullio, 2007; Nguyen et al., 2019; Strady et al., 2017). 

The main objective of this study was to assess the dynamics of P in  

the particulate and dissolved phases along the tidal Saigon River during 

the dry and wet seasons for a better understanding of the cause of eu-

trophication. For this purpose, we investigated P adsorption/desorption 

capacity onto SS at different environmental conditions (i.e., level of SS 

concentration, salinity, turbulence) to assess the link between adsorp-

tion/desorption   capacity   and   the   physical properties of sediments

(flocculation, particle size).

Fig. 1. (a) Saigon–Dongnai basin catchment and sampling sites along a longitudinal profile, (b) The population density distribution on the zoomed urban central  

districts (source: HCMC Statistical Year Book 2016). Grey arrow indicates the amplitude of upstream salt intrusion (see Table 1 for details of sampling sites).
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2. Material and methods

2.1. Study area

The Saigon River, a part of the Saigon–Dongnai River basin located

in Southern Vietnam, is about 250 km long with a catchment area of

4717 km2 up to the confluence with the Dongnai River (Fig. 1a). Up-

stream of the Saigon River, the Dau Tieng reservoir (270 km2 and 1580

× 106 m3) was constructed in 1985 for irrigation and flood pro-

tection purposes and to control the intrusion of saline water (Trieu et

al., 2014). When flowing through HCMC, the Saigon River is con-

nected with urban canals and further joins the Dongnai River to become

the Soai Rap River flowing through the Can Gio mangrove to the South

China Sea. The flow direction of the Saigon River is predominantly

driven by the asymmetric semi-diurnal tides. The region falls within a

tropical monsoon climate. The year is divided into two distinct seasons:

the wet season from May to November and the dry season from De-

cember to April. During the dry season, the net residual discharge is low

(a few tens of m3 s− 1) and is mainly controlled by the amount of water

released from the Dau Tieng reservoir to flush out salt intrusion. The

wet season shows a slight increase of the water discharge from June to

October, followed by a recession at the end of November (Nguyen et al.,

2019). The mean interannual discharge calculated over the 2012–2016

period for the Saigon River (50 ± 21 m3 s−1 ) is around one-twelfth

that of the Dongnai River (613 ± 218 m3 s− 1 ) (Nguyen et al., 2019).

HCMC is established in a low elevation coastal zone (LECZ), along

the banks of the Saigon River and belongs to a transitional area between

southeastern Vietnam and the Mekong Delta (Fig. 1b). Economically,

HCMC has grown rapidly over the last 10 years, so that now it is con-

sidered as one of the five most dynamic cities in the world (World

Economic Forum general assembly, January 2017). The population of

HCMC was 8.4 million inhabitants in 2016. Less than 10% of domestic

wastewater is collected and treated before being released directly into

the three main urban canals (Fig. 1b) or the Saigon River (Marcotullio,

2007). Due to untreated effluents from residential and industrial areas,

the Saigon River water episodically suffered severe phases of eu-

trophication (e.g., high levels of nutrients – N, P and algal biomass –

expressed as chlorophyll a (Chl-a) concentrations (Nguyen et al., 2019).

The main wastewater treatment plant (Binh Hung WWTP) is located in

district 8, south of the central urban district (Fig. 1b). Its treatment

capacity is 141,000 m3 day−1 (426,000 inhabitants). In 2017, one ex-

tension was under construction to reach a total capacity of 469,000 m3

day−1 (1,390,000 inhabitants) (source: ATLAS Ho Chi Minh City) and

construction of ten new WWTPs is planned in the next decade (Tran

Ngoc et al., 2016).

2.2. Sampling campaigns

Six surveys (two longitudinal profiles and four additional salinity

gradient campaigns) were carried out during the dry season (April

2017) and the wet season (October 2017) along the Saigon River (Fig.

1).

Longitudinal profiles. Two campaigns from upstream to downstream

of HCMC were conducted to understand the spatial fluctuation of water

quality along the Saigon River. The total length of the profile was 50

km, including 18 sampling points (from SG01 to SG18, Fig. 1b). These

longitudinal profiles were conducted on-boat on 19th April 2017 from

8:00 a.m. to 4:30 p.m. (dry season) and on 20th October 2017 from

9:30 a.m. to 6:00 p.m. (wet season), starting at Saigon upstream

(SG01) and ending at Saigon downstream (SG18) (see Fig.1b).

Salinity gradient campaigns. Four additional on-boat surveys were

conducted to determine the variability of nutrients within the salinity

gradient. These 30-km-long profiles (12 sampling points, from SG07 to

SG18, see Fig. 1b) were carried out on-boat on 21st and 25th April 2017

(two campaigns during the dry season) and on 23rd and 25th October

2017 (two campaigns during the wet season).

A GPS was used to geolocalize each sampling point and calculate the

corresponding kilometric point (distance), in which distance = 0 (i.e.,

SG15, Fig. 1b, Table 1) is the confluence between the Saigon and

Dongnai rivers, negative values upriver and positive downriver.

2.3. Measurement and analytical methods

2.3.1. In-situ sampling and measurements

Physicochemical parameters (depth, temperature, pH, conductivity,

salinity, dissolved oxygen (DO), Chl-a and turbidity) were measured in

situ along the vertical profile using Hydrolab© DS5 Multiparameter

Probe. Each water sample was collected 0–30 cm below the surface in a

5-L polypropylene recipient for further analysis of total suspended se-

diment (TSS) and Total P and dissolved P. Light penetration was mea-

sured using a Secchi disk.

River bed sediment samples were taken using a sediment grab at the

river bank during the two longitudinal profile campaigns to analysis P

content (19th April and 20th October 2017). During the first salinity

profile campaign of each season (21st April and 23rd October 2017), 30

L of surface water were taken to analyze PP in the SS at 12 sites (from

SG07 to SG18). During the second salinity profile campaign of each

season, 30 L of water were taken at two depths, 0–30 cm below the

water surface and near the water–sediment interface to analyze PP at

six sites (from SG13 to SG18).

4

2. Sediment preparation

Suspended sediment samples collected in the 30-L bottles were al-

lowed to settle over 24 h. After siltation, the overlying water was si-

phoned off. Wet concentrated SS and other river bed sediments were

then freeze-dried, ground and sieved through a 200-μm hole size before

being stored until their use for experiments, specific surface area

measurement and PP analyses. The mean grain size distribution (d50)

of suspended and bed sediments ranged from 23 μm to 135 μm and the

specific surface area ranged from 0.07 to 0.12 m2 g− 1 before sonication

to 0.12–0.20 m2 g− 1 aftersonication.

3. TSS and P measurements

In the laboratory, 5 L of samples were filtered through a GF/F
3 −Whatman  filter (porosity, 0.7 μm)  to analyze PO using the acid as-

corbic method (American Public Health Association, APHA, 1995).

Total P was measured on unfiltered samples using the persulfate di-

gestion process and the standard colorimetric method (APHA, 1995).

Reproducibility for replicate measurements was better than 5% for all

total and dissolved P samples. The Total P method for river water using

Name Coordinates Distance (km) Zones

SG01 10°58′50″N 106°38′33″E − 4 5 Upstream

SG02 10°57′04″N 106°39′08″E − 4 1 Before dense urban area

SG03 10°55′21″N 106°39′47″E − 3 7 Possible salt intrusion during

SG04 10°54′06″N 106°41′35″E − 3 2 dry season

SG05 10°52′00″N 106°42′10″E − 2 8

SG06 10°51′07″N 106°42′16″E − 2 3

SG07 10°49′16″N 106°43′03″E − 1 8 Ho Chi Minh City Center

SG08 10°48′47″N 106°43′23″E − 1 6 Wastewater release

SG09 10°47′53″N 106°43′37″E − 1 5 Salt intrusion

SG10 10°47′10″N 106°43′03″E − 1 3

SG11 10°46′28″N 106°42′33″E − 1 1

SG12 10°45′35″N 106°43′30″E − 8

SG13 10°46′16″N 106°44′54″E − 4 Downstream

SG14 10°44′51″N 106°44′44″E − 1 Confluence with Dong Nai

SG15 10°44′32″N 106°45′23″E 0 Salinity gradient

SG16 10°44′13″N 106°45′42″E 1 Estuarine zone

SG17 10°42′32″N 106°45′20″E 4

SG18 10°40′46″N 106°46′02″E 8

Table 1

Sampling sites along the longitudinal profile on the Saigon River (distance =  0  

corresponds to the confluence between Saigon River and DongnaiRiver).

T.T.N. Nguyen, et al. Estuarine,CoastalandShelfScience227(2019)106321
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wet-persulfate digestion of unfiltered water samples is known to not

digest completely particulate phosphorus and to underestimate the total

P concentration (Zhang, 2012).

TSS (in mg L−1) was analyzed on a preweighed standard glass-fiber

filter (GF/F) through which a well-mixed sample was filtered. The re-

sidue retained on the filter was dried for 24 h at 50 °C.

The total particulate phosphorus (TPP) concentration in sediments

was measured using a high-temperature/HCl extraction technique

(Némery and Garnier, 2007) prior to phosphate measurement using the

colorimetric method (Murphy and Riley, 1962). The HCl extraction

method is known to very efficiently extract the most reactive PP in-

volved in environmental studies (Némery et al., 2007). To determine

particulate inorganic phosphorus (PIP), the measurement was similar to

the procedure for the analysis of TPP, except for the high temperature

mineralization step. Particulate organic phosphorus (POP) was de-

termined by subtracting the PIP concentration from the TPP con-

centration ([POP] = [TPP] − [PIP], in gP kg−1).

To test the underestimation of the Total P method using persulfate

digestion, dissolved organic phosphorus (in mgP L−1) was estimated by

difference between Total P in water and PO4
3− and the product of TPP

(gP kg−1) in suspended sediment and suspended sediment (mg L−1).

2.4. Experimental design

Experiments were conducted in a 2-L jar tank to simulate sorption

processes of phosphate (PO4
3−) for contrasting conditions of turbu-

lence, salinity and suspended sediment concentrations. The design was

close to Keyvani and Strom's design (2014). Experimental conditions

were chosen to be as close as possible to natural conditions. The range

of TSS was 0.25–0.90 g L−1 , the range of salinity was 2.6–9.3 and range

of turbulence was 22–44s−1 . Turbulence represents the hydrodynamic

shear stress induced by the tide in estuaries. The mean turbulent shear

rate, G (expressed in s−1), is a quantitative measurement of turbulent

energy knowing the mean turbulent energy dissipation rate and the

viscosity of the fluid (Tran et al., 2018). Our selected stirring rotation

conditions, 100 rpms and 70 rpms, reproduce turbulent shears in jar test

conditions of G = 44 s− 1 and 22 s−1 , corresponding to high to mean

shear rates, respectively, such as observed near the bottom in natural

estuaries (Gratiot et al., 2017; Tran et al., 2018). To conduct the ex-

periment, a representative sediment sample was selected on the basis of

the analysis of the main patterns of P distribution along the longitudinal

profiles. Atotal of eight environmental conditions were investigated,

4and each time ten levels of PO 3 −  were considered (Table 2). Each

4syringe filter to determine the PO 3 −  concentration. This design spe-

cifically helps evaluate whether the kinetics of P adsorption/desorption

(i.e., variation of the maximum adsorption capacity of P onto SS [Pac]

and the half-saturation concentration [Kps]; see eq. (2) hereafter) was

modified by environmental conditions or remained unchanged and to

what extent the degree of particle flocculation may control these ki-

netics.

Another type of experiment was set up to assess specific and original

physical analyses of sediment properties. The degree of particle floc-

culation was evaluated in two ways: destructively, by sonication, and

nondestructively, by sedimentation. The sonication technique is based

on the analysis of PSD. The first PSD is determined after sampling in the

jar tank, and a second one is done on the same sample, but after 2 min

of sonication to break the flocs. The intercomparison of the two PSDs

provides information on the content of noncohesive particles (no

change in peaks and magnitude of PSDs before and after sonication)

and the degree of flocculation of the cohesive particles (shift of the peak

to lower particle size bands and decrease in the magnitude of PSD after

sonication). According to Lee et al. (2012), we can anticipate the ex-

istence of different populations of particles. Flocculi (a single class of

particles that corresponds to very fine silt: 8–50 μm), flocs (50–200 μm)

and macro-flocs ( > 200 μm) are cohesive particles that will be, at least

partially, destroyed into primary fine particles (0–8 μm) after sonica-

tion; silt (2–63 μm) and sand (63 μm–2 mm) are noncohesive particles

that are not affected by sonication and have virtually no effect on

biogeochemistry.

To carry out this destructive test, we used a LISST Portable XR in-

strument from Sequoia©. The principle of its operation is based on laser

diffraction. This instrument provides a semi-log distribution of the vo-

lumetric concentration of particles over a 44-band spectrum from 0.4 to

460 μm.

Further, the sedimentation technique was carried out using the

System for the Characterization of Aggregates and Flocs (SCAF), which

was recently developed in our laboratory (Gratiot et al., 2015). SCAF

consists of an optical settling column, equipped with a vertical array of

16 turbidity sensors to provide light transmission through a suspension

during quiescent settling. With SCAF, the particle flocculation index is

obtained as the ratio between settling velocities measured in the upper

part and near the bottom of the SCAF settling tube (Wendling et al.,

2015). For a solution of noncohesive particles, the settling velocity

Conditions SS (g 

L− 1 )

Turbulence (s − 1) Salinity PO4
3 − added (mgP L− 1 ) as  

KH2PO4

remains constant in the SCAF and the flocculation index is close to zero.  

For a solution with cohesive particles, flocculation enhances sedi-

C1 0.5 44 2.7 0, 0 .05, 0 .1, 0 .2, 0 .5, 0.75,
mentation and the flocculation index increases. A flocculation index

C2 0.5 22 2.7 1.0, 1 .5, 2 .0 and 3.0

C3 0.25 44 2.6 tion has doubled during sedimentation in the 16-cm-high SCAF settling
C4 0.25 22 2.6 tube. For further detail on the characterization of hydrodynamics and
C5 0.5 44 9.3 floc properties in the jar test, one can refer to Gratiot et al. (2017).
C6 0.5 22 9.3

C7 0.9 44 2.7

C8 0.9 22 2.7

equaling 1 means that the average settling velocity of the floc popula-

duplicate jar test was stirred for 4 h in the lab under 26 °C air con-

ditioning stable temperature (Fig. 2). First, preliminary tests showed

that 4 h of stirring was long enough to reach steady-state equilibrium

between particulate and dissolved P. The full set of experiments totaled

160 individual jar tests (80 duplicates). To conduct these experiments,

hundreds of liters of Saigon River water were sampled during field

surveys and the water was allowed to settle for 24 h to remove sus-

pended sediment and to be used as a medium. The field sample was

then filtered through the GF/F filter (porosity, 0.7 μm) to remove the

Table 2

Phosphorus adsorption/desorption experimental conditions.

T.T.N. Nguyen, et al. Estuarine,CoastalandShelfScience227(2019)106321

remaining suspended particles and stored in a cool room until used for

experiments.

For these experiments, Total P in water was 0.032 ± 0.006 mgP

L−1 . We hypothesized that dissolved phosphorus is mainly present as

PO4
3− form (0.024 ± 0.008 mgP L−1), and we considered dissolved

organic phosphorus (DOP) as a negligible part of total dissolved phos-

phorus in our medium (DOP, 0.003–0.004 mgP L−1 , 9–12% of Total P).

Phosphate solutions (KH2PO4) were prepared for ten different con-

centrations with demineralized water (from 0 to 3.0 mgP L−1 ; see

Table 1) before they were successively added to the jar test. A gradually

increased mass of sediment, obtained from oven-dried samples, was

added to these jar tests to reach suspended sediment concentrations of

SS = 0.25, 0.50 and 0.90 g L−1 . One drop of pure chloroform was

added to all the samples to stop any possible biological activity during

the experiment (Aissa-Grouz et al., 2016). After 4 h of stirring in the jar

tank, the solutions were filtered through a 0.45-μm porosity Millex



2.5. Sorption isotherm

Langmuir isotherm was used to evaluate the adsorption and deso-

rption of P onto sediment (Wang and Li, 2010; Rossi et al., 2012; Vilmin

et al., 2015; Aissa-Grouz et al., 2016); the adsorbed P onto SS is de-

scribed by:

= P ×[SS] [DIP] +[PIP] [DIP]
K

ac
ps (1)

PIP is particulate inorganic phosphorus (mgP g−1); SS is suspended

4sediment concentration (mg L−1); DIP is PO 3 −  concentration (mgP

L−1); Pac is the maximum adsorption capacity of P onto SS (mgP g− 1);

Kps is the half-saturation concentration of PO4
3− (mgP L−1). The con-

centration of PIP can be estimated by subtracting DIP from the content

of total phosphorus (TIP) in the water (PIP = TIP − DIP). Replacing the

TIP value in the above equation, the DIP concentration can be deduced

by the following equation:

=

DIP

(−TIP + P × SS + K ) + 4 × TIP × K

2

TIP − Pac × SS − Kps + ac ps ps
2

(2)

Phosphorus sorption isotherms are used to identify the capacity of

sediment to sorb P and also to compare the sorption capacity for the

different experimental conditions. The two parameters (Pac and Kps) of

the Langmuir isotherm were determined by fitting relation (2) to the

measured DIP vs TIP, using the least square deviation criterion (Aissa-

Grouz et al., 2016). Anexample of the result is shown in Fig. 7a and d.

3. Results

3.1. Physicochemical parameter distribution along the Saigon River

The Saigon River depth fluctuates between 5 and 18 m with a

deeper channel in the upstream section and a shallower channel at the

confluence between the Saigon and Dongnai Rivers. Onthe whole, the

homogeneous within the water column except toward the confluence,

where a near-bottom stratification of TSS developed (Fig. 3). The water

temperature was stable along the Saigon River, averaging

31.1 ± 0.1 °C and 28.6 ± 0.2 °C during the dry season and the wet

season, respectively. Dissolved oxygen (DO) values varied between

moderate to severe hypoxic conditions (as low as 0.5 mg L− 1 in the

upstream stretch of HCMC and rose up to 4.7 mg L− 1 in the downstream

stretch). During the wet season, the DO level increased rapidly from an

extremely low concentration upstream of HCMC (distance −10 km,

SG11 with DO value below 2 mg L−1) to a higher value downstream

(distance 1 km, SG16, with the DO value above 4 mg L−1). pH values in

both wet and dry seasons ranged from 5.7 to 7.1, meaning that the

Saigon River water is characterized by slightly acidic water, which is in

good agreement with a previous study that highlighted the role of

acidic soils to explain such low pH values (Strady et al., 2017). Con-

sequently, carbonates are assumed to be low. Saline water intrusion

during the dry season was observed up to distance −40 km. Salinity

was zero during the wet season along the Saigon River (Fig. 3). The Chl-

a concentration was clearly higher at HCMC Center (from 8.8 μg L−1 at

the surface at distance −18 km to 150 μg L−1 at distance −8 km)

during the dry season) than upstream (distance −4 5 km to −2 3 km)

and downstream (distance −4 km to 8 km) of HCMC. The magnitude of

TSS fluctuations was lower during the dry season (from 16 mg L− 1 to

38 mg L− 1 near the surface and from 23 mg L− 1 to 95 mg L−1 near the

bottom) than during the wet season (from 24 mg L− 1 to 67 mg L−1 near

the surface and from 31 mg L− 1 to 297 mg L− 1 near the bottom) (Fig.

3). This can be due to the seasonality of discharge of the Saigon River

that can be four fold higher in the wet season (120 m3 s− 1) than in the

dry season (30 m3 s− 1 ) (Nguyen et al., 2019).

3.2. Phosphorus levels along the Saigon River

River bed sediment. Throughout the two seasonal surveys, TPP and

PIP, respectively, averaged 0.7 ± 0.4 and 0.6 ± 0.3 gP kg−1 during

the dry season and 1.1 ± 0.5 and 0.9 ± 0.4 gP kg−1 during the wet

season (Fig. 4a and b, respectively). For all sampling sites, the PIP

fraction dominates TPP and accounted for 88 ± 7% for both wet and

Fig. 2. (a and b) Experimental designs, (c) the portable granulometer of the LISST XR system and (d) system for aggregate and floc characterization (SCAF, Gratiot et 

al., 2015).

vertical   distribution of the  physicochemical   parameters was rather dry seasons.
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Suspended sediment. TPP contents ranged from 0.4 to 2.5 gP kg−1

during the dry season (Fig. 4a) and from 0.7 to 2.6 gP kg−1 during the

wet season (Fig. 4b). P in SS decreases from upstream to downstream,

especially during the dryseason.

Water column. Total P increased from 0.12 mgP L− 1 in upstream to

0.28 mg P L− 1 in the city center and decreased again to 0.05 mg P L−1

in the downstream sector of HCMC during the dry season (Fig. 4c).

During the wet season. Total P was high in upstream and in the urban

center of HCMC (0.23 ± 0.03 mgP L− 1 on average from distance

−1 8 km to distance −8 km), and decreased after the confluence be-

tween the Saigon and the Dongnai River down to 0.09 mgP L− 1 on

average (Fig. 4d). Total P was higher in mean during the wet season in

comparison to the dry season of 2017: 0.20 ± 0.07 and 0.14 ± 0.06

mgP L−1 , respectively. While the proportion of PP varied substantially

along the Saigon River (from 6.4 to 87.7%) during the dry season, PP in

Total P was systematically higher than 45% during the wet season.

These high percentages of PP are the result of high P adsorption onto

the sediment and show a propensity for possible desorption of P

downstream. DOP concentrations dropped from 0.1 ± 0.01 mgP L− 1

in city center to 0.01 ± 0.001 mgP L− 1 in the downstream during the

dry season and from 0.08 ± 0.01 mgP L− 1 to 0.02 ± 0.01 mgP L−1

during the wet season (Fig. 4c and d). Note that some estimations of

DOP were not possible due to possible underestimation of Total P using

the persulfate digestionmethod (see method section).

3.3. Phosphorus distribution in the salinity gradient

dissolved phosphorus concentrations within the salinity gradient,

which expressed the transformation (adsorption or desorption) of dis-

solved phosphorus during the mixing of fresh water and salt water

throughout the estuary. Because we did not observe the salinity gra-

dient (salinity 0) during the wet season, we show data only during the

dry season. We clearly observed that the TPP content in SS decreased

within the salinity gradient, from 2.54 gP kg−1 (for salinity below 1) to

0.48 gP kg−1 (for salinity up to 8) (Fig. 5a). The decrease in the TPP

content in SS resulted mainly from a decrease in the PIP concentration

(from 1.5 gP kg−1 at salinity below 1 to 0.4 gP kg−1 at salinity up to 8,

while POP remained stable (0.2 ± 0.1 gP kg−1) (Fig. 5b). Conse-

quently, the PIP/POP ratio averaged 4.4 for salinity lower than 1 and

decreased to a value close to 2.6 for the maximum salinity observed

(Fig. 5c). Such PIP behavior could reflect a desorption of P from SS, in

order to equilibrate the PO4
3− concentrations in the river water, diluted

4by seawater that is poorer in P, as shown in the PO 3 −  profiles within

the salinity gradient (Fig. 5d).

3.4. Phosphorus adsorption capacity onto sediment from laboratory  

experiments

Phosphorus level. The selected sediment was sampled in the down-

stream part (at SG13; distance −4 km, see Fig. 1b) where P transfor-

mations were evidenced between salinity 0.6 and 8.0 during the dry

season survey. The initial P content of sample SG07 was 0.81 and 0.90

gP kg−1 for PIP and TPP, respectively. The change in P sorption ca-

pacity onto suspended sediment was linked to the levels of P added.

Fig. 3. Temperature, salinity, pH, dissolved oxygen (DO), chlorophyll a (Chl-a) and total suspended sediment (TSS) variations from upstream to downstream of  

HCMC during the dry season (April 2017) and the wet season (October 2017).

Fig.   5 describes the   observed   distribution of  particulate  and While P was actually released (i.e., apparently desorbed)  from the
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3 −
Fig. 4. (a and b) Particulate phosphorus in river bed sediment (RBS) and suspended sediment (SS); (c and d) Total P, PO4 and  DOP  concentrations in the water

column during the dry season and the wet season. The vertical line indicates the confluence with the Dongnai River. No TPP in SS data are available from distance

−45km to −18km. DOP data were collected from HCMC Center to the downstream area, missing data are due to underestimation of Total P in water.

3 −
Fig. 5. (a) Distribution of total particulate phosphorus in suspended sediments, (b) distribution of particulate phosphorus, (c) PIP/POP ratios and (d) PO4

concentrations within the salinity gradient during the dry season.
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sediments in the treatments with no P added (%DIP adsorbed < 0), at

P added concentrations greater than 0.1 mgP L−1 , P was adsorbed (%

DIP adsorbed > 0) (Fig. 6). The adsorption capacity was high for a low

concentration of added P. At a low concentration of additional P ( < 0.1

mgP L−1), the amounts of P adsorbed varied between 0.062 gP kg−1

and 0.064 gP kg−1 (i.e., 15.5% and 64.1% P added). However, the

amounts of P adsorbed were 0.109 gP kg−1 to 0.520 gP kg−1 (i.e., 0.9–

15.6% P added) at the highest P added concentration (3.0 mgP L− 1)

(Fig. 6). This shows that (i) a greater proportion of the added P is

adsorbed at low P concentrations and (ii) the reduction of this pro-

portion is related to the increase of additional P.

We also observed that when SS increased from 0.25 to

0.5–0.9 g L−1 , the percentage of P added adsorbed onto SS increased

from 13 to 36–58% at low P added ( < 0.1 mgP L−1 ) to 1–8 – 16% at the

highest amount of P added (3.0 mgP L−1), respectively (Fig. 6).

For all experimentally tested environmental conditions (SS, turbu-

4lence, salinity), TIP increased rapidly with the additional PO 3 − and

then reached a plateau; the sorption of P was typical of Langmuir iso-

therm curves (Fig. 7a and d). The fitting of experimental points to the

Langmuir isotherm equation was good (R2 higher than 0.98), allowing

examination of the variation of Pac and Kps for all environmental con-

ditions considered (Table 3). The maximum adsorption of P onto SS

(Pac) and the half-saturation concentration of PO4
3− (Kps) ranged from

1.075 to 1.301 gP kg−1 and from 0.004 to 0.035 mgP L−1 , respectively.

The evolution of sorption parameters with turbulence (22 s − 1 and

44 s− 1 ) for three gradually increased values of the SS concentration (SS

represented by bars in Fig. 7b and c) demonstrated a positive influence

of SS on sorption capacity (Pac increased by nearly 20% when SS in-

creased, with no effect according to the intensity of turbulence (Fig.

7b). From the Pac and Kps values presented in Table 3, SS was the main

factor driving the adsorption capacity. For example, Pac and Kps values

increased from 1.084 to 1.301 mgP gSS−1 and 0.004 to 0.109 mgP

L−1 , respectively, within the range of SS (0.25–0.9 g L−1).

However, the increasing turbulence decreased the half-saturation  

content for all SSs tested (Fig. 7c). Indeed, Kps increased gradually as SS 

rose but decreased from 0.013 to 0.022 mgP L− 1  as turbulence de-

creased from 22 s − 1  to 44 s − 1  (see conditions C1 and C2 in Table 2). 

Regarding the effect of salinity, the maximum sorption capacity Pac

4Fig. 6. The percentage of PO 3 −  adsorbed onto suspended sediments (SS) at

different environmental conditions (see Table 1 for C1–C8 conditions). Sedi-

ment was sampled at site SG13 during the dry season (25th April 2017).

Fig. 7. (a) and (d) Kinetics of sorption of phosphorus and (b), (c), (e) and (f) the sorption parameters (Pac, Kps) for all environmental conditions tested. Thecorrelation

coefficient (R2) for each parameter determination is shown in Table 3.
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SS Turbulence Salinity Pac Kps R2 % of  

PO4
3 −  

absorbed

g L− 1 s − 1 mgP g − 1 mg L− 1 Max Min

C1, 2 0.5 44 2.7 1.280 0.013 0.991 31.9 5.8

C2, 2 0.5 22 2.7 1.280 0.022 0.991 40.0 9.4

C3, 2 0.25 44 2.6 1.084 0.004 0.999 15.5 0.9

C4, 2 0.25 22 2.6 1.075 0.015 0.999 10.9 0.9

C5, 2 0.5 44 9.3 1.200 0.006 0.994 31.1 4.1

C6, 2 0.5 22 9.3 1.199 0.004 0.996 64.1 4.1

C7, 2 0.9 44 2.7 1.301 0.019 0.987 61.8 15.3

Table 3

Maximum adsorption capacity of phosphorus onto suspended sediment (Pac),

4 pshalf-saturation concentration of PO 3 −  (K ), correlation coefficient (R2) of the

4fitting and the percentage of PO 3 −  absorbed onto SS with the different ex-

perimental conditions (in first column: C1, number of samples for each treat-

ment).

C8, 2  0 .9 22 2.7 1.296 0.035 0.991  53.9 15.6
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decreased at higher salinity, as did the two turbulence levels (Fig. 7e).

The Kps value was lower for high salinity, and lower at higher turbu-

lence levels (Fig. 7f). For example, at turbulence 44 s−1 , Pac and Kps

decreased as salinity lowered, respectively from 1.280 to 1.199 mgP

gSS−1 and from 0.013 to 0.004 mgP L− 1 when salinity increased from

2.7 to 9.3.

To summarize, our experimental set-up showed a predominant ef-

fect of SS on sorption processes followed by salinity and then turbu-

lence, which modified only the half saturationconstant.

3.5. Physical characteristics of sediments

A first analysis of the PSDs confirmed the presence of both cohesive

and noncohesive sediments. The vast majority of particles (55–95% in

volume) were cohesive sediments, which are partially or almost com-

pletely disaggregated after 2 min of sonication. Conversely, the non-

cohesive particles (i.e., no sonication effect: silt, sand and others) only

accounted for 5–45% (by volume concentration) of the particle popu-

lation, without any evident trend between trials C1–C8. These macro-

particles (larger than 200 μm) form a population that is assumed to be

poorly active in sorption processes, contrary to the cohesive ones. Fig. 8

summarizes the results for cohesive particle populations.

Whatever trial is considered (C1–C8), the flocculi population pre-

dominates. It corresponds to 44–54% of the samples while primary

particles and flocs correspond to 17–38% and 10–35% of the volumetric

concentration, respectively. The large predominance (65–90%) of the

smallest particles implies that sediments of the Saigon River stay in

suspension in the water column for a very long time, have a high spe-

cific surface (a key parameter for biogeochemical processes) and will

deposit only at very low flow conditions.

After sonication, 75% of the floc population and 40% of flocculi

were broken. The intercomparison of the volumetric concentration of

primary particles before (∼25%) and after (∼60%) sonication shows

that they are highly mobile and directly flocculate on both flocculi and

flocs.

Concerning the flocculation under the nondestructive sedimentation

technique, the pattern showed a clear and gradual increase of the

flocculation index (FI) as the SS concentration increased, which dou-
bled from FI = 0.4–0.8 when SS rose from 0.25 to 0.9 g L− 1 (Fig. 9).

Salinity also favored flocculation but in a less efficient way (FI in-

creased by 20%). The turbulence level existing in the jar test before

putting the particles in the SCAF settling tube did not affect floccula-

tion.

4. Discussion

4.1. The effect of physical characteristics of sediment on P adsorption  

capacity

The capacity of SS to sorb P is originally assessed in this paper, by

combining field measurements, sorption experiments, Langmuir iso-

therm and the examination of physical characteristics of sediment. The

values of Pac ranged from 1.07 to 1.30 gP kg−1 in the Saigon River. This

Pac value is lower than those in the sediments of Mai Po Marshes in

Hong Kong (from 1.64 to 3.58 gP kg−1), which have been attributed to

the availability of abundant amorphous Fe, Al and organic matter (Lai

and Lam, 2008). In contrast, Pac in the Saigon River was higher than in

sediment of Indian River Lagoon, Florida (from 0.032 gP kg−1 under

anaerobic conditions to 0.132 gP kg−1 under aerobic conditions; Pant

and Reddy, 2001), Kissimmee River wetlands (0.011–0.826 gP kg−1 ;

Reddy et al., 1998) and within the same range of values found in the

Seine River with an impact of the release of treated wastewaters (Aissa-

Grouz et al., 2016). A higher value was associated with the high con-

centration of SS.

In the Saigon River, the higher Pac values obtained at low salinity

rather than at high salinity evidenced higher P adsorption capacity on

SS in less saline than in more saline water (Zhang and Huang, 2011). In

addition to greater competition between anions, increasing salinity

beyond a threshold value may lead to decreased positive charges of

metal hydroxides in SS and inhibiting P sorption (Barrow et al., 1980).

The change of turbulence, from 22 s − 1 to 44 s−1 , typical of natural

estuaries (Marion et al., 2016), did not affect Pac values, which re-

mained stable. The particle concentration effect (i.e., the change in the

adsorption isotherm in response to changing particle concentrations)

4could explain PO 3 −  desorption in the salinity gradients.

As described above, the SS concentration controls the flocculation of

cohesive sediments. The change in the flocculation index with in-

creasing SS can thus explain the higher P content in SS. This means that

sediment dynamics could be one of the main drivers of the fate of P in

the Saigon River estuary.

4.2. Impact of HCMC on Pconcentrations

All the samples collected within the salinity gradient campaigns

during the dry and wet seasons in 2017 made it possible to analyze the

P content in SS for two vertical distributions: the surface and the bottom

of the water column (Table 4). Adifference in P content (TPP, PIP and

Fig. 8. Variation of the volumetric concentration of particles (primary <  8 μm, flocculi [8–50 μm] and flocs [50–200 μm]) with TSS, for experiments C1–C8 (see  

Table 2).

POP) was observed between the suspended sediment  and bottom
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suspended sediment samples (e.g., higher values in surface samples in

comparison to bottom samples during the wet season: 1.45 ± 0.77 and

1.03 ± 0.39 mgP kg−1 , respectively). This result would indicate that

the adsorption/desorption of P occurred principally within the water

column.

During both 2017 season surveys, a reduction of the TPP con-
centration in SS from the HCMC Center (distance −1 8 to −8 km) to the

downstream section was observed, more during the dry than the wet

season. During the dry season, this can be explained by the fact that the

increasing salinity downstream of HCMC (distance −4 to 8 km) re-

sulted in greater competition among anions for positively charged

binding sites due to the increase in sulfate and chloride in tidal waters

(Stumm and Morgan, 1981; Millero et al., 2001). We also observed that

the amount of P sorbed onto bottom sediments decreased toward the

saltwater end of the gradient (as reported by Sundareshwar and James,

1999). These results were also reported by Berner and Rao (1994) with

a significant decrease of TPP within the salinity gradient in the Amazon

River.

Similar to TPP, PIP in SS was also lower during the dry season than

during the wet season (Table 4). The same trend was observed with

Total P in waters. This may be related to the flushing of sediment with

high P content from urban canals of HCMC during the wet season; a

similar hypothesis of high flushing in the beginning of the wet season

was recently proposed by Babut et al. (2019). It is also shown that

during the dry season P was largely taken up by algae, especially be-

tween distance −40 and −10 km where Chl-a concentrations increased

up to 150 μg L− 1 (Fig. 4). The eutrophication of the Saigon River was

clearly observed in a previous study, which also identified P among

other key nutrients (nitrogen and silica) as the main limiting factor of

algal growth (Nguyen et al., 2019).

Based on seasonal monitoring over more than two years, this study

also identified the river reach between the distance −40 and −10 km

to be highly productive during the dry season, as shown by phyto-

plankton biomass, contrary to the downstream sector. In this productive

river section, the dry season offers the best light availability conditions

(full sun and double the light penetration, > 60 cm, than downstream).

The tide fluctuation and the confluence with the large Dongnai River,

which can generate a hydraulic barrier, explains the trapping of the

urban water body, which is the most contaminated by urban inputs

(Nguyen et al., 2019). Phosphorus would therefore be largely taken up

in this part of the river during the dry season. In addition, P content in

bed sediments, which were higher in the dry season at HCMC Center

(Fig. 4a), could result from the deposition of dead microalgae, rich in P

and highly biodegradable. The extremely low DO values observed in the

dry season support the assumption of high organic matter mineraliza-

tion. By dividing the Saigon River into three sections (upstream: dis-

tance −45 to −23 km; HCMC Center: distance −18 to −8 km;

downstream: distance −4 to 8 km), we can assess the impact of

Fig. 9. Effect of suspended sediment concentration and salinity on flocs and flocculation index at different experimental conditions.

1

0

Number of samples TPP (gP kg− 1 ) PIP (gP kg− 1 ) POP (gP kg− 1 )

Dry season (April 2017)

Suspended sediment

Surface (upper layer) 18 1.14 (0.73) 0.77 (0.47) 0.24 (0.14)

Bottom (lower layer) 7 0.72 (0.20) 0.60 (0.17) 0.12 (0.05)

All samples 25 0.98 (0.61) 0.70 (0.37) 0.19 (0.12)

River bed sediment

Upstream 6 0.56 (0.35) 0.52 (0.33) 0.04 (0.03)

HCMC Center 6 0.95 (0.41) 0.82 (0.31) 0.12 (0.12)

Downstream 6 0.59 (0.11) 0.48 (0.09) 0.10 (0.02)

Wet season (October 2017)

Suspended sediment

Surface (upper layer) 18 1.80 (0.73) 1.34 (0.61) 0.46 (0.18)

Bottom (lower layer) 7 1.16 (0.50) 0.88 (0.41) 0.28 (0.13)

All samples 25 1.55 (0.71) 1.16 (0.57) 0.39 (0.18)

River bed sediment

Upstream 6 1.35 (0.33) 1.18 (0.26) 0.17 (0.11)

HCMC Center 6 1.22 (0.44) 1.09 (0.36) 0.13 (0.09)

Downstream 6 0.60 (0.38) 0.52 (0.36) 0.08 (0.03)

Table 4

Mean ( ± SD) of total particulate phosphorus (TPP), particulate inorganic phosphorus (PIP) and particulate organic phosphorus (POP) content in suspended sedi-

ments (SS) during both the dry season (April 2017) and the wet season (October 2017).
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urbanization on the P content variability in the sediment along the

Saigon River (Table 4). River bed sediments in the HCMC Center were

characterized by high TPP and PIP contents during both dry and wet

seasons, resulting in a P enrichment from untreated domestic waste-

water discharges (Nguyen et al., 2019). We assume that this highen-

4richment is due to the PO 3 −  adsorption from wastewater discharge,

which was also reported as a typical process by Némery and Garnier

(2007) from a study conducted in the Seine River. The effect of high

residence time of water and particles due to low net discharge and the

effect of high water mixing by tides can also lead to high potential

retention of P. This is particularly the case in the urban canals, which

were under contaminated conditions by the release of untreated was-

tewater, as in the Nhue River, near Hanoi (Trinh et al., 2009). High

4concentrations of PO 3 −  in water and TPP in sediment were observed in

urban canals (Strady et al., 2017), indicating an intense adsorption

process of dissolved P onto sediment. This kind of accumulation in the

sediment was also evidenced in the urban canals of Bangkok (Thailand),

which presents geography, demography and wastewater management

characteristics similar to our case study (Færge et al., 2001). It ap-

peared that Total P in water is mainly composed of the particulate

fraction, making up 73 ± 20% (n = 98 samples). The PIP fraction

generally dominated in the suspended sediment column as well as in

the bottom sediment of the river (i.e., 75.8 ± 8% of TPP values). POP

accounted for a small fraction (less than 25%) of the TPP. The POP

proportion in SS was within the same range (25 ± 6% at both the

HCMC Center and downstream of HCMC), which indicated that the TPP

decrease was due to the PIP decrease. The stability of POP content in-

dicated that the TPP decrease stems from the PIP decrease. The high

variability of TPP is more related to that of PIP than to the variability of

POP. The PIP/POP ratio fluctuates according to the PIP variations.

4.3. Implications for the understanding of P dynamics within estuaries

Sediment plays an important role in the adsorption/desorption of P

in estuaries (Zhang et al., 2004). The reactivity of particles with respect

to P therefore depends on estuarine hydrodynamics and more precisely

on the variation of the sediment's physical properties (Statham, 2012).

For the case study of the Saigon River, we hypothesize that the decrease

in P concentration in the sector downstream of HCMC was due to (i) PIP

desorption within the salinity gradient with respect to the changes in

the physical characteristics of sediments and (ii) dilution by water with

a low P concentration coming from the mixed waters from the Dongnai

River.

Our experimental results showed here that SS concentrations played

an important role in the sorption capacity of P onto sediments.

Sedimentary dynamics in estuaries (especially mechanisms that control

the flocculation of cohesive sediments) is indeed influenced by both the

salinity gradient and the turbulence level (Keyvani and Strom, 2014).

These two variables are governed by tidal cycles and seasonal varia-

tions in water flows that are highly contrasted in Vietnam's tropical

climate (Lefebvre et al., 2012; Mari et al., 2012). The change in the

flocculation index with increasing TSS, especially in the wet season as

observed in the present study (Fig. 7b), can thus explain the higher P

content in TSS at that time (Fig. 4b). This means that sediment dy-

namics could be one of the main drivers of the fate of P in the Saigon

River estuary. Indeed, flocculation is a process of aggregation and

breakup of cohesive particles within the water column under changes of

hydrodynamic and sedimentary conditions. Our results showed that

flocculation increased as TSS concentrations rose, within a higher range

than with salinity or turbulence. Flocculation modifies the specific

surface of sediment, as observed in our measurements. P adsorption is

thus directly influenced by the capacity of sediment to flocculate and

flocculation kinetics are thus a key factor in explaining the fate of P in

estuaries.

Moreover, the decrease of P content downstream could also stem

from the dilution effect by water with a low P concentration coming

4stable PO 3 −  concentration in low salinity (0–4) and a decrease of the

PO4
3− concentration in high salinity ( >  4). At low salinity, the PIP

4desorption process, which resulted in an increase of PO 3 − concentra-

tions in the water column, was stronger than the dilution effect by  

water with a low P concentration coming from the Dongnai River. Both

4waters created a stable zone of PO 3 −  concentration in low salinity

(0–4). By contrast at high salinity, P desorption greatly increased (see

the decrease in Pac). This means that the dilution by water from the

Dongnai River was stronger than the PIP desorption process. This led to

4a decrease in PO 3 −  concentration at high salinity ( >  4, see Fig. 5d).

The Saigon River suffers from eutrophication in its medium section,

which is a logical response to untreated wastewater discharges (Nguyen

et al., 2019). However, sediment dynamics appear to effectively buffer

excess phosphorus concentrations, particularly through flocculation

and sediment adsorption capacity. To this is added a strong dilution

capacity by the main confluence (the Dongnai River). Also the Saigon

River estuary seems to be spared the impact of untreated wastewater

discharges from HCMC (low algal development, good oxygenation,

lower P levels). This situation is rather unusual compared to estuaries

subjected to the same anthropogenic pressures (Flemer and Champ,

2006) and indicates the great potential for the metabolizing power of

these tropicalestuaries.

5. Conclusions

The P concentration in HCMC's center was about three times higher

than upstream and downstream of HCMC. PIP accounted for 80% of

TPP, as a result of adsorption of PO4
3− released by untreated waste-

water discharges. Our results illustrated the strong influence of SS

concentrations on flocculation and on the P adsorption onto sediment,

e.g., P adsorption capacity (Pac) and adsorption velocity (Kps) increased

when SS concentrations rose followed by salinity. In contrast, turbu-

lence modified the adsorption properties of sediment very slightly. The

Saigon River estuary appeared to be a very reactive biogeochemical

system, which is able to metabolize a major proportion of P emitted by

the HCMC megacity. The downstream part of the estuary seems to be

slightly affected by urban discharges, not only due to high P processing

upstream, but also because of a dilution effect with the Dongnai River

at the confluence. The downstream part of the estuary seems to be

slightly affected by the urban discharges, due to both positive interac-

tions between P and sediment and because of a dilution effect with the

Dongnai River at the confluence.
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from the Dongnai River. Nguyen et al. (2019) observed that the mean

annual discharge in the Dongnai River was 12 times higher than in the

Saigon River, while the mean annual Total P concentration was about

0.09 ± 0.05 mgP L− 1 in the Dongnai River, lower than in the Saigon
River (0.30 ± 0.20 mgP L−1). Dilution from the Dongnai River sup-

ported the second hypothesis and showed that the confluence between

the two rivers may play an important role in the P dynamics within the

estuary.

Within the salinity gradient, we can divide P dynamics into two

phases based on the PO4
3− concentration (presented in Fig. 5d): a
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