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P fractions (r = 0.40–0.79, p < 0.05), suggesting that Fe 
might be the controlling factor of P release in the inves-
tigated sediments. The rank orders of concentrations of 
P forms were significantly different between the areas. 
The range of P forms was AP (35–248 mg/kg) > NAIP 
(63–201  mg/kg) > LP (labile P) (4–25  mg/kg) in the 
human settlement and aquaculture areas and NAIP (84–
99  mg/kg) > AP (20–38  mg/kg) > LP (7–12  mg/kg) in 
the mangrove biosphere reserve area. Risk assessment 
based on the total concentration of P and the availability 
of P from a single extraction suggested a relatively low 
risk of P from sediment as an internal load in the stud-
ied areas.
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Abstract  In this study, total phosphorus (P) and P 
released forms were measured in core sediments from 
the areas affected by human settlement and shrimp 
farming activities and the core zone of the Can Gio 
Biosphere Reserve, a coastal district in south Vietnam. 
Furthermore, ecological risk assessment and param-
eters controlling P release from sediments were inves-
tigated, including pH, major elements (Al-Ca-Mg-Fe), 
and fine fraction. The average total amount of P in the 
sediments varied from 287 to 669 mg/kg, with signifi-
cantly lower values being observed in the mangrove 
biosphere reserve area. According to the results of the 
correlation analysis, organic matter was the primary 
source of P in the sediments, but the majority of the 
P released was inorganic. Positive correlations were 
found between Fe and non-apatite inorganic P (NAIP) 
and apatite P (AP), as well as intercorrelations between 
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Introduction

Sediments in the coastal zones as well as in the man-
grove forest are interesting to study because of their 
complex physical and chemical properties (Alongi, 
2002). Nutrients can be retained in mangrove systems 
in which phosphorus (P) is immobilized in inorganic 
phases such as aluminum, iron, calcium, and sulfides 
(Alongi, 2018). However, residence times of the 
available P pools are short with the generally rapid 
rates of nutrient recycling (Kristensen et  al., 2000). 
Although mangroves play a crucial role in protect-
ing coastal areas, they have been affected by human 
disturbances such as the conversion of mangroves 
to areas for household settlement, the aquaculture 
and agricultural activities, and the deforestation of 
mangroves for timber product supply (Sofawi et  al., 
2017). Land use activities involve removal of surface 
vegetation which might reduce nutrient uptake and 
might also increase pools of labile P in the surface 
(Tuukkanen et al., 2017). Knowledge of the potential 
release of P from mangrove sediment is useful since 
it can serve as an indicator for the contribution of this 
element to the eutrophication of the water environ-
ment (Cheng et al., 2019).

Can Gio, a coastal district of Ho Chi Minh City, south 
of Vietnam, has a large area covered by a mangrove forest 
that was designated as a Biosphere Reserve by UNESCO 
(Tuan & Kuenzer, 2012). This is a dynamic transitional 
coastal ecosystem with natural and anthropogenic impacts 
such as tidal regime, nutrient accumulation through man-
grove tree root system, organic matter decomposition by 
litter mineralization process in mangrove forest, aqua-
culture activities, and effluents from municipal sewage 
(Taillardat et al., 2019). Growing shrimp industry has led 
to wetland conversion into shrimp farms. This has raised 
the concern about adverse environmental effects of devel-
opment activities due to high mangrove losses (Spalding 
et al., 2010). Statistics from Can Gio People’s Commit-
tee showed that aquaculture is the main component con-
tributing to the whole economic value of this district (Ho 
Chi Minh City People’s Committee, 2016). More than 
1500 operational shrimp farms located in the transitional 
buffer zones around the Biosphere Reserve officially were 
recorded in Can Gio (McDonough et al., 2014). Research 
about P in Can Gio mangrove sediments which takes into 
account the difference in land use patterns has received 
little attention, especially with regard to available pools of 
P that might be released into aquatic environments.

The goals of this study were to (1) evaluate the P 
enrichment in core sediments in the Can Gio area, as 
well as the factors controlling the distribution of P; (2) 
investigate different P fractions in the core sediments 
and determine whether human-impacted areas have sig-
nificant differences in P concentrations and pools in the 
core sediments; and (3) assess the risk of P pollution 
from sediment to the environment. This study will con-
tribute to a better understanding of the leaching behavior 
of P in sediment when external environmental conditions 
change, as well as the risk associated with the mobiliza-
tion of P in sediments to the aquatic environment, par-
ticularly in a dynamic area where anthropogenic activi-
ties have changed rapidly and may impact the mangrove 
forest like Can Gio.

Materials and methods

Sampling and sample pretreatment

Sampling campaigns were carried out in May and 
June 2020. Three sediment cores (C1, C2, and C3, 
with a length of 105, 125, and 185 cm, respectively) 
were collected by piston coring. Cores C1 and C2 
were located in human settlement and densely popu-
lated shrimp farming zones, while core C3 was in the 
protected zone of the mangrove biosphere reserve, 
where fewer human activities were expected (Fig. 1). 
One sample site for each land use pattern is indeed a 
limitation to distinguishing the differences. However, 
the topography and geomorphology properties of  
alluvial core sediment in a sub-land are similar due to 
the relative similarity in sedimentary formation con-
ditions over time. Moreover, the sampling location  
was chosen to be a condensed version of a specific land  
use pattern (i.e., shrimp farming or human settlement). 
Therefore, we assumed that it is adequate for investi-
gating relative changes in the chemical compositions 
of the sub-land. It is difficult to differentiate strictly 
the land use pattern across the area since shrimp  
farming existed in the human settlement area as well 
as human settlement being recognized in the aquacul-
ture area. However, during the field survey and com-
munication with local authorities, the dominant land 
use pattern in the area where C1 was collected was 
human settlement, and the dominant use pattern in 
the area where C2 was collected was shrimp farming. 
Hence, based on the dominant land use patterns, the  
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areas were classified into 3 groups: C1 and C2 repre-
sent the human settlement and shrimp farming areas, 
respectively, while C3 represents the mangrove area.

The sediment cores were sectioned over 5–15-cm 
intervals. Core C1 and core C3 were sectioned over 
5-cm intervals (from 0 to 5  cm) and 10-cm inter-
vals (from 5 cm to the bottom of the cores). Due to 
an analytical mistake, core C2 was sectioned with 
a thickness of 5 cm (from 0 to 5 cm), 15 cm (from 
5 to 20 cm), and 10 cm (from 20 cm to the bottom 
of the core). Consequently, cores C1, C2, and C3 

were divided into 11, 13, and 19 subsamples in total, 
respectively. After sample collection, the samples 
were packaged immediately in polyethylene film and 
stored in a cold incubator in the dark during trans-
port to the laboratory. The samples were air-dried, 
homogenized in a porcelain mortar, and sieved over 
a 2-mm mesh sieve. Although the vacuum freeze 
dryer is good to retain the in situ chemical composi-
tion, air-drying should be satisfactory for investiga-
tions into relative changes in sediment P (Pierzynski, 
2000).

Fig. 1   Sampling map
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General sample characterization

Organic carbon (OC) was inferred from the organic 
matter determined by the Walkley and Black manual 
titration method (Nelson & Sommers, 1982). Grain 
size distribution was determined by sieving and 
hydrometer methods (Head, 1992). First, air-dried 
sediments were washed to eliminate salts and then 
were boiled for 2 h with NH4OH (25%) to increase pH 
to 8 or 9 and disperse the fraction with a grain size 
of > 63  µm. The fraction coarser than  63  µm was 
determined by sieving, and the fraction ≤ 63 µm was 
determined by the hydrometer method (Head, 1992). 
The pH of each sample was measured in water (1:5 
ratio w/w). The total elemental content of the sam-
ples was determined after digestion by the aqua regia 
digestion method (3:1, v/v, HClconc to HNO3 conc) in 
a Teflon beaker on a hot plate. The major elements 
(Al, Ca, Fe, K, Mg) in the digested solutions were 
analyzed with ICP-OES (Perkin Elmer Optima 7300 
DV), while P was determined by the molybdate blue 
method of Murphy and Riley (1962).

Phosphorus fraction determination

Since P can exist in several forms in sediments with 
different mobility performance, fractionation of P by 
sequential extractions to water-soluble, salt-extractable, 
pH-sensitive, organic, and residual forms is often used 
to evaluate the potential release of P to aquatic environ-
ment (Abu-Hmeidan et al., 2018; Cheng et al., 2019). 
However, sequential extractions are laborious and time-
consuming. Single extractions with the reagents repre-
senting different environmental conditions that the sedi-
ments might encounter during resuspension could be 
fast, simple, and relatively cheap to assess the potential 
release of elements from sediments to water environ-
ment (Cappuyns, 2012).

The different fractions of P in the sediments were 
determined by three independent single extractions with 
different reagents and conditions. The most labile (or 
weakly loosely) P was determined by a single extraction 
with a mild salt (Pierzynski, 2000). Apatite phosphorus 
(AP) bound to Ca-Mg and non-apatite inorganic phos-
phorus (NAIP) bound to Al, Fe, and Mn (hydr)oxides 
(Cavalcante et al., 2018) were determined by a modified 
Standards Measurements and Testing Program (SMT 

protocol) (Ruban et  al., 2001). Detailed experimental 
procedures and conditions were described as follows.

For the labile P (LP), about 1.0000 g of dried sedi-
ment was weighed into a centrifuge tube, and then, 
25  mL of 0.01  M CaCl2 was added. The sediment 
was extracted by shaking for 1  h. Regarding apatite 
P (AP), another 0.2000  g portion of the dried sedi-
ment was weighed into a centrifuge tube; then, 20 mL 
of 1 M HCl was added and the solution was shaken 
for 16  h. For the non-apatite inorganic P, 20  mL of 
1 M NaOH was added to 0.2000 g of sediment. After 
shaking for 16 h at room temperature and centrifug-
ing for 10  min at 4000  rpm, 10  mL of clear super-
natant was mixed with 4 mL of 3.5 M HCl. Let the 
mixture stand for 16 h at room temperature.

All the extractions were carried out at room tempera-
ture. After each extraction, the samples were centrifuged 
(4000  rpm for 10  min) and filtered through Whatman 
No. 42 filter paper, and the phosphorus in the extracts 
was determined accordingly by the molybdate blue 
method of Murphy and Riley (1962). All P forms were 
expressed as the amount of P in milligrams per kilogram 
of sediment (mg kg−1) taking into account the volume of 
extraction solvent for each extraction.

Quality assurance and quality control

All reagents were of analytical grade. For each sam-
ple, duplicate (total element concentrations and sin-
gle extractions) or triplicate (pH and organic matter) 
analyses were performed to ensure analytical preci-
sion and reproducibility. Results are displayed as the 
averages of the replicates. Duplicate blanks were also 
inserted into each batch.

Ecological risk assessment

Ecological risk assessment of P from sediments was 
based on both the total concentration of P and the 
bioavailability of P from the extractions.

Ecological risk assessment of P from sediments is 
first evaluated by using sediment quality guidelines 
(SQGs). Comparison of measured concentrations of 
P within the sediments with SQGs values provides a 
basic indication of the degree of pollution and risk to 
ecology. Currently, there are no Vietnamese standards 
for the ecological risk assessment of P in sediments. 
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We used SQGs values derived from SQGs of the 
Department of Environment and Energy of Ontario as 
a reference (Persaud et al., 1993). The guidelines con-
sist of three levels. Level I: there are no toxic effects in 
aquatic organisms (600 mg/kg); level II: the sediment 
is contaminated, but most benthic organisms are via-
ble (600–2000 mg/kg); and level III: the benthic com-
munity has been significantly harmed (2000 mg/kg).

One of the limitations of using the SQGs is that they 
do not take into account the differences in fractions of 
P in sediments. Phosphorus can exist in many forms in 
sediments. However, the SQGs are based on the total P 
concentration. This comes with the assumption that all 
the forms of P possess an equal risk with regard to the 
ecosystem. To overcome this limitation, the extractable 
fraction of P was used in risk assessment in sediments. 
Hence, the risk of P in sediments was further assessed 
based on the Risk Assessment Index (RI), which takes 
into account both the total concentration and the bioa-
vailability of P. In this method, the ratio of bioavailable 
P to non-bioavailable P was defined as the bioavailable 
coefficient of P (Ye et al., 2019).

The Risk Assessment Index (RI) was calculated as:

where RI is the Risk Assessment Index, K is the bio-
logical efficiency coefficient, Cs is the standard con-
centration of P based on the Sediment Quality Guide-
lines (600 mg/kg) (Persaud et  al., 1993), and BAP is 
concentration of bioavailable forms of phosphorus. 
This simple classification was drawn up based on the 
guidelines for environmental quality assessment devel-
oped by the Department of Environment and Energy 
of Ontario, Canada (1992), and has been used in sev-
eral studies about the risk assessment of P in sediment 
(Peng et al., 2020; Ye et al., 2019; Zhang et al., 2015). 
The risk levels of RI is divided into four levels, rang-
ing from level I to level IV based on the value of RI. 
According to this classification, if RI is < 0.5, the sedi-
ment is classified as clean or there is no risk of pol-
lution, 0.5 ≤ RI < 1 reflects a slight risk, 1 ≤ RI < 1.5 
indicates medium risk, and 1.5 ≤ RI indicates for a seri-
ous risk of pollution, respectively. Generally, the NAIP, 
which is the P fraction that is extracted by NaOH, is 
an indicator of algal available P (Zhou et  al., 2001).  

RI = K.TP∕C
S

K = BAP∕(TP − BAP)

Hence, we used the concentration of this fraction as the 
concentration of bioavailable forms of P (BAP).

Statistical analyses

R studio was used for all statistical analyses. Corre-
lation analysis (Spearman Rank Order) was used to 
assess the relationship between parameters, and the 
Mann–Whitney U test was used to determine the dif-
ference between areas. The significance level was set 
at p < 0.05.

Results and discussion

Sediment characteristics

The average of the fine fraction (FF) (≤ 63  µm, silt 
and clay), OC, pH, and elemental concentrations in 
the sediment is presented in Table 1 and Fig. 2. Verti-
cal distribution of pH in all the three cores indicated 
low average values, where C3 showed the highest 
value ranging from 4.86 to 6.72, followed by C1 with 
a value from 3.57 to 6.11. The pH of C2 was the low-
est, with a value of 2.37 to 4.93. Changing the poten-
tial acid sulfate soil, common to many parts of Can 
Gio area, to actual acid sulfate soil due to disturbance 
and exposure to air through shrimp pond reclama-
tion might decrease the pH in the C2 area. Acidifica-
tion due to shrimp farming was also reported in Can 
Gio area by Bao and Ha (2018). The profiles of C1 
(30–125 cm) and C2 (75–125 cm) show a decreasing 
trend of pH, which is coincident with the decreasing 
trend in concentrations of P (Fig. 2), while C3 does 
not indicate any clear trend. The Mann–Whitney U 
analysis showed that pH was significantly different 
across the three areas (p < 0.05).

Grain size analysis revealed the dominance of fine 
fraction (> 98%). The composition of clay and silt was 
recorded high in C1 and C3, while sand composition 
was the highest in C2, especially at 0–20 cm, ranging 
from 49 to 71%. We found that FF was significantly 
different between the three areas (p < 0.05). This is 
because the construction as well as digging activities 
to build houses and prepare shrimp ponds might dis-
turb and affect the grain size composition in C1 and 
C2, which leads to the difference in FF of the three 
areas.
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In general, sediments found in the mangrove bio-
sphere reserve area (C3) had less variation of Al, Ca, 
Fe, and P with depth than sediments in the impacted 
areas (C1 and C2) (Fig.  2). Average concentra-
tions of Al in the cores were in the following order: 
C1 > C3 > C2 (38,113  mg/kg, 22,348  mg/kg, and 
35,851 mg/kg, respectively) and were rather constant 

with depth within C3, while it showed an enriched 
trend in the 0–60-cm layer of C1 and in the 0–55-cm 
layer of C2. Aluminum did not show any significant 
variation between areas.

The average Ca concentration in the cores ranged 
between 639 and 2279 mg/kg. Calcium concentrations 
in core sediments increased slightly in the 50–85-cm 

Table 1   The average, range (minimum–maximum), and standard deviation for the elemental concentrations, OC, fine fraction (FF) 
(≤ 63 µm, silt and clay), pH, OC:TP, and Fe:TP in the core sediments

Parameters Unit C1 C2 C3

Min Max Average SD Min Max Average SD Min Max Average SD

Al mg/kg 13,624 58,225 38,113 14,039 10,098 31,706 22,348 6138 24,633 39,675 35,851 3348
Ca mg/kg 974 2282 1695 490 1422 3408 2279 546 303 1884 639 354
Mg mg/kg 2230 5708 4173 956 2044 4445 3559 652 3828 7434 5962 719
Fe mg/kg 16,581 79,625 50,415 18,372 32,089 60,995 45,224 9399 20,921 41,166 32,083 4508
P mg/kg 410 953 669 145 315 761 607 129 129 480 287 102
OC mg/kg 14,494 28,870 20,342 3903 15,820 68,849 40,268 15,318 17,226 34,079 22,675 3668
FF % 97.53 99.47 98.57 0.75 29.43 99.28 81.81 21.95 97.35 99.86 99.42 0.59
pH 3.57 6.11 5.20 0.87 2.37 4.93 3.11 0.73 4.86 6.72 5.96 0.47
OC:TP 18 70 33 14 25 115 71 32 37 212 93 49
Fe:TP 19 194 84 47 46 150 78 26 74 249 125 45

Fig. 2   Down core profiles of fine fraction, pH, OC, and element concentrations in sediment cores in Can Gio area
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layer of the cores within cores C1 and C2 (Fig. 2), while 
they showed little variation from the surface to the bot-
tom of C3. The concentration ranges of Mg were rather 
similar between the three cores (3559–5692 mg/kg) and 
did not change much with depth (Fig. 2), supporting the 
hypothesis that they are not influenced by human activi-
ties, which would be reflected by changes in concentra-
tions in the uppermost, i.e., youngest sediments. Results 
indicated that average concentrations of Ca and Mg 
were significantly different between the areas (p < 0.05). 
Both concentrations of Ca and Mg were very low in 
these sediment cores, indicating that the sediments in 
the Can Gio area contain a comparatively low carbonate 
concentration.

From C1 to C3, average Fe concentrations decreased, 
with average values of 50,415  mg/kg, 45,224  mg/kg, 
and 32,083 mg/kg, respectively. The Mann–Whitney U 
test revealed that the Fe concentration differed signifi-
cantly (p < 0.05) between C1 and C3 and between C2 
and C3. However, we did not find any significant dif-
ference between C1 and C2 (p > 0.05). The construction 
activity might introduce the Fe material to the environ-
ment, which might be attributed to the high concen-
trations of Fe in C1 and C2. However, residential land 
was the main land use in C1; hence, the highest con-
centration of Fe was observed in this area. With regard 
to depth profile, Fe concentrations were the high-
est at 20 cm of C2 (60,995 mg/kg) or at 55 cm of C1 
(79,625 mg/kg), while Fe concentration was the highest 
at 185 cm (41,166 mg/kg) in C3, a deeper layer com-
pared to C1 and C2.

Total phosphorus concentrations varied over a very 
wide range—from 287 to 669 mg/kg, with significant 
low values observed in C3 (129 mg/kg) compared to 
C1 and C2 (p < 0.05). Concentrations of P are usually 
low in the mangrove environment because they are 
rapidly consumed by plants (Sofawi et al., 2017). The 
average concentration of P in C1 and C2 was quite 
similar (669 and 607  mg/kg), and there was no sig-
nificant difference in the average concentration found 
in the two areas (p > 0.05). It can be inferred that it is 
difficult to differentiate the source of P from human 
settlement and aquaculture, and they both contributed 
to the P in the sediment of the studied area to a simi-
lar extent. On the whole depth profile, concentrations 
of P were rather constant in C3, but they showed little 
enrichment at 55–85 cm of C1 and at 85–115 cm of 
C2 (Fig. 2). Total phosphorus in the sediments was in 
the same range as in a previous study in the Can Gio 

area (320–668 mg/kg) (Dung et al., 2020) and another 
study in an Indian mangrove forest (360–550 mg/kg) 
(Ramanathan et al., 2010), but higher than in Malaysia 
(Sofawi et al., 2017) and China (44.58–125.34 mg/kg) 
(You et al., 2022).

The average amount of organic carbon (OC) in 
core sediments varied from 20,342 to 40,268 mg/kg, 
with the highest value being observed at 125  cm of 
C2 (68,849  mg/kg). This result indicated evidence 
that the organic matter from the aquaculture activities 
(i.e., uneaten feed, shrimp feces, decomposed phyto-
plankton) led to an increase in OC concentration in 
the sediment. The Mann–Whitney U test confirmed 
this statement since the average concentration of OC 
in C2 was significantly different from C1 and C3 
(p < 0.05). Regarding the depth profiles of OC, C1 
and C3 were rather similar with little variation, while 
it did not show any clear trend of OC in C2 (Fig. 2).

P pools of the sediments

Only the sediments from the top 45 cm (or 50 cm) of 
each core were selected to investigate the behavior 
of P in sediments since it was widely accepted that 
the interaction between sediments and the overlying 
water happens mainly in the sediment’s top active 
layer (Gunduz et al., 2011). Figure 3 shows the verti-
cal distribution characteristics of the LP, NAIP, and 
AP in the sediments. Generally, the sum of the labile 
P, apatite P, and non-apatite P forms is considered 
the mobile form, which is the P that can be released 
when external environmental conditions change. As a 
result, the difference between TP and the sum of LP, 
AP, and NAIP represents the non-mobile sediment P 
pool or the residual P (RP) (Fig. 4).

In C1 and C2, the main form of P was AP, which 
varied from 35 to 248 mg/kg and thus comprised 6 to 
40% of their total P pools, whereas in C3, it was signif-
icantly lower, ranging from 20 to 38 mg/kg (as 4–12% 
of TP). The results indicate that AP was slightly higher 
in the 35–40-cm (C1) and 10–20-cm (C2) intervals, 
although it was relatively stable with depth in C3. The 
average AP concentration in core sediment samples was 
slightly lower than in other studies conducted in Vietnam 
(134–381 mg/kg) (Dung et al., 2020) and other countries 
(Kapanen, 2008; Lukawska-Matuszewska et  al., 2013). 
This may be due to the fact that the sediments in this 
study have relatively low pH values, which may limit 
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the concentration of AP since AP is greatly affected by 
the pH value. Samples having relatively higher apatite P 
amounts are expected to have higher pH values because 

precipitation of P with CaCO3 compounds occurs at 
higher pH values (Oxmann & Schwendenmann, 2015). 
However, in our study, this trend was not observed in all 

Fig. 3   Vertical distribution of P fractions in sediment cores of Can Gio area

Fig. 4   The percentage of P fractions in sediment cores of Can Gio area
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cores. We observed that C2 has the lowest pH, while C1 
has the highest pH, but the concentration of AP in C2 
is higher than that in C1. Consequently, we suggest that 
1  M HCl not only dissolved the carbonates but also a 
small amount of other detrital and authigenic phosphate 
compounds. These phosphate compounds can be igne-
ous or biogenic (fish debris) (Anschutz et al., 2007) or 
shrimp debris in C2 in our case.

The ranges of NAIP concentrations in C1 and C2 
were 168–201 and 63–115  mg/kg, respectively, with 
a proportion of 26–31% and 10–15% of the TP. In 
the sediment of C3, NIAP presented the highest frac-
tion, ranging from 84 to 98 mg/kg and accounting for 
between 19 and 29% of the TP. Non-inorganic apa-
tite P concentrations were lower than those measured 
in Norway (Lukawska-Matuszewska et  al., 2013) 
but higher than those observed in Estonia (Kapanen, 
2008). The NIAP concentrations were a little higher in 
the upper 25-cm profiles than in the rest of the sedi-
ment profiles in C1 and C2, which might reflect the 
impact of anthropogenic activities (i.e., shrimp farming 
and human settlement) in this area that accelerated the 
accumulation of P in sediments in recent years. How-
ever, the NIAP concentration in C3 exhibited a gener-
ally stable pattern, suggesting a rather constant envi-
ronment in the protected area of the mangrove forest.

The lowest form of P was LP, which only contributed 
to 1–4% of the total P pool (ranging from 4 to 25 mg/kg). 
This form of P is considered as loosely bound, labile, or 
exchangeable P, which represents the “real mobility” of P 
because dilute salt as CaCl2 0.01 M is considered as simi-
lar to pore water composition (Sahuquillo et  al., 2003). 
Generally, the LP is quite low in spite of different extract-
ants (e.g., NH4Cl) in other studies as well (Dung et al., 
2020; Kapanen, 2008). Within the three cores, the LP 
concentrations were similar and revealed little variation 
on the whole depth profiles (Fig. 3).

The relationship between potential P release and 
sediment properties

Previous research found that changes in sediment P con-
centrations were related to the elemental composition 
of sediments (Que Vo et al., 2014). Metal hydroxides of 
Fe, Al, and Ca in sediments are well-known for fixing 
phosphorus into sediments (Han et  al., 2011). Hence, 
preliminary information on the possible release and 
origination of P in the sediments can be predicted based 

on the relationship between TP and other geochemical 
properties. The relations among P forms and the phys-
icochemical properties of sediments were investigated 
using Spearman’s correlation analysis (Table 3).

According to Reddy and Delaune (2008), organic 
phosphorus mineralization and the OC:TP ratio are 
inversely connected. As a result, a lower OC:TP ratio 
leads to a higher possibility of P release from organic 
matter (Joseph et al., 2011). The average OC:TP ratios 
in the sediments were 33, 71, and 93 for C1, C2, and 
C3, respectively. The single extractions used in this 
work do not allow for the evaluation of P release from 
organic matter, but the OC:TP ratio indicates that 
P mobility from organic matter in the investigated 
sediments was in the following order: C1 > C2 > C3. 
The strong correlation between OC and OC:TP ratio 
(r = 0.66) (Table 2) indicated that organic carbon and 
P were controlled by the same factors or that organic 
matter is the primary source of P in the sediments. 
This finding is consistent with Wang et  al. (2008), 
who found organic phosphorus to be an important 
phosphorus fraction buried in the core sediment of 
three different lakes in China. Strong negative cor-
relations were found between the OC:TP ratio and 
different released forms of P such as LP, NAIP, and 
AP (r =  − 0.62 to − 0.77, p < 0.05), indicating that the 
majority of the P released was inorganic form.

According to Jensen et al. (1992), the ratio of total 
iron to total phosphorus (Fe:TP ratio) in the sediment 
is an indicator for the release of P into the aquatic 
environment. Fe:TP ratios greater than 15 (by weight) 
release less P under anoxic circumstances, while 
Fe:TP ratios less than 10 appear to be unable to hold 
P (Jensen et  al., 1992). This is owing to the fact that 
the development of Fe (II) and P minerals is favored 
when Fe is abundant in the sediment (Lukawska-
Matuszewska et  al., 2013). The average Fe:TP ratios 
in the sediments were 84, 78, and 125 for C1, C2, and 
C3, respectively. The highest Fe:TP ratio (Fe:TP = 249) 
was observed at the deepest of C3, located in the 
protected mangrove forest area, whereas the lowest 
Fe:TP ratio (Fe:TP = 19) was found in sediment from 
C1, where human settlement was dominant. Iron was 
found to have significant positive correlations with 
both NAIP and AP, both of which were designated as 
inorganic phosphorus, implying that Fe may play a sig-
nificant role in P availability in the investigated sedi-
ment. This assumption was supported by the fact that 
all mobile forms of P, including LP, NAIP, and AP, 
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demonstrated a moderate to strong positive correlation 
(r = 0.40–0.73, p < 0.05) (Table 3) with Fe.

Weak bound P extracted by CaCl2 presenting for 
the exchanged P and P in pore water had a moderate 
to strong positive correlation with Al, NAIP, and AP 
(r = 0.5 to 0.71, p < 0.05), but a strong negative cor-
relation with the OC and OC:TP ratio (r =  − 0.66 
to − 0.69, p < 0.05) (Table 3). The pore water P played 
an important role in the matter exchange and cycle 
between the water phase and the sediments, and it was 
found to be significantly positively correlated with 
the concentrations of AP and TP (Wang et al., 2008). 
However, we found no correlation between LP and TP 
in this study (Table 3). Similarly, significant intercor-
relations were found between released P forms such 
as LP vs AP and NAIP (r = 0.50–0.71, p < 0.05) and 
NAIP vs AP (r = 0.79, p < 0.05) (Table 3). This result 
is in line with Que Vo et al. (2014), who also found a 
relationship between different P fractions in the sedi-
ment of the Han River (Korea). Despite differences in 
land use patterns that vary by area, the correlations 
between P forms and sediment components suggest a 
high affinity between these sediment components.

The concentrations of LP, NAIP, and AP in sedi-
ments varied according to land use pattern. In general, 
the profiles of these released P forms were lower in the 
protected mangrove sediments (C3) than in the human 
settlement (C1) and aquaculture areas (C2) (Fig.  3). 
However, only AP concentrations in the human settle-
ment (C1) and aquaculture areas (C2) were found to 
be statistically significantly higher in sediments than 
in sediments from the protected mangrove site (C3) 
(p < 0.05).

Ecological risk and potential release assessment of P

Based on total concentrations

Ecological risk assessment of sediments based on 
the average concentrations of TP in the investigated 
sediments can be classified as level I (C3) to level II 
(C1 and C2). This result suggested that sediments in 
the protected mangrove forest had no toxic effects on 
aquatic organisms, whereas sediments in the human 
settlement and aquaculture area were slightly contami-
nated, but most benthic organisms were still viable. 

Table 2   Spearman correlation matrix between fine fraction (FF), OC, pH, OC:TP, and Fe:TP in the core sediments. Number of valid 
samples = 43

Note: *Correlation coefficient is significant with p value < 0.05; bold: very strong correlation (> 0.8); bold and italic: strong correla-
tion (between 0.6 and 0.8); italic: moderate correlation (between 0.4 and 0.6); and regular: weak correlation (< 0.4).

Ca Fe Mg OC P pH FF OC:TP Fe:P

Al  −0.29 0.18 0.73*  −0.21  −0.43* 0.56* 0.52* 0.13 0.60*
Ca 0.78*  −0.52* 0.30 0.70*  −0.57*  −0.65*  −0.35  −0.44*
Fe  −0.24 0.18 0.45*  −0.36  −0.52*  −0.28  −0.06
Mg  −0.19  −0.66* 0.69* 0.81* 0.29 0.54*
OC  −0.13  −0.48*  −0.38 0.66* 0.21
P  −0.47*  −0.53*  −0.77*  −0.84*
pH 0.68* 0.03 0.36
FF 0.11 0.29

Table 3   Spearman correlation matrix between fine fraction, pH, organic matter, elemental concentrations, and P fractions of the 
sediment. Number of valid samples = 15

Note: *Correlation coefficient is significant with p value < 0.05; bold: very strong correlation (> 0.8); bold and italic: strong correla-
tion (between 0.6 and 0.8); italic: moderate correlation (between 0.4 and 0.6); and regular: weak correlation (< 0.4).

NAIP AP Al Ca Fe Mg P pH OC FF Fe:P OC:TP

LP 0.71 0.50 0.71  −0.21 0.40 0.11 0.01 0.35  −0.66 0.31 0.34  −0.69
NAIP 0.79 0.47  −0.04 0.60  −0.23 0.39 0.03  −0.50  −0.09 0.23  −0.77
AP 0.29 0.38 0.73  −0.47 0.59  −0.21  −0.21  −0.48 0.20  −0.62
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This statement was supported by a significant increase 
in TP in the human settlement and aquaculture areas 
when compared to the protected area of the mangrove 
forest (p < 0.05).

Based on the single extractions

Although total P concentrations can provide informa-
tion on current pollution levels, they cannot predict 
potential P release under changing environmental 
conditions or assess the ecological risk associated 
with P mobilization in sediments. Based on the results 
of the single extractions, preliminary risk assessment 
and potential release of P from the sediments to the 
aquatic environment can be inferred.

The Risk Assessment Index (RI) of P in sediments 
ranged from 0.1 to 0.5 in this study (Fig. 5), and the risk 
levels were mostly in level I, with the exception of one 
sample at a depth of 15 cm classified as level II, indicat-
ing a slight risk (RI = 0.5). In other words, the major-
ity of the sediment samples collected in the protected 

mangrove forest and the human settlement as well as the 
aquaculture areas were at no risk of P pollution. These 
results are in line with Ye et al. (2019), who also reported 
a free risk of pollution of P based on bioavailability in 
river sediments, although it was classified from a slight 
to serious risk based on total concentration of P. The 
findings demonstrated that, in addition to total concen-
tration, mobility of P assessed by a single extraction was 
useful in providing an indication of risk during sediment 
suspension or under changing environmental condi-
tions. Furthermore, because not all forms of P are readily 
releasable, monitoring the health of aquatic ecosystems 
should not be based solely on total concentration.

To assess the potential release of P as an internal 
load from sediment to the water environment, TP is 
divided into inorganic P (IP) and organic P (OP). The 
IP was calculated by summing AP and NAIP, which 
is the amount of P that can be released when exter-
nal environmental conditions change. This is due to 
the fact that the NAIP is sensitive to changing redox 
conditions, while the AP may be released when the 
external pH decreases (Tran et al. 2020). The differ-
ence between TP and IP represents the OP, which is 
considered as a stable fraction and is only mobilized 
under the effect of microorganisms (Han et al., 2011).

The average IP in the core sediment was 386 mg/kg 
for C1, 190 mg/kg for C2, and 123 mg/kg for C3. This 
finding implies that the land use pattern in the Can Gio 
area had a significant impact on the concentration of IP 
in core sediments. Although it is difficult to estimate 
the effect of land use on IP contribution, we found that 
IP increased in human settlement and aquaculture areas, 
while the decomposition of acid phosphatase from 
plants and reactive oxygen species to the OP probably 
occurred in the sediment–water interface. This find-
ing is consistent with the findings of Ye et al. (2019), 
who also found that the accumulation of P in sediments 
is positively related to human activities. These results 
further illustrated that the sediment in the mangrove 
forest had a low potential for internal P loading from 
sediment; however, changes in land use practices may 
pose a risk of P release because human activities may 
increase the mobile forms of P in the sediments.

Conclusions

The main physicochemical characteristics of core sedi-
ments from three different land use types including 

Fig. 5   Vertical distribution of Risk Assessment Index (RI) in 
sediment cores of Can Gio area
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human settlement, aquaculture, and protected man-
grove forest areas in Can Gio, a coastal area of Ho 
Chi Minh City, southern Vietnam, were determined. 
On the basis of the results obtained in this work, sedi-
ments at Can Gio mangrove forest have a high con-
centration of fine fraction (63 ≤ µm), a high organic 
matter concentration, and an average level of Al and 
Fe. The carbonate component (as inferred by Ca and 
Mg concentration) and pH were both low. Phospho-
rus concentrations varied greatly, with significantly 
lower values observed in the mangrove biosphere 
reserve zone compared to the human settlement and 
aquaculture areas. In general, sediments found in the 
mangrove biosphere reserve zone varied less with 
depth in terms of Al, Ca, Fe, and P than those found 
in the sediments in the human settlement and aquacul-
ture areas. The average Fe:TP ratios in the core sedi-
ments of the human settlement and aquaculture areas 
were lower than those found in the protected mangrove 
forest significantly (p < 0.05). Within the 45-cm (or 
50-cm) sediment profiles, the rank orders of P frac-
tions were AP > NAIP > LP in the human settlement 
and aquaculture areas and NAIP > AP > LP in the man-
grove biosphere reserve area. The LP represented ≤ 4% 
of the sediment total P, while the NAIP ranged from 
10 to 31%. The apatite P showed considerable varia-
tion in the sediment total P loads, ranging from 4 to 
40%. Strong positive correlations were discovered 
between the OC:TP ratio and OC, but negative corre-
lations were found between the OC:TP ratio and dif-
ferent released forms of P such as LP, NAIP, and AP 
(p < 0.05), indicating that organic matter is the primary 
source of P in the sediments, but the majority of the 
P released was inorganic. There were positive corre-
lations between Fe and both NAIP and AP, as well as 
intercorrelations between P fractions (p < 0.05). The 
risk assessment revealed that there was low risk of P 
pollution or release from the core sediment in the Can 
Gio area. Anthropogenic activities, on the other hand, 
may increase the IP fractions, which are more released 
under anoxic or pH decrease conditions.
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