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ABSTRACT Nutrients are important compounds in waterbodies that regulate primary productivity and
phytoplankton growth, the basis of food webs. Increased nutrient concentration has become a serious
concern because it causes eutrophication and threatens the sustainability of ecosystems. Eutrophication is the process of nutrient enrichment in water bodies that affects their productivity and decreases
water quality. Although information about nutrient distribution, limiting nutrients, and nutrient budgets is important for coastal water management, studies of wide-scale nutrient dynamics in Indonesian
waters remain limited. To provide comprehensive data on nutrients, this review summarized the concentrations and compositions of nutrients in coastal waters, compared the limiting nutrients in various
coastal waters based on the Redfield ratio, and described the factors affecting nutrient budgets using
the database in ScienceDirect and Google Scholar. Curation was performed to summarize the nutrient dynamics in coastal waters. Results showed that nutrient concentration differed in each region
due to many factors. Anthropogenic inputs greatly affected nutrients in tropical areas, such as Jakarta
Bay (Indonesia). Understanding the quality and characteristics of water can help in managing waterbodies. This study provided knowledge related to nutrient dynamics in Indonesian waters and global
biogeochemistry.
© The Author(s) 2022. This article is distributed under a Creative Commons Attribution-ShareAlike 4.0 International license.

1. INTRODUCTION
Nutrients play a major role in supporting and preserving
marine environments. Primary productivity, biogeochemical processes, and food chains are regulated by dissolved
inorganic nutrients, such as dissolved inorganic nitrogen
(DIN), dissolved inorganic phosphorus (DIP), and dissolved
silicate (DSi). Nutrients can also be used as the main index
in assessing environmental quality (Wang et al. 2014; Dan
et al. 2019; Yang et al. 2020).
Nutrient availability is important in biomass accumulation in the marine environment, particularly in terms of
regulating phytoplankton growth. Thus, the temporal and
spatial distribution of nutrients can influence the ecological structure (Paytan and McLaughlin 2007; Niu et al. 2020).
The role of nutrients in biogeochemical processes can
be studied, for instance, during the reaction of each compound. Being less active than DIP, DIN can be easily eliminated via denitrification caused by a suboxic air interface
or sediment in oxygenated waters (Yang et al. 2020). Meanwhile, DIP easily reacts with metal oxyhydroxides and is absorbed by sediment and suspended matter; this process is
affected by pH and proceeds efficiently under high-oxygen
conditions. The majority of DIP in waters is influenced by
absorption or desorption from suspended particulate matter, precipitation or dissolution, biological utilization, and
organic matter remineralization. The presence of DIP ultimately limits the growth of phytoplankton in many marine waters (Dan et al. 2019; Zhang et al. 2019; Yang et al.
2020). Different from N and P that are systematically considered and measured as the main factors controlling euA journal of the ASEAN Committee on Science and Technology

trophication, silica has not been systematically calculated
(Glibert et al. 2008). DSi sources are diatom sedimentation
and weathering processes such as the interactions of rock
types, tectonic activities, and climate factors (Soetaert et al.
2006; Liu et al. 2009).
Nutrient dynamics in the ocean is seriously affected by
human activities; increasing anthropogenic stressors over
recent decades have changed the nutrient input and consequently altered the nutrient compositions and concentrations (Wei et al. 2015). Nutrient input to coastal oceans
comes from rivers, atmospheric deposition, organic matter
regeneration, and groundwater exchange with offshore waters (Liu et al. 2012; Jickells et al. 2014). In addition, human
activities in the form of agriculture, fisheries, waste treatment, and fossil fuel usage can lead to changes in nutrient
distribution (Liu et al. 2012; Niu et al. 2020). Nutrient input
creates changes in the biomolecule composition of phytoplankton, which reflects their different C, N, and P requirements for biosynthesis (Wei et al. 2015). The effects of high
nutrient concentrations include alteration of species diversity and food web structures, explosion of harmful algal
blooms, acidification of seawater, hypoxia, degradation of
water quality, and decrease in biodiversity (Howarth 2008;
Flynn 2008; Jickells et al. 2014; Dan et al. 2019; Yang et al.
2020).
Furthermore, eutrophication resulting from nutrient
over-enrichment can threaten the abundance and biodiversity of ecosystems (Bricker et al. 2008; Howarth 2008). Mineralization of organic matter releases nutrients that regenerate and use oxidized compounds, inducing dead zones
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(Cabral and Fonseca 2019). Given these various impacts, the
development of appropriate nutrient management strategies is extremely important (Conley et al. 2009).
Nutrient dynamics can be studied by assessing nutrient
stoichiometry (i.e., molar ratio). For instance, nutrient molar ratios can be used to describe alterations in phytoplankton community assemblage, phytoplankton dynamics, potential nutrient limitations (Jin et al. 2013; Chen et al. 2019),
nutrient regeneration, and transportation mechanisms in
seawater (Jin et al. 2013). The stoichiometric ratio of N and
P also shows the variability of phytoplankton species (Yuan
et al. 2018; Zhang et al. 2019). The increasing ratio of C to
N or P in phytoplankton indicates that N and P are the limiting nutrients. The C:N:P ratio varies within compounds
depending on the requirements for biomolecule formation
(Grosse et al. 2017). Phytoplankton composition varies in
response to nutrient concentration and structure. Structure differences in nutrients lead to their varying functions
in phytoplankton growth. For instance, phytoplankton N is
an important element in light-sensitive pigments, such as
chlorophyll (Niu et al. 2020).
Understanding biogeochemical processes including
the source, distribution, and composition of nutrients is important to environmental protection and evolution studies
(Flynn 2008; Yang et al. 2020). However, the biogeochemical cycle of nutrients in Indonesian waters, which serves as
the main element affecting primary productivity, has not
been systematically studied. Information on the distribution of dissolved nutrients, limiting nutrients, and nutrient budgets in the country’s coastal waters remains lacking.
This review aims to summarize the concentration and composition of nutrients in some coastal waters, compare the
limiting nutrients based on Redfield ratios in coastal waters,
and describe the factors affecting nutrient budgets. Literature study was conducted by searching with keywords “nutrient concentration,” ”distribution of nutrients,” “nutrient
budget,” “coastal waters,” “eutrophication status,” “eutrophication assessment,” and “TRIX index” in ScienceDirect and
Google Scholar databases. A total of 207 results were filtered, and 76 papers were reviewed. The reviewed documents were selected mainly based on relevance (i.e., the locus on Indonesian waters and surrounding area that may
be correlated to the waters and coastal nutrient dynamics).
This study could provide significant knowledge relating to
nutrient dynamics in Indonesian waters and may also be
widely applicable to global biogeochemistry.

2. NUTRIENT CONCENTRATION AND COMPOSITION
Nutrient concentrations vary depending on season and
time and are influenced mainly by hydrological and biochemical reactions (Costa et al. 2009). However, the spatial distribution of nutrients can be affected by several factors, such as inputs from land, variations in river flows,
atmospheric deposition, precipitation, phytoplankton reproduction, and organic matter decomposition (Wei et al.
2015; Yang et al. 2020). In recent decades, nitrogen and
phosphate concentrations have increased, whereas silica
concentration has decreased. The shifting composition of
these nutrients can impact ecological changes (Su et al.
2005).
The effect of human activity (sediment–water regulation events) on the increase in nutrient concentration was
observed in Huanghe Estuary in 2008–2009. Study results
showed that DIN concentrations increased by 2–4 times
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during sediment–water regulation events and phosphates
and silicates increased by 2–2.6 times. The water in the estuary was rich in nitrates and silicates but scarce in phosphates (Liu et al. 2012). A similar pattern was found in
Changjiang Estuary, which had high DIN and silicate concentrations and low phosphate concentration. Agricultural
activities and domestic waste were the causes of the high
nutrient concentrations, and phosphate adsorption by particulate matter was the cause of low phosphate concentration (Liu et al. 2016; Ding et al. 2019).
Nutrient concentrations in the Yellow Sea have risen
in recent decades. NO3 - , PO4 3- , and SiO3 2- concentrations in 2009 were 5.91 ± 2.39, 0.45 ± 0.15, and 10.6 ±
3.73 µmol/L, respectively. Around 57%–76% of DIN and
46%–68% of PO4 3- were used by growing phytoplankton
(Jin et al. 2013). According to long-term data, the nitrate
and DIN concentrations in the southern Yellow Sea continued to increase in 1985–2006. Between 1997–1999 and
2006–2007, the DIN concentration at the estuary surface
increased by 1.53 µmol/L. By contrast, in 1992–1998, the
phosphate concentrations decreased and then increased in
2000–2004; meanwhile, silicate showed a downward trend
in 1976–1992 but an upward trend in 1994–2004 (Wei et al.
2015). In the north Yellow Sea, the DIN, DIP, and DSi concentrations in water surface during 2016–2017 were 3.08–
11.52, 0.24–0.67, and 0.71–6.82 μmol/L, respectively. The
composition of DIN was 58% NO3 - , 38% NO2 - , and 4% NH4 +
(Yang et al. 2020).
In Jiaozhou Bay, the mean concentration of DIN in surface waters during 2015–2016 was 15.98 μM, which comprised 50% NO3 -N and 45% NH4 -N. These values differ
from those before 2001, in which NH4 + was the main
element of DIN. The increase in NO3 - concentration in
Jiaozhou Bay is related to the controlling effect on ammonia
concentration in the water. The high value of nitrate flux
and total nitrate input causes the alteration of NH4 + to NO3 (Li et al. 2018; Yuan et al. 2018). DIN has a negative correlation with salinity but a positive correlation with PO4 3− and
SiO3 2- , indicating that this nutrient involves similar cyclic
processes such as assimilation and remineralization. The
PO4 3− concentration in this period was similar to that in
2012–2013 but 50% lower than that in 2002–2003. However, SiO3 2- concentration was lower than in 2012–2013 but
higher than that in 2002–2003. This finding indicated a stable trend in the preceding decade (Lu et al. 2016; Yuan et al.
2018).
The DIN and DIP concentrations in surface Hainan
Island waters during 2017 were 7.60 ± 10.71 and 0.24 ±
0.31 μmol/L, respectively. DIN consisted of 46.0% NO3 N, 40.1% NH4 -N, and 13.9% NO2 -N (Zhang et al. 2020). In
the Pearl River Estuary, the DIN and DIP concentrations increased significantly during 1986–2017. The average DIN
and DIP concentrations in 2015–2016 were 1.33 and 0.032
mg/L, respectively (Niu et al. 2020). In the northern area of
the East China Sea, the NO3 − and PO4 3− concentrations in
2003–2005 were between 2.6–12.4 and 0.17–0.61 μmol/kg,
respectively. This location had high nutrient levels because
of nutrient supply from vertical mixing (Kim et al. 2006).
In November 2014, Rao et al. (2017) measured the levels of dissolved nutrients in the southeastern Arabian Sea
by dividing the research location into south and north regions. The mean DIN, NH4 + , and NO3 − concentrations were
2.74, 1.19, and 1.64 μM in the south region, respectively, and
3.36, 1.59, and 1.27 μM in the northern region, respectively.
NO3 − had higher concentrations than NH4 + and NO2 − . The
Meirinawati and Wahyudi

DIP concentrations in the southeastern Arabian Sea ranged
0.05–0.68 μM with a mean of 0.28 μM, and the DSI concentrations ranged 1.65–9.95 μM with a mean of 4.41 μM.
In another study, the average concentrations of phosphate, DIN, and silicate measured in Tambelan and Serasan
waters (Natuna District, Indonesia) were 0.06, 2.07, and
3.66 μM, respectively (Prayitno and Suherman 2012). These
concentrations are within the appropriate range for phytoplankton growth. The results also showed that silicate
concentration is related to N/P ratio, that is, the former is
low when the latter reaches 16 (the Redfield ratio). At this
level, the researchers estimated that diatoms effectively
consume silicates, thereby leading to a decrease in silicate
concentration (Prayitno and Suherman 2012).
Nitrate concentrations in Jakarta Bay (Jakarta, Indonesia) in December 2015 ranged between <0.214 and 27.77
μmol/L (Putri et al. 2017). After the mass mortality of fish,
the ammonia concentrations in the same study locations
ranged between 13.64 and 138.8 μmol/L. The phosphate
concentrations ranged from 26.18 μmol/L to 53.37 μmol/L,
and high phosphate levels were observed in marine waters
from all the research locations. Excessive nutrient intake is
also one of the causes of fish mortality in Jakarta Bay. Frequent heavy rains carry large amounts of organic waste to
the sea and contribute to 75% of water pollution in Jakarta
Bay. The high ammonia levels in the waters of Jakarta Bay
indicated that this location is highly polluted and unsuitable for aquatic organisms (Putri et al. 2017). The input
from the river is the main contributor for eutrophication
in Jakarta Bay (Damar et al. 2019).
In Weda Bay (North Maluku, Indonesia), low nutrient concentrations were reported as follows: 0.03–4.87
μmol/L for nitrate, 0.011–0.852 μmol/L for phosphate, and
0.04–1.21 μmol/L for silicate. According to the data on vertical nutrient distribution, nutrient concentration was low
in the surface seawater layer and increased with the water
depth. From the thermocline layer to the deep layer, nitrate concentration tended to increase due to scavenging
at a depth of 500 m to 1500 m (Hamzah et al. 2015).
In Hurun Bay (Lampung, Indonesia), Santoso (2006) reported the following nutrient concentrations: a range of
0.313–1.708 μM with mean of 0.807 μM for ammonia, a
range of 0.017–0.453 μM with mean of 0.107 μM for nitrite,
a range of 0.079–0.558 μM with mean of 0.350 μM for nitrate, and a range of 0.070–0.185 μM with mean of 0.117
μM for phosphate. Meanwhile, Ikhsani et al. (2016) investigated the nutrients in the inner Ambon Bay (Maluku, Indonesia) during northwest and southeast monsoons. During the northwest monsoon, the phosphate and nitrate concentrations ranged 0.0471–0.0549 mg/L and undetected
to 0.0976 mg/L, respectively. During the southeast monsoon, the phosphate concentration ranged between 0.0495
and 0.0676 mg/L, and the nitrate concentration ranged between 0.0247 and 0.4019 mg/L (Ikhsani et al. 2016).
Meirinawati and Muchtar (2017) reported nutrient concentration in the waters of Bintan Island (Riau Islands
Province, Indonesia) and Selayar Island (South Sulawesi, Indonesia). In Bintan Island waters, the concentrations of nitrate in April and August were 0.051 and 0.026 mg/L, respectively, those of phosphate were 0.005 and 0.016 mg/L,
respectively, and those of silicate were 0.266 and 0.057
mg/L, respectively. In Selayar Island, the nitrate, phosphate, and silicate concentrations were 0.080, 0.014, and
0.441 mg/L in May, respectively, and 0.033, 0.005, and 0.188
mg/L in August, respectively (Meirinawati and Afdal 2019).
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Table 1 is a summary of studies on nutritional dynamics in
coastal areas from tropics to subtropics.

2.1 Eutrophication status based on nutrient concentration
Many seawater quality standards have been proposed. For
instance, Bricker et al. (1999) categorized seawater quality
based on DIN and DIP concentrations as follows: high (DIN
≥ 1 mg/L and DIP ≥ 0.1 mg/L), medium (DIN < 1 mg/L; ≥0.1
mg/L and DIP < 0.1 mg/L; ≥0.01 mg/L), and low (DIN < 0.1
mg/L and DIP < 0.01 mg/L). The ASEAN established the following seawater quality standards for aquatic life: 70 μg/L
for ammonia, 60 μg/L for nitrate, 55 μg/L for nitrite, and
15 μg/L and 45 μg/L for phosphate in coastal and estuarine
areas, respectively (ASEAN Working Group on Coastal Marine Environment 2008). In another report about coastal
waters in southern Caribbean, the water quality was monitored with the thresholds for DIN = 1 μmol/L and PO4 3- =
0.1 μmol/L (Slijkerman et al. 2014).
DIN and DIP could be used to evaluate potential eutrophication in the coastal area (Table 2) (Weidong et al.
1998). The values in Table 2 were obtained from the assessment model developed by Weidong et al. (1998) to determine the eutrophication status of the Xiamen Sea and
coastal waters in China. No global standard exists for eutrophication assessment. In the USA, the Assessment of
Estuarine Trophic Status was developed and has been applied in European estuaries. The data were collected from
a series survey conducted by NOAA (Bricker et al. 2003).
USEPA proposed the method National Coastal Assessment
Water Quality Index (United States Environmental Protection Agency 2004). However, no standard has been proposed for tropical areas. For instance, in Indonesia, the
Indonesian Government regulation (PP No. 2 tahun 2021)
is the only stated seawater quality standard. For marine
biota, the standard values of total ammonia, phosphate, and
nitrate are 0.3, 0.015, and 0.06 mg/L, respectively (Pemerintah Republik Indonesia 2021). Hence, the nutrient level in
Table 2 can be used as criteria for eutrophication status in
tropical areas (e.g., Indonesia) (Baohong et al. 2016).
Using Table 2, we can classify the nutrient levels in
various coastal waters. Waters around the Yangma Island, Cross River Estuary, southern Yellow Sea, Yellow Sea,
coastal waters of Madura Strait, Pagametan Bay, and Tambelan and Serasan waters were classified as grade I oligotrophic level. Tagus estuary was grade III eutrophication level. The coastal zone area (North Sea) was grade V,
with moderate phosphate limiting potential eutrophication.
Jiaozhou Bay, Huanghe (Yellow River) Estuary, Changjiang
Estuary, and Jakarta Bay were grade VI with phosphate limiting potential eutrophication.
In addition to DIN and DIP used for eutrophication assessment, DON, DOP, Si, and Chl a are employed for seawater status classification. Lu et al. (2021) used principal component analysis to evaluate the eutrophication status in
Maowei Sea and reported that nitrate and dissolved organic
nitrogen were the most influential factors for eutrophication.

3. TROPHIC INDEX
Vollenweider et al. (1998) developed a trophic index (TRIX)
to characterize the trophic status of coastal ecosystems
and suggested its use as an indicator of eutrophication.
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TABLE 1. Variation of nutrient concentration (μmol/L) and DIN/DIP ratios in some coastal areas.
DIN
Zone

Location

Sampling
time

Range

Bacanga
River Estuary
Coastal
waters in
Hainan
Island

2017

1.07–
56.64

Range

7.60±10.71

DSi
Mean

Range

DIP/DIN
Mean

Range

26.53
0.00–
2.71

0.24±0.31

1.84±0.72

0.29±0.07

7–702

14.26±1.73

Mean

Reference

1.21

Sá et al.
(2021)

65±81

Zhang et al.
(2020)

6.34

Dan et al.
(2019)

Jakarta Bay
(annuals)

2001

20.8

5.1

46.8

Damar et al.
(2019)

Jakarta Bay
(annuals)

2007

18.1

4.2

48.3

Damar et al.
(2019)

Jakarta Bay
(annuals)

2013

10.9

5.4

45.2

Damar et al.
(2019)

Pagametan
Bay

Aug
2014

1.42–
17.14

7.85

0–0.97

0.65

12.08

Tammi et al.
(2015)

Lampung
Bay

14.3

2.3

39.3

6.22

Damar et al.
(2012)

Semangka
Bay

3.5

0.4

28.4

8.75

Damar et al.
(2012)

40.04

Prayitno and
Suherman
(2012)

Tambelan
and Serasan
waters

Nov
2010

Jakarta Bay

Feb
2007

0.78–
11.6

Coastal
waters of
Madura
Strait

2.07

0.02–
0.13

0.06

2.03–
4.8

3.66

11.2–
133.7

41.46

0.21

7.82

197

Nugrahadi
et al. (2010)

0.3

0.1

55.4

30

Jennerjahn
et al. (2004)

18.7

Rodrigues
et al. (2020)

16.4±12.9

Yang et al.
(2020)

Tagus
Estuary

2018

7.3–63.2

31.1

0.5–2.9

1.66

4.5–
89.2

38.1

Coastal
waters of the
northern
Shandong
Peninsula

Mar
2016–
Nov
2017

0.61–
20.77

7.07 ±
3.94

0.01–
2.67

0.43±0.27

0.15–
23.22

3.88±2.96

Jiaozhou Bay

2015–
2016

16±13.8

0.27±0.2

5.48±3.81

76

Yuan et al.
(2018)

Coastal zone
area (North
Sea)

Mar
2013

38.47

0.71

16.6

54

Grosse et al.
(2017)

Southern
Yellow Sea

2006–
2007

5.76

0.25

6

23.7

Wei et al.
(2015)

14.5±1.4

Jin et al.
(2013)

Subtropical Yellow Sea

Jun
2009

0.48–
18.4

2.4

nd–0.13

0.03

0.87–
16.6

4.37

0.89–
81.6

4.5–19.2

Huanghe
(Yellow River)
estuary

2008–
2009

307

0.45

114

682

Liu et al.
(2012)

Ebro estuary

1999–
2000

15.2

0.11

1.4

138

Falco et al.
(2010)

66.18

0.68

93

97

Liu et al.
(2009)

213

Flynn (2008)

461

Su et al.
(2005)

Changjiang
estuary

26

Mean
32.23

Cross River
Estuary

Tropical

DIP

Mullica
River–Great
Bay
estuarine
system

1991–
2003

32

0.15

Jiaozhou Bay

Aug
2001

46.1

0.1 ± 0.1

1.4 ± 1
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TABLE 2. Nutrient level criteria for eutrophication.
Grade

Nutrient level

DIN
(μmol/L)

DIP
(μmol/L)

DIN/DIP

I

Oligotrophic level

<14.28

<0.97

8–30

II

Medium-level
nutrient

14.28–
21.41

0.97–1.45

8–30

III

Eutrophication

>21.41

>1.45

8–30

IVp

Medium-level
nutrient,
Phosphate
limiting

14.28–
21.41

>30

Vp

Phosphate
medium limiting
potential
eutrophication

>21.41

30–60

VIp

Phosphate
limiting potential
eutrophication

>21.41

>60

IVN

Medium-level
nutrient,
Nitrogen limiting

0.97–1.45

<8

VN

Nitrogen medium
limiting potential
eutrophication

>1.45

4–8

VIN

Nitrogen limiting
potential
eutrophication

>1.45

<4

FIGURE 1. Nutrient assessment in several locations in Indonesia using
TRIX as indicator.

TABLE 3. Classification of trophic status based on TRIX value according to
Vollenweider et al. (1998)
Grade

TRIX
value

Trophic status

Condition

I

0-4

Oligotrophic

Low primary productivity

II

4–5

Mesotrophic

Intermediate primary
productivity

III

5–6

Mesotrophic to eutrophic

Intermediate to high
primary productivity

IV

6–10

Eutrophic

High primary productivity

Trophic status is dependent on the amount of organic material that is present in the water (Bricker et al. 2008).
TRIX has been tested under oligotrophic to eutrophic
conditions (Yang et al. 2020). This index uses four variables
that affect eutrophication and is calculated using the following formula (Vollenweider et al. 1998; Primpas and Karydis 2011):
TRIX =

log10 ( DI N × DIP × Chla × D%O2 )
1.2

(1)

where DIN, DIP, and Chla are in μg/L units, and D%O2
indicates the percent deviation of oxygen concentration
from saturation. The numbers 1.5 and 1.2 are scale coefficients used to settle the lower limit of the index and
set the scale range from 0 to 10 (Giovanardi and Vollenweider 2004). The index ranges from 0 to 10 across the
following four trophic categories (Table 3): oligotrophic,
mesotrophic, mesotrophic to eutrophic, and eutrophic.
This range is based on monitoring research in Italian coast
and the trophic condition of the NW Adriatic Sea and Northern Tyrrhenian Sea. Values higher than 6 are considered as
high primary productivity (Vollenweider et al. 1998).
Some nutrient assessment studies in Indonesia used
TRIX as a characterization tool (Table 4; Figure 1). In
ASEAN J SCI TECHNOL DEV 39(1): 23–33

Kendari Bay (southeast Sulawesi), the TRIX index was 5.12,
indicating that the status of the bay was mesotrophic to
eutrophic (Irawati 2014). Therefore, the bay required attention because its condition was close to the eutrophic range;
with further input of nutrients, its status would reach the
high nutrient level (Irawati 2014). In 2016, Kendari Bay was
classified as oligotrophic with TRIX below 4. This finding
indicated that the condition of the waters in the bay decreased from mesotrophic to oligotrophic (Asriyana and
Irawati 2019). Similarly, Bungkutoko Island waters had TRIX
value <4 and thus were categorized as oligotrophic (Linus
et al. 2017). In Segara Anakan Lagoon, the recent trophic
status was eutrophic with TRIX in the range of 6.1 < TRIX ≤
10. Therefore, these waters can be classified as extremely
productive with occasional anoxic conditions (Dewi et al.
2020). Pegametan Bay, Bali was divided into K1 for the
region of the bay coast and K2 for the middle and the
end of the bay. TRIX significantly differed between these
locations with 4.97±0.92 for K1 and 5.51±0.90 for K2. In
terms of trophic status, K1 was mesotrophic, and K2 was
mesotrophic to eutrophic. K2 had higher TRIX than K1 because the former is a cluster consisting of the middle area
and end of the bay and the latter is the inlet to the bay and
is the only area containing seaweed cultivation activities
(Tammi et al. 2015). In the Bay of Penaga Village, Bintan
Island, TRIX was 4.75 at low tide and 5.69 at high tide, indicating that these waters are moderate (mesotrophic) at
low tide and mesotrophic to eutrophic at high tide (Sitorus
et al. 2020). The waters of Ranooha Raya Village, located in
southeast Sulawesi, had TRIX ranging from 1.286 to 1.311 and
therefore can be classified as oligotrophic (Sulasri 2021). In
Jakarta Bay, Damar et al. (2020) reported an increase in eutrophic area and a decrease in mesotrophic area from 2001
to 2019. The eutrophic area is found in the coastal zone and
the center of the bay (Prismayanti et al. 2019).
Suteja et al. (2021) recently updated the trophic status
of Benoa Bay and reported a TRIX of 4.9, thus classifying
the location as mesotrophic.

4. NUTRIENT RATIOS
The nutrient ratio, also known as the Redfield ratio (N:P:Si
= 16:1:1), indicates the stoichiometric nutrient requirements
for phytoplankton growth in seawater (Redfield et al. 1963;
Egge and Aksnes 1992). This value is calculated from nutrient availability in waters and is used to decide nutrient limitations. The availability of nutrients controls the growth
27

TABLE 4. TRIX values in coastal areas
TRIX
Location

Sampling Range
time

Mean

Reference

Coastal
waters
of the northern
Shandong Peninsula

Mar.
2016–
Nov.
2017

4.57

Yang et al.
(2020)

Ribeirão Lagoon

2010–
2012

6.3±1.0

Cabral and
Fonseca
(2019)

Tagus Estuary

2018

5–6

Kendari Bay

2012

5.6–7.1

5.12

Irawati (2014)

Segara Anakan Lagoon

2019

0.7–9.3

6.7

Dewi et al.
(2020)

Pagametan Bay

2014

4.97–
5.51

5.24

Tammi et al.
(2015)

Bintan Bay

2019

4.75–
5.69

5.22

Sitorus et al.
(2020)

Is-

2016

1.25–
1.28

1.26

Linus et al.
(2017)

RaRaya

2020

1.287–
1.307

1.29

Sulasri (2021)

Benoa Bay

2017

2.7–9.2

4.89

Suteja et al.
(2021)

Jakarta Bay

2017

4–8

>6

Prismayanti
et al. (2019)

Bungkutoko
land Waters
Waters
nooha
Village

of

2.64–
6.28

Rodrigues
et al. (2020)

and composition of the phytoplankton community(Yunev
et al. 2007; Wang et al. 2014; Yuan et al. 2018). The nutrient
limiting the phytoplankton growth in marine waters is usually DIP but can also be DIN or DSi in some locations (Yuan
et al. 2018). Justić et al. (1995) proposed that the limiting
nutrient is N at N:P <10 and N:Si <1, silicate at N:Si >1 and
P:Si >3, and phosphate at N:P >20–30 and Si:P >20–30.
Yang et al. (2020) determined that the minimum values
of DIN, DIP, and DSi at 1, 0.1, and 2 μmol/L, respectively,
are required for phytoplankton growth. In places with high
N and P concentrations and low Si concentration, such as
in Tamsui estuary (Taiwan), a nitrogen range of 19–83.8 μM,
and Si:N < 1 (Wu and Chou 2003), the composition of phytoplankton communities will change and result in limited diatoms. Diatoms prefer to grow in the presence of abundant
DSi; when DSi is low, diatoms are replaced by dinoflagellates. This situation can also result from P deficiency (Conley et al. 2008). Thus, DSi regulates the composition of phytoplankton (Egge and Aksnes 1992).
High DIN/DIP was reported in Hainan Island water
where N concentration was high and P concentration was
low, indicating P limitation. The range of DIN/DIP ratio
was 7–702 with an average of 65 (Zhang et al. 2019). This
environment might influence primary production and phytoplankton distribution in the waters of Hainan Island. Human activities and exchange capacity are important causes
of excessive nutrient levels (Zhang et al. 2020).
The molar N/P ratio (DIN/PO4 ) increased in most Pearl
River Estuary locations because of the increasing DIN and
PO4 concentrations, indicating that PO4 was the limiting
nutrient; as a result, the phytoplankton composition was altered (Niu et al. 2020). In Jiaozhou Bay, the DIP concentration decreased, and the mean DIN/PO4 3− ratio increased
with PO4 3− as the limiting nutrient (Yuan et al. 2018). Be28

fore 2015, PO4 3− concentration was low, and the limiting
nutrient was silicon (Liu et al. 2009; Yuan et al. 2018).
In the central Yellow Sea, the average ratio of DIN/DIP
was 14.5±1.4 (Jin et al. 2013). This number is close to the
Redfield ratio, indicating that the DIN/DIP ratio was suitable for phytoplankton growth. However, when the season
changed and blooms occurred, the DIN/DIP ratios in the
euphotic zone (upper 30 m) were lower than the Redfield
ratio, indicating nitrogen limitation. The rapid rate of phosphate regeneration increased the phosphate concentration
compared with the nitrogen concentration (Jin et al. 2013).
In Changjiang, high ratio values of DIN/DIP and
DSi/DIP were reported in the ranges of 66 to 167 and 45 to
122, respectively, and low Si/DIN was observed in the range
of 0.5 to 0.9 (Liu et al. 2016). In 1980–2000, DIN ratios to
other nutrients were significantly enhanced due to human
activities (Liu et al. 2016; Ding et al. 2019). DIN/DIP ratios
in the Changjiang River Estuary increased significantly but
showed variations in the 2000s (Yuan et al. 2018). In the
Pearl River Estuary, the limiting nutrient was nitrogen, and
the DIN/Si ratio was low and decreased when salinity increased (Lui and Chen 2011). Meanwhile, in the Huanghe Estuary, the limiting nutrient was phosphorus (Liu et al. 2012).
The DIN/PO4 3− ratio in China waters showed an increasing trend. For example, in 1995–2013, the average
DIN/PO4 3− ratios in the Bohai Bay varied from 28 to 111
(Qiao et al. 2017). From 1997–1999 to 2006–2007, this ratio
in the southern Yellow Sea increased from 20.7 to 23.7 and
reached 97.7 as a maximum value in 2012. The N/P ratio increased gradually from the 1980s and reached 416 in 2015
(Wei et al. 2015). Huanghe waters exhibited seasonal variations with high DIN/PO4 3- ratios varying from 439 to 818
and high Si/PO4 3- ratios varying from 167 to 343. This nutrient enrichment was caused by events that changed water
movements and nutrient flux (Liu et al. 2012).
Nitrate was reported as a limiting nutrient in the East
China Sea. N:P ratios showed a high correlation with nitrate concentration but a low correlation with phosphate
concentration (Kim et al. 2006). The N:P ratio in the area
was lower than 16 (the Redfield ratio), indicating that the
environment was subject to N deficiency (Kim et al. 2006).
The Si/DIN ratios in the Yellow Sea in all seasons were
>1, indicating that Si was more abundant than DIN. The high
silicate concentration is related to the acidification in the
Changjiang river that enhanced weathering processes (Wei
et al. 2015). As a result, diatoms became the prominent
species in the phytoplankton community. When the concentration of DSi decreased, the ratio of diatoms in phytoplankton cells increased (Jin et al. 2013). In the Changjiang
River Estuary, the mean SiO3 2- /DIN ratio was also reduced
by 52% from 2.7 in 2002 to 1.3 in 2006. The limiting nutrient in this area changed from SiO3 2- to DIP. In Changjiang,
the Si/DIN ratio ranged from 0.5 to 0.9 (Liu et al. 2016)
as reflected by the increased DIN/DIP ratio and the fixed
SiO3 2- /DIN ratio (Yuan et al. 2018). A different situation occurred in the south Yellow Sea, in which the SiO3 2- /DIN
ratio was preserved at close to 1. The decreased Si/N and
Si/P ratios implied that Si was the limiting nutrient (Wei
et al. 2015).
In the southeastern Arabian Sea, the N/P ratio ranged
from 3.1 to 58 with an average of 18.94 (Rao et al. 2017). The
N/P ratios in the south and north regions were 12.2 and
18.7, respectively. The N/P ratio in the south region was
lower than in the north, indicating that phosphate was the
limiting factor (Rao et al. 2017).
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The N/P ratio in Tambelan and Serasan Islands waters ranged from 11.2 to 133.7 (Prayitno and Suherman 2012).
Hamzah et al. (2015) found that the N/P and N/Si ratios in
Weda Bay range were 3.83–37.99 and 0.12–10.98 with an average N/P ratio of 14.3, and nitrate predominated in these
waters.

5. NUTRIENT BUDGET CALCULATION
Nutrient budgets are used to describe nutrient movement
in estuary and coastal ecosystems by measuring nutrient
input and output (Flynn 2008; Lui and Chen 2011; Dan et al.
2019). Gordon Jr. et al. (1996) proposed a biogeochemical
mass–balance box model named land–Ocean Interactions
in the coastal zone (LOICZ) to calculate nutrient budgets.
LOICZ develops water and dissolved nutrient budgets for
coastal waters and defines the biogeochemical processes
and nutrient pathways (Gordon Jr. et al. 1996; Flynn 2008;
Liu et al. 2009). For the implementation of this model, the
framework must be in a steady state and considered a single well-mixed box. Analyzing nutrient budgets to understand how the nutrient cycle impacts the ecosystem is important for coastal area management (Flynn 2008; Swaney
et al. 2011).
Many studies were carried out on nutrient budgets in
China’s coastal waters. For example, Ding et al. (2021) reported a nutrient budget in the Bohai Sea and stated that
the nutrient budget depends on the season. The highest
nutrient budgets were found in the winter season with DIN,
DIP, and DSi allocations of 15.7, 0.6, and 17.1 mmol m−2 d−1 ,
respectively. The lowest nutrient budgets were found in
the summer season with DIN, DIP, and DSi allocations of 8.7,
0.2, and 12.5 mmol m−2 d−1 , respectively. In another study
on the nutrient budgets in Shandong Peninsula waters, the
input was determined to originate from five sources: terrestrial sources, atmospheric deposition, inputs from the
Bohai Sea and south Yellow Sea to study area, excretion,
and input of sediment. Outputs were obtained from evaporation, sedimentation, and output from the study area to
the Bohai and south Yellow Seas (Yang et al. 2020). The net
budget of water and dissolved nutrients in Shandong Peninsula waters was quantified as follows:
QT + QA − QE + Qin − Qout + ∆Q = 0

(2)

QT × CT (i ) + QA × CA(i )+
Qin × Cin(i ) − Qout × Cout(i ) + ∆M(i ) = 0

(3)

where Q denotes the mass of water from inputs (+) (T =
terrestrial, A = atmospheric, in = input from the Bohai Sea
and the South Yellow Sea) and outflows (−) (E = evaporation, out = output to the Bohai Sea and south Yellow Sea; Q
is water budget; ∆M is nutrient budget; C is nutrient concentration; (i) is a specific nutrient (DIN, DIP or DSi). The
net budgets for DIN, DIP, and DSi were 136.7 × 103 , 7.3 × 103
and 485.5 × 103 mol/km2 yr, respectively (Yang et al. 2020).
Shandong Peninsula is one of the fastest developing areas
in Southeast Asia (i.e., Jakarta and Manila). Therefore, the
factors influencing the nutrient budgets in this area must
be identified.
In Jiaozhou Bay, the annual nutrient budgets of NO3 - ,
NH4 + , PO4 3- , and SiO3 2- were 81.6 × 106 , 13.2 × 106 , 2.45 ×
106 , and 29.9 × 106 mol/year, respectively (Yuan et al. 2018).
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The inputs were from flux wet and dry deposition, rivers,
wastewater, and submarine fresh groundwater discharge.
Outputs were from residual flow and mixing flow. According to nutrient budgets, riverine inputs were the main
sources of NH4 + and DIP, wastewater was the main source
of NO3 - , and Si was notably derived from submarine fresh
groundwater discharge (Yuan et al. 2018).
In Cross River Estuary, dissolved nutrient budgets were
calculated as the total of the residual flow (VR CR ) of three
river estuaries. DIP was 137 × 103 mol/day, DIN was 7,189 ×
103 mol/day, and DSi was 108,068 × 103 mol/day (Dan et al.
2019). In Ebro estuary, the nutrient budgets for DIN, DIP,
and DSi were 422.3, 22.4, and 102 tons/year, respectively
(Falco et al. 2010).
Nutrient fluxes (∆Y) can be calculated based on water
budgets and nutrient concentrations:
∆Y = Σout f lux − Σin f lux

= VR CR + VX CX − VQ CQ − VP CP

(4)

where CR = residual flow boundary
Csystem + Cocean
2

(5)

CX = Csystem − Cocean

(6)

CR =
CX = mixing flow

CQ and CP indicate concentration in river runoff and
precipitation. ∆Y (-) indicates that the system is a sink,
and ∆Y (+) shows that the system is a source. Liu et al.
(2009) reported that most of the estuaries in China are NO3 sources.
In Jakarta Bay, the DIP loads measured by river runoff
acted as sinks at −12.09 × 103 mol/day in the dry season
and −150 × 103 mol/day in the rainy season (Nugrahadi
et al. 2010). DIN budget involves residual outflow and mixing. Residual outflow removed about 34.41 × 103 mol/day
in the dry season and 416.37 × 103 mol/day DIN in the
rainy season. Mixing added 1044 × 103 mol/day and removed 4006 × 103 mol/day of DIN in the dry and rainy seasons, respectively (Nugrahadi et al. 2010). Jakarta Bay acted
as a sink for 176 × 103 and 7237 × 103 mol/day of DIN in
the dry and rainy seasons, respectively. DSi budget involves river input, residual outflow, and mixing. Riverine
supplies of silicate were about 1464 × 103 and 1667 × 103
mol/day in the dry and rainy seasons, respectively. Residual outflow removed 27.04 mol/day of DSi in the dry season and 94.64 × 103 mol/day in the rainy season, respectively. Meanwhile, mixing removed 47 × 103 mol/day in
the dry season and 438 × 103 mol/day in the rainy season
(Nugrahadi et al. 2010). The DSi budgets were 1537 × 103
and 2199 × 103 mol/day in the dry and rainy seasons, respectively (Nugrahadi et al. 2010). Overall, the budgeting
approach showed that nutrients are subjected to seasonal
variability in Jakarta Bay. The temporal variability of nutrient budgets is acquired from the inputs and exchanges of
nutrients (Nugrahadi et al. 2010).
As shown in Figure 2, the nutrient budgets in the subtropical zone (Bohai Sea) were lower than those in the tropical zone (Jakarta Bay). Biological processes mainly determine the nutrient budgets in the Bohai Sea. In summer, the
nutrient budgets were the lowest because of the highest
nutrient uptake by phytoplankton. In addition, the nutri29

(a)

(b)

FIGURE 2. Nutrient budgets in (a) Subtropical Zone, Bohai Sea (b) Tropical Zone, Jakarta Bay.

ent input from the river was lower than the nutrient loss
used by phytoplankton (Ding et al. 2021). The nutrient budgets in Jakarta Bay were high because of riverine input. Anthropogenic activities mainly influence Jakarta Bay; hence,
during the rainy season, the nutrient from the land will be
transported to the bay through the river (Nugrahadi et al.
2010). The difference between the two regions was that the
nutrient budgets in Bohai Sea involved biological and benthic processes. Meanwhile, in Jakarta Bay, the dominant
factor influencing the nutrient budget was riverine input.
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