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ABSTRACT

The Pemali River estuary in Brebes is a mangrove rehabilitation area. Mangrove cover has increased
significantly over the past two decades. However, it still faces anthropogenic pressures that may affect
carbon storage and physiological responses. This study aimed to evaluate the mangrove carbon stock
distribution by stand age and examined its relationship with proline accumulation, a biomarker of
abiotic stress. Field data were collected from July to September 2025 at three stations representing
different mangrove stand ages (>15 years, 10—15 years, and <5 years). Vegetation structure was assessed
based on species composition and stem diameter, while biomass was estimated using specific allometric
equations. Sediment analysis included organic carbon, nitrate, and phosphate, while leaf proline levels
were analyzed using a colorimetric method. The relationship between carbon stocks, proline levels,
and environmental parameters were evaluated using multivariate analysis (PCA). The results showed
that Rhizophora mucronata dominated all stations. Older mangrove stands (>15 years) had the highest
biomass and carbon stocks, estimated at 805.42-945.28 mg/kg. Sediment organic C was also highest
in older mangroves (0.93-2.24%) and decreased in younger areas. Proline concentrations ranged from
0.018-0.434 mg/g, peaking in Acanthus ilicifolius under low pH and dry conditions. PCA showed
sediment organic C correlated with salinity, DO, temperature, and sediment nutrients. Proline was
negatively correlated with pH, TDS, and salinity, and positively with water phosphate.

Keywords: abiotic stress, mangrove carbon, PCA, Pemali Estuary, prolin.

INTRODUCTION

Mangrove ecosystems play a crucial role in
maintaining coastal stability, not only as natural
barriers against abrasion and storms, but also as
efficient carbon sinks, contributing to global cli-
mate change mitigation. Mangroves can store
about 10% of the total marine blue carbon (Ya-
dav et al., 2015), thus locking CO, in biomass
and sediments and reducing the concentration of
greenhouse gases in the atmosphere (Choudhary

et al., 2024). Mangroves store carbon in their
aboveground biomass, roots, and especially sedi-
ments — where carbon accumulates over the long
term (Redi et al., 2019). Indonesia is recognized
as the country with the largest mangrove car-
bon storage potential. Global analyses indicate
that Indonesia alone stores more than 30% of
the world’s mangrove carbon stocks, the highest
proportion among all countries (Hamilton and
Friess, 2018). As such the condition, distribution,
and sustainability of mangrove ecosystems are a
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strategic issue in coastal management. However,
Indonesia’s coastline is inseparable from anthro-
pogenic pressures, which have led to the degrada-
tion of mangrove ecosystems in various regions.

Land conversion to fishponds, settlements,
industrial activities, and tourism has reduced
area and the services it provides. This includes
a reduction in carbon sequestration capacity
(Choudhary et al., 2024). This situation also af-
fects the Pemali River area in Brebes, a key estu-
ary on the north coast of Central Java. Between
2000 and 2008, the mangrove area decreased by
650.54 ha (Brebes et al., 2020) or approximately
68.46 ha per year. This was due to ecological
and anthropogenic factors (Suyono et al., 2019).
Periodic rehabilitation efforts by the Mangrove
Sari Coastal Forest Conservation Community
Group (KMPHP) have shown positive results.
The mangrove area increased by 815.76 ha in
2008 (Aminah et al., 2020), by 101.25 ha from
2008 to 2013 and by 184.23 ha from 2013 to
2018 (Annisa et al., 2019).

The latest monitoring data shows a 79.83%
increase in mangrove cover in the Pemali estuary
between 2014 and 2024. This contrast with other
estuaries on the north coast of Java, which experi-
enced mangrove loss. This success in Pemali was
driven by sediment accretion and community-
based rehabilitation programs, such as silvofish-
ery (Candraningtyas et al., 2025). However, pol-
lution inputs to the area are still found, originating
from anthropogenic activities, such as fish ponds,
industry, settlements, and tourism (Heriati et al.,
2021). The water quality of the Pemali River is
rated lightly to moderately polluted, especially in
the rainy season. Parameters like BOD, COD, co-
liform, nutrient runoff, and heavy metals, exceed
standards (Haque, 2011).

These environmental pressures can trig-
ger abiotic stress on mangroves, including high
salinity, eutrophication, heavy metal pollution,
and hydrological changes. One important physi-
ological response in mangroves under stress is
the accumulation of proline, an osmoprotectant
amino acid that maintains cell structure stability,
reduces oxidative damage, and supports osmotic
balance (Ghosh et al., 2022; Meena, et al., 2019).
Proline increases indicate plant stress tolerance,
including in mangroves. Species like Kandelia
obovata and Bruguiera gymnorrhiza show high-
er proline under cold stress, and Laguncularia
racemosa does so under heavy metal stress (Ca-
banas—Mendoza et al., 2023; Wang et al., 2022).
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In B. parviflora proline and polyphenol rise with
salinity, confirming the adaptive role of proline
(Parida et al., 2002).

The ecological and social context of the Pe-
mali River Estuary is unique. There has been a
significant increase in mangrove cover due to
successful rehabilitation. However, this area
continues to experience pollution pressures that
can affect carbon storage capacity and mangrove
physiological responses. Numerous studied have
been conducted in the Pemali River Estuary such
as gastropod composition (Kusuma et al., 2020),
and macrozoobenthos structure community (Sin-
aga et al., 2019). In addition, carbon stock esti-
mation has been investigated by Nainggolan et
al., (2022) and Ahmed et al., (2023), focusing on
variations in stand age and sediment depth. Nev-
ertheless, these studies have not yet integrated
carbon estimates with abiotic environmental fac-
tors. Variations in mangrove age resulting from
rehabilitation may lead to differences in carbon
stocks between locations. It is important to assess
their distribution.

Globally, this research supports SDGs 14
(Life Below Water) and 15 (Land). These goals
emphasize sustainable conservation of terrestri-
al and marine biological resources. Few studies
link carbon stock, abiotic stress, and proline ac-
cumulation are still limited. Therefore, this study
assessed the distribution of carbon stocks in the
mangrove ecosystem in the Pemali River Estuary
and examined its relationship with proline as an
abiotic stress response. Findings offer insight into
mangrove resilience and carbon stock potential in
the rehabilitation area.

METHODS

The study was conducted from July to Sep-
tember 2025 in the Pemali River estuary man-
grove ecosystem area in Brebes. Data collection
was carried out using stratified sampling based on
different age types: >15 years (station 1), 10-15
years (station 2), and <5 years (station 3), each
consisting of three plots (Figure 1). This selec-
tion based on the assumption that larger tree size
is associated with greater carbon storage capacity
(Mardliyah et al., 2019), therefore, it is necessary
to examine differences in carbon storage across
different stand ages. Mangrove vegetation data
collection was carried out in plots measuring 10 x
10 m for trees, 5 X 5 m for poles, and 2 X 2 m for
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Figure 1. Sampling locations

seedlings. The data collected included the number
of individuals, the number of species, and DBH
(diameter at breast height), which were analyzed
using the Shannon-Wiener H’, Simpson Domi-
nance, and Density. Data collection for aboveg-
round carbon estimation used a specific allome-
tric equation (Table 1) from DBH values (Smith
and Whelan, 2006). Carbon estimates were calcu-
lated using a conversion factor of 0.46 multiplied
by biomass (Hapsari et al., 2024).

In situ measurements of water physicochemi-
cal parameters, including DO, pH, temperature,
and salinity, were then compared with the Water
Quality Standards stipulated in Government Reg-
ulation No. 22 0f2021. Nitrate and phosphate test-
ing was conducted at the Environmental Agency
(DLHKP) UPTD Environmental Laboratory in
Kebumen, Central Java. Sediment samples were
then collected three times at each station, which
were then composited and analyzed for nitrate,
phosphate, and organic carbon at the Aquatic
Productivity and Environment Laboratory of the
Bogor Agricultural Institute (Proling Lab). The
nitrate (H,SO,, H,0,, digestion, phenate, spectro-
photometry), phosphate (H,SO,, H,O,, digestion,
ascorbic acid, spectrophotometry), and organic
carbon (Walkey and Black) methods were used.

Proline content as an indicator of mangroves
was assessed at each station and for each spe-
cies by collecting 3-5 individuals. From each

individual, five leaves were sampled and subse-
quently composited into single sample, which
was then extracted and analyzed for proline con-
tent. Thus, each species at each station was rep-
resented by one composite sample as the analyti-
cal unit. The proline content was tested using the
Bates (1973) colorimetric method. This assay is
simple, reliable, and quantitative, it does not re-
quire sophisticated instrumentation or expensive
reagents (Abraham et al., 2010). Moreover, it rep-
resents an expected and validated approach in the
aquatic plant stress studied (Afefe et al., 2021).
The following steps were applied according to
(Afefe et al., 2021):

Homogenization and filtration: 250 to 500
mg of fresh leaf tissue (taken from the youngest,
fully developed leaves) was ground in a chilled
mortar with liquid nitrogen until crushed and ho-
mogenized with 5 mL of 3% sulfosalicylic acid
(to precipitate the protein). The homogenate was
then filtered through a Whatman® n2 filter paper.

Reaction with ninhydrin: 2 ml of the filtered
sample was mixed with 2 ml of glacial acetic acid
and 2 ml of acidic ninhydrin (prepared) in a test
tube. After stirring, the sample was incubated at
100 °C for 1 hour, resulting in the formation of a
colored complex. After one hour, the reaction was
stopped by placing the tubes in an ice bath.

Extraction: 4 mL of toluene was added to
each tube and vortexed for 15-20 seconds. The
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Table 1. Allometric aboveground biomass
(Hilmi et al., 2024)

Species Allometric equation

Avicennia marina W, = 0.308"D*"
W, = 0.143"D>*"
W,,, = 0.2901*D?26%°
W, = 0.128*D?2%
W,,, = 0.7749*D>417

W, = 0.251"P*D2%

Rhizophora mucronata

Avicennia alba

Rhizophora sp

Bruguiera parviflora

General equation

Note: D is the diameter at breast height (DBH) and
for species lacking species-specific allometric, used
general equation.

organic and inorganic phases were then separat-
ed, resulting in the chromophore being dissolved
in the toluene.

Spectrophotometric measurement: The maxi-
mum absorbance of the chromophore when dis-
solved in toluene was achieved at a wavelength
of 520 nm. Therefore, the organic phase of each
sample and the chromophore-containing standard
were collected, and the absorbance at 520 nm was
measured spectrophotometrically.

Statistical analysis was performed using Pa-
leontological Statistics (PAST) software version
4.13, using PCA to examine the relationship be-
tween belowground carbon and water parameters
and proline content and water parameters, as well
as regression to examine the relationship between
aboveground and belowground carbon.

RESULTS AND DISCUSSION

The species richness of mangrove

On the basis of the research results (Table 2),
four species were found spread across three sta-
tions. Station 1 contained only the species Rhi-
zophora mucronata, with the highest number of
individuals, 161, in the Tree category. This spe-
cies was also found throughout all stations and at
all developmental stages. R. mucronata is highly
tolerant of variations in salinity and substrate, ca-
pable of growing in landward to seaward zones
(Basyuni et al., 2019; Gunawan and Iskandar,
2017; Purwanto et al., 2022). Therefore, it is
quite easy to find in the area even under quite ex-
treme conditions, such as station three, which is
dry and not flooded. Furthermore, this species is
casily cultivated by the community, so it is also
often found in this area, which is included in the
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rehabilitation area. The second most abundant
species is Avicennia marina, with 137 individu-
als at station 2 and also distributed at station 3,
and found in the tree and sapling growth stages.
Station 4 encompasses the area with the highest
number of species, specifically 4, all of which are
in the sapling category, as they are areas less than
5 years old (Table 2).

Both stations were dominated by a single spe-
cies, which from an ecological perspective may
increase vulnerability to local extinction and eco-
system degradation, thereby requiring anticipato-
ry management actions by local communities and
government authorities. This finding is consistent
with Hillebrand et al. (2008), who stated that high
dominance (low evenness) tends to reduce local
biodiversity and makes communities more sus-
ceptible to disturbances, environmental changes,
and biological invasions.

Overall, the H’ value for each station is 0 (Ta-
ble 3) because only one species was found, except
for Station 3, which had a value of 0.76, which is
considered low. This is consistent with the Domi-
nance value of 1, indicating the area is dominated
by a single species, R. mucronata. This is com-
mon in the mangrove ecosystems that are heavily
dominated by a single species, so the Dominance
value also reaches 1 (the maximum), indicating
absolute dominance by a single species, such as
R. mucronata. Conversely, Station 3 has an H’
value of 0.76, which is considered low, indicating
the presence of several species, but their distri-
bution is still uneven or unbalanced. The persis-
tently high Dominance value for R. mucronata
confirms that despite the presence of more than
one species, one species still dominates the com-
munity. This pattern is consistent with findings in
various mangrove ecosystems in Southeast Asia
and Indonesia, where disturbed or less heteroge-
neous areas tend to have low diversity and high
dominance (Amores et al., 2024; Rahman et al.,
2023; Sari et al., 2022).

The ¢’ (evenness) value ranges from 0 to 1.
The closer it is to one, the more even the distribu-
tion. If ¢ approaches 0, there is a single dominant
species. Table 3 shows undefined values except
for station 3, as only one species was found. At
station 3, a value of 0.76 was obtained. At stations
1 and 2, the e’ value is undefined because there is
only one species present — mathematically, even-
ness cannot be calculated if there is only one spe-
cies (Diniyatushoaliha et al., 2024). At station 3,
the e’ value of 0.76 (Table 3) indicates a moderate
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Table 2. Mangrove composition of Pemali estuary

Station Growth stage Species Family Order Quantity
Rhizophora mucronata Tree Rhizophoraceae Myrtales 161
1 Rhizophora mucronata Sapling Rhizophoraceae Myrtales 3
Rhizophora mucronata Seedling Rhizophoraceae Myrtales 10
Avicennia marina Tree Acanthaceae Scrophulariales 137
2 Avicennia marina Sapling Acanthaceae Scrophulariales 34
Rhizophora mucronata Seedling Rhizophoraceae Myrtales 10
Rhizophora mucronata Sapling Rhizophoraceae Myrtales 105
3 Avicennia marina Sapling Acanthaceae Scrophulariales 33
Sonneratia caseolaris Sapling Lythraceae Myrtales
Acanthus ilicifolius Sapling Acanthaceae Scrophulariales

to high level of evenness, meaning that although
there are still dominant species, the distribution
of individuals between species is relatively even
(Kartika et al., 2024; Sadono et al., 2020). This
value aligns with the low diversity category and
the remaining dominance, but not absolute.

On the basis of Table 3, the majority of den-
sity values are classified as very dense, except at
station 1, during the sapling development stage,
where only three individuals were found. This
pattern aligns with findings in various mangrove
areas in Indonesia, where most natural or conser-
vation mangrove areas exhibit high density, es-
pecially if dominated by one or two key species,
such as R. mucronata or Avicennia marina (Ar-
fan et al., 2024; Jaelani et al., 2025). A study in
Surabaya, for example, reported that 83% of the
mangrove area was classified as very dense, dom-
inated by A. marina and R. mucronata (Jaelani et
al., 2025). Furthermore, in terms of richness, the
majority of stations had a value 0 because only

Table 3. Mangrove structure community of Pemali estuary

one species was found, while at station 3, four
species were found, which is still relatively low
compared to more homogeneous mangrove areas.

The potential distribution carbon stock

Table 4 shows aboveground biomass and car-
bon estimates measured from mangrove stems.
Biomass was calculated based on two categories:
tree and sapling, with total biomass being the
sum of the two. Carbon estimation is calculated
based on the total biomass produced, referring to
the conversion of carbon present in biomass. The
range of Biomass values is 50.19-2054.96 and
the range of carbon is 23.09-945.28 (Table 4).
The highest biomass value is found at station 1.2
followed by 1.1 and 2.3. All three are influenced
by several factors such as the number of individu-
als, DBH, and age of the plants. For example, sta-
tion 1.2 (2054.96) has a fairly high number of in-
dividuals, namely 54 (Figure 2a) with an average

Station 1
No | Growth stages Quantity H D e’ Di Category Richness
1. Tree 161 0 1 None 5366.67 Very dense 0
2. Sapling 3 0 1 None 400 Rare 0
Seedling 10 0 1 None 8333.33 Very dense 0
Station 2
No | Growth stages Quantity H D e Di Category Richness
1. Tree 137 0 1 None 4566.67 Very dense 0
Sapling 34 0 1 None 4533.33 Very dense 0
Seedling 14 0 1 None 11666.67 Very dense 0
Station 3
No | Growth stages Quantity H D e’ Di Category Richness
1. Sapling 146 0.76 1 19466.67 Very dense 0.60
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Table 4. Biomass estimation, Aboveground carbon & Belowground carbon

Aboveground biomass Belowground
Stasiun Biomassa .

i C-organik (%

Tree Sapling Total (t/ha) estimation (mg/Kg) ganik (%)
1.1 1747.06 3.86 1750.92 805.42 1.21
1.2 2054.96 - 2054.96 945.28 1.39
1.3 1418.61 7.22 1425.83 655.88 2.24
2.1 1323.30 38.17 1361.47 626.28 2.21
22 806.94 66.98 873.91 402.00 1.75
2.3 1448.42 - 1448.42 666.27 0.93
3.1 36.04 14.14 50.19 23.09 0.55
3.2 46.98 85.35 132.33 60.87 0.60
3.3 30.98 20.40 51.38 23.63 0.50

DBH of 8.55 (Figure 2b). Similarity, stations
1.1 (1750.92) and 2.3 (1448.42), despite having
relatively low number of individuals (47 and 26,
respectively), exhibited some of the highest aver-
age DBH values, namely 1.1 (6.23 c¢cm) and 2.3
(10.27 cm), respectively. Even though both of
them are located in mangrove areas older than 10
years. The average DBH increases with age, indi-
cating that larger trees are found at older stations.
Younger mangroves (Station 3.1-3.3) have very
small DBH (average at 2 cm) because they are
still in the early stages of growth. DBH and tree
size can compensate for the smaller number of in-
dividuals (Komiyama et al., 2008). In addition,
at stations 1.1 and 1.2 are dominated by R. mu-
cronata which according to (Doodee et al., 2025),
often shows high biomass and carbon stocks, es-
pecially in old forests, with biomass values above
the global average and high total organic carbon
(TOC), such as in Ferney, Mauritius.

Global research confirms that stand struc-
ture (number of trees per hectare, DBH, and tree
height) is the main factor determining mangrove
biomass (Kamruzzaman, et al., 2017; Komiyama
et al., 2008). In addition, stand age also plays an
important role — generally, the older the man-
grove, the greater the biomass because the trees
grow larger and biomass accumulation increases
(Komiyama et al., 2008). This relationship is
also observed in various mangrove ecosystems
in Southeast Asia and the world, where stands
with large and old trees, although few in number,
still contribute significant biomass (Ahmed et al.,
2023; Komiyama et al., 2008). This is consistent
with the research findings showing that mangrove
biomass at station 1, with mangroves aged more
than 15 years, in all three plots was quite high, at
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1750.92, 205.96, and 1454.96, compared to sta-
tion 3, which was less than 5 years old, with val-
ues ranging from 50.19 to 132.33 (Table 4). The
high biomass value at station 3.2, at 132.33, is
likely due to the majority of R. mucronata. In ad-
dition to its high habitat tolerance, R. mucronata
also exhibits rapid growth, characterized by good
diameter, height, and number, thereby contribut-
ing significantly to mangrove biomass.

The estimated aboveground carbon value re-
flects the ability of the mangrove ecosystem to
absorb and store carbon, which is derived from
the biomass value. Table 4 shows that the estimat-
ed carbon value obtained is directly proportional
to the biomass value, which is influenced by the
number of individuals, DBH, and plant age. The
older the mangrove, the greater its potential to ab-
sorb and capture carbon, thus significantly miti-
gating climate change. Mature mangroves (Sta-
tion 1.1-1.3, >15 years old), had a higher DBH
and higher carbon estimates compared to young
mangroves (<5 years old at Station 3), even with
a relatively similar number of individuals (Figure
2a). Mature mangroves have larger sizes, lead-
ing to a significant increase in biomass, resulting
in significantly greater carbon storage capacity.
This finding aligns with Alongi et al., (2016),
who found that the carbon storage capacity of the
stem increases along with age, consistent with the
understanding that mangroves require years to
develop and accumulate significant biomass. Fur-
thermore, Li et al., (2023); Xiang et al., (2022)
found that the peak carbon sequestration rate oc-
curs at 15-20 years of age, then declines with age.

The belowground carbon value, calculated
from sediments in the mangrove area, with values
ranging from 0.50 to 2.24 (Table 4). On the basis
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Figure 2. Data of each station and diameter stem: (a) number of mangrove individuals, (b) average DBH

of Table 4, it can be seen that the highest value is
found at station 1.3, with stations 1 and 2 having
values that are not significantly different. The value
of belowground carbon in sediments is influenced
by a combination of abiotic and anthropogenic fac-
tors. On the basis of the PCA analysis, it can be
seen that organic C in mangrove sediments is posi-
tively correlated with temperature, DO, salinity,
nitrate, and phosphate in sediments and negatively
correlated with nitrate in water (Figure 3). Tem-
perature, dissolved oxygen, and salinity are the
main regulators of organic C content in mangrove
sediments. Higher DO can increase photosynthetic
activity and microorganism growth, thereby en-
riching organic matter in sediments (Asante et al.,
2024). Salinity also plays an important role in reg-
ulating the process of decomposition and carbon
accumulation, higher salinity can increase organic
C stabilization (Kida and Fujitake, 2020; Rahman
etal., 2021; Zou et al., 2023).

On the basis of Figures 4b and 4c, it can be
seen that both aboveground and belowground
have a tendency for carbon distribution patterns
to become smaller with decreasing age. Age is

a crucial benchmark in carbon storage capacity,
which not only affects tree capacity, but also sedi-
ment capacity. This is in line with Jones et al.,
(2019); Xiang et al., (2022) Li et al., (2023) and
Fengfeng et al., (2024), soil and root carbon incre-
ase with age, but tend to be stable or slightly de-
crease after reaching maturity. On the basis of the
regression analysis, both have a positive relation-
ship, there is an increase in belowground carbon
along with increasing aboveground carbon. On
the basis of the coefficient of determination (R?)
value, it is only around 38.42%, indicating that the
relationship between the two variables is not very
strong and there are other factors that have not
been measured in this study (Figure 4a). This is
in line with Hu et al., (2021) and Alongi and Zim-
mer, (2024) who found that global meta-analyses
showed no significant relationship between man-
grove biomass carbon stocks (aboveground) and
blue carbon stocks in sediments (belowground).
This is due to differences in the timescale of car-
bon accumulation between vegetation and sedi-
ment, as well as the influence of different envi-
ronmental factors. These include sediment type
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soil depth, and geomorphological setting as well
as hydrological flow dynamics, tidal regimes,
organic matter content, and nutrient availability
(N, P, and K). According to Allais et al., (2024),
hydrological conditions can influence the depo-
sition, stabilization, flushing, and oxygenation of
organic matter, whereas sediment type and grain
size contribute to the control of physical stabiliza-
tion and dilution of organic matter.

Accumulation proline as a biomarker of stress
and its relationship with water quality

Proline is an amino acid that acts as an os-
moprotectant, maintaining osmotic balance, sta-
bilizing protein structures, and as a heavy metal
chelator to aid detoxification. The consistent
increase in proline accumulation under various
abiotic stress conditions makes it a physiological
indicator or biomarker of plant stress levels and
tolerance (Ghosh et al., 2021; Meena et al., 2019).
Proline accumulation in the Pemali River Estuary
ranged from 0.018 to 0.434 (Figures Sa, 5b, 5c).
The highest proline content was found in Acan-
thus illifolius at the sapling stage, at 0.434, found
at station 3, in a non-waterlogged environment,
indicating its sensitivity to environmental chang-
es (Figure 5c). The lowest value was found at sta-
tion 2 in Avicennia marina at the seedling stage.
Although still in the sapling growth phase, this
species was categorized as high, indicating that
proline accumulation is more influenced by abi-
otic factors. Rhizophora mucronata had a range
0f 0.026-0.127, with the highest values occurring
in the sapling (0.127) and seedling (0.113) devel-
opment stages (Figure 5a). Meanwhile, A. marina
had a range of 0.018-0.391, with the lowest and
highest values occurring in the sapling (Figure
5b). The Sonneratia caseolaris proline content
was found only in the sapling stage, with a range
of 0.018-0.188 (Figure 5c¢). This indicates that
the proline content is not related to plant age, but
rather to the stressors experienced, as evidenced
by stations aged <5 years having quite high pro-
line levels for all types of growth and species.

On the basis of the PCA analysis, proline
levels were positively correlated with phosphate
content in water and negatively correlated with
pH, TDS, and salinity (5d). The relationship be-
tween proline and pH was negative, and the pH
values at the study site varied from 4.57 to 6.5,
with the lowest value at station 3 indicating more
acidic conditions suspected of waste or intensive

human activity (Figure 6b). This value is below
the quality standard of 7-8.5. Low pH values in
mangrove areas can inhibit the absorption of es-
sential nutrients (N, P, K), causing physiological
stress and disrupting mangrove growth (Celis-
Hernandez et al., 2021; Sha et al., 2018) and in-
creasing the solubility of heavy metals and sulfur
compounds, potentially toxic to plants (Robin et
al., 2022; Sha et al., 2018). Compared with the
increase in proline levels with decreasing pH,
this indicates that the mangroves are under stress.
This is evidenced by the highest proline value
found in the A. ilicifolius species (0.434), which
was found at the lowest pH of 4.57. This level
accumulates in plant tissue as a stress response.
Proline accumulation is widely recognized as an
adaptive response to stress (Cheng et al., 2017,
He et al., 2025) and functions as an antioxidant
in mangroves (Parveen et al., 2024). Increased
proline levels gave been reported to be positively
correlated with enhanced plant resistance to os-
motic stress under aluminum exposure (Ma and
Yang, 2022), as well as with improved tolerance
and detoxification of heavy metals (Hg, Cd, Pb)
in Kandelia obovata (Cheng et al., 2017).

Similarly, TDS (total dissolved solids) has a
negative correlation, meaning the values are in-
versely related. High TDS values are followed
by low proline values, and vice versa. However,
based on the literature, the two should have a
positive correlation. TDS (reflects the number of
dissolved ions, especially salts (such as NaCl), in
water. High TDS causes osmotic stress in plants,
similar to salinity conditions, which are associ-
ated with increased proline accumulation (Meena
et al., 2019) (Moukhtari et al., 2020). TDS values
tended to be higher at station 1 and 2 (23.1-25.9
mg/L), ). TDS values tended to be high at stations
1 and 2 (23.1-25.9 mg/L), but were much lower
at station 3 (15.2—17.2 mg/L), which may indicate
differences in dissolved material input (Figure
6a). However, these values were much lower than
the water TDS range according to Bloomfield et
al., (2020) which is 1.000—10.000 mg/L.

Salinity values ranged from 19.5-35 ppt,
which tended to decrease from stations 1 to 3
and were still within the water quality standard
range, except for station 1.3, which tended to have
marine salinity (Figure 6a). This area is an open
area, making it more susceptible to seawater run-
off. Stations 1 and 2 ranged from 30-35 ppt, in-
dicating marine conditions, while station 3 only
had 19.5-22.9 ppt, more reminiscent of brackish
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Figure 5. Accumulation of proline in mangrove species across the study area: (a) Rhizophora mucronata,
(b) Avicennia marina, (c) sapling of Sonneratia caesolaris and Acanthus illifolius,
(d) Principal component analysis (PCA) illustrating the relationships between the proline content
and selected abiotic parameters

waters. This generally indicates an environmental
gradient from marine to transitional waters, affect-
ing the physicochemical parameters at each sta-
tion. This gradient is very common in mangrove
ecosystems and plays a significant role in shaping
the physicochemical parameters and community
structure of mangroves (Wang et al., 2024). On the
basis of the PCA analysis, salinity was negatively
correlated with proline levels, with the lowest sa-
linity value at station 3 and the highest proline in
that area. Although the salinity in this area still met
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quality standards, it stimulated proline production
to prevent oxidative damage.

The phosphate levels in the water were posi-
tively correlated with proline levels, with higher
proline levels occurring at stations with higher
phosphate content. However, the opposite should
be true. Primary research shows that proline in-
creases significantly under phosphate-deficient
conditions, as an adaptive response to nutrient
stress through gene activation. P5SCSI1 is con-
trolled by the transcription factor PHR1/PHLI1
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and ABA hormone signaling (Aleksza et al.,
2017). The proline biosynthesis pathway is pri-
marily controlled by the PSCS and P5CR genes,
with P5CS expression being strongly upregulated
under stress conditions, thereby promoting pro-
line accumulation (Liu and Wang, 2020; Mehta
and Vyas, 2023). The observed increase in pro-
line under higher phosphate concentrations in the
present study may therefore reflect a more com-
plex physiological response. Numerous studies
have shown that proline accumulation is more
induced by water stress, salinity, temperature ex-
tremes, or exposure to xenobiotics rather than by
phosphate levels alone (Pecka et al., 2025; Raza
et al., 2023; Spormann et al., 2023). Phosphate
levels in water (0.06—1.1 mg/L) showed striking
and fluctuating differences between stations (Fig-
ure 6¢). The lowest and highest values were found
at Station 3, namely 0.06 mg/L (3.3) and 1.1 mg/L
(3.1). Phosphate in the sediment also varied sig-
nificantly, ranging from 2.18-20.4 mg/kg, with
relatively low levels at Station 1 (2.18-3.18 mg/
kg), moderate levels at Station 2 (8.18-9.18 mg/
kg), and the highest levels at Station 3 (15.37—
20.4 mg/kg) (Figure 6d).
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The nutrient concentration data in water and
sediment showed variation between stations and
plots. Nitrate in water ranged from 0.32-1.15
mg/L, with the highest values at Station 1.1 and the
lowest at station 3.1, which is above the water qual-
ity standard for marine tourism and marine biota,
at 0.06 mg/L (Figure 6¢). This value indicates nu-
trient enrichment, which has the potential to cause
eutrophication. Meanwhile, the sediment concen-
tration was relatively stable but higher, at 1.4-1.86
mg/kg, suggesting nutrient deposition in the sedi-
ment (Figure 6d). This pattern is common in man-
grove ecosystems, where water is more sensitive
to external inputs and biogeochemical processes,
while sediment tends to store nutrients more stably
(Toan et al., 2025). In general, these data indicate
that Station 1 tends to receive greater nitrate input,
while Station 3 has high phosphate accumulation
in both water and sediment. This condition may
reflect differences in nutrient sources, anthropo-
genic activities, or ecological processes such as
nutrient deposition and release from sediments that
vary across locations. This is in line with Al-araji’s
(2019) statement that sources of phosphate include
human and animal waste as well as fertilizers.
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Figure 6. Water quality parameters of Pemali estuary: (a) temperature, TDS, salinity, (b) pH and DO,
(c) nitrate and phosphate concentration in water, (d) nitrate and phosphate concentration in sediment.
Standard mutu of Indonesia government regulations Number 22 years 2021: temperature (28-30 °C);
pH (7-8.5); dissolved oxygen (DO) (> 5 mg/L); salinity (s/d 34 ppt); nitrate (0.06 mg/L);
total dissolved olids (TDS) of estuary (1000-10.000 mg/L.)
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Another value that has no relationship with
proline is temperature, although the majority of
results are lower than the quality manual (28—
30 °C), namely 26.6-30.2 °C (Figure 6a). This
value shows quite a clear variation between lo-
cations. However, according to Soeprobowati
et al., (2022) this range is still optimal for man-
grove life. According to Tamimi et al., (2021), the
physiological function of mangrove decreases at
a temperature of 38 °C, as indicated by a decrease
in the photosynthesis process. Furthermore, the
dissolved oxygen (DO) concentration ranged
from 3.1-8 mg/L, exhibiting significant fluctua-
tions, which indicated differences in acration lev-
els or biological productivity between locations
(Figure 6b).The lowest value of 3.1 mg/L at sta-
tion 1.3, which does not meet the water quality
standard of >5 mg/L. Station 1.3 is a tourist area.
Low DO values (e.g., 3.1 mg/L) are often found
in the areas with limited water circulation, high
organic decomposition, or prolonged water stag-
nation, while high values (up to 8 mg/L) typically
occur in the areas with good aeration, high light
exposure, and high photosynthetic productivity
(Mattone and Sheaves, 2017).

CONCLUSIONS

Overall, the Muara Pemali mangrove area has
low diversity, with only 1-3 species found, as it
is a rehabilitation area dominated by Rhizophora
mucronata. Estimated biomass and carbon values
(aboveground) are influenced by several factors,
including the number of individuals, DBH, and
vegetation age. The area with the oldest vegeta-
tion age has the highest carbon content, namely
station 1 (>15 years), and the highest is station
1.2, with the highest number of individuals and
DBH values. Furthermore, aboveground and be-
lowground values have a positive correlation and
a pattern of carbon distribution that decreases
with age. On the basis of the PCA analysis, it
was shown that organic carbon in mangrove sedi-
ments was positively correlated with tempera-
ture, DO, salinity, nitrate, and phosphate in the
sediments and negatively correlated with nitrate
in the water. The highest levels of the secondary
metabolite proline were found in Acanthus illifo-
lius species in non-waterlogged environmental
conditions, indicating that the species is sensitive
to environmental changes. The results highlight
the need to protect existing mangrove stands and
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implement rehabilitation strategies that integrate
stand age, species composition, local environ-
mental conditions, and physiological indicators
alongside carbon-based assessment to support
sustainable conservation policies. Future studies
are expected to focus on specific contamination
sources, such as heavy metals, while integrat-
ing molecular responses, including analyses of
gene expression and stress-related enzymes, to
strengthen the understanding of physiological
mechanism underlying variations in proline ac-
cumulation and carbon storage.
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