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ABSTRACT

Mangrove forests are vital coastal ecosystems that provide shoreline protection, support biodiversity, and sequester
carbon. However, urbanization and industrial activities have led to the introduction of heavy metal contaminants, es-
pecially lead (Pb), posing significant threats to ecosystem health. This study examines Pb concentration in Gunung
Anyar and Wonorejo mangroves in Surabaya, two key areas for coastal defence that are increasingly exposed to
Pb pollution. From January to March 2024, samples were collected from sediments, roots, and leaves of Avicennia
marina, Rhizophora mucronata, and Bruguiera gymnorrhiza using purposive random sampling at nine observation
points. Pb content was analyzed using Atomic Absorption Spectrophotometry and spatial analysis of Pb distribution
analysis using ArcGIS 10.8. The results showed that Pb concentrations were highest in Gunung Anyar, reflecting
the impact of industrial activities, with the highest Pb levels found in soil (14.22 ppm), roots (1.57 ppm), and leaves
(2.21 ppm) of Avicennia marina. Soil pH, electrical conductivity, organic matter, and clay content were identified as
key factors influencing Pb uptake and retention, with neutral pH and higher organic matter supporting greater Pb ac-
cumulation. The study emphasizes the role of mangrove ecosystems in bioremediation, highlighting their potential
to mitigate coastal pollution through phytoremediation. This research underscores the importance of monitoring and
conserving mangrove ecosystems to enhance their role in pollution management and coastal health.

Keywords: lead concentration, plant mangrove, pollution, root, leaves, sediment.

INTRODUCTION

Mangroves are crucial coastal ecosystems that
provide numerous ecological services (Huxham
et al., 2017), including acting as natural barriers
against coastal erosion (Winterwerp et al., 2020),
supporting biodiversity, and sequestering carbon
(Rahman et al., 2021; Vierros, 2017). However,
these ecosystems are increasingly threatened by
anthropogenic heavy metal concentration, pri-
marily due to urbanization and industrial activi-
ties (Chai, Li, Ding, et al., 2019; Kulkarni et al.,
2018; Proshad et al., 2024). Heavy metals such as
lead (Pb), cadmium (Cd), mercury (Hg), and arse-
nic (As) are introduced into mangrove ecosystems

primarily through industrial discharges, urban
runoff, and agricultural practices (Aratjo et al.,
2022; Onyena et al., 2024).

Lead is a toxic heavy metal that poses signifi-
cant risks to ecosystem health and local commu-
nities, particularly in mangrove areas. The accu-
mulation of Pb in both soil and plants can harm
biodiversity and human health, making it a critical
environmental concern. The influx of heavy met-
als into mangrove environments poses significant
risks to their health and functionality, as well as to
the organisms that inhabit these areas (Anu et al.,
2024; Palit et al., 2022). The accumulation process
of mangrove plants can reduce the accumulation
of heavy metals in the environment by absorption,

219


https://orcid.org/0000-0002-5048-5136
https://orcid.org/0000-0001-6966-1497
https://orcid.org/0009-0007-3782-8425

Journal of Ecological Engineering 2025, 26(8), 219-237

cation exchange, filtration, and chemical changes
from the roots (Hossain et al., 2022). However, the
high concentration of heavy metals in mangrove
plants can cause physiological and biochemical
changes in plant cells (Y.-Y. Zhou et al., 2021) that
impact the environmental ecological system (San-
gur et al., 2021). The behavior of mangrove plants
under stress from heavy metals includes anti-ox-
idant stress (Cabafias-Mendoza et al., 2023), os-
motic stress (Acharya et al., 2023), photosynthesis
inhibition (Afzal et al., 2023), growth inhibition,
and increased mortality (Dan et al., 2022). Man-
groves are increasingly recognized for their unique
ability to filter pollutants, which positions them as
effective bioindicators of environmental concentra-
tion (Rahman et al., 2024). Potentially toxic metals
in the mangroves of the Sundarbans in Bangladesh
due to anthropogenic influences from urbaniza-
tion, industrialization, shipping, shipbuilding, and
metallurgical industries as the main causes of pol-
lution. The order of contamination is Pb > Ni> Cd
>Fe > Mn > Zn > Cu (Islam et al., 2022).

However, limited research exists on Pb con-
centration in mangrove forests in Southeast Asia,
especially in urbanized areas like Surabaya City.
This study investigates the distribution of Pb con-
centration in the soils and mangrove plants of
Gunung Anyar and Wonorejo mangrove forests
in Surabaya City, Indonesia. Recent studies have
shown that mangroves are capable of bioaccumu-
lating pollutants such as heavy metals, which can
reflect the concentration levels in the surrounding
environment (de Lacerda et al., 2022).

The Gunung Anyar and Wonorejo mangrove
forests are located in Surabaya, a city that has ex-
perienced rapid industrial growth. These forests
serve as vital habitats for various species and pro-
tect the coastal areas from erosion and storm surg-
es (Luthansa et al., 2021). Despite their ecological
significance, these mangrove ecosystems are ex-
posed to anthropogenic pollution, including heavy
metals such as Pb, which are introduced through
industrial effluents and urban runoff (Aljahdali and
Alhassan 2020; Chai et al. 2019b; Sharma et al.,
2021). Recent research highlights that mangrove
plants are effective in accumulating heavy metals,
making them useful for environmental monitoring
(Yadav et al., 2023). Understanding the distribu-
tion of Pb concentration in these areas is essential
for assessing the health of the mangrove ecosys-
tem and ensuring its continued ecological function
(Chowdhury & Maiti, 2016; Islam et al., 2022).
This ability is essential for mitigating pollution
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and maintaining the ecological balance within
these sensitive ecosystems (Chanda & Akhand,
2023; Y.-S. Wang & Gu, 2021). However, the ac-
cumulation of Pb and other heavy metals can also
pose significant risks to the health of mangrove
flora and fauna, as well as to the overall ecosys-
tem services they provide (Kulkarni et al., 2018;
Luthansa et al., 2021). Research indicates that an-
thropogenic activities, such as industrial discharg-
es, aquaculture, and urban runoff, significantly
contribute to Pb concentration in mangrove areas
(Chai et al., 2019a; P. Li et al., 2022).

So, it is necessary to analyze the level of Pb
concentration in mangrove areas at Wonorejo and
Gunung Anyar that are affected by urbanization
and industry. In Wonorejo, studies have indicated
that this area has accumulated significant heavy
metals, particularly Pb and copper, due to its
proximity to industrial activities and urban run-
off. The presence of Pb in mangrove sediments
can Pb to bioaccumulation in mangrove species
such as Avicennia marina, which has been identi-
fied as a potential agent for phytoremediation of
heavy metals (Rachmawati et al., 2018). n Gu-
nung Anyar, similar concerns regarding heavy
metal concentration have been raised. The re-
gion’s mangrove ecosystems are vulnerable to
pollution from nearby urban and industrial ac-
tivities, which can Pb to increased levels of Pb
in sediments and biota (Alhassan & Aljahdali,
2021; Mabharani et al., 2019). The accumulation
of heavy metals in mangrove sediments not only
poses risks to the plants and animals that inhabit
these areas but also affects the overall health of
the coastal ecosystem, which plays a vital role in
carbon sequestration and coastal protection (Yam
etal., 2020). The findings will contribute to a bet-
ter understanding of how Pb concentration affects
mangrove ecosystems, helping to inform policy
and management strategies for these critical habi-
tats (Onyena & Sam, 2020). Furthermore, this
study will provide data that can be used for future
conservation efforts, particularly in urban coastal
regions, where the pressure from pollution con-
tinues to rise (Dong et al., 2024).

This study aims to assess the extent of Pb con-
centration in Gunung Anyar and Wonorejo man-
grove forests and examine its distribution in soil
and mangrove plants. By investigating the correla-
tion between Pb concentrations in different loca-
tions and the mangrove species present, this re-
search will provide valuable insights into the eco-
logical impact of heavy metal pollution in urban
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coastal ecosystems. So, it can be used to mitigate
mangrove degradation that impacts biodiversity
sustainability and coastal community welfare.

MATERIAL AND METHODS

Site location

This research was conducted in the mangrove
areas in the Wonorejo and Gunung Anyar Village,
Rungkut Subdistrict, Surabaya City, East Java,
from January to March 2024. The research loca-
tions are shown in Figure 1, which displays nine
observation points in each mangrove area.

Experimental design

The method used in this research is the sur-
vey method, which aims to describe the actual
conditions of the location and analyze the causes
of certain phenomena (Minasny & McBratney,
2016). The observation points were determined
using a purposive random sampling method,
which involves selecting sampling locations
based on predefined criteria and specific consid-
erations relevant to the research objectives (Kidd
etal., 2015; L. Zhang et al., 2022). The sampling
points were selected based on two types, there
are based on stations (Gunung Anyar (P1) and
Wonorejo (P2)) and zone of site-specific tree
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Figure 1. Point observation map of mangrove area in Gunung Anyar and Wonorejo Village, Rungkut Subdistrict,
Surabaya City, East Java

221



Journal of Ecological Engineering 2025, 26(8), 219-237

plants of the mangrove ecosystem (the Avicen-
nia marina zone (T1), the Rhizophora mucronata
zone (T2), and the Bruguiera gymnorrhiza zone
(T3)). Each station was divided into three sub-
stations, with each sub-station positioned at 350
m intervals from the river mouth to the sampling
point. Determination of sample points at the sub-
station took 5 points randomly.

Sampling was carried out over four weeks
to provide a more comprehensive representation
of the mangrove ecosystem. Each sub-station
represents a different vegetation zone, namely
the Avicennia zone (water), the Rhizophora zone
(water and land), and the Bruguiera zone (land).
Data sampling was performed by measuring the
heavy metal Pb content in sediment, roots, and
leaves of mangrove plants, namely Avicennia
marina, Rhizophora mucronata, and Bruguiera
gvmnorrhiza. The samples included leaves and
roots of mangrove trees and sediments. Sam-
pling of roots and leaves were sampled from
trees with the same trunk and height and diam-
eters of about 15-25 cm. The roots of the man-
grove trees have an irregular shape, and they
expand around the trunk outside the sediments.
Root samples were collected from three with an
appearance that was as similar as possible. The
roots were cut and harvested around mangrove
trees (which were visible). The size of the root
sample in submerged conditions of the substrate
taken is 0.4—1 cm in diameter with a length of
10 cm. The approximate weight of the samples
was 200 g after drying and sifting (J. Wang et
al., 2021). Trees with a healthy appearance and
no damage were selected. Leaf with lengths
from 4 to 6 cm was selected. Leaves were ran-
domly collected from the middle to two-thirds of
the canopy. Samples were collected from three
trees with an appearance that was as similar as
possible. The amount of the leaf sample col-
lected each time was about 0.5 kg. This sample
weighed approximately 200 g after drying and
sifting (Safari et al., 2018). Sediment sampling
was done in the form of a soil auger using a soil
drill. Sediment collection is done right under the
shade of mangrove trees that have been sampled
roots and leaves (at a distance of 50 cm). Sedi-
ment samples with an area of 10 x 10 cm? were
collected from a depth of 10 to 15 cm at several
points around the tree. The wet weight of each
sediment sample was about 400 g (Tamis et al.,
2021). The tools and materials used during the
study included knives, scissors, mobile phones,
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Avenza Map, stationery, shovels, labels, plant
leaf samples, roots, and soil sediments.

Laboratory analysis

The sediments were stored in nylon bags and
kept in the laboratory at 4 °C for <4 h. In the lab-
oratory, tests on moisture content, water content,
and water content were conducted. In the labora-
tory, tests such as H,O pH, electrical conductiv-
ity (EC), soil texture, soil organic matter (SOM),
and Pb concentration (Maghsodian et al., 2021).
The determination of Pb content in the sediment,
roots, and leaves of mangrove plants can be ana-
lyzed using the ashing method and an atomic
absorption spectrophotometer (AAS) flame test
method in line with the Indonesian National Stan-
dard (2004) (Ferreira et al., 2018).

Spatial analysis

The preparation of the base map starts with
the classification of land cover using the Super-
vised method from Sentinel 2A imagery using the
ArcGIS 10.8 application (Ma et al., 2017; Phiri
et al., 2020). Land cover classification is used
as a determinant of observation points focused
on mangroves in coastal areas, as well as ana-
lyzing the influence of land use that dominates
around mangrove areas. After that, the prepara-
tion of survey maps through overlay analysis of
base maps and secondary maps (Jia et al., 2017).
The Pb distribution map is prepared using the
zoning area of mangrove species by buffer area
(Brumberg et al., 2021). Buffer building on vec-
tor features is a computationally intensive pro-
cess to divide the vector dataset into a specific
form of zoning. The computational intensity of
each feature must be accurately stimulated based
on the range of distances used based on the cen-
ter point. In this research, the center point is the
coastline. Therefore, determining the concentra-
tion of Pb in each zone is carried out using the
zoning of existing conditions of mangrove veg-
etation using a multi-ring buffer that emphasizes
the algorithmic aspects of spatial data-based ge-
ometry (Guo et al., 2020).

After the distribution of Pb concentrations is
complete, it is necessary to classify the concentra-
tion of Pb in sediment, roots, and mangrove plants
using the King Ma method. The King Ma method
is used to determine the class interval (Irawan et
al., 2019), so it is easier to categorize the Pb range
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class in each zone. Calculation of class interval
(Ki) is done by determining the highest value (X?)
and the lowest value (Xr), then dividing by the
number of classes to be used (n). The King Ma
method formula is as follows :

[Xt-X7r]
n

(1

1=

Statistical analysis

Statistical analysis was used to evaluate Pb
heavy metal concentration variation between Gu-
nung Anyar and Wonorejo mangrove areas. In ad-
dition, the correlation between Pb content in sedi-
ments, roots, and leaves of mangrove plants and
physicochemical parameters should be analyzed.
This analysis determined the parameters associ-
ated with Pb content at each location. Statistical
analysis using the 5% Analysis of Variance test,
5% Duncan test, and correlation using the Rstu-
dio application (Gromping, 2015).

RESULTS AND DISCUSSION

Soil characteristics in Gunung Anyar and
Wonorejo Mangrove

The accumulation of Pb concentration can be
measured in sediments and plant parts, including
roots and leaves. Soil properties include physical
(clay fraction), chemical (pH H,O, EC), and bio-
logical. This discussion focuses on a comparative
analysis of substrate physicochemical properties
and heavy metal (Pb) concentration in sediment
and plants (Table 1) and related parameters in
different mangrove species of Avicennia marina,
Rhizophora mucronata, and Bruguiera gymnor-
rhiza from these two areas.

The binding of heavy metals in soil fractions
is significantly influenced by the physical and

chemical characteristics of the soil, particularly the
clay fraction, which exhibits a greater capacity for
heavy metal adsorption than dust and sand frac-
tions. This is primarily attributed to clay miner-
als’ high specific surface area and cation exchange
capacity. Research indicates that clay has a unique
ability to interact with heavy metal ions through
multiple complex mechanisms, including ion ex-
change and surface adsorption. Colloidal minerals
with a negative charge are particularly effective
in adsorbing cations, including heavy metals such
as Pb and Cd (Tako et al., 2024). The interaction
mechanisms involve both ion exchange processes
and surface complexation. This proclivity for ad-
sorption explains that the mobility and speciation
of heavy metals in soils are largely governed by
these adsorption characteristics influenced by soil
texture (Gao & Li, 2022). Heavy metals were pre-
dominantly found in fine soil particles, aligning
with the general trend of heavier metals being re-
tained more effectively in smaller, clay-sized soil
fractions (J. Zhang et al., 2021).

pH is an important factor affecting the solubil-
ity and availability of heavy metals in mangrove
soils. High soil acidity in mangrove areas can
increase the solubility and availability of heavy
metals, leading to increased Pb uptake by man-
grove species (del Refugio Cabanas-Mendoza et
al., 2020). Meanwhile, a slightly alkaline pH can
reduce Pb uptake by mangrove plants ((Harifia et
al., 2022). This suggests an inverse relationship
between soil pH and Pb availability, emphasizing
the importance of maintaining optimal pH levels
to reduce Pb accumulation. Electrical conduc-
tivity indicates the salinity level of soil particles
(Banon et al., 2021). Soils with high salinity Pb to
high levels of mobility and availability of heavy
metals in soil particles (Suska-Malawska et al.,
2022). Anthropogenic factors, including indus-
trial pollution, can modify the physicochemi-
cal characteristics of mangrove sediments, thus

Table 1. Pb content (ppm) and physical-chemical properties of soil in mangrove areas

Pb content (ppm)
Treatment - pHH,O EC (uS/cm) SOM (%) Clay (%)
Soll Leaves Root
P1T1 11.51 £ 0.72 1.76 £ 0.28 0.66 £ 0.28 7.52+£0.23 6.54 + 0.11 2.70+0.10 | 24.40 +1.85
P1T2 2.68 +0.33 1.42+0.34 0.48 +£0.09 8.34+0.28 | 13.85+0.88 | 2.48+0.10 | 17.40+1.02
P1T3 14.22 £0.19 2.21+0.33 1.57 £ 0.07 745+0.22 | 823+0.08 | 2.06+0.04 | 2580+ 1.72
P2T1 5.18 £0.25 0.98 £0.13 0.51+0.13 7.66+0.18 | 12.34+0.68 | 4.58+£0.06 | 30.40 +2.06
P2T2 4.38+0.29 0.56 +0.11 0.54 £ 0.08 7.35+0.14 | 15.30+0.43 | 3.20+0.03 | 14.20 + 1.47
P2T3 4.04+0.14 0.94 £ 0.09 249+0.22 751+0.15 | 11.17+0.10 | 542+0.06 | 23.80+1.94
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affecting pH and EC (X. Zhou et al., 2022). SOM
can affect heavy metals’ retention and binding ca-
pacity in the sediment matrix, thus affecting the
overall concentration of metals found in man-
grove environments (Wu et al., 2022).

Spatial variability in Pb concentrations across
mangrove ecosystems can also be attributed to
physical and chemical gradients along estuarine and
coastal environments. Pb concentrations increased
as the study site moved further away from the estu-
ary due to differences in hydrodynamics and sedi-
ment deposition (Luthansa et al., 2021). Mangrove
sediments and associated vegetation in areas influ-
enced by industrial and urban discharges show dif-
ferent contamination patterns (Chanda et al., 2021).
The significant inter-site variation in accumulated
heavy metal concentrations of Pb is related to
changes in antioxidant enzyme activity and overall
mangrove health in the Central Red Sea mangrove
ecosystem (Alhassan & Aljahdali, 2021).

In addition to sediment characteristics, varia-
tions in Pb uptake and accumulation in different
parts of the mangrove plant (roots, stems, and
leaves) show different accumulation patterns. Sev-
eral studies have shown that different parts of the
mangrove plant (roots, stems, and leaves) exhibit
different accumulation patterns. While roots often
act as the main reservoir for Pb, leaves and stems
also accumulate measurable concentrations (Ma-
harani et al., 2019; Rumanta, 2019). This differen-
tial distribution, influenced by physiological adap-
tations and translocation mechanisms of Pb within
the plant, tends to be higher in Avicennia marina
roots than in other heavy metals such as cadmium
(Cd) (Sari et al., 2023). Such variation underscores
the importance of understanding intra-plant metal
partitioning to assess ecological risk.

Pb distribution in mangrove ecosystems is
not uniform across spatial gradients or among
different vegetative components. Variations in
Pb concentrations among different sites can be
attributed to several factors, including proximity
to pollution sources, sediment properties, and the
inherent physiological ability of mangrove spe-
cies to absorb, translocate, and sequester heavy
metals. Increased Pollution Load Index (PLI) val-
ues in the State of Egypt at various sites such as
tourist villages and the seaport, the dunes, man-
grove swamp, healthy mangrove area of Avicen-
nia marina, and human activities, had the highest
concentrations of heavy metal concentrations in
the areas of tourist villages and the seaport and
human activities, suggesting that local sediment
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characteristics and contamination by anthropo-
genic activities play an important role in deter-
mining Pb levels (Alharbi et al., 2023). In addi-
tion, Pb concentrations in mangrove areas with
more mangrove populations in the Andaman
mangrove forests of Chidayatapu and Kalapathar
dominated by Rhizophora species and Burmanala
dominated by Bruguiera species were significant-
ly lower compared to other areas with lower man-
grove vegetation populations and also without
mangroves. This suggests that local environmen-
tal conditions and urban discharge patterns may
cause substantial differences in Pb concentrations
across sites (Mishra & Manish, 2018).

The data presented reflects soil characteristics
and the ability of mangrove plants to accumulate
heavy metal Pb based on six treatments (P1T1
to P2T3). The highest Pb content in soil was
found in treatment P1T3 at 14.22 ppm, followed
by P1T1 (11.51 ppm). However, in leaves and
roots, Pb values tended to be lower than in soil,
indicating that the heavy metal accumulation pro-
cess in plant tissues has a certain limit, although
the P1T3 treatment also showed the highest Pb
in roots (1.57 ppm) and leaves (2.21 ppm). This
shows the ability of mangroves to absorb heavy
metals under certain conditions, especially in ar-
eas with high concentration (Hossain et al., 2022;
J. Wang et al., 2021).

The actual pH parameter significantly affected
Pb bioavailability in the soil. In treatment, P1T2,
the highest pH (8.34) indicates that alkaline soil
conditions can affect Pb availability to plants, with
relatively lower Pb content in leaves and roots. In
contrast, treatments with near neutral pH such as
P1T1 and P2T3 tended to show higher Pb accu-
mulation in plant tissues. The heavy metals tend
to be more bound to soil particles under alkaline
conditions, making them less available for uptake
by roots (Feng et al., 2021; Naz et al., 2022a).

Treatment P1T2 had the highest EC (13.85
mS/cm) reflecting the high concentration of ions
in the soil but was not necessarily followed by
increased Pb content in plant tissues (Dittmann
et al., 2022; Othaman et al., 2020). In contrast,
lower EC values such as in PIT1 (6.54 mS/cm)
and P1T3 (8.23 mS/cm) showed higher Pb ac-
cumulation in leaves and roots (Chai, Li, Ding,
et al., 2019; Chandrasekhar & Ray, 2019). This
suggests that in addition to EC, other factors such
as soil substrate and organic matter content also
play an important role in the heavy metal uptake
process (Huang et al., 2020). Soil organic matter
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composition and clay content also influence the
Pb retention process in the soil (Borggaard et al.,
2019; Y. Li et al., 2024). The P2T3 treatment has
the highest SOM (5.42%), which supports the
retention of Pb in the soil through the chelation
mechanism, while the highest clay content in
P2T1 (30.40%) strengthens the soil’s capacity to
absorb heavy metals.

Organic matter can improve soil structure and
enhance the soil’s capacity to retain heavy metals
like Pb (Hamid et al., 2020). The chelation pro-
cess involves the formation of stable complexes
between organic compounds and Pb ions adsorp-
tion, which reduces the mobility and bioavailabil-
ity of Pb in the soil (Elnajdi et al., 2023; Jimenez
etal., 2021). Increased organic matter content cor-
relates with higher retention capacities for heavy
metals, including Pb, due to the adsorption prop-
erties of organic compounds (Stefanowicz et al.,
2020). Organic matter derived from mangrove
vegetation, such as Bruguiera gymnorhiza, is par-
ticularly effective in binding Pb. The organic acids
and phenolic compounds secreted by the roots of
mangroves can form chelates with Pb, thereby im-
mobilizing them in the soil matrix (Osland et al.,
2020). This combination of soil properties sug-
gests that soil with high organic matter content and
sufficient clay fraction can be an effective medium

to reduce heavy metal pollution, with mangroves
serving as efficient bioremediation agents.

Spatial distribution of Pb in Gunungayar and
Wonorejo Mangrove

The spatial distribution of Pb content in Gu-
nungayar and Wonorejo areas is divided into three
categories: Pb content (ppm) in soil, leaves, and
roots of mangrove plants (Figure 2). Each concen-
tration level is shown with a color scale indicat-
ing the level ranging from very low to very high.
This map provides a detailed picture of the spatial
variation of Pb concentration in different areas,
which can be utilized for environmental analysis
or soil and vegetation management planning.

The distribution of Pb content in soil shows
that areas with very high concentrations (>12.15
ppm) are in the Gunung Anyar area. In contrast,
the Wonorejo area has low to moderate Pb con-
tent. This suggests that anthropogenic activities
or major sources of pollution are highest in the
Gunung Anyar area. Based on Figure 1, the dis-
tance between the mangrove area (P1T3) and
the built-up area is relatively nearby (<200 m).
In Gunung Anyar mangrove areas the nearest to
anthropogenic activities with Bruguiera gymnor-
rhiza can accumulate higher Pb. In addition, the
Gunung Anyar Mangrove Area is found to have
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Figure 2. Spatial distribution of Pb in Gunung Anyar and Wonorejo Mangrove
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many transportation activities using ships, thus
triggering higher Pb accumulation. Whereas in
Wonorejo Mangrove Area, the geospatial shape
of the area is elongated and the distance between
mangrove areas (P2T3) is quite far, so the accumu-
lation of Pb from anthropogenic factors is lower.
This distribution pattern shows different Pb con-
tent based on pollution sources from industrial
activities, activities from settlements, and trans-
portation from ships that contribute to increasing
Pb levels in the soil. This distribution is important
to note because soil is the main medium that can
potentially transmit pollutants to plants (S. Liu
et al., 2020; Zwolak et al., 2019). Variations in
Pb accumulation concentrations in soil can also
be influenced by the physicochemical properties
of soil (C. Li et al., 2019; Pan et al., 2020). Ac-
cumulation in mangrove soils is the structure and
composition of microbial communities. Microbial
diversity in mangrove soils is shaped by biogeo-
graphical, anthropological, and ecological factors,
including nutrient cycling and organic or inorganic
compounds. These microbial communities can in-
fluence the bioavailability of Pb through various
biochemical processes, such as the transformation
of organic matter and the degradation of pollutants
(M. Liu et al., 2019; Tong et al., 2019).

Pb concentrations in mangrove sediments,
roots, and leaves show significant variations due
to complex interactions between plant physiology,
sediment characteristics, and environmental condi-
tions. Studies have shown that sediments usually
exhibit higher Pb concentrations than mangrove
plants’ above-ground parts, especially roots and
leaves. Studies have shown that Pb concentrations
in sediments are generally greater than those found
in roots and leaves of mangrove species. Pb and
Cd levels in sediments of Tulehu mangrove ex-
ceeded those in leaves and stems, confirming that
sediments can accumulate heavy metals more ef-
fectively than plant tissues (Natsir et al., 2019).
Sediments consistently showed higher levels of
metals, including Pb, than mangrove leaves, al-
though they noted variations influenced by local
conditions in Central Red Sea Mangrove, Egypt
(Alhassan & Aljahdali, 2021). Heavy metal ac-
cumulation tends to be higher in roots than in
sediments over long periods because roots can im-
mobilize heavy metals (Titah & Pratikno, 2020).
Roots often harbor higher concentrations of Pb,
and the ability to move this metal to aerial parts
such as leaves is limited. Mangrove species such as
Avicennia germinans and Laguncularia racemosa
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in Ria Calestun Biosphere Reserve, Mexico can
accumulate Pb in roots and translocate minimal
amounts to leaves by phyto-stabilization strategies
(del Refugio Cabafias-Mendoza et al., 2020). This
leads to a phenomenon where Pb concentrations at
Pekalongan mangrove area in roots often signifi-
cantly exceed those in leaves; as noted in various
studies, some species were recorded to accumulate
Pb levels as high as 3.658 mg/kg in roots, in stark
contrast to much lower concentrations in leaves
(Soenardjo & Mentari, 2023). Anthropogenic ac-
tivities, such as industrial discharge and agricul-
tural runoff, contribute to Pb concentration in man-
grove ecosystems. The introduction of pollutants
through these activities can Pb to elevated Pb levels
in the soil, which may adversely affect the health of
mangrove vegetation and associated wildlife (Lin
et al., 2020). The higher anthropogenic influence
exhibits increased Pb concentrations, which can be
detrimental to both soil health and the overall eco-
system (J. Li et al., 2017; Shih et al., 2019). Fur-
thermore, the spatial variation of Pb concentration
within mangrove areas can be attributed to factors
such as hydrology, sediment characteristics, and
vegetation types (Chai, Li, Tam, et al., 2019; Shi
etal., 2019). Pb accumulation tends to be higher in
areas with poor drainage or where sedimentation
rates are low, as these conditions can Pb to greater
retention of contaminants (Al-Akeel et al. 2021).
Additionally, the types of vegetation present can
influence Pb dynamics, as different mangrove spe-
cies have varying capacities for Pb uptake and re-
tention (Ghanbari et al., 2019).

The distribution of Pb in mangrove leaves is
influenced by a variety of biotic and abiotic fac-
tors, including the species of mangrove, environ-
mental conditions, and the specific mechanisms
of metal uptake and translocation within the plant
(Kulkarni et al., 2018; Maurya & Kumari, 2021).
Research indicates that different mangrove spe-
cies exhibit varying capacities for Pb accumula-
tion, which can be attributed to their physiological
and morphological traits. One significant factor
affecting Pb distribution in mangrove leaves is the
species-specific ability to accumulate heavy met-
als (Victorio et al., 2024; Y.-Y. Zhou et al., 2021).

Very high levels of Pb in leaves (>2.30 ppm)
only occurred in Gunung Anyar while concen-
trations in Wonorejo were lower. This variation
indicates that Pb uptake by plants is more depen-
dent on local environmental factors or the specific
adaptability of mangrove plants in the region. It
may also reflect bioaccumulation effects and
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interactions between soil and vegetation types
(de Lacerda et al., 2022; Thanh-Nho et al., 2019).
Avicennia marina plants can absorb Pb higher
than others. Avicennia sp. and Rhizophora sp. are
particularly effective at accumulating Pb in their
leaves, with Rhizophora sp. demonstrating higher
average Pb concentrations compared to other spe-
cies (Dajam et al., 2024; Lang et al., 2023; Yap &
Al-Mutairi, 2023).

Species-specific accumulation is often linked
to the structural characteristics of the roots, which
act as barriers to limit the translocation of Pb to
above-ground parts (Asare et al., 2023; Vignesh
et al., 2024). Additionally, the bioconcentration
factor (BCF) and translocation factor (TF) values
vary among species, indicating that some man-
groves are more efficient at moving Pb from roots
to leaves (Basri et al., 2024; S. U. Rahman et al.,
2024; J. Wang et al., 2021).

The highest concentration of Pb in roots was
found in Gunung Anyar. The Wonorejo area has
low to moderate root Pb content. However, roots
tend to show higher levels of Pb accumulation
than leaves mangrove, reflecting the role of roots
as the first organ in direct contact with pollutants
in the soil (Alharbi et al., 2023). Elevated levels
of Pb in the roots of Avicennia marina compared
to its leaves indicate the critical role of mangrove
roots in heavy metal accumulation (Hossain et al.,
2022). This highlights the importance of root up-
take mechanisms in controlling Pb distribution in
plants and its impact on the food chain (Feng et
al., 2021; Gupta et al., 2024). As the first organ
in direct contact with soil pollutants, mangrove
roots act as a barrier, limiting the translocation of
heavy metals to the aerial parts of the plant (Feng
etal., 2021; Kumar et al., 2020).

This function helps reduce heavy metal tox-
icity in sensitive tissues, enhancing the plant’s
overall survival in contaminated environments.
Additionally, environmental factors such as sa-
linity and sediment composition influence Pb
uptake. High salinity (Table 1) conditions of-
ten promote increased root biomass allocation,
which enhances the plant’s ability to absorb and
store heavy metals like Pb (Sinsin et al., 2022).
Sediment characteristics, including texture and
organic matter content, also affect the bioavail-
ability of Pb, altering its uptake efficiency by
mangrove roots (Pittarello et al., 2019; Ray
et al., 2021). These interactions suggest that
mangrove species have developed specialized
mechanisms to optimize Pb absorption under

different environmental conditions, reinforcing
their role in mitigating heavy metal concentra-
tion in coastal ecosystems.

Different characteristic Pb based on
vegetation and location

There are significant differences in the con-
centration of Pb in the soil of various types of
mangroves in two research locations, namely Gu-
nung Anyar (P1) and Wonorejo (P2). In Gunung
Anyar, the treatment involving Rhizophora mu-
cronata (P1T2) showed the highest Pb concentra-
tion, reaching 14.22 ppm, while Avicennia marina
(PIT1) at the same location had a Pb concentra-
tion of 11.51 ppm. The high concentration of Pb in
Gunung Anyar, especially in Rhizophora mucro-
nata plants, can be associated with several envi-
ronmental factors that increase the bioavailability
of heavy metals in the soil, such as soil pH and
electrical conductivity (EC). These factors direct-
ly affect the mobility and solubility of Pb in the
soil, making it more accessible to plant roots and
thus increasing its absorption by mangrove spe-
cies (Analuddin et al., 2017; Robin et al., 2022).

In particular, soil pH can affect Pb ionization
and its interaction with other elements, while EC
can increase the movement of Pb ions in the soil,
thus facilitating its uptake by plant roots (Fig-
ure 3). These results suggest that certain envi-
ronmental conditions, such as pH and EC, may
contribute to higher Pb bioaccumulation in Rhi-
zophora mucronata in Gunung Anyar, compared
to other mangrove species. On the other hand, the
Wonorejo location showed lower Pb concentra-
tions in all treatments, with the highest Pb con-
centration found in Avicennia marina (P2T1) at
5.18 ppm. Followed by Bruguiera gymnorrhiza
(P2T3) at 4.38 ppm and Rhizophora mucronata
(P2T2) at 4.04 ppm. The relatively lower Pb con-
centration in Wonorejo may be associated with
the higher organic matter content in the soil at this
location, which plays an important role in reduc-
ing the bioavailability and mobility of heavy met-
als. Organic matter in the soil can act as a natural
barrier to metal uptake by plants by adsorbing and
complexing them with metal ions, thereby reduc-
ing their mobility and making them less available
for plant uptake (Uchimiya et al., 2020; Thakur et
al., 2022). Research conducted by (Gerke, 2018;
Azhar et al., 2022) has shown that the presence
of organic compounds in the soil, such as hu-
mic substances, can form stable complexes with
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Figure 3. Differences in soil Pb content across different mangrove vegetation and sites

heavy metals, preventing them from dissolving
into the soil solution and reaching plant roots. In
addition, high organic content can improve soil
structure, increase root growth, and facilitate the
formation of mangrove vegetation which can
further reduce the impact of metal concentration
on plant health. This suggests that the presence
of organic matter in the soil in Wonorejo may be
one of the main factors contributing to the lower
Pb concentrations observed in mangrove plants
at this location. The lower Pb concentration re-
sults in Wonorejo may also reflect differences in
hydrodynamic conditions between the two loca-
tions. Gunung Anyar is located in an area that
may be more affected by anthropogenic activities,
such as industrial waste discharge or runoff from
urban areas that may Pb to higher concentrations
of heavy metals in the soil. In contrast, Wonorejo
may experience less direct exposure to these pol-
lutants due to its location or the types of activities
occurring in the surrounding area. These varia-
tions in concentration sources may also play an
important role in determining the extent of Pb ac-
cumulation in the soil at both sites.

The differences in Pb concentrations between
the two sites highlight the complex interactions
of environmental factors that influence the bio-
accumulation of heavy metals in mangrove
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ecosystems (Xie et al., 2022). The bioaccumula-
tion potential of various mangrove species, par-
ticularly Rhizophora mucronata and Avicennia
marina, appears to be strongly influenced by soil
characteristics and the species’ ability to tolerate
and accumulate metals. In Gunung Anyar, Rhi-
zophora mucronata tends to accumulate more Pb,
possibly due to its ability to tolerate more extreme
soil conditions or the greater efficiency of its root
system in absorbing available nutrients and con-
taminants. On the other hand, Avicennia marina
at both locations showed relatively lower Pb bio-
accumulation, which may be due to differences
in plant physiological responses to heavy metal
stress, such as their ability to sequester metals in
their tissues or compartmentalize them in vacu-
oles to prevent toxic effects. In addition to soil
properties and species characteristics, other fac-
tors such as moisture level, soil texture, and re-
dox conditions may also play an important role in
determining Pb accumulation in mangrove soils
(Hu et al., 2021). Redox conditions which are in-
fluenced by groundwater levels and tidal cycles,
may affect the species, providing insights into
how mangrove ecosystems can be managed and
restored in the face of environmental pollution.
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Relationship of Pb on sediment, leaves,
and roots to physio-chemical subtrat

The results of this study reveal a significant re-
lationship between Pb concentrations in soil, roots,
and leaves and various environmental factors, in-
cluding soil pH and electrical conductivity (EC).
A perfect negative correlation (-1.0) was observed
between EC and Pb concentration in the soil, indi-
cating that an increase in electrical conductivity is
inversely related to the concentration of Pb (Fig-
ure 4). This phenomenon can be explained through
the ionic mobilization mechanism, where higher
EC facilitates the movement of metal ions, such
as Pb, within the soil. Increased conductivity en-
hances the solubility of these ions, making them
more easily transported by water, which, in turn,
reduces their concentration in the soil. This process
accelerates the leaching of Pb ions from the soil,
decreasing their retention and potentially lowering
the risk of bioaccumulation in plant tissues (Kumar
et al., 2020; Collin et al., 2022). Thus, the presence
of higher EC can enhance the mobility of Pb in the
soil, which subsequently affects its availability to
plants. Additionally, a strong negative correlation
(-0.7) was found between the soil organic matter
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(SOM) content and EC, supporting previous stud-
ies that emphasized the role of organic matter in
immobilizing heavy metals through chemical in-
teractions. Soil organic matter can absorb and
bind metal ions, including Pb, thereby reducing
their mobility within the soil. As such, the pres-
ence of organic matter acts as a natural barrier to
the movement of heavy metals, preventing their
further spread into the surrounding environment.
Consequently, the organic fraction of the soil plays
an important role in reducing the bioavailability of
toxic metals, limiting their entry into plant roots,
and minimizing potential groundwater concentra-
tion (Hou et al., 2020; Padhye et al., 2023).

The results of this study demonstrate that an
increase in organic matter content in soil can re-
duce the mobility of heavy metals and enhance
the soil’s capacity to act as an absorber of these
contaminants. Furthermore, this study revealed a
strong positive correlation (0.9) between the con-
centration of Pb in the soil (Soil Pb) and the con-
centration of Pb in the leaves (Leaves Pb), indicat-
ing that higher Pb concentrations in the soil sig-
nificantly influence the accumulation of Pb in plant
tissues, particularly in the leaves. This result is
consistent with the findings of (Gupta et al., 2024)
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Figure 4. Correlation of Pb on sediment, leaves, and roots to physio-chemical subtrat
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stated that soil Pb levels are a key determinant of
Pb bioaccumulation in plants. As the concentra-
tion of Pb in the soil increases, the likelihood of
Pb being absorbed by plant roots and subsequently
transported to the leaves also rises. The relation-
ship between soil Pb levels and Pb concentrations
in plant tissues is direct, underscoring the critical
role of soil concentration in determining the extent
of heavy metal accumulation in plants.

The relationship between soil organic matter
and electrical conductivity significantly influences
the availability and accumulation of Pb in man-
grove plant leaves. SOM is an important matrix
in mangrove ecosystems that can adsorb, complex
and immobilize Pb through its various organic
compounds. This interaction reduces the fraction
of Pb available in the sediment, thus limiting its
uptake by mangrove roots and eventual translo-
cation to leaves (Romero-Mujalli & Melendez,
2023). The interaction between SOM and EC be-
comes increasingly important when considering
the phytoremediation potential of mangrove spe-
cies. High EC conditions can increase or decrease
the capacity of SOM to sequester Pb, thereby
altering the bioconcentration factor (BCF) and
translocation factor (TF) observed in mangrove
leaf tissues (Sait et al., 2023).

Furthermore, a moderately strong negative
correlation (-0.70) was found between Pb con-
centrations in roots and soil pH. This suggests
that Pb solubility decreases in soils with higher
pH (more alkaline), reducing its bioavailability
to plant roots. Pb tends to precipitate at higher
pH levels into less soluble forms, making it less
available for plant absorption. Soil pH directly af-
fects the chemical form of heavy metals, which
influences the rate and extent of metal absorption
by plants (Laghlimi et al., 2015; Yu et al., 2023).
In more alkaline soils, Pb may exist in forms such
as Pb hydroxide or Pb carbonate, which are less
mobile and more difficult for plants to absorb.
This relationship underscores the importance of
managing soil pH to control the availability of
toxic metals in contaminated soils, particularly
in ecosystems where heavy metal concentration
poses risks to plant health and productivity. The
study by (Kicinska et al. 2022) indicates that the
effect of soil pH on metal solubility shows that
acidification can increase the solubility of heavy
metals, thereby enhancing their availability to
plants. Conversely, managing pH levels toward
neutral or slightly alkaline conditions can reduce
the solubility of metals like Pb, thus decreasing
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their absorption by plants. This highlights the
importance of pH management in mitigating the
risks associated with heavy metal concentration,
particularly in agricultural soils where Pb concen-
tration can impact crop yield and food safety.
Moreover, the significant relationship be-
tween Pb concentrations in the soil, roots, and
leaves also emphasizes the importance of soil
management practices in controlling the bioavail-
ability and bioaccumulation of heavy metals.
One of the most effective strategies for reducing
heavy metal concentration in soils is the manage-
ment of soil organic matter and pH. Since organic
matter can significantly influence the mobility of
heavy metals, adding organic amendments such
as compost, biochar, or other organic materials
can help reduce the mobility of Pb in the soil. Or-
ganic matter functions as a sorbent, binding Pb
and preventing its leaching into groundwater or
uptake by plant roots (Dhiman et al., 2020). Soil
amendments designed to alter soil pH, such as ap-
plying lime to increase pH in acidic soils, can also
play a crucial role in reducing the bioavailability
of heavy metals like Pb. By adjusting soil pH to
more neutral or alkaline conditions, Pb solubility
can be reduced, limiting its absorption by plants
and minimizing its potential harmful effects on
plant health and growth (Kushwaha et al., 2018;
Naz et al., 2022b). This approach has the poten-
tial to be an important component of remediation
strategies in areas frequently contaminated with
heavy metals, particularly in agricultural land and
mangroves exposed to Pb concentration.

CONCLUSIONS

The highest Pb content (plants and sedi-
ments) was found in Gunung Anyar, which was
influenced by anthropogenic factors and the dis-
tance of the built-up area. On the other hand, the
absorption of Pb metals in Avicennia marina,
Rhizophora mucronata, and Bruguiera gymnor-
rhiza plants showed varying capacities. The re-
sults of Avicennia marina plants show the high-
est accumulation in their root systems. One of the
advantages of this research is its contribution to
understanding the role of mangroves as natural
bioremediation agents in coastal environments.
The spatial distribution of Pb offers a practical
basis for environmental monitoring and pollution
control policies.
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