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Abstract: The present study evaluated the potentials of phytoremediation and the biomonitoring of
potentially toxic metals (PTMs) (Zn, Ni, Fe, Pb, and Cu) in the mangrove leaves of Rhizophora apiculata
from the tropical mangrove ecosystem in the Sepang Besar River and Lukut River, Peninsular
Malaysia. Overall, the present studies concluded that (a) the levels of essential Fe, Cu, and Zn
in lamina are significantly (p < 0.05) higher than in MP, (b) the levels of Pb and Ni in MP are
significantly (p < 0.05) higher than in lamina, (c) the lamina has better potential as a phytoremediator
of Cu, Zn, and Fe, while MP is a better potential phytoremediator of Pb and Ni, (d) lamina is a
potential biomonitoring agent of potentially toxic metals based on better correlation coefficients with
the surface sedimentary geochemical fractions, and (e) metal uptake in the mangrove leaves and
comparative levels of metals is low with reported studies. Specifically, based on bioconcentration
factors (BCF), their most obtained values were considered low (<1), suggesting that R. apiculata can be
considered as a low-efficiency plant for the bioaccumulation of PTM. However, the present findings
also suggested that R. apiculata may be classified as a potential phytoremediator for Zn, Cu, Pb, and
Ni in the leaves, as indicated by higher metal accumulation in the MP, with BCFEFLE values > 1.0;
BCFAR > 1.0 for Cu, Pb, and Ni. The mangrove leaves are potential biomonitors of PTMs since
positive correlations of PTMs were found between the leaves and their habitat surface sediments.
Having been identified as a potential phytoremediator and biomonitor of PTMs, the present study
emphasized the possibility of establishing a framework for managing the coastal aquatic ecosystems
along the mangrove ecosystems of Sepang and Lukut.

Keywords: phytoremediation; heavy metals; Malaysia; surface sediments; biomonitoring; mangrove tree

1. Introduction

Mangrove ecosystems are significant intertidal estuarine wetlands along tropical
coasts [1]. Mangroves are woody plant communities and are regarded as distinct halo-
phytes, an uncommon variety of evergreen trees [2]. The mangrove plants are extremely
valuable to marine species as habitats, food sources, and refuges [3]. Mangrove envi-
ronments may suffer due to anthropogenic pressure and potentially toxic metals (PTMs)
brought on by population expansion. The PTMs are major inorganic pollutants with poten-
tially detrimental effects on the ecological quality of the mangrove ecosystems [4]. The PTM
pollution in the ecosystem of mangroves has drawn more attention in recent years [2,5]
since increased PTM concentrations in surface sediments from mangrove ecosystems have
been widely reported in the literature [2]. This is based on the many reported studies on
the levels of status of toxic metals or pollutants on the mangrove trees [6–8] with their
phytoremediation potentials [9–15].

Typically, industrial effluents, agrochemical-based industries, agricultural runoff,
sewage treatment facilities, leaching from residential garbage dumps, urbanisation, and
chemical and oil spills are linked to mangrove pollution by PTMs [16–21]. This mangrove
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ecosystem contributes to the sequestration of carbon and the prevention of coastal erosion,
and it provides a habitat for local and migratory animals. Due to these distinguishing
characteristics, those concerned with conservation issues have recently begun to pay
more attention to the contamination of the mangrove ecosystems by PTMs [22,23]. In
tropical and subtropical marine ecosystems, mangroves are crucial components of the
metal accumulator system [7]. In studies on PTMs in the mangrove leaves and their habitat
sediments, many researchers have reported the same from Saudi Arabia [3,16,17,19,20,24]
and Australia [22,25].

There have been prior reports of the genus Rhizophora (family: Rhizophoraceae) from
the mangrove habitats in Peninsular Malaysia [26–29]. According to these reports, R.
apiculata is a primary mangal vegetation in the Sepang mangrove habitat [30]. R. apiculata
Blume, 1827, has a ‘Least Concern’ rating on the International Union for Conservation of
Nature (IUCN) Red List [31]. This species can be found in the mid-intertidal intermediate
estuary zone [32], and it may grow best in salinities between 8 and 15 ppt, with a maximum
salinity of 65 ppt [33]. Na+ concentrations in the xylem of non-salt-secreting species such
as Rhizophora spp. are typically less than one-hundredth in seawater, and absorption is
mostly regulated at the root endodermis [34]. In addition to the processes that control Na
influx/transport, it is likely that mangroves achieve metal influx and transport regulation
by many other routes.

The studies of mangrove plants for ecotoxicological monitoring [19,20,24,35–42] and
phytoremediation [19,43] studies have been reported in the literature. In general, the
mangrove Rhizophora species have been specifically focused upon [44–49]. In particular,
R. apiculata has been investigated for Zn removal from the study site [50] and elemental
distribution in the different parts of the plants [51], Setiu mangrove forest, Terengganu [52]
and Balok mangrove forest, Pahang [53].

The mangrove is endangered by the disappearance of its habitat across its range,
which is mostly due to resource exploitation and coastal development. Studies on the
presence of PTMs in the leaves of the R. apiculata have been reported from several locations,
including the Setiu Mangrove Forest in Malaysia [54], the Matang Mangrove Forest Reserve
in Malaysia [52], the Balok mangrove forest in Malaysia [53], the Can Gio Mangrove Forest
in Southern Vietnam [55], and Belawan in North Sumatera of Indonesia [56]. However, very
limited studies on the west coast of Peninsular Malaysia are found. Furthermore, its poten-
tial to act as a biomonitor and its phytoremediator potentials are limitedly documented in
the literature.

Therefore, the objectives of the present study were to (a) determine the potential of
mangrove R. apiculata to act as a biomonitor of PTMs and (b) evaluate its potential to act as a
phytoremediator of PTMs in the mangrove ecosystem at Sepang estuary and Lukut estuary.

2. Materials and Methods
2.1. Sampling Site Descriptions

The mangrove leaves of R. apiculata and their surface sediments (0–10 cm) were
collected from four sampling sites (1–4) in the Sepang Besar River and all five sampling
sites (5–9) in the Lukut River (Figure 1; Table S1) on 1 December 2007. The sampling sites
were selected based on sample availability and safety considerations. Only one sampling
site was at Sepang Besar River S3 where the mangrove roots were collected. All the samples
were transferred to the lab in zipped-lock polyethylene bags.

All the samples were brought to the laboratory and oven-dried at 80 ◦C for 72 h to a
constant dry weight. All dried sediments were passed through 63 µm sieves. The leaves
samples were separated into the lamina and the midrib plus petiole (MP) (Figure S1).
The roots were separated into barks and vascular bundles for further analysis. The plant
samples were ground to homogenize the samples using a pestle and mortar.
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Figure 1. Sampling sites in the Sepang Besar River (1–4), and Lukut River (5–9) from the present study.

2.2. Metal Analysis

The sediment and leave samples were digested using a wet digestion technique. The
aqua-regia technique was applied to extract metals in the plant samples. Then, 5 mL of
concentrated nitric acid (HNO3, AnalaR grade, BDH 69%) was added to the dried tissues.
Each dried sediment sample (1.0 g) was digested using a combination of concentrated nitric
acid (HNO3, AnalaR grade, BDH 69%) and perchloric acid (HClO4, AnalaR grade, BDH
60%) in the ratio 4:1 (10 mL) [57–62].

Samples were then placed in a digestion block at 40 ◦C for 1 h, and the samples
were then fully digested at 140 ◦C for 3 h [61,62]. They were then diluted to 40 mL with
double de-ionised water. Later, the diluted samples were filtered through Whatman No. 1
(filter speed: medium) filter paper into acid-washed pill boxes and stored at 4 ◦C until
metal determination.

The sediment samples were fractionated into four fractions based on Badri and
Aston [63]. The four fractions employed in this study were (i) ‘Easily, freely, leachable,
or exchangeable’ (EFLE), (ii) ‘Acid-reducible’ (AR), (iii) ‘Oxidisable-organic’ (OO), and
(iv) ‘Resistant’ (RES). The total concentrations are the summation (SUM) of all four geo-
chemical fractions.
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2.3. Metal Analysis

All the samples were analysed for Zn, Ni, Fe, Pb, and Cu by using an air-acetylene
flame atomic absorption spectrophotometer (FAAS, Perkin Elmer Model AAnalyst 800;
Perkin Elmer LLC, Waltham, CT, USA). Standard solutions were prepared from the stock
solution provided by MERCK Titrisol for the six metals, and the data were presented in
mg/kg dry weight basis.

2.4. Quality Control and Quality Assurance

All glassware and non-metal apparatuses used in this study were soaked in an acid
bath (5% HNO3) for 72 h, after being washed with laboratory-grade detergent (Decon 90),
to avoid possible contamination. The metal-made apparatuses were washed and soaked
in laboratory-grade detergent (Decon 90) for at least 3 h before the analysis. Procedural
blanks were employed, and quality control samples were made by diluting the standard
solutions of the metals to be tested. These standard solutions were analysed after every
5–10 samples to check for the accuracy of the analysed samples.

There were four types of Certified Reference Materials (CRMs) checked with the sam-
ples to ensure the accuracy of the FAAS measurements. These CRMs included Lagarosiphon major
(NR.60), Dogfish Liver-DOLT-3 (National Research Council Canada), marine sediments-
(MESS-3, National Research Council Canada, Beaufort Sea), and NSC DC 73,319 (soil). Their
recoveries were mostly acceptable (between 70%–120%) (Table S2). The detection limits for
Fe, Cu, Ni, Pb, and Zn were 0.010, 0.010, 0.010, 0.009, and 0.007 mg/L, respectively.

2.5. Calculation of Bioconcentration Factor

The plant’s capacity to absorb and tolerate PTMs was calculated using the biocon-
centration factor (BCF). This indicator is frequently used to assess whether plants might
make effective phytoremediators [22,64]. The plant’s capacity to bioaccumulate metals
from sediments is assessed using BCF. In the present study, five BCF values were used, as
defined in the following Equations (1)–(5):

BCFEFLE =
Plant

SedimentELLE
(1)

BCFAR =
Plant

SedimentAR
(2)

BCFOO =
Plant

SedimentOO
(3)

BCFRES =
Plant

SedimentRES
(4)

BCFSUM =
Plant

SedimentSUM
(5)

2.6. Statistical Analysis

The present data’s overall statistics and graphical histograms were achieved using
Kaleida Graphs, version 5.0 (1986–2022 by Synergy Software, Eden Prairie, MN, USA). The
Shapiro–Wilk test was chosen because it is the most extensively employed method to detect
non-normality when the sample size is small (N < 50) [65–67].

Before doing correlation analysis, multiple linear (forward) stepwise regression analy-
sis (MLSRA), and cluster analysis, those data that considerably deviated from a normal
distribution (based on the Shapiro–Wilk normality test; <0.05) were converted using the
log10 [value + 1] formula. This log10-transformation was used to stabilise the variance
and the lack of normality to produce a frequency distribution that was more akin to a
normal distribution and to satisfy the need for normality for the three statistical analytical
models [68,69]. The correlation analysis, MLSRA, and cluster analysis were performed
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using STATISTICA (Version 10; StatSoft. Inc., Tulsa, OK, USA, 1984–2011). This has been
shown by many studies on relationships between a dependent variable and independent
variables [70–75].

The MLSRA was based on lamina and MP as dependent variables and the values
of BCF (BCFEFLE, BCFAR, BCFOO, BCFRES, BCFSUM), while the independent variables
included sedimentary geochemical fractions (EFLE, AR, OO, RES, and SUM) and surface
water parameters (temperature, conductivity, and salinity).

For cluster analysis, the clustering patterns of the nine sampling sites were based on
the metal concentrations (Cu, Fe, Ni, Pb, and Zn) in the leaves (lamina, as well as midrib
plus petiole), the geochemical fractions of the sediments (EFLE, AR, OO, RES, and SUM),
the values of BCFEFLE, BCFAR, BCFOO, BCFRES, BCFSUM, and surface water parameters
(temperature, conductivity, and salinity).

3. Results

The concentrations of Cu, Fe, Ni, Pb, and Zn in the root barks, root vascular bundles,
MP, and lamina of R. apiculata collected from Sepang (S3) are presented in Figure 2. In
general, the levels of Zn, Cu, Fe, and Ni in the lamina are higher than those in MP, while Pb
shows the contrast. The levels of Zn, Cu, Fe, and Ni in the root bark are higher than those
in root vascular bundle, but Pb shows the contrast.
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Figure 2. Concentrations (mean ± standard error, mg/kg dry weight) of Cu, Fe, Ni, Pb, and Zn in the
root barks (R-Bark), root vascular bundles (R-VB), leaf midrib plus petiole (L-MP), and leaf lamina
(L-Lamina) of Rhizophora apiculata collected from Sepang (S3).

The concentrations of Cu, Fe, Ni, Pb, and Zn in the MP), lamina of R. apiculata, and their
habitat surface of four geochemical fractions in the sediments, are presented in Figure 3a.
The clustering patterns of the nine sampling sites for Cu, Fe, Ni, Pb, and Zn, based on the
metal concentrations in the leaves (lamina and midrib plus petiole) and the geochemical
fractions of the sediments, are presented in Figure 3b.
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Figure 3. (a) Concentrations (mean ± standard error, mg/kg dry weight) of Cu, Fe, Ni, Pb, and
Zn in the leave midrib plus petiole (MP), leaf lamina (Lamina) of Rhizophora apiculata, and their
habitat surface sediments (SED = summation of four geochemical fractions) collected from Sepang
River (S1–S4) and Lukut River (S5–S9). Note: Fe X-axis is drawn in logarithmic scale. (b) Clustering
patterns of the nine sampling sites for Cu, Fe, Ni, Pb, and Zn, based on the metal concentrations in
the leaves (lamina, and midrib plus petiole), and the geochemical fractions of the sediments (EFLE,
AR, OO, RES, and SUM), as well as the values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM

surface water parameters (temperature, conductivity, and salinity). Only the parameters with p < 0.05,
based on the Shapiro–Wilk normality test, were log10 (value + 1) transformed before cluster analysis;
sampling sites’ information followed those in Table S1.
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The highest level of Zn in the sediment is found in S1, but it is not visibly found in
the mangrove leaves. Overall, the levels of Zn and Ni in S1 and S4 are higher than in other
sites, but the clustering patterns for both metals are not well indicated. The higher levels of
Zn in S2 and S6 are also not visibly indicated in the clustering patterns. Only the highest
levels of Ni in S1, shown by MP and sediments, are indicated by the clustering pattern
where S1 is clustered as a single entity. There have been no clear clustering patterns for
Zn for the highest levels of Zn in MP at S2 and sediment at S6. The highest level of Cu
in the sediments at S6 is well indicated as a single entity, while the highest Cu in lamina,
with comparatively higher Cu levels in sediments at S1, is single-subclustered. The higher
levels of Pb, at S6, S7, and S9 in the sediments, are well-indicated as subclusters, while the
highest Pb level in MP at S2 is not indicated in the clustering pattern. There has been no
visibly clear pattern of clustering patterns for Fe, but the levels of Fe in the lamina and MP
at S2, S3, and S4 are comparatively lower than at other sites. However, only S2 and S3 are
subclustered as a single entity for Fe.

3.1. Zinc

The Zn levels (mg/kg dry weight) in MP and lamina are 6.08–14.2, and 7.28–18.9,
respectively (Table S3; Table 1). The mean Zn values indicate that the Zn lamina (13.6) is
significantly (p < 0.05) higher than that (9.43) in MP.

Table 1. Overall statistics of Zn concentrations (mg/kg dry weight) in the midrib plus petiole (MP)
and lamina of Rhizophora apiculata, with their habitat geochemical fractions of sediments and their
bioconcentration factors (BCF) values, collected from nine sampling sites in the mangrove areas of
Sepang and Lukut. N = 9.

MP Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 6.08 45.52 2.65 0.32 0.14 0.15 0.06
Maximum 14.21 88.25 10.63 0.90 0.68 0.82 0.24

Mean 9.43 71.73 5.22 0.53 0.37 0.33 0.12
Median 8.72 74.40 4.10 0.41 0.29 0.30 0.10

SD 2.78 12.71 2.81 0.23 0.18 0.21 0.06
SE 0.93 4.24 0.94 0.08 0.06 0.07 0.02

Skewness 0.50 −0.85 1.14 0.73 0.72 1.44 1.06
Kurtosis −0.96 0.09 −0.29 −1.16 −0.81 0.96 −0.33

Lamina Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 7.28 45.52 3.09 0.37 0.29 0.22 0.09
Maximum 18.97 88.25 14.28 1.20 0.84 0.95 0.29

Mean 13.61 71.73 7.59 0.75 0.50 0.46 0.17
Median 14.96 74.40 6.90 0.69 0.45 0.39 0.17

SD 4.19 12.71 3.97 0.27 0.20 0.25 0.07
SE 1.40 4.24 1.32 0.09 0.07 0.08 0.02

Skewness −0.30 −0.85 0.54 0.16 0.73 0.84 0.66
Kurtosis −1.29 0.09 −1.09 −0.99 −0.90 −0.30 −0.79

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO and RES; SD = standard deviation;
SE = standard error.

The total Zn concentrations in the surface sediments ranged from 45.5 to 88.2 mg/kg
dry weight. When comparing to the sediment quality guideline values (Table 1), all Zn
levels were below those by Chapman et al. [76], Macdonald et al. [77], and Long et al. [78].
When compared to the reference background values (Table S4), the maximum range of
Zn levels of the Sepang and Lukut mangroves were higher than the background Zn
levels proposed by Taylor and McLennan [79], Rudnick and Gao [80], Wedepohl [81], and
the background level of Peninsular Malaysia [60], while they are within the mangrove
sediments reported by Cheng and Yap [61].
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The overall mean values in the MP for BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM
are 5.22, 0.53, 0.37, 0.33, and 0.12, respectively. These BCF values are lower than those in the
lamina, in which their values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM are 7.59,
0.75, 0.50, 0.46, and 0.17, respectively. This indicates that lamina has a better potential as a
phytoremediator of Zn.

The relationships of Zn concentrations between mangrove leaves (lamina and MP)
and geochemical fractions in the surface mangrove sediments are shown in Table 2: It is
observed that the Zn lamina shows non-significant (p > 0.05) correlations with all geochem-
ical fractions but positive correlations with all five BCF values (R = 0.53 to 0.81; p < 0.05).
The Zn MP levels also correlate positively (R = 0.38 to 0.79; p < 0.05) with EFLE and four
BCF values (BCFAR, BCFOO, BCFRES, and BCFSUM). The overall R values between Zn
lamina–BCF pairwises are higher than those between Zn MP–BCF pairwises.

Table 2. Zinc correlation coefficients between variable A (Zn levels in the lamina and Fe biocon-
centration factors (BCF)) and variable B (geochemical fractions in the sediments and surface water
parameters). Values in red are significant at p < 0.05.

Zn EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

L 0.32 0.20 0.00 −0.11 0.00 0.53 0.81 0.72 0.75 0.80 0.27 −0.15 −0.17
BCFEFLE-L −0.61 −0.20 0.08 0.48 0.24 1.00 0.62 0.31 0.03 0.27 −0.06 0.32 0.32
BCFAR-L 0.10 −0.37 −0.32 −0.11 −0.27 0.62 1.00 0.87 0.73 0.87 0.10 0.26 0.26
BCFOO-L 0.34 −0.33 −0.62 −0.56 −0.63 0.31 0.87 1.00 0.91 0.98 0.17 0.24 0.24
BCFRES-L 0.67 −0.07 −0.44 −0.66 −0.54 0.03 0.73 0.91 1.00 0.96 0.25 −0.05 −0.06
BCFSUM-L 0.45 −0.20 −0.49 −0.56 −0.55 0.27 0.87 0.98 0.96 1.00 0.20 0.13 0.12

Zn EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

MP 0.38 −0.01 −0.08 −0.12 −0.09 0.21 0.79 0.66 0.70 0.76 0.34 0.15 0.13
BCFEFLE-ML −0.80 −0.36 0.12 0.62 0.29 1.00 0.42 0.02 −0.34 −0.06 −0.11 0.58 0.59
BCFAR-ML 0.09 −0.59 −0.41 −0.11 −0.35 0.42 1.00 0.81 0.68 0.82 0.10 0.51 0.51
BCFOO-ML 0.35 −0.47 −0.76 −0.60 −0.75 0.02 0.81 1.00 0.87 0.97 0.19 0.39 0.38
BCFRES-ML 0.72 −0.22 −0.54 −0.71 −0.65 −0.34 0.68 0.87 1.00 0.95 0.25 0.10 0.09
BCFSUM-ML 0.49 −0.37 −0.63 −0.62 −0.67 −0.06 0.82 0.97 0.95 1.00 0.21 0.30 0.30

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error; Temp= temperature; Cond = conductivity; Sal = salinity.

3.2. Iron

The Fe levels (mg/kg dry weight) in MP and lamina are 27.1–217, and 63.2–424,
respectively (Table S5; Table 3). The mean Fe values indicated the Fe lamina (237) is
significantly (p < 0.05) higher than that (133) in MP. The total Fe concentrations in the
surface sediments ranged from 13,564 to 32,489 mg/kg dry weight, which were lower than
the Fe UCC concentration by Wedepohl [81].

The overall mean values in the MP for BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM
are 0.71, 0.104, 0.03, 0.006, and 0.004, respectively. These BCF values are lower than those in
lamina, in which their values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM are 1.24,
0.184, 0.05, 0.011, and 0.008, respectively. This indicates that lamina has a better potential as
a phytoremediator of Fe.

The relationships of Fe concentrations between mangrove leaves (lamina and MP) and
their geochemical fractions in the surface mangrove sediments are shown in Table 4: It is
observed that the Fe lamina shows positive correlations with all the geochemical fractions
(R = 0.48 to 0.68; p < 0.05), except for EFLE and all five BCF values (R = 0.53 to 0.96; p < 0.05).
The Zn MP levels also correlate positively with F4 (R = 0.46; p < 0.05) and all five BCF values
(R = 0.60 to 0.93; p < 0.05). The overall R values between Fe lamina–BCF pairwises are
higher than those between Fe MP–BCF pairwises. Interestingly, the number of significant
and positive correlations between Fe lamina–geochemical fractions is higher than those
between Fe MP–geochemical fractions.
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Table 3. Overall statistics of Fe concentrations (mg/kg dry weight) in the midrib plus petiole (MP)
and lamina of Rhizophora apiculata, with their habitat geochemical fractions of sediments and their
bioconcentration factor (BCF) values, collected from nine sampling sites in the mangrove areas of
Sepang and Lukut. N = 9.

MP Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 27.10 13,564 0.03 0.020 0.004 0.001 0.001
Maximum 217.0 32,489 1.70 0.200 0.093 0.013 0.007

Mean 132.9 24,195 0.71 0.104 0.030 0.006 0.004
Median 138.0 25,512 0.52 0.120 0.021 0.005 0.004

SD 78.64 6134 0.66 0.062 0.027 0.004 0.002
SE 26.21 2045 0.22 0.021 0.009 0.001 0.001

Skewness −0.36 −0.38 0.58 −0.103 1.508 0.331 −0.278
Kurtosis −1.50 −0.75 −1.39 −1.099 1.196 −0.765 −1.375

Lamina Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 63.20 13,564 0.08 0.040 0.010 0.003 0.002
Maximum 424 32,489 3.09 0.300 0.106 0.019 0.013

Mean 237 24,195 1.24 0.184 0.050 0.011 0.008
Median 260 25,512 1.03 0.220 0.046 0.010 0.008

SD 133 6134 1.08 0.090 0.033 0.006 0.004
SE 44.17 2045 0.36 0.030 0.011 0.002 0.001

Skewness −0.20 −0.38 0.60 −0.478 0.784 0.155 −0.131
Kurtosis −1.37 −0.75 −1.08 −1.161 −0.684 −1.152 −1.160

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error.

Table 4. Iron correlation coefficients between variable A (Fe levels in the lamina (L), midrib plus
petiole (MP), and Fe bioconcentration factors (BCF)) and variable B (geochemical fractions in the
sediments and surface water parameters). Values in red are significant at p < 0.05.

Fe EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

L −0.11 0.55 0.48 0.55 0.68 0.61 0.88 0.53 0.91 0.96 0.45 −0.66 −0.69
BCFEFLE-L −0.79 −0.20 −0.26 0.74 0.48 1.00 0.89 0.84 0.35 0.59 0.22 −0.40 −0.42
BCFAR-L −0.50 0.14 0.13 0.66 0.59 0.89 1.00 0.77 0.73 0.87 0.40 −0.55 −0.58
BCFOO-L −0.67 −0.18 −0.39 0.50 0.22 0.84 0.77 1.00 0.37 0.61 0.18 −0.14 −0.16
BCFRES-L 0.14 0.60 0.60 0.20 0.45 0.35 0.73 0.37 1.00 0.95 0.45 −0.52 −0.55
BCFSUM-L −0.13 0.45 0.37 0.37 0.48 0.59 0.87 0.61 0.95 1.00 0.45 −0.53 −0.56

MP −0.21 0.32 0.36 0.46 0.55 0.68 0.91 0.60 0.87 0.93 0.34 −0.58 −0.61
BCFEFLE-ML −0.77 −0.28 −0.32 0.65 0.38 1.00 0.87 0.83 0.35 0.60 0.16 −0.29 −0.31
BCFAR-ML −0.45 0.01 0.02 0.47 0.39 0.87 1.00 0.84 0.75 0.91 0.27 −0.35 −0.37
BCFOO-ML −0.56 −0.24 −0.40 0.35 0.10 0.83 0.84 1.00 0.45 0.69 0.07 −0.03 −0.04
BCFRES-ML 0.14 0.44 0.51 0.06 0.29 0.35 0.75 0.45 1.00 0.95 0.34 −0.35 −0.37
BCFSUM-ML −0.12 0.28 0.27 0.22 0.31 0.60 0.91 0.69 0.95 1.00 0.33 −0.34 −0.37

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM= summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error; Temp = temperature; Cond = conductivity; Sal = salinity.

3.3. Lead

The Pb levels (mg/kg dry weight) in MP and lamina are 5.25–9.88 and 0.41–8.43,
respectively (Table S6; Table 5). The mean Pb values indicated that the Pb lamina (3.70) is
significantly (p < 0.05) lower than that (7.39) in MP.

The total Pb concentrations in the surface sediments ranged from 25.6 to 47.4 mg/kg
dry weight. When comparing them to the sediment quality guideline values (Table 1), the
present maximum Pb levels were below those by Chapman et al. [76], Macdonald et al. [77]
(except for TEL), and Long et al. [78] (except for ERL). When compared to the reference
background values (Table 1), the maximum range of Pb levels of the Sepang and Lukut man-
grove was higher than the background Zn levels proposed by Taylor and McLennan [79],
Rudnick and Gao [80], Wedepohl [81], and the Pb background level of Peninsular Malaysia [59],
while it is within the mangrove sediments reported by Cheng and Yap [61].
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Table 5. Overall statistics of Pb concentrations (mg/kg dry weight) in the midrib plus petiole (MP)
and lamina of Rhizophora apiculata, with their habitat geochemical fractions of sediments and their
bioconcentration factors (BCF) values, collected from nine sampling sites in the mangrove areas of
Sepang and Lukut. N = 9.

MP Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 5.25 25.6 4.10 5.08 0.63 0.19 0.15
Maximum 9.88 47.4 8.01 84.1 1.40 0.63 0.37

Mean 7.39 36.2 5.88 17.9 1.04 0.31 0.22
Median 7.06 38.9 6.07 6.36 1.11 0.29 0.20

SD 1.42 8.21 1.27 25.5 0.30 0.14 0.07
SE 0.47 2.74 0.42 8.51 0.10 0.05 0.02

Skewness 0.31 −0.03 0.33 2.22 −0.04 1.44 1.02
Kurtosis −0.71 −1.62 −0.93 3.36 −1.54 1.24 0.15

Lamina Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 0.42 25.55 0.58 0.41 0.07 0.02 0.01
Maximum 8.43 47.37 6.53 43.30 1.11 0.26 0.20

Mean 3.70 36.21 2.89 10.46 0.48 0.14 0.10
Median 3.33 38.91 2.06 2.40 0.47 0.14 0.10

SD 2.59 8.21 2.24 14.12 0.32 0.07 0.06
SE 0.86 2.74 0.75 4.71 0.11 0.02 0.02

Skewness 0.47 −0.03 0.67 1.53 0.61 −0.11 0.10
Kurtosis −0.63 −1.62 −0.99 1.27 −0.11 −0.60 −0.48

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error.

The overall mean values in the MP for BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM
are 5.88, 17.97, 1.04, 0.31 and 0.22, respectively. These BCF values are higher than those
in lamina, in which their values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM are
2.89, 10.5, 0.48, 0.14, and 0.10, respectively. This indicates that MP has better potential as a
phytoremediator of Ni.

The relationships of Pb concentrations between mangrove leaves (lamina and MP),
and their geochemical fractions in the surface mangrove sediments are shown in Table 6:
It is observed that the Pb lamina shows positive correlations with all the geochemical
fractions (R = 0.46 to 0.72; p < 0.05), except for EFLE and AR fractions and all five BCF
values (R = 0.79 to 0.98; p < 0.05). The Pb MP levels also correlate positively with EFLE
(R = 0.76; p < 0.05) and three BCF values (R = 0.60 to 0.76; p < 0.05). The overall R values
between Pb lamina–BCF pairwises are higher than those between Pb MP–BCF pairwises.

Table 6. Lead correlation coefficients between variable A (Pb levels in the lamina (L), midrib plus
petiole (MP), and Pb bioconcentration factors (BCF)) and variable B (geochemical fractions in the
sediments and surface water parameters). Values in red are significant at p < 0.05.

Pb EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

L 0.17 −0.55 0.46 0.68 0.72 0.95 0.79 0.96 0.93 0.98 0.32 −0.58 −0.60
BCFEFLE-L 0.02 −0.64 0.43 0.67 0.68 1.00 0.88 0.92 0.88 0.94 0.35 −0.63 −0.65
BCFAR-L −0.02 −0.85 0.37 0.68 0.65 0.88 1.00 0.74 0.69 0.76 0.30 −0.60 −0.62
BCFOO-L 0.13 −0.51 0.24 0.63 0.61 0.92 0.74 1.00 0.90 0.96 0.35 −0.58 −0.60
BCFRES-L 0.39 −0.30 0.51 0.42 0.53 0.88 0.69 0.90 1.00 0.98 0.30 −0.43 −0.45
BCFSUM-L 0.27 −0.43 0.44 0.55 0.60 0.94 0.76 0.96 0.98 1.00 0.33 −0.52 −0.54

Pb EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

MP 0.76 0.10 0.15 −0.03 0.07 −0.05 0.29 0.60 0.71 0.76 0.41 0.23 0.21
BCFEFLE-ML −0.63 −0.38 −0.30 0.34 0.17 1.00 0.45 0.23 −0.21 −0.07 0.45 0.15 0.13
BCFAR-ML −0.12 −0.86 0.19 0.58 0.51 0.45 1.00 −0.05 −0.26 −0.16 0.30 −0.41 −0.43
BCFOO-ML 0.24 0.31 −0.62 −0.34 −0.44 0.23 −0.05 1.00 0.65 0.79 0.31 0.37 0.36
BCFRES-ML 0.64 0.65 −0.11 −0.69 −0.57 −0.21 −0.26 0.65 1.00 0.97 0.05 0.58 0.59
BCFSUM-ML 0.57 0.56 −0.24 −0.61 −0.55 −0.07 −0.16 0.79 0.97 1.00 0.15 0.57 0.57

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR= acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error; Temp = temperature; Cond = conductivity; Sal = salinity.
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3.4. Copper

The Cu levels (mg/kg dry weight) in MP and lamina are 1.53–10.8, and 0.69–13.4,
respectively (Table S7; Table 7). The mean Cu values indicate the Cu lamina (4.46) is
significantly (p < 0.05) higher than that (3.60) in MP.

Table 7. Overall statistics of Cu concentrations (mg/kg dry weight) in the midrib plus petiole (MP)
and lamina of Rhizophora apiculata, with their habitat geochemical fractions of sediments and their
bioconcentration factors (BCF) values, collected from nine sampling sites in the mangrove areas of
Sepang and Lukut. N = 9.

MP Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 1.53 9.00 5.03 11.00 0.11 0.09 0.05
Maximum 10.78 22.7 154 175 1.43 0.59 0.39

Mean 3.60 13.6 51.1 39.3 0.63 0.28 0.19
Median 2.65 11.5 30.6 24.1 0.42 0.20 0.13

SD 2.94 4.92 52.1 51.5 0.47 0.19 0.13
SE 0.98 1.64 17.4 17.2 0.16 0.06 0.04

Skewness 1.81 0.86 1.14 2.33 0.63 0.64 0.60
Kurtosis 2.09 −0.66 −0.22 3.72 −1.12 −1.19 −1.26

Lamina Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 0.69 9.00 5.44 9.86 0.08 0.04 0.03
Maximum 13.4 22.7 226 192 1.80 0.77 0.53

Mean 4.46 13.6 72.4 44.2 0.82 0.37 0.25
Median 3.48 11.5 37.0 29.0 0.55 0.26 0.17

SD 3.85 4.92 86.7 56.5 0.67 0.27 0.19
SE 1.28 1.64 28.9 18.8 0.22 0.09 0.06

Skewness 1.47 0.86 1.16 2.31 0.48 0.37 0.40
Kurtosis 1.33 −0.66 −0.41 3.66 −1.28 −1.40 −1.39

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error.

The total Cu concentrations in the surface sediments ranged from 9.00 to 22.7 mg/kg
dry weight. When comparing them the sediment quality guideline values (Table 1), all
Cu levels were below those by Chapman et al. [76], Macdonald et al. [77] (except for
TEL), and Long et al. [78]. When compared to the reference background values (Table 1),
the maximum range of Cu levels of the Sepang and Lukut mangroves were higher than
the background Cu levels proposed by Wedepohl [81] and the Cu background level of
Peninsular Malaysia [57], while they are within the mangrove sediments reported by Cheng
and Yap [61].

The overall mean values in the MP for BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM
are 51.1, 39.3, 0.63, 0.28 and 0.19, respectively. These BCF values are lower than those in
lamina, in which their values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM are 72.4,
44.2, 0.82, 0.37, and 0.25, respectively. This indicated that lamina has a better potential as a
phytoremediator of Cu.

The relationships of Cu concentrations between mangrove leaves (lamina and MP),
and their geochemical fractions in the surface mangrove sediments are shown in Table 8: It
is observed that the Cu lamina shows a positive correlation with AR (R = 0.70; p < 0.05),
and all five BCF values (R = 0.53 to 0.87; p < 0.05). The Cu MP levels also correlate
positively with AR (R = 0.63; p < 0.05) and four BCF values (R = 0.45 to 0.84; p < 0.05).
The overall Cu R values between lamina–BCF pairwises are higher than those between Cu
MP–BCF pairwises.
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Table 8. Copper correlation coefficients between variable A (Cu levels in the lamina (L), midrib plus
petiole (MP), and Cu bioconcentration factors (BCF)) and variable B (geochemical fractions in the
sediments and surface water parameters). Values in red are significant at p < 0.05.

Cu EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

L 0.05 0.70 −0.14 0.05 −0.06 0.53 0.55 0.87 0.87 0.87 −0.05 0.31 0.31
BCFEFLE-L −0.70 0.56 −0.83 −0.69 −0.74 1.00 0.05 0.82 0.78 0.78 −0.20 0.80 0.82
BCFAR-L 0.34 −0.19 0.04 0.00 0.03 0.05 1.00 0.44 0.52 0.49 0.20 −0.06 −0.07
BCFOO-L −0.38 0.65 −0.56 −0.39 −0.48 0.82 0.44 1.00 0.99 0.99 −0.11 0.57 0.58
BCFRES-L −0.32 0.58 −0.52 −0.38 −0.45 0.78 0.52 0.99 1.00 1.00 −0.07 0.52 0.52
BCFSUM-L −0.33 0.61 −0.52 −0.37 −0.45 0.78 0.49 0.99 1.00 1.00 −0.08 0.53 0.53

MP 0.18 0.63 0.04 0.24 0.11 0.24 0.45 0.83 0.84 0.84 0.05 0.10 0.09
BCFEFLE-ML −0.80 0.53 −0.87 −0.73 −0.79 1.00 −0.29 0.69 0.62 0.63 −0.17 0.78 0.80
BCFAR-ML 0.44 −0.40 0.25 0.16 0.19 −0.29 1.00 0.31 0.45 0.42 0.31 −0.34 −0.36
BCFOO-ML −0.31 0.59 −0.49 −0.31 −0.41 0.69 0.31 1.00 0.98 0.99 −0.05 0.48 0.48
BCFRES-ML −0.22 0.47 −0.43 −0.28 −0.37 0.62 0.45 0.98 1.00 1.00 0.01 0.40 0.40
BCFSUM-ML −0.24 0.51 −0.44 −0.28 −0.37 0.63 0.42 0.99 1.00 1.00 −0.01 0.42 0.42

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error; Temp= temperature; Cond = conductivity; Sal = salinity.

3.5. Nickel

The Ni levels (mg/kg dry weight) in MP and lamina are 1.79–6.05 and 1.35–3.60,
respectively (Table S8; Table 9). The mean Ni values indicate that the Ni lamina (2.36) is
significantly (p < 0.05) lower than that (3.14) in MP.

Table 9. Overall statistics of Ni concentrations (mg/kg dry weight) in the midrib plus petiole (MP),
and lamina of Rhizophora apiculata, with their habitat geochemical fractions of sediments and their
bioconcentration factors (BCF) values, collected from nine sampling sites in the mangrove areas of
Sepang and Lukut. N = 9.

MP Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 1.79 8.49 3.46 4.58 0.43 0.31 0.17
Maximum 6.05 17.1 122.0 24.2 1.36 0.63 0.39

Mean 3.14 12.3 21.2 10.5 0.81 0.40 0.25
Median 2.70 11.5 6.32 8.22 0.74 0.39 0.24

SD 1.31 2.87 38.26 5.98 0.31 0.11 0.08
SE 0.44 0.96 12.75 1.99 0.10 0.04 0.03

Skewness 1.23 0.46 2.37 1.42 0.45 0.98 0.70
Kurtosis 0.70 −0.92 3.81 1.11 −0.88 −0.12 −0.71

Lamina Sediment BCFEFLE BCFAR BCFOO BCFRES BCFSUM

Minimum 1.35 8.49 2.76 2.51 0.26 0.18 0.10
Maximum 3.60 17.1 87.7 11.32 1.10 0.49 0.29

Mean 2.36 12.3 15.3 7.75 0.63 0.31 0.19
Median 2.36 11.5 6.73 8.57 0.54 0.28 0.18

SD 0.81 2.87 27.33 3.03 0.27 0.11 0.07
SE 0.27 0.96 9.11 1.01 0.09 0.04 0.02

Skewness 0.17 0.46 2.41 −0.39 0.39 0.53 0.27
Kurtosis −1.23 −0.92 3.94 −1.04 −0.82 −1.13 −1.30

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM= summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error.

The total Ni concentrations in the surface sediments ranged from 8.49 to 17.1 mg/kg
dry weight. When comparing the sediment quality guideline values (Table 1), all Ni
levels were below those by Chapman et al. [76], Macdonald et al. [77] (except for TEL),
and Long et al. [78]. When compared to the reference background values (Table 1), the
maximum Ni range of the Sepang and Lukut mangroves was lower than all the values and
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only higher than the Ni background level of Peninsular Malaysia [58], while it is within the
mangrove sediments reported by Cheng and Yap [61].

The overall mean values in the MP for BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM
are 21.2, 10.5, 0.81, 0.40 and 0.25, respectively. These BCF values are higher than those in
lamina, in which their values of BCFEFLE, BCFAR, BCFOO, BCFRES, and BCFSUM are 15.3,
7.75, 0.63, 0.31, and 0.19, respectively. This indicates that MP has better potential as a
phytoremediator of Ni.

The relationships of Ni concentrations between mangrove leaves (lamina, and MP),
and their geochemical fractions in the surface mangrove sediments are shown in Table 10:
It is observed that the Ni lamina shows a positive correlation with RES fraction (R = 0.49;
p < 0.05) and all four BCF values (R = 0.40 to 0.78; p < 0.05). The Ni MP levels also correlate
positively with all geochemical fractions (R = 0.54 to 0.74; p < 0.05) and five BCF values
(R = 0.67 to 0.93; p < 0.05). The overall R values between Ni MP–BCF pairwises are higher
than those between Ni lamina–BCF pairwises. Interestingly, the number of significant and
positive correlations between Ni MP–geochemical fractions is higher than those between
Ni lamina–geochemical fractions.

Table 10. Nickel correlation coefficients between variable A (Ni levels in the lamina (L), midrib plus
petiole (MP), and Ni bioconcentration factors (BCF)) and variable B (geochemical fractions in the
sediments and surface water parameters). Values in red are significant at p < 0.05.

Ni EFLE AR OO RES SUM BCFEFLE BCFAR BCFOO BCFRES BCFSUM Temp Cond Sal

L 0.00 0.36 0.08 0.49 0.36 0.40 0.37 0.76 0.74 0.78 0.36 −0.22 −0.24
BCFEFLE-L −0.77 0.56 −0.02 0.39 0.21 1.00 −0.22 0.25 0.17 0.24 0.13 −0.24 −0.25
BCFAR-L 0.39 −0.67 0.27 0.21 0.24 −0.22 1.00 0.13 0.34 0.29 0.15 0.14 0.14
BCFOO-L 0.05 0.46 −0.50 −0.05 −0.21 0.25 0.13 1.00 0.91 0.95 0.34 −0.01 −0.02
BCFRES-L −0.01 0.22 −0.39 −0.16 −0.25 0.17 0.34 0.91 1.00 0.99 0.31 0.18 0.17
BCFSUM-L −0.02 0.30 −0.41 −0.10 −0.22 0.24 0.29 0.95 0.99 1.00 0.33 0.11 0.10

MP 0.05 −0.09 0.54 0.74 0.69 0.67 0.80 0.85 0.91 0.93 0.06 0.00 −0.01
BCFEFLE-ML −0.47 0.14 0.31 0.59 0.48 1.00 0.36 0.60 0.61 0.64 0.00 −0.14 −0.14
BCFAR-ML 0.22 −0.59 0.58 0.49 0.55 0.36 1.00 0.54 0.76 0.73 −0.04 0.18 0.17
BCFOO-ML 0.16 0.04 0.10 0.48 0.36 0.60 0.54 1.00 0.91 0.95 0.13 0.03 0.03
BCFRES-ML 0.15 −0.28 0.36 0.48 0.45 0.61 0.76 0.91 1.00 0.99 0.03 0.21 0.21
BCFSUM-ML 0.11 −0.16 0.30 0.51 0.45 0.64 0.73 0.95 0.99 1.00 0.07 0.15 0.15

Note: BCFEFLE = leave/EFLE; BCFAR = leave/AR; BCFOO = leave/OO; BCFRES = leave/RES; BCFSUM = leave/SUM;
EFLE = easily, freely, leachable, or exchangeable fraction; AR = acid-reducible fraction; OO = oxidisable-organic
fraction; RES = resistant fraction; SUM = summation of ELFE, AR, OO, and RES; SD = standard deviation;
SE = standard error; Temp = temperature; Cond = conductivity; Sal = salinity.

3.6. Influential Parameters for the Metal Accumulation by the Mangrove

The MLSRA outputs are based on lamina and MP as dependent variables, and the
independent variables, including the BCF values, sedimentary geochemical fractions, and
surface water parameters, are presented in Table 11.

For Zn, six similar variables (BCFAR, AR, Temp, BCFOO, BCFSUM, and BCFRES) are
similarly selected as influential factors in Zn lamina’s and Zn MP’s accumulations. How-
ever, only Sal and OO are selected for Zn lamina, while additional three variables (SUM,
EFLE, and RES) are selected for Zn MP.

For Fe, three similar variables (BCFSUM, Cond, and Sal) are similarly selected as
influential factors in the accumulations of Fe lamina and Fe MP. However, only SUM is
selected for Fe lamina, while five additional variables (SUM, AR, BCFRES, BCFEFLE, and
BCFAR) are selected for Fe MP.

For Pb, four similar variables (BCFSUM, RES, Temp, and Sal) are similarly selected
as influential factors in Pb lamina and Pb MP. However, six additional variables (SUM,
BCFRES, EFLE, BCFAR, AR, and BCFEFLE) are selected for Pb MP.
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Table 11. Multiple linear stepwise regression analytical outputs based on Rhizophora leaves (lamina (L);
midrib plus petiole (M)), as dependent variables and independent variables, are the bioconcentration
factors, sedimentary geochemical fractions, and surface water parameters.

Zn Intercept BCFAR AR Temp BCFOO BCFSUM BCFRES Sal OO R F df

Lamina −1.6075 1.52 1.14 −0.46 0.505 −1.70 0.928 0.223 −0.20 0.999 3352 8.18
Zn Intercept BCFAR AR Temp BCFOO SUM BCFSUM BCFRES EFLE RES R F df
MP −4.5073 1.77 0.733 −0.37 0.357 0.647 0.774 −0.20 0.718 −0.90 0.999 1028 9,17

Fe Intercept BCFSUM SUM Cond Sal R F Df
Lamina 8.3907 0.805 0.292 −1.50 1.38 0.998 1496.4 4.22

Fe Intercept BCFSUM Sal RES Cond AR BCFRES BCFEFLE BCFAR R F Df
MP 1.6090 0.860 −2.40 0.407 2.15 −0.31 0.303 −0.14 −0.31 0.996 269.5 8.18

Pb Intercept BCFSUM RES Temp Sal R F Df
Lamina −0.1441 0.898 0.299 −0.15 0.068 0.997 820 4.22

Pb Intercept BCFSUM SUM Temp BCFRES EFLE BCFAR AR Sal RES BCFEFLE R F Df
MP −0.2013 2.68 1.71 −0.41 −1.90 0.563 −0.04 0.019 −0.30 −1.30 0.499 0.999 22,994 10.16

Cu Intercept BCFRES RES Temp SUM BCFSUM BCFOO OO BCFAR Cond R F Df
Lamina −0.4944 5.60 1.19 −0.18 −1.30 −6.80 2.27 0.749 0.061 0.114 0.998 718.9 9.17

Cu Intercept BCFSUM RES SUM Cond AR EFLE BCFRES BCFOO OO R F Df
MP 0.02119 −4.1 1.51 −1.50 −0.15 0.09 0.30 3.40 1.61 0.22 0.998 2787.5 9.17

Ni Intercept BCFSUM RES Cond OO Temp R F df
Lamina 0.03499 0.949 0.421 −0.21 0.191 −0.08 0.998 178 5.21

Ni Intercept BCFSUM SUM Temp BCFRES BCFOO BCFEFLE BCFAR AR Cond RES R F df
MP −0.1564 0.623 0.138 −0.14 0.082 −0.10 −0.03 0.373 0.274 −0.03 0.116 0.999 57,278 10.16

Note: The independent variables included BCFEFLE, BCFAR, BCFOO, BCFRES, BCFSUM, and sedimentary geo-
chemical fractions (EFLE, AR, OO, RES, and SUM) and surface water parameters (temperature, conductivity, and
salinity). All values have been log10 (value + 1) prior to multiple (forward) stepwise regression analysis. All p
values in all equations are 0.000; All equations’ N = 18.

For Cu, seven similar variables (BCFRES, RES, SUM, BCFSUM, BCFOO, OO, and Cond)
are similarly selected as influential factors in the accumulations of Cu lamina and Cu MP.
However, only Temp and BCFAR are selected for Cu lamina, while additional AR and EFLE
are selected for Cu MP.

For Ni, four similar variables (BCFSUM, OO, Cond, and Temp) are similarly selected
as influential factors in the accumulations of Ni lamina and Ni MP. However, only OO
is selected for Ni lamina, while six additional variables (SUM, BCFRES, BCFOO, BCFEFLE,
BCFAR, and AR) are selected for Ni MP.

4. Discussion
4.1. The Levels of Essential Fe, Cu and Zn in Lamina Are Significantly (p < 0.05) Higher Than in
Midrib plus Petiole

The higher number of significant and positive correlations between the essential metal
lamina–geochemical fractions than those between Fe MP–geochemical fractions could
support the higher levels of Fe, Cu, and Zn in the lamina than MP. This phenomenon was
also indicated by the differences in influential variables selected for the accumulation of Fe,
Cu, and Zn between lamina and MP.

This demonstrated that the lamina had better potential to accumulate the necessary es-
sential Fe, Cu, and Zn than the MP. The higher levels of essential metals in the lamina could
be because these metals are needed for the metabolism during the photosynthetic activities
of the lamina, and these metals are required to produce carbohydrates for the plant.

The lamina is in charge of the plant’s photosynthesis. Managing the leaf lamina func-
tion by the leaf lamina area is crucial for maintaining the viability of plant life, depending
on the ecology. It contains chloroplast, which gives leaves their green colour, so a leaf is
referred to as the kitchen of the plant. The petiole, which connects the leaf’s flat surface
to the plant, is referred to as the lamina. The main portion of the leaf, or lamina, has a
network of stomata that allow carbon dioxide and oxygen to be taken in and exhaled. These
stomata, which are connected by primary and secondary veins, open and close in response
to the plant’s needs for processing food. The lamina receives its structure and shape from
the midrib. Chlorophyll is found in the lamina, which serves as a trap for the energy
from sunshine. The mixture of water and carbon dioxide then uses the energy trapped to
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produce glucose. The plant’s food, glucose, is created and transported to different sections
of the plant by the phloem, or vascular tissue, which is also found in the lamina. The
primary purpose of green leaves is a process known as photosynthesis [82].

Essential micronutrients, Cu, Fe, and Zn, and their uptake and allocation to plant
organs, such as photosynthetic leaf tissue, are high and active [51]. The highest value of the
essential metals compared to non-essential metals of R. apiculata is closely related to the
role of this element in growth and plant cell maintenance. Due to the significant roles that
vital metals play in the organelle mechanisms of the leaf structure, it is possible that the
greater amounts of Fe, Cu, and Zn in the lamina are the result. The Fe substance is required
to provide them with the chlorophyll that gives them their distinctive green colour and
absorbs light energy. Cu and Zn are required to construct a protective leaf epidermis at the
lamina levels.

Fe is a necessary transition metal, with a redox-active character, under biological
conditions [83] since it is a crucial micronutrient [84]. Redox enzymes use several Fe com-
pounds as cofactors. They involve metabolic activities such as DNA synthesis, respiration,
and photosynthesis [84]. Despite being common in most well-aerated soils, Fe has a low
biological activity because, at neutral pH levels, it largely forms very insoluble ferric com-
pounds. Iron plays a crucial role in numerous physiological and metabolic processes in
plants. It is needed for various biological processes, as it is a component of numerous
essential enzymes, including cytochromes of the electron transport chain. Fe is required to
maintain chloroplast structure and function in plants, and it is involved in synthesising
chlorophyll. However, little is known about how Fe status is regulated in leaves.

Cu is a vital cofactor for many metalloproteins, and it is involved in some physiological
processes. However, elevated bioaccumulation of Cu in the lamina could stunt the growth
and compromises crucial cellular functions, such as photosynthetic electron transport [85].
Different mechanisms have developed in plants to properly manage Cu homeostasis as a
function of the environmental Cu level because Cu is both a vital cofactor and a harmful
element, including a complex network of metal trafficking routes. Plastocyanin (PC) is an
abundant and crucial Cu protein needed for photosynthesis in higher plants, according
to Shahbaz et al. [86]. Due to a lack of PC, severe Cu shortage may result in a flaw in
photosynthetic electron transport.

Besides playing a crucial part in the growth, Zn also plays a role in plants’ ability
to protect themselves, with a focus on superoxide dismutases [87–89]. The amount of
available Zn and the type of plant impact Zn distribution and transport in plants. Zn
concentrations are often higher in developing tissue than in mature tissue when plants
have low to adequate Zn supplies [88]. Accumulation has been seen in plants’ root cortices
and leaves that can tolerate harmful Zn levels. Zn was accumulated in the cell walls or
stored in vacuoles in the lamina [89].

4.2. The Levels of Non-Essential Pb and Ni in Midrib plus Petiole Is Significantly (p < 0.05)
Higher Than in Lamina

The higher number of significant and positive correlations between Ni MP–geochemical
fractions are higher than those between Ni lamina–geochemical fractions, supporting that
the non-essential metal in MP is higher than in lamina.

The non-essentiality of Pb and Ni to plant growth, with low solubility and their passive
uptake, caused their translocation from roots to other plant organs to be generally low [51].
The lower mean values of Pb and Ni also indicated that these non-essential elements are
not significantly involved in the major process of R. apiculata. This phenomenon was also
indicated by the differences in influential variables selected for accumulating Pb and Ni
between lamina and MP.

Although Pb is not necessary for plants, it is easily absorbed and accumulates in
many plant tissues [90]. Particle size, cation exchange capability, pH, root exudation, and
other physico-chemical factors affect how much Pb plants can absorb. Mechanisms of
Pb detoxification include binding to glutathione and amino acids, sequestering Pb in the
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vacuole, phytochelatin production, and other processes. Pb tolerance is linked to a plant’s
ability to confine Pb to its cell walls, producing osmolytes and activating its antioxidant
defence system. Using phytoremediation and rhizofiltration technologies to clean up
Pb-contaminated soils appears to have many potential metabolisms, while growth and
photosynthetic activity of the lamina were found to be harmed by the high intake of Pb.
However, excessive Pb bioaccumulation in plant leaves might result in a 42% reduction in
root growth [91].

Although generally considered a non-essential metal, Ni is a component of urease and
hydrogenase. It has been acknowledged as a necessary element for plants and was the most
recent element to be added to the list of essential nutrients for plants [92]. According to van
der Ent et al. [93], particular metal sequestering and transport processes cause a high level
of Ni accumulation in hyperaccumulator plants. Understanding these processes is essential
for understanding how these plants regulate the metabolism of transition elements. The
chemical speciation of Ni2+ is unmistakably linked to citrate and does not significantly vary
between species, plant tissues, or transport fluids.

4.3. The Lamina Has a Better Potential as a Phytoremediator of Cu, Zn and Fe, while Midrib plus
Petiole Has a Better Potential as a Phytoremediator of Pb and Ni

The overall R values between the essential metal (Fe, Cu, and Zn) lamina–BCF pair-
wises, which are higher than those between MP–BCF pairwises, could support that lamina
is a better phytoremediator of Cu, Zn, and Fe than MP. The relatively similar numbers of
influential variables selected for the accumulation of Zn lamina (8 variables) compared to
Zn MP (9 variables), as well as similar numbers of influential variables for the accumulation
of Cu lamina (9 variables) and Cu MP (9 variables), could be used to understand why
lamina could be a good phytoremediator for Zn and Cu for lamina.

The overall R values between Ni MP–BCF pairwises are higher than those between Ni
lamina–BCF pairwises, supporting that MP has a better potential as a phytoremediator of
Ni. The clear higher numbers of influential variables selected for the accumulation of Pb MP
(10 variables) compared to Pb lamina (4 variables), as well as for the accumulation of Ni MP
(10 variables) compared to Ni lamina (5 variables), indicated one point. The more variables
with higher R values for Pb and Ni in MP supported the correlation pairwises mentioned
previously. Hence, this could be a proxy of MP, which is a better phytoremediator for Pb
and Ni than lamina.

According to Kamaruzzaman et al. [52], BCF values showed that R. apiculata contains
substantially less lead than silt, at just 0.96 times the levels. It is believed that the mechanism
behind the increased accumulation of metals in plant tissues is the translocation of air
absorbed by lenticels in pneumatophores to subterranean roots. In the anaerobic soil
environment, this leads to the production of oxidised rhizospheres, a decline in complexing
sulphides, a reduction in the stability of Fe plaques, and an increase in the concentration of
exchangeable trace metals [94].

MacFarlane and Burchett [95] reported that A. marina revealed that Pb showed little
absorption and minimal movement, while Cu and Zn had the largest accumulation. Sazon
and Veronica [18] reported that Zn (0.7) in Avicennia sp. had the highest BCF values, whereas
metals with high mean levels were in sediments (4244 mg/kg Ni and 137,049 mg/kg Fe)
had lower BCF values. They concluded that R. apiculata could be useful in the remedia-
tion of Ni-Fe-laden sediments, particularly for phytostabilization, based on the limited
translocation of Ni and Fe in these plants.

From the present study, all values of BCFOO, BCFRES, and BCFSUM were found below
1.0, indicating a low PTM uptake. The BCFSUM value is conventionally used, which is
based on total metal concentration. However, the present BCF values were higher than
1.0 for BCFEFLE and BCFAR, indicating the substantial update of PTM at the EFLE and AR
fractions of the mangrove habitat sediments. Even though BCF calculates species’ potential
for phytoremediation [1], the effectiveness that was based on the total metal concentration
of the sediments is debatable. This debate is somewhat masked by the many reported
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studies concluding that hyperaccumulators are interpreted by BCF > 1, which are also
tolerant to high concentrations of PTMs [96].

Usman et al. [3] claimed that the BCF, which measures the ratio of metal concentration
in tissue compared to that in sediment, can be used to quantify how well plants and aquatic
creatures can absorb contaminants from sediments. Qiu et al. [1] reported that the leaf BCF
values for Cu, Ni, and Zn are, respectively, 1.25–9.08, 0–1.02, and 0.20–4.71. They found
that most of these BCF values were deemed excessive (>1), indicating that A. marina may
be a highly effective plant for bioaccumulating PTMs.

Low bioavailability of PTMs in sediments and/or preventing metal uptake by man-
groves can account for the lowest BCF values found in highly metal-contaminated sedi-
ments. It was speculated that, by complexing with organic matter and/or precipitating
sulphides under decreasing conditions, mangrove sediments could immobilise PTMs in
inaccessible forms [94].

Due to greater metal concentrations in the leaves (284–496 mg/kg) and BCF values >1,
Usman and Mohamed [97] concluded that A. marina might be categorised as a possi-
ble accumulator for Cu (1.25–9.08). However, they cannot be regarded as prospective
hyperaccumulators since they lack the necessary quantities of Cu in the above-ground
tissues, which should be >1000 mg/kg [69]. In R. apiculata from Setiu Mangrove Forest,
Terengganu, Malaysia, Kamaruzzaman et al. [52] reported Cu concentrations of 2.73 and
9.42 mg/kg dry weight in the leaves and sediments, respectively, and Zn concentrations
of 1.43 and 11.7 mg/kg dry weight in the leaves and sediments, respectively. According
to Khan et al. [54], essential Fe and Cu contents in tissue samples from R. apiculata were
higher at the 80-year-old site than at the 15-year-old location. Due to the 80-year-old
compartment’s proximity to an urban area, this may be a side effect.

Interestingly, mangroves thriving in less contaminated environments had the highest
BCF values [98]. In contrast, plants from the most contaminated area had the highest
translocation factors, showing that Avicennia schaueriana could adapt to unfavourable cir-
cumstances [97]. Nath et al. [25] concluded that A. marina could be used as phytostabilizers
in this heavily altered estuary, shielding the aquatic ecosystem from direct or indirect
sources of PTM contamination. Usman et al. [3] also investigated the capacity of mangroves
(A. marina) from Farasan Island, the coast of the Red Sea, to store and translocate PTMs
inside their numerous compartments. Based on BCF values, their most often obtained
values were found to be too high (>1), indicating that A. marina can be regarded as a highly
effective plant for the bioaccumulation of PTMs.

4.4. Lamina Is a Potential Biomonitoring Agent of Potentially Toxic Metals

The MP generally exhibits negative connections with all geochemical fractions, but
the Zn lamina exhibits positive relationships with all geochemical fractions. Except for
EFLE, all geochemical fractions and total summation fractions indicate positive associations
between Fe levels in the two leaf portions (lamina and MP), with lamina exhibiting higher R
values for SUM, AR, OO, and RES. The Pb lamina exhibits favourable correlations with each
geochemical fraction (except for AR). The MP, however, exhibits adverse associations with
each geochemical fraction (except for EFLE, AR and OO). Except for AR, all geochemical
fractions had poor associations with the Cu levels in the lamina and MP of leaves. Except
for EFLE, the Ni concentrations in both the lamina and the MP of leaves demonstrate
positive associations with all geochemical fractions and total summation fractions, with the
MP displaying higher R values for SUM, OO, and RES.

Some authors have reported the positive correlation of metals between mangrove
leaves and their habitat sediments. Except for Cu and Cd, which don’t correlate with other
metal concentrations, Aljahdali and Alhassan [19] found a substantial link between the
PTM concentrations in sediment and A. marina leaves. Bakshi et al. [24] found that the
substantial association between the metal concentration in A. officinalis leaves collected
from Sundarban mangrove wetland and the sediment metals suggested that there has been
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extensive bioaccumulation. According to Usman et al. [3], the highest levels of Cu in the
leaves of A. marina are correlated with the highest Cu levels in the nearby sediments.

According to Kamaruzzaman et al. [52], Pb and Cu are observed to have greater
concentrations in the sediments in Setiu mangrove habitats. Their concentrations are
on the rise, especially close to the estuary, which is consistent with their predominately
lithogenous origin. Furthermore, compared to the coarse-grained sediments of the inner
portion of the rivers, the fine-grained sediments in the mangrove and the surrounding
area are characterised by higher quantities of these trace elements. The contents of Pb and
Cu are positively correlated with grain size, as documented by several scientists [99,100],
indicating the role of the fine fraction in their assimilation into the sediments. Lower Pb and
Cu ratios and larger mean particle sizes indicate sediments located further from the estuary.
Cu content was higher than Pb, according to Yunasfi et al. [39], who used R. apiculata
samples from Belawan (North Sumatra).

Ganeshkumar et al. [49] suggested that R. mucronata could be used as a biomonitor
for monitoring Pb pollution in the Muthupet mangrove ecosystem, based on the high
accumulation and translocation rate of Pb. Based on the values of the biota–sediment
accumulation factors (BSAF) of metals in mangrove tissues, Qiu and Qiu [48] concluded
that Rhizophora stylosa from Dongzhai Harbor and Sanya Bay of Hainan Island can be used
as a biomonitor of Cu and Zn pollution with temporal monitoring. Being a good biomonitor
of metal pollutants is attributed to the mangrove’s characteristics, including tolerance to
metal pollution in the mangrove ecosystem. For instance, Shams et al. [42] confirmed that
the antioxidative defence system plays a critical role in R. mucronata to tolerate the multiple
PTMs stress. Nualla-ong et al. [41] also suggested that the concentration of glutathione and
phytochelatin synthase play an important role in PTM tolerance in R. mucronata seedlings.
Based on the study of the efficiency of R. apiculata mangrove plants in Zn metal removal
made from Zn artificial solution using a laboratory scale reactor, Razif and Farhan [40]
reported the positive efficiency of Zn removal of R. apiculata.

4.5. Low Metal Uptake in the Mangrove Leaves

According to data from Avicennia marina, gathered from eight stations at the Rabigh
lagoon (Saudi Arabia), Aljahdali and Alhassan [19] found that there was a positive connec-
tion between antioxidants and Pb, which may be due to A. marina’s capacity to exclude or
detoxify this metal through its mechanism of exclusion or detoxification. Therefore, low
levels of PTM bioaccumulation in the mangrove leaves are expected.

According to Arumugam et al. [16], samples of A. marina have higher concentrations
of non-essential metals such as Cd and Pb, in which the metal accumulation was influenced
by the seasons, with the summer and the post-monsoon being the most polluted. When
compared to non-essential metals, they found that essential elements such as Cu and Zn
were more abundant in the sediment of the rhizosphere of A. marina. As a result, the plant
was using Cu and Zn for their active metabolism quickly. This phenomenon could explain
the low bioaccumulation of Cu and Zn in the leaves of R. apiculata from the present study.

Using both species-level analyses and a phylogenetic approach, MacFarlane et al. [22]
conducted a comparative analysis analysing patterns of accumulation and partitioning
of Cu, Pb, and Zn in mangroves from accessible field-based studies to date. Avicennia
mangroves have several adaptive mechanisms for overcoming the difficulty of saline and
extremely anoxic conditions. Although they are different species of mangrove, metal
accumulation and partitioning for Cu, Pb, and Zn were discovered to be comparable across
Avicennia genera and vast geographical ecosystems. With root BCF values of 1, metals were
collected in roots to concentrations similar to those of nearby sediments. For all metals,
the root BCFs were consistent during the exposure range. The metal levels in leaves were
either half or less than those in roots. Cu and Zn, two important elements, saw a decline in
leaf BCF when environmental concentrations rose. Regardless of ambient quantities, the
non-essential metal Pb was not found in leaf tissue. As a result, mangroves, as a whole,
often act as species that exclude non-essential metals and regulate vital metals.
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Greger [101] hypothesised that a high degree of soil salinity, which leads to the devel-
opment of metal-chloride complexes, may be to blame for plants’ inadequate absorption
of heavy metals. The PTMs are less readily absorbed and accumulated by plants due to
these complexes. Kamaruzzaman et al. [52] reported, in contrast to the current study, that
the concentration of Cu was highest in sediments, followed by roots, barks, and leaves.
Roots had larger quantities of Fe and Cu than shoots, indicating effective absorption and
accumulation that may be related to improved oxidation in the rhizosphere [102].

Collected from the Alinsaog River (Philippines), Sazon and Veronica [18] reported
the concentrations (mg/kg dry weight) of Zn, Ni, and Fe in leaves of R. apiculata, and the
sediments surrounding it were 13.9, 95.1, 351.2, and 137,049 mg/kg dry weight, respec-
tively. According to Ariyanto et al. [21], the mean concentrations of Pb in the leaves and
habitat sediments of R. apiculata mangrove were 0.00035 mg/kg dry weight and sediment
(9.06·0.05 mg/kg), respectively, in Asahan East Coast, Asahan Regency, North Sumatra.

Additionally, Usman et al. [3] demonstrated that the metal contents of A. marina’s
leaf, branch, and root varied. The leaves of A. marina were the component of the plant
that accumulated the greatest Cd and Cu in the majority of the research sites. However,
there is no discernible pattern among the examined sites for Zn and Ni. According to
Usman et al. [3], the metal levels in the mangrove tissues were high compared to mangrove
concentrations worldwide for most of the studied metals [1,94,95,103]. Qiu et al. [1] reported
that nine species of mangroves from Hainan Island, China have average amounts of Cu,
Zn, Cd, and Pb of 2.8, 8.7, 0.03, and 1.1 mg/kg dry weight, respectively. Defew et al. [4]
measured leaf concentrations of Cu and Zn at 3.73 and 35.8 mg/kg dry weight, respectively,
in a study on the assessment of metal contamination in mangrove sediments and leaves
from Punta Mala Bay, Pacific Panama.

Based on R. apiculata collected from Balok mangrove forest, Pahang, Kamaruzzaman et al. [53]
reported that the mean Pb concentrations (mg/kg dry weight) in the leaf and root of R.
apiculata and their habitat surface sediment were 4.30, 22.5, and 31.2, respectively. The
average Cu concentrations recorded were 2.93, 4.81, and 15.5, respectively. Based on R.
apiculata from the Setiu mangrove forest (Terengganu), Kamaruzzaman et al. [52] also
reported the mean concentrations (mg/kg dry weight) of Cu in the mangrove’s leaf, root,
and their habitat sediment as: 2.73, 5.21, and 9.42, respectively. Meanwhile, the mean
concentrations (mg/kg dry weight) of Pb in leaf, root, and sediment were 1.43, 2.05, and
11.66, respectively. Abdullah et al. [51] reported ratios of 48.5:9.23 between roots and leaves
for Fe, 3.60:1.14 between roots and leaves for Zn, and 0.22:0.08 between roots and leaves for
Pb in R. apiculata collected from Kuala Sepetang. Based on R. stylosa collected from Belawan
Stream Estuary (Medan, Northern Sumatra), Yunasfi et al. [39] reported that the levels of
Cu and Pb were higher in the roots and stems than in the leaves of the mangrove. Based on
R. mucronata in the Kelantan Delta, Baruddin et al. [47] found that the roots accumulated
higher levels of Pb than the leaves.

The above three findings confirmed that the levels of Cu, Pb, and Zn were lowest in
leaves of R. apiculata, followed by roots and habitat sediments. This also indicated that metal
accumulation generally occurs at the root levels of R. apiculata, with restricted transport
to leafy or aerial portions of the mangrove plants. Based on Rhizophora spp. collected
from Tanjung Piai, Halim et al. [40] concluded that the Rhizophora did not meet the criteria
for hyperaccumulators due to low metal accumulation, necessitating further research to
identify species suited for phytoextraction of Cd, Pb, and Zn. Pahalawattaarachchi et al. [44]
concluded that the trend of the phytostabilization capacity of R. mucronata in the Alibag
mangrove ecosystem is confined to only the highly abundant metals in nature, and the
phytoremediation capacity of R. mucronata varies from metal to metal.

These indicated that plants actively avoid the uptake of PTMs. Qiu and Qiu [48]
proposed that total organic carbon in the mangrove sediment could be one of the important
factors for regulating metals in mangrove tissues. Hence, the present findings indicated
that the leaves of R. apiculata played important roles as biofilters and natural pollution
treatment centres because the root system could manage to trap the PTMs into the sedi-
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ments, as well as particulates, which are transported by the current into the oceans from
the estuaries [52,53,99,100].

The low level of metal uptake by R. apiculata from the present study suggested that A.
apiculata from Sepang and Lukut may not be stressed due to the unpolluted condition of the
study sites. According to Kabata–Pendias and Pendias [104], the gene plants’ general heavy
metal concentration depends on the amounts of metals that were measured in the plant
tissues. At Yanbu Red Sea, Saudi Arabia, Alharbi et al. [20] evaluated the geographical
distribution and concentrations (mg/kg dry weight) of Cu, Ni, Pb, and Zn in the mangrove
Avicennia marina) leaves (16.1–56.3, 18.1–40.2, 2.3–9.90, and 36.8–84.9, respectively) and
their habitat sediments (27.3–242, 17.2–217, 11.5–111, and 48.8–512, respectively). These
results showed that the mangrove leaves accumulated far lower levels of PTMs than their
habitat sediments.

4.6. Implications for Conservation

In PTM-contaminated sites, R. apiculata is a viable choice for phytoremediation. As
the salinity around roots rises due to thin roots excluding seawater’s salts, certain metals,
which could have adverse consequences, are either not eliminated or are weak. R. apiculata
stands could, thus, be re-established in degraded mangrove habitats, serving as a valuable
phytoremediator for some PTMs in contaminated areas and for ecosystem design. Overall,
it is advised to preserve and increase the planting of R. apiculata for remediation purposes,
in places with PTM contamination, in accordance with the ecosystem design concept.
Mangrove habitats are arguably best used as phytostabilizers in phytoremediation efforts,
with the ability to help with the retention of PTMs and, hence, reduce transmission to
nearby estuarine and marine systems.

Mangroves can help reduce PTM pollution; however, models and data analyses have
indicated that, if the environment is overly contaminated, the quality and vitality of this
ecosystem would be severely compromised. Additionally, a data-driven and model-driven
management tool must be developed to sustain mangrove environmental resources [55].
Future research should investigate improving mangroves’ abilities to absorb metals by
raising PTM bioavailability. The emphasis of the current study was on the opportunity to
develop a framework for managing the coastal aquatic ecosystems in the mangrove areas
of Sepang and Lukut. This strained estuarine habitat is currently contaminated, and the
study can provide decision-makers with a clear picture of this situation to support coastal
management and environmental protection initiatives.

5. Conclusions

In this work, Cu, Ni, Fe, Pb, and Zn levels in tropical mangrove ecosystems in the
Sepang Besar River and Lukut River, Peninsular Malaysia, were assessed for their potential
for phytoremediation and biomonitoring in mangrove leaves of R. apiculata. Overall, the
results of the present studies showed that the levels of essential Fe, Cu, and Zn in lamina are
significantly (p < 0.05) higher than in MP; the levels of Pb and Ni are significantly (p < 0.05)
higher than in lamina. Therefore, the lamina has better potential as a phytoremediator of
Cu, Zn, and Fe, while MP has better potential as a phytoremediator of Pb and Ni.

The findings provided insightful information on R. apiculata’s ability to function as
a biomonitoring agent and phytoremediator of PTMs in the mangrove ecosystem. The
findings showed that the levels of Cu, Fe, Ni, Pb, and Zn in R. apiculata leaves (MP, and
lamina) were lower than those in the surface sediments of their environment. The findings
provided insightful information on R. apiculata’s ability to function as a biomonitoring
agent and phytoremediator of PTMs in the mangrove ecosystem. The current study high-
lighted the potential for creating a framework for managing the coastal aquatic ecosystems
in the mangrove area of Sepang and Lukut after identifying R. apiculata as a potential
phytoremediator and biomonitor of PTMs.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14020237/s1, Figure S1: Parts of leaves (midrib plus petiole, and
lamina) of mangrove (Rhizophora apiculata) investigated in the present study; Table S1: Sampling
information in the mangrove of Sepang Besar River (1–4), and Lukut River (4–9) from the present
study; Table S2: Heavy metals analysis recovery percentages of the certified reference materials (CRM);
Table S3: Mean concentrations (mg/kg dry weight) of Zn in the leaf parts (lamina (L); midrib plus
petiole (MP)) of Rhizophora apiculata and their habitat geochemical fraction sediments, with their
bioconcentration factor (BCF) values in the mangrove of Sepang Besar River (1–4), and Lukut River
(4–9) from the present study; Table S4: Comparisons of concentrations (mg/kg dry weight) of Zn,
Cu, Fe, Ni and Pb between surface sediments from this study with those cited from sediment quality
guidelines, and reference values; Table S5: Mean concentrations (mg/kg dry weight) of Fe in the leaf
parts (lamina (L); midrib plus petiole (MP)) of Rhizophora apiculata and their habitat geochemical
fraction sediments, with their bioconcentration factor (BCF) values in the mangrove of Sepang Besar
River (1–4), and Lukut River (5–9) from the present study; Table S6: Mean concentrations (mg/kg dry
weight) of Pb in the leaf parts (lamina (L); midrib plus petiole (MP)) of Rhizophora apiculata and
their habitat geochemical fraction sediments, with their bioconcentration factor (BCF) values in the
mangrove of Sepang Besar River (1–4), and Lukut River (5–9) from the present study; Table S7: Mean
concentrations (mg/kg dry weight) of Cu in the leaf parts (lamina (L); midrib plus petiole (MP)) of
Rhizophora apiculata and their habitat geochemical fraction sediments, with their bioconcentration
factor (BCF) values in the mangrove of Sepang Besar River (1–4), and Lukut River (5–9) from the
present study; Table S8: Mean concentrations (mg/kg dry weight) of Ni in the leaf parts (lamina (L);
midrib plus petiole (MP)) of Rhizophora apiculata and their habitat geochemical fraction sediments,
with their bioconcentration factor (BCF) values in the mangrove of Sepang Besar River (1–4), and
Lukut River (5–9) from the present study. References [57–59,61,62,74,76–81,85,105] are cited in the
supplementary materials.
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