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ABSTRACT

Lead (Pb) is a non-essential heavy metal found as an inorganic pollutant in the water, sediment, and
mangrove plant tissue in Wonorejo River Estuary. Several studies showed that its concentration exceeds
the quality standard stipulated in the Indonesian Government Regulation Number 22 of 2021 and the EPA
sediment quality. Moreover, the phytoremediation of Pb through mangroves Avicennia alba, Rhizophora
stylosa, Sonneratia caseolaris, and Avicennia marina at Wonorejo River Estuary was investigated. It was
discovered that the environmental factors such as temperature, pH, and salinity as well as bioconcentration
factor (BCF) and translocation factor (TF) values are different for each species. The dynamics of the Pb
phytoremediation system were also modeled using Vensim PLE x64 software to determine the effect of
environmental factors such as temperature, pH, salinity, BOD and COD, as well as Pb concentration on the
ability of mangroves to accumulate and translocate Pb. The results showed that a behavioral mechanism
pattern was formed based on the relationship between the environmental factors, Pb concentration, and
the phytoremediation ability of the mangroves with time. This pattern affected the root and leaf BCF
values of each mangrove. Furthermore, the validation test showed that the model is structurally valid
and has MAPE values for the Pb phytoremediation model with S. caseolaris and R. stylosa having <30%
while Avicennia marina and A. alba had <50%. Therefore, the model was categorized as fairly good with
a valid forecast. The system dynamics predicted that the highest concentrations of Pb in water, roots, and
stems in 2041 were in R. stylose at 1,329,110 mg/L, 2,054,110 mg/kg, and 3,393,950 mg/kg, respectively.
The highest accumulation value in plant tissue was dominated by mangrove species of R. stylose. In
conclusion, the environmental parameter values at habitat of R. stylose were in good condition for the
growth of the mangroves compared with other species of mangrove.
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INTRODUCTION

Surabaya City is located in the eastern part of
Java Island and an area drained by several rivers.
The utilization of river water resources for differ-
ent activities by the citizens indicates the need to
preserve water resources in order to ensure ade-
quate management of water quality and pollution

control (Diliarosta, 2017). One of the rivers flow-
ing through the city is the Wonorejo River which
empties into the East Surabaya coast. This estuary
has narrow waters, borders the Madura Strait, and
is a canal of the Jagir River that carries industrial
waste in its flow. It has some inorganic pollutants
in the form of lead (Pb) heavy metal which are
found in the water, sediment, and mangrove plants
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(Febriana, 2017; Rachmawati et al, 2018; Luf-
thansa, 2021). The sediments such as fine silt and
a blackish deep layer observed at low tide indi-
cate the sediment accumulation process in the area
(Harnani, 2009; Mulyadi et al, 2009; BLH Sura-
baya, 2012). Pb can be found in nature through
natural and artificial processes. It is naturally pres-
ent at 1-10 mg/L in surface waters such as lakes
and rivers and 1-60 mg/L in underground waters
(Sudarmayji et al, 2006). The presence of Pb in na-
ture is through artificial processes such as the use
of fossil fuels, batteries, metal products, gasoline,
paints, pipe soldering, mining, and manufacturing
activities (Martin and Griswold, 2009; Zainal and
Diani, 2009). The contents from factories and mo-
tor vehicle exhausts crystallize in the air with the
assistance of rainwater and later flow into water
bodies (Fadillah et al, 2017). Pb concentration is
also influenced by the high level of human activi-
ties, specifically those related to agriculture, waste
disposal, waste accumulation, and fertilizer use,
which leads to the infiltration of leachates into
groundwater aquifers (Chen et al, 2016).

In environmental media, Pb decomposes over
a long period without a change in its toxicity (Brass
and Strauss 1981). The solubility level is quite low,
hence, the Pb content in water is relatively small,
both in the dissolved and suspended forms. The Pb
heavy metal entering the water undergoes ion de-
composition and forms complex compounds with
particles in the water before being deposited at the
bottom (Sutamihardja, 2006). The Wonorejo River
estuary is a muddy beach and has a mangrove eco-
system with a thickness of 15-20 meters inland.
The plants serve as passive samples to transfer
substances from the surrounding environment
and this means they are pollutants (Irawanto and
Mangkoediharjo, 2015). Therefore, phytoremedia-
tion is usually applied as a water treatment technol-
ogy that involves using plant species with a high
population, biomass, and significant tolerance for
pollutants (Napaldet and Bout, 2019).

The analysis conducted on Jagir River by PT
Jasa Tirta I in 2010-2020 showed an average Pb
concentration of 0.0044 mg/L while the environ-
mental factors include pH at 6.94-7.31, the water
temperature at 29.1-30.3°C, biochemical oxygen
demand (BOD) at 3.55-6.36 mg/L, and chemical
oxygen demand (COD) at 16.16-26.89 mg/L.. An-
other study on Wonorejo Mine point by the East
Java Provincial Environment Agency in 2018-
2020 indicated an average Pb concentration of
<0.0547 mg/L, pH of 7.6, the water temperature of
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29.2-31°C, BOD of 5.8-10.3 mg/L, and COD of
14-22.7 mg/L. It was also discovered that the en-
vironmental factors at the Wonorejo River estuary
from 2017 to 2021 include pH at 7.4-8.1, the wa-
ter temperature at 28-32°C, BOD at 5.8—-19 mg/L,
and average Pb concentration at 0.0002 mg/L. The
comparison of the BOD value in the estuary area
with Wonorejo Mine and Jagir River indicates the
area has a higher concentration or accumulation of
organic matter.

The environmental factor values in the habi-
tats of the four mangrove species were also ob-
served to be different each year. This was con-
firmed by Wahwakhi (2015), Nastiti (2016),
Febriana (2017), Rachmawati et al. (2018), and
Lufthansa et al. (2021) that the average values in
the Wonorejo mangrove habitat include a water
pH of 7.5, sediment pH of 4.7, the water tempera-
ture of 30.2°C, sediment temperature of 28.4°C,
the salinity of 29.8%., BOD of 18.7 mg/L, and
COD of 70.5 mg/L. The changes in the tempera-
ture, pH, and salinity as well as BOD and COD
in each species are directly proportional to the
changes in the Pb concentration in the water and
sediment of the growing media. This is in line
with the findings of Darmono (2001) that the
concentration of heavy metals in environmental
media affects soil acidity, organic matter, tem-
perature, texture, clay minerals, concentrations
of other elements, and pH. Therefore, the aver-
age Pb concentration in 4. alba, S. caseolaris, R.
stylosaa, and A. marina habitats was 0.99 mg/L,
1.9 mg/L, 1.3 mg/L, and 4.36 mg/L, respectively.

The three mechanisms usually used by plants
to absorb and accumulate heavy metals include
root uptake, translocation from roots to stems
and leaves, and localization in cells and tissues
(Hardiani, 2009). It has been discovered that the
growth of mangroves can be influenced by the
environmental factors of habitat which are very
dynamic and fluctuating. Moreover, the interac-
tion between the biotic and abiotic components
has a significant effect on the stability of the eco-
system (Poedjirahajoe, 2019) and also affects the
growth of mangroves and their ability as heavy
metal bio-accumulators.

It was discovered that there are no previous
studies conducted to determine the causal rela-
tionship between the factors mostly influencing
the ability of these mangrove species to remediate
heavy metal Pb in the Wonorejo River Estuary.
Therefore, this study aims to determine the dy-
namic system in the Pb phytoremediation process
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of mangrove plants at this estuary in terms of the
species and environmental factors. The process
involved analyzing five environmental factors re-
lated to the phytoremediation process such as pH,
temperature, salinity, BOD, and COD. Moreover,
the modeling was performed using Vensim Per-
sonal Learning Edition (PLE) x64 software which
has a simple and flexible way of building a simu-
lation model as well as the ability to explore the
behavior of the model in order to meet the objec-
tives of this study (Alamalik, 2004).

MATERIALS AND METHODS

Study location

The study location was the Wonorejo River
Estuary at coordinates 07°18°2.417- 07°18°43.1”
South Latitude and 112°44°28.49”-112°5019.6”
East Longitude which is part of the Wonorejo
Mangrove Forest Ecotourism area. The river
empties into the Madura Strait which serves as its
northern, eastern, and southern boundaries while
it is bounded on the west by the Jagir River flow.
The study location is presented in Figure 1 while
the coordinates of the sampling points are indi-
cated in Table 1.

Data collection and inventory of
environmental factor values

Water quality data were obtained from stud-
ies regularly conducted by relevant agencies and

previous studies on the ability of mangrove plants
in the Wonorejo River to accumulate Pb heavy
metal as indicated in Table 1. Moreover, the envi-
ronmental factors of the river and the habitats of
the four mangrove species were also inventoried.

Calculation of the average Pb concentration

Calculation of the average Pb concentration
values in river water, water and sediment of the
mangrove habitats were conducte, as well as the
mangrove plant tissues including the roots, stems,
and leaves.

Calculation of the bioconcentration factor
(BCF) and translocation factor (TF) values

Calculation of the bioconcentration factor
(BCF) and translocation factor (TF) values to de-
termine the ability of the four mangrove species to
accumulate and translocate Pb heavy metal were
conducted using equation. The equation used to
calculate the BCF value is as follows:

[Heavy metal in roots]

BCF = [Heavy metal in medial (1)

The plants with bioconcentration and trans-
location factor values of >1 were categorized as
bio-accumulators (Usman, 2013). The biocon-
centration value >1 indicates that the plants can
accumulate pollutants in high concentrations in
the roots or leaves while >2 is considered high
(Mellem et al, 2012). The equation used to calcu-
late the TF value is as follows:

| GoOGLE EARTH PRO 2021 |

‘Wonorejo River, Surabaya,
Indonesia

LEGEND

Sampling Location by
Ardianto et al. (2019)

Sampling Location by DLH
Kota Surabaya (2017-2021)

Sampling Location by DLH
Provinsi Jatim (2018-2020)

Sampling Location by Sari
(2019)

Sampling Location by
Rachmavwati (2018)

Sampling Location by
Wahwakhi (2018)

Sampling Location by
Lufthansa (2021)

Sampling Location by
Meirikayanti (2018)

Sampling Location by Jasa
Tirtal (2010-2020)

Figure 1. Map of sampling location (water, sediment and mangrove)
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Table 1. Coordinates of sampling locations (water, sediment, and mangrove)

Coordinate
References Sample Plot of sampling
SL EL
Ardianto dkk, 2019 Water A 7°18'19,67 " 112°50'40,05”
DLH Kota Surabaya oy » or(y »
(2017-2021) Water K 7°19'43 1 112°50’19,6
DLH Provinsi Jawa Timur oqq » o7 H
(2018-2020) Water P 7°18'29,6 112°47°54,8
Sari, 2019 Water, sediment, mangrove S 7°18°28,82” 112°49'41,04”
Rachmawati dkk, 2018 Sediment, mangrove R 7°18,07°20,57” 112°50°'15,01”
Wahwakhi, 2015 Water, sediment, mangrove W 7°18'22,78” 112°50’37,09”
Lufthansa, 2021 Water, sediment, mangrove L 7°18'21,7" 112°50'40,6”
Meirikayanti dkk, 2018 Water M 7°18'19,78” 112°50’40,35”
Jasa Titra | Water - 7°18'2,41” 112°44'28,49”
TF — LHeavy metal in stems] @) A structural validation test was conducted by

[Heavy metal in roots]

The plants with bioconcentration and translo-
cation factors of >1 and <1 as well as <1 and >1,
respectively, were used as phytostabilizers and
phytoextractors (Sopyan et al, 2014). According
to Majid et al. (2014), the TF value has two cat-
egories, namely > 1 and < 1 classified as phytoex-
traction and phytostabilization, respectively.

Dynamic system

A dynamic system was used to analyze the
changes in the behavior of each mangrove spe-
cies in accumulating heavy metals from envi-
ronmental media to plant organs over time. The
stages used in analyzing the phytoremediation
dynamic system of heavy metals by mangrove
plants are as follows:

1. Designing causal loop diagram (CLD) to de-
scribe the causal relationship between the com-
ponents of the phytoremediation model

2. Quantitative analysis using stock and flow dia-
gram (SFD)

3. CLD and SFD were produced using dynamic
system software such as Vensim PLE X64. It is
important to note that the SFD was developed
based on CLD (Navabi et al. (2016).

4. Formulating mathematical formulas to explain
the relationship between the components of the
model

5. Inputting the data into the model and model
simulation

6. The model simulation was used to predict val-
ues for the planned modeling time span in the
form of graphs and tables.

7. Model validation and sensitivity test
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providing extreme values for each equation used
because the model structure is considered strong
when it makes sense after extreme values are in-
putted. Meanwhile, the behavioral validation test
indicates the model has the same behavior as the
real condition when it has the same statistical out-
put character as the output in real conditions (For-
rester and Senge (1980), Richardson and Pugh
(1981)). It was discovered that the simulation re-
sults were not exactly the same as the available
data and this led to the application of the Mean
Absolute Percentage Error (MAPE) value based
on the following equation:

Empiric—simulation
= qbs &2 )

MAPE

x 100 (3)

Simulation
where: abs = absolute

The similarity between the simulation re-
sults and the real conditions with the same input
data indicates the model was feasible to be used.
Moreover, the sensitivity test was conducted on
the exogenous variables in an independent and
controlled system to determine the factors ma-
jorly influencing the changes in the system.

RESULTS AND DISCUSSION

Environmental factors influencing
the phytoremediation of Pb heavy
metal by Wonorejo mangroves

The average values of the environmental fac-
tors in the habitat based on previous studies are
shown in the Table 2.
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Table 2. Average values of environmental factors in the Wonorejo mangrove habitat

Parameter

Mangrove spesies H Temperature (°C

9 P P P () Salinity (%0) | BOD (mg/L) coD

Water Sediment Water Sediment (mglL)

Avicennia alba 7.4 5.2 32.8 28.6 25.7 16.2 61.1
Sonneratia 75 4.9 29 28.4 31.9 18.4 70.8
caseolaris
Rhizophora stylosa 7.5 4.0 29 28 34 13.6 50
Avicennia marina 7.7 4.5 30 28.6 27.7 26.6 100

Source: Wahwakhi (2015), Nastiti (2016), Febriana (2017), Rachmawati et al. (2018), Lufthansa et al. (2021).

The average values of Pb concentration
in the water and sediment of the
Wonorejo mangrove habitat

The average values of Pb concentration in
water and sediment are summarized in Table 3.
The quality standard for Pb concentration in wa-
ter stipulated in Indonesian Government Regula-
tion Number 22 of 2021 concerning the Imple-
mentation of Environmental Protection and Man-
agement is 0.03 mg/L, while the sediment quality
standard specified in the EPA Sediment Quality is
0.04 - >0.06 mg/kg. The data in Table 3 showed
that the Pb concentration in water and sediment
in the habitats of the four mangroves studied ex-
ceeds the maximum concentration set out in the
regulations mentioned.

The average values of Pb concentration
in the Wonorejo mangrove plant tissue

The Pb heavy metal accumulated by the
mangrove plants was indicated by the concentra-
tion in the tissues as shown in Table 4. The four
mangrove species studied have a similarity such
that the Pb concentration values in their roots are
higher than in the stems and leaves. Moreover,
the accumulation ability of each species was de-
termined by calculating the Bioconcentration and
Translocation Factor values.

Calculation of bioconcentration
and translocation factor values

The results obtained are indicated in the fol-
lowing Table 5. The results showed that root BCF
> 1 and leaf BCF < 1 were found in 4. alba and
A. marina. This means the two species have the
ability to accumulate high concentrations of pol-
lutants from the environmental media to the roots
and moderately to the leaves (MacFarlane, 2007).

It was also discovered that S. caseolaris has BCF
> 2 in the root and BCF = 2 in the leaf. Mellem
et al. (2012) indicated that a bioconcentration
value > 2 is considered high. The findings further
showed that R. stylosa has root BCF and leaf BCF
< 1, indicating a moderate ability to accumulate
pollutants from environmental media to the roots
and low ability in the leaves. Meanwhile, the abil-
ity of the four mangrove species to translocate
heavy metals from roots to shoots is categorized
as moderate (Titah et al., 2021). It was also ob-
served from the classification made by Sopyan et
al (2014) that A. alba, A. marina, and S. caseo-
laris can be used as phytostabilizers for Pb heavy
metals because they have BCF > 1 and TF < 1.

Analysis based on dynamic system

The dynamic system was used to determine
the behavioral pattern of each component influ-
encing the phytoremediation process of Pb heavy
metal by the Wonorejo mangrove plants over
time. The simulation time was 20 years which is
from 2022 to 2041. Moreover, CLD was designed
based on the relationship between the compo-
nents of the planned Pb phytoremediation system,
and the results produced using the Vensim soft-
ware are presented in Figure 2. It was discovered
from the figure that the components have a causal
relationship in the Pb phytoremediation system
by mangroves. This was indicated by the influ-
ence of the sediment and environmental factors
such as BOD, COD, pH, salinity, and tempera-
ture on Pb solubility. Moreover, the Pb solubil-
ity and river Pb affect the water Pb concentration,
while the river Pb is affected by the input Pb. The
findings also showed that the extraction process
was influenced by the extraction rate and frac-
tion, and this subsequently had an impact on the
sediment Pb concentration. This is indicated by

229



Ecological Engineering & Environmental Technology 2023, 24(9), 225-236

oH Temperature
Ph input PH factor Temperasurefaaor
Rerfy T /%
Waﬁef & Pnsolubitv
Salinity factor
i CODTador
Sainty b 4
ccD

BCF roat

A

exraction W [oovion

7

Extaction rate

BCD fador *
Translocation
Sed'"emawp R / * root threshoid
Translecation rate
. Stem
/'"T“”a‘”“ * ihreshod
Rate of Leaves

Incorporation

BCF leaves

Figure 2. CLD of Pb phytoremediation system by Wonorejo mangroves

Table 3. Pb concentration in water and sediment of
Wonorejo River mangrove habitat

Mangrove species Pb in water Pb in sediment
(mglL) (mg/kg)
Avicennia alba 0.99 15.7
Sonneratia caseolaris 1.9 0.67
Rhizophora stylosa 1.3 9.7
Avicennia marina 4.36 8.97

Source: The East Java Provincial Environment Agency
(2018-2020), Surabaya City Environment Agency,
(2017-2021), Wahwakhi (2015), Lufthansa et al. (2021).

the fact that the high extraction process reduced
the sediment Pb concentration and this was fur-
ther affected by environmental factors such as
the BOD, COD, pH, salinity, and temperature. It
was also observed that the reduction in the sol-
ubility of Pb in water led to an increment in its
concentration in the sediment. The sediment Pb
concentration was further observed in the content
present in the roots and leaves after the extraction
process. It is important to note that the ability of
mangrove plants to extract and translocate Pb was

Table 4. Average values of Pb concentration in Wonorejo mangrove plant tissue

. Pb (mg/kg)
Mangrove species
Roots Stems Leaves
Avicennia alba 21.9 3.4 8.8
Sonneratia caseolaris 1.8 0.9 14
Rhizophora stylosa 8.7 3 0.1
Avicennia marina 22.97 24 5.48

Source: Wahwakhi (2015), Nastiti (2016), Rachmawati et al (2018), Sari (2019), and Lufthansa (2021).

Table 5. Bioconcentration and translocation factor values in Wonorejo mangroves

Concentration of Pb
Mangrove species Water Sediment | Roots | Stems | Leaves BCF F
(mg/L) (mg/kg) Roots Leaves

Avicennia alba 0.99 15.7 21.9 3.4 8.8 1.4 0.6 0.4
Sonneratia 1.9 0.67 1.8 0.9 1.4 2.7 2 0.8
caseolaris

Rhizophora 1.3 9.7 8.7 3 0.1 0.9 0.01 0.1
stylosa

Avicennia marina 4.36 8.97 22.97 2.4 5.48 2.6 0.6 0.2
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determined using the BCF of the roots and leaves.
The results also showed that the sediment Pb was
influenced by the concentration and solubility of
the heavy metal in water. Moreover, the relation-
ship between the factors depicted in the CLD was
later used to produce SFD and the components
were determined in the form of Stock, Rate, and
Variable as indicated in Figure 3. The data in-
putted in the SFD of each species were used to
produce a graph showing the behavioral pattern
formed in the model through the following simu-
lation processes:

Simulation of Sonneratia caseolaris

The accumulation in the roots, stems, and
leaves tends to be constant but later increased to-
ward the completion of the simulation with the
roots having higher accumulation compared to
the leaves. This was confirmed in the BCF line
which was observed to be increasing until the
end of the simulation period. According to An-
nie and Sigua (2013), mangroves have immu-
nity to the toxic effects of heavy metals affect-
ing their biological and ecological processes. It
is also important to note that the absorption of
ions by plants was associated with two proper-
ties which include the concentration factor and
quantitative differences in the nutrient require-
ments. Tavakkoli et al. (2010) stated that the

pH Temperature

L * ‘ BCOD

pHfactor Temperature factor

highest concentration of ions in plant cells is
found in roots. The metals are further transferred
to different parts to be localized or accumulated
in certain tissues. Meanwhile, Yoon et al. (2006)
reported that there is a system of stopping the
transportation of metal ions to the leaves from
the mangrove roots, specifically in relation to the
non-essential heavy metals.

Simulation of Rhizophora stylose

The pattern of Pb accumulation and translo-
cation in R. stylose is presented in Figure 4b and it
was discovered there was no significant difference
between the model and the real conditions for the
stems, leaves, and roots. The highest accumula-
tion was recorded in the roots which increased at
the end of the modeling period followed by the
stems but the trend in the leaves was different as
indicated by a decrease towards the end. More-
over, the roots were able to localize (extracellu-
lar) toxic compounds due to their inherent high
level of tolerance compared to other plant parts
(Dewi, 2004). It has been previously stated that
plant tissues located farther away from the roots
usually have smaller water potential (Feliana,
2016). This explains the reason for the increase
in the accumulation of Pb which was dominated
by the roots, followed by the stems, and then the
leaves at the end of the modeling period.

BOD factor

Extraction rate Fraction

Water Ph

.R.her = -

Sedimentary
b

Root

Ph solubiity

Pbinput

Salnityfactor \
‘\ CoD
Salnity

E
- /

Tranglocation rate T & " Root
'|: ranglocation -—
':] threshold

Stem

Leawes
tion%—
Incorporation threshold

Rate of incorporation

Leawes

Root BCF

Leaves BCF

Figure 3. SFD of Pb phytoremediation system by Wonorejo mangroves
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Simulation of Avicennia alba

The simulation results for the Pb phytoreme-
diation dynamic system for 4. alba are shown in
Figure 4c. The change in time was observed to
have increased metal accumulation in the roots
and stems of A. alba while the leaves experience
a decrease. This is similar to the pattern reported
by Wahwakhi (2015) and Lufthansa (2021) which
showed that the roots accumulated the highest Pb
in Wonorejo 4. alba. It was further confirmed with
the accumulation ranging from 12.9-34.1 mg/kg
recorded for the roots and 6.6-13.3 mg/kg for the
leaves. It is important to state that 4. alba has
the same type of root as S. caseolaris which
is known as the peg root. This type is usually
located in the sediment and appears on the sur-
face of the water, thereby making it possible to
interact with Pb concentrated in air, water, and
sediment media. Its attempt to transfer toxic
materials into the mangrove body is indicated
by the high concentration of heavy metals in
the roots (Handayani, 2006).

Simulation of Avicennia marina

The pattern obtained from simulating the
root, stem, and leaf of A. marina is presented
as follows in Figure 4d. The translocation and
incorporation processes had a higher rate at the

beginning of the modeling period. The transloca-
tion process rate was observed to have increased
at the end of the period along with the extraction
while the incorporation decreased. Moreover, A.
marina is expected to overcome the toxicity of
pollutants in addition to having the accumulation
ability. The toxic effects are usually attenuated
through dilution which involves the plants storing
much water in their bodies to dilute the concen-
tration and reduce the toxicity of heavy metals.
This normally occurs in the leaves followed by a
process of leaf thickening or succulence. Another
step that can be implemented by 4. marina is ex-
cretion which involves storing heavy metal toxic
materials in old tissues such as old leaves or easy-
to-peel stems (Mulyadi et al., 2009).

The validation results of the Pb phytoreme-
diation model in the S. caseolaris, R. stylosa,
A. alba, and A. marina mangrove species at the
Wonorejo River Estuary were as follows:

a) Structural validation

The four species have a similar root BCF value
which was found to be < 1 from the beginning to
the middle of the simulation period (2022-2032)
and this means they were not included in the hyper-
accumulator category. This was mainly because,
according to Baker et al. (1989) and Ye-Tao Tang
et al. (2009), the threshold for hyperaccumulator
plants to accumulate Pb was 1,000 mg/kg, but the

Selovtod Varisbles

Selosted Vasiables

Tine (Vo)
— A —— s FA

R

ool

20|

©

@

Figure 4. Simulation results of the Pb phytoremediation process model in (a) S. caseolaris,
(b) R. stylose, (c) A. alba, (d) A. marina and its relationship with the root and leaf BCF values
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structure validation conducted on the first 5 years
of the simulation period (2022-2027) was record-
ed to be <1,000 mg/kg. The results presented in
the model diagram of Figure 5 represent the causal
relationship in the Pb phytoremediation by the four
mangrove species and this indicated the model was
structurally categorized as valid.

b) Value validation

The value validation was conducted by cal-
culating MAPE. A model was stated to be valid
when the MAPE value was < 30%. It was discov-
ered that the MAPE value for the Pb phytoreme-
diation model by S. caseolaris and R. stylosa was
< 30% and this means it is valid. Meanwhile, the
value for 4. alba and A. marina model was >30%,
indicating it has a fairly good or adequate fore-
casting validity because it is between 25-50%.

Model sensitivity test

The sensitivity test was conducted on exoge-
nous variables in an independent and controlled sys-
tem to determine the factors with significant effects
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on the changes in the system. The results showed
that the variables with a significant effect on the
changes in the phytoremediation system are pH and
Pb input. The resistance of the model to changes in
existing variables was determined through a 50%
decrease in the pH value and a 100% increase in the
Pb input. The test results for the 4 system models
were presented as follows in Figure 6.

It was discovered that the model has resil-
ience as indicated by the similarity in the pattern
formed between the simulation and sensitivity
test results. The dynamic system analysis of the
Pb phytoremediation process in the four man-
grove species showed that the Pb values accu-
mulated in environmental media and plant tissues
are as follows. Table 6 showed that R. stylose had
the highest accumulation value in environmental
media and plant tissue. This means abiotic fac-
tors are affecting the growth and development of
mangrove plants as well as their phytoremedia-
tion process of heavy metals. The data used for the
model showed that the environmental factor val-
ues in the R. stylose habitat were quite good values
for the growth and development of the mangroves.
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Figure 5. Structure validation results for the mangroves in the Wonorejo River estuary
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Figure 6. Sensitivity test results for the mangroves at the Wonorejo River estuary

Table 6. Pb Concentration values at the end of the modeling period (2041)

Concentration of Pb
Species of mangrove Sediment Roots | Stems Leaves
Water (mg/L)
(mglkg)

Avicennia alba 397,540.83 90,407.9 25,288.73 3.99¢+06 804.15
Sonneratia caseolaris 2,049.03 1,579.9 110,887 34,540 35.045
Rhizophora stylosa 1,329.110 1,509.790 2,054.110 3,393.950 -995,308
Avicennia marina 160,662.32 169,123 2.51 x 108 3.99¢e+06 -2.91e+06

This was indicated by the water pH of 7.5 which
was close to normal pH while acidic water has
the ability to cause very low decomposer activity
which subsequently affects vegetation growth due
to a lack of nutrient or mineral supply (Poedjira-
hajoe, 2019). Moreover, the BOD and COD val-
ues at 13.6 mg/L and 50 mg/L, respectively, were
smaller compared to other species in the vicinity.
They were determined based on the presence of
organic matter contained in the waters which can
be degraded by microorganisms and mangrove
substrates to become nutrients needed for growth
and development. Furthermore, BOD and COD
values are negatively correlated to the dissolved
oxygen (DO) value and this means the R. stylosa
habitat had a higher DO value compared to the
others and this further confirms the decomposition
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of organic matter in the habitat by decomposers.
The content of the decomposed organic matter in-
creases the ability of the mangroves to accumulate
heavy metals. It was also observed that the con-
centration of organic matter is higher in the soil
and sediment of the R. stylose habitat compared
to the Avicennia habitat (Alongi, 2009). This ex-
plains that R. stylose has higher Pb accumulation
value compared to the other three species.

CONCLUSIONS

Based on the results, the dynamic system of
the phytoremediation process of Pb by the four
mangrove species in the Wonorejo river estuary, it
obtained Pb can be accumulated in environmental
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media and plant tissues. A behavioral mechanism
pattern was formed based on the relationship be-
tween the environmental factors, Pb concentration,
and the phytoremediation ability of the mangroves
with time. This pattern affected the root and leaf
BCF values of each mangrove. The MAPE of
Pb phytoremediation of four mangrove species
showed that model was categorized as fairly good
with a valid forecast. The highest accumulation
value in plant tissue was dominated by mangrove
species of R. stylose. The environmental parameter
values at habitat of R. stylose were in good condi-
tion for the growth of the mangroves. The system
dynamics predicted that the highest concentrations
of Pb in water, roots, and stems in 2041 were in R.
stylose at 1,329,110 mg/L, 2,054,110 mg/kg, and
3,393,950 mg/kg, respectively.
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