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Abstract. Authors. 2020. Effects of permeable barriers on total ecosystem carbon stocks of mangrove forests and abandoned ponds in
Demak District, Central Java, Indonesia. Biodiversitas 21: 5298-5307. In this study, we observed the effects of constructing permeable
barriers in the low-lying coastal zone and severely eroded coast of Demak District, Central Java, Indonesia, in the context of mangrove
forest structures and carbon (C) dynamics. Forest structures were characterized by stand density, basal area, and ecological indices. The
dynamics of C, expressed as total ecosystem carbon stocks (TECS), were compared in mangrove forests, abandoned ponds, and
productive ponds by estimating C pools from above- and belowground biomass, dead organic matter, and soil. We found that permeable
barriers, whether or not protect mangroves, resulted in the similarity of above- and belowground C due to no considerable difference in
basal area. By contrast, soil properties in terms of bulk density, C concentration, N concentration, and C:N ratio statistically varied
among sites. We discovered that changes in soil properties were associated with duration of permeable barriers, resulting in an increase
of soil C in mangrove sites, i.e., 618.84 + 30.39 Mg C ha™%; 704.13 + 17.73 Mg C ha*; and 759.88 + 15.26 Mg C ha™* in 0-, 1-, and 4-
year-old permeable barriers, respectively. We highlight that these barriers were proved not only could enrich soil C in mangroves but
also to provide a habitat for Avicennia sp. seedlings in the newly reclaimed coastline.

Keywords: Avicennia sp., ecological indices, forest structures, reclaimed coastline, soil properties

Abbreviations: AP4: abandoned ponds protected by four-year-old permeable barriers; PPO: productive ponds; MFO: mangrove forests
without protection; MF1: mangrove forests protected by one-year-old permeable barriers; MF4: mangrove forests protected by four-

year-old permeable barriers

INTRODUCTION

Indonesia is home to 23% of the world’s mangrove
forests (Giri et al. 2010). A previous study reported that
mangrove forests could store approximately 3-5 times more
organic carbon (C) than terrestrial forests in the tropics
(Donato et al. 2011). Mangrove ecosystems currently face
tremendous threats due to anthropogenic activities that
release greenhouse gases, resulting in climate change and
its severe impacts (e.g., sea-level rise). On average, total
ecosystem carbon stocks (TECS) in Indonesian mangrove
forests are estimated as approximately 1,083 + 378 Mg C
ha™* (Murdiyarso et al. 2015). However, researchers predict
that under the business-as-usual scenario, more than
700,000 ha of mangrove forests in Indonesia will be
converted into aquaculture ponds within the next two
decades (llman et al. 2016). A case study conducted in
Mahakam Delta revealed that the conversion of mangroves
to shrimp ponds resulted in significant C losses that were
equivalent to 226 years of soil C accumulation in natural
mangrove forests (Arifanti et al. 2019). Furthermore,
researchers predict that relative sea-level rise contributes to

the reduction of mangrove area in the Pacific Islands, and
there will be a 12% average annual reduction of mangrove
area in the future (Gilman et al. 2006). To deal with these
issues' impact, changes to the mangrove coastline in the
Demak District, Central Java, Indonesia, were anticipated
by constructing coastal barriers. In structures that could be
considered to be a nature-based coastal defense and which
have adopted the function of mangrove roots as sediment
traps (Winterwerp et al. 2014), permeable barriers are
protective structures on the coast made of wood and
bamboo and are constructed on the edge of the mangrove
facing the sea. Thus, permeable barriers can trap C-
containing sediment through soil C accumulation and lead
to changes in mangrove structures and  soil
physicochemical properties. Recent studies have shown
that mangrove structures and soil physicochemical
properties influence C storage in ecosystems (Kauffman et
al. 2020; Sasmito et al. 2020). However, field data that
could provide information on the effects of permeable
barriers on TECS is currently still limited (Morris et al. 2019).

In this case study, by observing the effects of permeable
barriers on the dynamics of TECS in three types of
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mangrove forests, abandoned ponds, and productive ponds
in Demak District with the following objectives: (i) to
assess the forest structure and ecological condition among
mangrove forests; and (ii) to assess the effect of permeable
barriers on soil properties and TECS in the observed
environments, will provide valuable information for
decision-makers about the effect of permeable barriers,
which not only protect coasts from erosion but also provide
C-containing sediment that can assist in climate change
mitigation.

MATERIALS AND METHODS

Study site

This study was conducted from November 2018-August
2019 in the Demak District, on the north coast of Central
Java, Indonesia (Figure 1). The climate in Demak District
was characterized by a mean annual rainfall of 2,292
mm and a mean daily air temperature of 27.0°C
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(Climate-data.org 2019). Monsoonal weather affecting
Demak District was the (wet) west monsoon that occurred
from December to February, followed by the transitional
season from March to May, and the (dry) east monsoon
occurred from June to August, followed by the transitional
season from September to November (Ervita and Marfai
2017).

The study was performed in two Sub-districts (i.e.,
Wedung Sub-district and Sayung Sub-district). Wulan
Delta, located in Wedung Sub-district, has experienced
sediment accretion in this delta's southwest direction,
which was caused by the deposition of suspended materials
from the Wulan River (Ervita and Marfai 2017). Berahan
Kulon Village, one of the villages in the Wedung Sub-
district, experienced sedimentation in its coastal areas. In
this region, we conducted the study in mangrove forests
without protection (MFO0), which has an area of 17.17 ha.
Meanwhile, Sayung Sub-district topography was classified
as a low-lying coastal zone with a slope of less than 2%
and height of 0-5 m above sea level (Subardjo 2004).
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Figure 1. Study site in Wedung and Sayung Sub-districts, Demak District, Central Java, Indonesia. Green points demonstrate mangrove
plots, red points express abandoned pond plots, and blue points symbolize productive pond plots (Source: Sentinel-2

earthexplorer.usgs.gov)
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A previous study reported that erosion rate of coastal
areas in the Sayung Sub-district ranged between 4 m to 65
m year? with an average of 25 m year? (Muskananfola et
al. 2020). Since this region suffered a massive conversion
of mangrove forests to aquaculture ponds, this physical
degradation reduced coastal areas (Marfai 2011).
Moreover, the reduction of mangrove species composition
and physical structures was an imperative impact
demonstrated along this coastline (Thoai et al. 2019). In
this region, the study observed 5.13 ha of mangrove forests
protected by one-year-old permeable barriers (MF1), 2.63
ha of mangrove forests protected by four-year-old
permeable barriers (MF4), 2.0 ha of abandoned ponds
protected by four-year-old permeable barriers (AP4), and a
1.4 ha productive ponds (PP0)), located in Timbulsloko
Village. Two sites of mangrove forests in the Sayung Sub-
district were the result of natural regeneration in abandoned
ponds. A total of four mangrove species were recorded in
Demak District in this present study, i.e., Avicennia alba,
Avicennia marina, Rhizophora apiculata, and Rhizophora
mucronata.

Sampling design

Stratified random sampling design was applied in this
study to improve the inventory's precision and efficiency.
Mangrove forest assessment followed the protocol outlined
by Kauffman and Donato (2012). The first circular plot was
established 15 m perpendicular to the riverine (Figure 2).
Five additional linear plots were arranged to accommodate
mangroves' inherent variation along the gradient, from the
marine ecotone in the inland direction. Downed deadwood
was measured using the line intercept technique that
crossed the vertical sampling area (van Wagner 1968;
Kauffman and Donato 2012).

Assessment of forest structure

Forest structure, which refers to the distribution of trees
within a forest (e.g., species composition, tree density, and
basal area), is crucial in mangrove conservation and
management (Smith-111 1992). A common term to describe
the number of tree stands per unit area is tree density,
which is expressed as the number of trees per hectare, and

Marine ecotone
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basal area is expressed as the cross-sectional area of a tree
at breast height, an attribute that is generally reported in
square meters per hectare. The structure of mangrove
forests was also assessed in terms of ecological indices to
monitor different species' abundance. Calculation of
Margalef richness index, Shannon-Wiener diversity index,
and Pielou evenness index ratings were adapted from
Jargensen et al. (2005) and were modified by Hussain et al.
(2012) to suit the range of ecological indices in wetland
areas.

Margalef richness index (D)

Margalef index is a quantitative measurement of the
number of different species in a given area (Margalef
1957). Based on the following formula, D expresses the
Margalef richness index, S is the number of species, and N
demonstrates the total number of individuals.

SETCEEN VA 1 I 1)

Shannon-Wiener diversity index (/)

The Shannon-Wiener index is commonly used to
characterize species diversity within a community
(Shannon 1963). Formula 2 involves several notations, i.e.,
H’ is the Shannon-Wiener diversity index, pi denotes the
proportion of individuals that belong to a particular species,
Ni is the number of individuals in a particular species, and
N expresses the total number of individuals.

H =-Zpilnpi=-Z (Ni/ N) In (Ni / N)..o0ooorvvrrrne. )

Pielou evenness index (J)

Pielou index expresses the evenness of species
abundance in a community (Pielou 1966). In this
calculation, J° symbolizes the Pielou evenness index, H’ is
the Shannon-Wiener diversity index, H’max demonstrates
the maximum possible value of Shannon diversity, and S is
the total number of species.

J’:H’/H,max:H’/lnS .......................................... (3)
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Figure 2. Plot layout of mangrove inventory in Demak District. R denotes radius (modified from Kauffman and Donato 2012)
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Important Value Index (IVI)

The IVI was used in this study to perform mangrove
species’ dominance and ecological success. The 1VI
represents the importance of species and essential functions
within the community. This index was calculated as the
sum of relative frequency, relative dominance, and relative
density (Muller-Dubois and Ellenberg 1974; Citron and
Novelli 1984).

Bray-Curtis dissimilarity index

The Bray-Curtis index is the most widely used
dissimilarity coefficient for biological communities. This
index was developed by Bray and Curtis (1958) to describe
the degree of community dissimilarity between two sites.
Since the Bray-Curtis dissimilarity index ranges from 0-1,
assessing floristic similarity (1-B) can be quantified by
calculating the dissimilarity and multiplying it with 100 to
demonstrate the similarity percentage. Based on formula 4,
B denotes the Bray-Curtis index, and piwip is the VI of
species i in plots a and b, respectively.

B =X |pia- Pib] / Z (Piat Pib)ereereeereeereeererrerenrirenrennens 4

Assessment of carbon stocks

C stocks, which are contained in biomass and included
live and standing dead trees, downed deadwood (or
necromass), and soil, were observed and summed up to
estimate the TECS of each plot. Only soil samples were
collected in the abandoned pond and productive pond plots.

Aboveground carbon (AGC) and belowground carbon (BGC)

The primary data were recorded for C stock assessment
comprised of species identification, main stem diameter,
and decay status. Generally, tree diameters were measured
above the main stem's stage roots, and the tree diameter at
137 cm above the ground, also known as diameter at breast
height (DBH). For stilt-rooted species (e.g., Rhizophora
spp.), tree diameter was measured above the highest stilt
root (Pearson et al. 2005). The trees defined by DBH had a
diameter greater than 5 cm and were measured within the 7
m radius circular subplot. Saplings, which had smaller than
5 cm in diameter, were measured in the 2 m radius circular
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subplot (Kauffman and Donato 2012). In this study,
tree and root biomass were calculated using the allometric
equations summarized in Table 1. Estimation of decayed
standing dead trees followed the remaining biomass
concentration of a decaying class of 1 (97.5%), 2 (80%),
and 3 (50%) (Kauffman and Donatto 2012). C conversion
factors of aboveground trees and belowground roots were
0.47 and 0.39, respectively (Kauffman and Donato 2012).
Formula 5 was used to assess AGC and BGC per unit area.

Vegetation C = biomass x C conversion factor ......... 5)

Downed deadwood C

Downed deadwood or necromass is one of the variables
used to assess ecosystem C sinks and the effects of natural
and human disturbances. According to each size class,
downed deadwood was assessed by collecting fallen stem
and branch debris on the forest floor (fine, small, medium,
and large). The study calculated C stocks of this pool with
the C conversion factor of 0.50 (Kauffman and Donato
2012). Equation 6 was applied to estimate the necromass C
in this present study:

Necromass C = wood mass x C conversion factor .... (6)

Soil C

Soil C was estimated by collecting soil samples using a
5.5 cm diameter stainless steel open-faced cylindrical soil
auger at different depth intervals. In each subplot, soil
samples were collected 5 cm in length or 59.42 cm?® in
volume in each depth interval of 0-15, 15-30, 30-50, 50-
100, and 100-300 cm (Kauffman and Donato 2012).
Therefore, this study collected five soil samples in each
core. Soil properties were observed in all sampling sites,
including bulk density, C concentration, nitrogen (N)
concentration, and C:N ratio. Soil C and N concentrations
were analyzed using a dry combustion technique (LECO
CNS elemental analyzer) in the Indonesian Agency for
Agricultural Research and Development (IAARD), Bogor.
The following equation was used to estimate soil C:

Soil C = bulk density x depth x C concentration ....... )

Table 1. Allometric equation of tree and root used in this study for estimating vegetation biomass

Species name Allometric equation

Reference

Above-ground biomass (Wi in kg)
Rhizophora apiculata Wiop = 0.235DBH?#?
Avicennia marina, Wiop = 0.251pD?46*
Avicennia alba,
Rhizophora mucronata (db.worldagroforestry.org/wd)
Below-ground biomass (Wit in kg)
Rhizophora apiculata Wr = 0.00698DBH?%*
Avicennia marina, Whr = 0.199p089D222%
Avicennia alba,

Rhizophora mucronata (db.worldagroforestry.org/wd)

Ong et al. (2004)
Komiyama et al. (2005)

where p as wood density was determined from ICRAF database

Ong et al. (2004)
Komiyama et al. (2005)

where p as wood density was determined from ICRAF database

Note: Whop: aboveground biomass; Wr: belowground biomass; DBH: diameter at breast height; D: diameter above highest prop root;

p: wood density; and *: common equation
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Statistical analysis

Differences in vegetation structures among mangrove
forests and soil physicochemical properties across sampling
sites were tested using the analysis of variance (ANOVA).
When the ANOVA result was significant, this study
applied a post hoc Tukey’s honest significant difference
(HSD) test to assess mean values' significance. Kruskal-
Wallis, a non-parametric significance test, was applied
when the data were not normal and not homogenously
distributed. The similarity of species composition between
two mangrove forests was applied to square-root transform
data, and the data were quantified using PRIMER v5
(Clarke and Gorley 2006). Data given in the text were
mean * standard error. A 95% confidence interval was
applied in all statistical tests. A confidence interval is a
crucial definition of scientific uncertainty.

RESULTS AND DISCUSSION

Effect of permeable barriers on vegetation structures
and ecological conditions of mangrove forests

Mangrove density is an essential component in
assessing coastal forests' protection functions and its ability
to recover from environmental disturbances. In Demak
District, tree density ranged from 1378 + 128 to 2244 + 237
individuals ha™* (Table 2). Statistically, this study revealed
a considerable variation in tree density in MFO, MF1, and
MF4 (p < 0.05). By contrast, mangroves' stand basal area,
ranging from 9.29 + 1.33 to 13.56 + 1.72 m? ha?, did not
differ significantly in Demak District (p > 0.05).

Margalef index (D), Shannon-Wiener index (H”),
Pielou index (J°), Important value index (IVI), and
similarity of species composition across mangrove forests
in this case study are demonstrated in Table 3. Generally, it
is known that the ecological conditions of mangrove forests
in Demak District were categorized as disturbed habitats (D
= 0.59) with bad species diversity (H> = 0.87). However,
this study found that MF4 had a semi-balanced species
evenness level (J’ = 0.71), while other mangrove forests
had a balanced level of species distribution (J = 0.83). MF4
had the highest index of species richness and diversity (D =
0.56; H = 0.98, respectively), but this site was dominated
by Avicennia marina (IVI = 146.29). Among the living
trees and saplings, Avicennia marina had the highest V1 in
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all mangrove areas, i.e., 155.44 and 205.86, respectively.
This study also reported that more than 75% of species
composition was homogenous in all mangrove forests.

Effect of permeable barriers on soil properties and total
ecosystem carbon stocks

Soil properties influencing soil C determination are
shown in Table 4, with a statistical value of p < 0.05 across
sampling plots. Our results showed that mangrove forests
in Wedung Sub-district (MFO = 0.95 + 0.04 g cm™) had a
significantly lower value of soil bulk density than in
Sayung Sub-district (1.47 + 0.04 g cm™ in MF1 and 1.62 +
0.06 g cm™ in MF4) (p < 0.05). Besides, the study
discovered that soil bulk density was significantly different
between two groups, i.e., MF1, MF4, and PPO (1.61 + 0.02
g cm®); MF1 and AP4 (1.33 + 0.02 g cm™®) (p < 0.05;
Tukey HSD).

Table 3. Margalef richness index, Shannon-Wiener diversity
index, Pielou evenness index, Important value index, and
similarity of mangrove species composition in Demak District,
Central Java, Indonesia

Sites

Parameters MEO  MFEL  MEZ Average
Richness index (D) 0.20 0.41 0.56 0.59
Diversity index (H”) 0.58 0.91 0.98 0.87
Evenness index (J°) 0.83 0.83 0.71 0.63*
Important value index (IVI)
Tree
Avicennia alba 106.85 94.30 94.34 89.66
Avicennia marina 193.15 154.98 146.29 155.44
Rhizophora apiculata - - 13.77 11.06
Rhizophora mucronata - 50.72 45.60 43.84
Sapling
Avicennia alba 37.20 8285 78.36 62.18
Avicennia marina 262.80 164.00 221.64 205.86
Rhizophora mucronata - 53.15 - 31.96
Similarity of species
composition between
mangrove forests (%)
MFO 100 8282 7719 -
MF1 82.82 100 92.79 -
MF4 7719 92.79 100 -

Note: *: involving all mangrove species found in Demak District.

Table 2. Characteristics of mangrove forest structures in Demak District, Central Java, Indonesia

Age of Forest structure Ecological indices*
Sampling site permeable barriers Tree density Basal area . . .

(year) (ind ha')) (m? ha) Richness Diversity Evenness
MFO - 1772 + 104 12.43 £1.07 Disturbed Bad Balanced
MF1 One 1378 + 128 9.29+1.33 Disturbed Bad Balanced
MF4 Four 2244 + 237 13.56 £ 1.72 Disturbed Bad Semi-balanced

Note: *: based on rating ranges of ecological indices outlined in Jorgensen et al. (2005) and Hussain et al. (2012)
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Table 4. Soil physicochemical properties in Wedung and Sayung plots in Demak District, Central Java, Indonesia
Location/Plot Sub-plot Salinity  Soil depth  Bulk d,?”S'ty %C %N C:N ratio
(ppt) (cm) (g cm)
Wedung/MFO MFO0-1 41.95 300 1.03 2.15 0.80 2.69
MFO0-2 38.82 300 0.89 2.25 0.78 2.89
MFO0-3 36.55 300 0.91 2.17 0.79 2.77
Mean + SE 39.11 0.95+0.04 2.19+0.03 0.79+0.01 2.78 £ 0.06
Sayung/MF1 MF1-1 32.00 200 1.41 2.26 0.68 3.36
MF1-2 33.33 200 1.54 2.31 0.69 3.39
MF1-3 32.00 300 1.46 2.18 0.69 3.23
Mean + SE 32.44 1.47 £0.04 2.25+0.04 0.69 +0.00 3.33+0.05
Sayung/MF4 MF4-1 33.00 200 1.69 2.18 0.66 3.36
MF4-2 29.33 200 1.67 2.13 0.65 3.37
MF4-3 30.00 200 1.50 2.14 0.69 3.14
Mean + SE 30.78 1.62 £ 0.06 2.15+0.01 0.67 £0.01 3.29+0.07
Sayung/AP4 AP4-1 32.00 200 1.36 2.06 0.75 2.79
AP4-2 30.30 200 1.30 2.05 0.85 2.40
AP4-3 31.50 200 1.34 2.13 0.79 2.70
Mean + SE 31.27 1.33+£0.02 2.08 +£0.03 0.80+0.03 2.63+0.12
Sayung/PP0 PPO-1 30.00 200 1.66 212 0.79 2.67
PP0-2 30.30 200 1.61 2.16 0.84 2.59
PPO-3 29.75 200 1.58 2.09 0.76 2.75
Mean + SE 30.02 1.61+0.02 2.12 +£0.02 0.80 +0.02 2.67 £0.05
p-value* 0.00 0.13 0.05 0.00
p-value** 0.00 0.01 0.03 0.00

Note: *: in mangrove forests; **: in sampling sites

C concentration across mangrove forests in Demak
District ranged from 2.15 + 0.01 to 2.25 + 0.04. There was
no significant variation of C concentration in mangrove
forests (p > 0.05). However, soil C concentration in MF1
was statistically higher than C concentration in AP4 (2.08 £
0.03) and PPO (2.12 + 0.02) (p < 0.05; Tukey HSD). This
study also reported that N concentration was significantly
lower in MF1 (0.69 = 0.00) and MF4 (0.67 £ 0.01) than
other sampling sites, i.e., 0.79 + 0.01 in MFO0, 0.80 + 0.03
in AP4, and 0.80 = 0.02 in PP0O (p < 0.05; Tukey HSD).
Therefore, differences in C and N concentrations were
implied in C:N ratio. The C:N ratio across mangrove
forests ranged from 2.78 + 0.06 to 3.33 £ 0.05, while in
AP4 and PPO was only 2.63 £ 0.12 and 2.67 + 0.05,
respectively. The C:N ratio was statistically different
among mangrove forests and sampling sites, with the
higher value found in MF1 and MF4 (p < 0.05; Tukey
HSD).

Table 5 summarizes the C stocks in all pools of the
Wedung and Sayung sites. AGC and BGC are essential
sinks of C to be deposited in mangrove forests’ floor and
soil. The AGC of mangroves in the Demak District ranged
from 35.22 + 3.19 Mg C ha™* to 53.76 + 3.46 Mg C ha™,
while BGC varied from 14.20 + 1.06 Mg C ha™to 22.93 +
2.14 Mg C ha™. However, there was no considerable

variation found in AGC and BGC across mangrove sites (p
> 0.05).

Deadwood C stocks in MFO, MF1, and MF4 were 10.02
+1.36 MgCha? 574+ 146 Mg Cha?, and 2.23 + 1.01
Mg C hal, respectively. A significant difference in C
stocks of necromass was observed between MFO and MF4
(p < 0.05; Tukey HSD). Besides, this study discovered a
considerable variance in soil C pools across sampling sites
(p < 0.05). Among mangrove sites, differences in soil
physicochemical properties resulted in a range of soil C,
i.e., 618.84 +30.39 Mg C ha! in MFO0, 704.13 + 17.73 Mg
C ha' in MF1, and 759.88 + 15.26 Mg C ha?® in MF4.
Across the non-mangrove site, soil C in PPO (735.57 +
20.61 Mg C ha?) was significantly higher than soil C in
AP4 (610.82 + 29.31 Mg C ha™) (p < 0.05; Tukey HSD).

The average values of TECS significantly ranged from
705.55 + 30.62 Mg C ha t0 826.14 + 2441 Mg C ha™* (p
< 0.05; Figure 3). Since this study did not find any
significant difference in AGC and BGC among mangrove
forests in Wedung and Sayung Sub-districts, the main
contribution of the TECS variation was derived from soil
C. Likewise, TECS in the non-mangrove site, which only
originated from C pools in soil, stored 610.82 + 29.31 Mg
C ha™ and 735.57 + 20.61 Mg C ha™ in AP4 and PPO,
respectively (p < 0.05; Tukey HSD).
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Table 5. Values of C pools used to estimate total ecosystem carbon stocks in Wedung and Sayung plots in Demak District, Central Java,

BIODIVERSITAS 21 (11): 5298-5307, November 2020

Indonesia
. i Aboveground C  Belowground C Deadwood C Soil C TECS

Location/plot — Sub-plot "~y = a1y (Mg C ha')) (MgChal)  (MgC hal) (Mg C ha'l)
Wedung/MFO MFO-1 50.11 20.26 7.53 662.15 740.06

MF0-2 60.49 27.17 10.34 634.12 732.12

MFO0-3 50.67 21.35 12.21 560.25 643.94
Mean + SE 53.76 + 3.46 22.93+2.14 10.02 £ 1.36 618.84 + 30.39 705.55 + 30.62
Sayung/MF1 MF1-1 32.99 13.62 5.40 670.60 722.62

MF1-2 41.52 16.25 3.39 730.90 792.06

MF1-3 31.16 12.73 8.43 710.89 763.21
Mean £ SE 35.22+£3.19 14.20 £ 1.06 5.74 £1.46 704.13+17.73 759.30 £ 20.14
Sayung/MF4 MF4-1 53.56 20.60 4.08 789.06 867.29

MF4-2 53.49 22.28 2.01 750.56 828.34

MF4-3 30.92 12.83 0.60 738.45 782.80
Mean £+ SE 45.99 + 7.53 18.57+2.91 2.23+1.01 759.88 + 15.26 826.14 + 24.41
Sayung/AP4 AP4-1 - - - 628.64 628.64

AP4-2 - - - 553.54 553.54

AP4-3 - - - 650.28 650.28
Mean £ SE - - - 610.82 + 29.31 610.82 £ 29.31
Sayung/PPO PPO-1 - - - 728.11 728.11

PPO-2 - - - 704.19 704.19

PPO-3 - - - 774.40 774.40
Mean + SE - - - 735.57 +20.61 735.57 + 20.61
p-value* 0.25 0.08 0.02 0.01 0.04
p-value** - - - 0.00 0.00

Note: *: among mangrove forests; **: among sampling sites
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Figure 3. Total ecosystem carbon stocks in MFO (mangrove
forests without protection), MF1 (mangrove forests protected by
one-year-old permeable barriers), MF4 (mangrove forests
protected by four-year-old permeable barriers), AP4 (abandoned
ponds protected by four-year-old permeable barriers), and PPO
(productive ponds)

Discussion
Effectiveness of permeable barriers for capturing carbon in
mangrove forests

Permeable barriers constructed in Sayung Sub-district
are used to restore the sediment balance in certain areas.

They effectively protect the coastline from erosion and
stimulate sedimentation in coastal areas, as seen in
Vietham and Thailand (Saengsupavanich 2013; Schmittet
al. 2013). Factors that enhance the effectiveness of these
structures are: (i) the permeable barriers were spatially
arranged to align with the water flow and sediment
transport (Smits 2016), (ii) the permeable barriers allowed
the waves to dissipate similarly to wave attenuation due to
mangrove roots (Smits 2016), and (iii) the permeable
barriers prevented the mobilization of the soil layer as well
as accelerated consolidation of the mud layer (Borsje et al.
2019). Since these three factors, these barriers gradually
changed soil properties in mangrove forests. However,
findings showed that C concentration was not significantly
varied across mangrove forests, whether or not mangroves
are protected by structural barriers, suggesting that the
mangrove forests were similar in age (Sahu et al. 2019). By
contrast, the lower N concentration in two mangrove
forests located in Sayung Sub-district implied that
mangrove areas in this region allowed mangroves to grow
better because N was the nutrient potentially suppressing
the growth of mangrove (Lovelock et al. 2004).
Consequently, a higher C:N ratio in MF1 and MF4
suggested high above- and belowground vegetation input
which leaves residues in the soil, low carbonate content,
and low humification (Sabiene et al. 2010). A previous
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study also reported that the C:N ratio could identify
terrestrial organic matter because they had a higher relative
N content than in the aquatic organic matter (Tyson 1995).
Therefore, a low value of C/N ratio in mangrove forests
indicated that marine or estuarine particulate suspended
matter was deposited in mangrove sediments (Bouillon et
al. 2003). These findings were consistent with this case
study's conditions. Since the estuary in Wedung Sub-
district is located more than 14 km from Sayung Sub-
district, they did not have any connection with each other.
Coastal area in Wedung Sub-district received suspended
materials from Wulan River, which led to sediment
accretion in Wulan Delta.

Changes in soil characteristics may subsequently affect
the ability of mangrove forests in storing C. Mangrove
forests with or without the protection of permeable barriers
varied in tree density, but these forests were not
significantly different in terms of basal area, implying that
AGC and BGC did not generously contribute to the
variation of TECS. Simultaneously, since the low value of
C stock in the form of necromass was found, this result
suggested that a large amount of soil C in mangrove forests
should be more responsible for the variation of TECS. By
comparing mangrove forests without barriers and
mangroves with different barrier ages, this study
discovered that the duration of permeable barriers in
coastal areas affected the deposited soil C caused by past
activities. MFO (618.84 + 30.39 Mg C ha) and MF1
(704.13 + 17.73 Mg C ha™) had a lower value of soil C
than MF4 (759.88 + 15.26 Mg C ha™'), which implied that
a longer duration of permeable barriers in MF4 was able to
store more C-containing sediment than in the other sites.
Nevetheless, this study realized that permeable barriers
used bio-degradable materials in the construction. Wood
and bamboo are two primary materials that can decompose
become organic matter and deposit into the mangrove
forests. However, the amount of organic matter in these
materials was considered to be a minor and negligible
contribution to the soil C variation in this present study. By
comparing our findings to naturally regenerated mangrove
forests in Vietnam, the mean value of TECS in Demak
District (763.66 + 21.58 Mg C ha™?) is slightly lower than
TECS in Kien Vang Protection Forest, which has TECS on
average of 844 + 58 Mg C ha! (Nam et al. 2016).
However, mangrove forests in this case study have TECS
about two times higher than restored mangroves in Hau
Loc Forest (310.3 + 21.3 Mg C ha) (Pham et al. 2017).

Effectiveness of permeable barriers for mangrove species
colonization

Soil properties of mangrove forests in the context of
bulk density were found lower in Wedung Sub-district than
Sayung Sub-district. This variation is due to the differences
in root biomass activities, which promote biological
processes that result in macropores' creation. Therefore,
this process lead to an increase in water permeability and
reduction in compaction, which affect the supply of root-
zone air and available nutrients from mangrove soil for
plant tissues. This assessment also discovered that the
similarity in the high value of soil bulk density in
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mangrove forests was occurred in Sayung Sub-district
(MF1 and MF4) and aquaculture ponds (PPO), implying
that these three sites experienced similar pond construction
treatments in the past, which led to soil compaction. During
the pond constructions, these areas experienced a reduction
in air volume, which was generally followed by changes in
soil structure, pore size distribution, and soil strength.
Particularly in MF1 and MF4, the high mean of soil bulk
densities was caused by these areas experienced not only
soil compaction due to aquaculture pond construction in the
past but also soil consolidation, a reduction in the water
volume, which was caused by the presence of permeable
barriers (Borsje et al. 2019). Besides, MF1 also has a
similarity in soil bulk density with AP4. Hence, these sites
were not dissimilar concerning soil porosity, soil
permeability, and soil ventilation (Avnimelech et al. 2001).
In other words, four-year-old permeable barriers in AP4
resulted in a similar water-holding capacity with the effect
of one-year-old permeable barriers and mangrove roots in
MF1. Therefore, sediments accumulated and gradually
expanded land territory in AP4 were expected to be
appropriate for mangroves' colonization and growth when
the barrier’s strength reduces over time. A previous study
reported that increasing the stand density and thickness of
mangrove stands contributed to maintaining natural coastal
stability (Yulianda et al. 2014).

A strong mud layer capable of maintaining the slope
would provide an appropriate habitat for mangrove
seedlings to grow at sediment. A previous study reported
that Avicennia marina, a mangrove pioneer species that
grows well in mudflats, colonized naturally behind
permeable structures in Vietnam (Van Cuong et al. 2015;
Nguyen et al. 2016). Hence, the presence of permeable
barriers in abandoned ponds could potentially provide
habitat for Avicennia sp. seedlings, which were also
abundantly found in Sayung Sub-district. Avicennia species
possess remarkable adaptations to high salinity (Table 4).
Accordingly, Avicennia sp. constituted a greater portion of
mangrove forests than Rhizophora sp. in this case study.
Morphologically, Avicennia sp. is a salt-tolerant species.
Avicennia sp. has a saline gland that supports its ability to
adapt to high salinity environments and spreads throughout
the intertidal zone (low, medium, and high intertidal
positions) (Parida and Jha 2010; Woodroffe 2018). Also,
the annual average air temperature tolerance in Avicennia
sp. (12.6 °C) was found to be higher than in Rhizophora sp.
(8.3 °C); the mean sea surface temperature in Avicennia sp.
(11.1 °C) was also higher than in Rhizophora sp. (7.2 "C)
(Quisthoudt et al. 2012). Hence, the wide temperature
range in Avicennia sp. indicates that this species is more
tolerant of temperature changes. The use of A. marina for
coastal restoration in similar ecological conditions is
advisable, as this result suggests that A. marina is the most
resilient species in both disturbed and harsh environments.

Potential role of permeable barriers for abandoned ponds
A variety of soil management techniques in coastal
areas have resulted in changes in soil properties that also
affect soil C storage ability (Bhomia et al. 2016). Where
conversion of mangrove forests into aquaculture ponds
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regularly changes the biophysical soil that plays a role in
controlling soil C, previous study has reported that
conversion of mangroves into shrimp ponds caused a
reduction in TECS from 1023 + 87 Mg C ha™* to 499 + 56
Mg C ha? in Mahakam Delta (Arifanti et al. 2019).
Construction activity of aquaculture ponds causes the
removal of C from vegetation (tree and root), litter, and
particular soil layers (Cameron et al. 2019). Besides, an
increase in soil C's oxidation can occur during dyke
formation activities that use excavated soil from
aquaculture ponds (Sidik et al. 2013).

Low value of TECS in AP4 (610.82 + 29.31 Mg C ha)
and PPQ (735.57 + 20.61 Mg C ha™') than mangrove sites
revealed that these sites were not covered by vegetation,
suggesting that there was no significant contribution of
organic matter from above- or belowground biomass.
However, many seedling establishments of Avicennia sp.
and Rhizophora sp. were found on AP4, while only a few
seedlings of Rhizophora sp. occupied in the PPO.
Nonetheless, it was unknown whether they were naturally
recruited or artificially planted. At the same time, the lower
value of soil C in AP4 was due to aerobic decomposition of
organic matter in soil which triggered C oxidation during
the draining period after harvesting (Towatana et al. 2002),
while higher soil C in PPO was caused by the concentration
of organic C in the sediment originated from feed residue
that accumulated in sediments at the bottom of the pond. A
previous study revealed that organic matter from shrimp
feed accounted for 80.33-92.48 % total OC, 94.43-95.03 %
total N, and 91.92-95.36 % total P, respectively (Sahu et al.
2012). Besides, since the N concentration in AP4 and PPO
was higher than other sampling sites, it resulted in the
lower C:N ratios in both areas, which indicated high
carbonate content and well humification in soil (Simson et
al. 2005).

This study also discovered that naturally regenerating
mangroves in abandoned ponds protected by permeable
barriers in Sayung Sub-district can enrich soil C, as seen in
MF1 (704.13 £ 17.73 Mg C ha™') and MF4 (759.88 + 15.26
Mg C ha™?). Moreover, comparing the protection of four-
year-old permeable barriers in covered and uncovered areas
implied that mangroves contained an immense amount of
C. Hence, the mean of TECS in MF4 (826.14 + 24.41 Mg
C ha') was higher than AP4 (610.82 +29.31 Mg C ha%).

In conclusion, this study notes that (i) forest structures
are not varied toward whether or not mangroves are
protected by structural barriers, which cause the similarity
in above- and below ground C due to the similarity of the
basal area; (ii) the age of these barriers has a linkage to the
variation of soil C due to the changes of soil bulk density,
N concentration, and C:N ratio, with findings show that the
older the structures, the more C-containing sediment could
stored behind the structures until the age of four. In this
case study, we suggests that naturally re-vegetating
mangroves in abandoned ponds could be achieved in
conjunction with  constructing permeable  barriers,
particularly in coastal areas with severe erosion. We also
highlight that the role of permeable barriers not only could
enrich the TECS in mangrove forests but also potentially
provide newly reclaimed coastline in abandoned ponds for
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the habitat of Avicennia sp. seedlings and therefore could
assist in suppressing the release of C into the atmosphere.
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