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Abstract: Mangroves are essential carbon reserves, and their role in carbon sequestration is remark-
able. However, anthropogenic pressures such as aquaculture development threatened this highly
susceptible ecosystem. Thus, the need to rehabilitate abandoned aquaculture ponds is a must to offset
the ecological losses over the economic gains derived from these mangrove land-use changes. Thus,
we chose a reforestation site of a once heavily utilized fishpond devastated by a tsunami in the late
1970s in Zamboanga del Sur, Philippines. We then established a similar study plot in a nearby natural
mangrove forest as a point of reference. We determined the heterogeneity in vegetation and estimated
the aboveground and soil carbon storage capacities. We also examined the distinct changes in species
composition and zonation from the seaward towards the landward zones. About 30 years after the
abandoned fishpond rehabilitation, we found the tree density of the Rhizopora mucronata Lamk. and
Avicenia marina (Forsk.) Vierh-dominated reforestation site was higher (271 trees ha−1) compared to
that of the Rhizophora apiculata Blume-dominated natural stand (211 trees ha−1) (p < 0.05). The total
aboveground biomass at the natural mangrove forest was 202.02 Mg ha−1, which was close to that of
the reforestation site (195.19 Mg ha−1) (p > 0.05). The total aboveground C in the natural mangrove
forest was 90.52 Mg C ha−1, while that of the reforestation site was 87.84 Mg C ha−1 (p > 0.05).
Surprisingly, the overall soil C content at the natural forest of 249.85 Mg C ha−1 was not significantly
different from that of the reforestation site with 299.75 Mg C ha−1 (p > 0.05). There was an increasing
soil C content trend as the soil got deeper from 0–100 cm (p < 0.05). The zonation patterns established
across the landward to seaward zones did not affect the aboveground and soil carbon estimates
(p > 0.05). Our study highlights the effectiveness of abandoned fishpond rehabilitation and calls for
continuous restoration of the remaining abandoned aquaculture ponds in the country because of
their ability to sequester and store carbon. Lastly, their potential to store huge amounts of carbon that
will counterbalance anthropogenic CO2 emissions is likewise highlighted.

Keywords: carbon stock assessment; carbon sequestration; above and below ground carbon pools; zonation

1. Introduction

Mangroves are salt-tolerant trees and shrubs that grow within the sheltered marine
intertidal zones of the tropics and subtropics. As a whole community, mangroves can thrive
in a wide range of harsh environmental conditions and share unique adaptive traits such
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as salt excreting leaves, exposed breathing root system, and the production of viviparous
propagules [1]. Mangrove ecosystems provide livelihoods, essential sources of protein,
and coastal protection. Compelling evidence suggests that mangroves play an important
role in climate stabilization, possessing carbon storage and sequestration potential greater
than that of tropical forests [2]. Mangroves stores up to 455–856 Mg C ha−1 of forest and
6.2–11.0 Pg C ha−1 in the world [3–5].

Mangroves are important in the context of climate change [6]. They protect the coastal
communities from frequent typhoons and storm surges [7] and provide tidal belts against
the rising sea level [8]. However, mangrove forests are one of the most severely threatened
and undervalued ecosystems. They are highly susceptible to climate change impacts
and anthropogenic activities [9,10], resulting in a 30–50% decline globally [2]. Statistics
reveal an alarming global rate of destruction of 3500 ha yr−1 [8], with 0.16%–0.39% annual
losses [11,12]. The rate of disappearing mangroves in this century is up to 50% in countries
such as India, the Philippines, and Vietnam. In the Americas, they are being cleared faster
than tropical rainforests [11,12].

The Philippines is an archipelagic country made up of more than 7107 islands located
along the tropical band where mangroves thrive and has one of the longest coastlines
in the world, extending up to 36,289 km [13,14]. Hence, the diversity of mangroves is
relatively high due to their geographical location. The country holds at least 50% [9] of the
world’s approximately 65 mangrove species [15]. It is one of the top-15 most mangrove-rich
countries in the world [1]. In 1920, there were 400,000–500,000 hectares of mangroves in
the Philippines, but by 1995, there were only about 117,700 hectares [14,16,17]. The decline
may be attributed to overexploitation by converting mangroves for aquaculture farming,
pollution, human encroachment, and climate change during the last century [18]. Among
these factors, aquaculture remains the major cause, as mangroves declined at 5000 ha yr−1 in
the 1950s through the 1970s when the government promoted a pro-aquaculture policy [19].
According to Janssen and Padilla (1997) [20], 261,400 ha of formerly mangrove area had
been converted to brackish water fishponds. When the mangroves are converted for
aquaculture, various ecosystem services are traded for a single use. These changes can lead
to further deterioration and decrease of diverse floral and faunal communities leading to
drastic changes in species composition [20].

The mangrove forest cover in the Municipalities of Pitogo and Tabina, Zamboanga del
Sur, Mindanao Island, Philippines, are among the largest mangrove areas on the Zamboanga
Peninsula. However, these mangrove areas significantly declined from 640 hectares in 1947
to 462 hectares in 2000 and further down to 403 hectares in 2010 [21]. The mangrove forest
cover in these two towns has declined by around 37% during the last 63 years. This is a
significant deviation from the national trend of growing mangrove coverage [17]. This
corresponds to an average of 3.8% domestic loss per year, which is 1.8 times higher than
the estimated loss worldwide at 2.1% per year (UNEP, 2006). If the mangrove forest cover
continues to decline at the current rate, which may further be exacerbated by the conversion
of mangrove areas for other uses such as aquaculture, human settlement, and development,
the mangrove forest cover in the two municipalities will definitely be lost in less than
26 years [17].

To combat mangrove losses, rehabilitation is highly regarded as an essential man-
agement tool [18,22,23]. Management plans to replant abandoned aquaculture lands will
make a difference in ameliorating climate change [20]. Having seen the dire condition
of abandoned aquaculture ponds in Zamboanga del Sur, mangrove reforestation efforts
were initiated in the early 1990s. However, there was no follow-up monitoring and assess-
ment made on the planted mangrove species’ survival and mortality, making it difficult to
elucidate how these efforts have improved the ecosystem’s functionality.

Mangrove researchers worldwide appeal to an updated status of the last remaining
mangroves, especially on their carbon dynamics, due to their ability to store carbon [24,25].
In an attempt to augment the limited reports on the status of mangrove-reverted abandoned
fishponds in the Philippines, we heeded this call by assessing the carbon storage potential of
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these important mangrove habitats in the Zamboanga Peninsula, 30 years after reforestation.
In this study, we established sampling plots around the rehabilitated abandoned fishpond.
This is to determine how rehabilitation efforts improved the above-and-belowground
carbon storage capacity. We also established a similar study plot in a nearby natural
mangrove forest as a point of reference. We determined the heterogeneity in vegetation in
both sampling sites and estimated the aboveground and soil carbon. We also examined the
changes in carbon stocks from the landward to seaward zones. We hypothesized that since it
has been 30 years after the abandoned fishpond rehabilitation, the reforested site must have
already fully recovered from this past disturbance. However, we presumed that the above-
and-belowground carbon at the reforestation site could not exceed that of the natural stand,
given the altered soil’s physical and chemical properties upon fishpond establishment. Our
study supports the broader call for abandoned aquaculture rehabilitation and protection of
mangrove forests from further destruction to sustain their roles in mitigating the impacts
of climate change. We especially highlight the carbon sequestration and storage potentials
of mangrove-reverted abandoned fishponds by generating a pool of reliable data and
information for sound mangrove forest management interventions.

2. Materials and Methods
2.1. The Study Site

The study was conducted in the mangrove areas in two municipalities of Zamboanga
del Sur, Philippines (Figure 1). The ‘natural stand’ is a 95-hectare marine sanctuary locally
known as Tambunan Sanctuary in Malim, Tabina, Zamboanga del Sur (7◦26′43′′ N and
123◦26′28.30′′ E). According to the locals, this seafront facing mangrove sanctuary is a
>50-year-old naturally grown forest, primarily dominated by the Rhizophoraceae family
protected by pagatpat (Sonneratia alba L.). Despite the fact that it faces the sea, the species
here are true mangrove species, with no associated mangrove species present. It was
declared a municipal sanctuary in 2002 by Municipal Resolution No. 306-03A, otherwise
known as “Ordinance Establishing a Marine/Fish Sanctuary”. It is managed by the local
government unit (LGU) of Tabina and protected by bantay-gubat officers. Cutting down
trees and entering the mangrove area without prior permission from the bantay-dagat
officers are strictly prohibited. A reconnaissance survey showed that the natural mangrove
stand was dominated by Rhizopora apiculata Blume (locally called Bakawan-lalaki), Rhizopora
mucronata Lamk. (Bakawan-babae), and Sonneratia alba (L.) Smith (Pagatpat). The ground was
dominated by stilt roots and natural regenerants of Rhizopora species.

The mangrove reforestation site is located in Balong-balong, Pitogo, Zamboanga del
Sur (7◦30′38′′ N and 123◦17′37.30′′ E) and is about 24 km away from the natural stand.
It has an approximate area of 22 hectares. According to the President of the Fisherfolk
Association in the locality, the area was a previous natural mangrove forest before but
was mostly converted into fishponds as part of the government’s priority program on
fishpond development in the countryside between the 1950s and 1960s [9,16]. However,
these fishponds were abandoned after a tsunami devastated these fishponds in August 1976.
In 1989, the Department of Environment and Natural Resources reclaimed the abandoned
fishponds and initiated the mangrove reforestation on this site. Thus, by the time this study
was conducted, the reforestation site was already ~30 years old. There were three species
planted during the reforestation activity, namely: S. alba, R. mucronata, and R. apiculata, but
there were remnant species before replanting that were not cut down during the conversion
of the area such as the Avicennia species. The regenerants of these Avicennia species now
naturally grow in the area, which is why we recorded five (5) species, including A. marina
and A. rumphiana. Similar to the natural mangrove forest, this site is also managed by the
local government and protected by the local coastal authorities.

The climate in Zamboanga del Sur is classified as climatic type IV based on the
Modified Coronas Climate Classification, where the annual average temperature is 27.06 ◦C
(1999–2018), and annual average rainfall is 1266.5 mm, with less than 100 mm of rain from
December to May and 120–180 of rain from June to November [26]. Tabina and Pitogo are
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both coastal municipalities of Zamboanga del Sur. They are characterized as flat terrain,
with an elevation range of 0–10 masl. Both sampling sites are affected by the diurnal tidal
variation of seawater. The soil substrate at both the natural and reforested mangrove forest
sampling sites is described as sandy to muddy soil, and the tidal range is microtidal (1.46 m
mean tidal range), with a mean tidal level of 0.82 m [27].
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Figure 1. Location map of natural and reforestation stands in Zamboanga del Sur, Philippines.

2.2. Sampling Design

Three 150 m transect lines perpendicular to the shoreline were established in both the
natural and reforestation sites. The distance between transect lines is 50 m. Five 10 × 10 m
quadrats (hereinafter referred to as zones) were established in each 150 m line transect with
20 m distance between plots (Figure 2).

One hundred percent (100%) inventory of trees of at least 4 cm in diameter was
performed. The species name, diameter at breast height (dbh), and the total height of each
tree were recorded. The trunk circumference (cm) and total height (m) were measured
using a tape measure and a clinometer, respectively.
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Figure 2. Strip-split plot sampling design that was used in the study.

2.3. Tree Biomass and Carbon Stock

The tree biomass density (Mg ha−1) was calculated for the stand using allometric
biomass equations, which can predict the total aboveground biomass of the mangrove
trees [28,29]. Biomass was converted to the equivalent amount of carbon by multiplying the
biomass by 0.45. The average C content value was based on the previous studies conducted
by [29–32].

The study employed the following general allometric equations for mangroves:

b = 0.0509 × ρ × (D)2 × H (1)

where B = Biomass (kg), D = diameter at breast height (m), ρ = wood density (g/cm3),
H = height [29].

The live tree carbon component was determined by multiplying the biomass (kg)
of each tree (as determined by an allometric equation) by the carbon conversion factor
for mangrove species specific to the region. The carbon content was calculated for each
sampled tree (Howard et al., 2014).

2.4. Sediment Carbon Stock Determination

Two parameters were determined from each sub-plot to estimate the soil carbon pool,
namely (a) dry bulk density and (b) soil organic carbon content (% Corg).

Soil samples were taken from undisturbed portions from each sub-plot chosen ran-
domly using a soil auger (1.3 m high and 6 cm in diameter). Total soil carbon was de-
termined by partitioning the soil horizon into depth intervals of 0–15, 15–30, 30–50, and
50–100 cm, respectively. The bulk density and soil carbon content for each layer were
separately determined and analyzed. Separate soil samples were collected for soil bulk
density determination and soil organic carbon content (Corg) analysis, respectively. Soil
samples for Corg were sent to the Central Mindanao University Soil Laboratory for analysis,
while dry bulk density was calculated using the following formula:

Bulk Density (g/cm3) = oven-dried weight of soil/Volume of Soil Corer (2)
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where the volume of soil corer = πr2h
Finally, soil organic carbon per hectare was determined using the following formula

used by [7,32,33].

Soil carbon (Mg ha−1) = bulk density (g cm−3) × soil depth interval (cm) × %C (3)

2.5. Data Analysis

We tested the significant differences in the tree density, aboveground biomass, and
soil carbon stock at different levels in the soil profile separately for each site using Tukey’s
HSD Test at the 95% level of confidence. Boxplots and bar plots were carried out using the
ggplot2 package [34].

A density plot was generated in order to visualize the distribution of data over a
continuous interval. Kernel smoothing allows for smoother distributions by smoothing
out the noise. The peaks of the density plot display where values are concentrated over
the interval. The y-axis is the probability density per unit on the x-axis. Density represents
the probability that a given x value will be at that range. It is normalized such that adding
up all the probabilities for the x values should be equal to 1. The density plot was carried
out using ggpubr, plotly [35], tidyverse [36], and reshape2 [37] packages. All analyses were
processed in R version 4.1.1 [38].

3. Results
3.1. Major Species Composition

There were seven common species recorded in the natural mangrove stand (Figure 3).
Among these species, R. apiculata was dominant, constituting 53% out of the 211 recorded
individual trees in all plots. R. mucronata of the same family as R. apiculata had the second-
highest number of trees, which composed 19% of the total number of individuals. The high
number of Rhizophora species in the area even if the area is facing the open sea because of
the presence of S. alba in front.
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Figure 3. Percentage distribution of species existing in the natural and reforestation sites based on
the number of trees recorded during the measurement.

There were more individual trees recorded at the reforestation site (271 trees) than at
the natural mangrove forest across all plots, although only five dominant species existed.
Out of these 271 trees, 88 and 84 individuals were R. mucronata and Avicenia marina (Forsk.)
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Vierh (common name Miapi), respectively (Figure 3). These species constitute 32% and 31%
of the total number of species recorded at the reforestation site.

3.2. Diameter and Height Distribution

Based on the diameter at breast height (dbh), the reforestation site had higher dbh in
the 5–20 cm diameter classes than the natural stand (Figure 4). However, the natural forest
stand had higher dbh in >30 cm diameter classes. In both sites, the species with the highest
dbh was Sonneratia alba. The natural forest had higher tree density in extreme low (3–7 m)
and high (15–18 m) height classes. However, the reforestation site had a higher density in
intermediate heights; the 8–14 m height classes.
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3.3. Tree Density from Landward to Seaward Zones

Extrapolating the tree density on a per hectare basis, we found that the tree density
from landward to seaward zones at the natural mangrove forest varied from 36 (Zone 1),
88 (Zone 2), 104 (Zone 3), 112 (Zone 4), to 80 trees ha−1 (Zone 5), with the vegetation more
concentrated at the middle zones 2, 3, and 4 (Figure 5). Overall, the total tree density in
the natural forest is 420 trees ha−1. However, at the reforestation site, the distribution of
trees was fairly distributed all over the five zones with 114, 100, 106, 98, and 124 trees ha−1

for Zones 1, 2, 3, 4, and 5, respectively. The total tree density at the reforestation site was
542 trees ha−1. There were no significant differences within and between each site in the
number of trees growing from landward towards the seaward zones (p > 0.05; Figure 5).
This result indicates that the topographic position did not affect the distribution of trees in
these two studied sites. However, the reforestation site had a higher tree density than the
natural mangrove forest (p < 0.05).
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3.4. The Aboveground Biomass

The total average aboveground biomass in the natural mangrove forest was 202.02 ±
24.79 Mg ha−1. Surprisingly, the total average aboveground biomass at the reforestation site
was close to that of the natural forest (195.19 ± 29.2 Mg ha−1) (p > 0.05). The average above-
ground biomass from landward to seaward zones (Zones 1–5) varied from 60.89 ± 47.81 to
371.64 ± 87.60 Mg ha−1 at the natural stand and 83.22 ± 24.09 to 226.29 ± 63.87 Mg ha−1.
However, no significant differences were found in the total average aboveground biomass
between the natural and reforested sites (p > 0.05; Figure 6).
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3.5. The Aboveground Carbon Estimates

The total aboveground C in natural mangrove forests was 90.52 ± 1.42 Mg C ha−1,
a value surprisingly close to the aboveground carbon estimates at the reforestation site
(87.84 ± 1.09 Mg C ha−1) (p > 0.05). The species that drove the aboveground C in the
natural and reforestation site was S. alba (Figure 7). This species is characterized by its
huge trunk and branches (Figure 8a,d). Avicennia rumphiana (Hallier) Bak (common name
Bungarol) and R. apiculata (Figure 8b,c) came next to S. alba, especially at the reforested aban-
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doned fishpond sites. In both studied mangrove sites, we found no significant differences
in aboveground C from landward to seaward zones (p > 0.05).
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3.6. The Soil Carbon Stock

The overall soil C content in the natural forest was 249.85 ± 4.20 Mg C ha−1. This
is 49.99 Mg C ha−1 lower than at the reforestation site with 299.75 ± 7.56 Mg C ha−1,

but they are not statistically different (p > 0.05; Figure 6). As the soil got deeper, there
was an increasing soil C content (Figure 9). In the natural forest, the soil C content was
29.85, 28.20, 38.84, and 102.98 Mg C ha−1 from the soil depths that range from 0–15, 15–30,
30–50, and 50–100 cm, respectively (Figure 9). Higher soil C content tendencies were found
at the reforested stand, which started from 36.04 Mg C ha−1 at the shallowest 0–15 cm
soil depth and increased to 36.87 Mg C ha−1 at 15–30 cm, 50.81 at 30–50 cm, and up to
116.07 Mg C ha−1 at the deepest 50–100 cm depth. Significant differences can be found in
the soil C content at deeper layers from 30–100 cm but not at the shallow 0–15 cm depth
(Figure 9). No significant differences were found in the average soil C content across
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transects traversing from the landward to the seaward zones within each natural and
reforested site nor between these two mangrove sites (p > 0.05).
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4. Discussion
4.1. Species Composition

R. mucronata and R. apiculata were widespread in all identified zones of both natural
and reforestation sites from seaward to landward. In the natural forest site, these Rhizopora
species account for about 73% of the total number of individuals (Figure 3), while together,
they constitute 49% in the reforested site. The distribution of R. mucronata and R. apiculata
all over the sampling zones in both sites suggests their tendency to thrive well, survive, and
dominate the mangrove area. Their widespread distribution indicates that they can survive
high currents and tidal fluctuations. The high frequency of these Rhizophora species can
be attributed to the viability of their fruits, which can last for months and may eventually
grow as it reaches a suitable site. These species produce single-seeded fruits that germinate
while still on the tree [17,39]. These findings are consistent with the study, which found
that the Rhizoporaceae family was abundant in their study sites, with R. apiculata having
the highest count per unit area [40].

In the reforestation site, R. mucronata is the most common species. When the aban-
doned fishponds were rehabilitated, R. mucronata was used because this species can grow
anywhere in the mangrove area. R. mucronata species is widely distributed from the sea-
ward to landward zones, although these species favor soft mud with tidal water. The high
survival of the R. mucronata species that can survive high currents and tides makes these
species abundant in all mangrove areas in the Philippines and even in other countries [41].
Moreover, the recruitment of propagules of the genus Rhizopora is very fast. Hence, this
species is highly preferred in any mangrove reforestation effort. The abundance of R.
mucronata in our study site was consistent with other studies in Imelda, Dinagat Island [40],
and in Tacloban City [42], both in the Philippines. Our study with 7 mangrove species
at the natural stand and 5 at the reforestation site was relatively low in diversity com-
pared to 10 mangrove species reported in a survey conducted in Imelda, Dinagat Island,
Philippines [40].
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4.2. Diameter and Height Distribution

Surprisingly, 30 years after the abandoned fishpond rehabilitation, the dbh within
5–15 cm dbh classes and 5–15 m height class distribution within the reforestation site exceed
that of the natural forest. Taller trees in the 5–15 m classes in the reforested abandoned
fishponds are likely due to the denser condition of the stands, which enhances tree growth.
Trees tend to compete intensely for sunlight with closer canopies such that the development
is more concentrated vertically than in diameter growth.

The lower dbh and height growth at the natural site may imply the age effect on the
structural growth of trees in the natural forest. As the trees reach the climax stage, which is
the final stage of biotic succession attainable by this mangrove vegetation, the structural
growth of trees may already slow down, only maintaining the mechanical support of trees
until it will reach the senescence stage. We did not examine the seral stages of succession
here, but we assume that this lower height and diameter growth in the natural stand
follow the ecological succession pattern in the mangrove ecosystem. However, we do
not disregard the varying effect of topography, climate (e.g., wind speed, rainfall light,
temperature, precipitation) [43–45], frequency and severity of disturbances (e.g., drought,
flooding, storm surge) [46–49], tidal actions, and other biological and environmental factors
that may affect the structural growth of a sea-facing natural stand over that of the rather
inland sheltered bay location of the reforestation site. Further studies are needed to verify
these accounts.

4.3. Tree Density from Landward to Seaward Zones

No significant differences in tree density across the landward to seaward zones in the
natural and reforested site indicate that topographic position, regardless of forest type, will
not affect tree density and species distribution. Accordingly, the mangrove density is greatly
affected by the age or maturity of the stands rather than the topography [50]. Reports
showed that mangrove stands might attain forest maturity 11 years after planting [10]. Both
sites have already reached the maturity stage, so the absence of significant variations in tree
density may occur. Young mangrove plantations may be vulnerable to tree mortality, but
after moving past the sapling stage to maturity, mortality slowed down until the senescence
stage. This also justifies that even though the natural site was facing the seafront and the
reforestation site was relatively inland, this spatial variation between the two sites did not
affect the tree density and species distribution from landward to seaward zones.

Some studies stated that when mangroves are cleared for fishpond establishment,
the whole tree removal within the pond leads to the scouring, drying the pond bottom
to “cracking” during regular pond preparation and lowering the substrate [9]. All these
disturbances cause the soil to lose its porosity and undergo irreversible compaction and
subsidence, resulting in low survival rates [18]. However, this lowering of the survival
rate did not seem to occur in our study because there was a higher tree stocking density in
the reforestation site, owing, most likely, to the good silvicultural treatment after planting
and favorable site conditions. Since there was no chance for us to examine the survival
rate and tree stocking during the plantation development, we were uncertain whether the
higher tree density in the reforested sites resulted from better survival or due to constant
recolonization in the last three decades.

We recognized that the transects we established only stretched up to 150 m long, which
may not be long enough to capture each site’s true tree density variability. Therefore, we
recommend using longer transect lengths in a wider area coverage to see if this constraint
strongly affects tree density and species distribution.

4.4. The Aboveground Biomass

Our hypothesis that the reforestation site will have lower aboveground biomass than
the natural stand did not occur. No significant difference in the aboveground biomass
between the natural stand and the reforested site was unexpected. This indicates that
30 years (or maybe earlier) after planting, the altered mangrove ecosystem recovered
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from such soil physical and chemical alterations as long as there were no more additional
anthropogenic or catastrophic natural disturbances that occurred.

The aboveground biomass differs significantly among the mangrove species, plant
density, and ecology depending on the geographical locations [51]. Although they are
located in the same locality, a report emphasized that there can be multiple trajectories in
carbon dynamics [52,53]. Although there was no significant difference in aboveground
biomass despite geographical location and tree density, structural dynamics of the species
existing in the natural forest might contribute to higher aboveground biomass. Matured
Rhizophoras and Avicennias occupy the higher spectrum of DBH and height classes in the
natural forest (Figure 8a,b), thus contributing to the higher aboveground biomass in the
natural stand.

There are many trees per hectare at the reforestation sites. However, the dbh and
height classes were skewed at the lower dbh and height classes, especially the Rhizophora
species (Figure 8c), resulting in lower aboveground biomass.

No significant difference in the total aboveground biomass at the natural and reforested
site suggests that the site productivity may have been saturated [54]. Thus, the trees beyond
this point will not yield high carbon stock because they are already approaching the climax
stage. This may also suggest that tree mortality is likely to occur for stands beyond this
level [55] as part of the seral stage in ecological succession.

Our aboveground carbon in the natural (202 Mg ha−1) and reforested site (195 Mg ha−1) are
within the range observed from other studies locally and in other mangrove-rich countries
in the world, ranging from 66 to 558 Mg ha−1 [8,56–65] (Figure 10).
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mangrove forests [8,56,61–63], and natural mangrove forests [8,64,65].

Our structural parameters (stem density, DBH, biomass) were within the observed
values in the matured mangrove stands of >20 years [2,41], indicating a good rehabilita-
tion status. Although our aboveground biomass was not in the lowest values in the list
(Figure 11), a comparatively low per-hectare vegetation biomass may reflect methodologi-
cal limitations that may have underestimated the biomass measurement. There was the
challenge of biomass calculation for multi-stemmed individuals, the area coverage is not
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large enough to represent the entire mangrove forest in question, and the common in situ
measurement problem on the mobility in the muddy sediments full of highly specialized
pneumatophores sometimes reaching 288 ha−1 with an average length of 36.52 cm [15,25],
which oftentimes leave some difficult to reach trees unmeasured.

4.5. The Aboveground Carbon Stock

At the natural mangrove site, high heterogeneity of large-diameter and tall species
helped attain the total aboveground carbon density (~91 Mg C ha−1) that is comparable
with that of the reforestation site with higher tree density. The dominance of taller Avi-
cennia marina and huge Rhizoporas at the natural stand may have contributed to higher
vegetation carbon stock. In the reforested site, the multi-species recolonization and less
disturbance effects may have made it possible for this site to attain its aboveground C level
(~88 Mg C ha−1). Although, other sites reported higher aboveground C than our study sites
(e.g., 103 Mg C ha−1 in Batangas, Philippines [8]; 159 Mg C ha−1 in Phuket, Thailand [66];
135 Mg C ha−1 in Boca Chica, Mexico [66]; and 115 Mg C ha−1 in the Philippines [8]). Our
lower aboveground C in the reforested site may indicate possible hydrological or fishpond
effluent constraints to biomass production in revegetated abandoned fishponds [2,23]. We
supposed further rehabilitation may be necessary to improve the mangrove ecosystem
functioning in both the natural and reverted abandoned fishponds at these sites. Our re-
sults highlight the potential of seafront mangrove areas for enrichment planting aside from
rehabilitating the remaining idle, abandoned aquaculture ponds to increase the capacity of
these sites to store aboveground carbon.

4.6. The Soil Carbon Stock

Belowground carbon pools are oftentimes termed as soil carbon. They are largely
dominated by the living and decomposing roots, rhizomes, and leaf litter. They are
considered to be the largest pool in vegetated coastal ecosystems, and their measurement is
critical for determining long-term changes in carbon stocks associated with disturbance,
climate change, and land management changes. Belowground soil carbon pools usually
constitute 50% to over 90% of the total ecosystem carbon stock of mangroves [7,67].

Our soil organic C of 249.85 ± 4.20 Mg C ha−1 in the natural stand and 299.75 ±
7.56 Mg C ha−1 in the reforested site are within the range observed in other parts of
the Philippines and in Asia (82 Mg C ha−1 to 572 Mg C ha−1; Figure 11) [20,68–73]. A
significantly lower soil C content in the natural stand than in the reforested site may be due
to the proximity of the natural stand to immediate effects of tidal cycles, hydrologic regimes,
erosion, water current, and other factors confronting the seafront-located mangrove sites
in the intertidal zones. In contrast, the inland location of the reforested is relatively less
disturbed. In addition, mangrove planting will alter soil properties [25]. The mangrove
roots enhance soil porosity and water holding capacity and reduce soil compaction resulting
from microbial activities and organic matter deposition in the soil.

We found an increasing trend in soil C as the soil layer gets deeper. The repeated
interruption of humus accumulation by water dynamics, soil micro-relief, proximity to
water bodies and tidal actions, decomposition dynamics, and history of organic and mineral
deposits [33,74,75] may result in low soil C stocks in the shallow soil depths (0–50 cm) in
contrast to the deeper soils (>60 cm). The mangroves sequester 49%–98% of total carbon
in the soil at >30 cm depth in the Indo-Pacific region [7]. Higher soil C at these depths
indicates burial and preservation of soil C due to anaerobic soil conditions slowing down
the mineralization process [76]. It must be noted that our soil measurements were only
up to 100 cm in depth. However, the total C stock may even be larger at deeper layers.
Thus, examining soil C at deeper layers is recommended to evaluate the mangrove soil C
dynamics effectively.
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4.7. Implications of Abandoned Fishpond Rehabilitation

In the past several decades, vast mangrove areas have been converted for aquaculture
in the Philippines, altering the nature of the habitat. Aquaculture pond construction leads
to alterations to the physical and chemical properties of soil, hydrological conditions, and
the flora and fauna composition of the pond area [77]. The Philippines has experienced
substantial mangrove loss, with more or less 50% of the former 500,000 ha disappearing
over the last century, mainly due to shallow brackish-water fishpond aquaculture devel-
opment [9]. Yet aquaculture pond abandonment is also common in the country due to
disease problems, low productivity, and typhoon devastation [2]. However, most of these
are barely quantified.

Unproductive fishponds are rapidly being converted to other land uses, such as ce-
menting mangrove loss (salt pans) [77–79] and land-use change for human settlement and
other commercial use. However, decadal evidence suggests the significance of abandoned
fishpond rehabilitation for conserving mangrove forests (e.g., [2,23,80]). Reverting aban-
doned fishponds to mangrove stands can benefit coastal community livelihoods through
associated fisheries enhancement [81].

Due to a lack of science-based approach standards, countless planting efforts in
mangrove areas have failed [18]. Almost all of the reforestation efforts conducted in the
Philippines uses R. apiculata and R. mucronata as planting material for reforestation because
of its availability and high survivability. That is the reason why the increase in mangrove
cover in the Philippines is dominated by the Rhizophora species.

Our study highlights the importance of abandoned fishpond rehabilitation and the
contribution it brought in reverting the aboveground and soil carbon storage potentials
decades after the restoration. Such mangrove rehabilitation efforts may be relevant in other
parts of South and Southeast Asia where idle aquaculture ponds are up for rehabilitation,



Forests 2022, 13, 847 15 of 19

especially in typhoon-prone countries such as Vietnam and Taiwan [77]. Other countries
also include Malaysia (60%), Thailand (50–80%) [78], and Sri Lanka (60–90%) [79]. Thus,
despite currently lower per hectare aboveground biomass production than other mangrove
sites elsewhere, e.g., Indonesia [68] and Aklan, Philippines [20], carbon-rich sediments en-
hanced the overall carbon stock potential of rehabilitated abandoned fishponds. Our results
have strong implications regarding reverted abandoned fishpond management to intensify
massive carbon stocking in the mangrove ecosystem. As forests age, forest productivity
and thus forest biomass and C stocks increase [82,83]. A clear example is the mangrove
forests of known age in French Guiana [84]. Plantation data from Vietnamese [3,85] and
Indonesian [86] mangroves similarly indicate increased C storage with increased stand age.

The high soil organic carbon in a rehabilitated abandoned fishpond may also be at-
tributed to the accumulation of nutrients from fish feeds and fish feces during the operation
of the fishpond way back in the 1960s to 1976. Aside from the high accumulation of organic
matter from the operation of the fishpond, the high soil organic carbon in mangrove forests
can also be attributed to the rapid decomposition rate and accretion of other organic matter
due to the diurnal tidal variation of seawater. During the phase of litter decomposition, the
C content of the mangrove forest floor increases [87]. The increase in soil organic carbon
may decrease atmospheric carbon dioxide and increases soil quality, helps in mitigating
climate change [88].

Mangrove carbon stock assessment has gone a step further using satellite imageries
applying vegetation indices to estimate the biomass of mangroves. For instance, normalized
difference vegetation index (NDVI) is being commonly used coupled with field inventory
data in order to establish the relationship between NDVI from satellite imagery and above-
ground biomass (AGB) from field observations [89,90]. Furthermore, for a finer resolution
to estimate the aboveground biomass, unmanned aerial vehicles (UAVs) light detection and
ranging (LiDAR) data are starting to be explored but so far, only a few studies have been
reported [91–93]. Temporal and spatial analysis of satellite imageries will further enhance
the mapping of mangrove areas and monitor mangrove ecosystem health to feed policy and
decision-making processes [94], and sustainable mangrove forest management [95,96]. Our
study will aid these approaches for ground-truthing and output validation. The collection
of real data on actual location enables calibration of this above-mentioned remote-sensing,
LiDAR, and other satellite-based indices and aids in interpreting and analyzing what is
being remotely sensed. Without ground truth data, the value of the predictive algorithms
would become highly questionable and could potentially affect the reliability of the results
obtained from inferred satellite data.

5. Conclusions

About 30 years after abandoned fishpond rehabilitation, we found a higher tree
density in the mangrove-converted fishponds, presumably due to the strategic inland
location of these plantations and silvicultural management immediately after plantation
establishment. There were no significant differences found in the vegetation carbon stock,
indicating that the kind of species growing in the natural stand (e.g., Avicennia sp.) may
have overshadowed the higher tree density at the Rhizophora-dominated reforestation site.
A comparable soil C at the reforestation site with that of the natural stand warrants the
continuous preservation and restoration of the remaining abandoned aquaculture ponds in
the country, not only because they are ecologically and economically important but because
of their potential to store huge amounts of carbon that will counterbalance anthropogenic
CO2 emissions.

Thus, the active roles of local communities in rehabilitating vast areas of abandoned
fishponds coupled with the local government support are quite imperative. Our study
calls for a better understanding of the biological and environmental factors that influence
the above-and-belowground carbon dynamics of this carbon-rich ecosystem for effective
mangrove forest management in the country.
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