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ARTICLE INFO ABSTRACT
Keywords: Mangrove reforestation has emerged as a critical component in blue carbon, with its carbon sequestration po-
Mangrove reforestation tential receiving increasing attention. However, most existing studies have focused on mature mangrove stands

Mixed plantation
Mangrove young stage
Carbon stock
Quanzhou Bay

and adopted generalized assessment approaches, often ignoring the dynamics of plant growth, thereby raising
concerns about the accuracy and reliability of carbon sequestration estimations. In this study, a site-based was
assessed in a juvenile mangrove reforestation experimental area within the Quanzhou Bay Estuarine Wetland
Natural Reserve from December 2022 to 2024, using three complementary models to evaluate early-stage carbon
accumulation. Model I applied species-specific allometric equations suitable for saplings (basal diameter < 4 cm);
Model II employed general equations commonly used for estimating biomass in more mature stands (DBH > 4
cm); and Model III assessed vegetative expansion using NDVI-based remote sensing. The results revealed the
cumulative carbon stock ranging from 45.34 to 158.84 t C, corresponding to a CO, sequestration potential of
166.25 to 582.41 t CO,. Moreover, based on biomass increments, annual carbon sequestration rates were
calculated for five species and two reforestation strategies (mixed vs. monoculture forests). Under Model I,
sequestration rates increased from 9.58 to 24.74 t C yr~! in mixed forests and from 3.73 to 7.52 t C yr ! in
monocultures. Model II produced consistently higher estimates, with mixed forests rising from 8.96 to 27.23 t C
yr~! and monocultures from 28.38 to 35.18 t C yr_!. These trends highlight accelerated carbon accumulation
during the second year and variation between models and planting strategies. Cumulative carbon stocks
increased significantly in the second year, and Kandelia obovata contributed the highest species-level carbon
stock. Statistical analysis also showed that mixed forests (Area A) consistently outperformed monocultures
forests (Area B) in biomass accumulation (p-value < 0.0001), but NDVI failed to reflect these differences. The
result was highlighting its limitations in detecting early-stage structural complexity. These findings suggest that
Model I is more appropriate for evaluating biomass accumulation during the juvenile phase, and that reliance on
NDVI alone may underestimate early-stage carbon stock. Overall, a phased evaluation was proposed that in-
tegrates multiple methodologies to enhance the accuracy of mangrove carbon sequestration assessments in this
study. This approach holds promise for improving the scientific basis of carbon offset verification and informing
risk assessment in blue carbon trading schemes.
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1. Introduction

Climate change is driven by a combination of anthropogenic activ-
ities and natural environmental variability. Among these, the rise in
greenhouse gas (GHG) concentrations have become one of the most
critical concerns. Numerous studies have shown that the rapid increase
in GHG level has intensified global climate instability and increase the
frequency of extreme weather events and altered species distributions
(Pecl et al., 2017). These environmental changes pose significant chal-
lenges to both natural ecosystems and human societies (Mora et al.,
2018). In response, international agreements such as the United Nations
Framework Convention on Climate Change (UNFCCC) and the Paris
Agreement have been established to mitigate the risks associated with
uncontrolled GHG emissions (Warren et al., 2018). To achieve carbon
neutrality, countries have formulated Nationally Determined Contribu-
tions (NDCs) and adopted carbon capture and storage (CCS) technolo-
gies to reduce the environmental impact of carbon emissions (Shen
et al., 2022). However, given the strong linkage between carbon emis-
sions and economic development, relying solely on industrial emission
reductions may not suffice for long-term sustainability (Mardani et al.,
2019). As a result, nature-based solutions (NbS) have gained recognition
as a critical strategy for enhancing carbon fixation and storage capacity
(Keith et al., 2021).

NbS has demonstrated potential in the global voluntary carbon
market, not only by improving CCS efficiency but also by generating
economic benefits and supporting ecosystem conservation (Macreadie
et al., 2019). The primary natural carbon storage mechanisms include
terrestrial forests (green carbon) and coastal ecosystems (blue carbon),
both of which play significant roles in CCS. While green carbon research
and applications have advanced earlier, its long-term sequestration
potential is limited due to aerobic microbial decomposition in terrestrial
soils (Su et al., 2024). In contrast, blue carbon ecosystems, such as
mangroves, salt marshes, and seagrass meadows, exhibit higher carbon
stock potential due to their predominantly anaerobic sedimentary en-
vironments, which slow down carbon decomposition (Choudhary et al.,
2024; Macreadie et al., 2021; Wang et al., 2023). Moreover, blue carbon
ecosystems contribute to biodiversity maintenance and habitat stability,
further enhancing their role in climate change mitigation and ecological
adaptation (Hilmi et al., 2021).

Among blue carbon ecosystems, mangrove forests have attracted
global attention due to their high carbon storage capacity and multi-
functional ecosystem services; they offered well fix and store ability of
carbon (24 Tg C y_l) with high productivity (Alongi, 2014; Ruan et al.,
2022). Extensive research has highlighted the significance of mangrove
carbon stock in offsetting anthropogenic CO2 emissions (Mcleod et al.,
2011; Siikamaki et al., 2012). The growing recognition of mangroves in
the carbon market has led to notable developments, such as the Vida
Manglar Project in Colombia (Lopez-Angarita et al., 2016) and the
Shenzhen Mangrove Carbon Credit Initiative in China (Li et al., 2024),
demonstrating the increasing potential of mangroves in blue carbon
trading. The primary mechanism for mangrove carbon credit generation
lies in restoration efforts, categorized into reforestation (restoring
degraded mangrove habitats) and afforestation (establishing mangroves
in previously non-mangrove areas) (Song et al., 2023). However, studies
suggest that reforestation and afforestation may differ in carbon stock
efficiency and ecosystem benefits, as reforestation occurs in historically
degraded habitats where prior land-use trajectories support natural
ecosystem adaptation, promoting vegetation succession dynamics and
carbon flux efficiency (Estrada-Villegas et al., 2020; Hong et al., 2020;
Trujillo et al., 2021). A global study on mangrove afforestation and
reforestation indicates that long-term carbon storage in reforested
mangroves is approximately 60 % higher than in afforested sites (Song
et al., 2023).

Despite the promising carbon sink potential of mangrove reforesta-
tion, significant uncertainties remain in carbon accounting methodolo-
gies. As a result, carbon stock assessment has become a frontier research
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field in recent years, particularly in regions undergoing farmland-to-
forest conversions and preparing to participate in voluntary carbon
markets (VCM) (Battocletti et al., 2024; Christiansen, 2024; Li et al.,
2024). Accurate estimation of mangrove carbon stocks requires a
comprehensive assessment, including aboveground biomass (AGB),
belowground biomass (BGB), and soil carbon storage, as more than 50 %
of mangrove carbon is stored in belowground root systems and sedi-
ments (Alongi, 2012; Donato et al, 2011). Current methods for
mangrove carbon stock assessment include: Field measurements;
Remote sensing and GIS analysis; Carbon sink modeling, and Isotope and
biogeochemical analysis; and the application of allometric growth
models for biomass estimation and carbon stock conversion (Hamilton
and Casey, 2016; Kauffman and Cole, 2010). Among these, allometric
models have gained international acceptance due to their non-
destructive nature and operational efficiency, and are now widely
used in regional and global assessments. Nonetheless, international or-
ganizations continue to emphasize the need for more standardized and
scalable frameworks to improve the consistency and accuracy of carbon
sink evaluations (Mcleod et al., 2011). This is especially important given
the potential for methodological discrepancies, mangrove stands, and
rapid changes in forest productivity to introduce significant un-
certainties in regional carbon stock estimations (Worthington et al.,
2024).

In addition, the temporal dynamics of mangrove growth remain
underexplored. Although young mangrove forests (<5 years or basal
diameter <4 cm) generally exhibit lower biomass accumulation and
limited commercial utilization potential compared to mature stands,
they often display faster growth rates and higher stem densities during
early successional stage (Bosire et al., 2008). These juvenile trees play a
crucial role in shaping stand structure and accelerating forest develop-
ment, thereby contributing substantially to ecosystem functionality.
Moreover, studies have shown that young mangrove forests substan-
tially enhance soil organic carbon concentration, highlighting their
pivotal role in carbon stock dynamics (Lunstrum and Chen, 2014).
Therefore, it is essential to evaluate carbon stock capacity from the early
developmental stages of mangrove trees to enhance the accuracy of
predictive assessments.

Southern China hosts one of the most extensive mangrove distribu-
tions in Asia, with Fujian Province historically supporting vast coastal
mangrove forests. Historical records indicate that native mangrove
species in this region included Aegiceras corniculatum, Avicennia marina,
Bruguiera gymnorrhiza, Kandelia obovata, and Rhizophora stylosa.
Notably, this region marks the northernmost natural distribution limits
of A. marina and A. corniculatum along the western Pacific coastline
(Chen et al., 2017). However, rapid economic expansion since the 1960s
has resulted in severe habitat degradation due to extensive agricultural
and aquaculture land development (Liu et al., 2010). In response to
these challenges, the Fujian Provincial Government implemented a
regulation on the management of aquaculture in coastal areas in 2000,
designating specific aquaculture zones and promoting sustainable
development. Despite these efforts, disturbed mudflat habitats have
facilitated the large-scale invasion of Spartina alterniflora, significantly
impacting carbon storage capacity and biodiversity (An et al., 2007;
Huang et al., 2022). To mitigate these adverse effects, a large-scale
S. alterniflora removal initiative was launched in 2024. While this
initiative plays a crucial role in wetland conservation, it also presents a
management challenge — ensuring ecosystem functionality is restored
and reinvasion is prevented (Tang et al., 2021). Consequently, pre-
venting the re-invasion of exposed mudflats by S. alterniflora while
maintaining stable ecosystem service functions has become a critical
management priority. In this context, mangrove restoration and refor-
estation offer a Nbs approach for anti-invasion of S. alterniflora, as well
as serving a dual strategy to enhance carbon stock capacity and promote
ecosystem recovery (Alongi, 2012; Van Hespen et al., 2023).

In summary, this study aims to enhance the understanding of carbon
stock potential in young reforested mangrove stands by assessing early-
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stage carbon storage dynamics in the Quanzhou Bay Estuarine Wetland
Natural Reserve, Fujian Province. A comprehensive evaluation will be
conducted to quantify carbon stock dynamics based on tree biomass
contributions. To achieve this objective, a combination of tree biomass
estimation and remote sensing monitoring will be employed to improve
accuracy and spatial coverage. The findings of this study will establish
baseline data for mangrove restoration efforts and contribute to the
scientific framework for ecological restoration and biodiversity conser-
vation, aligning with China’s "Dual Carbon’ strategy.

2. Materials and methods
2.1. Study area, and planting strategy

The reforestation site was located in Fengyu Village, Fengze District,
Quanzhou Bay, Fujian Province (24.9213°N, 118.6697°E), with a total
planting area of 13.38 ha. This area is part of the Quanzhou Bay Estu-
arine Wetland Natural Reserve and is situated at the estuary of the
Luojiang River, a major river flowing through Quanzhou City. There-
fore, the native species and their adapted ability was be considered. The
reforestation area was divided into two distinct zones (Areas A and B).
Area A was planned as a mixed-species forests (A. corniculatum, B.
gymnorrhiza, K. obovata, and Rhizophora stylosa), whereas Area B,
located closer to the waterfront with higher soil salinity, was planned for
a monoculture forests (A. marina) of salt-tolerant species. Detailed in-
formation, including location, planting ranges, planted strategy, and
areas, was presented in Fig. 1.

2.2. Sample collection, period and estimated the plant abundance

Monitoring sites were indicated as red dots in Fig. 1, and their
detailed geographic coordinates were also provided. Sampling periods
were conducted in December 2022, December 2023, and December
2024. The sampling dates were scheduled to coincide with the highest
monthly tidal amplitude to ensure full exposure of intertidal zone
(Alongi, 2012; Kauffman and Donato, 2012; Komiyama et al., 2008).

(A)
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This timing ensured that Area B, including the lowest site, was fully
exposed and accessible during low tide. The first monitoring event was
performed in December 2022 following mangrove sapling planting.
During this initial survey, a total of six permanent 3 m x 3 m monitoring
sites were established across the reforested site based on the stratified
sampling approach, which four in Area A and two in Area B. All sites
were marked using plastic pipes. Each site was spaced at least 50 m apart
from neighboring site. All mangrove individuals within each site were
individually measured and anti-water tape labeled to allow consistent
monitoring of marked individuals in subsequent surveys, facilitating
analysis of their survival rates. These sites served dual functions — as
fixed monitoring site for survival tracking and as sampling sites for
biomass and carbon stock estimation. The size was considered sufficient
due to the following factors: (1) The 13-hectare mangrove restoration
area was uniformly planted with known species composition and
consistent density. Environmentally, both Area A and B also followed
the same tidal rhythm, with the intertidal zone fully exposed during low
tide, resulting in broadly equivalent water coverage times and thereby
minimizing spatial heterogeneity. (2) Sites were evenly distributed
across both mixed and monoculture forests zones to capture variation in
stand structure and species proportions. (3) The monitoring since
planting has confirmed minimal tree mortality and stable growth con-
ditions within and outside the plots. Given these controlled conditions,
the selected plot size adequately represents the structural characteristics
of the plantation.

Measurement protocols followed standardized methodologies out-
lined in the Mangrove Ecological Restoration Handbook by China (Liu
and Ma, 2024). Measured parameters included basal diameter (cm),
which refered to the stem diameter measured at approximately 5 cm
above ground level, and tree height (m). Individual measurements of
each individual (species, height, and basal diameter) were systemati-
cally recorded and digitally archived. Subsequently, species-specific
planting density (individual / per hectare) was calculated and multi-
plied by the actual planted area to estimate the total population size of
each species within the study area. The relevant calculation formulas are
provided as follows:

X

Guangdong
Province

South China Sea

Zhejiang Province

g East ChinaJN

4 t

v

Area B: Monoculture forests

Fig. 1. Location of the study area and distribution of sampling sites within the Quanzhou Bay Estuarine Wetland Natural Reserve, Fujian Province, China. (A)
Geographic location of Quanzhou Bay on the southeast coast of China. (B) Satellite map showing reforested mangrove zones. Light green represents Area A (mixed
forests), and orange represents Area B (monoculture forests). Total six permanent sampling sites (red circles labeled) were established: four in Area A and two in

Area B.
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Estimated Surviving Planted Individuals (ind.)
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2.3. Estimation of carbon stock based on species-specific allometric
equations

Biomass estimation of mangroves, usually achieved through the
application of allometric growth equations, serves as an essential
approach for quantifying carbon stock potential (Perera et al., 2011). In
this study, two distinct allometric equations were employed to estimate
and compare biomass: Model I, derived from equations established for
mangrove saplings across various sites in China. Model II, utilizing
species-specific biomass equations. Detailed information regarding the
equations used in each model is presented in Table S1.

Subsequently, individual biomass measurements were conducted for
sampled specimens to calculate both aboveground and belowground
biomass, from which mean individual biomass values were determined.
These values were then used to estimate the total biomass. The calcu-
lation formula applied is as follows:

Species Biomassagg, T (kg) = AGBsingle, average(kg) < Individuals
Species Biomasspgp, v (kg) = BGBgingle, average(kg) X Individuals

where,

Species Biomass agg, T (kg): Total aboveground biomass of an indi-
vidual species within the study area;

Species Biomass pgp, T (kg): Total belowground biomass of an indi-
vidual species within the study area;

AGB gingle average (kg): Mean aboveground biomass in per individual
of a species;

BGB single,average (kg): Mean belowground biomass in per individual
of a species;

Individuals: Estimated number of individuals of a single species.

The ratio between total aboveground and total belowground biomass
of different tree species was calculated to better interpret the results and
preferences derived from different models. The formula for calculating
was as follows:

AGB (or BGB)

AGB (or BGB)ratio (%) = Total Biomass

where,

AGB: Total aboveground biomass for single species;

BGB: Total belowground biomass for single species.

Finally, the AGB and BGB of different species were converted into
organic carbon content based on the reference, with corresponding
conversion coefficients provided in Table S2. The cumulative carbon
stock (t C) was then calculated by summing the AGB and BGB carbon
stock for each species.

Cumulative Estimated Carbon stock (tC)

B Z Species Biomassagp, 1 (kg) x CF
N 1000

Species Biomassggs,  (kg) x CF
+ Z 1000

The formula used to calculate the carbon stock after two years of
mangrove reforestation within the sampling plot is as follows:

EstimatedCarbonStock(tC) = CrbonStockzoz4 — CrbonStockzozz

The annual carbon sequestration rate (t C yr’l) was estimated as the
difference in carbon stock between two consecutive years, calculated
using the following formula:
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AnnualCarbonSequestrationRates(tCyr™")
= CarbonStock 1) — CarbonStock

where t represents the year of measurement. This approach assumes a
linear accumulation of carbon within the one-year interval.

The amount of CO2 sequestration was calculated by the formula as
follows:

44
Estimated CO, Sequestration (t CO; eq ) = Estimated Carbon Stock x 1

where, the molecular weight of CO» is 44, and the molecular weight of
carbon (C) is 12.

2.4. Normalized Difference Vegetation Index (NDVI)

Assessing carbon stock using satellite-derived area estimation is a
convenient, non-destructive, and minimally invasive method recently
adopted by multiple carbon trading certification and assessment systems
(Myeong et al., 2006). This study utilizes remote sensing techniques to
calculate the Normalized Difference Vegetation Index (NDVI) using
Sentinel-2 satellite imagery. NDVI values were analyzed on four key
dates — September 15, 2022; December 24, 2022; December 29, 2023;
and January 2, 2025 — selected based on two criteria: cloud coverage
below 10 % to minimize atmospheric interference and low tide condi-
tions to enhance the visibility of coastal and intertidal vegetation.
Sentinel-2 Level-1C (L1C) imagery was obtained from the Copernicus
Data Space Ecosystem (https://browser.dataspace.copernicus.eu/),
providing top-of-atmosphere reflectance values suitable for NDVI
computation. NDVI was calculated using the formula (NIR — RED) /
(NIR + RED), where Band 8 (Near-Infrared, NIR) and Band 4 (Red, RED)
were used for the computation. The NDVI function in ArcGIS Pro 3.4.2
was employed to perform the calculations. The average NDVI was
calculated from our five sampling sites to assess the trends in mangrove
growth.

Subsequently, the vegetation coverage area of the monitoring sites
was assessed using NDVI value. Due to this approach’s lack of species-
level identification capability, the carbon stock estimates were con-
ducted using the global average mangrove carbon stock standard of
15.2 t C ha~! yr~1. The calculation formula is presented as follows:

Estimated Carbon Stock (tCyr ™' ) =15.2 (tC ha~'yr ')
x Recognizable image coverage area (ha)

2.5. Statistical analysis

Independent-sample t-tests were conducted to evaluate differences in
reforestation types (Area A, B, and the total area), time periods, and
various assessment variables, including: (1) interannual differences in
biomass models estimation and carbon sequestration rates; (2) differ-
ences in carbon sequestration rates between reforestation types; (3)
variation in cumulative biomass estimates produced by different
models; and (4) differences between NDVI values and cumulative
biomass at each time point. All statistical analyzes were performed using
Python (v3.11) with the SciPy and Seaborn libraries. A significance
threshold of p-value < 0.05 was used to determine statistical
significance.

3. Results
3.1. The population dynamics and biomass estimation
The planting area, annual density, surviving individuals, average

height, and basal diameter variations for each mangrove species within
the study area are presented in Table 1. The results indicated that the
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Table 1

The planting area, annual density, surviving individuals, average height, and basal diameter variations for each mangrove species within the study area.

Average basal diameter (D) (cm)

Average tree height (H) (m)

Estimated Surviving Planted

Individuals (ind.)

Surviving Density (ind. /

Actual Planting Area Individual (Ind.))
(ha) ha

Timeline / Species

D" -24

D-23 D-24 D-22 D-23

D-23 D-24 D-22 D-23 D-24 D-22

D-22

24

23

22

1.04 £ 0.26 1.47 £0.33 1.91 +£0.18

0.92 +
0.05"

0.85 +

0.09"

2,222 1,667 1,667 20,218 15,163 15,163  0.40 +

6

9.10

Aegiceras

0.03"

corniculatum
Avicennia marina

Bruguiera

2.57 £ 0.52
2.39 £ 0.16

1.83 + 0.47
2.27 £0.02

0.83 £ 0.15

0.93 £+ 0.08
0.86 + 0.09

0.84 + 0.09
0.80 + 0.04

0.69 + 0.09
0.41 + 0.08

38,044
3,938

40,422
3,938

57,067
5,907

16 13,333 9,444 8,889
2 1,111 741 741

17

24

4.28
5.32

1.45 + 0.04

gymnorrhiza

Kandelia obovata

3.96 +

2.58 +
0.44°

0.62 + 0.10 0.95 +0.13 1.11 +

0.49 + 0.14

9,722 9,444 9,167 88,452 85,924 83,397

33

34

35

9.10

0.55"

0.26"

3.30 £ 0.00

1.50 + 0.40

0.69 + 0.00

0.46 = 0.03

2,100

4,200

556

1,111

3.78

Rhizophora stylosa

2 D represents December, and the following number represents the year.
b Bold numbers represent species with the highest rate of change.
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primary source of spatial variability was attributable to specise
composition at each site, specifically the differences between mixed and
monoculture forests areas, rather than to physical environmental fac-
tors. An initial planting count of 175,842 individuals in 2022, with the
range of average height from 0.40 to 0.69 m and basal diameter from
0.83 to 1.50 cm. Until 2024, approximately 140,000 individuals sur-
vived, corresponding to an overall survival rate of around 79.92 %.
Average height increased significantly to between 0.86 and 0.95 m, with
the range of basal diameter from 1.91 to 3.96 cm. Survival rates by
species (Fig. 2) revealed that K. obovata exhibited the highest survival
rate (97.14 % in 2023; 94.29 % in 2024). In contrast, R. stylosa expe-
rienced the highest mortality, with no surviving individuals recorded in
sampling areas by 2024. Regarding growth rates, A. corniculatum
demonstrated the greatest height increase (0.52 m over two years),
while Kandelia obovata showed the greatest increase in basal diameter
(2.85 cm over two years).

Species-specific average individual and total biomass estimated
derived from two allometric models were summarized in Table S3, S4
and S5. Using Model I, B. gymnorrhiza exhibited the highest AGB
increment, averaging 1.57 kg per individual over two years, while
K. obovata showed the highest BGB increment, averaging 0.71 kg per
individual. Overall, B. gymnorrhiza demonstrated the greatest total
biomass increment, averaging 1.62 kg per individual over two years. In
contrast, Model II indicated that A. marina displayed the highest in-
creases in both AGB and BGB, averaging 1.68 kg and 3.06 kg per indi-
vidual over two years, respectively, resulting in a total biomass
increment of 4.74 kg per individual.

The annual variation in AGB and BGB biomass for each species
estimated by the two models were present in Fig. 3. Fig. 3A represents
the biomass partitioning based on Model I, highlighting a predominant
investment in aboveground biomass during the early plantation stage,
except for K. obovata, that BGB biomass proportion increased from 63 %
to 68 % between 2023 and 2024. Among species assessed,
B. gymnorrhiza demonstrated the highest proportion of AGB, ranging
from 92 % to 96 % of total biomass. Conversely, Fig. 3B reveals an
opposite trend which was calculated by Model II, with most species
emphasizing BGB biomass accumulation (>50 % of total biomass),
except for A. corniculatum, which maintained a greater proportion of
AGB.

3.2. Cumulative carbon stock estimates and sequestration rates based on
Model I and IT

Table 2 summarizes the results of cumulative carbon stock, which
was calculated based on Model I and Model II, while the corresponding
cumulative estimated CO2 sequestration amounts are provided in
Table 3. Although these estimates are based on biomass conversion,
temporal changes were used to calculate annual sequestration rates,
which provide a more dynamic and meaningful indicator of early-stage
carbon gain. According to Model I, the cumulative increase in carbon
stock over two years was 45.34t C (averaging 3.39 t C ha™!). Specif-
ically, carbon sequestration increased from 13.32t Cyr ™! in 2022 — 2023
to 32.03 t C yr ! in 2023-2024, representing a 2.40 times difference
between the two periods. In contrast, Model II estimated a total cumu-
lative carbon stock of 94.77 t C (averaging 7.08 t C ha~1) with annual
sequestration increasing from 37.34 t C yr’1 to 57.42 t C yr’l. An
approximate 1.54 times difference between two periods.

Further comparative analysis of the carbon stock contributions
depended on the two models (Fig. 4) revealed notable differences in
evaluating species-specific carbon stock capacities. Particularly,
K. obovata and A. marina exhibited superior carbon stock capabilities in
Model I and Model II, respectively. Conversely, A. corniculatum and
B. gymnorrhiza demonstrated the lowest carbon stock capacities within
the two models.

Subsequently, carbon sequestration performance was compared
across different reforestation types, years, and assessment models
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Fig. 2. Survival rates by species in different years.
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Fig. 3. The annual variation in AGB (Aboveground biomass) and BGB
(Belowground biomass) biomass for each species estimated by the two models.
Model I, derived from equations established for mangrove saplings across
various sites in China. Model II, utilizing species-specific biomass equations. (A)
The biomass partitioning based on Model I; (B) The biomass partitioning based
on Model IL

(Fig. 5). Species-specific annual carbon sequestration rates are detailed
in Table S5. The results revealed a consistent upward trend across all
areas and under both models, with carbon sequestration rates in the
second year exceeding those in the first. Although this trend was not
statistically significant (Model I: t = -2.79, p = 0.108; Model II: t =
-3.62, p = 0.069), the observed increases suggest early-stage carbon
accumulation dynamics during mangrove establishment.

When comparing the two models within the same year, Model II
consistently produced higher estimates than Model I. A closer exami-
nation revealed that Model I estimated substantially higher carbon
sequestration rates in Area A compared to Area B, especially in the

Table 2
Comparison of cumulative carbon stock estimates based on Model I and Model II.
Species Model I Model I
Cumulative Estimated Cumulative Estimated
Carbon Stock (t C) Carbon Stock (t C)
Dec- Dec- Dec- Dec- Dec- Dec-24
22 23 24 22 23
Aegiceras 0.16 0.33 0.56 1.83 3.09 5.43
corniculatum
Avicennia marina 0.70 4.43 11.95 26.26 54.65 89.83
Bruguiera 0.35 2.32 3.19 1.29 2.29 2.58
gymnorrhiza
Kandelia obovata 2.53 9.80 33.44 1.69 10.29 34.90
Rhizophora stylosa 0.05 0.23 - 6.90 4.99 -
Total 3.79 17.11 49.14 37.97 75.31 132.74

Table 3
Comparison of cumulative CO, sequestration estimates based on Model I and
Model 1II.

Species Model I Model II
Cumulative Estimated CO, Cumulative Estimated CO,
Sequestration (t CO, eq) Sequestration (t CO, eq)
Dec- Dec- Dec-24 Dec-22 Dec-23 Dec-24
22 23
Aegiceras 0.60 1.22 2.06 6.71 11.34 19.91
corniculatum
Avicennia marina 2.55 16.24 43.80 96.30 200.37  329.37
Bruguiera 1.29 8.50 11.69 4.72 8.39 947
gymnorrhiza
Kandelia obovata 9.26 35.93 122.60 6.19 37.74 127.95
Rhizophora stylosa 0.20 0.84 - 25.29 18.30 —
Total 13.90 62.72 180.15 139.22 276.14 486.70

second year. In contrast, Model II suggested the opposite pattern, with
higher rates observed in monoculture plantations. This divergence
highlights the potential for model selection to introduce estimation bias
and obscure the actual effectiveness of different planting strategies.

Although the differences were not statistically significant, the overall
findings suggest that juvenile mangrove stands exhibit a phase of rapid
carbon accumulation during the early stages of growth, which may offer
important advantages for carbon offset initiatives.

3.3. Changes in reforested area and evaluation of carbon stock using
remote sensing techniques

Fig. 6 illustrates the spatial changes in vegetation cover based on the
NDVI in the study area, with the red triangle pointing to the sampling
location. Fig. 6A shows the initial condition of the study site and



Y.-J. Shih et al.

1.0 A

0.9

0.8

0.7

Kandelia obovata

0.6

0.5 4

0.4

0.2

0.1 4

Contribution of each species to carbon sequestration (%)

Model I Model II

Ecological Indicators 178 (2025) 114126

I Aegiceras corniculatum
B Bruguiera gymnorrhiza
I Aegiceras corniculatum
W Bruguiera gymnorrhiza

Monoculture
forests

Mixed forests

Model III

Fig. 4. Cumulative carbon stock contributions estimated using Model I, II and III. Model I and II represent species-specific contributions to carbon sequestration
(indicated by different colors), whereas Model III illustrated contributions under different planting strategies (monoculture vs. mixed forests).
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Fig. 5. Comparison of annual carbon sequestration rates (t C yr ') across
different reforestation types (Area A — mixed forests; Area B — monoculture
forests; Total area), assessment models (Model I and Model II), and period of
monitoring years (Year 1 and Year 2).

adjacent areas, dominated by dark green pixels representing
S. alterniflora coverage, with the highest NDVI value (0.18) and the area
totaling 13.07 ha. Following removal of S. alterniflora and subsequent
reforestation with mangrove saplings (Fig. 6B), no significant NDVI
value (—0.04) was initially detectable in satellite imagery. Approxi-
mately a year after planting (Fig. 6D), light green patches or lines began
to emerge, indicating early vegetation growth (NDVI = 0.06). After two
years (Fig. 6F), the satellite imagery showed substantial greening within
the reforested area, represented by a distinct increase in dark green
pixels (NDVI = 0.138). Satellite imagery and NDVI variation in whole
area (Fig. 7 Green line) clearly demonstrated vegetation development
over the analyzed timeline. Ultimately, the total reforested area was
assessed as 10.45 ha, including 6.83 ha of mixed forests and 3.62 ha of
monoculture forests (Table 4).

Subsequently, this assessed area was utilized to estimate carbon
stock capacity. Under the initial conditions dominated by S. alterniflora,
the carbon sequestration potential was estimated at 317.99 t C, equiv-
alent to 1,165.97 t COzeq. Following mangrove reforestation, the cu-
mulative estimated carbon stock backed to 158.84 t C, corresponding to
a CO4 sequestration rate of 582.41 t COqeq (Table 4).

3.4. Comparison of allometric models and NDVI for evaluating carbon
dynamics in restored mangroves

Table 4 was indicated to carbon stock and carbon sequestration es-
timates derived from three different models across reforested areas
during two years. A consistent trend was observed, with Model III pro-
ducing the highest estimates, followed by Model II and then Model I.
Interestingly, although the area detected by satellite remote sensing
(Model III) was smaller than the actual measured planting area, its
estimated of both carbon stock and carbon sequestration were the
highest. Fig. 4 further indicated that only Model I and Model II were
capable of providing detailed information on species-specific contribu-
tions, whereas Model III, when combined with field observations, was
able to highlight differences among planting strategies but could not
resolve the role of individual species. Therefore, while Model III offers
advantages in terms of convenience and scalability, its application re-
mains limited compared with the more species-explicit assessments
provided by Model I and Model II.

Considering all results, Model I was deemed more suitable for eval-
uating biomass accumulation during the juvenile stage of the restored
mangrove community in this study. To further clarify the limitations of
the NDVI methodology, the temporal trends of cumulative biomass
(AGB + BGB) estimated using Model I were compared with NDVI vari-
ations across different reforestation types (Fig. 7). Both NDVI and
biomass increased over time, with Area A consistently exhibiting greater
biomass accumulation than Area B.

To further assess differences among reforestation types,
independent-sample t-tests were performed on NDVI and biomass values
at each time point (Fig. 8). The results showed that biomass accumu-
lation was consistently and significantly greater in Area A than in Area B
across all valid time points (p < 0.0001). In contrast, NDVI values did
not differ significantly between reforestation types after 2022, despite
clear trends in biomass. This indicates that while mixed-species plan-
tations promote more rapid and substantial early-stage biomass accu-
mulation, NDVI may not reliably capture such differences, particularly
in structurally complex and species-diverse forest systems.

4. Discussion

4.1. Refining carbon stock estimates for early growth stages to improve
the assessment of mangrove carbon dynamics

Considering that tree growth involves both aboveground and
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Fig. 6. The spatial changes in vegetation cover based on the NDVI in the study area, with the red triangle pointed to the sampling location. (A) The initial condition
of vegetation cover in the study site and adjacent areas; (B) The condition of the removal of S. alterniflora and subsequent reforestation with mangrove saplings; (C-D)
The condition of vegetation cover approximately 0.5 and 1 year after reforestation; (E-F) The condition of vegetation cover approximately 1.5 and 2 year after

reforestation.
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Fig. 7. Temporal trends of cumulative biomass accumulation (AGB + BGB) and Normalized difference vegetation index (NDVI) across reforested areas. Bar plots
represent cumulative biomass (kg) estimated using Model I for Area A (mixed forests), Area B (monoculture forests), and the total area. Line plots denote the

corresponding NDVI values for each reforestation type.

Table 4
Comparison of cumulative carbon stock and CO, sequestration estimates under different planting strategies based on Model I, Model II, and Model III.
Area type Actual Planting Area Remosence Area Cumulative Estimated Carbon Stock (t C) Cumulative Estimated CO, Sequestration (t CO, eq)
Model I Model I Model III Model I Model I Model III
Mixed forests (A) 9.10 6.83 34.10 31.20 103.82 125.03 114.42 380.66
Monoculture forests (B) 4.28 3.62 11.25 63.57 55.02 41.25 233.07 201.75
Total 13.38 10.45 45.35 94.77 158.84 166.28 347.49 582.41

belowground root systems, biomass assessments commonly distinguish
and separately quantify these two biomass components. Additionally,
recent findings indicate that, on average, biomass accumulation is
influenced nearly equally by different tree-age components, forest

maturation, and productivity increases (Carnell et al., 2022; Walcker
et al., 2018). Therefore, stand age, biomass accumulation patterns and
species composition require particular emphasis in carbon stock studies.

The results of this study also highlighted discrepancies between
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Fig. 8. Heatmaps of p-values from independent-sample t-tests comparing NDVI (A) and cumulative biomass (B) between reforestation types (Area A — Mixed forests,
Area B — Monoculture forests, and the total area) across different time points. NDVI differences were statistically significant only in the early stage (Sep — 22), which
corresponded to the Spartina alterniflora invasion period; therefore, biomass was not included in the analysis or discussion for that time point.

biomass estimation models, where Model II consistently yielded higher
biomass estimates compared to Model 1. The detail of these two distinct
equations reveals that Model I accounts explicitly for the simultaneous
development of root expansion, stem growth, and leaf development
typical of juvenile mangroves, resulting in greater allocation to above-
ground biomass accumulation. Consequently, this model emphasizes the
combined growth parameters of plant height and basal diameter. In
contrast, Model II was specifically developed based on larger, mature
trees (DBH > 4 cm), and its equation structure predominantly considers
the growth of diameter at breast height (DBH) or basal diameter while
ignoring tree height data (Hossain et al., 2016; Perera et al., 2011). This
omission introduces biases between the two estimation methods, sub-
sequently influencing carbon stock assessments. Notably, both models
showed an overall upward trend in annual carbon sequestration rates;
however, the differences between years were not statistically significant,
likely due to the limited number of evaluation units. Nonetheless, Model
II consistently yielded higher estimates, particularly in monoculture
area, indicating that model selection was also an important factor
influencing the interpretation of outcomes.

Further analysis of species-specific carbon sequestration patterns
revealed that K. obovata with relatively smaller discrepancies between
the two models compared to other species. This trend appeared to be
closely associated with the biological and ecological traits of K. obovata.
As a pioneer mangrove species, it is characterized by rapid growth and
high productivity. In particular, during the early establishment stage, its
short leaf longevity reflects a greater allocation of biomass to stem and
root development (Khan and Kabir, 2017). The result of this study also
pointed K. obovata demonstrated accelerated diameter growth in the
first year, followed by more balanced increments of both height and
diameter in the second year. Because both models apply weighted
functions to diameter and height parameters, their estimates for this
species remained relatively consistent. Moreover, K. obovata contributed
the largest cumulative proportion of carbon sequestration among all
species in model I, likely due to its higher initial planting density and
superior survival rate within the restoration site. Collectively, these
findings indicate that the differences in carbon sequestration estimates
for K. obovata derived from the two models were not anomalies, but
rather reflect the intrinsic growth dynamics and stand structure of this
species during the early restoration phase. These results further high-
light that planting strategy and species composition are the primary
sources of spatial variability under uniform environmental conditions.

On the other hand, illustrating potential mangrove coverage using
NDVI coefficients to estimate carbon stock, has recently been a common
evaluation approach (Suardana et al, 2023). In this study, we

introduced NDVI-based estimations as Model III. Despite its relatively
low average NDVI values and vegetation coverage, Model III yielded the
highest carbon stock among the models evaluated. The bias result likely
due to the carbon stock conversion factor applied accounts for both
biomass and soil carbon stocks simultaneously (Myneni et al., 1995).
Moreover, several studies have highlighted the inherent limitations
of NDVI, particularly its tendency to deviate in reflectance under vary-
ing vegetation densities, which can lead to biased estimates of carbon
stocks (Baloloy et al., 2018; Bindu et al., 2020; Hartoyo et al., 2022;
Razali et al., 2019; Suardana et al., 2023). To investigate this issue, this
study further conducted a comparative analysis between NDVI values
and cumulative biomass estimates. The results indicated that NDVI did
not reliably reflect actual biomass accumulation and spetial heteroge-
neity, particularly during the initial planting stage, where notable dis-
crepancies were observed. Several factors may explain this
inconsistency: (1) Limitations in NDVI Reflectance Sensitivity: Previous
studies have highlighted that NDVI has inherent limitations in detecting
both sparse and high-density vegetation. Specifically, when the tree
canopy area is small or the Leaf Area Index (LAI) is below 2 mz/mz, the
sensitivity of NDVI to vegetation changes significantly decreases,
potentially leading to underestimation of actual area in vegetation
(Goswami et al., 2015). Conversely, in high biomass conditions, NDVI
tends to saturate, rendering it less responsive to further increases in
vegetation area (Gao et al., 2023). In our study, the average leaf width of
different tree species ranged from 8.00 £+ 2.62 cm to 17.33 + 2.49 cm
(mean: 10.14 + 4.34 cm). Despite noticeable growth in canopy width
over the two-year period (Table S7), the chlorophyll reflectance activity
remained relatively low, resulting in lower NDVI values. (2) Variability
of NDVI Values: Ruan et al. (2022) reported considerable regional
variability in mangrove NDVI, with the highest average NDVI value of
0.80 recorded in Asian mangroves and the lowest (0.67) in African
mangroves. Additionally, global data from 2000 to 2018 indicate a slow
yet gradual increase in annual average NDVI values for mangroves.
Furthermore, variations in NDVI have been used to reflect vegetation
health status, where healthier vegetation generally exhibits higher NDVI
values, and unhealthy vegetation shows reduced NDVI. These findings
all pointed to the feature with dynamic nature of NDVI. (3) Limited
Monitoring Capability of NDVI for Complex Forest Structures: NDVI
primarily reflects chlorophyll content and is less sensitive to vertical
structural changes such as species compostion, tree height and basal
diameter. This limitation hinders its ability to accurately represent
biomass accumulation in forests, particularly in young or structurally
immature forests (Goswami et al., 2015). (4) Lack of suitable NDVI —
Carbon Stock Calibrated Relationships: Current studies have
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predominantly utilized regression analyses correlating NDVI with met-
rics such as aboveground biomass (AGB) (Baloloy et al., 2018), above-
ground carbon (AGC) (Suardana et al., 2023), or vegetation density
(Hartoyo et al., 2022; Razali et al., 2019) to calibrate NDVI against field-
measured carbon stocks. These studies have emphasized the significant
role of location and environmental conditions in influencing the accu-
racy and reliability of calibration results, resulting in considerable
variability in performance across different mangrove ecosystems
(Degermenci and Zengin, 2023). Furthermore, these previous in-
vestigations have primarily focused on mature mangrove forests, mak-
ing their calibration methodologies less suitable for accurately
estimating carbon stocks in younger or mixed-age mangrove stands.

In summary, although this study provides approximately two years
of monitoring data, the current temporal and spatial resolution remains
insufficient, particularly for further analysis of the relationship between
NDVI and canopy closure. Fortunately, field monitoring in the study
area is ongoing. With the support of a larger-scale dataset, future
research will focus on integrating ground-based measurements with
remote sensing observations using multi-source data fusion approaches
to develop NDVI correction methodologies. This will help improve the
accuracy and applicability of NDVI in mangrove carbon assessments.
Until then, the use of NDVI as a proxy for carbon stock estimation should
be approached with caution, particularly in reforested area, and should
be interpreted in conjunction with field-based measurements.

4.2. The reforestation planting strategy

Seedling recruitment is critical for mangrove regeneration and long-
term ecosystem function (George et al., 2019; Srivastava and Bal, 1984).
In this study, a high planting density (~27,500 individuals ha™!) was
applied to suppress Spartina alterniflora reinvasion, and sapling density
remained above 20,000 individuals ha™! after two years, indicating
strong survival and regeneration potential. This strategy aligns with
national restoration guidelines, which recommend densities between
6600 and 10,000 individuals ha™! depending on developmental stage
(Liu and Ma, 2024).

Otherwise, monoculture plantations are still commonly used for their
simplicity and visual uniformity, mixed-forests approaches offer notable
ecological advantages. In this study, mixed mangrove stands exhibited
high survival rates, stable structural development and higher annual
carbon sequestration rate. These findings support previous research
advocating for species-diverse plantations to enhance ecosystem resil-
ience, biodiversity, sediment carbon stock, and resistance to environ-
mental stressors (Alongi, 2011; Rai et al., 2021).

Based on these results, three key considerations are recommended
for subtropical mangrove restoration projects: (1) Selection of planting
materials: Due to the high mortality rates of propagules or seedlings,
saplings should be used to maintain stable densities and offset slower
subtropical growth, thereby accelerating carbon stock development. (2)
Planting density: High densities help suppress invasive species, but
continued monitorind and management are needed to refine optimal
density target. (3) Mixed plantation: Mixed-species strategies enhance
forest stability, survival, and carbon sequestration. Species selection
should be guided by historical distribution records and site-specific
ecological suitability.

4.3. Reforested in Quanzhou Bay: A blue carbon model for corporate
Social Responsibility (CSR) and long-term feasibility

Mangrove ecosystems are widely recongnized as efficient coastal
carbon sinks and play a central role in blue carbon strategies (Zhu &
Yan, 2022). International certification frameworks such as Verra’s
Verified Carbon Standard (VCS) and the Gold Standard specifically
emphasize carbon accounting during early to mid-successional stages
(10-30 years), thereby making early corporate investment in juvenile
mangrove reforestation a strategic opportunity. Through these
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opportunities, corporations can engage in mangrobe restoration as a
part of their CSR commitments, while simultaneously contributing to
carbon neutrality in alignment with the United Nations Sustainable
Development Goals (SDGs).

In this case was a project supported by the Mangrove Conservation
Foundation (MCF), Shenzhen, whose primary funding is derived from
corporate sponsorship, serving as a strong demonstration of CSR in ac-
tion. Although the early-stage reforested stands in this study currently
appeared carbon stock lower compared to global averages for the
mature mangroves, this was attributed to the juvenile colonization
stage. With continued forest development, carbon stock will expected to
increase steadily, highlighting the potential long-term carbon benefits
that can ultimately provide returns to corporate investors.

However, the practical implementation of carbon credit certification
and its potential return to corporate investors remain constrained by
several challenges. (1) Practical challenge to carbon credit certification:
Certification typically requires long-term datasets. But local cultural
contexts, site conditions, and monitoring standards may not fully match
with the stringent requirements of international framworks. These lim-
itations highlight the importance of supportive local policy mechanisms,
including the development of region-specific blue carbon accounting
standards, government-backed incentives, and stronger public—private
partnerships to enhance certification feasibility. (2) Robust monitoring,
reporting, and verification (MRV): Long-term monitoring is essential to
ensure the credibility of carbon sequestration estimates. Although some
certification organizations recognize NDVI-based approaches for esti-
mating carbon stocks recently, the results of this study indicared that
NDVI alone is unreliable at the juvenile stage. Instead, integrating
remote sensing with field surveys is essential for producing accurate and
verifiable long-term data. Without such mechanisms, the contribution of
reforested mangroves to carbon markets and CSR commitments may risk
being overestimated.

5. Conclusions

This study integrated three carbon stock assessment methods to
evaluate the carbon storage potential of reforested mangroves during
the early developmental stage. Given that many current mangrove
restoration projects begin with young saplings, the dynamic growth
characteristics of juvenile forests must be explicitly considered, espe-
cially when their carbon stock capacity is intended for participation in
carbon markets. To address this, we propose a phased framework for
carbon stock assessment in restoration areas: (1) Short-Term Assess-
ment: Applicable to mangrove stands with a diameter at breast height
(DBH) < 4 cm. In this stage, biomass estimation using Model I or species-
specific juvenile allometric equations is recommended. While this
approach is limited to the initial years of growth, it more accurately
captures early-stage biomass dynamics, avoids overestimation, and
better reflects actual carbon accumulation potential. (2) Long-Term
Assessment: For mangrove stands with DBH > 4 cm, Model II is more
appropriate, as it reflects greater energy allocation to belowground
biomass and represents a more stable and robust estimate of long-term
carbon storage. (3) Remote Sensing-Based Monitoring: Due to current
calibration limitations, Model III (NDVI-based estimation) is more suited
for monitoring mature stands and assessing large-scale carbon stocks. Its
application to juvenile forests should await the development of robust
NDVI calibration models that can capture early growth-stage variability.

In addition to methodological recommendations, this study identifies
several critical research directions: (1) the development of comprehen-
sive allometric growth equations across species and developmental
stages to improve lifecycle-based carbon estimation, and (2) the cali-
bration of stand-specific biomass—carbon relationships, especially for
young mangrove stands where current models remain insufficient.

Finally, the Quanzhou Bay restoration project illustrates the poten-
tial of mangrove reforestation as a scalable model for integrating
ecological restoration with corporate sustainability strategies and
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market-based carbon finance. This case hightlight opportunities to
advance CSR commitments and SDGs targets, while also emphasizing
the need for long-term monitoring, robust certification mechanisms, and
supportive policy framworks to ensure feasibility and credibility.
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