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Abstract: Mangrove afforestation is considered an important measure in the “natural-based solution”
for mitigating climate warming through sequestering massive carbon (C) into vegetation biomass,
yet how the planted mangrove species facilitate soil C sequestration remains unclear. Here, we
investigated the stock, source, and fraction of soil organic carbon (SOC) over 1 m depth after 20-year
afforestation of five mangrove pure plantations (Acrostichum aureum, Acanthus ilicifolius, Aegiceras
corniculatum, Kandelia obovate, and Excoecaria agallocha) on Qi’ao Island, South China. The results
showed that SOC stocks did not significantly differ among the five plantations, with an average value
of 16.7 kg C m−2. Based on the two-end-member mixing model with plant–soil C stable isotope
signatures, the autochthonous (mangrove-derived) C source accounted for 20.2–34.1% of SOC but
varied significantly among the plantations. The SOC stock in particulate fraction (1.2–2.0 g C kg−1)
and mineral-associated fraction (14.3–16.0 g C kg−1) also significantly differed among the plantations.
The similar SOC stock but different source contributions and C fractions among the plantations ob-
served here may have important implications for mangrove afforestation to optimize stand structure
and maximize C sequestration.

Keywords: blue carbon; carbon stable isotope; mangrove plantations; soil organic carbon fractions

1. Introduction

Mangroves are highly biodiverse and productive, regarded as one of the most carbon
(C)-dense ecosystems in terrestrial and coastal lands. However, because of deforestation,
more than one-third of the world’s mangrove ecosystems disappeared in the past few
decades, with continued loss at a rate of about 0.2% per year [1]. To relieve this trend, many
countries have implemented mangrove afforestation programs with the aim of enhancing
ecosystem C storage [2,3]. For example, the area of mangroves in China increased from
22,024.9 ha in 2000 to 34,472.1 ha in 2013 [4]. With the establishment and growth of man-
groves, vegetation biomass increases rapidly owing to the high rate of photosynthesis [5,6].
In mangrove ecosystems, soil organic carbon (SOC) represents ~75% of the total C stored
in the ecosystems [7]. However, the effects of mangrove afforestation on belowground C
processes have received less attention, and little is known about how the planted mangrove
species facilitate SOC sequestration.

Compared to other terrestrial ecosystems, SOC accumulation in mangrove ecosystems
may be more complicated [8]. In general, plant residual inputs constitute the principal
pathway of SOC formation in terrestrial ecosystems, but in mangrove soils, the C inputs
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consist of autochthonous inputs by mangrove residuals and allochthonous inputs by tidal
and/or fluvial sediment [9,10]. The presence of mangrove plants facilitates suspended
matter deposition by retarding tidal energy with stems [11] and numerous aerial roots and
capturing suspended particles, which adhere to the plant surface [12]. Despite this recogni-
tion, previous studies revealed that the majority of SOC in mangroves comes primarily from
autochthonous sources, as determined by stable carbon (δ13C) isotope signatures [13–15].
Differences in the naturally stable C isotope signatures between mangrove species (δ13C
signature ranging from −32‰ to −21‰) and tidal sediment such as seagrass and algae
(δ13C signature ranging from −25‰ to −8‰) allow for quantifying the relative contri-
butions of autochthonous vs. allochthonous sources to the SOC pool via mass balance.
However, most of these studies have been performed in natural and mature mangrove
ecosystems [16–18]. Forest SOC formation could be influenced by climatic and soil condi-
tions and also tree species [19]. For example, shifting cultivation in the forestland has been
reported to significantly alter the dynamics of SOC [20]. So far, there have been very few
studies partitioning the contributions of autochthonous vs. allochthonous sources to SOC
accumulation in mangrove plantations.

In addition to C inputs, SOC accumulation also depends on its turnover rate, which
represents how long the stored SOC can be sequestered. Not all SOC has the same long-
term sequestration potential. In a broad sense, SOC is often split into particulate organic
carbon (POC) that can be unprotected or occluded within aggregates [21,22], and mineral-
associated organic carbon (MAOC) in which organic matter is sorbed onto mineral surfaces
or complexed with metals [23,24]. For example, SOC in mangroves favors bounding
minerals, such as iron-bound OC, which is able to defend against microbial attack, and
this is considered a reason why mangrove SOC could be stored for decades or hundreds
of years [25–27]. The salinization and anaerobic environment during tidal inundation in
mangrove soils could also inhibit microbial activity, slowing SOC decomposition [28–30].
Mangrove afforestation may alter the soil environment such as water, salinity, and mineral
activation which controls MAOC formation and preservation [31], which in turn influences
total SOC stock [32,33]. Therefore, investigating the MAOC dynamics as well as their
relationships with soil properties may have important implications for long-term SOC
sequestration in mangrove plantations.

Here, we conducted a field experiment in the Qi’ao Island Mangrove Wetland Nature
Reserve, located in the northwest of Qi’ao Island, Zhuhai, Guangdong Province. Mangroves
cover an area of 700 hectares in this reserve, which is the largest restored mangrove
ecosystem in China, made by planting various mangrove species. In this study, we selected
five pure mangrove plantations, and the species include Acrostichum aureum (AA), Acanthus
ilicifolius (AI), Aegiceras corniculatum (AC), Kandelia obovate (KO), and Excoecaria agallocha
(EA), which are widespread and commonly planted for mangrove rehabilitation in China.
Because of the similar soil conditions and climate settings prior to planting, changes in soil
C sequestration performance could be attributed to the plantations with different mangrove
species. The aim of this study is to investigate the changes in SOC stocks, sources, and
fractions, as well as soil properties among the five plantations. In order to quantify the
relative contributions of autochthonous vs. allochthonous sources to the SOC pool in
mangrove plantations, we also investigated the δ13C signature and fractions of SOC in
mudflat (MF), where SOC formation has been generally considered a good proxy of non-
mangrove sources (mostly seagrass and algae). We tried to answer the following questions:
(1) Did SOC stock differ among the five plantations? (2) What were the differences between
autochthonous and allochthonous sources contributing to the SOC pool? (3) How did the
planted mangrove species affect SOC fractions (light and heavy)?

2. Materials and Methods
2.1. Site Description

This study was conducted at the Qi’ao mangrove natural reserve on Qi’ao Island,
Zhuhai, China (22.39◦~22.64◦ N, 113.61◦~113.65◦ E). This area is characterized by a south-
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ern subtropical maritime monsoon climate, with a mean annual temperature of 22.4 ◦C
(monthly range 2.5–18 ◦C) and mean annual precipitation of 1964.4 mm (1700–2200 mm).
The mean seawater salinity is 18.2%, and the soil type is fine-grained clayey silt and silty
clay [34]. Mangrove wetlands cover an area of more than 400 hectares on this island. Avicen-
nia marina, Kandelia obovata, and Aegiceras corniculatum are dominant species in the history
of this site [35]. However, natural mangroves on Qi’ao Island were severely destroyed,
and large-scale plantations with various mangrove species have been established since
1999 [36].

2.2. Experimental Design and Sampling

In January 2020, five pure mangrove plantations of Acrostichum aureum (AA), Acanthus
ilicifolius (AI), Aegiceras corniculatum (AC), Kandelia obovate (KO), and Excoecaria agallocha
(EA) were selected, which are widespread and commonly planted in the rehabilitated
mangroves on Qi’ao Island (Figure 1). The mangrove species were planted in 1999 without
any fertilization at a similar tide level. Each mangrove plantation is about 1 ha, in which
we randomly selected four plots (20 m × 20 m). Accordingly, four plots of mudflat
(MF) without vegetation were selected in order to quantify the relative contributions of
autochthonous vs. allochthonous sources to the SOC pool in mangrove plantations.
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Figure 1. Sampling locations map of the study area. AA, Acrostichum aureum; AI, Acanthus ilicifolius;
AC, Aegiceras corniculatum; KO, Kandelia obovate; EA, Excoecaria agallocha; MF, mudflat.

Sediment samples were collected by using a semi-open corer (5 cm diameter and
100 cm length), with four cores per plot during low tide. Sediment cores were divided
into depth intervals of 0–20, 20–40, 40–60, and 60–100 cm. For each depth, one subsample
was filled into a 100 cm3 round aluminum cutting ring to measure bulk density. All of the
soil samples were transported to the laboratory. The soil was cleaned of any observably
large particles (such as roots, stones, and shells), and it was then put through a 2 mm seive
and split into two sections. One part was kept at 4 ◦C for measuring microbial biomass
carbon. The other part was air-dried at room temperature to measure its physical and
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chemical properties. Microbial biomass carbon was assayed with fresh soil stored at 4 ◦C
for <2 weeks.

The fresh leaves of AA, AI, AC, KO, and EA were taken directly from the trees and
homogenized to measure the stable carbon isotope composition. Fine roots < 0.5 mm
in diameter were collected with soil sampling at the same time and homogenized for
the measurement of the stable carbon isotope composition. Plant tissue samples were
transported to the laboratory and air-dried before analysis.

2.3. Soil Properties Measurements

Bulk density (BD, g cm−3) was determined using the cutting ring method (100 cm3).
Soil pH and the salinity of the fresh soil were measured using a multiple-parameter

water analyzer after the samples were extracted by distilled water (water soil of 2.5:1 for pH
and 5:1 for salinity). Soil water content (SWC, %) with fresh soil was measured by drying
the soil samples at 105 ◦C for 24 h. Microbial biomass carbon (MBC, mg kg−1) [37] was
determined by the fumigation–extraction method with a total TOC analyzer (TOC-VCSH,
Shimadzu Co., Ltd., Hongkong, China).

Air-dried soil samples were passed through 0.15 mm mesh for the measurement of
the concentration of C and iron (Fe) oxides and the stable carbon isotope signature. Plant
tissue samples were passed through 0.15 mm mesh for the measurement of the stable
carbon isotope signature. In order to remove washed-out carbonates, soil samples (about
0.50 g) were acidified by using 1.0 M HCl (20 mL) and then washed three to four times
with distilled water until the pH increased to a neutral reaction. The organic carbon
concentration was measured using a Vario ELIII Elemental Analyzer (Elementar Co., Ltd.,
Frankfurt, Germany) and connected to an isotope ratio mass spectrometer (IsoPrime 100,
Elementar Co., Ltd., Frankfurt, Germany) to obtain the stable C isotope composition (δ13C
ratio, ‰) of soil and plant tissue samples. The values of δ13C were expressed in parts per
thousand (‰) relative to PDB (Pee Dee Belemnite), with the following equation:

δ(‰) = (
Rsample

Rstandard
− 1)× 1000 (1)

where Rsample and Rstandard are the ratios of 13C to 12C of the sample and standard, respectively.
Total Fe concentration (Fet) in soil was extracted with HNO3-HF-HClO4 and measured

with ICP-OES (PerkinElmer Co., Ltd., Shanghai, China) [38]. The non-crystalline inorganic
form of Fe (Feo) was measured by the acid NH4-oxalate method [39]. Organic complexed
Fe (Fep) was measured by the acid sodium pyrophosphate method [39]. The reactive phase
of Fe (FeR) was measured by dithionite–citrate–bicarbonate method [40]. Based on FeR and
the SOC concentration in bulk soil, the molar ratios of metals to SOC (molar SOC/FeR,
OCFeR) were calculated to represent the potential of SOC associated with solid reactive
iron phases.

2.4. Density Fractionations

Using a density fractionation technique, each soil sample (20 g dried soil sample)
was separated into operationally defined soil fractions: a light fraction (LF) and a heavy
fraction (HF) that often represent POC and MOAC, respectively. Given that the soils used
in this study were rich in clay, the LF was separated by flotation after immersing soils in
NaI solution at a density of 1.85 g cm−3 [41]. The residual soil consisted of the remaining
mineral-associated organic matter. The separated soil fractions were dried in an oven
at 80 ◦C and then ground to a homogenized fine powder for organic C analysis. The
concentrations of POC and MAOC were measured using a Vario ELIII Elemental Analyzer
(Elementar Scientific Instruments).

2.5. Calculation of Autochthonous and Allochthonous Sources

On Qi’ao Island, the mangrove plantations are separated from land by the sea wall and
receive no direct input of fluvial sediment. The present study thus defined autochthonous
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mangrove litter and allochthonous tidal sediment as the two sources of the SOC pool. In
general, the tidal suspended matter has great spatiotemporal variability [42]. However, the
accretion of mudflat soil results mainly from the sedimentation of suspended matter in tidal
waters [43]. In this situation, mudflat sediment is a good proxy of allochthonous sources
for complex organic matter sources. The present study assumed the mixture of leaves
and roots as the autochthonous source [44] and mudflat sediment as the allochthonous
source [45]. Thus, the relative contributions of autochthonous and allochthonous sources
to mangrove SOC were calculated with the two-source mixing model [15]. The equations
of the model are

δ13Cmangrove-soil = f autochthonous × δ13Cautochthonous + f allochthonous × δ13Callochthonous (2)

1 = f autochthonous + f allochthonous (3)

f autochthonous (%) = (1 − f allochthonous) × 100% (4)

f autochthonous, f allochthonous, δ13Cmangrove-soil, δ13Cautochthonous, and δ13Callochthonous are
the fraction contributions of autochthonous C and allochthonous C, and the stable C isotope
compositions of mangrove soil, average mangrove plant tissues (including roots and leaves),
and mudflat soil, respectively [45].

2.6. Calculations of Soil Organic Carbon Stock

Soil organic carbon stock was calculated as SOC concentration multiplied by soil bulk
density. The equation of the model is

SCS =
SOCc × BD × D

100
(5)

where D is the thickness of soil (cm), BD is the soil bulk density, SOCC is the concentration
of SOC, and SCS is the stock of SOC (kg m−2).

2.7. Statistical Analyses

All statistical analyses were performed using R (version, 4.2.2, https://www.r-project.
org, accessed on 1 October 2022). Analysis of variance (ANOVA) was used to determine the
statistical significance (α = 0.05) of the mangrove species, soil layer, and their interactive
effects on bulk SOC and its density fractions, sources, and Fe oxides. Tukey’s multiple com-
parison test was conducted to determine whether significant effects of different mangrove
species or soil layers were found. Pearson correlations were used to reveal the relationships
between sediment physicochemical properties and MAOC. To assess the relative signifi-
cance of factors influencing the impact of afforestation on MAOC concentration, we used
the random forest model. The explanatory factors in this study consist of indicators from
9 properties, while the response variable is the concentration of MAOC. A random forest
model was constructed using ten influencing factors: MBC, OC:FeR, Fet, FeR, Fep, Feo, SWC,
pH, salinity, and soil layer. The statistical analysis involved the estimation of the impact of
each explanatory variable on MAOC using the “randomForest” and “rfPermute” packages
in R. In the model calibration, the number of trees (ntree) was set to 1000. Additionally, the
relative importance of the explanatory factors was determined by ranking them based on
the percentage increase in mean squared error (%IncMSM). The performance of the model
was measured with R-squared (R2).

3. Results
3.1. Soil Properties

In this study, soil bulk density (BD), SWC, and pH were generally higher (p < 0.01) in
the MF than the plantations, whereas the salinity was significantly lower (p < 0.01) in the
MF than the plantations (Tables 1 and S2). The BD, SWC, and salinity significantly differed
among the five plantations, ranging from 0.9 g cm−3 to 1.2 g cm−3, from 34.3% to 51.3%,
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and from 8.9‰ to 12.8‰, respectively (Tables 1 and S2). The soil pH varied from 6.2 to
7.5 and increased with the depth of the soil layer (Tables 1 and S2). Soil pH values also
significantly differed among the plantations, except for the 0–20 cm soil layer (Table 1). The
MBC varied from 667.8 mg kg−1 to 1706.2 mg kg−1 (Table 1). Except for AA, MBC in other
sites decreased significantly (p < 0.001) with the depth of soil layers (Table S2).

Table 1. Basic soil physio-chemical properties of different sampling sites in different sediment depths
(Mean ± SE, n = 4). AA, Acrostichum aureum; AI, Acanthus ilicifolius; AC, Aegiceras corniculatum; KO,
Kandelia obovate; EA, Excoecaria agallocha; MF, mudflat. Capital letters represent significant differences
among study sites at the same soil layer (p < 0.05); lower-case letters represent significant differences
among soil layers in each study site (p < 0.05).

Layer Species Bulk Density
(g cm−3) SWC (%) pH Salinity (‰) MBC (mg kg−1)

0–20

AA 0.9 ± 0.0 Dc 39.7 ± 1.1 Bab 6.6 ± 0.1 Bb 11.9 ± 0.1 Ca 781.9 ± 88.6 Dd
AI 1.0 ± 0.0 Cc 50.3 ± 1.1 Aa 6.6 ± 0.3 Ba 12.6 ± 0.2 Aa 782.3 ± 59.6 Dd
AC 0.9 ± 0.0 Dc 34.3 ± 2.1 Dc 6.5 ± 0.1 Ba 12.8 ± 0.1 Aa 768.4 ± 95.6 Dd
KO 1.2 ± 0.0 Ab 35.2 ± 0.4 CDd 6.8 ± 0.2 Bb 8.9 ± 0.1 Ec 733.3 ± 51.4 Dd
EA 1.2 ± 0.0 Ba 38.4 ± 1.0 BCb 6.8 ± 0.2 Bb 12.2 ± 0.1 Ba 1706.2 ± 45.2 Aa
MF 1.2 ± 0.0 ABbc 47.7 ± 2.6 Aa 7.7 ± 0.1 Aa 9.2 ± 0.0 Da 1538.6 ± 64.8 Aa

20–40

AA 1.0 ± 0.0 Eb 41.1 ± 0.9 Ba 7.1 ± 0.1 Ba 11.4 ± 0.4 Ba 1282.3 ± 76.6 Aa
AI 1.1 ± 0.0 Da 42.3 ± 0.6 Bc 6.7 ± 0.1 CDa 12.7 ± 0.2 Aa 1179.4 ± 55.3 Bb
AC 1.0 ± 0.1 Fb 47.7 ± 1.9 Aa 6.4 ± 0.3 Da 10.8 ± 0.1 Cc 667.8 ± 69.4 Dd
KO 1.2 ± 0.0 Bb 51.3 ± 0.8 Aa 6.8 ± 0.1 BCb 9.2 ± 0.0 Db 675.1 ± 82.6 Dd
EA 1.1 ± 0.0 Cb 41.7 ± 1.2 Ba 6.8 ± 0.1 Cb 10.7 ± 0.1 Cd 900.7 ± 76.7 CDcd
MF 1.3 ± 0.0 Aa 47.9 ± 3.3 Aa 7.5 ± 0.2 Aa 8.9 ± 0.0 Db 1435.6 ± 96.8 Aa

40–60

AA 1.1 ± 0.1 Cb 37.2 ± 0.7 Bb 6.72 ± 0.1 Bb 11.8 ± 0.1 Aa 1338.8 ± 92.7 Bb
AI 1.1 ± 0.0 Cb 47.3 ± 0.7 Ab 6.88 ± 0.1 Ba 11.8 ± 0.1 Ab 1090.1 ± 91.5 Cc
AC 0.9 ± 0.0 Dd 37.0 ± 0.7 Bc 6.22 ± 0.3 Ca 11.3 ± 0.1 Bb 1221.4 ± 63.2 ABab
KO 1.2 ± 0.0 Aa 39.3 ± 0.3 Bc 6.64 ± 0.1 BCb 9.3 ± 0.1 Cb 1109.7 ± 80.2 BCbc
EA 1.2 ± 0.0 Ba 39.6 ± 0.8 Bb 6.83 ± 0.3 Bb 11.2 ± 0.0 Bc 1417.2 ± 87.4 Bb
MF 1.2 ± 0.0 ABc 46.5 ± 3.2 Aa 7.52 ± 0.2 Aa 8.7 ± 0.0 Dc 1263.7 ± 73.5 Bb

60–100

AA 1.2 ± 0.0 Ba 30.3 ± 1.8 Cc 6.69 ± 0.0 BCb 11.7 ± 0.3 Ba 1058.6 ± 80.0 BCbc
AI 1.0 ± 0.0 Dd 39.1 ± 0.8 Bd 6.91 ± 0.2 Ba 12.0 ± 0.1 Ab 1180.5 ± 74.2 Bb
AC 1.1 ± 0.0 Ca 43.2 ± 2.7 Ab 6.32 ± 0.2 Ca 11.4 ± 0.1 Cb 1161.6 ± 48.6 Cc
KO 1.2 ± 0.1 Bc 42.1 ± 0.8 ABb 7.52 ± 0.2 Aa 10.4 ± 0.1 Da 993.9 ± 41.5 Cc
EA 1.1 ± 0.0 BCc 33.2 ± 0.8 Cc 7.34 ± 0.3 Aa 11.5 ± 0.0 BCb 1201.7 ± 57.6 ABab
MF 1.3 ± 0.1 Aab 45.7 ± 2.2 Aa 7.61 ± 0.2 Aa 8.8 ± 0.0 Eb 1017.5 ± 44.0 Cc

3.2. Soil Organic Carbon Concentration and Stock

The SOC concentrations were significantly higher (p < 0.001) at the plantations com-
pared to the MF (Figure 2A). The SOC concentrations at the plantations varied significantly
(p < 0.01) with mangrove species and soil layers, ranging from 8.7 g kg−1 to 19.4 g kg−1

(Figure 2A). The SOC stocks at the plantations were also significantly higher (p < 0.001)
than in the MF (Figure 2B). However, because of the contrasting pattern between BD and
SOC concentration, the SOC stocks did not significantly differ among the plantations, with
an average value of 16.7 kg C m−2 (Figure 2B).

3.3. Soil Organic Carbon Sources

Soil δ13C values were significantly lower (p < 0.001) at the plantations compared to the
mudflat (Figure 3A). Soil δ13C values did not change with soil layers (Figure 3A and Table
S2). In addition to the 0–20 cm soil layer, soil δ13C values varied significantly (p < 0.001)
among plantations, ranging from −24.79‰ to −23.80‰ (Figure 3A). The average plant
δ13C values varied from −28.7‰ to −26.0‰ in different mangrove tissues (Table S1).
Based on the two-end-member mixing model, the proportion of autochthonous source
(f autochthonous) of SOC ranged from 20.2% to 34.1% and varied significantly (p < 0.001) among
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the plantations (Figure 3B). Thus, the proportion of allochthonous source (f allochthonous)
in SOC ranged from 65.9% to 79.8% and also varied significantly (p < 0.001) among the
plantations (Figure 3B). Accordingly, the autochthonous C stocks ranged from 4.0 kg C
m−2 to 5.1 kg C m−2, and the allochthonous C stocks ranged from 10.4 kg C m−2 to 13.1 kg
C m−2, which both varied significantly (p < 0.001) among the plantations (Figure 4C).
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Figure 2. Soil organic carbon (SOC) concentration (A) and stock (B) at depth of 0–100 cm in different
study sites. Data are shown as mean ± SD, n = 4. AA, Acrostichum aureum; AI, Acanthus ilicifolius;
AC, Aegiceras corniculatum; KO, Kandelia obovate; EA, Excoecaria agallocha; MF, mudflat. Capital letters
represent significant differences in same layer among study sites and lower-case letters represent
significant differences between layers at the same study site (p < 0.05) according to one-way ANOVA
followed by Tukey’s HSD test.

Agronomy 2023, 13, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 2. Soil organic carbon (SOC) concentration (A) and stock (B) at depth of 0–100 cm in different 
study sites. Data are shown as mean ± SD, n = 4. AA, Acrostichum aureum; AI, Acanthus ilicifolius; AC, 
Aegiceras corniculatum; KO, Kandelia obovate; EA, Excoecaria agallocha; MF, mudflat. Capital letters 
represent significant differences in same layer among study sites and lower-case letters represent 
significant differences between layers at the same study site (p < 0.05) according to one-way ANOVA 
followed by Tukey’s HSD test. 

3.3. Soil Organic Carbon Sources 
Soil δ13C values were significantly lower (p < 0.001) at the plantations compared to 

the mudflat (Figure 3A). Soil δ13C values did not change with soil layers (Figure 3A and 
Table S2). In addition to the 0–20 cm soil layer, soil δ13C values varied significantly (p < 
0.001) among plantations, ranging from −24.79‰ to −23.80‰ (Figure 3A). The average 
plant δ13C values varied from −28.7‰ to −26.0‰ in different mangrove tissues (Table S1). 
Based on the two-end-member mixing model, the proportion of autochthonous source 
(fautochthonous) of SOC ranged from 20.2% to 34.1% and varied significantly (p < 0.001) among 
the plantations (Figure 3B). Thus, the proportion of allochthonous source (fallochthonous) in 
SOC ranged from 65.9% to 79.8% and also varied significantly (p < 0.001) among the plan-
tations (Figure 3B). Accordingly, the autochthonous C stocks ranged from 4.0 kg C m−2 to 
5.1 kg C m−2, and the allochthonous C stocks ranged from 10.4 kg C m−2 to 13.1 kg C m−2, 
which both varied significantly (p < 0.001) among the plantations (Figure 4C). 

 
Figure 3. Soil δ13C values (A) and soil organic carbon source proportion (B) and contributions at 0–
100 cm depth in different study sites. Data are shown as mean ± SD, n = 4. Capital letters represent 

Figure 3. Soil δ13C values (A) and soil organic carbon source proportion (B) and contributions
at 0–100 cm depth in different study sites. Data are shown as mean ± SD, n = 4. Capital letters
represent significant differences in the same layer among the study sites and lower-case letters
represent significant differences between layers at the same study site (p < 0.05) according to one-way
ANOVA followed by Tukey’s HSD test. Uppercase letters indicate the autochthonous source of the
0–100 cm depth between different sites, while lowercase letters indicate the allochthonous source of
the 0–100 cm depth between different sites in (C) according to one-way ANOVA followed by Tukey’s
HSD test. AA, Acrostichum aureum; AI, Acanthus ilicifolius; AC, Aegiceras corniculatum; KO, Kandelia
obovate; EA, Excoecaria agallocha; MF, mudflat.
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Figure 4. Concentrations (A,B), proportions (C), and stocks (D) of soil mineral-associated organic
carbon (MAOC) and particulate organic carbon (POC), respectively, at a depth of 0–100 cm in different
study sites. Data are shown as mean ± SD, n = 4. Capital letters represent significant differences in
the same layer among the study sites and lower-case letters represent significant differences between
layers at the same study sites (p < 0.05) in (A,B) according to one-way ANOVA followed by Tukey’s
HSD test. Uppercase letters indicate represent significant differences in POC proportion and stock at
the 0–100 cm depth among the study sites, while lowercase letters represent significant differences
in MAOC proportion and stock at 0–100 cm depth among the study sites according to one-way
ANOVA followed by Tukey’s HSD test. AA, Acrostichum aureum; AI, Acanthus ilicifolius; AC, Aegiceras
corniculatum; KO, Kandelia obovate; EA, Excoecaria agallocha; MF, mudflat.

3.4. Soil Organic Carbon Fractions

Soil MAOC and POC concentrations were significantly higher (p < 0.001) at the plan-
tations than at the MF (Table S2). The concentrations of MAOC and POC at the plantations
varied significantly (p < 0.001) with mangrove species and soil layers (Table S2), ranging from
11.9 g kg−1 to 16.5 g kg−1 and from 24.2 g kg−1 to 35.8 g kg−1, respectively (Figure 4A,B).
The proportions of MAOC and POC varied significantly (p < 0.001) among the plantations
(Table S2), ranging from 84.9% to 93.0% and from 7.0% to 15.1%, respectively (Figure 4C).
The MAOC stocks ranged from 14.3 kg C m−2 to 16.0 kg C m−2 and varied significantly
(p < 0.001) among the plantations (Figure 4D). The POC stocks ranged from 1.4 kg C m−2 to
2.0 kg C m−2, and also varied significantly (p < 0.001) among the plantations (Figure 4D).
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3.5. Soil Iron Phases

The concentrations of Fet, FeR, and FeO differed significantly (p < 0.001) among the
plantations, ranging from 54.1 g kg−1 to 64.0 g kg−1, from 30.5 g kg−1 to 34.8 g kg−1,
and from 15.9 g kg−1 to 17.3 g kg−1, respectively (Table 2). The FeO concentrations were
generally lower (p < 0.01) at the plantations than the MF, whereas the FeR concentrations
were higher (p < 0.001) at the plantations than the MF (Table 2). There was no significant
difference in the Fep concentration (0.7–1.3 g kg−1, Table 2) among plantations, except at
the 60–100 cm soil depth. The ratio of OC:FeR (1.5 to 2.6, Table 2) also significantly differed
among plantations and decreased with the depth of the soil layer (Table 2 and Table S2).

Table 2. Fe phase of different sampling sites at different sediment depths. AA, Acrostichum aureum; AI,
Acanthus ilicifolius; AC, Aegiceras corniculatum; KO, Kandelia obovate; EA, Excoecaria agallocha. Capital
letters represent significant differences among study sites at the same soil layer; lower-case letters
represent significant differences among soil layers in each study site (p < 0.05).

Layer Species Fet (g kg−1) FeR (g kg−1) Fep (g kg−1) Feo (g kg−1) OC:FeR (m:m)

0–20

AA 61.5 ± 0.7 Aa 37.3 ± 1.5 Aa 1.1 ± 0.1 Aa 12.2 ± 0.8 Ca 2.0 ± 0.2 Cb
AI 56.9 ± 1.1 BCb 37.4 ± 1.5 Aa 1.1 ± 0.1 Aa 12.8 ± 0.3 Ca 2.4 ± 0.1 ABa
AC 54.1 ± 1.4 Cb 31.6 ± 1.0 BCa 1.2 ± 0.1 Aa 15.1 ± 0.6 Ba 2.5 ± 0.2 Aab
KO 59.2 ± 0.9 ABb 34.8 ± 1.0 ABa 0.9 ± 0.2 Aa 10.8 ± 0.3 Dab 2.0 ± 0.1 Ca
EA 60.4 ± 2.4 Aa 37.6 ± 2.1 Aa 1.1 ± 0.0 Aab 10.6 ± 0.5 Db 2.1 ± 0.1 BCa
MF 60.3 ± 0.9 Aa 31.2 ± 1.4 Cb 1.1 ± 0.3 Aa 16.4 ± 0.4 Abc 2.2 ± 0.2 ABCa

20–40

AA 62.9 ± 1.1 Aa 33.5 ± 1.5 BCb 1.2 ± 0.3 Aa 10.8 ± 0.5 Bb 2.4 ± 0.2 Aa
AI 58.5 ± 1.1 Bab 36.4 ± 0.9 ABa 1.2 ± 0.2 ABa 10.8 ± 0.5 Bb 2.2 ± 0.1 Aab
AC 60.9 ± 1.2 ABa 33.8 ± 0.9 BCa 1.2 ± 0.1 Aa 15.2 ± 0.4 Aa 2.3 ± 0.2 Ab
KO 63.1 ± 2.5 Aa 36.8 ± 2.3 ABa 0.9 ± 0.2 ABa 9.7 ± 0.8 Bbc 1.5 ± 0.2 Bb
EA 63.4 ± 2.2 Aa 39.1 ± 1.6 Aa 0.7 ± 0.2 Bc 10.2 ± 0.4 Bbc 1.8 ± 0.1 Bb
MF 60.1 ± 2.2 ABa 30.5 ± 1.5 Cb 1.1 ± 0.2 ABa 15.9 ± 0.5 Ac 2.2 ± 0.3 Aa

40–60

AA 62.2 ± 1.8 Aa 34.2 ± 0.9 Bab 1.3 ± 0.1 Aa 10.8 ± 0.3 Cb 2.2 ± 0.1 Bab
AI 57.7 ± 2.9 Bab 36.0 ± 0.9 ABa 1.2 ± 0.2 Aa 12.1 ± 0.4 Ba 2.1 ± 0.1 BCb
AC 61.0 ± 1.0 ABa 33.0 ± 1.5 Ba 1.2 ± 0.2 Aa 12.8 ± 0.6 Bb 2.6 ± 0.2 Aa
KO 62.3 ± 1.3 Aab 34.0 ± 2.7 Ba 1.2 ± 0.3 Aa 8.8 ± 0.7 Dc 1.9 ± 0.2 Ca
EA 63.4 ± 2.1 Aa 39.8 ± 2.4 Aa 0.9 ± 0.1 Abc 9.3 ± 0.5 Dc 1.5 ± 0.2 Db
MF 60.6 ± 1.9 ABa 34.8 ± 1.2 Ba 1.2 ± 0.1 Aa 17.3 ± 0.4 Aa 2.0 ± 0.1 BCa

60–100

AA 62.2 ± 3.0 Aa 35.0 ± 2.0 BCab 1.1 ± 0.1 ABa 12.4 ± 0.7 CDa 2.1 ± 0.1 Bab
AI 61. ± 1.4 Aa 37.0 ± 1.4 ABa 1.3 ± 0.1 Aa 12.8 ± 0.5 Ca 1.9 ± 0.1 BCc
AC 62.1 ± 2.6 Aa 32.9 ± 0.5 Ca 1.1 ± 0.0 ABa 13.3 ± 0.3 Cb 2.5 ± 0.1 Aab
KO 64.0 ± 1.8 Aa 37.2 ± 2.4 ABa 1.0 ± 0.1 Ba 11.4 ± 0.7 Da 1.7 ± 0.2 CDab
EA 63.4 ± 2.4 Aa 40.6 ± 2.4 Aa 1.2 ± 0.1 ABa 15.2 ± 0.6 Ba 1.6 ± 0.1 Db
MF 59.1 ± 1.6 Aa 32.1 ± 1.3 Cab 1.1 ± 0.2 ABa 17.1 ± 0.3 Aab 2.1 ± 0.0 Ba

3.6. Drivers of MAOC in Afforestation Mangrove

The Pearson correlations showed that the MAOC concentration was positively associ-
ated with OC:FeR, SWC, and salinity (p < 0.001, Figure 5A) but negatively associated with
FeO and pH among mangrove species (p < 0.001, Figure 5A). The random forest model indi-
cated that soil minerals (OC:FeR, FeR, and FeO) explained a much more significant portion
of the variance (from 9.95% to 20.73%) in MAOC concentration than soil physicochemical
parameters (pH, SWC, and salinity, from 5.42% to 11.71%) (Figure 5B).
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Figure 5. Environmental controls of mineral-associated organic carbon (MAOC), across the five
plantations, with Pearson correlation coefficient (A) and random forest model (B). R2 represents
the variance of MAOC explained by the random forest model. OCFeR, OC:FeR molar ratio; Layer,
different layers; MBC, microbial biomass carbon; Fet, total Fe; FeO, oxalate extracted iron; Fep,
pyrophosphate extracted iron; FeR, dithionite extracted iron; SWC, soil water content. Asterisks
indicate the significance of each predictor, with one, two and three asterisks indicating p < 0.05,
p < 0.01 and p <0.001, respectively.

4. Discussion

Our results show that SOC stocks across 1 m depth were generally higher in mangrove
plantations when compared to the MF (Figure 2). These results align with previous studies
around the coastal zone [46–48], probably due to the inputs derived from mangrove
residuals. Compared to shrub-grass species, arbor species typically had faster growth
rates and higher above-ground biomass that usually represents more significant litter
inputs [49–51]. Interestingly, the increased SOC stock after mangrove afforestation did not
differ among species (Figure 2). This suggests that allochthonous source inputs and/or
SOC decomposition rate may also affect SOC formation in different plantations.

With the two-source mixing model [52–54], we indeed found that the autochthonous
sources varied significantly among plantations, being generally higher (p < 0.01) in arbors
(EA, AC, and KO, 80.97% on average) than shrub-grass (AA and AI, 61.71% on average).
This suggests that the contribution of the allochthonous sources to SOC accumulation
cannot be ignored during afforestation, given the similar SOC stock among species. Due
to the higher-density frequency dominance index of shrub-grass species (AA, AI, about
42.9–49.4%) than arbor species (EA, AC, and KO, 2.0–15.7%) [55], we speculate that the
shrub-grass species may have more substantial wave attenuation and hence greater net
sediment deposition [56,57].

Our results also showed that SOC fractions differed among plantations. More in-
terestingly, we found that changes in POC and the proportion of autochthonous source
(f autochthonouse) in SOC showed similar patterns among the plantations. This is not surpris-
ing, as POC is often considered a plant C source that has not yet been fully decomposed
by microorganisms. The autochthonous C source before it reaches plantation sites is
often partly decomposed into necromass or DOC, which are both easily adsorbed onto
mineral-associated soil fractions. Thus, changes in MAOC were similar to the proportion
of autochthonous source (f autochthonous) among the plantations. Other factors may also
influence the differences in MAOC among plantations. First, soil Fe oxides in coastal man-
grove zones are highly activated due to periodical seawater intrusion [58–61], which would
favor bounding more DOC via adsorption and co-precipitation [62]. This is supported
by the positive relationship between MAOC and OC:FeR. Second, the lower soil pH and
higher salinity would suppress microbial activity and the decomposition of soil organic
matter [63]. The slowing decomposition of soil organic matter may provide more C sources
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for mineral adsorption [64]. Accordingly, we found a negative relationship between MAOC
and MBC among the plantations. Therefore, future climate change and/or environmental
pollution could change soil pH, salinity, Fe oxides, and SWC, which may have significant
impacts on soil C sequestration in mangrove plantations.

5. Conclusions

In this study, we collected soil samples from five monoculture plantations afforested
for 20 years and investigated their SOC stock, source, and fraction over 1 m depth. We
showed that mangrove plantations generally had higher SOC stock and stability compared
to the MF. However, SOC stock among the five plantations did not differ. In contrast, we
found that the sources and fractions of SOC varied significantly among plantations, which
may be associated with multiple environmental factors such as soil pH, salinity, Fe oxides,
and SWC. Our results suggest that while mangrove arbors may have great advantages
in vegetation C accumulation in soil as POC fraction, planting shrub-grass mangrove
species seemed to favor the accumulation of allochthonous C sources as MAOC fraction.
These findings could provide governments and policy makers with valuable information
to optimize stand structure and maximize C sequestration during mangrove afforestation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13092389/s1, Table S1. The value of δ13C (‰) in
different tissues of different plant types. Table S2. Two-way or one-way analysis of variance (ANOVA)
of soil physical and chemical parameters among the sites and soil layers.
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