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Abstract: Mangrove forests are large pools of soil organic carbon (SOC) found across the world,
and play a vital role in global carbon (C) cycling. In this study, to investigate the effects of spatial
factors on SOC in mangrove forests, soil samples at different depth layers from upper estuary (UE),
lower estuary (LE), and tidal inlet (TI) in the Qinglangang mangrove forest in Southern China were
collected and the differences in SOC among the layers and geomorphological settings were compared.
The mean SOC content showed a pattern of LE (4.63± 1.28%) > UE (2.94± 0.73%) > TI (1.44± 0.33%).
SOC content and storage decreased with soil depth in TI, but increased in UE. The total SOC storages
(0–80 cm) of sites TU, UE, and LE, were 104.41 ± 16.63, 207.14 ± 44.83, and 228.78 ± 19.37 Mg/ha,
respectively. The results suggested that top- and subsoil organic C content and storage were largely
dependent on their specific location, which underwent different river-sea interactions and human
activities. The SOC of the soil profile varied at different sites, implying that the current C storage of
mangrove ecosystems can be accurately estimated by quantifying the C of sediments at sites.

Keywords: soil organic carbon; soil carbon storage; tidal zone; mangrove wetland; spatial pattern

1. Introduction

Mangrove forests occur in the intertidal zones of coastal wetlands and are unique
forest ecosystems with high productivity and stable structure [1]. These forests have rich
biodiversity and important wetland functions [2–5]. The estimated carbon (C) emissions
due to mangrove deforestation are approximately 0.02–0.12 Pg per year, accounting for
10% of C emissions from all tropical deforestation [6–10]. Therefore, mangrove forests play
an important role in the global C cycle, although they account for only 2% of the world’s
coastal ocean area [11]. Mangrove forests contain soils rich in organic C that are 0.5 to
>3 m thick, and account for 49% to 98% of total C storage [6,12–14]. However, knowledge
about regional estimation of soil organic C (SOC) stocks at different sites is limited, and the
distribution characteristics of SOC storage in mangrove forests remain unclear [15] due to
the heterogeneity of mangrove sediment. Therefore, elucidating SOC storage at different
sites is necessary.

Recently, there have been numerous studies on SOC stocks in mangrove forests. Plant
vegetation types differ among mangrove ecosystems, affecting vegetation biomasses, and
thus, impacting soil C stocks [16] due to litter fall, root exudates, and microbial processes
in specific communities [17,18]. Environmental factors, such as tidal range, flushing, wave,
salinity, pH, bulk density, nutrient inputs, and landscape setting, are known to influence C
storage and burial rates in mangrove forest sites [19–24]. Although previous studies have
focused on the effect of biotic and abiotic factors on mangrove C, studies on the spatial
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distribution characteristics of SOC in different geomorphic settings of mangrove forests are
still limited. By comparing the SOC stock from Indo-Pacific mangroves, Donato et al. [6]
concluded that SOC content and storage was higher in estuarine sites situated on large
alluvial deltas than in oceanic sites situated in marine edge environments. In contrast,
Breithaupt et al. [25] showed that SOC sequestration was not statistically different between
the estuarine/riverine and oceanic mangrove forests. These contrasting results showed
that the influence of geomorphologic settings on C stock and sequestration is controversial.
Therefore, to understand how SOC varies under different geomorphologic settings, it is
necessary to collect geomorphologic scale data to better understand the role of mangrove
forests as C sinks [26].

The aims of this study were to (1) study SOC in different geomorphologic settings and
(2) elucidate the distribution characteristics of SOC in various soil layers. To achieve this,
through field experiments, we compared SOC concentration and stocks in mangrove forests
in three geomorphologic settings: upper estuary (UE), lower estuary (LE), and tidal inlet
(TI). We also investigated the variations in characteristics of SOC in soils from mangrove
forests at different depths.

2. Materials and Methods
2.1. Study Area

The study area was the Mangrove Nature Reserve of Bamen Bay (19◦22′–19◦35′ N,
110◦40′–110◦48′ E) at Qinglan Harbor in Wenchang City, Hainan Province, China (Figure 1),
located at the northern edge of the tropics. The reserve covers about 2948 hm2 (including
1223.3 hm2 of mangrove) and contains 24 mangrove species [3], the richest variety of
naturally growing mangrove species in China. It is an ideal site to study the distribution
pattern of soil C concentrations. The climate is tropical and subtropical with a mean annual
temperature of 23.9 ◦C and a mean annual precipitation of 1974 mm. Bamen Bay is an inner
bay with low and high tidal levels of 0.01 and 2.38 m, respectively, and a maximum tidal
range of 2.07 m. The mangrove forests are distributed mainly in the coastal area because
the bay is protected from wind and waves and holds rich sediments. The soil in this area
is acidic and sandy, composed mainly of fine particles deposited by rivers and tides or
scoured up by storms.
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Our study had three sample sites: TI, UE, and LE in the Bamen Bay Nature Reserve
(Table 1). The TI site was located at the mouth of Bamen Bay. It is a coastal marine setting
with tidal water and high waves. Sonneratia alba is the dominant species at this site. The UE
site was located by the Wenchang river, belonging to the riverine setting, which is near to
the lower river and about 2 km away from the estuary. This site is mainly fresh water, with
less tidal water. Bruguiera sexangula and Ceriops tagal are the dominant species. The LE site
was located at the entry to the river. This site is an estuarine setting with mixed fresh water
and tidal water. Sonneratia caseolaris and Lumnitzera racemosa are the dominant species at
this site.

Table 1. Site description in different geomorphological settings.

Site Name Longitude and
Latitude Features Dominant Species

Upper estuary
(UE)

110◦47′56.25”,
19◦36′59.47”

More Fresh water, far from the
estuary mouth

Sonneratia caseolaris,
Lumnitzera racemosa

Lower estuary
(LE)

110◦47′52.52”,
19◦36′7.98”

Fresh water and tidal water, near
to the estuary mouth

Bruguiera sexangula,
Ceriops tagal

Tidal inlet
(TI)

110◦50′20.58”,
19◦33′30.90” More tidal water, near to the sea Sonneratia alba

2.2. Field Investigation and Soil Sampling

In March 2012, we sampled nine plots (10 × 10 m) in total among the three sampling
sites. Three plots, going inland, were set up >20 m apart at each site. In each plot, two
80 cm soil cores were randomly taken with a steel corer of 5 cm in diameter during the
low tide period. Each core was separated into 16 segments (0–5, 5–10, 10–15, 15–20, 20–25,
25–30, 30–35, 35–40, 40–45, 45–50, 50–55, 55–60, 60–65, 65–70, 70–75, and 75–80 cm). A
semi-open corer was used to ensure the soil cores were not compressed. The two segments
of the same depth from the two cores taken at each plot were mixed as a composite sample
for subsequent analyses. There were three replicates for each segment of the same soil
depth at each site, for a total of 144 soil samples (3 sites × 3 plots × 16 segments). The soil
samples were air-dried and sieved through a 100-mesh screen in the laboratory.

2.3. Soil Analysis and Data Analysis

The measuring method of SOC was potassium dichromate external heating oxidation-
volumetric. Soil bulk density was measured by cutting-ring method.

SOC storage (Tc, Mg/ha) in the ith soil layer was calculated as follows:

Tc = BDi × OCi × di, (1)

where BDi and OCi are soil bulk density (g/cm3) and SOC content (%) of layer i, respectively,
and di is the thickness (cm) of the ith layer [4].

Data were analyzed with Microsoft Excel 2019 MSO (version 2209 Build 16.0.15629.20152)
and the statistical package SPSS 16.0 (SPSS Inc. Chicago, IL, USA). The effects of sites
and soil depths, and their interaction on SOC, were examined using two-way analysis
of variance (ANOVA). Furthermore, Turkey’s honestly significant difference multiple
comparisons test was performed to test the different significance of SOC among sites and
soil depths. The data were tested for normality of distribution and homogeneity of variance,
and no data transformation was needed.

3. Results
3.1. SOC Content of Three Sites

Table S1 shows that there were statistically significant differences for the SOC content
of the soil layers among the three geomorphologic settings, and there was interaction
between geomorphologic setting and soil depth. Geomorphologic setting impacted SOC
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content across the soil profile, and the SOC content in TI was significantly lower than that
in LE and UE (p < 0.001). There were significant differences for SOC content between upper
soil layers and bottom soil layers in UE and TI (p < 0.05), while in LE, the SOC content of
surface soil layers was significantly different (p < 0.05).

The average SOC contents for the whole (0–80 cm) soil profile were 1.4 ± 0.3% in
TI, 2.9 ± 0.7% in UE and 4.6 ± 1.3% in LE. The average SOC content in TI was lower
than that in UE and LE, with LE having the highest SOC content (p < 0.05). The profile
patterns of SOC content among the three sites were significantly different (Figure 2). The
SOC content in TI decreased with increasing soil depth. The mean SOC content in TI was
most abundant at the topsoil, at 2.5 ± 0.7%. The SOC in the 75–80 cm soil layer was the
lowest, at 0.7 ± 0.2%. In contrast, the SOC content in UE increased with the increasing soil
depth, and reached the highest value of 4.6 ± 0.9% in the 75–80 cm soil layer. The SOC
content in LE was the lowest in the topsoil layer at 1.1 ± 0.5%, increased to 8.2 ± 3.1% in
the 35–40 cm soil layer, and then decreased with increasing depth. In addition, the spatial
variability in SOC contents in soil profiles was assessed by the coefficient of variation (CV)
in our study. The CV values were 14.3–69.6%, 13.8–76.3%, and 19.7–64.3% for TI, LE, and
UE, respectively. This indicated that SOC content was heterogeneously distributed among
the sites.
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Figure 2. SOC content of different soil layers in three geomorphologic settings. Different lowercase
letters indicate significances among sites at the same soil layer (p < 0.05).

3.2. SOC Storage in Three Geomorphologic Settings

Table S2 shows that there were significant differences in the SOC storage of the various
5 cm soil layers among TI, UE, and LE sites (p < 0.001). SOC storage was much lower in TI
than in UE and LE (p < 0.001). The average SOC storage of the entire soil profile (0–80 cm)
was highest in LE (14.3 ± 5.7 Mg/ha). The SOC storage in UE and TI was 12.9 ± 6.5 and
6.5 ± 2.4 Mg/ha, respectively. Multiple comparison analysis revealed that SOC storage
was significantly different among soil layers in LE. The statistical differences for SOC
storage in the various soil layers were not found in TI and UE.

The distribution patterns were similar for SOC concentration and SOC storage in
various soil layers (Figure 3). SOC storage in TI was 7.7 ± 1.4 Mg/ha on the soil surface,
which first decreased and then increased to 8.4 ± 1.0 Mg/ha in the 40–45 cm soil layer,
and finally decreased to 4.1 ± 1.2 Mg/ha in the 75–80 cm soil layer. In UE, SOC storage
increased slightly with soil depth, reaching the highest value of 21.4 ± 3.7 Mg/ha in the
75–80 cm soil layer. Since it showed an upward trend, it can be inferred that the SOC storage
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value in UE may still increase below 80 cm soil depth. In the LE area, the SOC storage
significantly increased with soil depth, reaching the highest value of 21.4 ± 1.4 mg/ha at
the 45–50 cm soil layer, and then slowly decreased to 11.4 ± 0.9 mg/ha at the 75–80 cm
layer, which is still much higher than the C storage in the surface soil (4.8 ± 1.5 Mg/ha).
SOC stocks were heterogeneously distributed among sites similar to the SOC contents. CV
values were 17.9–57.5%, 11.2–70.9%, and 15.2–57.6% for TI, LE, and UE, respectively.
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Figure 3. SOC storage of various soil layers (5 cm) in three geomorphologic settings. Different
lowercase letters indicate significances among sites at the same soil layer (p < 0.05).

Overall, there was significantly lower SOC storage in TI than in UE and LE (Table 2).
The SOC storage was slightly higher in LE than in UE, although the difference was not
significant. In this study, the SOC storages of the 0–80 cm soil layer in TI, UE, and LE were
104.4 ± 16.6, 207.1 ± 44.8, and 228.8 ± 19.4 Mg/ha, respectively.

Table 2. SOC storage of various soil depth in different geomorphologic settings (mean ± standard
errors, n = 3).

Sample Depth
(cm)

SOC Storage (Mg/ha)

TI UE LE

0–10 14.4 A ± 2.8 16.2 A ± 2.7 11.2 A ± 4.1
0–20 27.4 A ± 6.1 33.2 A ± 5.9 33.8 A ± 1.9
0–30 41.7 B ± 6.8 51.6 AB ± 8.4 66.5 A ± 5.0
0–40 58.6 B ± 8.1 73.9 B ± 14.0 104.4 A ± 12.4
0–50 74.5 B ± 9.8 98.6 B ± 19.9 145.0 A ± 16.0
0–60 86.8 BC ± 11.3 129.2 AB ± 29.7 178.1 A ± 17.4
0–70 95.9 BC ± 13.9 167.1 AB ± 37.9 205.6 A ± 19.0
0–80 104.4 B ± 16.6 207.1 A ± 44.8 228.8 A ± 19.4

Note: Means followed by capital letters within rows are significantly different (p < 0.05) according to a one way
ANOVA; 3 replicates and 95% confidence level.

4. Discussion

SOC in mangrove forests is mostly constrained by geomorphological processes acting
at the coastal setting landscape level [27]. Waves, tidal range, and river discharge affect the
geomorphologic environmental settings [14], leading to different physical and biochemical
characteristics of mangrove soils [28,29]. Variations in SOC storage are linked to changes
in vegetation primary productivity and decomposition, which are in turn driven by bio-
chemical and physical factors [30]. Thus, varying geomorphologic settings of mangrove
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forests often result in different SOC storage. River input in estuarine settings brings a large
amount of sediment and nutrients. When the water flow in LE decreased, the reduced wave
action by the dense canopy may have retained the more suspended particulate organic
matter, which can promote root expansion, leading to the rapid deposition of litter and
organic detritus in soil [31–33]. Tides also carry abundant sediment, promoting the lateral
trapping of mud due to reduced water flow within mangrove forests [34]. Due to the
narrow river width and fast flow rate, the soil in mangrove forests in UE could not retain as
much organic matter, and the sediment and nutrients were slightly lower than those in LE.
Each coastal setting has a distinct environmental signature that controls the type and rate
of sediment supply to the coastline, influences nutrient load and limitation, and ultimately,
affects carbon accumulation in soil [35,36]. In this study, the TI site, which belongs to the
coastal setting, experienced high wave surfing and sediments being taken away. Tides in
TI promote nutrient exchange and the aeration of soil layers, enhancing organic matter
decomposition rates in mangrove soils [37], and ultimately leading to lower SOC in TI than
in UE and LE. This conclusion is consistent with the result that SOC in mangrove forests
was lower in oceanic sites than in estuarine sites [6].

Marine, riverine, and estuarine settings have different hydrological processes, such
as tidal activity, freshwater inputs, and waves. These hydrological processes influence
the chemical and physical conditions in mangrove ecosystems [37,38]. Thus, vegetation
biomass (structure) and soil physicochemical properties vary in different geomorphologic
settings [30,39]. Generally, higher biomass means more soil C stock [40,41] and biomass
and SOC concentration are significantly correlated [37,42]. This indicates that an increase in
vegetation biomass will increase mangrove-derived SOC in soil in mangrove forests [43]. In
our study, soil from the different geomorphologic settings showed different patterns of SOC
change with soil depth. SOC in LE increased with soil depth, reaching a maximum at 50 cm
depth before decreasing. This was probably caused by extensive root systems at a depth of
approximately 50 cm, which could promote the retention of organic matter and deposition
of the finer soil fraction which has a high SOC [44,45]. SOC change in UE decreased with
soil depth. From our field observation, the mangrove trees in UE were higher than those
in LE. This meant that plant residues and root exudates were transported and stored at
0–80 cm depth under anaerobic conditions, resulting in lower plant litter and root exudate
input. According to Sherman et al. [39], less nutrient-rich environments contribute to lower
biomass, productivity, and growth efficiency. Due to the high waves and resulting sediment
removal, the biochemistry of soil in TI changed and soil nutrients decreased. The decreased
root biomass resulted in low SOC, which agreed with the findings of Gleason and Ewel [37]
from a study of a Micronesian mangrove forest, where standing living root biomass was
positively correlated with the soil C.

SOC storage in mangrove forests is highly variable by latitude, region, and plant com-
munity compositions [9,46]. From individual field observations (Table 3), the soil C storage
generally decreased as the latitude increased from 0◦ to 30◦ [47]. However, soil C storage
also significantly varied among sites within the same 10◦ latitude interval. For example, at
0–10◦, the soil C storage in the east of the mouth of Amazon river, Brazil (340.0 Mg C ha−1),
was significantly lower than that of the Indonesian Archipelago (466.3 ± 10.9 Mg C ha−1)
and Yap and Palau Islands, Micronesia (692.5 Mg C ha−1) [48–50] At 10–20, the soil C
storage in our present study (180.1 ± 35.2 Mg ha−1) was similar to that found on the
southern Red Sea coast of Saudi Arabia (292 ± 4 Mg ha−1) [51], but lower than that found
at Sian Ka’an Biosphere Reserve, Quintana Roo State in the Yucatan Peninsula, Mexico
(489.0 ± 105.5 Mg C ha−1) [52]. Kauffman et al. [49] speculated that low soil C stocks in
the Amazon’s mangrove forests may be related to wave surging and the high tidal range,
coupled with coarse textured soils. SOC storage (42.5 ± 5.3 Mg C ha−1) of Red Sea man-
grove forests at a latitude of 20–30◦, was relatively low due to the low rainfall, nutrient
limitation, high temperature, and reducing soil deposition rates [53]. Therefore, the unique
environment of field sampling sites could lead to significantly different soil C storage from
the other sites at the same latitude intervals. These studies suggest that site-specific geo-
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morphologic settings and other conditions, such as vegetation composition and production,
salinity, nutrient limit, and C and nitrogen content of the soil [6,21,22,27,49,54], play a major
role in SOC storage in mangrove forests and may cause the patterns observed in this study.

Table 3. Comparison of SOC storage at different sites (mean ± standard errors).

Location Latitude C Storage
(Mg /ha)

Soil Layer
(cm) Reference

Indonesian Archipelago 00◦40′–07◦43′ S 466.3 ± 10.9 0–100 Murdiyarso et al. [48]
Mangroves of east of the mouth of Amazon

river, Brazil 00◦38′–00◦59′ S 340.0 ± N >100 Kauffman et al. [49]

Yap and Babeldoab island, Micronesia 07◦21′–09◦35′ N 415.6 ± 23.5 0–100 Kauffman et al. [4]
Two island groups of Micronesia

(Yap and Palau) 07◦35′–09◦33′ N 692.5± N 0–100 Donato et al. [50]

The Encrucijada Biosphere Reserve, in
Chiapas, Mexico 14◦43′ N 505.9 ± 72.6 <100 Adame et al. [31]

southern Red Sea coast of Saudi Arabia 17◦10′–17◦48′ N 292.0 ± 4.0 0–100 Eid et al. [51]
Mangrove Nature Reserve of Bamen Bay at

Qinglan harbor, China 19◦22′–19◦35′ N 180.1 ± 35.2 0–80 This study

Sian Ka’an Biosphere Reserve, Quintana
Roo State in the Yucatan Peninsula, Mexico 19◦28′–20◦05′ 489.0 ± 105.5 0–100 Adame et al. [52]

Saudi coast, Central Red Sea 22◦21′–23◦00′ N 42.5 ± 5.3 0–100 Almahasheer et al. [53]
Dampier, Port Hedland, Mangrove Bay, Bay
of Rest, Northern coast of Western Australia 20◦20′–22◦19′ 338.0 ± N 0–100 Alongi et al. [54]

Zhanjiang Nature Reserve in Yingluo Bay,
South China 20◦14′–21◦35′ N 229.1 ± N 0–100 Wang et al. [43]

The Zambezi River Delta, Mozambique about 21◦ 158.9 ± 27.8 0–110 Stringer et al. [55]
Amboa Swamp, New Caledonia 21◦44′ 283.2± N 0–100 Jacotot et al. [56]

Aribian Gulf, United Arab Emirates 24◦20′–25◦15′ 143.5 ± N 0–100 Schile et al. [57]

Note: N Means that the standard error has no value.

5. Conclusions

The mean SOC showed a pattern of LE > UE > TI, indicating that the different geo-
morphological settings induced different vegetation biomass (structure) and biochemical
characteristics of soil. The patterns of SOC change in the soil profiles varied by site. With
increasing soil depth, SOC first increased and then decreased in LE, decreased in TI, and
increased in UE. The total SOC storages (0–80 cm) of TI, UE, and LE were 104.41 ± 16.63,
207.14 ± 44.83, and 228.78 ± 19.37 Mg/ha, respectively. Our results showed that it is
necessary to quantify C accumulation in sediments at different sites when estimating the
present-day C storage of mangrove ecosystems. In addition, due to the heterogeneity of
mangrove sediments, there is a need to increase the number of sampling repetitions to
make global SOC estimation more accurate.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14203278/s1, Table S1: Two-way ANOVA for testing the effects
of geomorphologic setting and soil layer on contents of SOC; Table S2: Two-way ANOVA for testing
the effects of geomorphologic setting and soil layer on storages of SOC.
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