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Abstract

Mangroves can not only provide multiple ecosystem service functions, but are also efficient carbon producers,
capturers, and sinks. The estimation of the organic carbon accumulation rate (OCAR) in mangrove sediments is
fundamental for elucidating the role of mangroves in the global carbon budget. In particular, understanding the
past changes in the OCAR in mangrove sediments is vital for predicting the future role of mangroves in the rapidly
changing environment. In this study, three dated sediment cores from interior and fringe of mangroves in the
Yingluo Bay, China, were used to reconstruct the spatiotemporal variations of the calculated OCAR since 1900 in
this area. The increasing OCAR in the mangrove interior was attributed to mangrove flourishment induced by
climate change characterized by the rising temperature. However, in the mangrove fringe, the strengthening
hydrodynamic conditions under the sea level rise were responsible for the decreasing OCAR, particularly after the
1940s. Furthermore, the duration of inundation by seawater was the primary factors controlling the spatial
variability of the OCAR from the mangrove fringe to interior, while the strengthened hydrodynamic conditions
after the 1940s broke this original pattern.
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1 Introduction

Mangroves, exclusive ligneous plants occupying the intertid-
al zone in tropical/subtropical regions, provide multiple ecosys-
tem services (Duke et al., 2007; Nellemann et al., 2009; Hatje et
al., 2021). More importantly, mangrove forests play a dispropor-
tionately important role in global carbon cycling, and are key
blue carbon sinks that can contribute to climate change mitiga-
tion (Jennerjahn and Ittekkot, 2002; Jennerjahn, 2012; Duarte et
al., 2005; Duke et al., 2007; Alongi, 2014; Duarte, 2017; Sasmito et
al., 2020).

To precisely elucidate the role of mangroves in the global car-
bon budget, the measurement of the organic carbon accumula-
tion rate (OCAR) in mangrove sediments has attracted increas-
ing public attention (Duarte et al., 2005; Kristensen et al., 2008;
Breithaupt et al., 2012; Kusumaningtyas et al., 2019). Sediments
(soils) are the most effective and largest carbon sink in mangrove
ecosystems due to their capability to bury and preserve carbon
under anoxic conditions induced by frequent tidal inundation
(Kristensen et al., 2008). Moreover, unlike measuring carbon
storage, the OCAR addresses the question of how much OC is se-
questered in a specified period, quantifies the ongoing sink capa-

city, and subsequently aids in resolving the other aspects of sys-
tem-scale carbon budgets, such as import, export, and reminer-
alization (Breithaupt et al., 2012; Arias-Ortiz et al., 2018). The cur-
rent calculated global average OCAR in mangroves (mean:
179.6 g/(m?2-a), according to C) is approximately 20 times larger
than that of terrestrial forest ecosystems (Mcleod et al., 2011;
Alongi, 2020), further highlighting the critical role of mangroves
in the global carbon cycle.

However, there are still some key aspects and deficiencies in
OCAR studies in mangrove sediments. (1) The OCAR can be vari-
ous and site-specific in an individual same mangrove forest un-
der the function of several interrelated factors, such as forest
quality and the hydrological and geomorphological conditions
(Alongi, 2020; Hatje et al., 2021; Matos et al., 2020). Therefore,
surveys at different locations are indispensable and key for com-
prehensively assessing the carbon dynamics in mangrove ecosys-
tems. (2) Understanding the past changes in OCAR is important
for assessing the future role of mangroves in the rapidly chan-
ging environment (Jennerjahn, 2012; Hapsari et al., 2017). Many
researchers only focused on the average OCAR in mangrove
studies (Tateda et al., 2005; Yang et al., 2014; MacKenzie et al.,
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2016). The variations in OCAR and their influencing factors over
time are poorly understood (Cuellar-Martinez et al., 2020). (3) A
100 a time span is the most effective standard for long term OCAR
studies in coastal wetlands (Breithaupt et al., 2014). However, the
time spans of some studies were insufficient, or sediment cores
lacked reasonable chronological frameworks (i.e., poor or uncor-
rected 219Pb results), all of which caused imprecise OCAR estima-
tion (Kusumaningtyas et al., 2019). (4) Few studies have linked
the variations in carbon accumulation and carbon sources, par-
ticularly for mangrove-derived OC, which is crucial for evaluat-
ing the effectiveness of mangroves as blue carbon sinks
(Kusumaningtyas et al., 2019; Matos et al., 2020).

Here, using three sediment cores reliably dated by 21°Pb chro-
nology from different geomorphic settings in the Yingluo Bay,
China, this study reconstructed the spatiotemporal variations in
the calculated OCAR since 1900 in this area and discussed the
factors controlling these variations. This study would be benefi-
cial for evaluating the function of mangrove ecosystems in the
carbon cycle and provides a theoretical reference for national
carbon strategies in the future.
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2 Materials and methods

2.1 Study area and sampling sites

The Yingluo Bay, located in the northern Beibu Gulf, Guang
Xi Zhuang Autonomous Region, and adjacent to the Leizhou
Peninsula, China, contains the Shankou Mangrove National
Nature Reserve (SMNNR; 21°28'-21°37’'N, 109°37'-109°47'E)
for mangroves (Fig. 1), covering a total area of 80 km? and
stretching along the coast for 50 km. There are 21 mangrove spe-
cies in the area, that exhibited a zonal distribution from the dike
(Excoecaria agallocha) to the upper (Bruguiera ggymnorrhiza and
Rhizophora stylosa), middle (Kandelia candel and Aegiceras cor-
niculatum), and lower (Avicennia marina) tidal flats (Li et al.,
2008). The landforms consist of mangrove flats, tidal flats, and a
tidal creek system. The sediments are primarily composed of silty
clay and sandy-silty clay. The reserve is located far away from the
estuary, and terrestrial materials are transported to the man-
grove swamps by the Beibu Gulf circulation (Xia et al., 2015).

The study area experiences a tropical monsoonal climate with
a pronounced maritime influence. The mean annual temperat-
ure is 22.4°C, with maximum and minimum temperatures of
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37.4°C and -0.8°C, respectively. The average annual rainfall is
1 815 mm, 80%-85% of which falls during the summer rainy sea-
son (April to September). The region experiences an irregular di-
urnal tide with a mean tidal range of 2.5 m (Meng and Zhang,
2014). The features of the seawater, which are only affected by
monsoonal rainfall, are relatively stable, with a mean temperat-
ure of 23.5°C, salinity of 20-23, and pH of 7.6-7.8 (Fan et al.,
2005).

In this study, three sediment cores (YLBO1, YLB02 and YLB03)
were collected from the SMNNR during May 2011 using PVC

tubes with a length and internal diameter of 120 cm and 10 cm,
respectively (Fig. 1a). The detailed properties of these cores are
provided in Table 1. Cores were collected equidistantly from
trees to minimize the effects of mangrove roots and crab burrows
(Alongi et al., 2005). The sediments collected in the tubes were
extruded stepwise using a manual piston and cut into columni-
form subsamples with a thickness of 2 cm. All subsamples were
then stored in tinfoil and polyethylene box at 4°C for further
laboratory analysis.

Table 1. Basic information of mangrove sediment cores in the Yingluo Bay, tropical China

Length Position in

Geomorphic setting

Mangrove species

Site  Latitude Longitude

/cm  mangrove
YLBO1 21°29'49"N 109°45'36"E 66 interior
YLB02 21°29'39"N  109°45'48"E 88 fringe
YLB03 21°29'53"N  109°45'38"E 50 interior

upper tidal flat near the tidal creek
middle tidal flat near the trunk of the tidal

upper tidal flat near the land

Rhizophora stylosa, Kandelia candel
Kandelia candel, Aegiceras corniculatum
creek
Bruguiera gymnorrhiza, Rhizophora

stylosa

2.2 210Pp qctivity analysis

210pp activity was determined by analyzing the radioactivity of
the decay product 21°Po at the Qingdao Institute of Marine Geo-
logy, assuming that both were at equilibrium (Guo et al., 2007).
The Po was extracted, purified, and self-plated onto Ag disks.
209Pp was used as a yield monitor and tracer in quantification.
Samples were counted by computerized multi-channel o spec-
trometry with Au-Si surface barrier detectors. The excess 21°Pb
(?1°Pb,,) specific activity was determined by subtracting the sup-
ported 2!°Pb (2!°Pb, ) activity, assuming that it was in equilibri-
um with ?26Ra, from the measured total 2!°Pb (21°Pb, ) specific
activity (Krishnaswamy et al., 1971). The value of 137Cs was be-
low the detection limit as its content in sediment cores from hab-
itats located in the Southern Hemisphere and near the Equator,
such as tropical China, is extremely low (Arias-Ortiz et al., 2018).

2.3 Bulk properties analysis

Macroscopic, thick, living roots were removed from sedi-
ments before analysis, while fine roots were retained to maintain
the original sedimentary structure and consistency (Smoak et al.,
2013). This approach is consistent with the method followed in
other studies on the OCAR and standing stock in mangrove sedi-
ments (Donato et al., 2011; Breithaupt et al., 2012).

The grain size distributions were measured using a Malvern
Mastersizer 2000 laser particle analyzer (Malvern, UK) at a meas-
urement range of 0.02-2 000 pm and size resolution of 0.01® after
removing the organic matter (OM) and carbonate fractions by
adding 15 mL 3% H,0, and 5 mL 10% HCI, respectively. All
sample preparation and measurement processes were conduc-
ted at the Key Laboratory of Marine Geology and Metallogeny,
First Institute of Oceanography, Ministry of Natural Resources.

The freeze-dried sediment samples were treated with 1 mol/L
of HCI for 24 h at room temperature (25°C) to remove the inor-
ganic carbon and then rinsed with ultra-pure water several times
until neutral (pH=7) was achieved, and left to dry at 50°C for 72 h.
Approximately 30-40 mg of homogenized dry sediments were
carefully placed in tin capsules and crimp-sealed for analysis.
The stable organic carbon isotope (8'3C), total organic carbon
(TOC), and total nitrogen (TN) contents were determined using a
Delta Plus XP mass spectrometer (Thermo Scientific, Germany)
coupled with an elemental analyzer (Flash EA 1112, CE Instru-
ments, UK) in the continuous flow mode at the Stable Isotope
Laboratory of the College of Resources and Environmental Sci-

ences, China Agricultural University (Beijing). The results are re-
ported in standard delta notation (8) using permitted units (%o):

3 (%U) = (Rsample - Rstandard) /Rslandard x 1 000: (l)

where d represents the stable isotope value of organic carbon,
and R is the 13C/12C ratio. The Vienna PeeDee Belemnite (VPDB)
was used as the reference standard for carbon. The analytical
precisions of the 13C, TOC, and TN contents were +0.2%o,
+0.02%, and + 0.005% (according to weight), respectively. The
C/N was calculated as the atomic ratio of the TOC to TN.

2.4 Organic carbon accumulation rate

Dry bulk density (DBD, g/cm3) was determined as the dry
sediment weight (the sediment was dried at 105°C for over 72 h)
divided by the initial volume, using pre-weighed stainless steel
specimen cups (Matos et al., 2020). And then, the OCAR
(g/(m2-a), according to carbon) can be calculated by multiplying
the sedimentary rates (SR, cm/a) by the sediment dry bulk dens-
ity (DBD) and OC (percentage) content, as follows (Sanders et al.,
2010; Hapsari et al., 2017):

OCAR = SR x DBD x OC x 100, )

where the SR was determined from the 21°Pb chronology (see
Section 3.1).

2.5 Endmember mixing model

Endmember mixture models can be used to quantitatively
calculate the relative contribution of different potential OC
sources to a sample (Dittmar et al., 2001; Gonneea et al., 2004).
The model based on the §'3C and C/N has been widely used to
identify the sources of OM in the sediments and/or suspended
solids of different ecosystems such as rivers, lakes, coasts, and the
deep sea (Gonneea et al., 2004; Meng et al., 2017; Dong et al.,
2020; Zhang et al., 2021). In general, the potential endmembers
of OC sources in mangrove sediments mainly include terrestrial
matter, mangrove production, and marine phytoplankton (see
Section 4.1.1; Xia et al., 2015; Meng et al., 2016, 2017). The formu-
las of the ternary mixing model based on 3'3C and C/N are as follows:

3" Coample = (fa x 8'°Ca) + (fs x 8"°Cp) + (fu x 8"°Cm),  (3)
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C/Nsample = (fA X C/NA) + (fB X C/NB) + (fM X C/NM)’ (4)

MAtf+m=1, (5)

where A, B, and M are the potential OM end-members and frep-
resents the contributory percentage of each endmember. The §'3C
and C/N values of the endmembers will be discussed in Section
4.1.1. Notably, when the OC in a sample is a mixture of two sour-
ces, it should be explained using a binary mixing model with 3'3C.

3" Coample = (fa x 8°Ca) + (fs x 5"°Cg), (6)

MAt+f=1 @)

2.6 Statistics and visualization

Pearson correlation analysis and two-tailed significance tests
were conducted to determine the correlation between the differ-
ent parameters. Correlations were considered significant at
p<0.05. Data analyses were conducted using SPSS 22.0 (SPSS,
USA) for Windows, and the “+” symbol represents the standard
deviation. The maps and diagrams were mainly produced using
Surfer 15, Grapher 13 (Golden Software, USA), and Core]lDRAW
2018 (Corel, Canada).

3 Results

3.1 210Pp chronology

The plots of the 21°Pb chronology for the three cores are
shown in Fig. 2. The 219Pb, remained almost constant below
depths of 49 cm, 49 cm, and 39 cm at YLBO1, YLB02, and YLBO03,
respectively (Figs 2a, f and k). Thus, these values can be used as
the 21%Pb , according to the variations in 2!9Pb,, with depth. The
calculated 21°Pb,, at YLBO1, YLB02, and YLB03 were (45.48+
33.84) Bq/kg, (21.41+19.32) Bq/kg, and (21.59+17.56) Bq/kg, re-
spectively. The imperfect 21°Pb,_ profiles prepared to establish
the age model must be corrected by sediment compaction (Rob-
bins and Edgington, 1975), due to the various DBD at different
depths (Figs 2b, g, and 1). The cumulative mass depth for each
sediment core was determined by DBD and the thickness of each
interval (Sanchez-Cabeza and Ruiz-Ferndndez, 2012).

Three models are widely used to establish the 21°Pb age mod-
el, i.e., the constant flux-constant sedimentation (CF-CS), con-
stant rate of supply (CRS), and constant initial concentration
(CIC) models. The CIC model requires a monotonic down-core
decrease in the 219Pb, specific activity to avoid age reversals,
which is rarely used for most vegetated coastal sediments due to
its restrictive hypothesis (Sanchez-Cabeza and Ruiz-Fernandez,
2012; Arias-Ortiz et al., 2018). In this case, the calculation of
mean accumulation rates alone using the CF-CS model may be
more reasonable (Krishnaswamy et al., 1971; Arias-Ortiz et al.,
2018). However, the CRS model has been widely applied and val-
idated in estuarine environments and vegetated coastal ecosys-
tems (Breithaupt et al., 2014, 2020) as it is less restricted by issues
associated with non-monotonic features in the 2!°Pb record and
is relatively insensitive to mixing (Appleby and Oldfield, 1992).

The CRS model was preferentially used to study the 21°Pb
chronological framework in this study. The mass accumulation
rates (MARs) were 0.34 g/(cm?2-a) (0.12-0.79 g/(cm?-a)), 0.56 g/(cm?-a)
(0.48-0.87 g/(cm?-a)), and 0.47 g/(cm?-a) (0.22-0.73 g/(cm?-a)) in
YLBO1, YLB02, and YLBO3, respectively (Figs 2c, h, and m). The
average MARs based on the CF-CS model were 0.43 g/(cm?-a),
0.56 g/(cm?-a), and 0.47 g/(cm?2-a) in YLBO1, YLB02, and YLBO03,

respectively, according to the In(?1°Pb,,) and mass depth after
eliminating the impacts of the surface mixing layer (Figs 2d, i,
and n). The reliability of the CRS model was demonstrated by the
similar 21°Pb chronological results calculated using the CF-CS
model (Figs 2e, j, and o). The SR in each layer was obtained by
the MAR and DBD values (Sanchez-Cabeza and Ruiz-Fernéndez,
2012), and its mean values in the three cores were close to those
reported in previous studies on the Guangxi coasts (Xia et al.,
2015; Meng et al., 2016). The 219Pb geochronology was dated up
to depths of 49 cm, 49 cm, and 39 cm in YLBO1, YLB02, and
YLBO03, corresponding to the years of 1890 AD, 1897 AD, and 1887
AD, respectively. Therefore, the sedimentary history since 1900 in
the study area can be reconstructed.

3.2 Bulk properties

Cores YLBO1 and YLB03 were both obtained in the mangrove
interior, while Core YLB02 was obtained in the mangrove fringe
of the SMNNR (Fig. 1a). Specifically, YLBO1 was obtained near a
small branch of the tidal creek, while YLB03 was obtained closer
to land, and YLB02 was obtained near the trunk of the tidal creek
(Table 1). The bulk properties of these cores are shown in Fig. 3,
including the grain size, TOC, TN, C/N, and '3C.

3.2.1 Mangrove interior cores (YLBOI and YLB03)

The proportions of sand, silt, and clay in the sediment of Core
YLBO1 were 17.3%, 61.8%, and 20.9%, respectively. The mean
grain size (M,) varied from 5.399 to 6.39®, with an average of
(6.23£0.46)®. The TOC and TN contents were (2.03+0.37)% and
(0.12+0.03)%, respectively, and had increased since 1900. The
C/N value ranged between 11.9 and 35.5, with a mean of 20.1+
4.41. The average §'3C value was (-27.3+0.6)%o, ranging from
—28.1%o to —25.4%o, and had gradually decreased since 1900.

The sand, silt, and clay contents in the sediment of Core
YLBO3 were 42.9%, 43.2%, and 13.9%, respectively. The M, varied
from 3.74® to 6.25®, with an average of (4.76+0.54)®. The C/N
value ranged between 12.3 and 28.3, with a mean of 19.2+3.68.
Similar to Core YLBO1, the TOC and TN contents had increased
trend since 1900, while §'3C followed an opposite trend. The TOC
and TN contents were (1.14+0.42)% and (0.07+0.02)%, respect-
ively, while the average 8'3C value was (-27.3+0.6)%o, ranging
from -29.2%o to —26.9 %o.

3.2.2 Mangrove fringe core (YLB02)

The proportions of sand, silt, and clay in the sediment of core
YLBO02 were 30.1%, 51.4%, and 18.5%, respectively. The M, varied
from 4.06® to 7.29®, with an average of (5.65+1.02)®. The TOC
and TN contents were (1.29+0.63)% and (0.08+0.04)%, respect-
ively. The C/N value ranged between 14.4 and 23.5, with a mean
value of 19.0+2.05. The average 8'3C value was (-27.9+0.6) %o,
ranging from —28.8%o to —26.6%o. This core can be divided into
two sections bounded by the 1940s according to the variations in
the bulk properties over time. Before the 1940s, the sediment
composition, M,, TOC, TN, and §'3C were relatively stable, while
these values were very different after the 1940s since the abrupt
change in the 1940s. The overall trends of the TOC and TN con-
tents were contrary to those of YLB0O1 and YLBO03, while the total
trend of the §!3C value was consistent with that of the other cores.

3.3 Organic carbon accumulation rate

The OCAR value in the Yingluo Bay since 1900, which were
calculated using Eq. (2), are shown in Fig. 4. In Core YLBO1, the
OCAR varied from 12.7 g/(m2-a) to 216.12 g/(m2.a) (according to
carbon), with an average of (91.7+47.7) g/(m?-a) (according to
carbon) (Fig. 4a). The average OCAR value in Core YLB02 was
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Fig. 2. Vertical profiles of 210Pb activity, dry bulk density (DBD),

and mass accumulation rate (MAR) vs. depth, and In(?'°Pb,,) and

ages vs. mass depth in sediment cores of YLBO1 (a-e), YLBO2 (f-j), and YLB03 (k-o).

(76.8+32.8) g/(m?-a) (according to carbon), which ranged from
4.5 g/(m2-a) (according to carbon) to 135.8 g/(m?2-a) (according to
carbon) (Fig. 4b). In Core YLBO3, the OCAR ranged between
7.9 g/(m2.a) (according to carbon) and 135.8 g/(m?-a) (according
to carbon), with a mean value of (65.6+36.3) g/(m?-a) (according
to carbon) (Fig. 4c). In the mangrove interior (i.e., Cores YLBO1
and YLBO03), the OCAR had increased since 1900. In contrast, the

changes in the OCAR of the mangrove fringe (i.e., Core YLB02)
decreased with oscillations. The most notable change occurred
in the 1940s, which agreed with the variations in the other para-
meters, such as the grain size, TOC, TN, and 83C (Fig. 3). Before
the 1940s, the OCAR in the mangrove fringe was obviously high-
er than that in the mangrove interior with a collectively increas-
ing trend with time; however, after the 1940s, the change in the
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Fig. 3. Variations in the grain size fraction, mean grain size (M,), total organic carbon (TOC) and total nitrogen contents (TN), atomic

C/N ratio, and stable organic carbon isotopes (513C

org

OCAR of the mangrove fringe constantly oscillated and was lower
than that of the mangrove interior (Fig. 4).

4 Discussion

4.1 Organic carbon sources

4.1.1 Potential sources of organic carbon and their end-member

values

The OC stored in mangrove sediments is the refractory frac-

) in sediment cores of YLBO1 (a-f), YLB02 (g-1), and YLB03 (m-r) since 1900.

tion remaining after decomposition and originates from autoch-
thonous and allochthonous inputs. The autochthonous inputs
include mangrove (i.e., mangrove roots and leaf litters) and mi-
crobial (e.g., bacteria) production, while the allochthonous in-
puts include terrestrial matter and marine phytoplankton (Bouil-
lon et al., 2004; Sasmito et al., 2020). However, microbes alone
contribute less than 1% of the OC in mangrove sediments (Bouil-
lon et al., 2004). Therefore, terrestrial matter, mangrove produc-
tion, and marine phytoplankton can be considered as the poten-
tial endmembers of the sedimentary OC sources in this study.
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Fig. 4. Variations in the organic carbon accumulation rate (OCAR) in sediment cores of YLBO1 (a), YLB02 (b), and YLBO3 (c) since

1900.

Notably, previous studies in the Yingluo Bay and Qinzhou Bay,
South China, show that the contribution of marine input to sedi-
mentary OC is estimated to be <5% (Xia et al., 2015; Meng et al.,
2016), which may be caused by the lower primary production
and stronger ebb-tidal current with the irregular diurnal tide
(Meng and Zhang, 2014).

The average 3!13C and C/N values of the leaves of different
mangrove species (n=24) collected along the Guangxi coasts are
(-28.7+0.8)%o and (36.4+7.3) (Xia et al., 2015; Meng et al., 2016),
respectively, which are consistent with those from the Hainan Is-
land, tropical China (Herbeck et al., 2011). Although mangrove
roots and leaf litter are both important OC sources in mangrove
sediments, the §'3C and C/N values of roots are generally within
the range of, or overlap, those of leaf litter (Kusumaningtyas et
al., 2019; Sasmito et al., 2020). Therefore, the §13C and C/N val-
ues of Guangxi mangrove leaves can be regarded as the end-
member values of mangrove production. The terrestrial and mar-
ine endmembers were represented by the riverine sediments
from the rivers flowing into the northern Beibu Gulf
(813C=(-24.3£0.6)%o; C/N=12.6+1.9) and phytoplankton in the
northern South China Sea (63C=(-16.1%0.8)%o; C/N=(6.5 + 0.7);
Xue et al., 2009; Meng et al., 2016, 2017).

4.1.2 Sources of organic carbon in mangrove sediments

The three potential endmembers exhibit a clear separation in
the 313C vs. C/N scatter plot (Fig. 5), which provided the basis for
identifying the OC sources. Most samples of this study were loc-
ated in the area connecting the mangrove leaves and river sedi-
ments, indicating that the OC of the samples was a mixture of
only these two endmembers. This result further proved that the
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Fig. 5. Scatter diagram of 613C,, vs. C/N for identifying the or-
ganic carbon sources in the three sediment cores. The endmem-
ber values are from Xue et al. (2009), Xia et al. (2015), and Meng
etal. (2016).

contribution of OC from marine phytoplankton could be neg-
lected. Previous studies reported that 3!3C is a more credible
tracer for calculating the contributions of OC in sediments, par-
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ticularly in sediments with a few OC content (Gonneea et al.,
2004), while C/N may be more likely altered by early diagenesis
and degradation (Lamb et al., 2006; Xia et al., 2021). Therefore,
the contribution of mangrove-derived OC (CMOC) and contribu-
tion of terrigenous OC (CTOC) in mangrove sediments can be
calculated using a binary mixing model based on the §'3C value.
The average CMOC and CTOC were (68.5£12.7)% (25.2%-
85.7%) and (31.5+12.7)% (14.3%-74.8%) in Core YLBO1 (Fig. 6a),
respectively. The average CMOC was higher in Core YLB02 (Fig. 6b),
with a mean value of (81.6+13.8)% (52.8%-100%), whereas the
CTOC was only (18.4+13.8)% (0-47.2%). The average CMOC and
CTOC in Core YLBO3 were (82.6+11.7)% (61.2%-100%) and
(17.4£11.7)% (0%-38.8%), respectively (Fig. 6¢). Overall, the
changes in the CMOC in the three cores all increased over time.

4.2 Tracing mangrove development by the contribution of man-

grove-derived organic carbon

The application of CMOC has successfully reconstructed the
histories of mangrove development with different time scales in
different regions of the tropics, e.g., western coast of peninsular
India (Caratini et al., 1994), Flamenco Lagoon in Puerto Rico
(Franca et al., 2014), Maowei Sea in tropical China (Meng et al.,
2016), and the Amazon Estuary of northern Brazil (Cohen et al.,
2016). Therefore, the CMOC is an effective proxy for recovering
regional mangrove development (Xia et al., 2021). The CMOC of
the three cores from the Yingluo Bay had all increased since 1900
based on the linear regression (Fig. 6; Figs 7a-c), indicating that
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mangrove forests have flourished in this region since 1900. The
mangrove pollen (MP) content is also one of the simplest and
most effective proxies for tracing mangrove evaluation (Gonneea
etal., 2004; Ellison, 2008; Li et al., 2008). The tendency of the MP
content in the Yingluo Bay since 1900 (Xia et al., 2015) was con-
sistent with that of CMOC (Figs 7a-d), further demonstrating the
gradual mangrove flourishment in the Yingluo Bay since 1900.

4.3 Factors controlling the spatiotemporal variations in the or-

ganic carbon accumulation rate

The accumulation of OC in mangrove sedimentary systems is
affected by numerous processes, including the supplies of OC
from several sources, settlement of particulate OC in tidal water,
re-suspension of sedimentary OC, seaward migration and final
export of OC by the ebb-tidal current, and the post-depositional
decomposition of OC (Kristensen et al., 2008). In brief, mangrove
OC accumulation is the ultimate outcome of the balance
between OC production and decomposition under the effects of
sedimentary processes, and this balance can be affected and
altered by several factors that can vary and be site-specific
(Hapsari et al., 2017). In this study, the potential factors influen-
cing the OCAR in the Yingluo Bay mainly contained mangrove
development, regional climate, hydrological condition, and sea-
level.

4.3.1 Mangrove development and climate
The OC supply and accumulation can be affected by man-
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grove development, which was traced by CMOC, as mangroves
were the most important OC contributor ((77.2+14.4)%) in the
Yingluo Bay. The influences of mangrove development on the
variations in OCAR were determined by calculating the correla-
tion coefficients between the OCAR and CMOC (Figs 8a-c) and
assessing the parallel relationships between their changes over
time (Figs 7a-c). For Cores YLBO1 and YLB03, which were collec-
ted from the mangrove interior, the variations in OCAR since
1900 were overall consistent with their corresponding CMOC val-
ues (Figs 7a and c), with significant positive correlations of
R=0.64 (p<0.01, n=25) and R=0.71 (p<0.01, n=20), respectively
(Figs 8a and c). The results indicated that the variations in the
OCAR at the interior of mangrove forests were mainly controlled
by mangrove development. That is, the increase in the OCAR
since 1900 was due to mangrove flourishment.

Climate change and anthropogenic activity are two signific-
ant factors controlling the evolution of mangrove forests on the
centurial time scale (Xia et al., 2015; Meng et al., 2016; Veettil et
al., 2019) and should be considered as the further potential reas-
ons for the variations in OCAR. The SMNNR in the Yingluo Bay is
located far away from industrial areas and city centers, and is
considered natural, i.e., not influenced by human activity (Xia et
al., 2015). To determine if the observed changes in mangrove de-
velopment were related to regional climatic fluctuations, this
study compared the CMOC records in the Cores YLBO1 and
YLBO03 with the annual average air temperature of Beihai since
1953, and the annual average air temperature and rainfall of
Guangxi since 1900 (Figs 7e-g) recorded by the Guangxi Climate
Center (Huang et al., 2007). The Morlet wavelet analysis results
indicated an increasing trend for temperature, accompanied by
quasi-biennial oscillations in the temperature variations, while

precipitation exhibited a decreasing trend with 32 a and quasi-bi-
ennial oscillations (Huang et al., 2007). The growing trends of
CMOC and OCAR were consistent with those of temperature (Fig.
7e) instead of the precipitation (Fig. 7g), particularly for OCAR
and temperature since 1953 (Fig. 7f). Generally, a gradual rise in
temperature will promote mangrove growth and result in the ex-
pansion of mangroves towards higher latitudes (Osland et al.,
2017). Therefore, climate change characterized by rising temper-
atures was the key factor causing mangrove flourishment and the
associated increase in the OCAR of the mangrove interior area,
which was consistent with previous findings in the Yingluo Bay
(Xia et al., 2015).

The variations in OCAR were not parallel with their corres-
ponding CMOC in Core YLB02, which was collected from the
mangrove fringe (Fig. 7b), with a poor correlation (R=0.16, p>0.1,
n=25; Fig. 8b), meaning that there were other factors controlled
the OCAR variations since 1900.

4.3.2 Hydprological condition and sea level

The coefficient of the grain size variation (CV), which is
defined as the ratio of the standard deviation (i.e., sorting coeffi-
cient) and M,, can be used to evaluate the hydrodynamic intens-
ity (Yang et al., 2014). For the sake of clear expression, this study
enlarge it 100 times and express it as 100 CV. At the sites located
in the mangrove interior (YLBO1 and YLB03), there was no correl-
ation between OCAR and 100CV (Figs 8d and f), with R values of
0.11 (p>0.5, n=25) and 0.05 (p>0.5, n=20), respectively, while the
OCAR were significantly and positively correlated with CMOC
(Figs 8a and c). These results further indicate that the variations
of OCAR in the mangrove interior were primarily affected by loc-
al mangrove development instead of hydrodynamic conditions.
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Fig. 8. Bivariate plots of the organic carbon accumulation rate (OCAR) vs. the contribution of mangrove-derived organic carbon
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The dashed lines and shaded areas represent the 95% confidence intervals.
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However, for the site in mangrove fringe (YLB02), the variation
tendency of OCAR was in contrast with its corresponding 100CV
(Figs 7b and h), with a significant negative correlation (R=0.72,
p<0.01, n=25) (Fig. 8e), indicating that the hydrodynamic condi-
tion, especially the to-and-fro tide, was the main factor affecting
the OCAR in the mangrove fringe since 1900.

Mangroves, located on intertidal sediments with a gentle
slope, are very sensitive to sea-level changes (Woodroffe et al.,
2016). A sea-level rise will strengthen the tidal (wave) energy un-
der the background of climatic warming, which can accelerate
the oxidative decomposition of OM and reduce its burial effi-
ciency in sediments with the increasing sediment grain size
(Breithaupt et al., 2012; Smoak et al., 2013; Yang et al., 2014;
Arias-Ortiz et al., 2018; Veettil et al., 2019). In the SMNNR, which
is free from human influence, the variations in the hydrodynam-
ic conditions were likely to be induced by sea-level changes,
which was a further factor impacting the OCAR. In this study re-
gion, the sea-level has increased since 1900 (Fig. 7i) in accord-
ance with the global sea-level rise (Frederikse et al., 2020). Be-
fore the 1940s, the sea-level exhibited a gradually increasing
trend (0.6 mm/a), corresponding to a lower 100CV and higher
OCAR value in mangrove fringe (Figs 7b and h). After the 1940s,
the sea level increased obviously, which corresponds to the in-
creasing 100CV and decreasing OCAR in mangrove fringe. In par-
ticular, the sea level abruptly increased by approximately
5.5 mm/a during 1940-1955, and meanwhile, the sediment com-
position coarsened (Fig. 3g), 100CV increased (Fig. 7h), and
OCAR decreased (Fig. 7b) remarkably. Therefore, the strengthen-
ing hydrodynamic conditions, induced by sea level rise, still lim-
ited the OC accumulation, even if mangrove degeneration did
not occur and maintained normal OM production (Fig. 7b). Ad-
ditionally, the intensity and frequency of extreme weather and
climate events have increased on a global scale (Bellprat et al.,
2019), e.g., increasing rainstorms in South China since 1960 (Chi
et al., 2016), which would also strengthen hydrodynamic condi-
tions, leading to sediment resuspension and promoting OM de-

composition (Breithaupt et al., 2012; Smoak et al., 2013;
Kusumaningtyas et al., 2019). This may be another potential reas-
on for the low OCAR in the mangrove fringe after the 1940s.

The hydrological conditions and sea level rise should also be
responsible for the spatial variability of OCAR between the man-
grove interior (YLBO1 and YLB03) and fringe (YLB02). The dura-
tion of seawater inundation plays an important role in con-
trolling the site-specific OCAR. Longer duration of seawater in-
undation favors additional capture of OC from both mangrove
plants and allochthonous sources and restricts the OC decay in-
duced by aerobic respiration, which are critical mechanisms
causing decreases in the OCAR from the seaward to landward
fringes of mangroves (Sanders et al., 2010; Breithaupt et al.,
2020). Specifically, YLB03 was closer to land in the mangrove in-
terior, while YLBO1 was located near a small branch of the tidal
creek in the mangrove interior, and YLB02 was located near the
trunk of the tidal creek in the mangrove fringe (Table 1). There-
fore, the OCAR decreased from YLBO02 to YLBO1 and YLBO03, i.e.,
from the sea to the land, before the 1940s (Fig. 4). However, the
strengthened hydrodynamic conditions mentioned above broke
this pattern after the 1940s, resulting in a relatively low OCAR in
YLBO02 (mangrove fringe) during this period, while this trend re-
mained at YLBO1 and YLB03 (mangrove interior; Fig. 4) and the
OCAR increased along with mangrove development, as the
strong wave energy will be eliminated by the blocking effect of
the dense and complex aerial root systems (e.g., prop roots and
pneumatophores) in mangrove forests (Duke et al., 2007).

To sum up, the variations of OCAR over time since 1900 were
the ultimate outcome of the balance between OC production in-
duced by mangrove development and OC decomposition caused
by hydrodynamic intensity (Fig. 9). Meanwhile, the hydrologic
condition (i.e., duration of tidal inundation and tidal current in-
tensity) controlled the spatial change of OCAR (Fig. 9). At
present, the research on OCAR of mangrove sediments mostly fo-
cuses on its spatial variation. Similar to the findings of this study,
a previous study regarding the OCAR in four areas of the Leizhou
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Peninsula indicate that hydrogeomorphology determined the or-
ganic carbon accumulations (Yang et al., 2014). In this study, the
guiding ideology in the analysis of spatiotemporal variations in
OCAR is the so-called “balance idea”, which has been widely
used in recent studies regarding OC accumulation in mangrove
forests (Kusumaningtyas et al., 2019; Breithaupt et al., 2020; Ma-
tos et al., 2020; Sasmito et al., 2020), even in other ecosystems
such as tropical peat (Hapsari et al., 2017).

5 Conclusions

This study analyzed the grain size, TOC, TN, C/N, 3!3C, and
DBD of three sediment cores dated by 21°Pb chronology from the
mangrove interior (YLBO1 and YLB03) and fringe (YLB02) areas
of the Yingluo Bay, tropical China. The OC sources were quantit-
atively identified using an endmember mixing model based on
813C. The changes in CMOC indicated that mangrove forests had
flourished in the Yingluo Bay since 1900. Then this study focused
on the spatiotemporal variations in the calculated OCAR of the
study area since 1900 and analyzed their influencing factors. The
increasing OCAR in the mangrove interior was attributed to man-
grove flourishment induced by climate change characterized by
the rising temperature. However, in the mangrove fringe, the
strengthening hydrodynamic condition under the background of
sea level rise was responsible for the decreasing OCAR, particu-
larly after the 1940s. Additionally, the duration of inundation by
seawater and hydrodynamic intensity were the primary factors
controlling the spatial variability of the OCAR in the studied
mangroves.
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