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Mangroves, a blue carbon ecosystem between land and ocean in the (sub)tropics, are
sensitive to changes in climate and the sea level. It is imperative to reconstruct the historical
dynamics of their development to predict the fate of mangrove ecosystems in the
backdrop of rapid global changes. This study analyzes records of the sources of
organic matter from sediment core Q43 of Qinzhou Bay in tropical China by using the
endmember mixing model based on stable organic carbon isotopes and C/N ratio.
Mangrove-derived organic matter (MOM) is regarded as a reliable indicator for
reconstructing the historical development of mangroves. The variations in MOM in
Qinzhou Bay over the past ∼3,000 cal yr BP indicate that mangrove forests underwent
two periods of flourishment: ∼2,200–1,750 cal yr BP and ∼1,370–600 cal yr BP, as well as
three periods of deterioration: ∼3,000–2,200 cal yr BP, ∼1,750–1,370 cal yr BP, and
∼600–0 cal yr BP. Of factors that might have been influential, changes in the relative
sea level and the regional hydrological environment (e.g., seawater temperature, salinity,
and hydrodynamic conditions) did not appear to have notable effects on mangrove
flourishing/degradation. However, climate change, especially the variation in air
temperature, formed the primary factor controlling mangrove development. The stages
of mangrove flourishing/deterioration corresponded to the warm/cold periods of
the climate, respectively. Noteworthy is that the rapid rise in air temperature during the
Anthropocene warm period should have promoted mangrove development, but
the increasing intensity of human activity has reversed this tendency leading to the
degradation of mangroves.

Keywords: organic matter source, mangrove-derived organic matter, mangrove development, air temperature,
anthropogenic activity, late Holocene

INTRODUCTION

Mangroves inhabit intertidal zones in tropical and subtropical regions, and control exchanges of
materials at the interfaces of the land, marine, and atmosphere ecosystems (Woodroffe et al., 2016;
Hatje et al., 2020). They provide multiple ecosystem services, such as mitigating coastal erosion from
waves and wind, guaranteeing fishery resources and food security for coastal inhabitants, and aiding
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in the protection of adjacent seagrass and coral reef ecosystems
(Duke et al., 2007; Nellemann et al., 2009; Lee et al., 2014; Himes-
Cornell et al., 2018; Hatje et al., 2020). More importantly,
mangrove forests are efficient producers, capturers, and sinks
of carbon (Jennerjahn and Ittekot, 2002; Duarte et al., 2005;
Alongi, 2014; Jennerjahn, 2021). Hence, they play a
disproportionately important role in global carbon cycling,
and are key blue carbon sinks that can contribute to climate
change mitigation (Duke et al., 2007; Duarte et al., 2013; Duarte
and Arabia, 2017; Alongi, 2020; Sasmito et al., 2020).

However, mangrove forests are sensitive and vulnerable to
environmental changes, e.g., climate change and fluctuations in
the sea level (Ellison and Stoddart, 1991; Alongi, 2008; Ellison,
2008; Jennerjahn, 2012; Ellison, 2014; Lovelock et al., 2015;
Woodroffe et al., 2016). Mangroves can migrate to landward/
seaward regions with the rise/fall in the relative sea level (RSL)
(Ellison and Stoddart, 1991; Woodroffe et al., 2016). A rapid
change in the RSL can result in the decline or even the
disappearance of mangrove habitats. Low-intensity rainfall can
also lead to mangrove degradation through reductions in
freshwater runoff, fluvial sediment, and nutrient inputs
(Alongi, 2008; Gilman et al., 2008). High-frequency winter

cooling events induced by variations in the intensity of the
monsoon can also prevent mangrove development (Meng
et al., 2016a). Likewise, high-temperature events can result in
hypersaline conditions with high evaporation rates (Gilman et al.,
2008), which lead to mangrove degradation. In addition,
anthropogenic threats, such as pollution, overexploitation, and
the conversion of patterns of land use (Bao et al., 2013; Friess
et al., 2019; Veettil et al., 2019), have vastly impacted mangrove
dynamics, especially since the Anthropocene.

The world at present is characterized by a rapid sea level rise,
rapid warming, frequent extreme climate events, and an
increasing population. Therefore, to predict the fate of
mangrove ecosystems under this rapidly changing
environment, it is imperative to understand how they have
changed or disappeared in the past (Valiela et al., 2001), by
reconstructing historical mangrove dynamics through useful
indicators recorded in sediments (Gonneea et al., 2004;
Ellison, 2008; França et al., 2013; Cohen et al., 2016; Meng
et al., 2017; Xia et al., 2019; Vaughn et al., 2021).

Tropical or subtropical Asia, a region that features a unique
climate system (Asian monsoon) and a long history of human
civilization, holds most of the world’s mangrove forests along its

FIGURE 1 | Locations of the (A) sediment core Q43 in Qinzhou Bay, (B) northern Gulf of Tonkin, (C) tropical China. The referenced sites contain HXL in Qinzhou Bay
(Xia et al., 2019), YLW02 in Yingluo Bay (Meng et al., 2017), and Dongge Cave in SW China (Wang et al., 2005). GTSC: Gulf of Tonkin Surface Current (Liu et al., 2016).
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winding and long coastline (Giri et al., 2011). Hence, it is an ideal
selection to study the mangrove development and its responses to
natural and anthropogenic factors. In this study, we use records of
organic matter (OM) sources from sediment core Q43 of
Qinzhou Bay (Figure 1) in tropical China to reconstruct the
history of mangrove development over the past 3,000 years. The
aim is to answer the question of howmangrove forests respond to
changes in the sea level, climate (air temperature and rainfall),
hydrological environment (seawater temperature, salinity, and
hydrodynamic conditions), and anthropogenic activities.

MATERIALS AND METHODS

Study Area and Sampling Site
Qinzhou Bay is located in the northern Gulf of Tonkin
(Figure 1B) in tropical China (Figure 1C), and is divided into
an inner zone (Maowei Sea) and an outer zone by a narrow
channel (Figure 1A). Two small tropical rivers, theMaoling River
and the Qin River, debouching into the Qinzhou Bay. Most of the
intertidal zone of the Maowei Sea and adjacent coasts are
occupied by mangrove forests. The Maowei Sea Mangrove
Nature Reserve was established by the local government in
2005. The mangrove forests are generally 1–4 m high and
exhibit a zonal distribution from the upper (Bruguiera
gymnorrhiza and Rhizophora stylosa), middle (Kandelia candel
and Egiceras corniculatum), and lower (Avicennia marina) tidal
flats (Li et al., 2008).

The study area is characterized by tropical monsoonal climate.
The mean annual air temperature is 22.4°C, and ranges from 0.8
to 37.4°C. The average annual rainfall is 2,150 mm, 80–85% of
which falls during the summer rainy season (April–September).
The region experiences an irregular diurnal tide with a mean tidal
range of 2.5 m (Meng and Zhang, 2014). The features of the
seawater, which are affected only by monsoonal rainfall, are
relatively stable, with a mean temperature of 23.5°C, salinity of
20–23‰, and pH of 7.6–7.8 (Fan et al., 2005). The anticlockwise
Gulf of Tonkin Surface Current (GTSC) controls the regional
hydrologic system (Liu et al., 2016).

The sediment core Q43 (108°40.49′E, 21°32.73′N), which is
150 cm long, was collected fromQinzhou Bay at a depth of 9 m in
May 2009 using a gravity piston corer (Figure 1A). The core is
located in the center of the outer zone of Qinzhou Bay, and thus
its sedimentary records best reflect the history of mangrove
development for the entire Qinzhou Bay. According to the
sedimentary features, the core can be visually divided into two
sections: the lower section (150–100 cm) is characterized by dark
yellowish-brown sandy sediments and lower water concentration,
and the upper section (150–0 cm) is mainly composed of finer
dark gray sand-silt-clay and contains many fragmentized
shells at 5–6, 56–57, and 86–88 cm. There is no clear hiatus
between the upper and lower sections. The sediment core was
sectioned by stainless steel cutters at intervals of 2 cm within
24 h of collection. All sediment subsamples were freeze-dried
for 72 h at −55°C, and were then packed in sealed polyethylene
bags and stored in a desiccator at room temperature for
subsequent analyses.

Laboratory Analyses
Shells from six horizons were selected for accelerator mass
spectrometry (AMS) 14C dating measurement at the Beta
Analyses Company in FL, United States (Table 1). The
conventional radiocarbon ages were corrected by a regional
carbon reservoir age of 10 ± 50 years (Southon et al., 2002)
and converted into calibrated calendar years by the program
Calib 7.1 with Marine 13 calibration curves (Reimer et al., 2013).
All calibrated ages were reported in years before 1950 CE (yr BP)
and in cal yr BP with a precision of 2σ.

The grain size distribution was measured by using a Malvern
Mastersizer 2000 laser particle analyzer (Malvern, Inc.,
United Kingdom), at a measurement range of 0.02–2,000 μm
and a size resolution of 0.01 φ after removing the OM and
carbonate fractions by adding 15 ml 3% H2O2 and 5 ml 10%
hydrochloric acid (HCl), respectively. All sample preparation and
measurements were completed at the Key Laboratory of Marine
Geology and Metallogeny of the First Institute of Oceanography,
China Ministry of Natural Resources.

The freeze-dried sediment samples were treated with 1 N of
HCl for 24 h at room temperature (25°C) to remove inorganic
carbon. Then, they were rinsed by ultra-pure water several times
until pH 7, 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 contents of
stable organic carbon isotope (13Corg), total organic carbon
(TOC), and total nitrogen (TN) were determined for all
subsamples by a Delta Plus XP mass spectrometer (Thermo
Scientific, Bremen, Germany), and by a Vario EL-III Elemental
Analyzer (Elementar, Hanau, Germany) in continuous flowmode
at the Stable Isotope Laboratory of College of Resources and
Environmental Sciences of the China Agricultural University
(Beijing). The results are reported in standard delta notation
(δ) using permitted units (‰):

δ(‰) � (Rsample − Rstandard)
Rstandard

× 1000 (1)

where δ (‰) represents the stable isotope value of organic carbon
and R is the 13C/12C ratio. The reference standard used for carbon
is the Vienna PeeDee Belemnite (VPDB) standard. The analytical
precisions of 13Corg, TOC, and TN were ±0.2‰, ±0.02 wt. %, and
±0.005 wt. %, respectively. The C/N ratio was calculated by the
atomic (molar) ratio of TOC to TN.

Endmember Mixing Models for
Discriminating Organic Matter Sources
The endmember mixing model is a classical method by which the
proportional contributions of different sources to a mixture OM
can be quantified (Dittmar et al., 2001; Gonneea et al., 2004).
Models based on δ13C and/or C/N have been widely used to
identify the sources of OM in the sediments or suspended solids
of different ecosystems, such as rivers (Liu et al., 2019; Zhang
et al., 2021), lakes (Dong et al., 2020), and ocean (Gonneea et al.,
2004; Xia et al., 2015; Meng et al., 2016b, 2017). The formulae for
the ternary mixing model based on δ13C and C/N are as follows:
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δ13Csample � [fA × δ13CA] + [fB × δ13CB] + [fC × δ13CC] (2)

C
Nsample

� [fA × C
NA

] + [fB × C
NB

] + [fC × C
NC

] (3)

fA + fB + fC � 1 (4)

where A, B, and C are the potential OM endmembers, and f
represents the percentage of contribution of each endmember.
The values of δ13C and C/N of the endmembers are discussed in
Potential Sources of Organic Matter and Their Endmember
Values. When the OM in a sample is a mixture of two
sources, it should be explained by using a binary mixing
model with δ13C:

δ13Csample � [fA × δ13CA] + [fB × δ13CB] (5)

fA + fB � 1 (6)

RESULTS

Chronological Results and Sedimentary
Rates
Calibrated radiocarbon ages at depths of 6, 27, 57, 81, 101, and
122 cm produced ages of 285, 862, 1,398, 1,731, 2,147, and
3,162 cal yr BP, respectively, and no age inversion was
observed (Table 1). Downcore ages were calculated by linear
interpolation between the dated sediment layers. Based on the
ratio of the depth intervals to the time spans, the sedimentation
rates of the core sections 0–6, 6–27, 27–57, 57–81, 81–101, and
101–149 cm were about 21.1, 36.4, 56.0, 72.1, 48.0, and
47.3 cm kyr−1, respectively (Figure 2), with a mean value of
47.12 cm kyr−1. The sedimentation rates in core Q43 are
similar to the vertical accretion of mangrove forests reported
by other researchers in tropical China (Meng et al., 2017; Xia
et al., 2019), Puerto Rico (Cohen et al., 2016), and the Amazon
Region (França et al., 2013).

Features of Grain Size, Total Organic
Carbon, Total Nitrogen, C/N Ratio, and
δ13Corg
The values of and variations in the grain size, TOC, TN, C/N ratio,
and δ13Corg are shown in Figures 3A–F. The proportions of sand,
silt, and clay in the entire core were 58.6 ± 14.9%, 24.1 ± 8.1%, and
17.3 ± 7.6%, respectively. The mean grain size (Mz) varied from 0.5
to 6.1 φ, with an average of 4.0 ± 1.6 φ. The TOC and TN contents
were 0.67± 0.27% and 0.04± 0.02%, ranging between 0.16–1.3% and
0.01–0.08%, respectively. TOC was significantly and positively
correlated with TN (TOC � 9.06 × TN + 0.25, R2 � 0.52, p <
0.01), and the short intercept implies that the impact of inorganic
nitrogen could be neglected (Goñi et al., 1998). The C/N value varied
from 9.9 to 43.0 with a mean value of 19.0 ± 7.8. The average δ13Corg

value was −24.7 ± 0.6‰, ranging from −26.0 to −23.1‰. On the
whole, the grain size and δ13Corg showed a finer trend and an
increasing tendency since ∼3,000 cal yr BP, respectively, while the
TOC, TN, and C/N collectively exhibited an abrupt change during
1,370–600 cal yr BP. Based on these vertical variations in the
sediment core, it can be divided into three sections: the upper

TABLE 1 | List of AMS 14C ages from core Q43.

Depth (cm) Material Conventional
age (yr BP)

Calibrated age range
(cal yr BP, 2σ)

Mean calibrated age
(cal yr BP)

6 Shell 660 ± 30 138–431 285
27 Shell 1,340 ± 30 729–995 862
57 Shell 1,850 ± 30 1,278–1,517 1,398
81 Shell 2,160 ± 30 1,582–1,879 1,731
101 Shell 2,500 ± 30 1,994–2,300 2,147
149 Shell 3,330 ± 30 2,933–3,331 3,162

FIGURE 2 | Plots of Depth vs. Age and Sedimentary rates from
core Q43.
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section (600–0 cal yr BP), middle section (1,370–600 cal yr BP), and
lower section (3,000–1,370 cal yr BP).

In the upper section, all of the indices were relatively stable. The
minimum grain size and the highest positive δ13Corg appeared in this
section, with mean values of −24.0 ± 0.4‰, and 5.8 ± 0.2 φ,
respectively. However, most of the indicators, especially TOC, TN,
and the C/N ratio, were abnormal in the middle section. The C/N
ratio was as high as 27.3 ± 9. In the lower section, TOC, TN, and
δ13Corg showed an increasing trend, whereas the grain size became
finer and the C/N ratio was relatively stable. Themaximum grain size
and lowest TOC content occurred in this section, withmean values of
3.4 ± 1.6 φ and 0.61 ± 0.28%, respectively.

Potential Sources of Organic Matter and
Their Endmember Values
In general, the OM stored in marine sediments originates from
autochthonous (i.e., marine production) and allochthonous
contributions (i.e., terrestrial input). However, mangrove
forests are also a significant contributor to the OM in
mangrove coasts and adjacent seas. For example, a previous
study in Qinzhou Bay reported that ∼27% of the sedimentary
OM derived from mangroves (Meng et al., 2016a). Therefore,
mangrove forests, terrestrial matter, and marine production can
be considered the potential endmembers of the sources of
sedimentary OM in Qinzhou Bay (Figure 4A).

FIGURE 3 | Variations in the (A) grain size fraction, (B) mean grain size (Mz), (C) total organic carbon (TOC) and (D) total nitrogen contents (TN), (E) C/N ratio, (F)
stable organic carbon isotope (δ13Corg), and (G) composition of organic matter (OM) source in sediment core Q43. TOM, MOM, and OOM represent terrestrial organic
matter, mangrove-derived organic matter, and oceanic organic matter, respectively.

FIGURE 4 | Scatter diagrams of δ13Corg vs. C/N for (A) endmembers of organicmatter (OM) sources and (B) core Q43 sampleswith the ternarymixingmodel. The shadow
areas in (A) represent the ranges of mangrove, terrestrial (Xia et al., 2015; Meng et al., 2016b), and oceanic endmembers (Xue et al., 2009; Xia et al., 2015; Qiu, unpublished data).
The error bars show the standard deviation of the endmember values. The pink empty circles in (B) are endmember values with the tolerance interval expanded by 25%.
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Mangrove roots and leaf litter are important contributors to
carbon stocks in mangrove sediments (Duarte et al., 2005;
Bouillon et al., 2008; Alongi, 2014). However, recent studies
have shown that the values of δ13Corg and C/N of the roots
are generally within the range of, or overlap, those of leaf litter
(Kusumaningtyas et al., 2019; Sasmito et al., 2020). Therefore, the
values of δ13Corg and C/N of mangrove leaves can be regarded as
endmember values of mangrove production. The average δ13Corg

and C/N values of the leaves of different mangrove species (n �
30) collected along the Guangxi coasts were −28.6 ± 0.9‰ and
36.4 ± 12.5 (Xia et al., 2015; Meng et al., 2016b), respectively, and
are consistent with those from Hainan Island in tropical China
(Herbeck et al., 2011). They can thus be reasonably regarded as
the endmember in this study.

Riverine inputs, especially in small tropical catchments,
contribute a large amount of terrestrial OM flux that reaches
the ocean (Moyer et al., 2013; Hernes et al., 2017). In the study
region, there are two small tropical rivers, i.e., the Maoling River
and the Qin River, debouching into the Qinzhou Bay. Thus, their
riverine sediments (n � 6) can represent the terrestrial
endmember of OM sources in this study with average values
of −24.3 ± 0.6‰ for δ13Corg and 11.9 ± 0.9 for C/N (Xia et al.,
2015; Meng et al., 2016b).

Seagrass is widely distributed in the coastal waters of Guangxi,
China (Meng and Zhang, 2014), and should be considered an
important part of marine production. According to previous
studies, seagrass collected from Guangxi coasts (n � 19) has
an average δ13Corg of −13.5 ± 0.6‰ and C/N of 27.2 ± 11.9 (Qiu,
unpublished data), while marine plankton collected from the
northern South China Sea (Xue et al., 2009; Xia et al., 2015) has an
average δ13Corg of −16.1 ± 0.8‰ and C/N of 6.5 ± 0.1. The
oceanic endmember values (δ13Corg, −14.8 ± 1.3‰; C/N, 16.8 ±
10.4) of OM sources can be reasonably determined from these
values.

Quantitative Estimation for Organic Matter
Sources
Considering the indeterminacy of endmember values and
isotopic fractionation effects in the endmember mixing model,
a tolerance interval is introduced to the model, and it can be
determined by the standard deviations and mean values of each
endmember (Dittmar et al., 2001; Gonneea et al., 2004).When the
original ternary plot was expanded by a tolerance interval of 25%,
more than 90% of the samples could be explained in terms of the
endmember mixing model (Figure 4B), which confirms the
feasibility of using this method to discriminate among the
sources of OM. Notably, samples that fell outside the strict
validity (i.e., original triangle in blue) of the model, but were
within the expanded area (in pink), should be treated with their
corresponding binary mixing model based on δ13Corg.

According to the above methods, the contributions of
terrestrial organic matter (TOM), mangrove-derived organic
matter (MOM), and oceanic organic matter (OOM) to OM
sources of sediment core Q43 were determined (Figure 3G).
TOMwas the largest OM contributor with a mean value of 68.6 ±
27.6%, followed by MOM with a mean value of 24.3 ± 19.7%, and

OOM with a mean value of 7.1 ± 9.3%. Like the other indicators,
the compositions of the OM sources can be roughly divided into
three sections: the upper section (600–0 cal yr BP), middle section
(1,370–600 cal yr BP), and lower section (3,000–1,370 cal yr BP).
The MOM occupied the largest proportion of OM in the middle
section with mean value of 48.7 ± 23.4%.

DISCUSSION

Effectiveness ofMangrove-Derived Organic
Matter for Tracing Mangrove Development
Traditionally, the pollen content of mangroves is one of the most
direct and effective proxies for tracing mangrove evaluation
(Gonneea et al., 2004; Ellison, 2008; Li et al., 2008). However,
the MOM has been used to successfully reconstruct the histories
of mangrove development at different time scales (from the
Anthropocene to the Holocene) in different regions around
the world, e.g., the western coast of peninsular India (Caratini
et al., 1994), Flamenco Lagoon in Puerto Rico (França et al.,
2013), Gulf of Tonkin in tropical China (Meng et al., 2016b), and
the Amazon estuary of northern Brazil (Cohen et al., 2016). A
recent study has shown a relatively consistent tendency of
variation and significant positive correlations (0.68–0.89, p <
0.01) between the MOM and mangrove pollen from mangrove
sediment cores in different regions (Xia et al., 2021).
Consequently, MOM is a reliable proxy for reconstructing
regional mangrove development. This index has a more
significant potential to recover high-resolution mangrove
development, owing to its easily fine-cut sampling and cheaper
cost of equipment, than pollen and biomarkers (Xia et al., 2021).

Mangrove Development Over the Past
3,000 Years
According to the variations in MOM, mangrove development in
the Qinzhou Bay since ∼3,000 cal yr BP can be detailedly divided
into five stages (Figures 2G, 5A). The MOM contributions were
higher during the periods ∼2,200–1,750 and ∼1,370–600 cal yr
BP, which indicates that the mangrove forest was flourishing.
However, MOM contributions were lower in the periods
∼3,000–2,200, ∼1,750–1,370, and ∼600–0 cal yr BP, indicating
that the forest had been deteriorating in these periods. To sum up,
mangrove forests in Qinzhou Bay underwent two periods of
flourishing and three periods of degradation over the last
∼3,000 years. Notably, the period of the greatest flourishing
was ∼1,370–600 cal yr BP, with the highest MOM content of
48.7 ± 23.4%.

Factors Affecting Mangrove Development
From the Holocene to the Anthropocene, mangrove development
(i.e., flourishing or degradation) was mainly impacted by two
aspects. One is the so-called natural agents such as the sea level,
climate (air temperature and rainfall), and the hydrological
environment (seawater temperature, salinity, hydrodynamic
conditions). Another facet is anthropogenic activities. In this
section, we analyzed the factors affecting mangrove development
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through the comparisons between changes in MOM and natural
and anthropogenic records (Figure 5). Meanwhile, a visualized
model of mangrove development in Qinzhou Bay, tropical China,
over the past 3,000 years has been provided (Figure 6).

Relative Sea Level
Mangrove habitats occur on intertidal shorelines in the tropics
and subtropics, and are sensitive to changes in the RSL, i.e., they
can migrate to landward/seaward regions with RSL rise/fall
(Ellison and Stoddart, 1991; Woodroffe et al., 2016). These

consequences primarily depend on the balance between
changes in the relative sea level and the state of the mangrove
substrate (sedimentation/erosion rate) (Ellison 2008; Soares,
2009; Cohen et al., 2016). However, rapid changes in the RSL
can upset this balance, leading to a decline in or even the
disappearance of mangrove habitats. Previous studies on
worldwide mangrove development during the entire Holocene
have shown that the landward migration and communities
succession of mangrove forests occurred from the Early to
Middle Holocene, the period in which the RSL rose quickly

FIGURE 5 |Comparisons between changes in mangrove-derived organic matter (MOM) and natural and anthropogenic records: (A–C) variations in MOM from the
Q43 (this study), YLW02 (Meng et al., 2017), and HXL (Xia et al., 2019) cores, respectively, in Guangxi coasts; (D–E) temperature anomaly in China (Hou and Fang, 2011)
and the Northern Hemispheric (Ljungqvist, 2010); (F) stalagmite δ18O records from Dongge Cave, SW China (Wang et al., 2005); (G) variation in the global sea level over
the past 3,000 cal yr BP (Kemp et al., 2018; Miller et al., 2020) (H) population changes in Guangdong Province (logarithmic (base 10) scale (Zhao and Xie, 1988;
Huang et al., 2018)); (I) Chinese dynasties and climatic stages (Zhu, 1973; Ge et al., 2014). The latter includes the Zhou Dynasty cold period (ZDCP), Qin-Han warm
period (QHWP),Wei-Jin cold period (WJCP), Sui-Tangwarm period (STWP), Song-Yuan warm period (SYWP), Ming-Qing cold period (MQCP), and Anthropocene warm
period (AWP). The stages (Stage 1–Stage 5) of mangrove development in Qinzhou Bay are divided by vertical broken lines.
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(Parkinson et al., 1994; Gilman et al., 2007; Gilman et al., 2008; Li
et al., 2012), while most mangrove forests developed in situ over
the Late Holocene with a relatively stable RSL (Urrego et al., 2013;
Cohen et al., 2016). According to the variation in sea level over the
past 3,000 cal yr BP (Kemp et al., 2018; Miller et al., 2020), the
sea level in each stage of mangrove development in Qinzhou Bay
varied from 0.004 to 0.37 mm yr−1 (Figure 5G). Compared with
the vast fluctuation in the RSL in the Early Holocene or even the
Last Glacial Period, the changes in RSL have been relatively flat
since 3,000 cal yr BP, which implies that mangroves had
sufficient capacity to adapt to these changes. Notably, in the
Late Holocene, the sea level rose rapidly in the last 200 years. In
this case, the mangrove forests still had the ability to keep pace
with the RSL rise and avoid inundation via the vertical
accumulation of sediments (Lovelock et al., 2015). A previous
study on Yingluo Bay in tropical China showed that mangroves
had not been impacted by RSL over the last 150 years (Xia et al.,
2015; Meng et al., 2017). The persistence of most worldwide
mangroves also implies an ability to cope with high rates of rises
in the RSL. Further research suggests that mangrove forests in
sites with low sedimentary supply and tidal range may be
submerged as early as 2,070 (Lovelock et al., 2015).
Consequently, the changes in RSL should not have been the
primary factor influencing mangrove development in Qinzhou
Bay over the last 3,000 cal yr BP.

Hydrological Environment
Mangrove development can be impacted by the regional hydrological
environment, such as the hydrodynamic conditions, surface seawater
temperature (SST), and salinity. Variations in hydrodynamic
conditions are mainly impacted by changes in the climate, RSL,
and terrain. However, mangrove forests have the capacity to resist
changes in hydrodynamic conditions (e.g., increased wave energy)
owing to their dense and complex aerial root systems (e.g., such as
prop roots and pneumatophores) (Duke et al., 2007). Previous studies
on the Qinzhou and Yingluo bays collectively indicate that mangrove
development was little influenced by the hydrodynamic conditions
during the Late Holocene (Meng et al., 2017; Xia et al., 2019). Thus,
this factor does not require excessive consideration in this study.

The SST is dominated by air temperature through air-sea
interactions. Similar to the air temperature, an increased SST is
beneficial for mangrove growth provided the temperature does
not exceed its thresholds (Ellison, 2008; Gilman et al., 2008).
The study area is located in Qinzhou Bay (Figure 1), and
its seawater salinity is primarily diluted by freshwater input
from the Maoling and Qin rivers. Decreased precipitation can
result in a decrease in groundwater discharge and surface
freshwater water input (Duke et al., 1998), and can cause an
increase in seawater salinity. Increased salinity is likely to
cause a conversion of upper tidal zones to hypersaline flats,
which poses a significant threat to the mangrove habitats

FIGURE 6 | Model of mangrove development in (A–F) different stages in Qinzhou Bay, tropical China, over the past 3000 years.
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(Gilman et al., 2008). On the whole, the effects of the SST and
salinity on mangrove development ultimately depend on air
temperature and rainfall, owing to the coupling relationship
between them.

Air Temperature and Rainfall
As observed in most global locations, mangroves are prone to
inhabit lower latitudes with higher temperature and precipitation
(Duke et al., 1998; Giri et al., 2011). For instance, the
same mangrove species (e.g., Rhizophora sp.) can reach up to
30 m in the Amazon region (0.7°S; Matos et al., 2020), whereas its
average height in Guangxi (∼21°N) is merely about 3 m.
Therefore, air temperature and rainfall are expected to control
mangrove development by impacting their diversity,
productivity, and area (Ellison, 2008; Gilman et al., 2008;
Friess et al., 2019).

In Guangxi Province, SW China, rainfall is controlled by the
East Asian summer monsoon (EASM), changes in which during
the Holocene can be reconstructed by high-resolution stalagmite
δ18O records from the Dongge Cave in SW China (Figures 1C,
5F; Wang et al., 2005). The negative excursion of δ18O value
indicates a general increase in the strength of the EASM and
rainfall, and vice versa. If rainfall is the main factor controlling the
development of local mangroves, sections of the negative
excursion of the δ18O value should correspond to periods of
mangroves flourishing. Our results show that stages of relatively
negative excursion of δ18O (∼2,200–1,750 and ∼1,370–600 cal yr
BP) correspond to the periods of mangrove flourishing (Stage 2
and Stage 4), while sections with positive δ18O (∼1,750–1,370 and
∼600–200 cal yr BP) correspond to the periods of mangrove
deterioration (Stage 3 and early Stage 5). However, these
corresponding relationships are not prominent, and the stages
of negative excursion of δ18O (∼3,000–2,200 and ∼200–0 cal yr
BP) unconventionally correspond to the periods of deterioration
of mangroves (Stage 1 and late Stage 5). Therefore, rainfall
induced by the EASM may not have been the dominant factor
in mangrove development since 3,000 cal yr BP. In other words,
mangrove development can, but only in part, be ascribed to
changes in rainfall.

Previous study has reconstructed Holocene temperature
anomaly in China (Figure 5D; Hou and Fang, 2011), and
have found that its tendency is consistent with temperature
variation in the Northern Hemisphere over the last two
millennia (Figure 5E; Ljungqvist, 2010). Based on the
reconstructed temperature changes and historical records, the
China’s climate can be roughly divided into three cold periods
and four warm periods (Figure 5I; Zhu, 1973; Ge et al., 2014).
The cold periods mainly include the Zhou Dynasty cold period
(ZDCP), Wei-Jin cold period (WJCP, i.e., Dark Ages Cold
Period), and Ming-Qing cold period (MQCP, i.e., Little Ice
Age), while the warm periods mainly contain the Qin-Han
warm period (QHWP), Sui-Tang warm period (STWP), Song-
Yuan warm period (SYWP, i.e., Medieval Warm Period), and
Anthropocene warm period (AWP). If air temperature is the
main factor controlling mangrove development, these cold/warm
climate periods ought to correspond to the stages of mangrove
deterioration/flourishing, respectively. Our results show that the

three periods of mangrove deterioration (stages 1, 3, and 5)
approximately correspond to the ZDCP, WJCP, and MQCP,
whereas the two periods of mangrove flourishing (stages 2 and
4) approximately correspond to the QHWP and STWP-SYWP,
respectively (Figure 5). Notably, the STWP is one of the warmest
period in Chinese climate history (Ge et al., 2014), which
promoted the appearances of two famous flourishing ages
(i.e., the Zhen Guan and Kai Yuan periods) in Chinese
history. Owing to the collective occurrences of the STWP and
SYWP in Stage 4 (∼1,370–600 cal yr BP), this stage featured the
greatest flourishing of mangroves since 3,000 cal yr BP,
although a transitory cold period occurred in the middle.
Overall, the variation in air temperature is undoubtedly the
dominant factor controlling mangrove development in Qinzhou
Bay over the last 3,000 cal yr BP (Figures 6A–E). Corresponding
relationships between the stages of mangrove development and
temperature periods in Qinzhou Bay (Figures 1A,B, 5C; Xia
et al., 2019) and Yingluo Bay (Figures 1B, 5B; Meng et al., 2017),
tropical China, were very similar to our results, which further
proves the controlling role of temperature in mangrove
development.

However, another problem worth discussing is that the last
warm period (AWP) corresponds to a stage of mangrove
deterioration (late Stage 5), which implies that other factors
might have influenced mangrove development.

Human Activities
Preindustrial mangrove utilization likely did not alter the
extent and habitat quality of mangrove forests to a
substantial degree, but the effects of human beings on
mangrove resources have increased in the past few centuries
and peaked in the 20th century (Friess et al., 2019). As much as
35% of the world’s mangrove areas had been lost by the 1980s
and 1990s (Valiela et al., 2001). Human threats on mangrove
dynamics include pollution, overexploitation, and conversion
to aquaculture and agriculture (Bao et al., 2013; Friess et al.,
2019; Veettil et al., 2019). In Guangxi, the population has
rapidly risen over the last two centuries, similar to that in
an adjacent province, Guangdong (Figure 5H; Zhao and Xie,
1988). With the population growth, the mangroves area
abruptly decreased from 23,904 to 9,351 ha by 1955 (Fan,
1995), of which 97.6% was converted into aquaculture ponds
(Chen et al., 2009). These realities explain the persistent
mangrove degradation in late Stage 5 (∼50 cal yr BP to
present), i.e., the rapid temperature rise should have
promoted mangroves flourishment during the AWP just as
in other warm periods in history, but this was reversed by the
increase in the intensity of human activities, especially the
expansion of aquaculture ponds (Figure 6F). Likewise,
mangrove degradation occurred at a site (HXL) located in
mangrove interior of the Qinzhou Bay during the AWP
(Figures 1A,B, 5C; Xia et al., 2019). Interestingly, the
records of core YLW02 showed that mangroves were
flourishing in Yingluo Bay during the AWP (Figures 1B,
5B; Meng et al., 2017). Yingluo Bay is located far from
industrial areas, city centers, and river basins, such that
population-related negative disturbances can be ignored
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(Xia et al., 2015). Therefore, mangrove development in
Yingluo Bay has continued to be controlled by temperature
rather than human activities since the Anthropocene.

CONCLUSION

The contributions of terrestrial organic matter, MOM, and
oceanic organic matter to OM sources of sediment core Q43
were quantified here by using endmember mixing models based
on δ13C and C/N. The MOM is considered a reliable proxy for
reconstructing regional mangrove development. The variations in
MOM in Qinzhou Bay over the past ∼3,000 cal yr BP indicate that
the mangrove forests underwent two periods of flourishing:
∼2,200–1,750 cal yr BP (Stage 2) and ∼1,370–600 cal yr BP
(Stage 4), and three periods of deterioration: ∼3,000–2,200 cal yr
BP (Stage 1), ∼1,750–1,370 cal yr BP (Stage 3), and ∼600–0 cal yr
BP (Stage 5). Of the potential factors that impact mangrove
development, the RSL changes and the regional hydrological
environment (e.g., seawater temperature, salinity, and
hydrodynamic conditions) did not have notable effects on
mangrove flourishing/degradation. However, climate change,
especially variations in the air temperature variations, was the
primary factor controlling mangrove development. The stages
of mangrove flourishing/deterioration corresponded to warm/
cold periods of the Chinese climate, respectively. Notably, the
rapid air temperature rise should have promoted mangrove
development during the AWP, just as in other warm periods in
history, but this trend was reversed by the increase in the

intensity of human activities, especially the expansion of
aquaculture ponds.
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