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ARTICLE INFO ABSTRACT

Associate Editor-Rienk Smittenberg Mangroves have received increasing attention in recent years for their high carbon storage capacity. The effects
of sea-level change during the last glacial period on terrestrial deposition and coastal mangrove ecosystems were
investigated using various organic lipid proxies in marine sediment cores from the Sunda Shelf in the southern
South China Sea (SCS). The gradual reduction in the content of long-chain n-alkanes and n-alkanols, BIT index,
and increasing 813C0rg trend from the last glacial to the Holocene indicated that the depocenter moved landward
from the studied location during the deglacial sea-level rise. Remarkable peaks in the mangrove proxy (Tarax-
erol/n-Cag alcohol ratio) occurred during meltwater pulse (MWP) events in the Sunda Shelf area, associated with
the drowning and destruction of mangroves that could not withstand the rapid sea-level rise. The decomposition
of carbon-rich mangrove deposits may have contributed to atmospheric CO concentration during two strong
MWP events in Sunda Shelf. Our results suggest the vulnerability of mangrove systems upon rapid sea level
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change with positive feedback for global warming.

1. Introduction

Global warming, caused by the increasing concentrations of atmo-
spheric carbon dioxide, and global sea-level rise which threatens the
lives of human populations in coastal zones, has become a significant
problem in the 21st century (IPCC, 2021). Mangrove wetlands, one of
the unique ecosystems in the intertidal zone in tropical and subtropical
regions, play an essential role in conserving marine biodiversity, influ-
encing biogeochemical processes, and regulating the global carbon
budget (Brander et al., 2012; Wang and Gu, 2021). Although coastal
mangroves account for only 0.5% of the world’s coastal area, they
contribute approximately 10-15% (23-32 Tg C yr 1) to organic carbon
burial in the coastal sediment, because of their higher area-normalized
carbon burial rates than terrestrial forests (Donato et al., 2011; Alongi,
2014; Jennerjahn, 2021). Moreover, in contrast to decades or centuries
of carbon storage capacity in tropical rainforests (Chambers et al.,
2001), the longevity of mangrove carbon sinks is long, with carbon
sequestered over the short term (decades) in biomass and longer time
scales (millennia) in sediments (Duarte et al., 2005; McKee et al., 2007).

Global climate change (e.g., sea-level rise) can destroy mangrove
ecosystems and affect their carbon sequestration rates (Sasmito et al.,
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2016). With global warming, the increased frequency of extreme
weather events, such as hurricanes and storm surges, may also
contribute to significant changes in coastal wetlands which can directly
affect the growth and ecological functions of mangrove plants or even
death (Cahoon et al., 2003; Lovelock et al., 2015). Without the protec-
tive layer provided by vegetation cover, the carbon-rich beds under
mangroves may be eroded by wave action resulting in the loss of already
buried carbon back to the atmosphere (Cahoon et al., 2003; Mcleod
et al.,, 2011). Thus, knowledge of the fate of carbon sequestered in
mangrove wetlands, especially under inundated or eroded conditions,
and their impact on the carbon cycle is very important.

Pollen counts are one of the methods used in tracing the history of
mangrove development (Scourse et al., 2005; Wooller et al., 2007;
Borges da Silva et al., 2022). However, this method is limited since it is
time consuming and has large sampling requirements for statistical
analysis. Moreover, mangrove taxon is often over-represented in pollen
diagrams of marine sediments due to their proximity to the ocean and
high pollen production (Versteegh et al., 2004).

Lipid biomarkers, due to high preservation efficiency, have been
increasingly used to characterize the sources of sedimentary organic
matter and past environmental reconstruction in soils, lacustrine, and
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marine sediments (Castaneda and Schouten, 2011). Pentacyclic tri-
terpenoids, frequently identified in higher plants and sediments, are
generally regarded as mangrove-derived organic matter, i.e., taraxerol,
B-amyrin, germanicol, and lupeol, which can even provide chemotaxo-
nomic information (Killops and Frewin, 1994; Koch et al., 2003, 2011;
Versteegh et al., 2004; Ranjan et al., 2015; Kumar et al., 2019a; Rat-
nayake et al., 2019). Relatively, taraxerol is more resistant to microbial
degradation and it is the most abundant triterpenol in mangrove sedi-
ments, thus making it an ideal marker for mangroves, especially the
Rhizophora genus (Johns et al., 1994; Versteegh et al., 2004; Koch et al.,
2005, 2011; Kristensen et al., 2008; Ranjan et al., 2015; Gayantha et al.,
2020). Therefore, taraxerol has been widely used in mangrove studies, e.
g., in east Brazil (Koch et al., 2011; Kumar et al., 2019a; Carreira et al.,
2021), south China (Chu et al., 2020), south India (Ranjan et al., 2015),
and/or to trace mangrove ecosystem changes, e.g., Holocene history in
southwest Sri Lanka (Ratnayake et al., 2017, 2019; Gayantha et al.,
2020), last deglaciation variation in Congo fan (Kim et al., 2005; Scourse
et al., 2005) and Amazon fan (Boot et al., 2006; Maslin et al., 2012), and
mid-Pleistocene records in west Africa (Versteegh et al., 2004), etc.
The Sunda Shelf in Southeast Asia is a remarkably broad (800 km)
and low gradient (ca. 0.03°) landmass (“Sundaland”) with an area of ~
1.8 x 10°% km? which emerged and formed during the Last Glacial
Maximum (LGM) low-stand (Hanebuth et al., 2011). Due to the flat shelf
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topography, the Sunda Shelf is sensitive to climate change-induced
coastal dynamics, such as rapid sea-level rise (Hanebuth et al., 2000,
2009; Tjallingii et al., 2010), erosion (Steinke et al., 2008; Jiwarun-
grueangkul et al., 2019) and changes in sediment supply (Steinke et al.,
2003, 2006). The melting of ice sheets during the last deglaciation led to
a significant rise in sea level, flooding of coastal areas and changes in the
oceanic coastlines.

Mangroves growing near the shorelines in Southeast Asia account for
the most significant proportion of mangrove forests globally (Thomas
et al., 2017). However, their response to sea-level fluctuations, espe-
cially the global meltwater pulse (MWP) events during the last deglacial
period, are not clear, although limited palynological studies have indi-
cated vegetation dynamics and relatively high mangrove percentages
during the last glaciation (Sun et al., 2002; Wang et al., 2009; Luo et al.,
2019; Kumar et al., 2019b; Yang et al., 2020). Therefore, this study
presents record of long-chain alkanes, long-chain alkanols, and taraxerol
in sediments from the southern South China Sea to trace changes in the
terrestrial input and mangrove carbon reservoirs during the last degla-
ciation. The primary objectives are to evaluate: (1) the influence of local
sea-level rise on terrestrial deposition, (2) the response of mangrove-
derived sedimentary organic matter to MWP events, and (3) the degla-
cial evolution of mangrove ecosystem and implications on the carbon
cycle and mangrove conservation.

110°E 112°E 114°E

Fig. 1. Schematic map of the locations of the study sites in the southern South China Sea. The colored dots in the main map and inserted map indicate the main study
sites. The orange squares show sites with records of mangrove pollen during the last glacial period (Sun et al., 2002; Wang et al., 2009; Kumar et al., 2019a; Luo et al.,
2019; Yang et al., 2020). The location of paleo-coastline at low sea level during the last glacial period was around the 120 m isobath (solid black line) (Hanebuth
et al., 2011). The glacial drainage systems (paleo-North Sunda River, paleo-Chao Phraya River and paleo-Mekong River) on the exposed Sunda Shelf during the

glacial period are shown in black dashed lines (Voris, 2000).
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2. Materials and methods
2.1. Sample collection and the age model

The sediment core 18288-2 (5°44.4'N, 110°44.3'E, water depth 788
m, core length 6.8 m) was retrieved from the upper continental slope
outside the mouth of the paleo North Sunda River (Fig. 1) during the R/
V Sonne cruise SO-115 in 1997 (Stattegger et al., 1997). The location of
the sediment core allows monitoring of vegetation conditions on the
shelf and changes in material supply of material from the shelf directly
related to sea-level changes. Samples were collected in 10 cm intervals
from the core repository kept at 4 °C, and stored at —20 °C before the
organic lipids analyses.

The age model of the core 18288-2 was established based on
planktonic foraminifera §'80 records and Accelerator Mass Spectrom-
etry (AMS) l4c dating.

Thirty-four stable oxygen isotope values were obtained from well-
preserved planktonic foraminifera Globigerinoides ruber (G. ruber) from
the > 150 um size fractions at 20 cm intervals (Fig. 3b), with a standard
deviation of 0.07%. for 5'80 values (Zhao et al., 2002, Cheng et al.,
2005). The unexplainable abnormity of unusually low 580 reported in
the bottom sample reported by Zhao et al. (2002), did not occur in our
study. Seven AMS '*C dating was performed on mixed planktonic
foraminifera (G. ruber and G. sacculifer) due to insufficient mono-specific
samples in this study. The radiocarbon dating was carried out at BETA
Analytic laboratory (USA); the data were converted to calendar ages
using “rbacon” package in Rstudio (Table 1), based on the “Marine20
calibration” dataset (Blaauw and Christen, 2011; Heaton et al., 2020)
with a reservoir correction (AR) of — 125 + 55 years, close to the value
of — 143 + 176 years in the Sunda Shelf (Wan et al., 2020). Because the
past marine reservoir ages may vary significantly and are not well
constrained, a constant reservoir age was chosen to calculate the cal-
endar ages in the present study. The influence of age error caused by the
uncertainties in the constant or varying AR is limited in the age-depth
relationship differences (Huang et al., 2019). The final age model was
established through interpolation and extrapolating between the age
control points using “rbacon” package. The calculated age of core
18288-2 bottom sample was ~ 18.3 ka BP. The calculated sedimenta-
tion rate was significantly higher during the glacial period (average 70
cm/ka) than in the Holocene (average 20 cm/ka; Fig. 2), consistent with
records reported for core 18287-3 (Kienast et al., 2001), 17964-3
(Wang et al., 1999), and MD01-2390 (Steinke et al., 2006) in the
southern SCS.

The hemipelagic sediment core 17964-3 (6°9.5'N, 112°12.8'E, water
depth 1556 m, core length 9.1 m) was retrieved during the R/V Sonne 95
cruises in 1994 (Fig. 1; Sarnthein et al., 1994). The age model and
various organic and inorganic datasets in this core were extracted from
published literatures (Wang et al., 1999; Pelejero et al., 1999; Pelejero,
2003; Steinke et al., 2003), except for the n-Cog alkanol and taraxerol
concentrations which were determined in this study.

Table 1
AMS-1C ages and calibrated ages of core 18288-2.
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2.2. Analytical methods

2.2.1. Lipid extraction and analysis

Freeze-dried and homogenized sediment samples were ultrasonically
extracted four times using dichloromethane (DCM):MeOH (1:1, v/v) for
15 min. Before extraction, known amounts of n-Ci9 alkanol, n-Csg
alkane, and Cye glycerol trialkyl glycerol tetraether (GTGT) were added
as internal standards. The supernatants were concentrated and saponi-
fied with 6% KOH/MeOH at 40 °C overnight to eliminate interferences
from co-eluting wax esters (Villanueva et al., 1997). After saponifica-
tion, neutral fractions were extracted with n-hexane and then separated
into alkane, alcohol (including alkenones), and glycerol dialkyl glycerol
tetraether (GDGT) subfractions using silica gel column by eluting with n-
hexane, DCM, and MeOH, respectively. The alcohol fraction was further
derivatized using N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) for
1 h at 70 °C before analysis.

Gas chromatographic (GC) analysis was conducted using a Thermo
Trace GC Ultra equipped with a TG-5MS capillary column (60 m x 0.32
mm X 0.25 pm film thickness, Thermo Scientific) and a flame ionization
detector (FID). Helium was used as a carrier gas with a flow velocity of
1.2 ml/min by splitless injection. Both the injector and detector were set
at 300 °C. For the alkane fraction, the oven temperature was raised using
the following temperature program: 80 °C for 1 min, 15 °C min~! to
140 °C hold for 2 min, 10 min~! to 220 °C hold for 2 min, 4 min~! to
315 °C, and a final hold time of 30 min. For the alcohol fraction, the oven
temperature was raised using the following temperature program: 80 °C
for 1 min, 25 °C min~! to 230 °C, 4 °C min"! to 260 °C, hold for 2 min,
2°C min~! to 315 °C, and a final hold time of 45 min.

Selected samples were analyzed by GC-mass spectrometry (GC-MS)
to confirm compound identification and the absence of co-elution
problems. The GC-MS analysis was conducted using a Thermo Trace
GC 1300 coupled to a Thermo TSQ 8000 Evo operating in electron
impact (EI) mode with an emission electron energy of 70 eV, ion source
temperature of 250 °C and mass range of m/z 50-600. The capillary
column and temperature program used were the same as that of the GC
analysis. The identification of n-Cpg alkan-ol, taraxerol and Cgy.5 alke-
none were carried out by GC-MS using their retention times and diag-
nostic ions m/z 467, 204 and 530, respectively.

The n-alkanes and n-alkanols were confirmed by their retention
times with the external standard n-alkanes and n-alkanols (Supelco,
USA). Quantification was performed by comparing the relevant peak
area with that of the internal standard. The average recoveries of alkane
and alkanol were > 90% and > 85%, with uncertainty of about + 2.5%

and + 3.5%, respectively. The conversion equation used for U, and sea

surface temperature (SST) was U'3(7 = 0.031SST + 0.092 (Pelejero and
Grimalt, 1997).

The detailed method for GDGTs analysis has been reported elsewhere
(Cao et al., 2020). Briefly, GDGTs were analyzed by high-performance
liquid chromatography-atmospheric pressure chemical ionization-
mass spectrometry (HPLC-APCI-MS, Agilent 1200 series 6460 QQQ)
with two silica columns (150 mm x 2.1 mm x 1.9 pm, ThermoFinnigan)

Depth (cm) Lab code AMS-'4C age (yr BP + 10) Reservoir correction (AR) (yr + 10) Calibrated age (cal yr BP + 16)
0-1 Beta-583246 220 + 30 —125 + 55 28 + 28

55-56 Beta-583247 3410 + 30 —125 + 55 3260 + 100

125-126 Beta-583248 6260 + 30 —125 + 55 6636 + 105

175-176 Beta-583249 8540 + 30 —125 + 55 9127 + 107

225-226 Beta-583250 10080 =+ 40 —125 +£ 55 11158 + 98

375-376 Beta-583251 12740 + 40 —125 + 55 14498 + 196

505-506 Beta-583252 13270 + 40 —125+ 55 15289 + 137

All datings were performed on mixed species of G. ruber and G. sacculifer.
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Fig. 2. Age-depth model and sedimentation rate of core 18288-2. The age-depth relationship was calculated using the “rbacon” package (Blaauw and Christen,
2011) overlying the distributions of the individual dates (green). Line curve shows the best model (red line: mean); the area between the dashed lines indicates
chronological uncertainties (the model’s 95% probability interval). The inset shows the sedimentation rate.

maintained at 40 °C. GDGTs were eluted at 0.2 ml/min with 84% hexane
and 16% ethyl acetate for 5 min, followed by a linear gradient to 18%
ethyl acetate in 60 min, then to 100% ethyl acetate in 21 min, subse-
quently back to 16% ethyl acetate in 4 min and held for 30 min. GDGTs
were detected via selected single ion monitoring (SIM) of m/z 1292,
1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, 744 and
quantified by comparing the peak area of each compound with that of

the internal standard. The BIT (Branched vs Isoprenoid Tetraether)

[Ia)4-[Ila] + [I1a] -+ [I1a’] + [I11a']
Ta]++[Ila]+[ITla]+[ITa]+[I1a’]+[Cren]

(Hopmans et al., 2004). The Roman numerals represent the different
molecular structures of GDGTs as defined in De Jonge et al. (2014), and
Cren represents crenarchaeol.

index, a soil input proxy, was defined as [

2.2.2. Bulk parameters

Samples for the analyses of total organic carbon (TOC) and stable
organic carbon isotope (613C0rg) composition were first decarbonated
using a diluted HCl solution (1 M), then washed with distilled water and
freeze-dried before testing. The contents of total carbon (TC) and TOC
were analyzed using elemental analyzer (Vario EL cube), and 613C0rg
values were determined using an isotope ratio mass spectrometer
(DELTAP“SXP) interfaced with the elemental analyzer (Carlo Erba In-
struments Flash 1112). The analytical precisions of carbon content and
613C0rg measurements were < 0.1% and < 0.05%o, respectively. The
difference between TC and TOC concentrations was taken as the car-
bonate (CaCOs) content, reported in % dry weight. Acetanilide from
Indiana University with §!3C value of -29.53 + 0.01%. was used as
reference and analyzed before and after every 10 samples. The 613C0rg
values were expressed in standard delta notation relative to the Vienna

Pee Dee Belemnite (VPDB) standards.

3. Results

In core 18288-2, the SST values determined from UX,varied from
24.8 °C to 27.8 °C with the lowest value in 14.7 ka BP and highest in the
late Holocene. The most prominent feature is a 1.5 °C warming from the
Heinrich Stadial event 1(HS1) to Bglling—Allergd period (B-A) (Fig. 3c).
The 613C0rg values varied between —25%o and —22%o. The most negative
613C0rg (—25%0) occurred during the period from 18.3 ka BP to 17 ka BP,
increased by ~ 2%o from 17 ka BP to 16 ka BP, and became stable be-
tween —23%o and —22%o after 16 ka BP (Fig. 3d). The n-Cyg alkane and n-
Cag alkanol exhibited similar trends, with high values of 570 ng/g and
717 ng/g occurring during the last glacial, while low contents of 50 ng/g
and 105 ng/g were recorded in the Holocene, respectively. Overall, the
concentrations of n-Cyg alkanol were slightly higher and more variable
than the n-Cyg alkane concentrations (Fig. 3e,f). CaCOg3 contents ranged
from < 0.1% to 20%, with low levels occurring before 16.5 ka BP, then
gradually increased to ~ 20% in the middle to late Holocene, similar to
records in the adjacent cores 18287-3 and 17964-3 (Fig. 3g) on the
Sunda slope (Steinke et al., 2003).

The BIT index in core 18288-2 varied between 0.9 and 0.2, with high
values during the glacial period (Fig. 3h). The BIT index exhibited a
similar variation trend to the Slgcorg. A remarkable reduction in the BIT
values (0.6) was recorded in the 17-16 ka BP time interval, and < 0.3 in
the late Holocene which were comparable to the typical values in the
deep-water areas of the South China Sea (Jia et al., 2012).

The content of taraxerol in core 18288-2 exhibited remarkable
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Fig. 3. Paleoclimate records and terrestrial input at
20 the Sunda slope since the 20 ka BP. (a) 5'%0 record of
| GISP2 ice core (Greenland) (Grootes and Stuiver,
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variation. The minimum and maximum values were 60 ng/g and 1362
ng/g, respectively, with fluctuations around 150 ng/g except for several
peaks occurring in 18.3-17.7 ka BP, 14.7-14.8 ka BP, 11.9-11.1 ka BP
and 10.6-9.1 ka BP. The ratio of taraxerol to n-Cag alkanol (T/Cyg-ol)
varied between 2.9 and 0.3 in core 18288-2, depicting a trend similar to
the taraxerol content with several sharp peaks superimposed on the
relatively stable low values (Fig. 4b, c). The content of taraxerol and T/
Coqg-ol ratio in core 17964-3 with a longer time series were similar to
those in core 18288-2 both in trend and contents (Fig. 4b,c).

4. Discussion

The §'%0 data in core 18288-2 was somewhat insufficient, and
challenging to compare the results with other well-dated high-resolution
foraminifera 5'80 records (e.g., core 18287-3; Kienast et al., 2001) in
detail. Nevertheless, the synchronous abrupt warming during the Bglling
Transition (14.7-14.2 ka BP) and gradual warming trend from YD to the
early Holocene (12.0-10.5 ka BP) in the alkenone thermometry records
in both core 18287-3 and core 18288-2 (Kienast et al., 2001) as shown
in Fig. 3c indicated that the age model in this study performed
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Fig. 4. Various index records since the 20 ka BP. (a)
580 record of GISP2 ice core (Greenland) (Grootes
and Stuiver, 1997), (b) T/n-Cog-ol ratio in cores
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satisfactorily and could be reliably used to discuss the findings of this
study.

4.1. Influence of local sea-level rise on terrestrial deposition

In this study, the predominance of odd/even long-chain n-alkanes
(C23-C33) and an even/odd predominance in the long-chain n-alkanols
(C22—C3p) in core 18288-2 revealed a typical higher-plant origin

(Eglinton and Eglinton, 2008). The biomarkers n-Cyg alkane (or n-Cog
alkanol) had been used as a representation of terrestrial plants input due
to their generally high concentrations and the significant positive cor-
relations with the total long-chain n-alkanes (or n-alkanols) (Pelejero,
2003). Higher deposition of terrestrial plant leaf waxes during the last
glaciation than in the Holocene (Fig. 3e,f), is consistent with findings
reported in previous studies both in the northern and southern SCS (Hu
et al., 2002; Pelejero, 2003; He et al., 2008; Huang and Tian, 2012; Li
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et al., 2013). Due to the high resolution and the unique geographical
location of core 18288-2, approaching the paleo-estuary of the paleo-
North Sunda River during the glacial low-stand period (Voris, 2000),
the present work provides more detailed information about the paleo-
environmental changes in the study region, especially the timing and
magnitude of the fluctuations of the terrestrial lipids.

Previous studies had shown that the sea-level started rising on the
Sunda Shelf at ca. 19 ka BP with at least 10 m height (-114 m to —-96 m)
in about 500 years, which is also referred to as the 19 ka BP MWP event
(Hanebuth et al., 2000, 2009, 2011). The gradual decreasing trend in the
contents of n-Cog alkane and n-Cog alkanol content from 18.3 ka
(possibly earlier), as shown in Fig. 3e,f, suggested that the paleo-estuary
was gradually moving landward from the study station. The more sig-
nificant fluctuation of plant leaf wax inputs in core 18288-2 (water
depth 788 m) may have been related to the proximity to the river mouth,
which may have experienced intensive hydrological activity and/or
sediment re-working than in the core 17964-3 (water depth 1556 m), as
supported by the large fluctuations of 613C0rg in a close core 18287-3
(Fig. 3d; Steinke et al., 2003).

The 613C0rg value close to —25%o during the low-stand period in core
18288-2 (Fig. 3d) indicated the limited C4 vegetation and dominant
rainforests’ contribution in the studied area with a typical 5'3C value of
~17%0 and —27%o for C4 and Cj plants, respectively (Deines, 1980; Hu
et al., 2003), although a savanna-like ecosystem was previously pro-
posed in the exposed Sundaland (Bird et al., 2005). The typical 613C0rg
values in mangrove environments (—26%o to — 29%o; Xia et al. 2015;
Khan et al., 2019) generally fall within the range found for rainforests.
Therefore, the autochthonous marine organic matter and allochthonous
terrestrial plants inputs, featured by carbon isotope values of —20%o and
—27%o, respectively (Deines, 1980), were considered as the main sources
in the present sediment 5*>C of bulk organic carbon.

The increasing Slacorg values from about —25%. in 17 ka BP to
—22.4%o0 in 16 ka BP in core 18288-2 indicated a significant reduction of
terrestrial-derived organic matter during this period, consistent with the
observation in a nearby site (Fig. 3d). This was also confirmed by the
significant drop in BIT from 0.9 to 0.6 in core 18288-2 (Fig. 3h), and
decrease in kaolinite content (i.e., the contribution of clays from the
Malay Peninsula, Sumatra, and Thailand) from 33% to 26% in the
nearby site 18287-3 (Fig. 3i; Steinke et al., 2008). These substantial
variations and the slightly increasing concentrations of CaCO3 during
the same time interval (Fig. 3g), indicated an abrupt initiation of
dynamical changes in the coastal environments in response to the start
of the last deglacial climate, including the inundation of the lowermost
part of the paleo-North Sunda River and the retreat of depocenter from
the front of the paleo-estuary into the middle river course at this time
interval (Hanebuth et al., 2003, 2009; Steinke et al., 2003).

However, the fluctuations in the contents of n-Cog alkane and n-Cog
alkanol, 613C0rg and BIT were relatively weak after 16 ka BP in the upper
continental slope sites and did not respond to the apparent sea-level rise
characterized by two distinct meltwater pulse events (MWP-1A and
MWP-1B) (Hanebuth et al., 2011). This indicated less significant
changes in the sedimentary environment for the terrestrial deposition,
although progressive landward retreat of the coastline continued during
this period. Meanwhile, the large fluctuation of n-Cog alkane and n-Cag
alkanol concentrations compared to the relative stability of BIT index
during the time interval of 16-18 ka BP, and the large variation in the
BIT index compared to the lower variations in n-Cy9 alkane and n-Cog
alkanol concentrations during the B-A period (Fig. 3e,f,h) might indicate
different sensitivities or transport mechanisms of different organic
indices in response to the environmental changes.

4.2. Increase in mangrove-derived sedimentary organic matter during the
MWP events

Mangroves are unique coastal vegetation that covers ca. 60-75% of
the shoreline in the tropics and subtropics and are sensitive to
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environmental changes. Owing to its refractory nature, the mangrove
biomarker taraxerol is frequently found in sediments. The abundance of
taraxerol relative to n-Cyg alkane (T/n-Cog) or n-Cyg alkanol (T/n-Cog-
ol), which are common biomarkers for terrestrial higher plants, has been
used to reconstruct past mangrove ecosystems (Versteegh et al., 2004;
Kim et al., 2005; Scourse et al., 2005). In the present work, the T/n-Cog-
ol ratio was chosen as the mangrove indicator due to the similar polarity
of both compounds, which, to a large extent, reduces the bias caused by
differential degradation during diagenesis or analytical experiments.
The T/n-Cyg-ol ratios displayed a similar trend as the taraxerol content
(Fig. 4b,c), with higher ratios corresponding to a high influx of
mangrove-derived sedimentary organic matter in the southern SCS. This
indicated that mangroves growing along the river mouths and coast in
the exposed Sundaland were the predominant source of terrestrial
derived organic matter in the study site (Sun et al., 2002; Wang et al.,
2009).

Interestingly, the pulses of higher inputs of mangrove-derived
organic matter during 20-19 ka BP, 14.8-13.6 ka BP, 11.9-11.2 ka
BP, and 10.6-9.1 ka BP were synchronous with the MWP events recor-
ded in the Sundaland area with higher rates of sea-level rise (Hanebuth
et al., 2000), especially during the MWP-1A and MWP-1B periods when
the sea-level rising rates were ~ 38 mm/y and ~ 30 mm/y, respectively
(Fig. 4b,g). Unlike the global signal of MWP-1A, there was no evidence
for a global MWP-1B event at ~11.3 ka BP (Lambeck et al, 2014), but a
rapid sea level rise was reported during this time interval in Barbados
and Sunda Shelf regions (Hanebuth et al., 2000, 2009; Bard et al., 2010).
Here, mangrove biomarker peaks during 11.3-11.5 ka BP corresponded
extremely well with the MWP-1B event in both cores (Fig. 4b,c), similar
to the MWP-1A event, indicating the close linkage between the rate of
sea level rise and mangrove erosion in Sundaland. Such rates are much
higher than the suggested threshold of ~ 6 mm/y for mangroves survival
under a sea-level rising condition (Saintilan et al., 2020), implying
intense decomposition of mangrove vegetation and sediments during
the time intervals of rapid sea level rise.

A similar scenario had been reported in sediments off the west coast
of Africa (Versteegh et al., 2004; Kim et al., 2005; Scourse et al., 2005).
The relatively high mangrove-derived organic matter peak during the
19 ka BP MWP (a weak MWP event compared with MWP-1A and 1B)
might be related to several factors, such as: (1) the low sea level and
hence the proximity of the core to the paleo shoreline, where mangrove
organic matter could be easily reached (Steinke et al., 2003); (2) the
large extent of mangroves growing on the coastal area of the exposed
shelf during the glacial period (Sun et al., 2002; Wang et al., 2009); and
(3) the previous long period of sea-level stability that facilitated the
maturation of mangrove communities (Hanebuth et al., 2011), thus,
yielding more available mangrove materials. Notably, MWP-1C during
the early Holocene (Fig. 3g), which is lacking in some records, was
characterized by high T/n-Cyg-ol ratios in the present work (Fig. 4b),
possibly related to an abrupt transition from fluvial to marine deposition
in Asia (Liu et al., 2004; Hori and Saito, 2007; Tjallingii et al., 2010).

After MWP-1C, especially after 6 ka BP, mangrove signals became
weakened and/or below the detection limit in the studied sites due to
their far distance from the coast and complete submergence of the
Sundaland. Therefore, the increase in mangrove-derived sedimentary
organic matter during the MWPs originated mainly from erosion of the
original mangrove deposits.

The coastline is generally more susceptible to resuspension and in
situ transport by erosion and disturbance without the protection from
the overlying vegetation. Some depositional evidence in the Sunda Shelf
area also reflected shoreline erosion during the periods of rapidly rising
sea-level, consistent with the decrease in clay content (Fig. 4e) (Pelejero
et al,, 1999; Steinke et al., 2003), and increase in mean grain size
(Fig. 4f) and sand proportions (Kienast et al., 2001; Jiwarungrueangkul
et al., 2019). However, not all MWPs were recorded in previous studies
due to low sample resolution or site location. Here, the presentation of
the four MWP events by T/n-Cgg-ol ratio in Sunda Shelf region indicated
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the well-documented paleoceanographic changes by the organic lipids,
which are very important in paleoceanography and paleoclimate
studies.

4.3. Deglacial variation of the mangrove ecosystem and implications for
the carbon cycle

Mangrove ecosystems generally serve as a significant long-term
carbon sink with much higher area-normalized carbon burial rates and
thus are regarded as an essential part of the “blue carbon” reservoirs,
even though their wetlands could serve as a source of CH4 and N2O
(Mcleod et al., 2011; Atwood et al., 2017; Hamilton and Friess, 2018).

a Low rate of sea levelrise
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Mangroves can also capture suspended particles from upstream and the
adjacent ocean by fluvial and tidal transportation, respectively (Alongi,
2014). However, if the mangrove vegetation is destroyed by natural
forces and/or human activities, the subsequent erosion of mangrove
deposits will likely act as a potential source of carbon.

In this study, the high inputs of mangrove-derived organic matter to
the study sites suggested that mangroves could not keep pace with the
accelerated sea-level rise (>15 mm/y) during MWPs. The drowned
mangrove communities are confirmed by a large number of thick
mangrove-rich peat beds, such as in the central and outer Sunda Shelf
(Hanebuth et al., 2003, 2009), the Mekong River delta (Tamura et al.,
2009; Li et al., 2012; Liu et al., 2017), the Chao Phraya River delta

CO,

High carbon storage
capacity in mangroves

Rainforest Mangrove

b MWP events

Rainforest Mangrove

deposits

Decomposition of the
massive carbon-rich
mangrove sediments

Plant drowning

Fig. 5. Schematic diagram illustrating the response of terrestrial organic matter and mangrove organic matter to the rate of sea level change. (a) low rate of sea level
rise, (b) rapid rate of sea level rise, such as the MWP events. The blue downward and red upward arrows indicate the carbon storage and release by the plants, with
the left pairs for rainforests and right pairs for mangroves, respectively. The width of the arrows represents the carbon quantity, wide for great quantity and narrow

for less quantity.
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(Somboon, 1988), and the Gulf of Thailand (Somboon, 1988; Sinsakul,
1992). Significant amounts of taraxerol and other immature biogenic
components have been previously reported in shelf sediments from the
marginal Petrel Basin, the Timor Sea (northern Australia) since the LGM
(Nicholas et al., 2014).

The root system of the vegetation plays a vital role in maintaining
soil structure’s stability; thus, the destruction of mangroves would lead
to the collapse of the soil below (Cahoon et al., 2003). Moreover,
without the protection from mangroves, most coastal areas would suffer
severe erosion and hydraulic scouring, and rising sea-level would also
exacerbate the erosive effects of storm surges and extreme astronomical
tides on the coast (FitzGerald et al., 2008). Compared to the slow organic
matter oxidation in anoxic mangrove soils (Chmura et al., 2003; Mckee
et al., 2007), once submerged and eroded, the sequestered carbon in
mangrove vegetation and deposits would be readily oxidized to COo,
leading to carbon loss to the atmosphere (Fig. 5).

Intense coastal hydrodynamics would intensify this scenario during
the deglacial sea-level rises, including slumping, tidal, and wave actions
that would allow oxygen to penetrate deeper into the sedimentary car-
bon reservoirs (Abrams et al., 2018). The high T/n-Cog-ol ratios during
the MWP-1A and 1B in our results corresponded with the two significant
increases in atmospheric COy concentration (Fig. 4h), suggesting that
the erosion of mangrove sediment may act as a possible potential source
of atmospheric carbon (Fig. 5). This premise is supported by a recent
simulation study, which revealed that sizeable amounts of terrestrial
carbon transferred to the ocean during MWP-1A triggered the local
oceanic CO, outgassing and anomalies in oceanic parameters, such as
sea surface alkalinity, dissolved inorganic carbon, and phosphate,
particularly in Southeast Asia (Extier et al., 2022).

Although the high T/n-Cgg-ol ratios corresponded well with
increasing CO2 concentration during MWP 1A and 1B events, the rela-
tively stable pCO5 during the 19 ka BP MWP and MWP 1C did not
spontaneously change with high T/n-Cgg-ol in Sunda Shelf during these
periods. Because of the complex mechanism of pCO, variability, the
increasing carbon release in the Sunda Shelf may possibly be counter-
acted by other processes globally. More paleo-mangrove records
including the lipids, pollens as well as model simulations are required in
future studies to estimate the variability of different carbon budgets in
different time intervals for deeper understanding of the role of man-
groves in the global carbon cycle.

Despite the inferred collapse and erosion of the mangrove ecosystem
during the rapid sea-level rise of MWPs, our results suggest that man-
groves did not disappear entirely and might have recovered to some
extent as the T/n-Cgg-ol ratio did not decline to zero (Fig. 4b). The
general decreasing trend in the T/n-Cgg-ol ratio from the last glacial to
the Holocene could indicate the gradually increasing distance from the
mangrove habitats to the study sites along with the sea-level rise. This
implies that mangroves can recover rapidly once the sea-level rise slows
down. Several recent studies have highlighted the horizontal and ver-
tical adaptation of coastal wetlands, which would migrate to newly
formed habitats due to sea-level changes (McKee et al., 2007; Schuerch
et al., 2018). The flat topography of the Sunda Shelf may facilitate the
landward extension of mangroves under a slow sea-level rise (i.e., < ~6
mm/y) and the preservation of high carbon-bearing sediments of the
mangrove ecosystem (Woodroffe et al., 2016; Chen et al., 2020; Cheng
et al.,, 2021). The increase in mangrove pollen content during the
deglaciation period observed from the Sunda Shelf may also have sup-
ported the expansion of mangroves during that time (Wang et al., 2007,
2009).

4.4. Insights on the conservation of mangroves

According to the IPCC’s latest projections (AR6) (IPCC, 2021), the
rate of sea-level rise in the next century will reach 6 mm/y (or even > 24
mm/y) based on the estimated GHG emission levels which would exceed
the scenario at 19 ka BP MWP and MWP-1C during the last deglaciation
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period. Severe weather events, such as tropical cyclones and coastal
floods caused by global warming are also increasing (Woodruff et al.,
2013). Additionally, human activities, i.e., deforestation of mangroves,
constructing of coastal dikes, highways and residential areas, are also
severely reducing mangrove vegetative areas (Chmura et al., 2003;
Mcleod et al., 2011; Alongi, 2014; Schuerch et al., 2018). All these show
that mangroves are suffering from major threats both from natural di-
sasters and increased human activities, especially in coastal areas. In the
past years, approximately 1.04 million ha of mangrove forests vanished
globally due to sea-level rise, deforestation, and land-use change
(Lovelock et al., 2015; Bryan-Brown et al., 2020). Mangrove deposits,
which are carbon-rich reservoirs formed on centennial to millennial
scales (Duarte et al., 2005; Mckee et al., 2007), are difficult to recover on
human time scales. Thus, the destruction of mangrove carbon reservoirs
could have significant environmental and climate impacts. Based on the
paleo record in Sunda Shelf, the erosion of mangrove deposits would
contribute to increasing atmospheric CO, levels. At present, the con-
servation of mangrove ecosystem and protection from erosion, and
damage by human activities are crucial for limiting the potential sig-
nificant carbon loss from this valuable ecosystem.

5. Conclusions

Organic lipids were studied in sediment cores from the southern
South China Sea, and the results revealed significant effects of sea-level
change on terrestrial deposition. The distinctly decreasing trends in the
concentrations of long-chain n-Cyg alkane and n-Cyg alkanol, BIT index,
increasing 613C0rg ratios and carbonate contents in core 18288-2 over
the 17-16 ka BP time interval, indicated a dramatic change in the
depositional environment associated with the inundation of the lowest
part of the paleo-North Sunda River. The apparent abrupt increase in the
content of taraxerol and T/n-Cayg-ol ratio during 20-19 ka BP, 14.8-13.6
ka BP, 11.9-11.2 ka BP, and 10.6-9.1 ka BP were synchronous with the
MWP events recorded in the Sunda Shelf area. This is the first report on
simultaneous variations of mangrove vegetation and MWP events,
indicating mangrove deposit erosions due to rapid sea-level rise, facili-
tated by MWP events. The obvious increasing concentrations of CO;
during the two strong meltwater pulses (MWP-1A and MWP-1B) co-
variated with the peaks of mangrove signals, indicating contributions
from mangroves sequestered carbon in the Sunda Shelf area. As one of
the most carbon-rich ecosystems on Earth, this study highlights the need
for mangrove ecosystem conservation and protection from natural
erosion and anthropogenic damage. This will help improve the carbon
storage capacities of mangrove ecosystems and reduce the potential
carbon loss.
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