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ABSTRACT

The response of coastal wetlands to future sea-level rise remains uncertain. Palaeoecological data are essential to
constrain the still conflicting ecological models. However, obtaining detailed palaeo-coastal stratigraphic records
before Holocene is often difficult due to repeated Quaternary marine transgression-regressions. Here we utilize
pollen data from a deep-sea sedimentary archive in northern South China Sea to explore the historical behavior
of coastal wetlands at a large river estuary over the last 140-kyr. A recurrent wetland (Cyperaceae)-pioneer
species (Selaginella)-zonal forest (Pinus) succession throughout the last glacial-interglacial cycle implies a coastal
salt marsh origin of the Cyperaceae pollen. Comparing with global sea-level reconstructions, the increases in
Cyperaceae pollen abundance, and hence the expansions of coastal salt marsh, were found to be closely linked
with rapid large-scale sea-level rises. This finding indicates a resilience of coastal wetlands to future sea-level
rise, and highlights the probable importance of conventionally ignored horizontal adaptability in long-term
survival of coastal wetlands. Overall, marine pollen records provide an opportunity to supplement existing

palaeoecological observations of coastal wetlands during the Quaternary.

1. Introduction

Coastal wetlands are among the most valuable ecosystems on Earth.
Marshes and mangroves sequestrate carbon (Duarte et al., 2013), protect
coasts from storms (Moller et al., 2014), support commercial fisheries
(Aburto-Oropeza et al., 2008), and maintain biodiversity (Millennium
Ecosystem Assessment, 2005). Yet uncertainty persists about their
response to future sea-level change. Early static landscape models pre-
dict that up to 90% of present coastal wetlands will be submerged by the
end of this century, with sea-level rise rates of less than 8 mm/yr
(Nicholls et al., 2007; Craft et al., 2009; Nicholls & Cazenave, 2010),
whereas more recent dynamic models suggest that, through ecogeo-
morphic feedbacks between increased inundation and enhanced vertical
accretion, coastal wetlands will be resistant to sea-level rise rates of
10-50 mm/yr (Kirwan et al., 2010; Kirwan & Megonigal, 2013; Kirwan
et al., 2016a), exceeding the worst scenarios considered by the IPCC
(8-23 mm/yr in RCP 8.5, Church et al., 2013).

Palaeoecological data not merely provide empirical tests of existing
models, but also may pave the way for further ecological researches by
demonstrating ecosystem dynamics over timespans much longer than
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those of modern observations and experiments (Brewer et al., 2012;
Barnosky et al., 2017). For instance, according to Holocene coastal
stratigraphic records, tidal marshes in Great Britain (Horton et al.,
2018), Mississippi Delta (Tornqvist et al., 2020) and Florida (Parkinson
etal., 2015) had converted to open water within decades when sea-level
rise rates were > 6-8 mm/yr, although vertical accretion of the marshes
did increase (Rogers et al., 2019). It has therefore been argued that the
dynamic models, based largely on ecological observations over decades
or less, have failed to capture key processes and stochastic nature of
wetland evolution at millennial or longer scale, such as sediment
compaction, extreme climatic influences and catastrophic ecosystem
shifts, and underestimated the vulnerability of coastal wetlands to future
sea-level rise (Fagherazzi et al., 2012; Parkinson et al., 2016; Tornqvist
et al., 2020).

Going back before the Holocene, the Quaternary includes a wider
variety of sea-level change scenarios (Siddall et al., 2003; Grant et al.,
2012) to explore more detailed evolutionary dynamics of coastal wet-
lands. However, lots of earlier coastal sedimentary sequences have been
buried and/or eroded during large-scale cycles of marine transgression-
regression, impeding direct investigations of wetland sustainability
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through large numbers of stratigraphic records across the palaeo-coastal
region (like Horton et al., 2018; Tornqvist et al., 2020). Fortunately, a
few studies hint that coastal wetland vegetation might have left distinct
pollen signature in offshore sediments. For instance, a recurrent tem-
poral succession in the pollen record of marine core MD03-2622, Car-
iaco Basin, during MIS 3, starts with Chenopodiaceae (hypersaline-
tolerant), followed by Cyperaceae, Poaceae and Rhizophora (wetland
plants), subsequently by Selaginella (likely pioneer species), ends into
the zonal forest species (Gonzalez & Dupont, 2009; Fig. S1). Its resem-
blance to the spatial pattern of modern plant community along coastal
environmental gradients (from intertidal to terrestrial environment,
Fig. S2) suggests a potential to evaluate the behaviors of coastal wet-
lands through variations of indicator pollen in marine archives, and then
the ecological observations of coastal wetlands could be greatly
extended in space and time. Nevertheless, the taxonomic resolution is
relatively low in palynological analysis. Poaceae and Cyperaceae, in
particular, comprise a large number of species that occur in many other
habitats besides coastal wetlands. It is also difficult to find modern
analogue for some key taxa in the succession, such as Selaginella. The
generality of this approach remains to be tested.

Here we present a 140-kyr long pollen record from the deep-sea
sedimentary archive GeoB16602 in the South China Sea (SCS). Within
a wider chronological frame, previously reported wetland succession
(wetland plants—pioneer species-zonal forest) is replicated, validating
the feasibility of indicator pollen (Cyperaceae in this case) from marine
archives in tracking historical evolution of coastal wetlands. Differences
between the successions of two sites (GeoB16602 and MDO03-2622)
imply that this approach may need to be adjusted according to biogeo-
graphical settings. Geomorphic conditions, as well as background noise,
could cause the obscuring of wetland succession in offshore sediments.
The implications for coastal wetland sustainability is also discussed by
comparing our reconstructed wetland dynamics with global sea-level
reconstructions.

2. Regional setting

The monsoonal climate of the northern SCS region is characterized
by hot-humid summer and mild winter. The mean annual temperature of
the region ranges from 20 °C to 27 °C with a latitudinal gradient. The
mean annual precipitation is around 2200 mm, ~80% of which are
brought in by the East Asian Summer monsoon between March and
September (International Atomic Energy Agency, 2013). The Pearl River
catchment represents an ecotone zone between the two major forest
types of the region, i.e. subtropical evergreen broadleaved forest in the
north and tropical monsoon forest in the south (Wu, 1980; Beck et al.,
2018; Fig. S3). Mangroves are common along some tropical coasts of
Hainan Island, but become much scattered to the north. For instance,
salt marshes dominated by Cyperus malaccensis are more extensively
distributed in the intertidal zone of Pearl River estuary (Zhao, 1996).
The pollen deposits at southwestern part of northern SCS mainly indi-
cate the historical vegetation evolution of the (palaeo-)Pearl River
catchment area, without large provenance changes (Dai et al., 2014; Yu
et al., 2017; Liu et al., 2017; Cheng et al., 2018).

3. Material and methods

The study site GeoB16602 (18.95°N, 113.71°E, water depth, 953 m)
is located in the northwestern SCS (Fig. 1). A composite record was
established by correlating the XRF data of two parallel cores (gravity
core GeoB16602-4, 0.25-9.71 m and MeBo core GeoB16602-5,
9.59-17.07 m) recovered at the site during the 2012 RV SONNE cruise
S0-221 “INVERS” (Mohtadi, 2012). The benthic foraminiferal §'%0 data
was aligned with the globally stacked reference LR04 (Lisiecki and
Raymo, 2005) using the program AnalySeries 2.0.8 (Paillard et al.,
1996) in order to establish the long-term age model; the upper 5.62 m
(0-36.8 ka) was constrained by 15 AMS '*C dates using the Bacon
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Fig. 1. Location of the study site GeoB16602 plotted on a topographic map.
Also show a relevant marine pollen record from Criaco Basin on the global map
inset (Gonzalez and Dupont, 2009). Dashed lines indicate palaeo-River systems.

software (See Liu et al. (2017) for details about this part).

Pollen records spanning the interglacial intervals (0-30 ka and
95-140 ka) of GeoB16602 cores have been reported previously (Cheng
et al., 2018). For this study, the last glacial interval (30-95 ka) was
sampled to get a full view of the last glacial-interglacial cycle, with a
5-10 cm interval equivalent to an average temporal resolution of ~ 600
years. Pollen samples were processed via standard hydrochloric-
hydrofluoric acid procedure (Feegri et al., 1989). A tablet containing
27,637 exotic Lycopodium grains was initially added to each sample for
calculating the pollen concentrations (absolute abundances). The per-
centages (relative abundances, Fig. 2) of pollen and spore taxa were
calculated on the pollen sum (>300 grains per sample) and spore sum
(>100, on average 160 grains per sample) respectively in order to
independently study the compositional changes of higher plant and fern
communities. Principle components analysis (PCA) and cluster analysis
on percentage data of all identified pollen and spore taxa were con-
ducted using CANOCO (ter Braak & Smilauer, 1998) and Tilia (CONISS)
software (Grimm, 1987), respectively.

4. Results

The variabilities in relative abundance of GeoB16602 pollen and
spore taxa (Fig. 2) reveal two distinct evolution patterns at the tropical-
subtropical flora ecotone of southern China:

1) the zonal forest exhibited a clear glacial-interglacial cycle. During
the peak interglacials (MIS 1 and 5e), tropical components, here best
expressed by the montane rainforest trees including Dacrydium, Dacry-
carpus, Podocarpus and Altingia (15%-30% in total) and thermophilic
ferns (such as Dicranopteris and Cyathea), are the most abundant. They
give way step-wisely to temperate (e.g. Pinus and Fagus) and alpine trees
(e.g. Tsuga and Abies/Picea), grasses (mainly Poaceae and Asteraceae),
eurythermal ferns (e.g. Polypodiaceae) and some more cold-adapted
lower plants (e.g. Hymenophyllaceae and Anthoceros) toward the
Glacial Maximums (MIS 2 and 6). Component loadings for first principal
components in PCA indicates a major biome shift, but not a species
turnover, at MIS 3/4 boundary.

2) glacial/interglacial pattern are very ambiguous (similar peak
values for MIS 2, 3 and 5) for Cyperaceae (from about 5-8% to 15%) and
Selaginella (from 0 to 10%), in which millennial-scale fluctuations are
persistent and more notable (Figs. 2 and 3). These fluctuations are
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Fig. 2. Summary pollen diagram of core GeoB16602, showing percentages of ecological groups and major pollen and spore taxa, the cluster analysis (CONISS)
dendrogram, benthic foraminiferal 5'%0 curve and sample scores on PCA Axis1 (18.1% of total pollen variance, excluding Cyperaceae). Horizontal grey bars indicate

the relatively warm marine isotope stages.

confirmed by the concentration (absolute abundance) data (Fig. S4). The
successive peaks of Cyperaceae and Selaginella are commonly followed
by a slight increase in Pinus, together forming a recurrent succession
(Fig. 3E). The succession usually occurs at the transitions from cold to
warm conditions, such as the glacial terminations, MIS 5d/5c, 5b/5a, 4/
3 boundaries, the ends of Heinrich stadials and several Dansgaard-
Oeschger (D/O) oscillations (Fig. 3).

5. Discussion
5.1. Pollen records offshore as indicators of coastal wetlands

Our pollen record from marine sedimentary archive corroborates
surrounding terrestrial records (e.g. Zheng & Lei, 1999; Sheng et al.,
2017; Wang et al., 2019), demonstrating clear glacial/interglacial shifts
in the zonal tropical/subtropical vegetation of southern China. The
abundance variations of Cyperaceae pollen, however, apparently differ
from the long-term evolution of zonal forests, illustrating muted glacial
cycle but persistent millennial-scale fluctuations (Figs. 2 and 3). More
specifically, the short-term peaks of Cyperaceae at GeoB16602 mostly
predate the relatively long-lasting interglacials or interstadials (such as
MIS 5a, 5c¢, 5e and Greenland interstadials 1-18), of which a humid
climate (Cheng et al., 2016; Fig. 3A) is often favorable for the expansion
of inland freshwater wetlands (Bush, 2002). We also note that Cyper-
aceae pollen is quite common at most other sites of the East Asian
Marginal seas during glacial periods (e.g. Zheng et al., 2013; Sun et al.,
2003; Dai et al., 2015), as freshwater wetlands (anastomosing rivers,
streams, bogs, and swamps) might be extensively developed on the
exposed gently dipping continental shelves during sea-level lowstands,
and shortened transportation distance facilitates the accumulation of
Cyperaceae pollen (with relatively low dispersal ability, Dai et al., 2014;
Yu et al., 2017) at offshore sites. In these cases, sea-level has a negative
effect on Cyperaceae pollen abundances, their variations generally
reflect glacial/interglacial cycles (Zheng et al., 2013; Sun et al., 2003), a
distinctively different pattern from that exhibited by GeoB16602. All

these contrasts strongly hint the weak correlation between GeoB16602
Cyperaceae pollen and regional climates, and probably limited contri-
bution of freshwater wetlands to the short-term variations in Cyperaceae
pollen abundance. Large amounts of alpine meadow origin Cyperaceae
pollen can be excluded either, since other alpine species, such as Abies/
Picea and Ericaceae, are nearly absent throughout our core (Fig. 2).
On the other hand, the recurrent Cyperaceae- Selaginella- Pinus suc-
cession at GeoB16602 closely mimics the Chenopodiaceae-Cyperaceae,
Poaceae and mangroves- Selaginella-forests succession at MD03-2622
(Gonzalez & Dupont, 2009), implying a universal ecological process
that can be easily explained in the context of coastal saline environ-
ments. Initially, Chenopodiaceae species (e.g. Salicornia, Atriplex and
Suaeda) occupy a hypersaline area. They are replaced by grasses (e.g.
Spartina and Sporobolus), sedges (e.g. Cyprus, Juncus and Scirpus) and
mangroves while soil salinity decreases to a moderate level. Forests are
eventually established if soil conditions keep improving. Such plant
communities are commonly found along world’s seacoasts (Fig. S2). The
absence of some phases in GeoB16602 succession can be attributed to
biogeographic difference between two regions. Today Chenopodiaceae
species are rarely found at the Pearl River estuary probably due to a
more humid climate, since annual mean precipitation of southern China
is nearly twice of northern Venezuela, and plenty rainfall may leach out
excess salts and preclude the formation of hypersaline conditions. Poa-
ceae species, such as Spartina, are not major components of salt marsh
vegetation at the Pearl River estuary (Zhao, 1996). An overall glacial
cycle for Poaceae pollen in our record (Fig. 2) also implies more climate-
relevant evolution than Cyperaceae and a more likely regional prove-
nance. Despite a sparse distribution of mangroves at today’s Pearl River
estuary (Zhao, 1996), its pollen is almost absent from surface sedi-
mentary samples beyond the coastline (Dai et al., 2014; Yu et al., 2017).
Mangrove pollen could become more undetectable at our site during
glacial periods considering a southward shift of tropical/subtropical
vegetation. By contrast, Cyperaceae, as the main component of modern
salt marsh at the Pearl River estuary (Zhao, 1996), is much better
expressed by pollen in modern offshore deposits, with a slight
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decreasing trend in abundance (from > 10% to ~ 5-10%) from coastline
to continental slope (Dai et al., 2014; Yu et al., 2017). Cyperaceae is
therefore the most representative pollen type for coastal wetlands at site
GeoB16602. An intriguing finding at both sites is the constantly
repeated increases in Selaginella. Although it is difficult to find modern
analogue for exact species in ecosystem shifts from saline water to land,
the genus Selaginella, overall, prefers moist habitat and depends on
water for fertilization (Banks, 2009; Setyawan et al., 2016). Its short-
term blooms likely indicate the still moist soil condition at the early
stage of forest establishment.

In brief, the temporal succession may help to identify some taxo-
nomically inadequate palynomorphs (e.g. Cyperaceae and Poaceae) as
salt marsh taxa (Gonzdlez & Dupont, 2009 and this study). Mangroves
(e.g. Rhizophora and Sonneratia), in addition, are identified precisely by
pollen (e.g. Grindrod et al., 1999; Scourse et al., 2005; Hendy et al.,
2016). Pollen analysis of offshore deposits overall provide a powerful
tool for the study of coastal wetland evolution during Quaternary sea-
level changes.

5.2. Response of coastal wetland to Quaternary sea-level changes

The increases of Cyperaceae at GeoB16602 were closely linked to
rapid sea-level rises over the past 140 kyr (Fig. 3). The increases of
Cyperaceae at around 85 ka and 106 ka, for instance, coincide with sea-
level rises at the MIS 5b/5a and MIS 5d/5c transitions (20-40 m, up to
22 m/kyr, Grant et al., 2012; Fig. 3D). The increase at around 120 ka
might be related, within uncertainty, with the sea-level rise at the end of
the last interglacial (9 m, 9 m/kyr, O’Leary et al., 2013). The latest and
most remarkable increase, with an adequate chronological control, was
well aligned with the MWP-1A (melt water pulse 1A) event (14-18 m,
40 m/kyr, Hanebuth et al., 2000; Fig. 3D and S5). The high-frequency
variations of Cyperaceae abundance between 25 and 70 ka also seem
to agree with the millennial-scale sea-level changes (Fig. 3F), given the
ongoing debates on the timing of such sea-level fluctuations (Siddall
et al, 2008; see Fig. 3C and F for the discrepancy among re-
constructions) and our relatively rough chronology for this time inter-
val. All the four (or five) major sea-level rises correlated to Heinrich
events (H4-H6) or Antarctic events (A1l-A4) (20-30 m, 8-16 m/kyr,
Siddall et al., 2003; Arz et al., 2007; Fig. 3F), can find their counterparts
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in the GeoB16602 Cypreaceae pulses. Pollen signature of even some
lower-amplitude sea-level rises corresponding to D/O events 3, 4, 7, 11,
13, 18 (10-20 m, 5-10 m/kyr, Siddall et al., 2008; Fig. 3) is likely to be
identified. Coeval rises of coastal wetland pollen abundance and sea-
level are also found elsewhere worldwide, such as Sahul region
(Grindrod et al., 1999), Congo fan (Scourse et al., 2005), Cariaco Basin
(Gonzalez & Dupont, 2009) and Gulf of Tehuantepec (Hendy et al.,
2016).

Coastal wetland pollen abundance at offshore site is mainly deter-
mined by two aspects: distribution area of wetlands and transportation
distance of their pollen. Since transportation distance increased during
sea-level rises, exerting a negative effect on coastal wetland pollen
(Zheng et al., 2013; Dai et al., 2014; Yu et al., 2017), it was thus more
likely that coastal wetland vegetation expanded. A straightforward
explanation is that the flat topographies, such as delta and floodplain,
were flooded during rising sea-level, enlarging the shallow water bodies
and distribution area of coastal wetland vegetation (Fig. 4A, B).

The following sharp decreases of Cyperaceae pollen demonstrate
that such coastal wetlands might have rapidly shrunk into narrow bands
while the sea level became relatively stable (Fig. 3D). The successive
peaks of Selaginella spore and Pinus pollen suggest a colonization of
zonal forest into those previously tidal-influenced areas. Subsequent
gradual sea-level fall, for instances, during the mid-late parts of MIS 5a
and 5c¢, would have exposed the flat topographies to fluvial incision and
channel down-cutting. But new deltas and floodplains would prograde
at the estuary when sea-level change decelerated, analogous to the mid-
late Holocene processes of the large rivers draining into the SCS (Tanabe
et al.,, 2006; Tamura et al., 2009; Zong et al., 2012), reserving a
precondition for wetland expansion during the next sea-level rise
(Fig. 4C).

Nevertheless, we notice that Cyperaceae peaks were absent during
the latter part of each deglaciation at GeoB16602 (10-14 ka, 128-134
ka, Fig. 3F). A possible explanation is that too prolonged transport dis-
tance diluted coastal vegetation signals (Zheng et al., 2013; Chen et al.,
2020). However, the sea-levels during these intervals were lower than
MIS 5c¢-5e intervals where wetland expansions have been well docu-
mented (Fig. 3F). We propose that the flat topographies developed
during the sea-level lowstands of MIS 2 and 6 (Fig. 4C) had been totally
flooded by earlier deglaciation sea-level rises, leaving insufficient
geomorphic conditions for the expansion of coastal wetlands during the
following continuous sea-level rise of latter deglaciation. A lack of large
rivers and limited delta platforms to host shallow waters in northeastern
SCS coasts may also partly explain the much weak correlation between
Cyperaceae pollen abundance and rapid sea-level rises during MIS 3 at a
nearby site MD05-2906 (Dai et al., 2015).

5.3. Implications for coastal wetland sustainability

An important implication from our palaeoecological observation is
that coastal wetlands may not only survive, but even expand during sea-
level rises with rates up to 40 m/kyr (equal to mm/yr), contrary to the
expected vulnerability based on Holocene coastal stratigraphic records
of Great Britain (Horton et al., 2018) and Mississippi Delta (Tornqvist
etal., 2020). A probable explanation to this discrepancy is the horizontal
adaptability of coastal wetlands. Despite a widespread concern in both
ecological and palaeoecological studies over the vertical adaptability of
coastal wetlands (e.g. Morris et al., 2002; Craft et al., 2009; Nicholls &
Cazenave, 2010; Fagherazzi et al., 2012; Horton et al., 2018; Tornqvist
et al., 2020), it is recently hypothesized that landward migration into
newly formed habitats may play a primary role in the survival of coastal
wetlands through sea-level rise (Kirwan et al., 2016a; 2016b). A recent
model considering the horizontal adaptability suggest that, albeit with
widespread in place submergence, globally, coastal wetland will gain
area under rapid sea-level rise scenario if sufficient accommodation
space can be created through nature-based adaptation strategies
(Schuerch et al., 2018). Our findings provide strong empirical evidence
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Fig. 4. Schematic diagram illustrating coastal wetland responses to sea level
changes. A: Delta plains prograde when sea-level is relatively stable. Wetland
vegetation are mainly distributed along the coastline. B: Coastal platforms are
flooded by rising sea level, shallow water areas and consequently the wetland
vegetation expand. Only migration happens at a steeper slope. C: Shallow water
areas shrink during sea-level fall. Wetlands are replaced by zonal forest initi-
ated with a pioneer fern occupation. If sea-level drops to lower than in A,
former platforms are eroded, new delta plains prograde at the estuary when sea-
level change decelerates.

for this prediction. Although it is hard to directly evaluate the vertical
versus horizontal behaviors of coastal wetlands based on an offshore
record, taking into account > 20 m rises in sea-level during these cen-
turial- or millennial-scale events and corresponding large-scale shore-
line shifts on the gently dipping SCS continental shelf (Hanebuth et al.,
2000; Wang et al., 2009), it is reasonable to suppose that in-situ persis-
tence contributed little to the observed expansions of coastal wetlands.
The regional (horizontal) behavior may not be explicitly reflected in
Holocene coastal records (Horton et al., 2018; Torngvist et al., 2020)
due to limited spatial coverage of drilled cores and/or relatively low-
amplitude sea-level changes.

Rather than the rates of sea-level rise, geomorphological settings will
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probably be more decisive in the fate of coastal wetlands. Gently sloping
uplands, such as large river delta plains, will favor the migration and
even expansion of coastal wetlands (Fig. 4), whereas steep topography,
including anthropogenic infrastructures, will lead to contraction or even
local extinction of coastal wetlands with sea-level rise (Kirwan et al.,
2016a; Kirwan et al.,, 2016b). Besides direct human modification,
damming of rivers has been highlighted as a major threaten to coastal
wetlands, because reduced sediment delivery not only restricts the
vertical accretion rate and thus impedes the in-situ persistence (Kirwan
& Megonigal, 2013; Lovelock et al., 2015), but also results in delta
erosion (Syvitski et al., 2009) and eventually a reduction of lateral ac-
commodation space. However, a recent study shows that not all deltas
lose land area after damming; moreover, considering the contribution of
deforestation-induced increase in sediment supply, human impact has
led to net land area gain for global deltas over the past decades (Nien-
huis et al., 2020), which might result in an overall improved geomorphic
condition for the maintenance of coastal wetlands in the anthropogenic
era.

6. Conclusions

The Geob16602 pollen record unveils two distinct evolution patterns
of vegetation in southern China over the last 140 kyr. The zonal forest
exhibited clear glacial-interglacial cycle while wetland vegetation
showed prominent millennial-scale fluctuations. Replication of wetland-
pioneer species-zonal forest succession from both South China Sea and
Cariaco basin suggests that coastal wetland signals might be well
distinguished in offshore sediments despite low taxonomic resolution of
some key taxa (e.g. Cyperaceae) in pollen analysis. Salt marshes were
found to have expanded at palaeo-Pearl River estuary during most epi-
sodes of rapid sea-level rise (10-40 m magnitudes, 8-40 m/kyr rates)
over the last glacial cycle, indicating strong sustainability of coastal
wetlands through historical sea-level change impacts. Coastal wetland
systems can be well retained in face of future global sea-level rise if
given sufficient accommodation space.
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