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Mangrove systems represent important long-term sinks for carbon since they have much higher carbon
burial rates than terrestrial forests or typical coastal ecosystems. However, quantifying the sources of
organic matter (OM) in estuarine and coastal sediments, where mangroves occur but are not the only
source of OM, is challenging due to the variety of OM sources and diverse transport processes in these
dynamic environments. The sources of OM in subtidal surface sediments of two mangrove-fringed estu-
aries in Hainan Province, China, were investigated using the mangrove-specific biomarker taraxerol and

gfggvg;jg;n other lipid biomarkers, as well as stable carbon isotopes. Mixing models based on the concentration of
Mangroves taraxerol, plant wax n-alkanes and 5'3Cgy indicate that terrestrial non-mangrove plant OM accounted
Taraxerol for 40-57% of the OM in the two estuaries, phytoplankton OM accounted for 24-45%, and OM from man-

groves comprised 15-19% of the total. Terrestrial plants contributed 10-21% more of the OM to subtidal
sediments of Bamen Bay, which is on the wetter, eastern side of Hainan Island, than to Danzhou Bay, but
the phytoplankton OM fraction was 16-24% lower than that in Danzhou Bay subtidal sediments. In both
estuaries, mangrove and phytoplankton OM fractions increased seaward while the terrestrial OM fraction
decreased. On a seasonal basis, lipid biomarker concentrations indicated a small change of OM sources.
The biomarker and carbon isotope approach used here can be applied to semi-quantitatively estimate
spatial and temporal variations of the sources of organic carbon in tropical estuarine and coastal sedi-
ments, a major sink for carbon in the ocean.

Lipid biomarkers
Stable carbon isotopes
Coastal biogeochemistry
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mangrove forests are terrestrial OM transported to the coastal zone
by rivers, mangrove-produced OM such as leaves, roots, and wood,
and aquatic OM that is produced in situ or imported by tides (Dale,
1974; Requejo et al., 1986; Meyers, 1997; Meziane and Tsuchiya,

1. Introduction

Mangrove forests are ubiquitous along tropical coastlines and
play an important role in coastal ecosystem health, but have been

negatively impacted by anthropogenic activities (Li and Lee, 1996;
McLeod et al., 2011). Mangrove forests also exchange vast quanti-
ties of organic matter (OM) between the land and sea and are of
vital importance to regional and global carbon cycling
(Jennerjahn and Ittekkot, 2002; McLeod et al., 2011). As one of
the most carbon-rich forests on Earth, mangroves serve as a
long-term carbon sink with much higher area-normalized carbon
burial rates than terrestrial forests. The global mangrove carbon
stock in 2012 was 4.19 £ 0.62 petagrams (Atwood et al., 2017;
Hamilton and Friess, 2018). Broadly, the main sources of OM in
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2000; Alongi, 2014). Quantifying these sources of OM and their fate
would help to better understand the carbon budgets in tropical and
subtropical estuaries and coastal waters proximal to mangrove
forests.

The origins and fates of OM in mangrove-fringed estuaries are
often difficult to discern because of the multiple sources and their
spatial heterogeneity, leading to a wide range of estimates. In most
river deltas, terrestrial plants have been identified as the major OM
contributors (Xu et al., 2006; Volkman et al., 2007; Carreira et al.,
2016; Resmi et al., 2016). Mangrove-produced OM is either stored
in situ above- or below-ground, or exported over short distances
(Adame and Lovelock, 2011). Although mangroves have been rec-
ognized to contribute a significant proportion of OM to the local
carbon budgets of tropical estuaries (Thimdee et al, 2003;
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Gonneea et al., 2004), in most cases they are not the dominant OM
source to sediments (Bouillon et al., 2004; Bouillon and Boschker,
2006). Substantial quantities of mangrove-derived OM are
exported out of mangrove forests in some cases (Dittmar et al.,
2001; Lugendo et al., 2007), while in other cases very little seems
to be exported (Lee, 1995; Bouillon et al., 2008b). Apart from man-
groves, other macrophytes including seagrass, macroalgae and
saltmarsh plants contribute to OM storage in mangrove forests.
Another complicating factor in apporitoning OM sources in tropical
coastal systems is the tidal import of seagrass OM (Gonneea et al.,
2004; Kennedy et al., 2004; Xu et al., 2006) that can reach 40% of
total OM storage in mangrove forests (Prasad and Ramanathan,
2009). Aquatic algae can be the major source of particulate OM
(Volkman et al., 2008; Tue et al., 2012; Bao et al., 2013a), but con-
tribute minor amounts to sedimentary OM of mangrove systems
(Alongi, 1994a, 1994b; Volkman et al., 2007; Meng et al., 2017).

Traditional proxies based on total organic carbon (TOC) and its
stable isotopes have been applied to distinguish OM sources in
mangrove systems (Thimdee et al., 2003; Prasad et al., 2017). For
instance, Xue et al. (2009) used §'C and C/N (defined as the molar
ratio of carbon to nitrogen) to investigate OM sources in a man-
grove wetland in southern China, and concluded that 6-37% of sed-
imentary OM was derived from mangroves. However, due to the
lack of a mangrove-specific OM indicator, this estimate included
a mix of both mangrove- and terrestrial non-mangrove plant mate-
rial. Lipid biomarkers can be useful to identify OM sources due to
their source specificity and relative resistance to degradation.
Examples are short chain (SC) and long chain (LC) n-alkanes, n-
alkanols and n-fatty acids (n-FAs), which are indicative of different
plant sources (Eglinton and Hamilton, 1967; Cranwell et al., 1987;
Jaffé et al., 2001). While these lipids can be used to fingerprint dif-
ferent vegetation OM, they can’t adequately distinguish between
OM from mangroves and terrestrial plants.

Pollen has been applied to trace mangrove OM in coastal sys-
tems, but can only settle into sediment when water velocity is
low. Otherwise the transport of pollen, especially Rhizophora pol-
len, depends largely on wind (Franca et al., 2012). Owing to its
dependence on source strength and transport processes pollen
can be difficult to interpret in terms of mangrove OM source
strength. In comparison, taraxerol, a well-preserved, source-
specific lipid produced in large quantities by the leaves of Rhi-
zophora spp. mangroves, has a great potential for providing more
quantitative estimates of mangrove OM contributions (Cordeiro
et al., 1999; Setzer et al., 2000; Adame and Lovelock, 2011; Koch
et al,, 2012; He et al., 2014). For example, Versteegh et al. (2004)
used the ratios of taraxerol to the n-C,q alkane and the n-Cyg alka-
nol, together with Rhizophora pollen, to distinguish sedimentary
OM contributions from mangroves and terrestrial plants. Although
taraxerol is relatively stable with respect to microbial degradation
when compared to other molecular tracers for mangroves
(Kristensen et al., 2008) it is likely, at least partially, to be oxidized
to taraxerone and/or taraxerol acetate, or dehydrate to taraxerene
during early diagenesis (Killops and Frewin, 1994; Pisani et al.,
2013; He et al, 2018; Kumar et al., 2019). The extent to which
taraxerol degrades to these and other products seems to vary by
location. At one extreme, in near-surface sediments from the
Potengi estuary in northeast Brazil, Kumar et al. (2019) observed
taraxerol acetate to be the most abundant pentacyclic triterpenoid
with no observable taraxerol present. In other locations, such as
the Cross River estuary in southeast Nigeria and the Shark River
estuary in Florida, USA taraxerol was far more abundant than
taraxerone or taraxerol acetate (Pisani et al., 2013; He et al., 2018).

To date numerous studies have identified the variety of OM
sources in mangrove systems, and documented their spatial distri-
bution, but few have quantified the different OM proportions. Here,
lipid biomarkers, 5'C values of TOC, and several molecular proxies

including CPl,y, Paq, ACL,x and BIT were used to identify the
sources of OM in two mangrove-fringed estuaries in Hainan Pro-
vince, China that differ in their annual precipitation by 29%. Then
mixing models were employed to provide more quantitative esti-
mates of these sources. Taraxerol was used as a biomarker specif-
ically to quantify the contribution of the common Rhizophora spp.
mangroves to local sedimentary OM. The objectives of this investi-
gation were to: (1) identify and quantify the input of OM from dif-
ferent sources; (2) explore a new application of taraxerol to
apportion OM sources in mangrove-fringed estuaries; and (3) com-
pare the temporal and spatial variations of OM input within and
between two nearby estuaries receiving different amounts of
rainfall.

2. Materials and methods
2.1. Study areas

Bamen Bay (BMB) is located in Qinglan Harbor, Wenchang City,
Hainan Province of China (Fig. 1). Located on the east coast of Hai-
nan Island, BMB experiences the most frequent and severe
typhoon-induced storm surge disasters in the South China Sea
region (Wang et al., 2018). The mangrove forest area in BMB is
1223 km? in the National mangrove nature reserve established in
1981 (Chen et al., 2017). It is also an important aquaculture area
in Hainan province (Bao et al., 2013b). BMB contains one of the lar-
gest mangrove forests on Hainan Island (Zhang and Sui, 2001),
where Rhizophora apiculata represents one of the most common
mangroves in the study area (Chen and Chen, 1998; Liao et al,,
2000; Nong et al., 2011).

Danzhou Bay (DZB) is a semi-closed inner bay of the Beibu Bay,
located in Danzhou City, Hainan Province of China. DZB is a munic-
ipal natural reserve of mangroves, possessing 133 km? of man-
grove coverage and a high abundance of Rhizophora stylosa, the
dominant mangrove species (Wu et al., 2016; Chen et al., 2017).

Both estuaries have a wet summer and dry winter climate, with
precipitation during the wet season (May-Oct.) accounting for
roughly 80% of annual precipitation. The large (29%) precipitation
difference between BMB (1838 mm/yr) and DZB (1426 mm/yr)
provides a starting point for ascertaining how rainfall rates may
influence OM source strengths and apportionment. Meanwhile
the wide geographic distribution of Rhizophora spp. make these
estuaries suitable for applying a taraxerol-based proxy for man-
grove OM input to sediments. Additional information on the phys-
ical characteristics and mangrove distributions in BMB and DZB, as
well as the most common vascular plants on Hainan Island can be
found in Supplementary Tables S1 and S2.

2.2. Sampling

Surface sediments were collected in subtidal areas in boreal
summer (July 20-25) and autumn (November 9-11) of 2016. Sam-
ple stations were named in downstream sequence from freshwater
to seawater. Seaward distance here refers to the distance from the
sampling site to the mouth of the bay (indicated by dashed lines in
Fig. 1). Salinity was measured with a hand-held conductivity meter
(WTW Multi 3420, Supplementary Fig. S1).

Significant sediment differences were visible between BMB and
DZB. DZB samples were sandy clay or coarse sands mixed with
shells and plant debris. In BMB, four of 13 sediment samples con-
tained sand and shells (BMB summer-1, 4, 5, 6), with the remain-
der being dark clay mixed with plant debris.

Fresh mature Rhizophora mangrove leaf samples (R. apiculata in
BMB and R. stylosa in DZB) were collected in each estuary during
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Fig. 1. Map of BMB and DZB. Background figure from Mao et al. (2006). Blue: summer sampling stations; orange: autumn sampling stations. Distance to sea from each site
was measured from the location marked as “bay mouth”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

the autumn 2016 field campaign. All samples were stored at
—20 °C before treatment.

2.3. Analytical methods

2.3.1. TOC analysis

All samples were freeze-dried and ground to a fine powder
before total organic carbon (TOC) and lipid biomarker analysis.
For TOC, samples were acidified with 4 M HCl at room temperature
to remove inorganic carbon and then rinsed with purified (Milli-Q)
water repeatedly until a pH of 7 was reached, then dried at 55 °C
and re-ground. TOC was measured on a Thermo Flash 2000 Ele-
mental Analyzer.

The standard deviations for repeated analyses of laboratory
standards (Atropina Standard (TOC =70.56%) and Low Organic
Content Soil Standard OAS (TOC = 1.55%)) were £ 0.02 wt% (n =6)
for TOC and £ 0.002 wt% (n = 6) for total nitrogen (TN).

2.3.2. Lipid biomarker analysis

Approximately 1 g (dry mass) of sediments or 0.1 g of leaf tissue
were extracted 6 times with dichloromethane (DCM) and metha-
nol (MeOH) (3:1, v/v) by ultrasonication after adding n-C;¢ alkanol,
deuterium-substituted n-Cp4 alkane, n-Cqg fatty acid (FA), and Cyg
glycerol dialkyl glycerol tetraether (GDGT) as internal standards.
The supernatants were collected by centrifugation, solvents were
evaporated, then the total lipid extracts were hydrolyzed with 6%
KOH in methanol.

Neutral lipids were extracted with hexane and fractionated into
apolar (alkanes) and polar (alkanols, alkenones, sterols and GDGTSs)
fractions using solid phase extraction on silica gel and eluting first
with hexane, followed by DCM/methanol (95:5, v/v). The apolar
fraction was taken to dryness under a stream of N,, then re-
dissolved in isooctane before analysis of alkanes by gas chromatog-
raphy with flame ionization detection (GC-FID). The polar fraction

was divided into 3 parts. The first was condensed and derivatized
with N,0-bis(trimethylsily)-trifluoroacetamide (BSTFA) before GC-
FID analysis of alkanols (as silyl ethers), sterols (as silyl ethers),
and alkenones. The second fraction was derivatized with acetic
anhydride and pyridine for measurement of taraxerol (as an acet-
ate) via GC-FID. The third was re-dissolved in 500 pL iso-
propanol/hexane (5:95, v/v) prior to filtration with a PTFE
0.45 pum filter and injection on a high performance liquid chro-
matograph-mass spectrometer  (HPLC-MS) for  GDGT
measurements.

FAs were extracted into hexane after adding 6 M HCI to the
aqueous phase. After repeated sonication, centrifugation and sol-
vent evaporation, FAs were transesterified with HCl in methanol
(5:95, v/v), then extracted into hexane. FAs were concentrated
and dissolved in isooctane before GC analysis.

2.3.3. GC, EA-IRMS and HPLC-MS analysis

n-Alkanes, n-alkanols, taraxerol and n-FAs were quantified on
an Agilent 6890 N GC with an FID and a silica capillary column
(HP-1 methyl siloxane, 50 m, 0.32 mm i.d. and 0.17 um film
thickness). Hydrogen was used as carrier gas with a flow rate of
1.0 mL/min. The oven temperature was programmed such that
80 °C was held for 1 min, then heated at 25 °C/min to 200 °C, fol-
lowed by heating at 4 °C/min to 250 °C, 1.7 °C/min to 300 °C where
it was held for 10 min, and 5 °C/min to 315 °C where it was held for
5 min.

The stable carbon isotopic composition ('*C/'2C) of TOC was
measured using an elemental analyzer-isotope ratio mass spec-
trometer (EA-IRMS) system. '>C/'2C ratios were reported in the
delta notation (8'3C) calibrated to the Peedee belemnite (PDB)
standard with a standard deviation of 0.06%. (n=6) based on
repeated measurements of laboratory standards (USGS 40
(813C=-26.39%0), IAEA 600 (8!3C=-27.77%:) and IAEA-CH,
(8'3C=-24.72%:)) and a laboratory working standard
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(5'3C = —23.76%0), which were run after every 10 authentic sam-
ples. Precision was better than + 0.2%. for the IRMS system based
on repeated analyses of the standards.

GDGTs were quantified with an Agilent 1200 series HPLC
equipped with a triple quadrupole mass spectrometer (Waters-
Quattro Ultima Pt) operated in atmospheric pressure chemical ion-
ization (APCI) mode. Separation of individual GDGTs was achieved
on a Prevail cyano column (150 mm x 2.1 mm, 3 pm, Grace) at
30 °C. GDGTs were eluted isocratically with hexane and hexane/
isopropanol (9:1, v/v) at a flow rate of 0.3 mL/min. Operating con-
ditions for the APCI-MS were as follows: corona 6 LA, source tem-
perature 95 °C, cone voltage 35V, APCI probe temperature 550 °C,
cone gas (N,) flow 90 L/h, desolvation gas (N) flow 600 L/h.
Selected Ion Recording (SIR) was used to detect the protonated
molecules [M +H]" (dwell time =50 ms) of GDGTs (m/z 1302;
1300; 1298; 1296; 1292; 1050; 1036; 1022; 744 (C46 GDGT, inter-
nal standard)).

2.4. Biomarkers and proxies

All biomarkers and the proxies based upon them are listed in
Table 1.

2.5. Statistical treatments

IBM SPSS Statistic software was used to compute linear regres-
sion results and Student’s t test of significance. The MATLAB pack-
age by Bosch et al (2015) was adapted to apportion the OM sources
in the three-endmember mixing model using a Bayesian Markov
chain Monte Carlo method.

3. Results
3.1. TOC content, C/N and §'>C

In BMB, TOC values of the surface sediments varied between
0.5% and 2.9% (avg. + std = 2.0+ 1.1%, n =5 and hereafter; Table 1)
in the autumn, and between 0.3% and 7.0% (avg. + std = 2.8 + 2.5%,
n =8 and hereafter) in the summer (Table 2). Weight-based C/N
values were between 10.6 and 15.5 (avg. + std = 12.1 £ 2.0) in the

Table 1

autumn, and between 9.5 and 18.8 (avg. £ std = 13.6 £ 3.7) in the
summer. The range of &'>C values was —27.6% to— 26.1%0
(avg. + std = —26.6 £ 0.6%0) in the autumn and — 28.2%o. to — 23.6%o
(avg. £ std = —26.0 £ 1.6%0) in the summer.

In DZB, TOC values ranged from 0% to 2.0% (avg.+std=
0.8+0.8%, n=5 and hereafter) in the autumn and 0% to 0.5%
(avg. £ std = 0.4 + 0.4%, n =9 and hereafter) in summer. Most DZB
samples had TN values below the detection limit, or < 0.01%. The
range of 8'3C values was — 26.7%. to — 23.6%0 (avg. + std = —24.9 +
1.3%0) in the autumn and —25.9%c to—21.9%. (avg.+std=
—24.2 + 1.5%0) in the summer.

TOC content was negatively correlated with §'3C values in both
estuaries (Supplementary Fig. S2).

3.2. Lipid biomarker concentrations

Lipid biomarker concentrations were normalized to TOC to min-
imize the impact of different mineral and non-organic fluxes across
the sampling regimes and are listed in Supplementary Tables S3-
S5. In BMB, n-alkanes exhibited an odd/even predominance, with
an average concentration of 329 +62 ng/g TOC (n=5) in the
autumn and 305 + 104 pg/g TOC (n = 8) in the summer. n-Cyg n-
C3; and n-Cs3 were the most abundant alkanes in both seasons
(Fig. 2A, Supplementary Table S3). n-alkanols exhibited an even/
odd predominance (Fig. 2A, Supplementary Table S4). The average
n-alkanol concentration was 1267 + 566 pig/g TOC in the autumn,
and 1359 + 734 pg/g TOC in the summer, with the n-C,g alkanol
the most abundant n-alkanol in both seasons. The concentration
of short-chain n-fatty acids (Cy3-Cis; SCFA) averaged
432 + 137 pg/g TOC in the autumn and 1412 £ 776 pg/g TOC in
the summer. The concentration of long-chain fatty acids
(C20-Cs3; LCFA) averaged 528 + 179 pg/g TOC in the autumn and
1237 £573 pgl/g TOC in the summer (Fig. 2A, Supplementary
Table S5). LCFAs showed an odd/even predominance. The most
abundant LCFA was n-Cyg FA in the autumn and n-Cy4 FA in the
summer. n-FAs were more abundant in summer than in autumn,
with the concentration of major components (n-Cig, Co4, and Cag
FAs) nearly twice that in autumn samples.

In DZB, n-alkane concentrations averaged 871 + 1080 pg/g TOC
(n=5) in the autumn and 524 +357 pg/g TOC (n=9) in the

Biomarkers and proxies used in this paper. References for lipid proxies can be found in Volkman and Smittenberg (2017).

Biomarkers or proxies

Main sources

n-alkyl lipids Long-chain alkanes (Cy3 — C37)
Long-chain alkanols (Cy; — Csp)
Long-chain fatty acids (Cyo — C33)

Short-chain alkanes (Cig — Cy3)

Triterpenoids Taraxerol

Sterols Brassicasterol/epi-brassicasterol
Dinosterol

Alkenones Cs37:2.37:3 alkenones

Glycerol dialkyl glycerol
tetraethers (GDGTs)

branched glycerol dialkyl glycerol
tetraether (br-GDGTs)
Crenarchaeol

LC-alkanols = n-C,6 alkanol + n-C,g alkanol + n-Csq alkanol

PB = brassicasterol or epi-brassicasterol + dinosterol + C57.5 373 alkenones
T = taraxerol/n-Cs; alkane

Paq =X (n-Cy3 + n-Cy5 alkanes)/X (n-Cp3 + n-Cys + n-Co9 + n-C37 alkanes)

CPlyg.33 = X (n-Cy7 + n-Cyg + n-C31 + n-C33 alkanes)/X (n-Cyg + n-Cag + n-C3p + n-Csy
alkanes)

ACL, = X (i*X;)/Z X; (where X is abundance and i represents the carbon number
from 18 to 37)

BIT (Branched vs. Isoprenoid tetraether) = (br-GDGT-I + br-GDGT-II + br-GDGT-
I1)/(br-GDGT-I + br-GDGT-II + br-GDGT-III + crenarchaeol) (Structures of
isoprenoid and branched GDGTs in Supplementary Fig. S3)

Vascular plants

Aquatic phytoplankton
Rhizophora mangrove
Diatom & phytoplankton
Dinoflagellates
Haptophyte algae

Soil and riverine OM

Marine pelagic Crenarchaeaota

Vascular plants

Marine phytoplankton

Relative contribution of Rhizophora mangrove OM to total vascular plant OM
Relative OM contribution of non-emergent aquatic macrophyte to emergent
aquatic and terrestrial plants

Relative OM contribution of vascular plant

Relative OM contribution of mainly soil and riverine production to marine
phytoplankton production
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Table 2
Bulk characteristics of surface sediments and leaf samples.

Station No. Salinity (ppt)  Rhizophora measured  Surface sediments Leaf samples

813C (%0) TOC (%) TN (%) C/N 813C (%o) TOC (%) TN (%) C/N
BMB autumn-1 0.3 Rhizophora apiculata -26.9 2.9 0.3 11.1 -31.6 45.7 1.6 28.1
BMB autumn-2 1.5 Rhizophora apiculata -27.6 23 0.2 12.3 -31.9 437 2.3 19.1
BMB autumn-3 2.2 Rhizophora apiculata -26.2 1.3 0.1 10.6 -29.3 44.5 1.4 32.7
BMB autumn-4 41 Rhizophora apiculata -26.1 2.9 0.3 111 -289 45.8 1.7 27.6
BMB autumn-5 17.6 -26.2 0.5 0.0 15.5
BMB autumn avg,. * std -266+06 20+1.1 02+01 121+20 -304+13 450109 1.7+03 269+49
DZB autumn-1 7.3 Rhizophora stylosa -24.4 0.9 0.1 13.6 -28.8 45.2 1.1 421
DZB autumn-2 10.1 Rhizophora stylosa -25.6 1.0 0.1 134 -27.8 42.7 1.3 33.0
DZB autumn-3 8.6 Rhizophora stylosa -26.7 2.0 0.1 13.7 -29.1 429 13 32.8
DZB autumn-4 11.1 Rhizophora stylosa -24.0 0.0 0.0 N/A -29.1 419 13 33.1
DZB autumn-5 14.7 Rhizophora stylosa -23.6 0.0 0.0 N/A -28.6 45.0 14 31.5
DZB autumn avg. + std -249+13 08+0.8 0.1+0.1 136+02 287105 435+15 13401 345%43
BMB summer-1 7.0 -26.2 0.3 0.0 16.8
BMB summer-2 7.5 -28.1 6.4 0.4 15.8 -29.7 49.8 14 35.8
BMB summer-3 15.6 Rhizophora apiculata —28.2 7.0 0.4 16.1
BMB summer-4 13.0 Rhizophora apiculata -259 1.2 0.1 9.5 -28.1 51.9 1.6 33.2
BMB summer-5 24.0 Rhizophora apiculata -25.7 2.0 0.2 9.5 -30.1 459 1.8 25.2
BMB summer-6 26.0 Rhizophora apiculata -24.3 0.5 0.0 18.8 -30.0 50.0 14 349
BMB summer-7 27.5 Rhizophora apiculata -26.2 2.8 0.2 12.0 -275 471 1.1 422
BMB summer-8 32.8 Rhizophora apiculata -23.6 2.4 0.2 10.0
BMB summer avg. + std -260+16 28+25 02+02 13637 -291%12 489124 15+03 343%6.1
DZB summer-1 0.1 -24.0 0.1 0.0 N/A
DZB summer-2 0.2 -219 0.1 0.0 N/A
DZB summer-3 0.9 Rhizophora stylosa —-22.7 0.3 0.0 N/A -27.7 514 1.5 34.1
DZB summer-4 0.7 Rhizophora stylosa -23.7 0.3 0.0 N/A —28.2 50.4 1.7 29.8
DZB summer-5 7.8 Rhizophora stylosa —25.5 0.4 0.0 N/A —29.2 52.5 2.0 25.7
DZB summer-6 4.0 Rhizophora stylosa -25.8 0.5 0.0 N/A -29.9 53.1 1.6 32.2
DZB summer-7 7.2 Rhizophora stylosa -259 14 0.0 N/A -284 49.3 1.2 40.7
DZB summer-8 7.0 —25.5 0.1 0.0 N/A
DZB summer-9 7.0 —22.6 0.0 0.0 N/A
DZB summer avg. + std -242+15 04+04 0.0+00 -287+09 513+15 1.6+03 325%56

summer, with n-Cy9 C37, and Cs3 as the most abundant alkanes in
autumn and n-Cy7, Cg, C31 as the most abundant alkanes in sum-
mer (Fig. 2B, Supplementary Table S3). n-alkanol concentrations
averaged 1591+1657 pg/g TOC in the autumn and
1370 +397 pg/g TOC in the summer, with n-Cyg alkanol as the
most abundant in both seasons (Fig. 2B, Supplementary
Table S4). The total n-FA concentration was much higher in DZB
than in BMB. Average SCFA concentrations in DZB were
3366 +3394 ng/g TOC in autumn and 3845 +3338 ng/g TOC in
summer, while those of LCFAs were 6513 +9792 ng/g TOC in
autumn and 1470 £ 980 pg/g TOC in summer (Fig. 2B, Supplemen-
tary Table S5). The most abundant LCFA was n-Cyg in autumn and
n-Cy4 FA in summer. Several of the DZB samples (e.g., autumn-4,
summer-2 and summer-4) had high concentrations of n-C,5 FA
that were not observed in leaves. As in BMB, DZB samples dis-
played an odd/even predominance for n-alkanes and an even/odd
predominance for n-alkanols. Apart from a high n-Cy5 FA concen-
tration in some samples, LCFAs exhibited an even/odd predomi-
nance in all samples.

LC-alkanols (n-Cyg, Cyg, C3p), taraxerol and the phytoplankton
biomarkers  brassicasterol/epi-brassicasterol + dinosterol + C37.5,
Cs37.3 alkenones (PB) were used to represent the input of OM from
higher plants, mangroves, and aquatic microalgae, respectively
(Fig. 3). In BMB sediments, TOC-normalized concentrations of LC-
alkanols, taraxerol and PB averaged 982 +545pug/g TOC,
284 +289 ng/g TOC, and 172 +42 pg/g TOC (n =5) in the autumn,
compared to 1055+ 624 pg/g TOC, 159+ 135 pg/g TOC, and
107 £ 45 pg/g TOC (n=8) in the summer, respectively. Autumn
samples had higher taraxerol and PB concentrations and lower
LC-alkanol concentrations. For DZB samples, concentrations of
LC-alkanols, taraxerol and PB averaged 1138 + 1227, 1878 + 1842,
139+175 pg/g TOC (n=>5) in the autumn and 831 +391 pg/g
TOC, 762 +957 ng/g TOC, and 383 + 263 ng/g TOC (n=9) in the

summer, respectively. Both LC-alkanols and taraxerol were more
abundant in the autumn, but summer PB concentrations were
twice that of autumn concentrations.

3.3. Biomarker-based indexes

3.3.1. ACLalk, CPIalk, Paq and BIT

The four biomarker-based indices ACL,j, CPlyk, Paq and BIT
were used to apportion subtidal sedimentary OM in the two estu-
aries to different sources, as defined in Table 1 (Eglinton and
Hamilton, 1967; Poynter and Eglinton, 1990; Ficken et al., 2000;
Hopmans et al., 2004).

BMB samples had significantly higher ACL,;x and lower Paq val-
ues than DZB samples (p < 0.01, Fig. 4, Supplementary Table S6).
The BMB CPI, values ranged from 2.9 to 5.7, ACL, values from
28.5 to 29.7, BIT values from 0.6 to 0.9, and Paq values from 0.1
to 0.3. The DZB samples had CPI, values ranging from 0.9 to 4.3,
ACL, values from 25.6 to 29.1, BIT values from 0.6 to 1.0, and
Paq values from 0.2 to 0.7. Autumn samples in BMB had lower
ACL, values. Autumn samples in DZB generally had higher CPI,
and lower Paq values than summer samples. BIT values in summer
samples of both BMB and DZB showed a linear correlation with the
distance to bay mouth (r = 0.85 and 0.93, respectively; Supplemen-
tary Table S6).

3.3.2. Taraxerol-based proxies

To provide an estimate of the relative proportion of higher-
plant OM derived from Rhizophora spp. mangroves, we calculated
the ratio of taraxerol to the most abundant n-alkane (which was
n-Csz; in all but DZB summer samples-1, 2, and 7) in Rhizophora
leaf samples collected during the autumn sampling period (de-
fined as T = taraxerol/n-C3; alkane since all vascular plants pro-
duce n-C3; alkane but Rhizophora trees are the primary
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producer of taraxerol) and compared those to the same ratio in
sediments. Rhizophora leaves from BMB had lower T values
(avg. £std =90 £ 32, n=4) than those from DZB
(avg. £ std =280 £ 69, n=4) despite the taraxerol concentrations
in leaves from both estuaries being similar
(avg. £std=7254+2111 and 9182+ 3414 pg/g TOC for BMB
and DZB, respectively; Table 3). Sedimentary T values in BMB
averaged 4.0+ 3.7 (n=5) in autumn and 3.0+ 1.4 (n=28) in sum-
mer. T values in DZB were 5-10 times greater, averaging 22 + 25
(n=5) in autumn and 3227 (n=9) in summer (Table 3).

The ratio of T values of subtidal sediment samples to those
of Rhizophora leaf samples was calculated. In BMB, this ratio
averaged 4.5 +4.0% (n=5) in the autumn and 2.7 +1.5% (n=38)
in the summer. In DZB, the ratio averaged 7.9 £9.0% (n=5) in
the autumn and 5.3 +8.7% (n=9) in the summer (Table 3).

3.4. OM source quantification

3.4.1. Endmember values

Apportioning the sources of OM to sediments with biomarker
and isotopic values requires the definition of appropriate end-
member values (Table 4). For the phytoplankton endmember, we
applied an average 5'3C value of — 20.8 + 0.4%. from the phyto-
plankton in the northern SCS, which was used as the marine end-
member to characterize sources of OC in the Pearl River Estuary by
He et al. (2010). T values were assumed to be zero for the phyto-
plankton endmember since neither phytoplankton nor aquatic
plants produce taraxerol.

For the terrestrial plant endmember, we applied a 5'3C value of
— 27.4 £0.8%0, which was from terrestrial-derived POM in the
southeast Amazon Estuary (Dittmar et al., 2001), and coincided
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with those of non-mangrove plants in BMB reported by Bao et al.
(2013a). The terrestrial non-mangrove endmember value of T (=-
taraxerol/n-Cs; alkane) was assumed to be 0.05, which was the
‘base level’ of taraxerol relative to the n-C,g alkane proposed by
Versteegh et al. (2004). Since the n-Cs; alkane was the most abun-
dant alkane in our samples, as opposed to n-C,g alkane in the study
by Versteegh et al. (2004), our T values use n-Cs; alkane in the
denominator rather than n-C,q9. A T value of 0.05 accounts for the
fact that taraxerol is also produced by several species of non-
mangrove higher plants from the families Asteraceae, Betulaceae,
Lauraceae (Versteegh et al., 2004), Rumitaceae (Beaton et al.,
1955), Moraceae (Vilegas et al., 1997), Celastraceae (Cordeiro
et al., 1999), and Euphorbiaceae (Setzer et al., 2000). Since there
is no biomarker common to all mangroves that is not found in
other vascular plants, and taraxerol is produced in exceptionally
high abundance by Rhizophora spp. mangroves (e.g., 15.9 mg/g
dry leaf; Versteegh et al., 2004) and L. racemosa (He et al., 2018),
we estimated the fractional occurrence of Rhizophora and L. race-
mosa mangroves in both estuaries relative to other genera to derive
an estimate of the OM contribution from all mangroves. In BMB,
Rhizophora and L. racemosa are estimated to account for 24% of

mangroves on average (from Guo et al., 2014). In DZB, Rhizophora
occurrence averaged 50% (from Wu et al., 2016).

The significant difference between T values in the two bays may
have been caused by the fact that leaf samples were collected from
two different species of Rhizophora (R. apiculata in BMB and R. sty-
losa in DZB), since R. stylosa leaves in DZB had T values that were a
factor of three greater than those from R. apiculata from BMB
(Table 3). This was reflected in sedimentary T values that were a
factor of 4-5 times greater in DZB than in BMB (Table 3). We there-
fore applied different endmember values for T in the two estuaries,
90 * 32 for BMB and 280 % 69 for DZB (Table 3). Notwithstanding
the different T values in DZB and BMB, the ratio Tsediment/Tieaf
was comparable in the two estuaries within error (Table 3).

A mangrove 8'>C endmember value of —29.1 £ 1.2%. (n =20)
was adopted for both estuaries since there was no significant dif-
ference between the two locations (Table 2). '3C values of man-
grove lipids increase by about 0.2%. per ppt increase in salinity
(Ladd and Sachs, 2013; Park et al., 2019; He et al., 2020), implying
that the 5'3C values of sediment samples were likely influenced by
both the source of the OM as well as the salinity.

3.4.2. Three-endmember mixing model based on 6'3C and T

The fractional contributions of terrestrial OM (fie,r), phytoplank-
ton OM (fyhyto) and mangrove OM (fiang) Were estimated using
513C and T values (Table 4). In the mixing models, mangrove con-
tribution was calculated by T values with normalization by the
fraction occurrence of Rhizophora (and L. racemosa in BMB) among
all mangroves. The results of three-endmember mixing model can
be found in Fig. 5 and Table 5.

4. Discussion
4.1. Evaluation of OM sources

All proxies and mixing models were consistent in showing a
greater contribution of higher plant OM relative to phytoplankton
OM in the two estuaries. Average fierr, fmang, and fonyo were
57+21%, 19+11%, 24+17% (n=13) in BMB and 40+ 19%,
15 +16%, 45 +22% (n=14) in DZB, respectively (Fig. 5, Table 5).
High C/N values typical of mangrove sediments (Kristensen et al.,
2008), together with low §'3C values, suggest a significant input
of plant litter to the subtidal sediments of BMB and DZB. With
CPlyx>1, Paq<0.3 and BIT>0.6 (Fig. 4), river-delivered OM,
including OM from both higher plants and in situ production in
the rivers, is inferred to be the largest source of OM to subtidal sed-
iments in both BMB and DZB. At most sites, fe was the highest
fraction, followed by fpnyto, and then fiang. The sum of fierr + finang,
which averaged 82 +8% (autumn) and 73 +20% (summer) in
BMB, as well as 66 + 18% (autumn) in DZB, respectively, indicates
that higher plant OM dominated the sedimentary OM reservoir.

The presence of mid-chain n-alkanes (i.e., n-C,3 and n-C,5 alka-
nes) in the sediments implies that non-emergent aquatic plants
such as seagrasses (Ficken et al., 2000) contributed to the sedimen-
tary OM. Stations without nearby mangroves (DZB summer-1, 2, 8,
9) had the highest Paq values (Supplementary Table S6), indicating
greater input from aquatic macrophytes. In both BMB and DZB,
narrow river channels may have prevented intensive OM exchange
with the open estuary (Yun et al., 2017). Although tidal transport of
seagrass OM is possible, we do not distinguish between aquatic
OM derived from seagrasses and other macrophytes in the discus-
sion below.

The majority of higher plant OM in surface subtidal sediments
in both estuaries appears to have come from terrestrial non-
mangrove plants rather than mangroves. In BMB, fi..; exceeded
fmang Dy 36% (absolute value and hereafter) in autumn samples
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Fig. 4. Box chart of CPl,y, Paq, BIT and ACL,y.

Table 3
T (taraxerol/n-Cz; alkane) values of surface sediments and Rhizophora leaf samples.
Station No. T Tsediment/ Taraxeroljeas Tieaf Station No. T Tsediment/ Taraxeroljeas Tiear
Tieaf ugle (Rhizophora Tieaf nelg (Rhizophora

TOC apiculata) TOC stylosa)
(Rhizophora (Rhizophora
apiculata) stylosa)

BMB autumn-1 1.65 1.83% 7815 444 DZB autumn-1 8.32 2.97% 11,634 194

BMB autumn-2 4.08 4.51% 9939 92.8 DZB autumn-2 16.9 6.03% 12,551 357

BMB autumn-3 0.99 1.10% 6169 112 DZB autumn-3 66.6 23.8% 6847 263

BMB autumn-4 3.19 3.53% 5094 112 DZB autumn-4 11.3 4.02% 5696 306

BMB autumn-5 10.2 11.3% DZB autumn-5 6.58 2.35%

BMB autumn 4.01£3.65 4.45+4.04% 7254+2111 90.3+31.9  DZB autumn 21.9+253 7.93+9.03% 9182+3414 280 + 69.1

avg. + std avg. * std

BMB summer-1 0.77 0.85% DZB summer-1 0.00 0.00%

BMB summer-2 1.40 1.55% DZB summer-2 0.00 0.00%

BMB summer-3 2.89 3.21% DZB summer-3 3.64 1.30%

BMB summer-4 1.60 1.77% DZB summer-4 1.78 0.64%

BMB summer-5 1.46 1.61% DZB summer-5 253 9.02%

BMB summer-6 4.03 4.47% DZB summer-6 144 5.15%

BMB summer-7 3.27 3.62% DZB summer-7 75.7 27.0%

BMB summer-8 4.40 4.87% DZB summer-8 0.00 0.00%

BMB summer 295+136 2.74+1.50% DZB summer-9 12.8 4.56%

avg. + std

DZB summer 32.0+29.6 530+£872%

avg. * std

and 39% in summer samples, with similar but somewhat less
extreme proportions of 32% in autumn and 21% in summer for
DZB sediments (Table 5). Although sedimentary taraxerol concen-
trations were high in surface sediments compared to other lipids
(Table 3 and Supplementary Table S3), this does not necessarily
imply a significant contribution of mangrove OM, as its abundance
in Rhizophora mangrove leaves is very high. Indeed, the T values in
surface sediments were much lower than those in leaf samples
(Table 3), as expected since the n-Csz; alkane is produced by most
if not all higher plants including non-Rhizophora mangrove species
(that don’t produce taraxerol).

Although the T values from Rhizophora leaves in BMB and DZB
were much higher than the taraxerol/n-Cpg alkane values mea-
sured in the southeast Atlantic by Versteegh et al. (2004), the ratio

Of Tsediment tO Tiear Was generally small, implying that only about 5%
(absolute percentage) of Rhizophora OM was incorporated into the
surface subtidal sediments. Possible explanations are: (1) preferen-
tial incorporation of mangrove-derived OM into sub-surface sedi-
ments (Alongi, 2014), (2) downstream transport of mangrove OM
rather than local burial, and/or (3) early diagenetic losses of
taraxerol.

Indeed, previous studies reported a larger proportion of man-
grove litter exported to the sea (Rajkaran and Adams, 2007;
Adame and Lovelock, 2011) rather than decomposed in situ
(Duarte and Cebrian, 1996; Bouillon et al., 2008b). The positive cor-
relation between f,,ne and salinity may result from the latter pro-
cess (Table 5). It is therefore possible that high current velocities
and slow incorporation of mangrove OM into sediments resulted
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Table 4
Endmember values in 3-endmember mixing model.

Endmember values

Aquatic phytoplankton Terrestrial plants Mangroves Rhizohpora occurrence (fgpi/fmang)
313C (%o) -20.8+0.4 -274+08 -29.1+1.2 24% for BMB
T 0 0.05 90 + 32 for BMB 50% for DZB
280 + 69 for DZB
Equations

6]?’Csanmp]e = 613Cterr * frerr + 613Cmang * fmang + 813Cphyto *
Tsample = Tterr * (ften' + fmang - thi.) + TRhi, * thi.
frni/fmang = 0.24 (BMB) or 0.50 (DZB)
frerr + fmang + fphyto =1

fphyto

frerrs fmang: fphyto and fry; refer to fraction of terrestrial OM, mangrove OM, aquatic phytoplankton OM and Rhizophora-derived OM
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Fig. 5. Three-endmember calculation using 8'>C and T values. 5A and 5B are for
BMB and DZB, respectively.

in mangrove-OM deficiency in sediments even at sites proximal to
mangrove trees.

Kumar et al. (2019) assessed the sedimentary diagenesis of
triterpenoids in mangrove intertidal sediments from the Potengi
estuary in northeast Brazil, where highly abundant taraxerol acet-
ate, together with the absence of taraxerol, suggested an early dia-
genetic alteration of mangrove-derived OM. He et al. (2018)
observed much lower abundances of taraxerol degradation prod-
ucts relative to intact taraxerol in sediments from the Shark River

estuary in Florida, USA, but noted that they were also present in
fresh mangrove leaves and suggested they may result from photo-
chemical or microbial processes occurring very early in the diage-
netic process. Without measurements of taraxerone, taraxerol
acetate and other known taraxerol degradation products we are
unable to quantify the fraction of taraxerol in sediments that
may have undergone diagenesis. Assuming some diagenetic loss
of taraxerol occurred, our estimates of mangrove-derived OM
based solely on taraxerol abundance are necessarily
underestimates.

That said, there is circumstantial evidence that the OM in BMB
and DZB sediments underwent relatively minor diagenetic alter-
ation. In contrast to the results of Kumar et al. (2019) where
taraxerol itself was not detected in the surface sediments, the
taraxerol concentrations in our sediment samples were high
(1160 pg/g TOC in DZB and 207 pg/g TOC in BMB). In addition,
the homologous distribution of n-alkyl lipids (i.e., n-alkanes, n-
alkanols and n-FAs), which had a high odd/even (n-alkanes,
CPlys.33=4.3+1.0,n=13, in BMB and 2.8 + 1.1, n = 14, in DZB) or
even/odd (n-alkanols CPly;.30=7.1+3.5 in BMB and 3.2+2.9 in
DZB) predominance imply limited diagenetic alteration of the sed-
imentary OM. This contrasts with the results from Kumar et al.
(2019), where a less strong odd/even predominance (e.g., high con-
centration of n-C,g alkane and its derivatives) was observed for n-
alkanes in the sediments. Nevertheless, a high concentration of n-
Cys FA in DZB sediments, that did not coincide with high n-Cys
alkane or alkanol concentrations, may suggest diagenesis, or more
likely, an additional source of this n-FA. We also note that prelim-
inary results of 2'°Pb analysis of sediment cores suggests either
very high accumulation rates or strong vertical mixing (e.g., biotur-
bation), since there was no systematic variation of 2'°Pb activities
in cores collected from BMB or DZB (Supplementary Fig. S4).

Despite the fact that taraxerol is source-specific and well pre-
served in sediments, it is only produced by two genera of man-
groves. While the Rhizophora spp. is a very common and
widespread genus, it is not the only mangrove species present in
most mangrove systems, and its fractional occurrence can vary
with salinity, potentially biasing results. Therefore, the estimation
of mangrove contributions to sedimentary OM from taraxerol con-
centrations will be sensitive to the assemblage of mangroves pre-
sent in each estuary and sampling location, which in this study
was not well constrained. Rather than being able to quantify the
OM contribution to these estuarine sediments from all mangroves,
we are left with having to quantify only the mangrove OM that
came from Rhizophora (and L. racemosa in BMB). Though this
approach is not ideal, we note that Rhizophora mangroves are both
dominant and widespread in the two estuaries, so this approach
remains one of the few direct means apart from pollen of tracking
mangrove OM contributions to sediments. The assemblage of man-
grove species also has an important influence on the deposition of
OM in mangrove forests (Bouillon et al., 2008a; Adame and
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Table 5

Results of 3-endmember mixing model. The range of sedimentary OM contributed by mangroves was estimated from taraxerol concentrations by assuming an average of
fractional abundances of Rhizophora spp. to the total mangrove assemblage. The resulting contributions of OM from terrestrial non-mangrove plants (fie), mangroves (fang) and

phytoplankton (fynyto) is shown.

Station No. frerr = std (%) fimang % std (%) fonyto + std (%)
BMB autumn-1 75+ 14 13+11 13+7
BMB autumn-2 63+18 28+ 15 9+6
BMB autumn-3 73+13 8+8 198
BMB autumn-4 56+ 15 20+ 11 23+8
BMB autumn-5 2614 46 +11 289
Pearson Corr. with salinity -0.97 0.86 0.79
BMB summer-1 75+12 6+8 19+8
BMB summer-2 80+17 15+16 6+5
BMB summer-3 69 £20 25+18 6+5
BMB summer-4 64+14 119 259
BMB summer-5 63+13 11+8 27+9
BMB summer-6 26+11 228 52+6
BMB summer-7 5716 2111 228
BMB summer-8 16+8 21+6 63+6
Pearson Corr. with salinity -0.84 0.56 0.76

Station No. frerr = Std (%) fimang % std (%) fonyto * std (%)
DZB autumn-1 47 +8 7+3 46 +7
DZB autumn-2 56+ 10 145 30+8
DZB autumn-3 2914 49 +10 22+9
DZB autumn-4 7619 10+4 14+7
DZB autumn-5 357 6+2 59+6
Pearson Corr. with salinity 0.00 -0.39 039
DZB summer-1 38+14 9+10 537
DZB summer-2 13+6 3+4 84+5
DZB summer-3 25+6 3+1 72+6
DZB summer-4 43 +7 2+1 557
DZB summer-5 46 +11 217 34+8
DZB summer-6 61+10 125 27+8
DZB summer-7 1711 519 32+9
DZB summer-8 57 £20 13+15 30+9
DZB summer-9 14+6 103 75+5
Pearson Corr. with salinity 0.13 0.65 -0.56

Lovelock, 2011). The fact that f,.ng Was positively correlated with
salinity may have been caused by either (or both) the fact that Rhi-
zophora spp. may increase in abundance as salinity increases or
that mangrove OM, including that from Rhizophora spp., may be
preferentially transported downstream. Because the available
information on Rhizophora spp. occurrence in the two estuaries
indicates that this genus is widespread throughout both BMB
(Nong et al., 2011) and DZB (Wu et al., 2016) we suggest the latter
may be the more likely explanation, but cannot rule out the former
without additional Rhizophora distribution data.

A potentially large uncertainty in the estimation of different OM
sources with the three-endmember mixing model is that it does
not account for OM derived from seagrass which tends to grow
below the intertidal zone of mangrove habitats (Gonneea et al,,
2004). Although seagrasses have been reported in the BMB estuary
(Gao et al., 2018) they are not thought to be a large source of OM to
sediments near mangrove-fringed regions of BMB (Bao et al,,
2013a). DZB is not recognized as a major location of seagrass beds
on Hainan Island. To the best of our knowledge, only one study by
Jiang et al. (2017) mentioned seagrass occurrence in DZB (location
not specified). An effort was made to estimate the potential OM
contribution from seagrass by measuring the abundance of o,f-
dihydroxy fatty acid, which is biomarker for Zostera seagrass (de
Leeuw et al., 1995), but none was detected in the most inland sam-
ples from each estuary. In addition, n-Cy, alkanol, which was pre-
sumed to be seagrass-derived by Volkman et al (2008), was not
abundant in our samples. It is possible that these lipids are either
not produced in high abundance by seagrasses common to the Hai-
nan Island estuaries we studied, or that it is poorly preserved in
sediments.

4.2. Comparisons between BMB and DZB

The significant difference in TOC values between the two estu-
aries (p < 0.005) was likely due to sediment grain size differences.
Preliminary results of grain size analysis of two sediment cores col-
lected from the studied estuaries showed that the TOC content of
sediments was negatively correlated with their median grain size,
which were 149 pm in BMB and 179 pm DZB, respectively (Supple-
mentary Fig. S5). Because sandy sediments generally retain less
OM than muddy or silty sediments (Hemingway et al., 2019), the
different TOC concentrations do not necessarily imply less OM
input in DZB, but rather poorer preservation. Most of the DZB sum-
mer sediment had extremely low TN, suggesting either that sedi-
ments in those stations were highly degraded, with fresh

mangrove OM largely consumed or exported, or the sandy nature
of the sediment resulted in TN (and TOC) concentrations that were
below our detection limit (Table 2). A previous study by Xin et al.
(2014) also suggested that BMB had higher carbon storage than
DZB. OM preservation in BMB, which generally had siltier sedi-
ments than DZB, likely exceeded that in the largely sandy sedi-
ments of DZB. However, the rinsing procedure prior to the TOC
analysis likely removed part of the soluble OC, which would lead
to an underestimation of TOC, especially in DZB where the wt%
organic carbon contents were low.

Compared to DZB, BMB sediments receive a greater relative pro-
portion of OM from terrestrial plants and a smaller relative propor-
tion from phytoplankton. BMB samples were more '*C-enriched
(Table 2), which could be explained by a greater contribution of
OM to BMB sediments from more >C-enriched sources such as
vascular plants. The ACL,y, CPl,, and BIT values in BMB samples
were all higher than in DZB samples, while Paq values were lower.
Values 17% higher for fie;r and 21% lower for fyhyco (by absolute val-
ues) in BMB samples were also consistent with the former indices.
The higher Tsediment/Tiear in DZB (Table 3) is attributable to a greater
contribution of Rhizophora OM, albeit the total mangrove OM pro-
portion was not statistically different between BMB and DZB.

OM sedimentation and exchange in mangrove forests are lar-
gely controlled by geomorphological features and hydrology
including river discharge, tidal amplitude and rainfall, which can
vary widely over small spatial scales (Mao et al., 2006; Lee, 2015;
Signa et al., 2017). One possibility is that the drier climate in west-
ern Hainan resulted in sparser terrestrial vegetation coverage, and
correspondingly less plant-derived OM delivery to DZB sediments.
Another possibility is that microbes may preferentially consume
aquatic OM rather than mangrove OM when TOC concentrations
are low (e.g., < 1%, Bouillon and Boschker, 2006). Among all 14
samples collected in DZB, only two of them had TOC values > 1%.
Therefore, in addition to more phytoplankton OM input to DZB,
the higher lability of this OM likely results in it being consumed
more quickly than OM derived from mangroves.

4.3. Temporal variations

Because the sampling was not carried out at exactly the same
locations during summer and autumn we limit the comparison of
seasonal changes in sedimentary OM apportionment to sites
located within 1.5 km of each other, thus eliminating sites BMB
summer-8 and DZB summer-1, 2, 3, 4 from this part of the discus-
sion. There was no apparent seasonal difference in OM sources
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based on our three-endmember mixing model, a possible conse-
quence of a small sample set. Nevertheless, a shift in the relative
abundance of different n-alkane chain lengths in DZB did imply a
likely change in OM sources from the wet season to the dry season.
Since the most abundant n-alkane in mangrove leaves was n-Cs;
alkane, it is possible that mangrove OM contributions to DZB sed-
iments were higher in autumn than in summer, but that the uncer-
tainties associated with endmember values in our model do not
reveal such a shift. This is further supported by higher CPI, and
lower Paq values in autumn samples than summer samples in
DZB. One possible explanation for the lower mangrove OM contri-
bution to the sediment in summer than in autumn is the time
delay between the growth of leaves in the wet season, and their
abscission during the dry season. For example, in southern Hainan
Island, maximum litter fall occurred during November and the
minimum occurred in May, with no association with extreme
weather (Zhang and Chen, 2003). Secondly, mangrove crabs can
greatly influence the mobilization of mangrove litter (Twilley
et al., 1997; Rajkaran and Adams, 2007). Reduced mangrove crab
activity in autumn was shown in one study to reduce the mobiliza-
tion of litter and increase in situ accumulation of mangrove-
derived OM (Bouillon et al., 2008b).

4.4. Implications for carbon accumulation in mangrove-fringed
estuaries

Mangrove swamps represent one of the most efficient global
sinks for carbon, with mangrove, seagrass, and tidal marsh sedi-
ments representing 50% of all C sequestered in marine sediments
(Macreadie et al., 2019). Preliminary results of '3’Cs dating of sed-
iment cores collected from the two studied estuaries indicate that
at least the upper 48 cm in BMB and 74 cm in DZB were deposited
during the last 50 years. Considering the average values of TOC
(2.5% in BMB and 0.5% in DZB), bulk density (1.4 g/cm® in both
estuaries), and fpnang (avg. 18%), the mangrove carbon storage
would be in a range of 0.1 g/cm? (DZB) to 0.3 g/cm? (BMB). Accord-
ing to Zhang and Sui (2001), the total coverage of mangrove
reserves in SE China in 1997 was 14,877 hm?. Based on these esti-
mates, the minimum carbon sequestration rate of mangrove sys-
tems in SE China during the last 50 years would be 0.15-0.47 Tg
C/yr, or 0.6%-2% of global carbon sequestration in mangrove sys-
tems (24 Tg C/yr, estimated by Alongi (2014)).

5. Conclusions

Sedimentary OM sources were quantified during two seasons in
two estuaries located in northwest and northeast Hainan Island
using lipid biomarkers and stable carbon isotopes. The primary
OM sources in both BMB and DZB were, in decreasing order of sig-
nificance, terrestrial higher plants (40-57%), phytoplankton (24-
45%), and mangroves (15-19%). Albeit not the major OM source,
mangrove systems in SE China are estimated to contribute at least
0.6-2% of global carbon sequestration in mangrove systems.

A three-endmember mixing model based on carbon isotopes,
and the concentrations of n-Cs; alkane and taraxerol reveals that
subtidal sediments in BMB, which receives 29% more rainfall annu-
ally than DZB, accumulate a 10-21% higher proportion (by absolute
value) of terrestrial plant OM than DZB, with the phytoplankton
OM fraction 16-24% higher in DZB.

The proportion of sedimentary OM derived from mangroves and
phytoplankton increased seaward in both estuaries. The propor-
tional increase in mangrove OM is attributed to its relatively
refractory nature and transport from upstream locations where it
is produced, as well as the potential change of mangrove commu-

nity structure, with the fraction of Rhizophora spp. increasing
seaward.

On a seasonal basis, lipid biomarker concentrations indicated
that the subtidal sediments in summer contained a slightly lower
proportion of mangrove OM. This may have resulted from more
effective leaf litter transport offshore during the wet season and
more extensive leaf abscission during the dry season.

Future studies using this approach to apportion sedimentary
OM sources in mangrove-containing estuarine systems should
attempt to better constrain its limitations and would therefore
benefit from: (1) quantitative estimates of the mangrove assem-
blage, (2) comprehensive measurements of the T (taraxerol/n-Csz;
alkane) index in the local plant community, and (3) quantification
of taraxerol degradation products in sediments.
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