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Abstract

Reconstructing past climate change in mangrove swamps contextualizes ongoing and future developments in these globally
important ecosystems. Taraxerol, a well-recognized lipid biomarker for mangroves, is a promising target compound for cal-
ibration since it is relatively refractory and well preserved in sediments and since mangrove lipid 5°H and 3'°C values have
been shown to respond to salinity changes. Here we investigate the 5°H and 8'>C values of taraxerol in leaves of two man-
grove species (Rhizophora mangle and Laguncularia racemosa) and three dated mangrove cores along a spatial transect from
the Shark River Estuary of South Florida, USA, to constrain its applicability for hydroclimate reconstructions. The net >H
discrimination between surface water and taraxerol increased by 1.0%0 ppt~' over a salinity range of 0.7-32 ppt for both R.
mangle and L. racemosa. Although the 5'3C values of taraxerol showed a significant positive correlation with salinity in L.
racemosa, the inverse trend was observed in R. mangle. The isotopic signature and spatial trends of taraxerol observed in man-
grove leaves were well imprinted in mangrove surface sediments.

In addition, we further tested if the isotopic signal of taraxerol from mangrove leaves could be preserved in sediment cores
on a time scale of ca. 300 yrs. No strong evidence of significant diagenetic alteration was observed for 8*°H values of taraxerol.
In contrast, an increase up to ~1.1%o was observed for 8'°C, excluding the Suess effect. Considering the consistent salinity-
dependent discrimination of 2H to salinity, and no significant diagenetic alteration of taraxerol 8°H values on centennial time
scales, taraxerol H isotopes are a promising proxy for hydroclimate reconstruction in mangrove and mangrove-adjacent sys-
tems. However, the interpretation of 8'*C values of taraxerol should be treated with caution since its correlation with salinity
may be species-specific and a slight diagenetic enrichment in '*C may occur.
© 2022 Elsevier Ltd. All rights reserved.

Keywords: Mangroves; Taraxerol; Hydrogen isotope; Carbon isotope; Early diagenesis; Paleoreconstruction

* Corresponding author.
E-mail address: dinghe@ust.hk (D. He).
! Department of Environmental Sciences, University of Basel,
4056 Basel, Switzerland.

https://doi.org/10.1016/j.gca.2022.02.018
0016-7037/© 2022 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.gca.2022.02.018
mailto:dinghe@ust.hk
https://doi.org/10.1016/j.gca.2022.02.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2022.02.018&domain=pdf

D. He et al./ Geochimica et Cosmochimica Acta 324 (2022) 262-279 263

1. INTRODUCTION

Estuaries play an important role in depositing terrestrial
organic matter that is transported to coastal oceans (Canuel
et al., 2012). Although mangroves, which are halophilic
trees or shrubs that grow widely in the intertidal zones in
the subtropics and tropics, only constitute a small propor-
tion of the estuarine environment by area, they are impor-
tant carbon deposition ecosystems (Rivera-Monroy et al.,
2011; Breithaupt et al., 2012), particularly in tropical and
sub-tropical areas. Due to the extreme spatial and temporal
gradients in salinity where mangroves grow, the plant
species diversity in mangrove swamps is usually low
(Koch et al., 2003; Versteegh et al., 2004). In this regard,
the sedimentary organic matter in mangrove habitats is pre-
dominantly derived from mangroves, and about a third of
organic matter in subtropical and tropical coastal sediments
is estimated to originate from mangrove leaf litter
(Jennerjahn and Ittekkot, 2002; Giri et al., 2011; Alongi
and Mukhopadhyay, 2015). Since plants such as mangroves
respond biochemically to environmental changes and stres-
sors, such conditions are likely to be imprinted in their
molecular and isotopic character. As such, mangrove habi-
tats have been reported to serve as ideal ecosystems for
elucidating paleoclimate trends in tropical/subtropical
areas (Koch et al., 2003; Ladd and Sachs, 2012; Nelson
and Sachs, 2016). It is promising to use source-specific
biomarkers for paleoreconstructions in mangrove soils
(Koch et al., 2003; Versteegh et al., 2004), and carbon
and hydrogen isotopes (8°H and 3'>C values) of specific
lipid biomarkers have successfully been applied in paleocli-
mate reconstructions (e.g., Sachse et al., 2012; Diefendorf
and Freimuth, 2017). However, the application of leaf
wax 8°H (62H1ipid) values as a precipitation proxy in coastal
tropical and subtropical regions can be complicated by the
significant influence of salinity on hydrogen isotope frac-
tionation in halophilic plant leaf waxes (Romero and
Feakins, 2011; Ladd and Sachs, 2012, 2015a, b, 2017). Sim-
ilarly, leaf wax 8'>C values can also be affected by salinity
stress-related water availability and subsequent biochemical
responses (e.g., Ladd and Sachs, 2013; He et al., 2021).
Therefore, some significant challenges remain in this field.

There have been a growing number of studies assessing
how 8'°C and 5°H values of mangrove leaf wax n-alkane
and other lipid compounds respond to salinity increase
either along a spatial transect within a single site, with
time-series observations, and in lab culture experiments
(Ladd and Sachs, 2012, 2013, 2015a, b, 2017; He et al.,
2017, 2020; Park et al., 2019). These studies have shown
that: (a) *H/'H fractionation between surface water and
llpldS (azHlipid-sw = (1000 + 82Hlipid)/(looo + 82Hsurface
water) Of mangroves increases with salinity, resulting in
lower SZH“pid values at high salinity in both Indo-West
Pacific and Americas-East Atlantic mangroves (He et al.,
2017); (b) although net 2H/'H fractionation for
n-Cs-alkane increased by 0.8%o, 1.4%o, and 1.8%¢/ppt in
Rhizophora mangle, Avicennia germinans and Laguncularia.
racemosa, respectively, no statistically significant difference
in the sensitivity of o’Hcsi nalkanesw tO salinity was
observed in four Rhizophora species from both Indo-West

Pacific and America-East Atlantic regions, making sedi-
mentary Rhizophora lipids a promising target for paleohy-
droclimatic reconstruction (He et al., 2017); in addition,
some studies have investigated lipid compounds other than
n-alkanes from mangroves, including stigmasterol and
B-sitosterol (Ladd and Sachs, 2015a), lupeol (Ladd and
Sachs, 2017), and fatty acids (Park et al., 2019), and
observed negative correlations between salinity and o’H.
lipid-sw; (€) both positive and negative correlations between
salinity and leaf wax n-alkane 3'°C values were observed
across mangrove species (Ladd and Sachs, 2013; Park
et al., 2019; He et al., 2021), suggesting factors other than
salinity, such as differences in photosynthetic activity,
growth rate, and nutrient supply, likely affect carbon iso-
topic fractionation in mangroves.

Although rn-alkanes are resistant to degradation and
thus widely detected in geological records, they can be
derived from both terrestrial and aquatic sources (Bianchi
and Canuel, 2011). Even when focusing on long-chain
n-alkanes, they could be derived from diverse origins in
mangrove systems including from terrestrial plants associ-
ated with the mangrove ecosystem and adjacent wetlands,
seagrass beds, and others (Ladygina et al., 2006; Nelson
et al., 2018; He et al., 2020; Chen et al., 2021). Similar ambi-
guity of source-tracing also exists for most sterols and fatty
acids (e.g., Bianchi and Canuel, 2011). For instance, numer-
ous terrestrial plants can produce considerable amounts of
stigmasterol, B-sitosterol, lupeol and long-chain fatty acids
(e.g., Bianchi and Canuel, 2011 and references therein).
Although most commonly mangrove ecosystems are domi-
nated by organic matter derived from their leaf litter, the
empirical correlations between salinity and mangrove leaf
wax n-alkane fractionation factors may not be well suited
for all paleoenvironmental reconstructions, especially when
mangrove-influenced coastal sediments receive organic
matter (OM) input from non-mangrove plants (Xu and
Jaffé, 2007), or where a significant ecological shift from
other species (i.e., salt marshes) to mangroves and vice
versa has occurred (e.g., Vaughn et al., 2020). For example,
a recent study suggested that mangroves complicate
hydrological reconstructions due to the input of long-
chain n-alkyl lipids from terrestrial plant waxes, although
such a complication can be reasonably corrected via paral-
lel analysis of pollen data (Tamalavage et al., 2020).

In contrast to n-alkanes, fatty acids, most sterols and
triterpenoids, taraxerol, a pentacyclic triterpenoid, has the
potential to be used as a source specific molecular marker
for mangroves since it occurs in extremely high abundance
in certain mangrove leaves, especially the Rhizophora genus
(Killops and Frewin, 1994; Dodd et al., 1998; Chu et al.,
2020), and to a lesser extent in A. germinans (Koch et al.,
2005) and L. racemosa (He et al., 2018b). However, it has
also been detected in lower amounts in some peat-
forming higher plants that potentially can be associated
with fringe mangrove ecosystems (e.g., Pancost et al.,
2002), as well as in a wide diversity of non-mangrove vascu-
lar plants (Sharma and Zafar, 2015). Moreover, taraxerol is
routinely detected in mangrove estuary suspended particu-
lates (He et al., 2014; Xu and Jaffé, 2007), surface sediments
(Volkman et al., 1987; Koch et al., 2003, 2011; Xu et al.,
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2006; Xu and Jaffé, 2007; Chu et al., 2020), and estuarine
and marine sediment cores (Koch et al., 2003; Versteegh
et al., 2004; Scourse et al., 2005; Xu et al., 2007; He
et al., 2018b) spanning time scales from 10%-10° years (up
to 1250 kyr B.P.).

Despite its wide occurrence and reports in geological
studies, very few studies have examined the isotopic signa-
ture of taraxerol. Lockheart et al. (1997) reported the 8'*C
value of taraxerol from the leaves of modern angiosperms
(Quercus robur) and found it was enriched in '*C compared
to long-chain n-alkyl lipids, while Sauer et al. (2001)
reported 8°H values of taraxerol in lake sediments and
found that it was more depleted in ?H than the long-
chain n-alkyl lipids. Recent studies investigated the 8°H val-
ues of taraxerol in mangrove leaves (Ladd and Sachs,
2015a, b), and found significant negative correlations
between salinity and o?Haaxeronsw fOr Rhizophora man-
groves. This relationship allows paleo-precipitation and
salinity to be reconstructed when taraxerol 8*H values are
paired with those of dinosterol, a diatom biomarker,
(Nelson and Sachs, 2016). However, the 8'>C values of
taraxerol from mangrove ecosystems remain relatively
unexplored. Moreover, the combination of §°H and §'*C
values of taraxerol in mangrove sediment cores has never
been investigated.

Although pentacyclic triterpenoids (including taraxerol)
have been suggested to show high stability during early dia-
genesis (Hernes et al., 2001; Koch et al., 2003), widespread
diagenetic degradation products from taraxerol were
recently reported in mangrove surface sediments (He
et al.,, 2018b). Moreover, the degradation of taraxerol
through ring-A opening was reported to occur in mangrove
leaves prior to leaf senescence (Simoneit et al., 2009; He
et al., 2018b). Whether diagenetic alteration of taraxerol
causes fractionation of C and H isotope needs to be evalu-
ated to better constrain its applicability for paleoenviron-
mental reconstructions (Freeman et al., 1994; Sessions,
2016). Although there are no direct investigations of the
paired C and H isotopic composition of taraxerol and its
diagenetic products, a pioneering study by Freeman et al.
(1994) suggested that the aromatization of pentacyclic
triterpenes has little effect on their 813C values, but the
impact of diagenesis on 8*H values remains unknown.
Within the marsh grass (Spartina alterniflora), the 5°H val-
ues of pentacyclic triterpenones, early diagenetic (loss of
hydrogen atoms) products of triterpenols, were up to
29%c0 higher than those of pentacyclic triterpenols
(Sessions et al., 1999). Chikaraishi and Naraoka (2005)
investigated 8'°C and 8°H values of various sterols and
major fatty acids in the sediments of Lake Haruna, Japan.
They found that although concentrations of lipid biomark-
ers generally decreased with depth in the sediment, the iso-
topic signatures of these biomarkers resisted diagenetic
alteration, supporting the use of their isotopic compositions
for paleoclimatic reconstructions using lake sediment cores.
A later study by Li et al. (2009) investigated the §°H values
of several types of compounds in typical estuarine and
coastal environments in the Santa Barbara Basin. They
found that neither anaerobic nor aerobic degradation of
lipids imparts a measurable change in their hydrogen

isotopic composition (Li et al., 2009). Yet these studies
did not specifically target pentacyclic triterpenoids.
Schaeffer et al. (2019) found that the 313C values of both
di- and triterpenes were not significantly affected by pro-
gressive aromatization, whereas a significant increase of
32H values by up to 86%o for diterpenoids related to abietic
acid was observed with ongoing aromatization. Consider-
ing the well-constrained mangrove leaf source of taraxerol
in tropical and subtropical coastal environments it is crucial
to get a better understanding of its isotopic compositions
(3'3C and §°H) and the factors that affect them.

In this context, by sampling across mangrove species,
spatial transects, and sediment cores, we aim to further
evaluate the use of taraxerol as a paleoclimatic proxy in
tropical/subtropical environments. Specifically, we investi-
gated (i) 8'°C and 8*H values of taraxerol in two mangrove
species (R. mangle and L. racemosa) along a spatial transect
from freshwater to seawater in the Shark River Estuary
(SRE), Florida, USA, and (ii) 8"*C and &H values of
taraxerol and its dominant diagenetic products in three spa-
tially distributed mangrove cores along the estuary (aged
ca. 300 years). The main objective of this study was to
determine whether there is a uniform response of C and
H isotopic values of taraxerol to salinity and whether the
isotopic signatures of taraxerol in sediments are preserved
during deposition on centennial scales. In addition, the iso-
topic values of a long chain n-alkane (n-Cs;-alkane) from
mangrove leaves and sediments were obtained to compare
with taraxerol. The ultimate goal of this study is to aid in
establishing 3°H and 8'>C values of taraxerol as paleoenvi-
ronmental indicators.

2. MATERIALS AND METHODS
2.1. Sampling

2.1.1. Mangrove leaves

The SRE is a mangrove-dominated estuary in the south-
west region of the Florida Everglades, USA (Fig. 1), char-
acterized by semi-diurnal tides with a mean amplitude of
1.1 m (Wanless et al., 1994). The dominant plant species
in the SRE are mangroves, ranging in height between 5
and 13 m (Rivera-Monroy et al., 2011; Castaneda-Moya
et al., 2013). Salinity and nutrient (phosphorus) levels
increase along the estuary from site 1 to site 13
(Table S1). The sites also differ in the stature of the man-
grove forests, with the downstream sites (8 to 13) having
large trees, middle sites (5 to 7) having trees of intermediate
height, and upstream sites (1 to 4) having mangroves
described as low or dwarf in stature (Rivera-Monroy
et al., 2011).

Mature leaves from L. racemosa and R. mangle were col-
lected by hand along the estuary in March 2013 (Fig. 1).
Multiple leaves were randomly collected from the sunny
side of each mature mangrove tree (similar height) and
immediately placed in plastic Ziploc bags and stored on
ice. At each site, surface water salinity was measured
(ca. 10 cm below surface) adjacent to the sampled tree three
times to calculate the average salinity (Table S1). A linear
regression of salinity on distance to the Shark River mouth
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Fig. 1. Map of the Shark River estuary. Sampling sites are marked with bold numbers from 1-11. Detailed sampling information is also
shown in Table S1. Note: data from Palau and Pohnpei are detailed in Ladd and Sachs (2015a, 2017); Brisbane in Ladd and Sachs (2012);

Mobbs Bay in Ladd and Sachs (2015b).

yielded the equation: Salinity = —1.3949x (km of dis-
tance) + 31.745; R? 0.97 (He et al., 2017). This equation
was used to derive salinity so as to minimize the bias in
measurements that occurred at various times throughout
the tidal cycle.

2.1.2. Surface sediments and sediment cores

Three estuarine sites (sites 2, 5, and 8) from the upper,
middle, and downstream sections of the SRE were selected
for sediment coring (Fig. 1). Each of these sites was previ-
ously established by the Florida Coastal Everglades Long
Term Ecological Research program (FCE-LTER; www.
feelter.fiu.edu). All sites are characterized as having peat
soils with seasonally driven freshwater inputs and tidally
driven seawater inputs. Sediment cores were collected from
these three sites in year 2005 with a push corer
(50 cm x 10 cmi.d.) that was manually pushed into the sed-
iments. The cores were extruded in the field and cut into
5 cm sections, wrapped in pre-combusted aluminum foil,
and placed into Ziploc bags that were stored on ice for
transport to the laboratory where they were stored at

—20 °C. Frozen samples were freeze-dried and then sieved
through a Fisher Scientific 35 mesh (500 pm) sieve to
remove coarse materials such as large roots and woody deb-
ris. The sieved freeze-dried samples were used for further
bulk parameters and biomarker analysis.

Additional sediment cores from the same sites 2, 5, and 8
were sampled and used for dating, as reported in Smoak
et al. (2013) and Breithaupt et al. (2014, 2017). In particu-
lar, freeze dried and ground sediments were packed and
sealed in gamma tubes. Radiometric dating was achieved
by measuring *'°Pb via gamma spectrometry (Smoak
et al., 2013; Breithaupt et al., 2014). Because our study sites
have been subject to hurricane activity, which would con-
tribute a source of marine sediment deposition, the sedi-
ment accumulation rate has been calculated following the
Constant Rate of Supply (CRS) model (Breithaupt et al.,
2017). Since *'°Pb is a radionuclide with a half-life of
22.3 years, it is well suited to the centennial timescale. Based
on the accumulation rates obtained previously (Breithaupt
et al., 2017), we estimated the ages of cores 2, 5, and 8. In
particular, we picked the deepest age which was reliable
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(age error less than 15 years) for each core and took that
age plus how long it would have taken given the rate in that
interval to have accreted from the given depth (35 cm for
core 2, and 40 cm for cores 5 and 8). Although the deepest
age for each core is roughly estimated based on extrapo-
lated ?'°Pb age models and thus is not quantitatively
assessed, all cores should reasonably cover > 150 years
(with the deepest age came out around 185 to 228 years;
Table S2).

2.2. Bulk parameter analyses

The bulk parameters of percent organic carbon (%OC)
and C/N ratio (ratio of %OC over %TN) were measured
in the SRE sediments. To eliminate possible interference
due to inorganic carbon in the form of CaCO;, %OC anal-
yses on sediment samples were performed after treatment
with 1 N HCI that was added dropwise until the cessation
of bubbling. The acidified soils were allowed to sit over-
night at room temperature, then neutralized with deionized
water, frozen, and freeze-dried for analysis. The %OC and
%TN were determined on a FLASH2000 Organic Elemen-
tal Analyzer with a combustion temperature of 1020 ‘C.

The bulk 8'*C values of mangrove leaves and sediments
were obtained using a FLASH2000 Organic Elemental
Analyzer coupled to a Finnigan MAT delta Plus V mass
spectrometer. Carbonate was removed from sediments as
described above. Samples were measured in duplicate and
mean values are reported. A reference standard material
(glycine) was analyzed every five measurements, with the
standard deviation of + 0.2%0 (n = 24).

2.3. Biomarker analyses

Freeze-dried plant tissues and sub-samples of the sieved
fine fractions (<500 pm) were Soxhlet extracted using
dichloromethane for 24 hours. An excess of activated cop-
per was added (only for the sediment extraction) to the
receiving flask to remove elemental sulfur. Total extracts
were saponified with 1.0 N KOH and separated into neutral
and acid fractions. Acid fractions were recovered through
acidification (pH < 2) using concentrated HCI followed
by extraction with dichloromethane. Anhydrous Na,SO4
was added to remove residual water. The acid and neutral
fractions were concentrated using a rotary evaporator and
the solvent of the neutral fraction was exchanged with hex-
ane before being further fractionated into eight fractions by
adsorption column chromatography utilizing silica gel
(7.0 g of silica gel, 5% deactivated by deionized H,O,
100200 mesh, Fisher Scientific). The aliphatic hydrocar-
bons were eluted with hexane, aromatics with hexane:
toluene (3:1), ketones with hexane: ethyl acetate (9:1), alco-
hols with hexane: ethyl acetate (17:3) and the sterol fraction
was eluted with hexane: ethyl acetate (4:1). The sterol frac-
tions were derivatized with bis(trimethylsilyl)trifluoroaceta
mide (BSTFA) before GC/MS analysis. Acid and neutral
fractions were analyzed by capillary GC/MS on a HP
6890 GC interfaced to a HP 5973 quadrupole mass
spectrometer. A 5% phenylmethylsilicone bonded phase
(DB-5MS; Agilent) fused silica capillary column

(30 m x 0.25 mm i.d. x 0.25 pum film thickness) was used
for separations. For the analysis of the acid, aliphatic,
and ketone fractions the GC oven was temperature pro-
grammed as follows: the initial temperature was 40 ‘C (held
for 1 min), then ramped at a rate of 6 ‘C/min to a final tem-
perature of 300 C (held for 20 min). For the analysis of the
aromatic, alcohol, and sterol fractions the GC oven was
temperature programmed as follows: the initial temperature
was 60 C (held for 1 min), ramped at a rate of 6 C/min to
180 ‘C, and then ramped at a rate of 2.5 ‘C/min to a final
temperature of 315 ‘C (held for 15 min). The carrier gas
(He) pressure was set at 10.74 psi, the transfer line temper-
ature was 280 ‘C, and the split/splitless injector was oper-
ated in splitless mode and set at 280 C.

2.4. Compound specific carbon and hydrogen isotope analyses

Compound-specific 8'*C values were obtained by gas
chromatography-isotope ratio mass spectrometry (GC-
IRMS), using an HP 6890 GC equipped with a DB-5 fused
silica capillary column, a combustion interface (Finnigan
GC combustion IV), and a Finnigan MAT delta Plus V
mass spectrometer, following a previously published proce-
dure (He et al., 2020). Briefly, three external standard mix-
tures containing n-heptadecane and squalane at different
concentrations, with known 83C values of —21.3%. and
—29.5%o, respectively, were used to check instrument per-
formance during the entire analysis period and for correc-
tion purposes. For the 3'C measurement, 8'*C values are
given in per mil (%0) notation relative to the Vienna Peedee
Belemnite (VPDB) standard. Samples were analyzed at
least two times, and the mean values are reported. Standard
deviations of triplicate injections were always < 0.4%o.
Precision for n-alkane carbon isotope determinations
was + 0.3%o as determined by a co-injected secondary stan-
dard (squalane, —29.5%0). Correction for C added by
derivatization of taraxerol by bis-(trimethylsilyl)-trifluoroa
cetamide (BSTFA) was made by way of mass balance.

Compound-specific §°H values of individual n-alkanes
and taraxerol were measured using a GC/Pyrolysis/IRMS
system consisting of a HP 6890 GC connected to a Finnigan
MAT Delta V mass spectrometer. The pyrolysis tempera-
ture was set at 1440 C in a micro volume ceramic tube.
Helium was used as carrier gas at 1.6 mL min~'. Calibrated
methyl palmitate (—255%o) and squalane (—107%o0) mixtures
with different concentrations were used as external stan-
dards. External standard calibration was performed after
every four sample measurements. The F8 standard (ob-
tained from Indiana University, Bloomington, USA) was
analyzed at least every 6 samples, and had a measured accu-
racy of &+ 3%.. The H3 factor was measured daily before
sample analysis and averaged 4.9 4+ 0.1 during this study.
8’H values were all normalized to the VSMOW (Vienna
Standard Mean Ocean Water) scale by the nearest two F8
standards, and the internal co-injected squalane for each
sample if necessary. Samples were analyzed at least two
times and the mean values are reported. Standard devia-
tions of triplicate injections were always < 4%o. The preci-
sion was assessed by the secondary reference material: the
methyl palmitate and squalane mixed standards, and the
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standard deviations were 3%o0 and 3% for methyl palmitate
and squalane, respectively, across the course of analyses.
Correction for H added by derivatization of taraxerol by
BSTFA was made by way of mass balance.

All derivatization was performed using the same batch
of BSTFA, for which the §°H and 8'°C values were mea-
sured using calibrated standards (squalene and methyl
palmitate) and TC/EA-IR-MS. &*H and 3'°C values of
derivatized taraxerol were corrected for the added
trimethylsilyl group by mass balance for the contribution
of carbon and hydrogen added during derivatization
(Rieley, 1994). The correction equations are listed as
follows:

13 13 13

6 Ctaraxcro] = (NDch CDcr - I\IBSTFA6 CBSTFA)/Ntaruxcro]
2 2 2

6 Htaraxerol = (I\IDer8 HDer - I\IBSTFA8 HBSTFA)/Nlaraxerol

where N is the number of C or H atoms of the derivative
(Npe;), the derivatization reagent (Npstra), and the origi-
nal taraxerol molecule (Nraxerol)-

The total uncertainty of '*C and 8°H in the derivatized
samples is +0.5%0 and +£6%o, respectively, based on the sum
of squares from precision in sample measurements and pre-
cision in the TMS carbon and hydrogen.

2.5. Estimation of surface water 82H values

Surface water 8°H values are an important factor affect-
ing the 8°H values of mangrove leaf lipids, as observed in
previous studies (Ladd and Sachs, 2015a, b, 2017).
Although leaf wax formation is limited to the brief period
of spring leaf emergence in deciduous plants (e.g., Tipple
et al., 2013; Newberry et al., 2015), it may last for longer
time scales (weeks to months, Jetter et al., 2006). This is
likely the case for Florida mangroves, considering the leaf
lifetimes are longer than 60 and 111 days in L. racemosa
and R. mangle, respectively (Sudrez, 2003). In contrast, pre-
cipitation water 8*H values fluctuate on much shorter time
scales (hours to days) in coastal ecosystems such as the
Everglades (Price et al., 2008). Moreover, given the spa-
tiotemporal variation in leaf water isotopic composition,
measured bulk leaf water may not relate to the substrate
used for the synthesis of leaf waxes. Therefore, we consider
it appropriate to use averaged annual surface water 5°H
values rather than a single precipitation 8°H value at the
time of leaf collection to compare the net fractionation dif-
ference within and between species along the spatial
transect.

The estimation of surface water 8*H values has been
documented previously (He et al., 2017). The weighted
average 8°H value (n = 43) of surface freshwater is
—12.2%0 (Price et al., 2008). Surface seawater in the Gulf
of Mexico has an average 5°H value of 15%. (Sternberg
and Swart, 1987). Then the 8?H value of surface water at
each sampling location was estimated from measured salin-
ity and referred to as “modeled surface water 5°H values”,
assuming conservative mixing between average freshwater
and Gulf of Mexico along the SRE (He et al., 2017), as
observed in spatiotemporal investigations of mangrove
ecosystems (Ladd and Sachs, 2012, 2015a, 2017). The

corresponding mixing line is: modeled surface water &°H
value per mil = (15 + 12.2)/(32-0.7) x salinity-12.2.

2.6. Statistical analyses

The Student t-test was conducted on R3.2.1 (R Core
Team 2015) to compare among different groups of samples
(e.g., R mangle vs. L. racemosa; different cores). Linear
regression analyses were performed on SPSS 13 to test if
there were significant correlations between two parameters
(e.g., salinity and isotopic composition of biomarkers) and
p < 0.05 is regarded as significant.

3. RESULTS

3.1. Taraxerol concentrations and carbon and hydrogen
isotopic signatures in leaves of R. mangle and L. racemosa
along a salinity gradient

The taraxerol concentrations in the leaves of R. mangle
and L. racemosa varied from 658 to 7006 pg g~' dw, and
149 to 823 ug g~! dw, respectively. Significant positive cor-
relations between taraxerol concentrations and surface
water salinity were observed for both mangrove species
(Fig. 2a; Table S1). R. mangle had a significantly higher
(p < 0.01) averaged concentration of taraxerol than that
of L. racemosa (Fig. S1).

The taraxerol 8'°C values ranged from —42.1%. to
—38.6%0, and —40.6%0 to —36.2%o for leaves of R. mangle
and L. racemosa, respectively. A significantly higher
(p < 0.01) average taraxerol 8'>C value occurred in L. race-
mosa compared to R mangle. A significant positive
(p < 0.01) correlation between taraxerol 8'*C values and
salinity was observed for L. racemosa, whereas the reverse
trend (p < 0.01) was observed for R. mangle (Fig. 2b).

Taraxerol 3°H values ranged from —213%0 to —171%o,
and —234%o to —188%o, respectively for leaves of R. mangle
and L. racemosa. A significantly higher (p < 0.01) average
taraxerol 8°H value occurred in R. mangle compared to
L. racemosa. The *H/'H fractionation factors between sur-
face water and taraxerol, 0*H raxerolsw, Tanged from 0.7828
to 0.8342, and 0.7728 to 0.8103, respectively, for leaves of
R mangle and L. racemosa. Significant negative
(p < 0.01) correlations between o°Hraxerolsw and surface
water salinity were observed for leaves of R. mangle (R*
0.69) and L. racemosa (R* 0.70; Fig. 2e).

The slope of the linear regressions of o*Haraxerolsw Tela-
tive to salinity was similar for both R. mangle and L. race-
mosa (Fig. 3a), but R mangle had a significantly higher
(p < 0.01) intercept than L. racemosa (Fig. 3d).

3.2. Taraxerol abundance and carbon and hydrogen isotopic
signatures in mangrove sediment cores

The taraxerol concentrations in the sediment cores from
SRE sites 2, 5, and 8 were between 32 and 662 ug g~ OC,
681 to 2279 pg g~! OC, and 6312 to 7980 pg g~! OC,
respectively (Fig. 4a, b, ¢). The core-averaged concentration
of taraxerol was significantly higher (p < 0.01) in the lower
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estuary (site 8) than in the middle (site 5) and upper (site 2)
estuary.

Taraxerol 8'°C values ranged from —34.8%o to —32.6%o,
—36.0%0 to —33.7%o, and —36.5%c to —34.0%o, in cores 2, 5

and 8, respectively (Fig. 4d, e, f). Taraxerol 313C values gen-
erally increased with depth in all cores. Mean sediment
813C araxerol Values decreased along the estuary, being high-
est at site 2 and lowest at site 8 (Fig. 5c).
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Fig. 4. The concentration and isotopic composition of taraxerol in cores 2, 5, and 8: (a-c) concentration of taraxerol; (d-f) 8*H values of
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Taraxerol 8°H values ranged from —196%o to —175%o,
—211%0 to —188%o0, —224%0 to —197%o, in cores 2, 5 and
8, respectively (Fig. 4g, h, 1). No clear trends were observed
with depth in the cores, but core-mean 8°Hy,axerol Values
decreased along the estuary, being highest at site 2 and low-
est at site 8 (Fig. Sa).

3.3. Early diagenetic products of taraxerol, their abundance
and carbon and hydrogen isotopic signatures in mangrove
sediment cores

Based on our previous study illustrating the early diage-
netic pathway of taraxerol in mangrove cores (Fig. S2; He
et al., 2018b), we focus on abundances and isotopic

determinations of taraxerol degradation products of a few
abundant compounds such as taraxer-14-ene (I), des-A-
taraxera-5(10),14-diene (II), des-A-taraxera-5(10),6,9(11),
14-tetraene  (III), des-A-26-noroleana-5,7,9,12-tetraene
(IV), and des-A-26,27-bisnoroleana-5,7,9,11,13,15-hexaene
(V) (See Fig. S2 for detailed structures). Although the
ring-A opening of pentacyclic triterpenoids, including
taraxerol, can occur at an early diagenetic stage during leaf
senescence (Jaffé et al., 1996; He et al., 2018b), the concentra-
tion of ring-A-opened intermediates of taraxerol diagenesis
in leaves was too low for accurate isotopic measurements.
The concentrations and isotopic composition of com-
pounds I to V are detailed in Table S2. Compound I ranged
from < DL (detection limit) to 5 pg g7 OC, 5to 21 pg g~ !
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OC, and 5 to 14 pg g~ ! OC, respectively, for cores 2, 5 and
8. The mean concentration of I followed the order: cores
5 > 8 > 2. The concentration of I showed a significant
increase with depth in core 5, whereas a decreasing trend
and no obvious trend with depth were observed in cores 2
and 8. II was the dominant diagenetic compound detected,
ranging from 276 to 1377 pg g~ OC, 23 to 58 pug g~! OC,
and 14 to 51 pg g~ ' OC, respectively, in cores 2, 5, and 8. A
significantly higher averaged concentration of II was
observed in core 2. The concentration of II decreased with
depth in cores 2 and 8, but increased with depth in core 5.
The concentration of III ranged from < DL to 4 ug g~' OC,
<DL to 1 ug g~! OC, and 5 to 24 pg g~! OC, respectively,
in cores 2, 5, and 8. The concentration of III showed a sig-
nificant decrease with depth in core 8, whereas no obvious
trends were observed in cores 2 and 5. Compound IV ran-
ged in concentration from 1 to 80 pgg~' OC,0to 1 pg g~
OC, respectively in cores 2 and 8, but was not detected in
core 5. Compound V ranged in concentration from 16 to
200 pg g~' OC, 6 to 45 pg g~! OC, respectively in cores 2
and 8, but was not detected in core 5.

313C and &°H values were only obtained for taraxerol
diagenetic products in a subset of the sediment samples
(Table S2). The 8'*C values of I were between —34.7%o to
—34.3%0, —35.7%0 to —32.4%o0, and —35.8%0 to —32.9%o in
cores 2, 5, and 8, respectively. The 313C values of IIT were
between —34.3%o0 to —34.0%0, and —35.9%0 to —32.8%oc in
cores 2 and 8, respectively. The 5'C values of IV ranged
from —35.2%0 to —32.0%0 in core 2. The 8'°C values of V
were between —35.1%0 to -33.0%0, and —35.8%¢c to
—32.8%o in cores 2 and 8, respectively (Table S2; Fig. 6).

The &°H values of I were from —183%0 to —175%o,
—208%0 to —182%o, and —230%0 to —199%o in cores 2, 5,
and 8, respectively. The &°H values of III were from
—187%0 to —181%0, and —233%0 to —192%o in cores 2 and
8, respectively. The 8°H values of IV ranged from —201%o
to —185%0 in core 2. The 8*H values of V were between
—190%0 to —175%o0, and —229%o to —182%o in cores 2 and
8, respectively (Table S2; Fig. 6).

4. DISCUSSION
4.1. Mangrove leaf taraxerol carbon isotopes and salinity

Compound-specific 8'*C measurements in plants are
mainly focused on mn-alkyl lipids (Pedentchouk et al.,
2008; Diefendorf and Freimuth, 2017) owing to their ease
of analysis. Relatively fewer studies have reported §'*C
values of plant terpenoids (Chikaraishi et al., 2005). Lipid
biomarkers are synthesized through various biosynthetic
pathways, each of which may impart a unique '*C/">C
fractionation value, normally expressed as the isotopic dif-
ference between bulk leaf tissue and the lipid biomarker
(Sessions et al., 1999). Triterpenoids are synthesized by
the mevalonic acid (MVA) pathway of isoprenoid synthesis,
which is usually 5-6%o enriched in '*C relative to n-alkanes
that are synthesized via the acetogenic pathway (Diefendorf
et al., 2012). There are very few published studies reporting
313C values for taraxerol. Lockheart et al. (1997) investi-
gated the 8'°C value of taraxerol in the leaves of modern
angiosperms (Quercus robur) and found (i) that taraxerol
had lower 8'C values than the C,s n-alkane, and (ii) that
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Fig. 6. Carbon and hydrogen isotopic composition of taraxerol and its diagenetic products (I, III, IV, V) at cores 2, 5 and 8. The 5°H and
5'3C values are presented on the VSMOW and VPDB scales, respectively.

shaded leaves had 8'3Ciraxerol Values about 4.2%o lower
than sunlit leaves, implicating light as a potential control-
ling variable on taraxerol 8'*C values.

In the SRE, the mean 3'>C value of taraxerol was signif-
icantly higher than that of the long-chain n-alkanes (e.g.,
n-Csj-alkane) in leaves from both R. mangle and L. race-
mosa (Fig. S3), consistent with previously reported greater
fractionation during n-alkane synthesis relative to terpenoid
synthesis (by ~ 1-5%0) in angiosperms (Diefendorf et al.,
2012). Among other purposes, terpenoids can play defen-
sive roles in plants, which may need to produce large quan-
tities in a short time period, with the potential to exceed
recently fixed carbon supplies. Therefore, stored carbon
resources such as starch, which are typically '*C-enriched
relative to leaf wax n-alkyl lipids (e.g., Park and Epstein,
1961; Cernusak et al., 2009), can be used for synthesizing
terpenoids, leading to '*C-enrichment of taraxerol relative
to long-chain n-alkanes (Diefendorf et al., 2012). The extent
of *C-enrichment in taraxerol compared to long-chain n-
alkanes is less in mangroves compared with most angios-
perms, which could be caused by environmental stressors
for mangroves, such as salinity gradients, that differ from
those experienced by terrestrial angiosperms. However, this
is beyond the scope of this study and needs further
investigation.

Ladd and Sachs (2013) found a positive correlation
between salinity and leaf wax n-alkane 8'*C values in A.
marina, which was interpreted to be caused by salinity

stress-induced changes in water use efficiency. This positive
correlation between salinity and leaf wax n-alkane 5'>C val-
ues matched a recent study of L. racemosa; however, a neg-
ative correlation was observed for R. mangle (He et al.,
2021). In the present study, the correlation between salinity
and 8" Cyaraxerol 18 consistent with that of the n-Cs;-alkane
for L. racemosa and R. mangle (Fig. 2b, c). Considering
L. racemosa and R. mangle were exposed to the same gradi-
ent of environmental variables, we suggest that the
ecophysiological differences between R. mangle and L. race-
mosa likely not only affect the n-alkanes (synthesized by the
acetogenic pathway), but also taraxerol (synthesized by the
mevalonic acid pathway). In this regard, the contrasting
data reflecting the effect of salinity on *C/!2C fractionation
of taraxerol between R. mangle and L. racemosa potentially
limits its effectiveness for paleosalinity reconstruction. For-
tunately, the average abundance of taraxerol in R. mangle is
ca. 11 times higher than that in L. racemosa (Fig. S1). If the
vegetation coverage of L. racemosa is similar to or signifi-
cantly lower than that of the R mangle, as is the case in
the SRE (Rivera-Monroy et al., 2011; Yao et al., 2015),
the taraxerol detected in mangrove cores should be predom-
inantly derived from R. mangle. However, in cases where
such a dominance is not known, mangrove pollen could
be analyzed simultaneously to better constrain the source
of taraxerol and its application for paleoreconstruction in
settings with mixed mangrove species (Versteegh et al.,
2004; Tamalavage et al., 2020).
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4.2. Mangrove leaf taraxerol hydrogen isotopes and salinity

Hydrogen isotopes of plant leaf waxes are increasingly
used as a proxy for the reconstruction of past hydrologic
variability (Sachse et al., 2012 and references therein).
The absolute magnitude of apparent fractionation factors
for taraxerol were significantly larger than those of n-
alkyl lipids, in agreement with previous studies (e.g.,
Sessions et al., 1999; Sauer et al., 2001), reflecting biosyn-
thetic control of 8*H signatures. For instance, the averaged
8”H values of triterpenoids were about 100%. more depleted
than those of long-chain n-alkanes in Daucus carota
(Sessions et al., 1999). Here, the taraxerol 8°H values were
about 46%o-71%o0 and 33%o-73%o0 depleted (denoted as epsi-
lon (8) value as 52Hlaraxerol-n-C3l-alkane = 0(tharaxeml—n-C31»
alkane — 1) 1IN H relative to n-Cs-alkane in R. mangle and
L. racemosa, respectively (Table S1). Similar differences
were observed in Micronesia (Pohnpei and Palau) (Ladd
and Sachs, 2015a) and Australia (Ladd and Sachs,
2015b), where taraxerol 8°H values were about 34%o—74%o
depleted in *H relative to n-Cs;-alkane in Rhizophora man-
groves (R. stylosa) along spatial transects and during time-
series sampling. Thus, biosynthetic fractionation is likely
the predominant factor causing systematic differences
between 1n-C;;-alkane and taraxerol 8°H values in multiple
genera of mangroves in both Atlantic and Indo-Pacific
regions.

A comparison of the 0€2H1ipid-sw values for taraxerol and
n-Csj-alkanes in SRE mangrove leaves (He et al., 2017)
showed greater variability for taraxerol than for n-Cj;-
alkane in R. mangle and L. racemosa, implying that salinity
and associated environmental factors have different appar-
ent isotope effects in different mangrove leaf lipids.

A negative correlation between salinity and
0 H araxerol-sw Was observed for both L. racemosa (y = —0
001x + 0.8146; R> = 0.70, p < 0.01) and R. mangle (y =
—0.001x + 0.8305; R = 0.69, p <0.01), and no significant
difference was observed in the slope of the correlation
between L. racemosa and R. mangle in the SRE. This
contrasts with that of the long-chain n-alkanes
(0*Hc31 nealkanesw VS. salinity), where significantly different
slopes were observed between L. racemosa and R. mangle
in the SRE (He et al., 2017; Fig. 3b). When compared to
published o®Haraxerolsw values as a function of salinity
the negative slope was indistinguishable within the uncer-
tainty of the regressions (Ladd and Sachs, 2015a, b;
Fig. 3a). In this regard, we speculate that the different
2H/'H fractionation responses to salinity between com-
pound classes (taraxerol vs. long-chain n-alkanes) may arise
from biosynthetic and/or biophysical differences in the pro-
duction and fate of each compound, which may be synthe-
sized at different times and/or with different internal pools
of hydrogen, and/or have different turnover times within
the leaf.

The taraxerol 8°H data imply a similar sensitivity of
2H/'H fractionation to salinity in the Rhizophora and
Laguncularia genera in both Atlantic and Indo-Pacific
regions. Considering all available §*Huraxerol and 8°Hes,
n-alkane data (Ladd and Sachs, 2012, 2015a, b, 2017; He
et al., 2017, 2020), we speculate that taraxerol is likely a

better candidate for paleoenvironmental reconstructions
compared to long-chain n-alkanes due to its consistent
response to salinity among different mangrove species, high
abundance in only Rhizophora leaves, and high abundance
in sediment records (He et al., 2018b).

4.3. Carbon and hydrogen isotopic signature of taraxerol in
mangrove sediments

Several studies have demonstrated the potential of man-
grove peats to store information on climatic and ecological
changes (e.g., Wooller et al., 2009). Given that the stable C
and H isotopic compositions of leaf wax lipids are excellent
paleoenvironmental proxies (e.g., Sachse et al., 2004;
Scheful3 et al., 2005; Pagani et al., 2006; Aichner et al.,
2010), we further test whether the hydrogen and carbon iso-
topic composition of mangrove taraxerol reflects the envi-
ronmental gradients in the SRE. Investigation of the dual
isotopic composition (8'3C and 8°H) of taraxerol might
potentially provide additional and more accurate informa-
tion than that obtained from less mangrove-specific
biomarkers such as long-chain n-alkanes.

Two important factors to consider when using biomark-
ers for paleoreconstructions are (i) the stability of a partic-
ular compound and (ii) the isotopic fractionation (if any)
during early diagenesis. Although it is difficult to directly
compare the stability between long-chain n-alkanes and
taraxerol, previous litter bag experiments suggest that
taraxerol is more stable than other triterpenols (Koch
et al., 2005). However, our previous study detected a variety
of taraxerol diagenetic products with high concentrations in
sediment cores from the SRE (He et al., 2018a). Here we
investigate the extent to which diagenetic transformations
affected the 8°H and 8'3C values of taraxerol preserved in
mangrove sediments.

We first tested whether the trends observed in leaf
taraxerol were imprinted into the surface sediments.
Decreases of 8" Caraxerol and 8" Hiaraxerol  vValues were
observed in surface sediments from the upper to the lower
estuary (sites 2 to 5 to 8 in the SRE transect; Table S2;
Fig. 5a, c). Some studies report that higher molecular-
weight compounds such as long-chain n-alkanes are iso-
topically stable during early diagenesis (Huang et al.,
1997, Mazeas et al., 2002), unlike lower molecular-weight
compounds, such as phenol, that can display more signifi-
cant isotopic fractionation during biodegradation (e.g.,
Hall et al., 1999). In contrast, several studies report that
3'3C values of long-chain n-alkanes in soils were usually
higher by several per mil than in leaves of the dominant
higher plants (Ficken et al., 1998; Lichtfouse et al., 1995;
Nguyen Tu et al., 2004). For instance, Nguyen Tu et al.
(2004) reported the '*C-enrichment (~3%0) of long-chain
n-alkanes from living to fallen leaves and suggested that
the 8'3C variation might be sensitive to early diagenesis.
A 1 y litter decomposition experiment for four types of
grass (three C,4 species and one Cj species) observed up to
1.7%0 '3C-enrichment for long-chain n-alkanes (Wang
et al., 2014). In addition, open plant-soil systems usually
had a significant enrichment of *C for long-chain n-
alkanes from raw leaves to soil (e.g., Chikaraishi and
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Naraoka, 2006). However, most studies usually assume that
long-chain n-alkanes in sediments or soils are predomi-
nantly derived from leaf waxes, which may not always be
the case (He et al., 2020), because long-chain n-alkanes
could also be derived from microbial inputs and aerosol
deposition (Li et al., 2018; Nelson et al., 2018; Chen
et al., 2021). A comparison of the C and H isotopic compo-
sitions of taraxerol and n-Cs;-alkane in surface sediments
from the SRE indicates that taraxerol 8?H values are usu-
ally more depleted in H but enriched in '*C than that of
the n-Cs -alkane in the same samples (Tables S1 and S2).
This difference may be caused by (i) different turnover times
of taraxerol and n-alkanes in mangrove leaves (e.g., leaf
wax n-alkanes may be synthesized at leaf flush and have a
longer turnover time than taraxerol (Kahmen et al.,
2011)), and (ii) early diagenetic alteration of taraxerol that
might alter its C and/or H isotopic composition. However,
our current data cannot differentiate between these two
mechanisms. Through comparing the 8*H (and 8'3C) differ-
ences between n-Csj-alkane and taraxerol in mangrove
leaves and sediments (denoted as epsilon (g) value as
e = o - 1; 813Ctaraxerol-n-C3l-alkane and 82Htaraxerol-n-C31-
alkane> espectively), we aim to determine whether and by
how much this quantity differs (Fig. S4). The results showed
an obvious difference in €3 Ciaraxeroln.C31-alkane between
mangrove leaves and sediments. In contrast, no significant
difference in €HyaraxerolnC3l-alkane Was observed between
mangrove leaves and cores 5 and 8, except for the lowest &>
Hiaraxerol-n-C31-alkane Values for the core 2. Therefore, these
differences likely suggest diagenetic alteration of either the
taraxerol or n-Csj-alkane isotope values, or contribution
of n-Czj-alkane to sediments from non-taraxerol-
producing sources (e.g., upstream freshwater wetland
plants of the Everglades; He et al., 2020). In addition, fur-
ther studies need to investigate the isotopic signature of
taraxerol and n-Cjj-alkane throughout a growing season
for both R. mangle and L. racemosa at the SRE. Neverthe-
less, the trend observed in surface sediments is consistent
with the leaf calibrations.

Triterpenoids are known to undergo diagenetic alter-
ation processes, such as aromatization, which affects the
structure of their carbon skeleton and results in the loss
of carbon, oxygen and hydrogen atoms (e.g., Simoneit
et al., 1986; Wollff et al., 1989; Stout, 1992; Milbeau et al.,
2010; Nakamura et al., 2010; He et al., 2018b). In a previ-
ous study at the SRE, we found that the diagenetic alter-
ation of taraxerol is mainly related to A-ring opening,
further cleavage of methyl-substituted groups, and aroma-
tization from B-ring to E-ring (He et al., 2018b). Cleavage
of several C-C and C-H bonds might be associated with car-
bon and hydrogen isotopic fractionation. A few studies
have dealt specifically with the impact of early diagenetic
processes on the carbon (Freeman et al., 1994) or carbon
and hydrogen isotopic compositions of sedimentary triter-
penoids (Jacob et al., 2011). The main impediment to deter-
mining whether there is significant isotopic fractionation
during the aromatization process is that a given aromatized
terpenoid within a sediment sample can originate from
mixed plant sources, each with different initial isotopic
compositions. Assuming taraxerol in estuarine or marine

sediments is predominantly derived from mangroves
(Killops and Frewin, 1994; Versteegh et al., 2004), our work
confirmed taraxerol was only found in leaves of R. mangle
and L. racemosa and not in substantial amounts in other
wetland plants of the Florida Everglades (He et al.,
2015a, b; 2016a, b; 2018a). This source-specific origin of
taraxerol is an important advantage in evaluating whether
diagenesis leads to significant isotopic fractionation.
Although sea level rise has had some impact on mangrove
environments in South Florida, hydroclimate change at
the time scale of this study has not been significant, as par-
tially supported by paleo-palynological studies at sites 2, 5
and 8 throughout the Holocene (Yao et al., 2015; Qiang
and Liu, 2017). Therefore, sites 2, 5, and 8 may serve as a
potential target to test if diagenesis might lead to dramatic
changes in isotopic values of taraxerol at the centennial
time scale.

Comparisons of ?H araxerol  values with depth and
between core sites (2, 5, and 8) show no compelling evi-
dence for substantial ?H/'H fractionation associated with
early diagenesis (Fig. 4). No systematic ?H araxerol trends
are observed with depth, partially supporting the assump-
tion that diagenetic reactions on centennial timescales do
not significantly influence sedimentary ?Haraxerol Values.
Meanwhile, a general increase of 8'°C with depth was
observed in all cores (Fig. 4). Up to 2%c of the down-core
13C-enrichment may be partially explained by the more
enriched pre-industrial atmospheric CO, values compared
to modern values owing to the Suess effect (Francey
et al., 2002). The Suess effect alone likely accounts for part
of the down-core '*C-enrichment up to 3.1%o for taraxerol.
Another possibility is the directional change in plant
type/composition may also shift leaf lipid 8'*C values over
the timescale represented by these sediment cores. In this
regard, Yao et al. (2015) and Yao and Liu (2017) found
that mangroves are always the dominant plant species,
and (ii) the pollen concentration is dominant for R. mangle
compared with L. racemosa over the timespan of the sedi-
ments. Therefore, shift in mangrove species between R.
mangle and L. racemosa seems less likely to account for
the down-core '*C-enrichment for taraxerol, and a slight
13C-enrichment of taraxerol due to early diagenesis at the
centennial time scale is speculated. The limited
3C-enrichment (up to 3.1%o, including the 2%o by the Suess
effect) of taraxerol is in sharp contrast with that of the n-
Cs-alkane, which had a 8'3C increase with depth up to
4.7%0. The larger down-core '*C-enrichment for
n-Cs-alkane compared to taraxerol suggests (i) additional
sources of n-Cs;-alkane other than mangroves; or (ii) diage-
netic '*C-enrichment of n-Cy-alkane that exceeds that of
taraxerol in sediments. Considering the lack of a significant
decrease of n-Cjj-alkane concentration with depth
(Table S2), additional sources of n-Cszj-alkane other than
mangroves and with different 8!3C value is a more likely
possibility.

A previous study in the SRE identified a series of diage-
netic hydrocarbons, including compounds I to V, sourced
directly from taraxerol of mangroves (He et al., 2018b).
Considering the detection of significantly more abundant
compounds I to V and a higher average ratio of (I + II +
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III + IV + V)/taraxerol in core 2 than in cores 5 and 8
(Table S2), we inferred that taraxerol underwent the most
extensive degradation at site 2, followed by sites 5 and 8.
This could be caused by several physiochemical factors (in-
cluding salinity, microbial community composition, and
nutrient concentrations) among sites and warrants further
investigation. Therefore, these three cores provide an
opportunity to evaluate if the differing extent of taraxerol
diagenesis affected its isotopic composition.

Since the cleavage of the A-ring is a common step during
the early diagenesis of taraxerol (He et al., 2018b), we com-
pared the isotopic values between taraxerol and the des-A-
triterpenes sourced from taraxerol to test whether this pro-
cess significantly affected taraxerol 8'>C and 8°H values in
the SRE. Berdagué et al. (2016) has highlighted that the
hydrogen isotopic composition at the various sites of the
triterpenoid skeletons could be very different (up
to ~ 500%o). In particular, the hydrogen atoms located on
the various methyl groups in miliacin (a methoxytriterpene
abundant in broomcorn millet) do not have the same iso-
topic composition as those bound to carbon atoms forming
the benzyl ring (Berdagué et al., 2016). In contrast, some
studies suggested that high molecular-weight compounds
are isotopically unchangeable during biodegradation (e.g.,
Huang et al., 1997, Mazeas et al., 2002). However, Sun
et al. (2004) found that different biomarkers exhibited dis-
tinct patterns of carbon isotopic fractionation during
biodegradation experiments, with '*C-enrichment of 2%
to 7%o for n-alkanoic acids, 13C-depletion of 4%o to 6%o
for alkenones and no change for sterols after 40 to 90%
degradative loss of the compounds. In another study, four
steroidal hydrocarbons were measured in cores from a mar-
ine bay, including cholest-2-ene, cholesta-3,5-diene, a Cy7
aromatic sterene, and a C,g sterene, which all showed
higher 8°H values by ~ 40%o relative to their corresponding
sterols, suggesting the diagenetic dehydration process may
lead to 2H enrichment (Li et al., 2009). However, no signif-
icant differences in 3'°C and &*H values were observed
between taraxerol and des-A-triterpenes among our cores
(Fig. 6), suggesting that the A-ring cleavage and removal
of a methyl group at the C-4 location likely does not signif-
icantly affect the isotopic composition. If this is true and
considering the wide detection of des-A-triterpenes in a
variety of geological settings (e.g., Trendel et al., 1989;
Logan and Eglinton, 1994; Otto et al., 2005; Mille et al.,
2006; Huang et al., 2008; He et al., 2018b and references
therein), the isotopic composition of des-A-triterpenes
could have a high potential for paleoreconstructions. For
instance, Bree et al. (2016) applied the carbon isotopes of
des-A-lupane as an independent proxy for the time-
variable carbon isotopic composition of local terrestrial
C; plants.

4.4. Limitations and implications for paleoclimatic
reconstructions using mangrove biomarkers

Reports of 8°H values of taraxerol in estuarine and mar-
ine systems have been limited. Recently Nelson and Sachs
(2016) demonstrated its utility to reconstruct both pale-
osalinity and precipitation during the Holocene when

taraxerol 8?H values were paired with those of dinosterol.
Nevertheless, considerable uncertainties potentially leading
to error propagation remained, including applying the wide
range of calibration slope ratios obtained to extrapolate
from n-alkanes to taraxerol. In particular, the net fraction-
ation factor for >’H between mangrove leaf lipids and source
water decreases with salinity for n-Cs;-alkane (0.7-1.8%o0) in
diverse genera of mangroves (Avicennia, Rhizophora,
Bruguiera, Laguncularia) in tropical and subtropical estuar-
ies and lakes from the western Pacific and Florida (Ladd
and Sachs, 2012, 2015a, b, 2017; He et al., 2017). Based
on this study and previous studies (Ladd and Sachs,
2015a, b, 2017), we observed a smaller range of slopes of
0.7-1.0%c for taraxerol in both SRE (subtropical) and
Micronesia (tropical) Rhizophora species, except for the
lowest slope of 0.4%0 observed for R. stylosa based on a
time series sampling at Mobbs Bay, Australia (Fig. 3a),
which is different from other spatial sampling studies.
Therefore, if past salinity and water hydrogen isotopes were
to be reconstructed using 62H1ipid values, the salinity effect
could be more confidently assessed if lipids were specifically
derived from mangroves (taraxerol in this case). In this
regard, this study is the second (following Nelson and
Sachs, 2016) that explores the 8*H of taraxerol in a natural
sedimentary system, and the first to use the 8'>C values of
taraxerol. Although non-consistent correlations were
observed for taraxerol 8'>C values vs. salinity between R.
mangle and L. racemosa, the significantly higher averaged
concentration (ca. 11 times than that of L. racemosa) of
taraxerol in R. mangle is likely to be the dominant factor
controlling the taraxerol 3'>C signature in the sediments.

There are still some unconstrained factors and limita-
tions noted as follows, which warrant further efforts to
move forward with the use of sedimentary taraxerol and
its stable isotopes in paleoenvironmental reconstructions.
Firstly, we still have a limited understanding of which per-
iod of the isotopic signal is mostly recorded in surface sed-
iments of mangrove habitats. Studies aimed at constraining
the potential effects of the timing of leaf lipid synthesis and
leaf residence time, would be helpful. Secondly, it is known
that underground productivity is significant for mangroves
with flourishing rootlets (Castaneda-Moya et al., 2011).
With increasing salinity, mangroves increase root mass to
obtain water; therefore, they are expected to have higher
dry root mass under high salt stress (Castaneda-Moya
et al., 2011). Root-derived organic carbon (and accompa-
nied lipids) represents a significant source of soil organic
matter (Jansen and Wiesenberg, 2017), which has been
observed for the n-alkane series in the Everglades (He et al.,
2020). However, the concentration and isotopic signature of
taraxerol in the roots of R. mangle are unexplored. Thirdly,
whether and to what extent the isotopic signals of taraxerol
remain stable at the millennial (i.e., Nelson and Sachs,
2016) and longer time scales are not constrained.

We, therefore, propose the following suggestions to bet-
ter constrain the utility of taraxerol for paleoenvironmental
reconstructions. First, more isotopic composition data of
mangrove-derived taraxerol in other regions are needed to
better constrain its correlation with salinity and other
factors such as nutrient availability (He et al., 2021).
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Replication of calibration efforts in other subtropical man-
grove forests (especially with the Rhizophora genus)
remains critical to secure application of the proxy else-
where, given the multiple environmental factors other than
salinity that may affect the isotopic composition of lipid
biomarkers (He et al., 2017, 2021). For instance, there is
limited study of lipid biomarkers and their stable isotopes
in the subtropical regions of China and Southeast Asia
(Chu et al., 2020). Second, there is one pioneer study by
Park et al. (2019) that analyzed the isotopic composition
of fatty acids from five mangrove species cultivated in salin-
ity treatments of 5-30 ppt for 3.5 years in a greenhouse.
However, inconsistent net “H-fractionation with salinity
was observed in this culture study compared with the field
observation along salinity gradients in lakes and estuaries
(Park et al., 2019). In particular, various less constrained
factors still exist in Park et al. (2019) and need further
investigation, such as temporal variability in H/'H of
source water and leaf water, the timing of lipid production,
temperature effect (Zhou et al., 2011), nutrient availability,
and the use of stored carbohydrates. Therefore, additional
culture experiments are needed under a range of controlled
conditions to assess the effects of individual variables on C
and H isotopic fractionation among mangrove species.
Third, mangrove sediments are organic-rich, and thus can
provide continuous, high-resolution records on millennial
timescales (Nelson and Sachs, 2016). In the SRE, Yao
et al. (2015) have retrieved mangrove deposits in the SRE
dating back to ~ 3800 cal yr BP. Therefore, whether early
diagenesis will affect the isotopic composition of taraxerol
needs to be tested on longer time scales. Fourth, in addition
to various factors including land-use changes and sea-level
changes which can alter the freshwater-seawater balance
and affect mangrove forests, vegetation shifts are usually
accompanied by paleoclimatic changes, which are also
likely in mangrove habitats where mixed mangrove species
grow. In this regard, assessing the contribution of taraxe-
rol from R. mangle to mangrove sediments is useful for
paleoreconstruction. A recent study by Chu et al. (2020)
estimated the OC contribution of Rhizophora to the total
sedimentary OC pool. Taking the same approach, we cal-
culated the ratio of taraxerol to C,9 n-alkane for leaves of
R. mangle, and cores 2, 5, and 8 (defined as T = taraxerol/
Cyy n-alkane, which is the same parameter in Versteegh
et al. (2004)). Then we calculated Tsediment/ TR mangte (70)
for each core, which ranged from 0.7 to 6.0%, 6.2 to
30.8%, and 34.7 to 50.4%, for cores 2, 5, and 8, respec-
tively (Fig. S5). These ranges of values further suggest
that relatively more taraxerol is contributed from R. man-
gle and better preserved at site 8 than sites 5 and 2. Con-
sidering the dynamic changes in the coverage of
Rhizophora in a paleo-record, studies are encouraged to
roughly assess the relative contribution of OC (including
taraxerol) from R. mangle and L. racemosa, respectively.
In this regard, analyzing multiple biomarker compounds
with both carbon and hydrogen isotopic compositions
(Galy et al., 2011; Héggi et al., 2016), can supply more
detailed geochemical information. Although there are lim-
itations specified above, this comprehensive investigation
of hydrogen and carbon isotope systematics provides

encouraging modern observational evidence of taraxerol
to support its paleoclimate reconstructions.

5. CONCLUSION

We have conducted a calibration of leaf taraxerol 5°H
and 8'3C values along a salinity gradient in a mangrove-
dominated sub-tropical estuary. The results provide sup-
port for the use of paired C and H isotopes in taraxerol
as a paleoclimatic proxy in subtropical estuary environ-
ments. In particular, this study confirms that an inverse cor-
relation exists between o*Huraxerolsw and salinity in R
mangle and L. racemosa, thus validating the use of man-
grove lipid 8*H values as a paleosalinity and paleohydro-
logical proxy. While an inverse correlation between §'>C
and salinity in R. mangle, and a positive correlation
between 8'°C and salinity in L. racemosa were observed,
considering the significantly higher concentration (~11
times higher) of taraxerol and more dominant presence of
R. mangle than that of L. racemosa, the taraxerol preserved
in sediments is likely to be mainly derived from R. mangle in
SRE. Nevertheless, caution is warranted when working in
geologic and modern sites where large vegetation fluctua-
tions (e.g., from R. mangle to L. racemosa) occur. Addition-
ally, it was shown that the isotopic information in leaf lipids
was imprinted in the mangrove surface sediments.
Although a high variety of diagenetic compounds of taraxe-
rol were detected, no significant hydrogen isotope fraction-
ation of taraxerol was observed, at least in the time scales
of ~ 300 yrs. In contrast, early diagenesis may enrich *C
of taraxerol by up to 1.1%e, after subtracting 2%c from
the potential Suess effect. Thus, the take-home message of
this study focuses on the high potential application of
taraxerol 8°H values as a paleosalinity and paleohydrolog-
ical proxy in sub-tropical and tropical coastal marine sys-
tems. Our study also highlights the need to better
understand if the diagenetic degradation processes at longer
time scales (e.g., millennia) could affect the carbon and
hydrogen isotopic compositions of taraxerol differently
compared to early diagenesis represented in this study.
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