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TERRESTRIAL BIOMARKER ISOTOPE RECORDS OF LATE
QUATERNARY CLIMATE AND SOURCE-TO-SINK SEDIMENT
TRANSPORT PROCESSES IN SOUTHWESTERN TAIWAN
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SHUN-WEN YU***, YVETTE ELEY§, and GREGORY HARRIS*

ABSTRACT. Fluvial sediments are important archives of paleoenvironments.
However, variations in sediment production and transport processes greatly influence
sediment geochemistry and resultant interpretations of ancient conditions. Tectonically-
active tropical regions are particularly sensitive to climate feedbacks because these areas
are often characterized by high precipitation rates, rapid erosion and short sediment res-
idence times. We analyzed the hydrogen and carbon isotope composition of plant-
derived n-alkanes (d2Hn-alkane and d13Cn-alkane) in sediment cores along the Gaoping
River-submarine canyon system in southwestern Taiwan to examine climatic and geo-
morphic controls on isotope geochemical signatures of fluvial sedimentary archives.
These records span the last ;26 kyr and provide critical insight into the temporal and
spatial variations in sedimentary biomarker isotopes within a source-to-sink system.
Isotope data are coupled with new results from an iCESM 1.2 Earth System Model of
precipitation isotopes during the last glacial-interglacial cycle. Biomarker isotope and
modeling results support two important conclusions. First, biomarker isotope values
change by ;10 to 15% in d2Hn-alkane and ;1 to 2% d13Cn-alkane in offshore SW Taiwan
through the late Quaternary deglaciation. These shifts are consistent with iCESM predic-
tions and other records from the South China Sea and are best explained by a shift in
isotope hydrology due to regional warming and biologic responses to increased atmos-
pheric pCO2. Second, the d2Hn-alkane of biomarkers preserved in onshore sediments
proximal to the mountain range is ;15 to 20% more negative than biomarkers depos-
ited in offshore sites, and the temporal change in carbon isotopes exceeds that observed
in the offshore deposits. The onshore core locality is proximal to the orogen and charac-
terized by a mean elevation . 1 km compared to the offshore site, which has a mean
catchment elevation of ;500 m. These data show that depositional setting and catch-
ment hypsometry strongly bias the geochemical signature of sediments transported
through the river system. The magnitude of isotopic variability generated by catchment
geometry and sediment integration greatly exceeds the change associated with warming
during deglaciation. This result suggests that catchment integration processes may play a
similar or larger role in shaping fluvial geochemical records in tropical mountain systems
than climatic factors.
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introduction

Fluvial networks are a key component of orogenic systems that mediate the ero-
sion and transport of sediments from source to sink (Milliman and Syvitski, 1992).
River networks evolve in response to several factors, including uplift and erosion rate
and the timing and amount of precipitation and runoff (Blum and Törnqvist, 2000).
As a result, the dominant processes shaping river systems vary along the length of the
river from source to sink. In the river headwaters, sediment production and erosion
dominate whereas in the lower reaches, river systems can be characterized by deposi-
tion in the floodplain, delta, and offshore environments. These sediment deposition
areas preserve geochemical records of environmental change and the tectonic forces
operating within a catchment. However, different locations in the system have differ-
ent erosion/accumulation features, sediment residence times, and catchment integra-
tion. These variables can bias geochemical records of catchment environments
(Ponton and others, 2014; Romans and others, 2016). Thus, long-term geochemical
records generated from sediment archives in different portions of a river system can
show significantly different signals related to a combination of external climate/tec-
tonic perturbations and their influence on catchment processes.

Recently, advances in the application of compound-specific stable isotopes have
enabled the development of geochemical records of terrestrial paleoenvironment
from both terrestrial and marine sediments (Galy and others, 2011; Sachse and
others, 2012; Ponton and others, 2014; Zhuang and others, 2014; Diefendorf and
Freimuth, 2017; Eley and Hren, 2018; Bliedtner and others, 2020). Plants and other
terrestrial biota produce organic molecules distinctly associated with terrestrial sour-
ces (Eglinton and Hamilton, 1967). Specifically, n-alkanes with long, odd-number car-
bon chains (that is, n-C25 to n-C31) are produced predominantly by terrigenous plants
(Eglinton and Hamilton, 1967). These compounds are resistant to degradation and
alteration during transport and burial and are abundantly preserved in sedimentary
archives (Eglinton and Hamilton, 1967). Hydrogen isotopes of plant waxes reflect am-
bient water isotope composition during plant growth in addition to environmental
factors such as plant-specific fractionation differences and responses to water stress
(see for example, Sachse and others, 2012). Carbon isotopes of plant waxes generally
reflect isotope fractionation during photosynthetic carbon fixation and factors that
affect photosynthesis efficiency such as atmospheric CO2 concentration and moisture
availability (Körner and others, 1988; Schubert and Jahren, 2012; Diefendorf and
Freimuth, 2017). In combination, these can provide a record of past climate and the
integration of molecular components in a source to sink system. Numerous studies
have utilized the hydrogen and carbon isotope composition of n-alkanes (d2Hn-alkane
and d13Cn-alkane) preserved within sediment archives to constrain changes in environ-
ments during major climate events (see for example, Liu and Huang, 2005; Tierney
and others, 2008; Tierney and DeMenocal, 2013; Fornace and others, 2016; Loughney
and others, 2020), mountain growth (for example, Polissar and others, 2009;
Hren and others, 2010; Zhuang and others, 2014; Zhuang and others, 2015), and eco-
system turnover (for example, Eley and others, 2016; Liu and others, 2019). However,
sediment production and transport processes can vary both spatially and temporally
within an evolving river system. As a result, there remains uncertainty over how the or-
ganic molecular isotope signature of major environmental changes is reflected in dif-
ferent portions of a river system. This issue is particularly significant in tectonically-
active tropical mountain systems characterized by rapid uplift, high rates of erosion,
short sediment residence times, and rapid accumulation in depositional sites.

Taiwan is characterized by some of the highest surface uplift and erosion rates on
the globe (Dadson and others, 2003; Fellin and others, 2017). Frequent floods and
landslides induced by typhoons or earthquakes drive extreme sediment delivery
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and export (Dadson and others, 2004; Hilton and others, 2008, 2011, 2012; R. Hsu
and others, 2014; Yu and others, 2017; Zhang and others, 2018). As a result, Taiwan
provides a natural laboratory to study the linkage and feedback among climate

Fig. 1. (A) Topography and bathymetry map of the Gaoping River-submarine canyon system in southwest-
ern Taiwan. The red star is the location of the offshore core (MD178-3291), and the yellow star is the location
of the onshore core (Chaoliao). The red line outlines the catchment of the Gaoping River integrated by the
onshore core, while the black dashed line delineates the catchments in southwestern Taiwan integrated by the
offshore core. (B) The curves of the elevation distribution for the integrated catchment(s) of these two cores.
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changes, sediment production and transport, erosion, and tectonic activities. Here we
focus on the Gaoping River-submarine canyon system in southwestern Taiwan (fig.
1A), which is one of the most well-studied source-to-sink systems in Taiwan (Liu and
others, 2002; Liu and Lin, 2004; Liu and others, 2010; Yu and others, 2017; Zhang
and others, 2018). We sampled two sedimentary cores collected from onshore
(Chaoliao) and offshore (MD178-3291) localities along the Gaoping River and
Gaoping submarine canyon. These sediments record deposition and catchment proc-
esses since the last glacial period. We measured the hydrogen and carbon isotope
compositions of fluvially-transported leaf-wax n-alkanes (d2Hn-alkane and d13Cn-alkane).
These data are paired with new and existing records of regional environmental
change from the Last Glacial Maximum (LGM) to recent and a new water isotope-
enabled version of the Community Earth System Model (iCESM 1.2). There are two
goals of this work: (1) to examine how sedimentary organic molecular and stable iso-
topic records reflect the first-order environmental changes during the last deglacia-
tion in Taiwan, and (2) to evaluate how geochemical records from different locations
in the same catchment vary as a function of depositional setting and source-to-sink
processes. Our data provide the first terrestrial isotope hydroclimate record of Taiwan
from the LGM to recent and show that precipitation isotopes respond to warming of
the regional climate since the LGM, rather than a simple change in precipitation
amount. In addition, we show that onshore and offshore records of terrestrial LGM to
recent environments vary as a function of sediment and organic molecular integration
through the catchment.

geological background

Gaoping River-Submarine Canyon System
The Gaoping River catchment is sourced from the highest mountain peak in

Taiwan (Mt. Yu, 3952 m) and connects with the Gaoping Canyon, a well-developed
submarine canyon with an extensive levee system and overbank deposits (Chiang and
Yu, 2006, 2008; Yu and others, 2017) (fig. 1A). The Gaoping River delivers around 49
mega tons of sediments into the ocean every year (Dadson and others, 2003), making
it the largest sediment source in southwestern Taiwan. Sediments are mainly delivered
through landslides/debris flows triggered by extreme events such as earthquakes and
typhoons (Dadson and others, 2004; Hilton and others, 2008, 2011, 2012; Zhang and
others, 2018). The residence time of sediment within the river catchment is typically
short due to the steep topography and high river discharge. The river discharge dur-
ing typhoons in Taiwan can increase by two orders of magnitude (from <200 m3/s to
.19,000 m3/s) and drop down to normal discharge within few days (Milliman and
Kao, 2005; Kao and Milliman, 2008). As a result, sediments and organic material can
be transported from terrestrial source to marine sink efficiently and with minimal
time lag between erosion onshore and deposition offshore. Recent 14C analysis of
POC from the mouth of the Gaoping River shows that bulk organic carbon has an av-
erage age of;2000 years, while n-alkanoic acids (fatty acids) from the same sediments
yield an age of;770 years (Eglington and others, 2021).

The Gaoping submarine canyon directly connects with the Gaoping River and the
sediments within the submarine canyon are predominantly sourced from the Gaoping
catchment. Modern in situ monitoring shows that terrestrial erosion within the Gaoping
catchment during extreme events triggered by typhoons or earthquakes contributes over
70% of the total sediment delivered to the Gaoping submarine canyon as turbidity cur-
rents (Zhang and others, 2018). A smaller percentage of sediments deposited within the
submarine canyon system may derive from materials remobilized by storm waves and
sediment plumes from other nearby smaller river systems (Liu and others, 2002; Liu and
Lin, 2004; Liu and others, 2009; F. Hsu and others, 2014). Therefore, while turbidity
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current-driven sedimentation is dominant in the Gaoping submarine canyon, offshore
sediments associated with the submarine canyon are likely to represent a spatially-inte-
grated record of sediment sourced from the SW Taiwan region.

Sedimentary Cores and Catchment Integration Differences
We analyzed fine-grained mud and silt deposits from two sediment cores in the

Gaoping River-submarine canyon system: an offshore core (MD178-3291) located at
the flank of the Gaoping submarine canyon and an onshore core (Chaoliao core)
located on the modern floodplain at the river mouth of the Gaoping River (fig. 1A).
Both cores span the past;26 kyr, covering the period from LGM to the present.

The offshore core, MD178-3291, is a 33-m-long piston core spanning the last 26
ka, providing the longest and most complete sedimentary record in offshore south-
western Taiwan. This core was acquired in 2010, utilizing the R/V Marion Dufresne,
and stored at 4 °C in Taipei Core Storage Center since collection. The age model for
this core is established by nine planktonic foraminifera and plant fragment AMS 14C
(Yu and others, 2017) (fig. 2A). MD178-3291 is located at the western bank of the
Gaoping submarine canyon, which is around 600 m higher than the canyon channel.
This core is primarily composed of hemipelagic muds and laminated silt layers
derived from overbanking turbidite flows that are less influenced by channel erosion
and can provide continuous records (Yu and others, 2017). The sedimentary charac-
teristics of this core are distinct below and above ;16 m. Below ;16 m, the sediments
are primarily composed of mud with only a few turbidity currents layers, while above
;16 m, turbidites are thick and frequent. This sedimentology change reflects
increased precipitation intensity and sediment supply due to deglaciation around 12
kyr (Yu and others, 2017).

The onshore Chaoliao core is a 220-m-long core located on the downstream
floodplain of the Gaoping River, drilled by the Central Geological Survey of Taiwan in
1996. Age constraints for this core are reported by Chen (1998), including four plant
fragments and organic-rich mud 14C dates (5,070 6 60 yr, 5,390 6 50 yr, 6,530 6 70
yr, and 15,3606 60 yr) and one thermoluminescence date (26 6 4 kyr) (fig. 2B). The
14C dating and calibration method reported in Chen (1998) is described in Chen and
Liu (1996). The pollen records are reported by Liew (1998). A synthesis report (Shyu,
ms, 1999) provides a description of sedimentology correlated with the pollen data.
Below;140 m, pollen data shows an ecosystem dominated by temperate forest species
such as Clobalanopsis, Alnus, and Gramineae, indicating a climate characterized by lower
temperature and mean precipitation than the present. Above ;140 m, pollen assemb-
lages are dominated by tropical-subtropical forests and shrubs, such as Euphorbia,
Mallotus, Macaranga, Castanopsis, and Lysimachia. This transition in vegetation types
indicates a transition from the cold/dry glacial period to the warm/wet interglacial
period (Liew, 1998). In addition, the lithology below ;140 m is comprised mainly of
mud to silt of the floodplain to deltaic sands interlayered with mud/silt deposits. In
comparison, above ;140 m, the sediment is dominated by gravels of the fluvial chan-
nel and alluvial fan deposits, reflecting an increase in sediment supply from the glacial
to the interglacial period (Shyu, ms, 1999).

The sample locations of these two cores result in distinct differences in contribut-
ing sediment source area and hypsometry for the integrated upstream catchment.
The onshore core, located at the river mouth of the Gaoping River and proximal to
the orogen, integrates sediment and organic materials immediately from the Gaoping
River. Here, upstream catchment mean elevation is 1100 m with over 50% of the
catchment greater than 1000 m elevation (fig. 1B). In comparison, the offshore core
is distal to the orogen and integrates significantly more low-elevation coastal plain
area than the onshore cores site. The catchment mean elevation for the offshore

climate and source-to-sink sediment transport processes in southwestern Taiwan 397



Fi
g.

2.
L
it
h
ol
og

ic
al

de
sc
ri
pt
io
n
,
ag
e
co

n
st
ra
in
s,
n-
al
ka
n
e
st
ab

le
is
ot
op

e
co

m
po

si
ti
on

(d
2 H

n
-a
lk
an

e
an

d
d1

3 C
n
-a
lk
an

e)
an

d
di
st
ri
bu

ti
on

(C
PI
)
of

(A
)
of
fs
h
or
e
co

re
(M

D
17

8-
32

91
)
(m

od
ifi
ed

fr
om

Yu
an

d
ot
h
er
s,
20

17
)
an

d
(B

)
of
fs
h
or
e
co

re
(C

h
ao

lia
o)

(m
od

ifi
ed

fr
om

Sh
yu
,m

s,
19

99
).

T
h
e
da

sh
ed

lin
e
an

d
gr
ay

sh
ad

in
g
se
pa

ra
te

th
e
gl
ac
ia
la

n
d
in
te
rg
la
ci
al

pe
ri
od

de
po

si
ts
.

398 Q. Chang and others—Terrestrial biomarker isotope records of late Quaternary



deposition site is ;500 m, with over 50% of the catchment lower than 100 m. The
MD178-3291 offshore core is also located on the flank of the submarine canyon, so
although the majority of sediments here are fed by the Gaoping River system (Liu and
others, 2002; Yu and others, 2017; Zhang and others, 2018), this location may also
receive fine-grained sediments discharged from nearby rivers and regionally dispersed
through wave mixing on the inner shelf (Liu and others, 2002; Liu and Lin, 2004). As
a result, sediments preserved in the offshore core site likely reflect a regionally-
homogenized signal from across southwestern Taiwan.

methods

n-alkane Extraction and Separation
Samples were freeze-dried for 24 hours and powdered with mortar and pestle

prior to Soxhlet extraction. Approximately 150 g of sediment was extracted for 48
hours using a 400 ml mixture of dichloromethane:methanol (2:1, v:v). The total lipid
extracts (TLE) were saponified with 5 ml 1N KOH for 2 hours at 85 °C to detach the
fatty acids from ester lipids. After saponification, the neutral lipid fraction (N1) was
further separated through silica gel column chromatography. Columns were filled
with around 1.5 ml activated silica gel and dried at 45 °C and rinsed with hexane thor-
oughly before loading the column with the N1 split. 2 ml hexane, 4 ml dichlorome-
thane, and 4 ml methanol were added sequentially to elute the N1 to obtain the
nonpolar, mid-polar, and polar fractions, respectively. After evaporative concentra-
tion, the nonpolar hexane fraction (S1) containing n-alkanes were further purified by
urea adduction and silver nitrate (AgNO3) chromatography to separate branched and
cyclic alkanes. For the urea adduction, 200 ml urea-methanol solution, 200 ml pentane,
and 200 ml acetone were added to the S1. The S1-containing fraction was frozen for at
least 30 minutes to facilitate the crystallization of urea and compound adduction. The
non-adducted fraction, which contains branched and cyclic alkanes, was removed with
hexane, and the adducted fraction (A1), which contains n-alkanes, was then obtained
by adding H2O: methanol (1:1, v:v) to dissolve the urea crystal and extracted with hex-
ane. For the silver nitrate chromatography, the A1 was applied using columns filled
with around 1.5 ml AgNO3 and eluted with 2 ml hexane.

n-alkane abundances were quantified on a Thermo Scientific Trace GC Ultra
with a flame ionization detector (GC-FID), using a BP-5 column (30 m � 0.25 mm i.
d., 0.25 mm film thickness) with helium as the carrier gas at a constant flow rate of 1.5
ml/min. Individual alkanes were identified by comparing their retention time to an
internal laboratory standard mixture of n-C7 to n-C40. The peak areas of individual n-
alkanes were used to calculate the carbon preference index (CPI) and average chain
length (ACL) distributions using the following equations:

CPI ¼ 1
2

AC25 1AC27 1AC29 1AC31ð Þ
AC24 1AC26 1AC28 1AC30ð Þ1

AC25 1AC27 1AC29 1AC31ð Þ
AC26 1AC28 1AC30 1AC32ð Þ

� �
(1)

ACL ¼ AC25 � 251AC27 � 271AC29 � 291AC31 � 311AC33 � 33ð Þ
AC25 1AC27 1AC29 1AC31 1AC33ð Þ

" #
(2)

Compound Specific Stable Isotope Measurements
d2H and d13C values of n-C29 and n-C31 were determined using a GC-Isolink with

a BP-5 column (30 m � 0.25 mm i.d., 0.25 mm film thickness), coupled to a Thermo
Scientific MAT 253 isotope ratio mass spectrometer (IRMS). Compounds were sepa-
rated on the GC with the temperature program set at 50 °C for 1 min, ramped to
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180°C at 12°C/min, then ramped to 320°C at 5°C/min and held for 10 min. Isotopic
compositions were standardized using a suite of n-alkanes from n-C16 to n-C30 in a
standard mixture (Mix A6 from A. Schimmelmann). We determined internal and
external precision by analyzing the standard for a range of sample sizes and repeat
analyses of a single sample size. During the interval of measurement, the Mix A6
standard was analyzed every 4 to 5 samples to account for size and scale effects.
Repeat analyses throughout the run and for a range of standard concentrations yield
a precision of ;1 % for d13C and < 5 % for d2H. All values are expressed in standard
delta notation relative to VPDB and VSMOW.

Isotope-Enabled Climate Model
We utilize a water isotope-enabled version of the Community Earth System Model

(iCESM 1.2) to simulate LGM and Pre-Industrial (PI) climate states to evaluate glacial
to interglacial changes in isotope hydrology for comparison with biomarker isotope
data. For this study, we configure iCESM1.2 with CAM5, CLM4, CICE4, and POP2 on
1.9x2.5° atmosphere and ;1° ocean grids. This configuration of CESM simulates PI
and 20th century climate well (Hurrell and others, 2013). Further, the water isotope
tracers of hydrogen and oxygen, which exchange through all interactive model com-
ponents, compare favorably with observations (Nusbaumer and others, 2017; Wong
and others, 2017). Several recent studies have employed iCESM for paleoclimate
application (for example, Zhang and others, 2017; Zhu and others, 2017, Tabor and
others, 2018).

Here, we produce two simulations: a PI control experiment and a LGM experi-
ment. PI boundary conditions, including greenhouse gas (GHG) concentrations,
land-sea mask, vegetation types, and orbit configuration, come from CESM defaults
for 1850 CE. For the LGM, ice extent and topography come from the ICE-6G dataset
(Peltier and others, 2015). Other LGM boundary conditions, such as GHG concentra-
tions and orbital configuration, follow the PMIP3 protocol for 21 ka (Braconnot and
others, 2012). To account for the large ice sheets, we increased ocean average d18O
and d2H by 1% and 8%, respectively (Duplessy and others, 2002). Both simulations
were initialized from previously equilibrated experiments and run for an additional
550 years with water isotope tracers, allowing the atmosphere, land, and upper-ocean
to reach near equilibrium. All initial ocean isotopic distributions come from the GISS
interpolated ocean dataset (LeGrande and Schmidt, 2006). Analyses come from the
final 48 years of simulation.

results

We measured the distribution of normal alkanes in both onshore and offshore
cores to quantify average chain length and carbon preference indices. CPI values
range from 0.9 to 2.5 and average chain lengths from 27 to 29.4 (fig. 2; table 1). The
average CPI for the onshore core is around 1.9, while that of the offshore core is
around 1.6. In general, low CPI values of n-alkanes could indicate a higher degree of
microbial degradation or greater post-depositional thermal maturation (Eglinton and
Hamilton, 1967; Vogts and others, 2009; Bush and McInerney, 2013; Brittingham and
others, 2017; Wang and others, 2017). However, the observed CPI range of alkanes
within the two sample cores is similar to the CPI value of modern soils in Taiwan
(Hren and others, 2018). This may be a result of the high temperatures and rapid oxi-
dation of soil organic matter in the tropical environment. Teunissen Van Manen and
others (2020) show that soil CPI is directly correlated with mean annual temperature
in tropical areas. For climates with a mean annual temperature . 22°C, observed soil
CPI is generally less than 5, with numerous reports of values less than 2, similar to our
sites. In the offshore core, there is no significant change in the observed CPI of n-
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alkanes from glacial to interglacial. In contrast, there is a shift from larger CPI values
to smaller values from glacial to interglacial in the onshore record. There is a slight
difference in CPI and ACL from onshore to offshore, with slightly smaller CPI and
ACL values in the offshore core. However, the sediment cores for this study are all
from terrestrial and shallow marine depths and there is no evidence for any thermal
heating. As a result, there is no potential for differential diagenesis throughout the
cores due to post-depositional heating. Any differences in CPI or ACL are presumed
to result from source or climatic differences.

Fig. 3. (A) The d13Cn-alkane records of the offshore cores (MD178-3291) for both n-C29 and n-C31. The
red dash line represents the predicted d13Cn-C31 variation through the last glacial-interglacial transition
solely due to variation in atmospheric pCO2 and d13Catm. Modeled value is based on the empirical equa-
tions (eq. 2 and eq. 3) proposed by Schubert and Jahren (2012); (B) The d13Cn-alkane records of the
onshore cores (Chaoliao) for both n-C29 and n-C31. (C) Global pCO2 variation recorded in the ice core
from EPICA Dome C, Antarctic (Elsig and others, 2009; Lourantou and others, 2010); (D) Global d13Catm
variation recorded in the ice core from EPICA Dome C, Antarctic (Lüthi and others, 2008).
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Compound Specific Stable Isotope Data
The carbon isotope composition of n-alkanes (n-C29 and n-C31) for both the off-

shore core (MD178-3291) and onshore core (Chaoliao) are presented in figure 3 and
table 1. The offshore core d13Cn-alkane shows an ;2% negative temporal shift from the
glacial to the interglacial period for both n-C29 and n-C31. d

13Cn-C31 is more negative
than d13Cn-C29 in general, with greater fluctuations (fig. 3A). The d13Cn-C29 varies from
between �31% to �30% during the glacial period and between �31% and �32%
during the interglacial period. d13Cn-C31 is mostly around �31% to -32% during the
glacial period, and gradually decreases to �33% during the interglacial. In the
onshore core, the magnitude of the carbon isotopic shift through the glacial-intergla-
cial transition is larger than the offshore core (fig. 3B). An ;5% negative temporal
shift is observed for both n-C29 and n-C31. Unlike the offshore core, the d13Cn-C31 in
the onshore core is generally more positive than d13Cn-C29. During the glacial period,
the average d13Cn-C29 is around �26% to �28%, and the d13Cn-C31 is around �25% to
�27%. During the interglacial period, the average d13Cn-C29 is around �30% to
�31%, and the d13Cn-C31 between �31% to �32%. The d13Cn-alkane values of the
onshore core are greater than the offshore core in general.

The hydrogen isotope composition of n-alkanes (n-C29 and n-C31) in both the off-
shore (MD178-3291) and onshore core (Chaoliao) are presented in figure 4 and table
1. For the offshore core, the d2Hn-alkane for both n-C29 and n-C31 show an ;10% posi-
tive temporal shift from the glacial to the interglacial period (fig. 4A), while the
d2Hn-C31 is more negative than d2Hn-C29. During the glacial period (prior to 17 ka),
the d2H n-C29 averages ; �150% while during the interglacial period (after 12 ka),
d2Hn-C29 averages ; �140%. During the glacial-interglacial transition between 17 to
12 ka, a sharp negative shift in d2H is observed in both n-C29 and n-C31. The timing of
the negative isotope shift is consistent with a depositional age of around 12.9 ka using
existing age models. Although this timing is coincident with the age of the Younger
Dryas period, limited sampling in this interval and uncertainties in the precise timing
of this event in the stratigraphic column make it difficult to precisely place this geo-
chemical event in time.

The d2Hn-alkane values in onshore sediments are consistently more depleted than
those preserved in an offshore depositional setting. In addition, the magnitude of the
isotopic shift from glacial to interglacial is greater in onshore sediments than in off-
shore deposits (fig. 4B). d2Hn-C29 values in the glacial period range from -160% to
�180%, and show an increase to �140% to �160% in the interglacial period. Mean
d2Hn-C29 values shift from ;�170% to around �155% from glacial to interglacial.
Due to limitations of the age model of the Chaoliao core, the precise timing glacial-
interglacial transition cannot be clearly tied to a specific, narrowed interval of the
onshore core. However, both d2Hn-C29 and d2Hn-C31 record an increase in measured
value up-section that is consistent with isotopic records from offshore.

Carbon Chain Length and Isotope Data
Onshore and offshore cores show a positive shift in d2Hn-alkane from the LGM to

recent and a decrease in d13Cn-alkane. However, in the offshore core, the d2Hn-C29 is
more positive than d2Hn-C31, whereas in the onshore core the d2Hn-alkane and
d13Cn-alkane are similar for both chain lengths. Typically, within the same plant group,
n-alkanes with different numbers of carbon molecules show a similar isotopic response
to climatic and environmental factors (Chikaraishi and Naraoka, 2003; Bi and others,
2005; Wang and others, 2013; Diefendorf and Freimuth, 2017). However, multiple
studies demonstrate that plants of different vegetation groups produce a range of bio-
markers with distinct molecular distributions. Furthermore, the d2Hn-alkane of C3 trees
and grasses are generally distinct, with grasses showing more negative d2H than trees
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Fig. 4. (A) d2Hn-alkane records of the offshore cores (MD178-3291) for both n-C29 and n-C31. (B)
d2Hn-alkane records of the onshore cores (Chaoliao) for both n-C29 and n-C31. (C) Gramineae pollen abun-
dance in the Toushe Peat Bog core in central Taiwan (black; Liew and others, 2006) and Tongyoun Lake
core (blue; Lee and Liew, 2010); (D) cave stalagmite d18O records from Dongge cave in southern China
(black, Dykoski and others, 2005) and Hulu cave in central China (blue, Wang and others, 2001); (E) ice
core d2H records from EPICA Dome C, Antarctic (Jouzel and others, 2007); (F) South China Sea Mg/Ca
sea surface temperature (SST) records (Steinke and others, 2011) and Alkenone SST records (He and
others, 2008).
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(Sachse and others, 2012). Sachse and others (2012) compiled nearly 140 C3 grass
and tree samples and show a mean offset in d2Hn-alkane of ;35%. Recent compilations
of carbon isotopes of n-alkanes of C3 trees and plants (Diefendorf and Freimuth,
2017), show considerable overlap between C3 grass d

13Cn-alkane values but an offset in
mean d13Cn-alkane of only 1%. Thus the hydrogen isotope composition of plant waxes
from these two plant groups may show significant differences while carbon isotopes
are similar.

In a source to sink system, n-alkanes preserved within fluvial sediments can have a
mixture of vegetation sources. The contributions from different plant groups can
change in response to climate or environmental factors or the variation in sediment
provenance. For example, woody plants are shown to contribute proportionally more
n-C27 and n-C29 than n-C31 or n-C33 compared to graminoids (grasses) which contrib-
ute proportionally more n-C31 and n-C33 alkanes (Vogts and others, 2009; Seki and
others, 2010; Diefendorf and Freimuth, 2017). As a result, in regions with mixed for-
est and grass inputs, changes in the contributions from different vegetation types are
likely to affect the d2Hn-alkane record of different carbon chain length molecules.
Differences in the contributions from distinct vegetation types may be amplified by
large-scale climatic changes or in sediment provenance within the catchment, espe-
cially for large catchments with a range of elevation.

Wang and others (2013) suggest that in an area with mixed grassland/forest vege-
tation, the d2H of longer chain n-alkanes such as n-C31 and n-C33 are sensitive to rela-
tive contributions of grasses. In contrast, since C3-dicot forests may produce
proportionally more n-C29 than longer carbon chain lengths, Wang and others (2013)
suggest that d2H value of n-C29 are the most reliable record of paleo-precipitation
d2H. Southwest Taiwan is characterized by a mixture of both grass and tree inputs and
peat and lake cores from Central Taiwan show temporal changes in the abundance of
graminoid pollen from the LGM to recent. We focus primarily on d2Hn-C29 to evaluate
the environmental influences on the n-alkanes isotope composition in southwestern
Taiwan.

discussion

There are two important observations that result from new data presented here.
The first is that d2Hn-alkane and d13Cn-alkane data from the offshore and onshore cores
in the Gaoping River system show a temporal shift from LGM to the present. Thus,
both onshore and offshore sediments record a geochemical change associated with a
change in regional climate and/or catchment processes during the last deglaciation.
The second is that onshore and offshore biomarker isotope records show differences
in the baseline isotopic compositions of plant-derived biomarkers and the magnitude
of isotopic change from the LGM to recent. The temporal shift in d2Hn-alkane and
d13Cn-alkane reflects a change in environmental conditions and precipitation isotopes
through the glacial-interglacial transition. In contrast, spatial differences in n-alkane
isotope composition between the onshore and offshore cores most likely result from
differences in catchment integration processes at depositional sites within the
Gaoping River system.

Both onshore and offshore biomarker isotope records from the Gaoping River
system record a decrease in d13Cn-alkane during the last deglaciation. The magnitude
of this isotopic shift is significantly larger in fluvial sediments deposited near the oro-
gen (onshore core), compared to sediments deposited in a marine, offshore compo-
nent of the source-to-sink system. In addition, the onshore core is characterized by
more positive d13Cn-alkane values than those preserved in the offshore setting.
Hydrogen isotopes (d2Hn-alkane) show a positive shift of 10 to 15% in both onshore
and offshore sediments that occurs coincident with the transition from the LGM to
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Holocene. However, the onshore biomarker d2Hn-alkane record is characterized by con-
sistently more negative values than the offshore record. There are a number of proc-
esses that influence the hydrogen and carbon isotopic composition of plant-derived
biomarkers. In some cases, factors that influence the carbon isotopic composition of
plant biomarkers will also influence the hydrogen isotope composition. In other cases,
these two geochemical signatures can change somewhat independently of one
another. Here we discuss mechanisms for generating spatial and temporally-distinct
isotopic signatures within the Gaoping River source-to-sink system for both carbon
and hydrogen.

Leaf-Wax Carbon Isotopes
The carbon isotope composition of plants reflects fractionation between atmos-

pheric CO2 and leaf tissues during CO2 diffusion into leaf stomata and during fixation
within the leaf (O'Leary, 1981, 1988). The d13C value of plants can be affected by fac-
tors such as photosynthesis pathway (for example, Farquhar and Sharkey, 1982;
Farquhar and others, 1989; Diefendorf and Freimuth, 2017), precipitation/water use
efficiency (for example, Warren and others, 2001; Bowling and others, 2002;
Diefendorf and others, 2010; Prentice and others, 2011; Eley and others, 2014; Eley
and others, 2018), and atmospheric pCO2 (for example, Farquhar and Sharkey, 1982;
Beerling, 1996; Beerling and Royer, 2002; Schubert and Jahren, 2012, 2015). For car-
bon, the largest isotopic fractionation is due to the photosynthetic pathway (for exam-
ple, C3 versus C4 or CAM photosynthesis pathways), followed by environmental factors
that influence stomatal regulation. Sedimentary records of biomarker carbon isotopes
can show variations that result from any combination of changes to these factors.

Atmospheric pCO2 and d
13C value.— The d13Catm sets the starting isotopic composi-

tion for plant carbon (Tipple and others, 2010; Diefendorf and Freimuth, 2017) while
the pCO2 gradient between the atmosphere and the internal plant tissue influences
stomatal regulation and the carbon fixation processes. In combination, these affect
the magnitude of carbon isotope discrimination between atmospheric CO2 and fixed
carbon (for example, O'Leary, 1981, 1988; Farquhar and Sharkey, 1982; Farquhar
and others, 1989; Ehleringer and Cerling, 1995; Beerling, 1996; Beerling and Royer,
2002; Schubert and Jahren, 2012, 2015). Schubert and Jahren (2012) proposed an
empirical relationship between carbon fractionation (Dd13C) and atmospheric pCO2
for C3 plants. For n-C31 alkanes, they show that the relationship between Dd13Cn-C31
and pCO2 can be described by the following equations:

Dd 13Cn-C31 ¼ 34:3 � 0:48 pCO2 1 10ð Þ
34:31 0:48 pCO2 1 10ð Þ (3)

where

Dd 13Cn-C31 ¼ d 13Catm 1 1000
d 13Cn-C31 1 1000

� 1

 !
� 103 (4)

We use the reconstructed global carbon isotope composition of atmospheric
d13Catm of CO2 (Elsig and others, 2009; Lourantou and others, 2010) and pCO2
(Lüthi and others, 2008) from Antarctic EPICA Dome C ice core for the past 21 kyr to
estimate the expected d13Cn-C31 variation solely due to changes in atmospheric CO2
concentration through time. Over the past 21 kyr, global atmospheric pCO2 increased
from ;180 ppm to ;280 ppm (fig. 3C), and d13Catm from around �7.0% to �6.2%
(fig. 3D). The calculated results (fig. 3A) show that d13Cn-C31 of C3 plants can be
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expected to vary from -31.0% to -33.0% over the past 21 kyr solely due to the increase
in atmospheric pCO2. This predicted ;2% negative temporal shift in d13Cn-C31 during
the glacial-interglacial transition is consistent with the variation observed in our
d13Cn-C31 records in the offshore core (fig. 3A). We suggest that the temporal shift in
d13Cn-C31 in the offshore core records in southwestern Taiwan primarily reflects the
biologic response to changes of global d13Catm and increasing pCO2 from LGM to the
present. In contrast, the temporal shift in onshore d13Cn-alkane from glacial to intergla-
cial is larger than the expected change due solely to an increase of CO2 from the
LGM to recent. Furthermore, the d13Cn-alkane of the onshore core is generally more
positive than the carbon isotope values observed in the offshore core. This requires
mechanisms other than a change in pCO2 or d

13Catm to explain the observed carbon
isotope shift in the onshore record.

Vegetation change.— The single largest factor in shaping organic carbon isotopes
in plants is the photosynthetic pathway. The d13Cn-alkane of modern C4 plants generally
range from �23% to �15 % with a mean value of �20%, while the d13Cn-alkane of
modern C3 plants generally range from �40% to �26% with an average value �35%
(for example, Bi and others, 2005; Chikaraishi and Naraoka, 2007; Garcin and others,
2014; Diefendorf and Freimuth, 2017). Today, C4 plants contribute; 30% of the total
organic carbon to riverine sediments in southwestern Taiwan (Lin and others, 2020).
However, sedimentary records suggest that there may have been significant changes
in the proportion of C3 and C4 vegetation in Taiwan from the LGM to recent. For
example, one bulk organic carbon isotope record from the Toushe peat core in cen-
tral Taiwan shows a change from a d13Cbulk of �18% to �22% during the glacial pe-
riod to around �26% to �28% during the interglacial period. This carbon isotope
record was interpreted to show an increase in the relative abundance of C3 plants
from LGM to Holocene (Li and others, 2013). Similarly, data from core MD05-2905
in the south China sea show a decrease in d13C of ;4% from the LGM to recent,
which was interpreted to reflect a shift in the proportion of regional C4 input from
;60% to 40% of total alkane inputs (Zhou and others, 2012).

Our onshore n-alkane carbon isotope record is represented by relatively few
points due to lithologic limitations but suggests up to a 5% negative shift in
d13Cn-alkane from glacial to interglacial in contrast to a shift of only 1 to 2% in the
offshore. Such a large change could be explained by a shift in the proportion of
C3 to C4 plants contributing to the organic matter pool. Indeed, changes in vegeta-
tion cover may contribute to the magnitude of carbon isotope change observed in
the Chaoliao core site. However, it is unlikely that the carbon isotope record sim-
ply reflects vegetation changes in the proportion of C3/C4 from LGM to recent.
For example, to produce a ;5% shift in d13Cn-alkane would require up to ;40% C4
plants in the contributing Gaoping River catchment. Distal marine core records
(MD05-2905) have been interpreted to record changes of this magnitude in the
abundance of C4 plants in SE Asia. However, local Taiwan data does not indicate
such a dramatic change from LGM to recent. Pollen records in Taiwan do not
show a fundamental turnover in C3/C4 vegetation type throughout the last glacial-
interglacial transition. In fact, records from central (Toushe peat bog) and south-
ern (Tongyoun lake) Taiwan show a transition from temperate forest to the sub-
tropical and tropical forest from the LGM to Holocene (Liew and others, 2006;
Lee and Liew, 2010). These data suggest that even in the relatively arid glacial pe-
riod, the tropical to the subtropical environment in Taiwan was wet enough to sus-
tain a dominantly C3 forest ecosystem. Thus a shift in the proportion of C3/C4
vegetation is unlikely to explain all of the observed temporal carbon isotope vari-
ability in the onshore record.
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Precipitation.—Numerous datasets show that the carbon isotopic composition of
leaves is correlated with mean annual precipitation (for example, Warren and others,
2001; Bowling and others, 2002; Diefendorf and others, 2010; Prentice and others,
2011). Increased mean annual precipitation generally produces smaller d13Cn-alkane.
This relationship may relate to differences in soil water content and moisture availabil-
ity to vegetation, which ultimately influences stomatal regulation and carbon discrimi-
nation (Diefendorf and others, 2010; Diefendorf and Freimuth, 2017). Paleorainfall
intensity indices inferred from the relative contribution of organic carbon and nitro-
gen in Tongyoun Lake in southern Taiwan show that rainfall intensity increased from
the last glacial period to the present (Yang and others, 2011). This increase in precipi-
tation during the last deglaciation could offer one potential explanation for the
decrease in d13Cn-alkane values from LGM to the Holocene for both onshore and off-
shore sediments. However, the modern mean annual precipitation in Taiwan exceeds
2500 mm/yr and can be up to .3000 mm/yr in the mountain regions (for example,
mean annual precipitation rate at Mt. Yu is 3600–4700 mm/yr). Pollen records show
that LGM vegetation in Taiwan was consistent with a warm tropical landscape. Thus
there is no indication of dramatically reduced precipitation compared to modern.
The relationship between precipitation amount and d13C is generally minimal for
areas with annual precipitation more than 2000 mm/yr (Diefendorf and others,
2010), and as a result, it is unlikely that past changes in precipitation amount can
account for observed changes in the sedimentary d13Cn-alkane.

Catchment integration.— Plants that grow at high elevations are generally chara-
cterized by more positive d13C values than vegetation at lower elevations due to
greater carboxylation efficiency at high altitudes (Körner and others, 1988). The posi-
tive correlation between elevation and plant d13C can be observed globally (Körner
and others, 1988; Bird and others, 1994; Feakins and others, 2018), and empirical
datasets show that an elevation difference of 3 km may translate to a carbon isotopic
difference of ;2% (Körner and others, 1988). In a highly erosive mountain catch-
ment, inputs from variable elevations can contribute to considerable spatial and tem-
poral heterogeneity in organic d13C records within fluvial sediments. Changes in the
hypsometry of vegetation produced throughout the Gaoping River catchment from
LGM to recent could impart a temporal shift in the d13C of detrital organic matter.
However, due to the relatively small magnitude of the carbon isotope change with ele-
vation (Körner and others, 1988), LGM to Holocene changes in the mean elevation
of organic matter deposited at both sites are unlikely to fully account for the observed
temporal shift in carbon isotopes. However, differences in proximity to the orogen
and catchment integration are likely to contribute to carbon isotope differences
between onshore and offshore sedimentary records.

The onshore and offshore cores from the Gaoping River system have significant
differences in the area-elevation distribution for the contributing catchment (fig. 1B).
The offshore core integrates sediments delivered from a broad region in southwestern
Taiwan, with half of the integrated area from coastal regions with elevations lower
than 100 m. In contrast, the onshore core integrates predominately the Gaoping
River catchment, with over 50% of the catchment area at an elevation higher than
1000 m. The high elevations and relief of the Taiwan orogen result in significant cli-
mate and ecosystem gradients over a short distance (Ri and Miura, 1993; Nagamatsu
and Miura, 1997). In addition, during the last glacial, portions of the modern
Gaoping River catchment may have been above treeline. Spatial differences in prox-
imity to the orogen may result in greater variability in sediment geochemistry for sites
proximal to the orogen in comparison to distal sites. This spatial dependence on the
geochemical signature of sedimentary biomarkers may explain why the d13Cn-alkane
records in the offshore core (which are significantly biased by low elevation organic
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source areas) show carbon isotope changes relating to atmospheric pCO2 and d13Catm,
while the onshore record is strongly biased by a combination of biologic and physical
processes that affect d13C values.

leaf-wax hydrogen isotopes

To the first order, d2Hn-alkane reflects the hydrogen isotope composition of the
ambient water utilized by plants and modified by secondary factors such as species-
specific biosynthetic factors, differences in water use efficiency/evapotranspiration,
and soil or groundwater sourcing (Sachse and others, 2012). Thus, biomarker d2H is
commonly used as a record of precipitation d2H. However, environmental factors
such as variations in the ecosystem, climate, or topography and sediment source can
all affect the d2Hn-alkane recorded in sedimentary archives. There are two key observa-
tions from our onshore and offshore biomarker hydrogen isotope records. The first is
that d2Hn-alkane records from onshore and offshore sedimentary cores show a similar
10 to 15% positive temporal shift through the glacial-interglacial transition. The sec-
ond is that the d2Hn-alkane record of onshore sediments (nC29) is ;15 to 20% more
negative than the offshore core. Here, we discuss potential environmental factors that
affect temporal and spatial variation in the d2Hn-alkane records in southwestern
Taiwan.

Vegetation.—A growing body of literature shows large isotopic differences in
d2Hn-alkane across plant functional types (for example, Feakins and Sessions, 2010; Sachse
and others, 2012; Oakes and others, 2016; Eley and others, 2018). In contrast to d13Cn-

alkane, d
2Hn-alkane is not a diagnostic discriminator for C3 and C4 plants (Bi and others,

2005; Chikaraishi and Naraoka, 2007). However, leaf-wax biomarkers from different
growth forms are commonly characterized by distinct isotopic fractionations. For exam-
ple, grasses (graminoid) and herbs are shown to be more isotopically depleted in deute-
rium than trees and shrubs (Sachse and others, 2012; Oakes and others, 2016).
Variations in the proportion of n-alkane inputs from trees/shrubs relative to grasses and
herbs could produce observable shifts in the sedimentary biomarker d2H records.
Specifically, a temporal shift in the proportion of grass-derived normal alkanes within a
sedimentary pool would produce a more negative sedimentary d2Hn-alkane value than one
produced under similar environmental conditions but with a higher proportion of trees/
shrub-derived alkanes.

To examine the potential influences of vegetation changes on the d2Hn-alkane, we
compare n-alkane d2H records with pollen data from central and southern Taiwan.
Records from the Toushe peat bog core in central Taiwan show that grasses comprise
more than 40% of pollen preserved within the peat during the LGM. Grass pollen
abundance reaches a low of ;10% during the late glacial period and then becomes
high again during the Holocene (Liew and others, 2006) (fig. 4C). At Tongyoun
Lake, the percentage of grass pollen reaches 40% during the LGM and decreases to
around 20% in the Holocene (Lee and Liew, 2010). These two Taiwan sedimentary
records reflect the same gradual warming and wetter climate of the last glacial-
interglacial transition (Liew and others, 2006; Lee and Liew, 2010; Li and others,
2013) but show distinct, and at times, opposite patterns of grass abundance. These
data indicate that local records may be readily biased by the immediate local ecosys-
tem and sourcing of organic matter.

In Taiwan, although the pollen records show a progressive shift in vegetation pro-
portions through the glacial-interglacial transition (Liew and others, 2006; Lee and
Liew, 2010), the timing of shift is inconsistent with the timing of the shift in d2Hn-alkane
of our records (fig. 4C). This discrepancy indicates that vegetation changes in Taiwan
through the glacial-interglacial transition do not represent a fundamental vegetation
turnover that is likely to change isotope fractionation at an ecosystem level. Offshore

climate and source-to-sink sediment transport processes in southwestern Taiwan 409



d13Cn-alkane data show only minor (;1%) variation from the last glacial to interglacial
period, suggesting minimal to no change in C3/C4 inputs to sedimentary alkanes dur-
ing the glacial-interglacial transition (fig. 3A). Therefore, we suggest that observed
temporal increase in our d2Hn-alkane records are not strictly controlled by vegetation
changes and predominantly reflect changing precipitation d2H during this period
due to other environmental factors.

Precipitation amount.— In tropical regions, the “amount effect” is often invoked to
interpret variability in the isotopic composition of past precipitation (Dansgaard,
1964). This is based on modern observations that the isotopic composition of precipi-
tation is negatively correlated with precipitation amount due to greater removal of
moisture from clouds during convective precipitation (Rozanski and others, 1993; Risi
and others, 2008; McFarlin and others, 2019). In eastern Asia, stable isotopic records
of paleoprecipitation are argued to be closely tied to changes in ancient precipitation
amount. For example, cave stalagmite isotope (d18Ostalagmite) records in China show a
negative shift from the glacial to interglacial period, which is interpreted to reflect a
decrease in precipitation d18O since the LGM (Wang and others, 2001; Dykoski and
others, 2005) (fig. 4D). Multiple records from across the South East Asia region show
an increase in precipitation from the glacial to the interglacial period (An and others,
2000; Liu and others, 2014; Chen and others, 2015). Proxy records that show a nega-
tive shift in precipitation isotope composition through deglaciation are interpreted to
reflect increased rainfall intensity and changes in relative contribution from different
moisture sources (Maher and Thompson, 2012; Liu and others, 2014).

Sedimentary records from the Taiwan region show an increase in precipitation
amount from the glacial to the interglacial period (Yang and others, 2011; Yu and
others, 2017). Increased convective precipitation from the LGM to the Holocene
should translate to a negative shift in water isotopes due to the “amount effect” proc-
esses. This expectation for increased precipitation and decreased d2H water values are
opposite to the observed trend in our d2Hn-alkane data. In both onshore and offshore
cores, we observe a positive temporal shift in d2Hn-alkane from glacial to interglacial.
This observation is opposite the expected change for an increase in large-scale convec-
tive precipitation and also opposite the isotope pattern observed in East Asian records
of LGM to recent isotope hydrology (fig. 5). It is unlikely that the observed positive
temporal shift in d2Hn-alkane in southwestern Taiwan provides a simple record of
changes in precipitation amount and monsoon intensity. Factors other than precipita-
tion amount such as regional temperature or sediment source altitude provide the
best explanation of the long-term record of d2Hn-alkane in the Gaoping River
catchment.

Regional temperature change and climate model results.—Global precipitation isotope
data show a positive correlation with temperature (Dansgaard, 1964; Rozanski and
others, 1993). This global temperature-isotope relationship is the result of planetary-
scale distillation during heat and vapor transport from equatorial to polar regions. In
mid- to high-latitude areas, temperature exerts a primary control on the distribution
of stable isotopes in precipitation. However, in tropical regions, this relationship is
complicated by “amount effect” considerations. Onshore and offshore d2Hn-alkane
records from the Gaoping system show a positive isotope shift coincident with post-gla-
cial high-latitude warming (Jouzel and others, 2007) (fig. 4E) and a 3 to 5°C warming
of the South China Sea (He and others, 2008; Steinke and others, 2010, 2011) (fig.
4F). These data strongly suggest that the observed change in d2Hn-alkane from the
LGM to present in Taiwan is associated with a temperature-driven change in the vapor
source area and composition, rather than strictly due to changes in convective precipi-
tation intensity.
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Models of global precipitation isotopes (Lee and Fung, 2008; Steiger and others,
2017) predict an increase in water isotope composition (even in areas of the tropics)
associated with the transition from glacial to interglacial conditions. To further test
whether increases in d2Hn-alkane in Taiwan are consistent with expected shifts in iso-
tope hydrology during the transition from last glacial to Holocene conditions, we con-
ducted iCESM simulations for the SE Asia region. The iCESM climate modeling
results for the LGM climate successfully reproduces the cooler and drier climate and
the more negative precipitation d2H (d2Hp) during LGM in Taiwan (fig. 6).
Simulated d2Hp during the LGM is around 12% more negative than PI (figs. 6A to
6C, table 2) and accounts for changes in water composition due to ice volume
changes. This result matches the observed ;10 to 15% increase in d2Hn-alkane (uncor-
rected for ice volume effects) for both offshore and onshore cores from the glacial to
interglacial period. These data strongly suggest that the observed change in d2Hn-alkane
from the LGM to present in Taiwan is most consistent with the temperature-driven
change in the vapor source area and composition, rather than strictly due to changes
in convective precipitation intensity.

iCESM simulation results produced here disagree with proxy records from main-
land Asia, which generally show isotopic enrichment of precipitation during the
LGM. This disagreement may be due to the fact that climate models have difficulty
simulating past isotopic responses in interior East Asia (Caley and others, 2014;
Battisti and others, 2014; Tabor and others, 2018, 2020; Hu and others, 2019).
Specifically, CESM may simulate too much moisture from the Pacific high and not
enough moisture from India and the Bay of Bengal (Hu and others, 2019).
Compared to China, India shows a more d18O-rich signal in the LGM simulation rela-
tive to PI. Therefore, more Indian moisture transport into China at the LGM would
lead to enrichment in China. Indeed, model results show a pronounced gradient in

Fig. 5. (A) Schematic map of the water vapor transport path of Asian Summer Monsoon from the
Indian Ocean and the Pacific Oceans (modified from Liu and others, 2015). The figure shows the com-
parison between (B) our offshore d2Hn-alkane records in Taiwan and existing d2Hn-alkane records across the
Asian monsoon region: (C) Jintai (Li and others, 2018), (D) Baiyandian (Li and others, 2018), (E) Xifeng
(Liu and Huang, 2015), (F) Lake Nam Co (Günther and others, 2015), (G) site SO188-342Kl in Bay of
Bengal (Contreras-Rosales and others, 2014). The d2Hn-alkane record in OPD 1146 (purple square) covers
350-67 ka and does not cover the latest glacial-interglacial cycle. Stalagmite d18O records in Dongge and
Hulu caves (green squares) can be found in fig. 4D.
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the d2H response at the edge of the plotted region in figure 6. If that region shifted
further east, the model-proxy agreement would improve. Also, these simulations do
not include dynamic vegetation, which might be important for the response in China
(for example, Tabor and others, 2020).

Deglaciation and Isotope Hydrology in Asian Monsoon Region
Across East and South Asia, the Asian Summer Monsoon is the predominant

factor controlling the spatial precipitation gradient. Asian Summer Monsoon
moisture originates in the Indian Ocean and is transported across the Indochina
Peninsula to eastern China, where it is affected by the Western Pacific Subtropical
High, which is accompanied by strong southerly wind (fig. 5). As a result, the iso-
topic composition of precipitation in this region reflects the complex combination
of the characteristics of the moisture sources, either an Indian-source or local
Pacific-source, and distillation processes through the vapor transport (Maher and
Thompson, 2012; Liu and others, 2014). Paleo precipitation isotope records from
the Asian Monsoon regions are often interpreted as primarily reflecting the mon-
soon rainfall intensity, while signals from different locations might also be influ-
enced by the distillation processes during moisture transport or local aridity

Fig. 6. iCESM simulation results for southeastern Asia. (A to C) Annual precipitation hydrogen iso-
tope composition (d2Hp) during preindustrial (PI) and the Last Glacial Maximum (LGM) and the differ-
ence between LGM and PI; (D to F) mean annual surface temperature; (G to I) mean annual
precipitation rate. The red squares represent the region where the average values in table 2 are
calculated.
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response to climate change (Wang and others, 2001; Dykoski and others, 2005;
Liu and Huang, 2005; Contreras-Rosales and others, 2014; Günther and others,
2015; Li and others, 2018).

d2Hn-alkane records from onshore and offshore localities of SW Taiwan show a
positive shift during the last glacial-interglacial transition. This isotopic change is
opposite d18Ostalagmite records in China and other isotopic records from the Bay of
Bengal (Dykoski and others, 2005) (figs. 4 and 5) (Contreras-Rosales and others,
2014) (fig. 5) but is not unique for the SE Asian region. For example, Thomas and
others (2014) show that long-term glacial-interglacial variations in d2Hn-alkane have
a systematic phase difference from records in central China. Their record of gla-
cial-interglacial d2Hn-alkane matches the pattern observed in records from SW
Taiwan presented here. They suggest that d2Hn-alkane in southeast China is strongly
controlled by temperature, whereas d18Ostalagmite records from central China are
more strongly influenced by global ice volume changes. Spatial differences in iso-
topic response between glacial and interglacial time periods may result from
changes in the mid-latitude westerlies, which drive more isotopically enriched
Pacific moisture eastward during the interglacial, and thus less enriched Pacific
moisture reaches inland Asia.

An alternative explanation for spatial differences in LGM to recent paleo pre-
cipitation isotope records between continental Asia and the South China Sea is
that the source of moisture is different for these two areas. The isotopic composi-
tion of precipitation in the interior of the Asian continent reflects upstream mon-
soon regions, including the Indian Ocean (Liu and others, 2014; Maher and
Thompson, 2012; Tabor and others, 2018; Hu and others, 2019). In contrast, pre-
cipitation across the South China Sea may reflect greater contributions of locally
derived and Pacific moisture (Hu and others, 2019). The contrast between new
biomarker hydrogen isotope data presented here and paleo precipitation isotope
records from mainland Asia points to the complex heterogeneity of precipitation
records and hydrological responses to deglaciation and changing orbital parame-
ters in this region.

Catchment Integration and Biomarker Isotopes
The stable isotopic composition of precipitation is shown to be related to the

height of topography due to Rayleigh distillation during progressive rainout when
moist airmasses encounter a topographic barrier (Dansgaard, 1964). As airmasses lift
and cool, moisture is progressively removed through precipitation, generating a char-
acteristic Rayleigh distillation pattern in the isotope data. Precipitation that falls
higher in a catchment (Dansgaard, 1964; Poage and Chamberlain, 2001; Rowley and

TABLE 2

The regional average iCESM simulation results during the Last Glacial Maximum (LGM)
and Preindustrial (PI)

 Mean Annual 

δ2Hp (‰) 

Mean Annual Surface 

temperature (K) 

Mean Annual Precipitation Rate 

(mm/day) 

PI -51.6 ± 7.31 296.5 ± 0.37 4.14 ± 0.782 

LGM -64.3 ± 7.21 288.7 ± 0.44 3.43 ± 0.596 

LGM-PI -12.7 ± 7.26 -7.8 ± 0.40 -0.71 ± 0.690 
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others, 2001; Hren and others, 2010) is generally characterized by more negative iso-
tope compositions. We collected and measured nine water samples from the Gaoping
River to examine how surface water isotopic composition varies with elevation in this
region (fig. 7; table 3). These data show an isotope-elevation relationship character-
ized by an ;15% decrease in d2H per km elevation, which overlaps with data from a
global compilation that shows a change in precipitation d2H of ;15 to 20% per km of
elevation in tropical regions (Poage and Chamberlain, 2001).

The Gaoping River catchment spans ;4 km of elevation, with expected precipita-
tion and biomarker isotopic variation of nearly 60 to 80% from coast to the peak. The
isotope composition of the terrestrial leaf-wax biomolecules preserved in sediments
records the isotope composition of organic matter produced within the catch-
ment. d2Hn-C29 of both onshore and offshore cores record an ;10 to 15% positive
shift during the last deglaciation (fig. 8). Consistency between these records and
isotope-enabled global climate simulations shows that isotopic signals preserved in
both sites are strongly controlled by shifts in isotope hydrology related to regional
post-glacial warming. However, onshore d2Hn-C29 values are 15 to 20% more nega-
tive than those preserved in the offshore core (fig. 8). This difference most likely
reflects differences in sediment source because distal locations have a larger inte-
grated catchment and lower average catchment elevation than locations proximal
to the orogen. The onshore core site is characterized by a mean catchment eleva-
tion of ;1100 m, whereas the offshore site has a mean catchment elevation of
;500 m. Moreover, in the Gaoping submarine canyon, submarine transport proc-
esses such as sediment remobilization by waves, contributions from sediment
plumes of nearby small rivers, or suspension of sediments by ocean currents could
contribute sediments and organic material from a wider area (Liu and others,
2002; Liu and Lin, 2004) which would produce an even lower integrated source

Fig. 7. The relationship between catchment mean elevation and surface water d2H for the Gaoping
River catchment. The gray area represents the 95% confidence interval.
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elevation. Based on modern isotope-elevation lapse rates for Taiwan waters, one
might expect a biomarker d2H difference of 9 to 12% between onshore and off-
shore deposits. However, the magnitude of isotopic difference in d2Hn-alkane
exceeds that predicted from water isotope data alone. This indicates that the sedi-
ments and organic materials are not delivered homogeneously throughout the
catchment, and other processes likely contribute to differences in integrated bio-
marker isotope signal.

Numerous studies demonstrate that the primary sediment production mecha-
nism in Taiwan is through the frequent landslides that occur across this tectoni-
cally active and rapidly eroding landscape (Dadson and others, 2003, 2004; Hilton
and others, 2008, 2011, 2012; Zhang and others, 2018). Because of the tropical cli-
mate and high precipitation, primary production is generally high at nearly all ele-
vations of the major river catchments. As a result, the integrated source elevation
of organic matter that is recorded by d2Hn-alkane may reflect the mean elevation of
the landslide-occurring area throughout the catchment. The spatial distribution
of landslides across the hillslope is affected by the triggering mechanisms: land-
slides triggered by intense rainfall tend to occur at lower elevation hillslopes
(Montgomery and Dietrich, 1994; Densmore and Hovius, 2000), while earth-
quake-induced landslides may occur more frequently in higher-elevation, steep to-
pography (Densmore and Hovius, 2000; Larsen and Montgomery, 2012; Wang and
others, 2020).

Previous studies show that since the last glacial period to present, there has
been an increase in landslide frequency, organic matter delivery, and submarine
turbidity currents in Taiwan due to strengthened monsoon intensity and precipi-
tation (Hsieh and Chyi, 2010; Yang and others, 2011; Yu and others, 2017).
Nevertheless, the 15 to 20% difference in d2Hn-alkane between onshore and off-
shore cores remain the same in either the glacial period or interglacial period.
This implies that any climate-induced changes to landslide frequency or area are
not clearly manifested in the biomarker isotope record here. In addition, while
climate feedbacks to erosion have the potential to bias interpretations of detrital
organic biomarker isotopes records, the temperature change associated with the
LGM to recent transition is one of the largest climate shifts of the past several
million years. Our results show that the d2Hn-alkane variation during this extreme
climate transition is only around 10 to 15%. This suggests that in a tectonically-

TABLE 3

d 2H results of modern river water of the Gaoping river catchment

Sample Longitude Latitude Locality

elevation (m)

Catchment mean 

elevation (m)

River water

δ2H (‰)

TW17-GP01 120.593 23.094 260 1499 -71

TW17-GP02 120.679 23.094 419 843 -58

TW17-GP03 120.699 23.106 376 1635 -66

TW17-GP04 120.706 23.111 387 1991 -74

TW17-GP05 120.777 23.169 561 1071 -65

TW17-GP06 120.774 23.162 521 2113 -75

TW17-GP07 120.636 22.892 145 1672 -73

TW17-GP08 120.649 22.877 144 1404 -68

TW17-GP09 120.577 22.838 65 1558 -73
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active tropical mountain system such as Taiwan, isotopic variations in sedimen-
tary records spanning the past several million years will most strongly reflect
changes to catchment integration of sediments and organic materials.

conclusion

We analyzed the stable hydrogen and carbon isotopes of plant-derived normal
alkanes preserved in onshore and offshore sediments of the Gaoping River-sub-
marine canyon system in southwestern Taiwan to examine climatic and geomor-
phic influences on geochemical records in a tectonically-active tropical mountain
system. These data produce two key results. First, the shift in d2Hn-alkane and
d13Cn-alkane since LGM in southwestern Taiwan is best explained by regional warm-
ing and increased atmospheric pCO2 during the last deglaciation. d2Hn-alkane in
both onshore and offshore sediments record a 10 to 15% positive shift from the
LGM to recent. This pattern is opposite records of South and East Asia but is con-
sistent with the results of a new iCESM simulation of climate and isotope hydrol-
ogy across this region. This suggests that regional temperature plays a key role in
shaping isotope hydrology and biomarker d2Hn-alkane in Taiwan. Second, there is a
clear offset in biomarker hydrogen isotope composition for organic compounds
preserved in offshore and onshore sediments of the same catchment system.
Specifically, onshore sediments have d2Hn-C29 15 to 20% more negative than those
preserved in offshore settings. This offset is likely due to differences in the integra-
tion of sediments and organic matter throughout the catchment. Depositional
sites closer to the orogen are characterized by higher mean catchment elevations

Fig. 8. Comparison between offshore core (MD178-3291) and onshore core(Chaoliao) d2Hn-C29 and
iCESM simulated precipitation d2H of glacial (G, light gray) and interglacial (IG, dark gray) periods, and
the iCESM simulation results of precipitation d2H during glacial (Last Glacial Maximum, LGM, light gray)
and interglacial (preindustrial, PI, dark gray) periods. Both cores show a 10 to 15% positive temporal shift
in d2Hn-C29 from glacial to interglacial, which agrees with the iCESM results. The onshore d2Hn-C29 records
are 15 to 20% smaller than the offshore core, indicating the influences of catchment integration
processes.
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and thus more depleted in isotopic signatures of the organic molecules produced
in a smaller integrated catchment. This offset did not vary through the glacial-
interglacial transition, indicating that climate change may have affected erosion
rate and the amount of sediments produced, but not erosion provenance and
catchment integration. In total, these data highlight the critical role that deposi-
tional setting plays in controlling organic molecular stable isotope records of pale-
oenvironments and must be taken into consideration in paleoenvironmental
reconstruction.
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