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ABSTRACT: Compound specific hydrogen isotopic compositions (dD) of free and bound forms of n-fatty acids (FA)
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were measured throughout a 200m sediment core taken from Lake Biwa to assess application of biomarker dD values
to paleoclimate study in this central Japan lake. The results of our study suggest that the sources of the C16 n-FA in the
two forms are different, whereas both free and bound C28 n-FA originate from terrestrial plants. The dD of combined
(free plus bound) C28 n-FA in the 200m sediment core shows a large variability, with relatively low and high values
during the glacial and interglacial periods, respectively. Based on comparison of our record with other marine and
lacustrine paleoclimate data, we found that the sedimentary record of C28 n-FA dD likely reflects the temperature-
induced change in dD of summer precipitation. This finding suggests that dD values of C28 n-FA could be used as a
proxy for summer paleotemperatures in the sediments of Lake Biwa and other lakes. Copyright# 2012 John Wiley &
Sons, Ltd.
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Introduction

For better understanding of the climate system on Earth, a wide
variety of information from both marine and terrestrial
environments is needed from paleoclimate archives. In
particular, reliable and accurate reconstructions of past
temperature and precipitation changes are important for
predicting future rates of climate change and their impact
from climate models. To this end, various geochemical proxies
based on inorganic and organic fossil remains in sediments
have proved useful to reconstruct temperature and precipi-
tation.
Biomarkers have increasingly become common tools in the

reconstruction of past environmental conditions. Molecular
analyses of terrestrial lipid biomarkers extracted from ocean,
lake and bog sediments have been used for reconstructions
of paleovegetation and associated paleoclimate histories
(Eglinton and Eglinton, 2008). For instance, the alkenone
unsaturation index (UK

37
0) is extensively applied to reconstruct

sea surface temperatures of the past (Prahl et al., 1987). Also,
the TEX86 index has been used to reconstruct ocean water
temperatures (Schouten et al., 2002). For the terrestrial
environment, branched glycerol dialkyl glycerol tetraethers
(GDGTs) are a new and promising paleoenvironmental tool for
continental climate reconstruction (Weijers et al., 2007).
Leaf wax components such as n-alkanes, n-alkanols and

n-fatty acids (FA) have also been studied for paleoclimatic
purposes. Their utility results from the fact that long-chain
n-alkyl lipids, a major component of leaf waxes and
biomarkers, typical of vascular plants (Eglinton and Hamilton,
1967), are resistant to microbial degradation and have been
widely found in natural environments including marine and
lacustrine sediments. In addition, stable carbon isotopic
compositions of alkyl lipids provide powerful paleoclimate
information about terrestrial vegetation and climate. For
instance, the stable carbon isotopic composition (d13C) of
alkyl lipids has been used to infer changes in C3/C4 vegetation,
ht � 2012 John Wiley & Sons, Ltd.
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the distributions of which are directly related to climatic
conditions (e.g. Huang et al., 2001).
Recently developed techniques for measuring hydrogen

isotope compositions (dD) of alkyl lipids has potential as a
proxy of temperature, precipitation, relative humidity and
hydrological cycles of the past (e.g. Xie et al., 2000; Huang
et al., 2002; Liu and Huang, 2005; Schefuss et al., 2005; Hou
et al., 2006; Jacob et al., 2007; Seki et al., 2011). Studies of
modern soil and lacustrine sediment samples collected along
climate gradients from different parts of the world show that
dD values of plant leaf wax compounds preserved in lacustrine
sediments primary reflect the dD of meteoric water that plants
take up, suggesting that the biomarker dD value is a useful tool
for reconstructing dD of precipitation in the past (Huang et al.,
2002; Sachse et al., 2004; Hou et al., 2006; Jia et al., 2008).
Furthermore, a novel approach, the combination of the
dD values and relative contributions of different plant
biomarkers, has been proposed to reconstruct relative humidity
and/or ecosystem evapotranspiration by cancelling out the
dD of precipitation (Sachse et al., 2006). This approach has
been applied to lake sediments and peat deposits (Hou et al.,
2006; Jacob et al., 2007; Seki et al., 2011).
However, despite the general acceptance of plant wax

dD values as paleoclimate indicators, interpretive issues specific
to ecological factors remain (Liu et al., 2006; Hou et al.,
2007, 2008; Pedentchouk et al., 2008; Polissar and Freeman,
2010). These effectsmay depend on local environmental settings
(Hou et al., 2008; Polissar and Freeman, 2010). Thus assessment
of leaf wax dD as a paleoclimate proxy for individual regions
is necessary to better interpret the sedimentary record. In this
study, we measured compound specific dD of free and bound
forms of the C16 and C28 n-FA, which are biomarkers typical of
aquatic and terrestrial plants, in a long sediment core taken
from Lake Biwa, central Japan. The objectives of the present
study are: (i) to identify sources of different forms of n-FA in Lake
Biwa sediments; (ii) to compare our record with other
paleoclimate records obtained from marine and terrestrial
environments to better understand the main factors controlling
dDof n-FA in the region; (iii) to reconstruct paleoclimate changes
for the past 150 ka in central Japan.
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Material and methods

Climatic setting of Japan and stratigraphy of the
Lake Biwa sediment record

Lake Biwa, which is located in Shiga Prefecture, central Japan,
is the largest freshwater lake in Japan (area 674 km2, volume
27.8 km3, maximum water depth 103m) (Fig. 1). Approxi-
mately 100 rivers flow into the lake, whose drainage area is
about 3800 km2. The lake discharges into Osaka Bay through
the Seta River. This region is characterized by a humid climate
that is significantly influenced by the Asian monsoon system.
The Asian monsoon is one of the most important atmospheric
circulatory systems on Earth. In East Asia, summertime heating
of the Asian continent develops a low-pressure system over
Siberia, which promotes the transport of relatively warm and
moist air masses from the Pacific Ocean towards Siberia. In
contrast, cold and dry air masses that originate from the
Siberian high-pressure system create outflow towards the
Pacific Ocean during winter. The present annual mean
temperature is 168C, and seasonal mean temperatures range
between 58C in January and 308C in July. The annual mean
precipitation is 1900mm, mostly falling as rain from May to
September. In Lake Biwa, the source of water vapor seasonally
changes significantly. Rainfall in summertime (April to
September) originates from the Pacific Ocean due to the
summer monsoon, while moisture comes from the Sea of Japan
in winter (October to March). Reflecting the seasonal change in
moisture source, the dD value of precipitation is significantly
smaller in summertime than in winter (Nakayama et al., 2000).
For instance, observations in 1996 and 1997 showed that dD of
precipitation in July and August is more depleted in deuterium
(�82 to �74%), whereas that in winter and spring is less
depleted in deuterium (�49 to�34%) (Nakayama et al., 2000).
Lake Biwa sediments preserve evidence of past environmental

changes in central Japan and provide a high-quality continuous
record of those changes from the Middle Pleistocene to the
present. The sediment core used in this study was collected from
Lake Biwa in 1971 (location 358 040 N, 1368 050 E; core length
200m). Thirty-six subsamples were taken from the core samples
and analyzed in this study. The vertical length of the subsamples
was 5cm. We also measured the dD values of FA extracted from
phytoplankton collected in Lake Biwa.
Figure 1. Map showing the location of the Lake Biwa sediment core (200m
and Z14-6).

Copyright � 2012 John Wiley & Sons, Ltd.
Extraction and stable hydrogen isotope analysis
of FA

Both free and bound lipids were separated from sediment
samples in the upper 20m of the core as follows. A wet sample
(5–8 g) was extracted three times with benzene–methanol (6:4)
by using a homogenizer (Kawamura and Ishiwatari, 1984). The
extracts (free lipids) were separated by filtration (Whatman GF/
A), combined, concentrated by a rotary evaporator and then
saponified with 0.5 N KOH–methanol (808C, 2 h). The extracted
sediments were saponified with 0.5 N KOH–methanol solution
containing 5% water to saponify and release bound lipids. The
bound lipids were separated by filtration and concentrated.

For samples from the 20–200m portion of the core, total (free
and bound) lipids were extracted from sediments because the
procedure for separation of the two forms from sediments is
time-consuming work. The sediment samples were directly
saponified with 50mL of 0.5 N KOH–methanol solution
containing 5% water to extract the total combined lipids.
The extracts were filtered and concentrated.

The acidic fraction of the different lipid forms was isolated
from the neutral fraction by liquid/liquid extraction. This
fraction was then methylated using 14% BF3 in methanol. The
monocarboxylic acid methyl ester fraction was separated from
other compounds by silica gel column chromatography and
was further separated into saturated and unsaturated fractions
by AgNO3–silica gel column chromatography (Kawamura
et al., 1980). Saturated and unsaturated FA were determined by
gas chromatography, and their concentrations have been
reported in Kawamura and Ishiwatari (1984).

Compound-specific dD values of individual n-FA were
determined using a gas chromatography/isotope ratio mass
spectrometry (GC/IRMS) system consisting of an HP 6890 GC
equipped with an HP-5 MS fused silica capillary column
(30m� 0.32mm i.d., film thickness 0.25mm), an on-column
injector, thermal conversion interface and a Finnigan MAT
delta Plus XLmass spectrometer. TheGC oven temperature was
programmed from 50 to 1208C at 308Cmin�1, then 120–3108C
at 68Cmin�1. Pyrolysis (thermal conversion) of fatty acids to H2

was achieved at 14508C in a microvolume ceramic tube. A
laboratory standard mixture containing C16–C30 n-alkanes,
varying in concentration over a sixfold range and varying in
dD from �248 to �42%, was analyzed daily. The analytical
core) used in this study and other paleoclimate records (MD01-2421
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LIPID dD RECORD IN LAKE BIWA SEDIMENTS
accuracy of the laboratory standard was within 5%. In
duplicate analyses of samples, standard deviations for n-fatty
acid dD measurements were within 8% (most samples showed
an error within 5%). dD values are given in per mil (%) notation
relative to Standard Mean Ocean Water (SMOW). C27

n-alkane, whose isotopic values were known (dD¼�178%),
was coinjected with the samples as an internal isotopic
standard for hydrogen isotopic measurements of n-fatty acids.
The measured dD values of individual fatty acid methyl esters
were corrected by an isotopic mass balance equation for the
contribution of hydrogen added during esterification. dD values
for the combined FA in the upper 20m part of the sediment
core samples were calculated based on a mass balance
equation using dD values and the concentrations of free and
bound C16 and C28 n-FA. The dD value of the added methyl
group was determined by experimentation with phthalic acid
having a known dD value.
Carbon number
12 14 16 18 20 22 24 26 28 30 32

Figure 2. Molecular compositions of (a) free n-fatty acids and (b)
bound n-fatty acids in the 0–20m portion of the 200m sediment core
taken from Lake Biwa.
Age model

The age model of the sediment core was based on tephra
chronology (Table 1). Tephra layers such as the Kikai-Akahoya
(K-Ah), Ulleung-Oki (U-Oki), Sakate, Daisen-Odori (D-Od),
Aira-Tn (AT), Kikai-Tozuhara (K-Tz) and Ata layers were
identified in the Lake Biwa 200m core (Yokoyama, 1986;
Machida et al., 1991). Ages of other tephra layers such as BB85,
BB153, BB207 and BB323 were determined by comparison
with a tephra record in the Takashima-Oki sediment core for
which tephra chronology was well established (Nagahashi
et al., 2004). Tephra chronologies prior to 49 ka were
determined by comparison with tephra layers of an adjacent
ocean sediment core for which chronology was well
established by oxygen isotopes of benthic foraminifera. Use
of the ocean sediment core also allows us to make a better
comparison of our terrestrial paleoclimate record to those
obtained from marine records.
Results

Concentration and molecular distribution of
n-FA in Lake Biwa sediment

As reported in Kawamura and Ishiwatari (1984), a homologous
series of C12–C32 n-FA were detected throughout the Lake Biwa
sediment samples. The free and bound n-FA exhibit a bimodal
distribution with maxima at C16 and C22 to C28 n-FA (Fig. 2). A
strong even/odd carbon number predominance in the mol-
ecular distributions of n-FA suggests that they originate from
biological sources. Total concentrations of the n-FA range from
21.8 to 113mg g�1 dry sediments.
Table 1. Age model of the 200m core taken from Lake Biwa.

Depth (m) Tephra no. Identified tephra Calendar age (ka)

10.0 BB15 K-Ah 7.25
13.4 BB23 U-Oki 10.70
19.2 BB37 Sakate 18.70
24.9 BB51 D-Od 27.10
26.0 BB55 AT 28.70
37.1 BB85 49.00
62.3 BB153 83.00
72.5 BB173 K-Tz 91.00
74.0 BB179 Ata 98.60
88.8 BB207 122.00
131.5 BB323 212.40

Copyright � 2012 John Wiley & Sons, Ltd.
dD of n-FA in Lake Biwa sediments

Down-core profiles of the dD values of C16 and C28 n-FA in the
Lake Biwa sediment core over the past 150 ka are shown in
Fig. 3. Data prior to 21 ka are dD of combined n-FA except for
one sample around 79 ka. Free and bound n-fatty acids were
measured for the period between 4 to 21 ka.
dD records of C16 n-FA in the Lake Biwa sediments reveal that

the variation pattern of free n-FA is quite different from that of
bound form. Whereas bound C16 n-FA is characterized by
higher dD values and large fluctuation over the last 20 ka with
low values (�210 to �200%) around 20 ka and higher values
(�185 to �180%) in the early to mid Holocene (10–4 ka),
dD values of free C16 n-FA are almost constant over the period
with lower values (�230 to �220%). The dD value of free C16

n-FA at 79 ka is also similar to that of 0–20 ka. dD of
combined C16 n-FA varies between �220% and �175%, with
the lowest and highest values in Marine Isotope Stage (MIS) 2
and MIS 5a/5b, respectively. The variation pattern of the dD of
combined C16 n-FA does not match the stacked benthic
foraminiferal d18O record in marine sediment (Lisiecki and
Raymo, 2005), which is an indicator of the volume of
continental ice sheets.
Unlike the two forms of the C16 n-FA, the dD records of free

and bound C28 n-FA show strong similarity (r¼ 0.93), although
the dD of free C28 n-FA are �15% higher than those of
bound C16 n-FA. The variability of dD of free and bound C28 n-
FA is similar to that of bound C16 n-FA. The dD record of
combined C28 n-FA in the Lake Biwa sediment core shows a
large variation over the last 150 ka, ranging from �198% to
�150%. dD records of combined C26 and C30 n-FA in the Lake
Biwa sediment core also showed a similar profile to that of C28

n-FA throughout the last 150 ka (see Supporting information,
Fig. S1). In contrast to the dD record of n-C16 FA, the overall
variation in dD of combined C28 n-FA dD is parallel to the
stacked benthic foraminiferal d18O record in marine sediments
(Lisiecki and Raymo, 2005) over the last 150 ka, with high and
low values in the warm (MIS 1, 3, 5a, 5c and 5e) and cold (MIS
2, 4, 5b, 5d and 6) periods, respectively (Fig. 3). The highest
value (�150%) occurred during the last interglacial stage (MIS
5a), while the lowest value of�198% is observed duringMIS 2.
Orbital-scale dD variability of combined C28 n-FA also
J. Quaternary Sci. (2012)
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Figure 3. Hydrogen isotopic compositions (dD) of C16 and C28 n-fatty acids (FA) in the Lake Biwa 200m sediment core over the last 150 ka together
with global stack of benthic foraminiferal oxygen isotope ratio (d18O) (Lisiecki and Raymo, 2005). (a) dDof C16 n-FA in Lake Biwa. (b) dDof C28 n-FA in
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resembles the changes in summer insolation at 358 N (Berger
and Loutre, 1991).

dD of n-FA in phytoplankton from Lake Biwa

The molecular distribution of n-FA extracted from phytoplank-
ton from Lake Biwa is characterized by a dominance of C16

with quite low concentrations of higher-molecular-weight
(>C20) n-FA. This pattern is consistent with the general view
that phytoplankton do not produce higher-molecular-weight
n-alkyl lipids. The dD value of the phytoplankton-derived n-C16

FA is �210%.

Discussion

Sources of n-FA

Reliable identification of the sources of the biomarkers preserved
in sediments is essential to accurately interpret their sedimentary
isotopic records. Previous studies have demonstrated that
compound specific hydrogen isotopic analysis can be a powerful
tool for identifying sources of organic compounds in natural
environments (e.g. Chikaraishi and Naraoka, 2005; Seki et al.,
2010; Yamamoto et al., 2011). Consequently, we estimate the
sources of individual n-FA in Lake Biwa sediments based on their
compound-specific dD values.
It is generally accepted that lower-molecular-weight FA such

as n-C16 FA are ubiquitous in both aquatic and terrestrial plants
as major compounds in the cell membranes, whereas higher-
molecular-weight n-FA such as n-C28 FA are predominantly
produced by terrestrial higher plants (Ficken et al., 2000). Thus
the n-C16 FA preserved in the Lake Biwa sediments may
originate from both aquatic and terrestrial plants. Our isotope
data reveal a large isotopic difference between free and
bound C16 n-FA, indicating that the sources of the FA in the two
forms are different (Fig. 3a). This suggests that combined n-C16

FA is a mixture of the different sources and is not appropriate as
a paleoclimate proxy. The dD value of free C16 n-FA (�219% at
Copyright � 2012 John Wiley & Sons, Ltd.
3.2 ka) in the sediment is close to that of plankton (�210%),
suggesting that free C16 n-FA may be of phytoplankton origin
(Fig. 3a). On the other hand, the profile of the bound C16 n-FA is
similar to that of the C28 n-FA in the Lake Biwa sediments. This
may suggest that terrestrial contribution is an important source
of bound C16 n-FA. However, further study is needed to identify
the sources of the C16 n-FA in the lake sediments.

In assessing the sources of free and bound C28 n-FA in Lake
Biwa sediments, the same trend of variations in the dD values of
both forms of this compound suggests that the free and
bound C28 n-FA originate from terrestrial vegetation (Fig. 3b).
Given the overall simultaneous variability of dD of n-C28 FA
with changes in global ice volume and summer insolation, the
combined n-C28 FA isotopic composition could have the
potential to reflect paleoclimate change in the terrestrial
environment. Therefore, in this study we focus in particular on
the sedimentary dD record of the combined C28 n-FA.

Factors controlling dD values of combined C28
n-FA in Lake Biwa sediment

Multiple climatic and environmental parameters can affect the
dD values of terrestrial plant leaf waxes through their effects on
plant source waters, temperature, precipitation amount,
evapotranspiration and vegetation type (e.g. tree vs. grass).
Therefore, variability in the dD values of plant wax must be
interpreted in terms of the combined effects due to changes in
climate and vegetation. It has been reported that the dD of plant
leaf wax relates to plant ecological life form (i.e. tree, shrub and
grass) (Liu et al., 2006; Hou et al., 2007). The results of leaf wax
dD measurements from various types of terrestrial plants
collected within the same climatic conditions showed a large
variability in lipid dD values among plant types (Chikaraishi
and Naraoka, 2003; Liu et al., 2006; Hou et al., 2007;
Pedentchouk et al., 2008). Significantly higher dD values for
tree leaf wax n-alkanes were reported compared to those for
grasses and herbs (Liu et al., 2006; Hou et al., 2007). This
J. Quaternary Sci. (2012)
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Figure 5. Comparison of dDof C28 n-FA in Lake Biwa 200m sediment
core with sea surface temperature (SST) records. (a) dD of n-C28 FA
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LIPID dD RECORD IN LAKE BIWA SEDIMENTS
isotopic difference has been interpreted as a result of the
ecological differences of terrestrial plants, which are involved
with different degrees of evapotranspiration. Plant leaf wax dD
data obtained from a forest near Lake Haruna, Japan, show that
leaf wax dD values of grass are significantly depleted in
deuterium (about 20%) compared to trees (Chikaraishi and
Naraoka, 2003). Hence vegetational shifts between tree and
grass potentially affect the dD of terrestrial plant leaf wax in
Japan.
According to sedimentary pollen records in Lake Biwa

(BIW95-4) and Takashima-oki (Fig. 4), trees dominated over
herbs in warm periods such as the Holocene, MIS 3 and MIS 5,
whereas herbs expanded during cold periods such as MIS 2,
MIS 4 and MIS 6 (Hayashi et al., 2010a, 2010b). However,
the temporal variability of C28 n-FA dD is different from the
tree/herb pollen ratio in most periods except for MIS 2. In
particular, a significant discrepancy is recognized during 110–
40 ka (Fig. 4). Moreover, the tree/herb pollen ratios are always
higher than 0.7 over the last 150 ka, suggesting that the biomass
of trees has always dominated over that of grass. Thus
vegetational change between tree and herb is an unlikely
primary factor.
Our dD record is instead similar to the deciduous/pinaceous

pollen ratio in the Lake Biwa sediment core (Hayashi et al.,
2010a, 2010b). This pollen ratio shows a large fluctuation
between 0.15 and 0.95 over the last 140 ka, with lower values
when the dD values of C28 n-FA are low (Fig. 4). A large dD
difference (�40%) between angiosperm and conifer leaf waxes
has been reported in North America, with a significant
depletion of deuterium in conifers compared to angiosperms
(Pedentchouk et al., 2008). Hence the dD of C28 n-FA may
reflect a vegetational succession between deciduous and
coniferous trees. However, such a significant isotopic differ-
ence between dD values of deciduous tree and conifer leaf
waxes was not observed in leaf samples collected in Gunma
Prefecture, where Lake Haruna is located, and in Sapporo,
Japan (Chikaraishi and Naraoka, 2003; Yamamoto et al., 2011).
This finding suggests that deciduous/coniferous vegetation
change may not important, at least in Japan. Based on these
considerations, we conclude that vegetational change is not the
primary factor controlling the dD of plant-derived leaf wax
preserved in the Lake Biwa sediments.
Copyright � 2012 John Wiley & Sons, Ltd.
In the case that the sedimentary dD record reflects changes in
rainfall amount, our data suggest an increase in precipitation
during the cold climate and weak insolation periods. However,
this interpretation is inconsistent with pollen-based precipi-
tation estimates in Lake Biwa that show increases in
precipitation when summer insolation was high (Nakagawa
et al., 2008). Another precipitation proxy such as the
anhysteretic remanent magnetization (ARM) susceptibility
record in Lake Biwa sediment core also suggests an increase
in precipitation in the warm Holocene but low precipitation
during MIS 2 (Hayashida et al., 2007). Therefore, the dD of C28

n-FA in the Lake Biwa sediment core is unlikely to reflect
rainfall amount.
Because the dD of precipitation in summer is lower than that

of winter in the Lake Biwa region (Nakayama et al., 2000), a
change in the seasonal rainfall pattern influences the dD of
meteoric water that terrestrial plants take up. Therefore, the
decrease in dD of the C28 n-FA may reflect an increase in the
relative contribution of summer rainfall. In this case, our data
suggest an increase in relative contribution of precipitation in
summer during cold periods. However, pollen records in Lake
Biwa sediments show that summer precipitation was reduced
when summer insolation was weak (Nakagawa et al., 2008).
Thus the �40% change observed in the dD of the C28 n-FA is
unlikely explained by a change in seasonal rainfall distribution.
Given the strong similarity between the dD of C28 n-FA and

the summer insolation records, it is likely that the sedimentary
dD record reflects factors related to temperature change. In fact,
our dD record is similar to alkenone-derived sea surface
temperatures (SSTs) in adjacent seas from the northwestern
Pacific and Okinawa Trough over the last 150 ka (Yamamoto
et al., 2005; Zhou et al., 2007) (Fig. 5). These alkenone SST
records clearly show a remarkable cooling (148C for MD01-
2412 and 248C for Z14-6) during the 18–12 ka period. A similar
strong cooling (78C) is also observed in another SST proxy:
d18O of planktonic foraminifera in the northwestern Pacific
(Oba et al., 2006). Time series sediment trap experiments have
demonstrated that alkenone-derived temperatures reflect
summer SST in the mid latitude of the northwestern Pacific
region (Sawada et al., 1998). The observed strong similarity
between the terrestrial climate and SST records in adjacent seas
indicates that leaf wax dD in Lake Biwa sediments relates to
J. Quaternary Sci. (2012)
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summer temperature changes. Simultaneous changes in the
n-C28 FA dD and the deciduous/pinaceous pollen ratio in
Lake Biwa sediment core also support this interpretation
because the pollen ratio is sensitive to temperature change in
Japan (Hayashi et al., 2010a, 2010b). In the light of seasonal
variability of primary production, it is reasonable that the plant
wax dD values reflect summer climate rather than winter
because the primary production of land plants generally
reaches its maximum in the summer.
There are two possible mechanisms that can explain the

variability of the dD record: i) temperature-influenced evapo-
transpiration; and (ii) temperature effect on precipitation
dD. dD values of leaf waters are significantly influenced by
leaf evapotranspiration, which proceeds faster for H2O than for
HDO, with the consequence that D becomes enriched in their
leaf waters (Flanagan and Ehleringer, 1991; Roden and
Ehleringer, 1999; Terwilliger and DeNiro, 2005). Therefore,
the dD values of leaf water are generally higher than those of
xylem water. It has been reported that the dD values of leaf
waters are much higher (�70%) than that of plant xylem water
in the semiarid region of North America, demonstrating that
transpiration is an important mechanism for D enrichment of
leaf waters (Feakins and Sessions, 2010). The degree of this
isotopic enrichment is driven by temperature-influenced
relative humidity even when the source of water vapor is
unchanged. If this is the case, the increase in dD of leaf wax in
the sedimentary record indicates a decrease in relative
humidity. However, growth chamber experiments indicate
that the effect of relative humidity on leaf wax dD is very small
(Hou et al., 2008). According to the study, changing relative
humidity from 80% to 40% led to a mere 7% increase in dD of
leaf wax. Therefore, in addition to evapotranspiration, another
factor must be involved.
It has been well known that dD of precipitation depends on

air temperature, with lower values at low temperature and vice
versa (Dansgaard, 1964). The temperature-induced change in
dD of meteoric water is 5.6% 8C�1 on a global scale
(Dansgaard, 1964). If this is the case, the observed 40%
dD change corresponds to 7.18C of temperature change, which
is close to the estimates by pollen (88C change between glacial
and interglacial periods) (Nakagawa et al., 2008). Therefore,
the dD of C28 n-FA in Lake Biwa sediments primarily likely
reflects temperature-induced change in dD of precipitation in
summer.
Interestingly, comparison of the dD data of C28 n-FA in Lake

Biwa sediments with leaf wax dD in Chinese loess and peat
records (Xifeng, loess Plateau; and Hongyuan, eastern Tibet)
reveals a clear inversed correlation (Liu and Huang, 2005; Seki
et al., 2011). In contrast to the dD record in Japan, the dD of
terrestrial leaf wax in central China mainly reflects changes in
the source of moisture and/or rainfall amount (Liu and Huang,
2005; Seki et al., 2011). Therefore, our study demonstrates that
factors controlling the dD values of lipid biomarker preserved
in sediments depend on both regional hydrological and
ecological settings.

Summary and conclusions

Compound specific hydrogen isotopic compositions of free and
bound n-fatty acids (n-C16 and n-C28 FA) were measured in a
sediment core collected from Lake Biwa. Compound-specific
dD analysis suggests that the source of the free n-C16 is different
from that of bound form. Comparison of the dD record of C28

n-FA in Lake Biwa sediments and other paleoclimate records
from marine and terrestrial archives indicates that the dD of
n-C28 FA, which is of terrestrial plant origin, in Lake Biwa
sediments most likely reflects temperature-induced change in
Copyright � 2012 John Wiley & Sons, Ltd.
dD of precipitation during summer rather than other factors.
Further study, using continuous and high-resolution analysis of
dD of n-FA in Lake Biwa sediments, can contribute to a better
understanding of the natural variability of the terrestrial climate
in Japan, where climate is significantly influenced by the Asian
monsoon system.
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