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a b s t r a c t

A 13.5 m sequence of Holocene limnic sediments from a sinkhole on Oahu, Hawaii provides a valuable
paleoclimatic record for the central subtropical Pacific. d13C analysis of plant leaf waxes (n-alkanes: n-C27,
n-C29, n-C31 and n-C33) is used to infer vegetative changes. Average d13C values of the suite of n-alkanes
increase from approximately �31 � 0.5& at 10 ca kyr BP (calibrated thousand years before present) to
about �27 � 0.5& by 6 ca kyr BP and then remain roughly constant until the Polynesian arrival (about
1.15 ca kyr BP). The increase in d13C values of n-alkanes is interpreted to indicate a shift in the local
vegetation from C3 to C4-dominated flora. Based on mass-balance calculations, the observed increase in
the d13C values translates to at least a doubling of the relative abundance of C4 plants. We argue that the
expansion of C4 plants was a response to decreased overall water availability (aridification) due to
reduced wintertime precipitation. Model simulations of an orbitally-induced increase in insolation along
the equator during the Holocene provide evidence for a wintertime drying trend in the eastern
subtropical North Pacific. This trend is associated with boreal fall to winter warming of the cold tongue
in the eastern equatorial Pacific (EEP). These model results provide a conceptual framework to explain
a dynamic link between the reconstructed Holocene drying trend in Hawaii and orbitally-forced climate
change in the EEP that is analogous to the modern El Niño-Southern Oscillation teleconnection.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Although Holocene climate is often characterized as relatively
mild and stable, a growing number of studies provide evidence of
Holocene climatic variability on various timescales. For example,
orbitally-driven changes in the mean meridional positioning of the
Intertropical Convergence Zone (ITCZ) caused significant changes
in the hydrologic cycles in regions where precipitation is either
directly influenced by the ITCZ itself (e.g., Hodell et al., 1991; Haug
et al., 2001; Fleitmann et al., 2003, 2007; Shakun et al., 2007; Sachs
et al., 2009) or by seasonal monsoons modulated by the ITCZ (e.g.,

Dykoski et al., 2005;Wang et al., 2005; Yancheva et al., 2007). These
records show a general southward shift of the mean latitudinal
position of the ITCZ during the Holocene. Superimposed on this
trend are high amplitude fluctuations that are particularly
pronounced in the late Holocene. Haug et al. (2001) and Peterson
and Haug (2006) argued that these signals perhaps reflect strong
El Niño-Southern Oscillation (ENSO) forcing. Lacustrine sedimen-
tary records from an alpine lake in Ecuador (Rodbell et al., 1999;
Moy et al., 2002) indicate an intensification of ENSO activity since
7 ca kyr BP (calibrated thousand years before present). Meanwhile,
more recent lithologic records with higher resolution demonstrate
robust El Niño signals (in terms of event intensity and/or frequency)
after 5 ca kyr BP or so (Rein et al., 2005; Conroy et al., 2008).

Despite significant contributions frommany studies, localities of
high-resolution Holocene paleoclimatic proxy records in the Pacific
basin are mostly concentrated in the western and eastern margins
of the circum-Pacific region (see Donders et al., 2008). In contrast,
the vast area of the central tropical/subtropical Pacific still remains
a major gap that needs to be filled with robust paleoclimatic
records capturing low latitude climate variability. This poses
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a major challenge for a systematic understanding of Holocene
Pacific climate variability. Because the tropical/subtropical Pacific
Ocean represents an enormous source of heat and moisture, reli-
able proxy records from oceanic locations in low latitudes of the
Pacific are particularly valuable in the context of paleoclimatology.

Due to its unique isolation in the central subtropical Pacific,
Hawaii is an intriguing location to explore reliable paleoclimatic
archives. The first human settlement to the main Hawaiian Islands
by the Polynesians occurred around 1.15 ca kyr BP (Athens et al.,
2002), which minimizes anthropogenic biases for most of the
Holocene. But to date, notable paleoclimatic reconstructions from
Hawaii are limited to the work by Lee and Slowey (1999), Lee et al.
(2001) and Hotchkiss and Juvik (1999). Lee and Slowey (1999) and
Lee et al. (2001) reconstructed sea surface temperature (SST) for the
past 30 ca kyr BP based on foraminiferal abundance and alkenone
U37K’ values from sediment cores collected off Oahu, Hawaii. Their
SST records, however, are relatively difficult to utilize in the context
of Holocene Pacific paleoclimatology because the corresponding
portion of the record is of relatively low resolution. Hotchkiss and
Juvik (1999) constructed detailed late-Quaternary pollen records
from Ka’au Crater, Oahu, however, the records only extend up to
about 7 ca kyr BP. Thus models of climate change in Hawaii
throughout the entire Holocene still remain largely elusive.

In this paper, we report the results of a paleoclimatic recon-
struction based on the d13C values of plant leaf waxes (n-alkanes: n-
C27, n-C29, n-C31 and n-C33) extracted from coastal pond sediments
from Oahu, Hawaii. The d13C values of n-alkanes (denoted as d13Calk
hereafter) are used to infer terrestrial vegetation changes, which in
turn reflect paleo-aridity changes. Although interpretation of
detailed paleoclimatic fluctuation is limited by the distribution of
data and the sediment chronology, these results represent the first
continuous Holocene terrestrial paleoclimatic proxy records from
Hawaii. Our paleoclimatic reconstruction based on isotopic results
is also supplemented with a transient climate model simulation
using a coupled general circulationmodel (CGCM) in order to assess
the principle driving mechanism of regional climate change near
Hawaii.

2. Environmental settings and descriptions of the
sediment core

2.1. Study area

The study site, Ordy Pond, is situated along the leeward coast of
the Ewa Plain on the island of Oahu, Hawaii (Fig. 1). This pond

represents the only permanent aquatic feature on the arid coastal
area of the Ewa Plain. The pond occupies a 22.5 m deep limestone-
hosted sinkhole and contains roughly 5 m of highly stratified
brackish (22e25 salinity unit) water (Garrison, 2002). The circular
rim of the pond is densely colonized by American mangrove (Rhi-
zophora mangle) within a mixed shrub of kiawe trees (Prosopis
pallida) and sourbush (Pluchea symphytifolia) (Athens et al., 2002).
The pond was transformed into an aquatic system around
10 ca kyr BP as groundwater inundated the open sinkhole during
the most recent post-glacial sea level rise. Today the pond receives
no permanent surface inflow and appears to be largely isolated
from the surrounding aquifer. Episodic seasonal rainfall events and
perhaps extremely limited groundwater intrusions are the only
sources of water to the pond system. Further descriptions of Ordy
Pond and the surrounding environment of the Ewa Plain are
provided elsewhere (Tribble et al., 1999; Athens et al., 2002;
Garrison, 2002; Athens, 2008; Uchikawa et al., 2008).

The blockage of the persistent moisture-laden northeasterly
trade winds by the Koolau Mountain range, which spans from the
northernmost to the southeastern end of the island, creates areas of
rain-shadow over much of the leeward low-lands of Oahu. Annual
precipitation on the Ewa Plain is therefore limited. Average annual
precipitation between 1949 and 2001 was 508 mm, but most
notably, an average of 381 mm fell during winter months (from
October to March). On the leeward side of the main Hawaiian
Islands, much of the winter precipitation (and thus annual
precipitation) can be contributed by a few torrential downpours
associated with winter cyclonic storms, locally known as Kona
Lows (Otkin and Martin, 2004). Furthermore, precipitation in
Hawaii is characterized by significant interannual variability.
During El Niño events, prolonged droughts prevail due to reduction
in large-scale moisture supplies (Chu, 1995) as well as reduced
probability of Kona Lows (Chu, 1995; Rooney and Fletcher, 2005;
Caruso and Businger, 2006). Daily rainfall records collected since
1949 at the NAS Barbers Point weather station, which is in close
proximity to Ordy Pond, indicate an average precipitation of
1.2 mm/day in El Niño years and 2.0 mm/day in La Niña years
(NOAA [http://cdo.ncdc.noaa.gov]).

2.2. Description of the sediment core

A 17.5 m long sediment core collected from Ordy Pond contains
roughly 13.5 m of limnic sediments overlying 4 m of terrigenous
debris from the base of the sinkhole. The absence of obvious
hiatuses and unconformities in the limnic sediments suggests

Fig. 1. Coastal topography of the Ewa Plain of Oahu, Hawaii. The study site, Ordy Pond, is approximately 750 m from the coastline and situated at about 1.5 m above current mean
sea level. The size of the pond (roughly 0.5 ha) is exaggerated in this map.
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continuous deposition throughout the Holocene since the initial
inundation of the open sinkhole around 10 ca kyr BP (Tribble et al.,
1999; Uchikawa et al., 2008). The upper 5.2 m of the limnic sedi-
ments, representing the most recent 170 years of sedimentation,
consist of organic-rich sapropels. Comparatively high sedimenta-
tion rate in this sedimentary interval is most likely due to signifi-
cant land-use change such as cattle ranching and commercial
agriculture on the Ewa Plain during this era (Garrison, 2002). The
lower 8.2 m of the sediments show characteristic fine-scale lami-
nations (mm to cm scale) with alternating layers that are rich in
authigenic carbonates and/or diatom tests (light-colored layers)
and organic matter (dark-colored layers). Further descriptions of
the sediment core are summarized elsewhere (Tribble et al., 1999;
Garrison, 2002; Uchikawa et al., 2008).

Establishment of reliable age control for Ordy Pond sediments
has been extremely challenging because of scarcity of datable
materials and unknown radiocarbon reservoir effects in the pond
system (see Uchikawa et al., 2008 for details). Uchikawa et al.
(2008) conducted compound-specific radiocarbon dating on
n-alkanes extracted from the bulk sediments to circumvent these
problems. The most recent age model (Fig. 2) by Uchikawa et al.
(2008) utilizes these newly derived radiocarbon dates from

n-alkanes as well as several radiocarbon dates based on rare plant
macrofossils and an archaeological date by Athens et al. (2002). The
model is well constrained for the upper 9m of the core, which dates
back to approximately 2.5 ca kyr BP. But the chronology for deeper
and older part of the sedimentary sequence has large uncertainty
because of the coarse age resolution and inconsistency in the
radiocarbon dates based on plant macrofossils and n-alkanes.

3. Methods

3.1. Analytical methods

The methods for the isolation of n-alkanes from sediments are
thoroughly described in Uchikawa et al. (2008). Briefly, oven-dried
(60 �C) bulk sediment samples were soxhlet-extracted with
dichloromethane. Elemental sulfur was removed from the lipid
extracts using acid activated granular copper. The hydrocarbon
fraction in the extracts was separated by silica-gel column chro-
matography. Finally the n-alkane fractions were isolated from the
hydrocarbon fraction using silicalite molecular sieve (Kenig et al.,
2000).

Compound-specific d13C analyses of the individual n-alkanes
(n-C27, n-C29, n-C31 and n-C33) were performed by isotope-ratio-
monitoring GC/MS (MAT252 with GC/C-III interface). The n-alkane
fraction was injected using a cold on-column injector onto a J&W
DB-1 capillary column (60 m, 0.32 mm i.d., 0.25 mm film thickness)
and the individual compounds were separated by increasing the GC
oven temperature from 50 �C to 320 �C at a rate of 4 �C/min and
holding the temperature at 320 �C for 20 min thereafter. A suite of
deuterated n-alkanes (n-C24, n-C36 and n-C40) with known d13C
values was co-injected with the samples in order to assess
analytical precision and accuracy. The results of the isotopic anal-
yses were standardized to the VPDB scale. Precision and accuracy
was generally better than� 0.3&, except for a few samples (up to�
0.6&, see Table 1).

Approximately 1e2 cm of sediment interval (corresponding to
2e3 g of dry sediments) was required for each sample to extract
sufficient quantities of n-alkanes for at least duplicate compound-
specific d13C analyses. Considering the abundant sediment laminae
bracketed within a sampling interval, each sample is expected to
represent the time-averaged signal of vegetation change of up to
decades.

3.2. Descriptions of the coupled general circulation model (CGCM)

The CGCM used in this study is the global atmosphere-ocean-
sea ice model ECHO-G (Legutke and Voss, 1999; Min et al., 2005).
The ocean and atmosphere components of the model are HOPE-G
and ECHAM4 (Roeckner et al., 1996), respectively (see Lorenz et al.,
2006 and Timmermann et al., 2007 for details). Constant green-
house gas concentrations (CO2: 280 ppm, CH4: 700 ppb and N2O:
264 ppb) for the preindustrial era were prescribed in the model.
Surface background albedo, vegetation ratio, leaf area index,
distribution of continents and oceans and orographic forcing were
kept constant at their present values throughout the simulation. To
avoid strong model drift, the coupled model runs were performed
with annual mean flux correction fields for both heat and fresh-
water fluxes. The seasonal cycle was not flux-corrected. The ENSO
performance of this model is described in detail in Min et al. (2005).

With this CGCM a long-term simulation was performed corre-
sponding to the time from 142 kyr BP (kyr BP: thousand model-
simulation years before present) up to 22.9 kyr AP (AP: after
present) (Felis et al., 2004; Timmermann et al., 2007). The climate
was driven by a changing seasonal distribution of incoming solar
radiation (insolation) due to the evolution of the parameters of the

Fig. 2. Current age control for Ordy Pond limnic sediments (modified from Uchikawa
et al., 2008). Open triangles represent the dates from Athens (1997) and Athens et al.
(2002). Downward triangle is the date based on archaeological evidence and upward
triangles are radiocarbon dates on plant macrofossils. Filled symbols represent the
radiocarbon dates based on n-alkanes (circles) and a wood fragment (square) by
Uchikawa et al. (2008). The error bars on the radiocarbon dates represent combined
uncertainty associated with the radiocarbon analyses and calibration with the CALIB
program. The age models for three distinct sedimentation phases are based on linear
interpolation and linear regression of these dates (see the equations in the figure. Y:
sediment depth in cm, X: sediment age in ca yrBP). Note that the radiocarbon date on
terrestrial snail shells (open square; Tribble et al., 1999) was not used for the age
model. This is because radiocarbon dates of snail shells from limestone areas are often
erroneously “too old” due to the incorporation of 14C-depleted carbon. In order to
demonstrate the uncertainty associated with the “limestone effect”, the snail radio-
carbon date is supplemented with a conceptual error bar of 3000 years (see Uchikawa
et al., 2008 for details).
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earth’s orbit around the sun (following Berger, 1978). To capture
this long time span, orbital forcing was applied with a time accel-
eration factor of 100 (see Lorenz and Lohmann, 2004). Under the
model setting described above, SST (particularly in the tropical
oceans) adjusts to insolation changes within 2e4 months. This
helps to set up SST gradients, which ultimately drive wind changes
and feedback onto the SST evolution. Thus, we expect the tropical
oceans to be in quasi-equilibrium evenwith the accelerated orbital
forcing. The maximum rate of insolation change in the accelerated
model run was less than 1 W/m2/yr. Our analysis focuses only on
the period from 20 kyr BP to 20 kyr AP. It should be noted that these
CGCM experiments are not simulations of the “real” climate
evolution since 20 kyr BP. Instead, these experiments represent
sensitivity runs to address the effects of varying insolation signal
due to the changing orbital parameters. As a final remark, the
reliability of the ECHO-G simulation was verified by transient
ensemble simulations (Lorenz et al., 2006), which documented
a good correspondence with alkenone-derived SST records.

4. Results and discussions

4.1. Results of isotopic analyses

Leaf wax n-alkanes were ubiquitous in Ordy Pond sediments. A
long-chain odd-carbon-numbered homologous series ranging from
n-C25 to n-C35 dominated the n-alkanes extracted from sediments.
The most quantitatively abundant compound in each sample was
either n-C29 or n-C31. The d13C values of n-alkanes (d13Calk) vary
between a low of �33.26& and a high of �20.5& through the
13.5 m core (Table 1). Table 1 also demonstrates that there are
differences in the d13Calk values among the four individual
n-alkanes in each sample. But these individual compounds provide
very similar overall trends of change in the d13Calk values over time.
We therefore report the results in Fig. 3a using the weighted mean
d13C values computed from the isotopic results of n-C27, n-C29, n-C31

and n-C33 (weighting is based on the analytical reproducibility, see
Fig. 3 caption).

The weighted mean d13Calk values (Fig. 3a) increase from
roughly �31& at 10 ca kyr BP to �27& at 6 ca kyr BP and then
remain more or less constant until the beginning of human
settlement (1.15 ca kyr BP: Athens et al., 2002). The only exception
to this overall pattern is the anomalous data point indicating the
highest d13C value (as high as �24&) of the record prior to the
human settlement. This data point is tentatively dated at
4.8 ca kyr BP based on our current sediment age model. In samples
deposited after the Polynesian settlement in the main Hawaiian
Islands (1.15 ca kyr BP), the weighted mean d13Calk values increase
from about �27& to �23& with decreasing age.

4.2. Interpretation of the isotopic results

Our d13Calk record most likely reflects changes in vegetative
structure over time. d13C values of n-alkanes synthesized by C3 and
C4 plants range from �28 to �40& and from �17 to �25&,
respectively (Collister et al., 1994; Chikaraishi and Naraoka, 2003;
Bi et al., 2005). The observed changes in our Holocene d13Calk
record (Fig. 3a) is interpreted to reflect the shift in the relative
abundances of C3 (primarily trees and shrubs) and C4 species
(mostly grasses) in response to climate shifts and/or other factors.

Distributions of C3 and C4 plants are controlled by the combined
effects of the atmospheric CO2 level (pCO2), temperature and water
availability (Ehleringer, 2005). C4 photosynthesis is more efficient
than the C3 counterparts under low pCO2 levels due to a carbon
concentrating mechanism. In contrast, increasing pCO2 levels
should favor the ecological success of C3 plants (Ehleringer et al.,
1997; Keeley and Rundel, 2003). But our n-alkane record shows
expansion of C4 plants during the Holocene, during which the pCO2
steadily rose by 20 ppm (Indermühle et al., 1999). This mismatch
suggests that pCO2 was not the dominant selective factor for the
local vegetation.

Table 1
d13C values of individual n-alkanes extracted from Ordy Pond sediments and estimated fractional abundance of C4 plants based on isotope mass-balance calculations (see text
for details).

Depth
(cm)

Age
(ca.kyrBP)

d13Ca

n-C27
d13Ca

n-C29
d13Ca

n-C31
d13Ca

n-C33
Analytical
Uncertainty (&)

Weighted
Mean (&)

% C4 Abundance
(Weighted Mean)

% C4 Uncertainty
(%)

492 0.11 �23.54 �26.6 �25.31 �22.86 �0.66 �24.58 79.0 � 9.3
525 0.13 �21.25 �24.16 �23.53 �22.86 �0.24 �22.95 88.2 � 9.0
564 0.36 �20.5 �23.42 �23.93 �22.26 �0.13 �22.53 90.1 � 8.9
590 0.51 �25.18 �27.92 �26.23 �22.78 �0.24 �25.53 74.2 � 9.2
598 0.55 �25.25 �26.79 �26.74 �23.71 �0.66 �25.6 72.0 � 9.4
640 0.79 �23.26 �25.6 �26.59 �25.78 �0.65 �25.31 70.8 � 9.4
651 0.85 �27.04 �28.63 �27.10 �26.70 �0.24 �27.37 60.5 � 9.4
686.5 1.06 �26.47 �27.62 �26.30 �27.78 �0.24 �27.04 61.8 � 9.4
702 1.15 �28.22 �25.59 �26.59 �25.48 �0.10 �26.47 67.3 � 9.2
740 1.36 �25.87 �28.47 �25.74 �27.12 �0.13 �26.80 64.2 � 9.3
786.5 1.63 N/A �29.40 �26.66 �28.30 �0.66 �28.12 56.9 � 10.4
850 2.00 �27.10 �28.96 �26.69 �27.32 �0.24 �27.52 59.7 � 9.4
927 2.52 �26.48 �28.30 �26.62 �27.11 �0.50 �27.13 61.6 � 9.5
975 3.33 �26.28 �27.58 �26.50 �27.67 � 0.65 �27.01 61.7 � 9.6
1017 4.05 �27.44 �28.31 �28.06 �28.92 �0.24 �28.18 53.2 � 9.6
1060 4.78 �23.22 �23.82 �24.85 �24.91 �0.65 �24.20 79.1 � 9.3
1107 5.58 �25.33 �26.98 �26.69 �27.17 �0.30 �26.54 63.8 � 9.4
1140 6.14 �25.15 �25.66 �27.55 �28.53 �0.65 �26.72 60.8 � 9.7
1175 6.74 �26.98 �29.00 �29.84 �28.54 �0.43 �28.59 49.2 � 9.8
1195 7.08 �27.77 �28.63 �29.33 �28.77 �0.65 �28.63 49.6 � 9.9
1240 7.85 �27.05 �29.15 �28.31 �27.98 �0.24 �28.12 53.9 � 9.6
1285 8.61 �27.17 �28.91 �29.94 �29.22 �0.27 �28.81 47.4 � 9.8
1325 9.30 �27.63 �29.86 �31.87 �31.79 �0.24 �30.29 35.7 � 10.2
1335 9.47 �29.29 �31.17 �33.26 �31.98 �0.24 �31.43 28.6 � 10.4
1362.5 9.94 �29.53 �30.49 �32.32 �31.69 �0.13 �31.01 32.1 � 10.3

a In & unit, VPDB scale.
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C3/C4 plant distributions are sensitive to temperature during the
growth period. Cool and warm growth periods promote the
dominance of C3 and C4 plants, respectively (Ehleringer, 2005). It is
also known that under limited water availability, C4 plants are
favored due to superior water use efficiency and high photosyn-
thetic rates even upon stomatal closure (Stowe and Teeri, 1978;
Ehleringer et al., 1997; Epstein et al., 1997; Keeley and Rundel,
2003). On the basis of indirect evidence, we argue that tempera-
ture exerted relatively insignificant control on C3/C4 plant distri-
butions compared to the water availability in the vicinity of the
study site. The SST reconstruction by Lee et al. (2001) based on
marine sediment cores collected from Oahu’s southwest coastline
shows only minor (1 �C at most) fluctuations of both summer and
winter-averaged SST during the Holocene. Considering the prox-
imity of our study site to the ocean (about 750 m) and to the
locations where their marine sediment cores were collected (see
Fig. 1 in Lee et al., 2001), overall changes in the ambient tempera-
ture as well as in the seasonal temperature difference (summer vs.
winter) during the Holocene are expected to have played only
a minor role. In contrast, the pollen records of Hotchkiss and Juvik
(1999) from Ka‘au Crater indicate noticeable reduction in the
precipitation from 10 to 7 ca kyr BP on Oahu, but no apparent
changes in ambient temperature. Furthermore, Edwards and Still
(2008) reviewed the distribution of modern C3 and C4 plants in
Hawaii and suggested that the higher water use efficiency of the C4
plants is more important than temperature in controlling the
distribution of C3 and C4 grasses. In addition, a study of vegetation
history before Polynesian settlement along an elevational transect
in the leeward coast of Kohala volcano, Hawaii, by Chadwick et al.
(2007) further supports the overlying importance of water avail-
ability in influencing the zonation of C3 and C4 plants. Results from
their lower elevation sites (77e992m), which cover awide range of

mean annual precipitation (170e1120 mm), but a relatively narrow
range of mean annual temperature (23e19 �C), show a continuous
shift of relict vegetation from a C3 to C4-dominated system with
decreasing precipitation. In summary, the results of studies of
modern and Holocene Hawaiian vegetation alongwith evidence for
a lack of growing season temperature changes at our study site
argue for a causal link between the dominance of C4 photosynthesis
and precipitation on the Ewa Plain.

It should be noted that the shift to higher d13Calk values in our
record may also reflect a physiological control on the extent of
isotopic discrimination against 13CO2 during C3 photosynthesis. The
extent of 13C discrimination varies linearly with the ratio between
intercellular and atmospheric CO2 partial pressure (pi/pa), which is
regulated by the degree of stomatal opening (Farquhar et al., 1989;
Ehleringer et al., 2002). Stomatal closure in response to water stress
raises the water use efficiency but decreases the pi/pa ratio. This
results in a greater assimilation of 13CO2 and consequently 13C
enrichment in plant tissues, including leaf wax n-alkanes
(Lockheart et al., 1998). The pi/pa ratios of C3 plants vary from 0.5 to
0.8 (Ehleringer et al., 2002), resulting in variations of d13C up to 7&
in C3 plants. As an example, Austin and Vitousek (1998) observed
about 4& 13C enrichment in the C3 plants Metrosiderous poly-
morpha along a precipitation gradient (5500e500 mm in mean
annual precipitation) on the island of Hawaii.

It is not possible to distinguish the causes (vegetation shifts vs.
changes in isotopic fractionation during C3 photosynthesis) of the
observed changes in d13Calk values based on our isotopic results. But
it is important to note that both scenarios suggest that the positive
shift in d13Calk values reflects an increase in aridity (decreased
moisture). We favor the interpretation that the changes in d13Calk
values reflect vegetative shifts between C3 to C4-dominated flora
because the range of observed d13Calk values (roughly �32&
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Values are the weighted means of four separate estimates based on d13C value of n-C27, n-C29, n-C31 and n-C33. Smaller error bars in red represent the probable ranges of errors in the
estimates due to the reproducibility of the isotopic analyses. Larger error bars in blue denote combined errors (due to the analytical reproducibility and the uncertainties in the end-
member d13C values: see Table 2). The solid line at 1.2 ca kyr BP marks the estimated time of the first human arrival in Hawaii (Athens et al., 2002).
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to �23&) exceeds the observed physiological carbon isotopic
variations in C3 plants (up to 7&). Based on this assumption, the
advent/decline of C3 and C4 plants can be assessed by isotope mass-
balance. Because we are not aware of any published data on the
d13C values of n-alkanes synthesized by indigenous Hawaiian
plants, we compiled d13Calk values from a variety of living speci-
mens reported in the literature (Collister et al., 1994; Chikaraishi
and Naraoka, 2003; Bi et al., 2005) to establish the C3 and C4 end-
member d13Calk values (Table 2). Contemporary geographic distri-
butions of the specimens listed in these studies were inspected
using the U.S. Department of Agriculture Plant Database [http://
plants.usda.gov]. The d13Calk data of plant species that are not
found in Hawaii were removed from the data compilation. In
contrast, the d13Calk data from species with confirmed existence in
Hawaii (although neglecting the fact that these are all introduced
species) were averaged for the end-member values. This process
reduced the standard deviations for the end-member values. The
standard deviations of the end-member d13C values as well as
analytical uncertainties of compound-specific d13C analyses were
propagated through themass-balance calculations (see Phillips and
Gregg, 2001). Weighted means of estimates based on the individual
n-alkanes are expressed in % units (% C4 abundance, hereafter) and
listed in Table 1. A typical value for the uncertainties in the esti-
mates of % C4 abundance is on the order of 10% (Table 1 and Fig. 3b),
and much of that is contributed by relatively large uncertainty in
the end-member isotopic values (Table 2) due to intra-species and
ontogenetic variations in the compiled data.

4.3. Holocene paleo-aridity changes in Hawaii

The n-alkane record shows a substantial expansion of C4 plants
(increase of the % C4 abundance roughly from30% to 60%) from10 to
6 ca kyr BP (Fig. 3b), which suggests a reduction in the overall water
availability for local vegetation. The reconstructed shift to more arid
conditions from early to mid Holocene is consistent with Hawaiian
paleo-records covering discrete Holocene time-intervals. Although
the record extends only up to 7 ca kyr BP, the pollen records from
Ka’au Crater similarly suggests decreasing precipitation on Oahu
(Hotchkiss and Juvik, 1999). A paleoenvironmental investigation
conducted on Laysan Island in the remote Northwestern Hawaiian
archipelago (roughly 1200 km from Oahu) also found evidence of
a drying trend since 7 ca kyr BP (Athens et al., 2007).

A maximum C4 abundance of roughly 80% (tentatively dated at
4.8 ca kyr BP based on the current age model) is an intriguing,
albeit limited, feature in this record. The existence of a prolonged
(potentially centurial to millennial scale) dry episode centered

sometime between 4 and 5 ca kyr BP in Hawaii has been repeatedly
advocated based on pollen records from numerous locations on
Oahu (Athens, 1997) and Laysan Island (Athens et al., 2007) and
charcoal records from several sites on the island of Kauai (Burney
and Burney, 2003). Increased sampling resolution in the record
and improvement in the sediment chronology are required in order
to better characterize thismaximum%C4 signal and thepossible link
to the dry episode revealed by other terrestrial records fromHawaii.

After the first Polynesian settlement in Hawaii, the record shows
dramatic expansion of C4 plants. But this signal is expected to be
decoupled from climatic forcing. Archaeological investigations in
the Ewa Plain by Athens et al. (2002) and Athens (2008) revealed
abrupt destruction of native forest by human activities and, to
a greater extent, by the invasive Polynesian rat (Rattus exulans).
These environmental disturbances probably provided an open
niche for C4 grasses to quickly expand. Therefore, the post-human
portion of the sediments appears to record the vegetative response
to human landscape modification rather than paleoclimate.

Based on current seasonal distributions of rainfall and vegeta-
tion growth, we argue that the paleoclimatic signals deduced from
our n-alkane record are biased toward winter climate signals. In
other words, the transition toward C4-dominated flora appears to
be a response to decreased overall water availability that is largely
pronounced as a decline in wintertime precipitation. Due to the
lack of permanent fluvial transport to Ordy Pond, the main trans-
port pathway of leaf waxes to the pond is likely eolian transport.
Leaf waxes are thought to be routinely eroded from leaf surfaces by
wind abrasion and become airborne (Conte et al., 2003). Although
the replacement of eroded leaf waxes occurs regularly (Hallam,
1970), active secretion and replenishment of leaf waxes occur
primarily during the early growth phase of emerging leaves
(Wirthensohn and Sedgley, 1996; Hauke and Schreiber, 1998). In
the arid leeward coastal low-lands of the main Hawaiian Islands,
such as the Ewa Plain, vigorous leaf growth (when significant input
of n-alkanes to the pond is expected) occurs in response to
increased rainfall during the boreal winter months (Wagner et al.,
1990). In fact, significant greening of the foliage in the local vege-
tation is recognized during the winter months in the Ewa Plain.
Thus, our isotopic record is expected to be dominated by the winter
climate signal.

4.4. CGCM simulations

To document the effects of orbital forcing on tropical Pacific
climate, the simulated zonally-averaged (from 180 to 120�W)
boreal winter SST, surface wind and precipitation anomalies are
shown in Fig. 4. Here, we focus on the boreal winter season,
because this is the rainy season in Hawaii that will affect leeward
vegetation most effectively and because the teleconnections from
the eastern tropical Pacific to the Hawaiian Islands are most
strongly pronounced (Chu,1995). From 10 kyr BP to the present, the
simulated SST profile shows a continuous winter warming of the
equatorial cold tongue (Fig. 4a: also see Fig. 5 in Lorenz et al., 2006).
This is accompanied by an intensification of the Hadley circulation
and surface trade winds in the northern subtropics, which in turn
results in strengthened large-scale atmospheric subsidence. These
changes in the surface wind pattern strongly reduce the transport
of moist tropical air to Hawaii, leading to an overall drying trend
(Fig. 4b). Continuous increase in the winter insolation along the
equator throughout the Holocene (Fig. 4c) is the ultimate driver for
the observed warming of the cold tongue (Lorenz et al., 2006).

The effect of a general climatic shift due to the warming of the
cold tongue in the boreal winter during the Holocene can be
compared to the present climatic anomalies around Hawaii
associated with an El Niño event. Chu (1995) illustrates that the

Table 2
List of the end-member d13C values of the n-alkanes synthesized by C3 and C4 plants.

C3 Plants C4 Plants

d13C (&)a Std. Dev. N d13C (&)a Std. Dev. N

n-C27 �34.8 �3.4 14 �21.6 �3.5 8
n-C29 �35.9 �2.2 18 �20.9 �3.2 8
n-C31 �36.4 �1.8 19 �20.9 �2.2 9
n-C33 �36.6 �2.3 14 �22.1 �2.3 6

Original data are from Collister et al. (1994), Chikaraishi and Naraoka (2003) and Bi
et al. (2005).
See text for the selection criteria for the data compilation for the end-member d13Calk
values.
Sample code for the compiled data from Collister et al. (1994) (see Table 1 in the
original for the codes). [C3]: D, H [C4]: X, Z.
Sample code for the compiled data from Chikaraishi and Naraoka (2003) (see Table 1
in the original for the codes). [C3]: AJ, TO, PA, ArP, MU [C4]: ZM, SO1, SO2, SB.
Sample code for the compiled data from Bi et al. (2005) (see Table 1 in the original for
the codes). [C3]: D, G, H, J, K, L, M, N, P, Q, R, S [C4]: T, V, Z.
a VPDB Scale.
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large-scale atmospheric circulation changes associated with an El
Niño event are mainly driven by an eastward shift of the warm pool
and the attendant convection systems toward the equatorial central
Pacific, leading to an enhancement of local Hadley circulation as
well as increased atmospheric divergence due to southward/east-
ward displacement of the subtropical jet stream. These atmo-
spheric conditions reduce large-scale moisture supply to the
vicinity of Hawaii during an El Niño. Furthermore the probability of
subtropical cyclones (Kona Lows) that often deliver large amounts
of rainfall to Hawaii during the winter appears to be suppressed
during El Niño (Chu, 1995; Caruso and Businger, 2006; Rooney and
Fletcher, 2005). Precipitation events from Kona Lows are particu-
larly important for the leeward side of themain Hawaiian Islands as
they can contribute over two-thirds of the annual rainfall (Otkin

and Martin, 2004). These aspects clearly demonstrate the impor-
tance of SST anomalies in the EEP in modulating hydrological
conditions near our core site, thus affecting the local vegetation. It
should be noted that the CGCM used here is not able to simulate
Kona Lows realistically. This suggests that perhaps the simulated
winter drying in the subtropical North Pacific due to the weakening
of the cold tongue may well be underestimated.

Fig. 4 further illustrates that thewarming trend in the equatorial
Pacific during the Holocene is part of a larger oscillatory pattern
with precessional timescales. The eastern equatorial SST and the
simulated equatorial wind divergence vary on a precessional
timescale corresponding to the orbitally-controlled seasonal inso-
lation changes (Berger, 1978). Our model results (Fig. 4b) also show
opposite precipitation trends in the equatorial zone (increasing

Fig. 4. (A) Simulated boreal winter (DJF) zonally-averaged (180e120 �W) eastern Pacific SST (�C) and 10 m wind anomalies. Anomaly refers to the difference between the zonally-
averaged estimates at any given time and the zonally-averaged mean from 20 kyrBP to 20 kyrAP. (B) Same as above, but for the simulated precipitation anomalies (m/yr).
(C) Seasonal cycle of insolation (W/m2) at equator for 10, 5, 0 kyrBP.
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precipitation) and in the northern subtropics (decreasing precipi-
tation). Observed precipitation asymmetry can be explained by the
Walker and Hadley circulation adjustments, respectively. While the
warming of the cold tongue leads to a weakening of the Walker
circulation and an eastward shift of the convection system and the
associated precipitation band, an equatorially-forced intensifica-
tion of the Hadley circulation is responsible for the large-scale
subsidence and drying trend in the northern subtropics. It should
also be noted that the Holocene drying trend at 10e30�N is also
identified in the CGCM simulation for the boreal fall season.

4.5. Synthesis of model results and proxy records

Our paleoclimatic reconstruction based on d13C values of leaf
wax n-alkanes indicates diminished wintertime (and thus the
overall annual) precipitation during themid and late Holocene than
in the early Holocene. This is consistent with the results from our
model simulations, which demonstrate a concomitant orbitally-
forced warming of the cold tongue in the EEP. Reconstructed
Holocene changes in the precipitation pattern in Hawaii appear to
be a dynamic response to the weakening of the cold tongue in the
EEP via large-scale atmospheric adjustments that are similar to the
modern-day El Niño-Southern Oscillation teleconnection. In
particular, reduced moisture supply via intensified local Hadley
circulation and suppression of Kona Lows appear to be the domi-
nant causes for the aridification in Hawaii.

The weakening of the cold tongue throughout the Holocene is
consistent with the paleo-SST reconstruction based on alkenone
saturation index (U37K’ ) in the EEP (Kienast et al., 2006; Leduc et al.,
2007; Pahnke et al., 2007; Koutavas and Sachs, 2008; Dubois et al.,

2009). These alkenone SST records are compiled in Fig. 5. Steinke
et al. (2008) suggest that U37K’ -based SST reconstructions are
expected to be weighted toward winter-biased signals owing to the
seasonal habitat preference of alkenone-producing coccolitho-
phores. Therefore, these alkenone SST estimates may suggest that
the weakening of the cold tongue was particularly pronounced
during the boreal winter season.

In addition to more direct forcing due to increased winter
insolation along the equator (Lorenz et al., 2006), it is plausible that
the warming of the cold tongue was also reinforced by the dynamic
feedback mechanism in the EEP in response to the southward shift
of the mean position of the ITCZ throughout the Holocene (Fig. 5c:
Hodell et al., 1991; Haug et al., 2001; Fleitmann et al., 2003, 2007;
Shakun et al., 2007). Koutavas and Lynch-Stieglitz (2003,2004)
argued that the interactions between the ITCZ and the cold
tongue involve positive ocean-atmosphere interactions such as the
Bjerknes feedback (Bjerknes, 1969) and the wind-evaporation
feedback (Xie, 1998,2004). A southward shift of the ITCZ results in
weakened southeasterly cross-equatorial trade winds south of the
equator, and thus results in awarming of the cold tongue in the EEP
via reduced upwelling and wind-evaporation. Weakened trade
winds in the EEP also reduce the westward advection of warm
surface seawater, leading to weaker Walker circulation. Because
weakened Walker circulation subsequently leads to decreased
trade winds in the EEP, this creates a positive feedback mechanism
to further amplify the warming of the cold tongue (the Bjerknes
feedback). It is important to note that the resultant ocean-atmo-
sphere conditions are likely to lead to a suppression of the annual
cycle strength in the EEP and hence an intensification of ENSO
variance (Timmermann et al., 2007).
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5. Conclusion

The d13C record of leaf wax n-alkanes fromOrdy Pond sediments
provides the first continuous Holocene paleoclimate record from
Hawaii. The shift of the local vegetation from C3 to C4-dominated
flora since the early Holocene suggests aridification in Hawaii as
a result of reduced wintertime precipitation. Our model simula-
tions revealed a consistent drying trend in the subtropical Pacific as
well as concomitant warming of the cold tongue in the EEP in
response to the increase in winter insolation along the equator. It is
also likely that Holocene southward shift of the ITCZ, at least to
some extent, contributed to theweakening of the cold tongue in the
EEP via dynamic feedback mechanisms. Alkenone-based Holocene
SST records in the EEP and other proxies for paleo-positioning of
the ITCZ are consistent with this scenario. We conclude that ocean-
atmosphere responses to the warming of the cold tongue in the EEP
modulated precipitation patterns in Hawaii by suppressing large-
scale moisture supplies as well as the probability of subtropical
cyclones via atmospheric adjustments that are similar to the
modern-day El Niño-Southern Oscillation teleconnection.
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