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The Hawaiian Islands are the only high land in a vast stretch of the North Pacific where
past climatological and ecological processes can be reconstructed from terrestrial Earth
system archives. We measured hydroclimatic proxies and carbon accumulation in an
organic sediment core from the windward montane peatland Pēpē‘ōpae on the Island
of Moloka‘i, Hawai‘i using radiocarbon, leaf wax geochemistry, and stable isotopes of
carbon and hydrogen in addition to historical pollen records. Following a period of soil
development, substantial carbon accumulation began around 10 ka BP (thousands
of years before present) under wet conditions. Peat formation was continuous but
variable throughout the Holocene, including maxima in carbon accumulation around
9 and 3 ka and a minimum around 1.5 ka that has resulted in a belowground carbon
storage today of 144 kg C m−2. From this core we generated a new chronology for
previously published pollen spectra from the study site and a Wetness Index that shows
increases in dry-adapted taxa in upwind forests during periods of decreased carbon
accumulation in the peatland. Shifts in the distribution of sedimentary n-alkane chain
lengths in the context of 14 species of modern bog plant n-alkanes suggests litter inputs
have been derived from a diverse plant community that changed in dominant species
in response to climate. Hydrogen stable isotope ratios of sedimentary C29 n-alkanes
show negative departures around 9 and 3 ka consistent with increases in storm-
derived rainfall likely related to the position and strength of the northern jet stream. This
study is the first to provide a continuous organic sedimentary record of links between
hydroclimate, vegetation, and montane belowground carbon sequestration for this part
of the North Pacific.

Keywords: tropical peatland, Hawai‘i, Moloka‘i, leaf wax, pollen, deuterium, Holocene

INTRODUCTION

Knowing the history of hydroclimatic change from a network of sites across the Pacific is important
to understanding the external and internal drivers critical to the long-term future of rainfall in the
region. Owing to their size, elevation, and isolation, the Hawaiian Islands are the sole location in
the central Pacific for comparison to other important freshwater terrestrial proxy records across the
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region. Despite a growing number of studies of past
environments and climates that have studied pollen (e.g.,
Selling, 1948; Burney et al., 1995; Hotchkiss and Juvik, 1999;
Crausbay et al., 2014), sediment geochemistry (Uchikawa et al.,
2010; Crausbay et al., 2014), and sea surface temperatures
(SSTs) (Lee and Slowey, 1999) much remains to be learned
about hydroclimate change in Hawai‘i and the north central
Pacific. For example, the two synoptic atmospheric circulation
patterns today that produce the most rainfall in Hawai‘i are
orographically lifted trade winds and so-called “Kona storms”
(Chu et al., 1993), yet we do not know the long-term history of
these patterns. It has been shown that drier leeward locations of
the islands have experienced increasingly arid conditions over
the last several thousand years (Uchikawa et al., 2010), but high
quality Holocene records of hydroclimate from wet windward
locations in Hawaii have not yet been developed in detail.

Montane freshwater peatlands in the Tropics are useful for
reconstruction of climate and ecosystem change owing to their
relatively widespread distribution and their high organic matter
(OM) content for measurement of organic geochemical proxies
and radiocarbon. While the largest tropical peatlands occur in
rainforest lowlands of Southeast Asia (Page et al., 2011), Africa
(Dargie et al., 2017), and South American Amazonia (Lähteenoja
et al., 2013), low-latitude peatland ecosystems can also be found
in mountainous terrain, where waterlogged soils are maintained
in locally flat areas of heavy rainfall. Such ecosystems and organic
deposits are found, for example, in Papua New Guinea (Hope,
2014), West Kalimantan (Anshari et al., 2004), South American
Andes (Benavides et al., 2013) and the Guyana Highlands (Zinck
and Huber, 2011) and various Pacific Islands (Rieley and Page,
2015). In the Hawaiian Islands, freshwater lakes and sediments
are rare owing to steep and permeable volcanic terrain (Maciolek,
1969) but many small mountain peatlands are found on the main
islands (Carlquist, 1970), long noted biogeographically for rare
plants of cold evolutionary origins (e.g., Rock, 1913). In addition
to holding archives of past hydroclimatic change, mountain
peatlands in Hawai‘i provide the opportunity for ecological
reconstructions of OM cycling and carbon sequestration relevant
to understanding long-term tropical peatland carbon dynamics
in general, as well as processes affecting Hawai‘i mountain forests.

In this paper, we reconstruct environmental changes in
Hawai‘i using carbon and leaf wax geochemistry in modern plant
leaf tissue and in peat deposits from the Island of Moloka‘i. We
also analyze previously published fossil pollen from East Moloka‘i
and the Island of Maui. Other studies have reconstructed
Holocene environment in Hawai‘i from a dry, leeward coastal
site (Uchikawa et al., 2010) and high elevations at the trade wind
inversion layer (Burney et al., 1995; Crausbay et al., 2014). Our
goal here is to develop a multi-proxy picture of hydroclimatic and
ecological variations at a mid-elevation windward wet forest.

MATERIALS AND METHODS

Study Site and Field Collections
The Island of Moloka‘i (Figure 1), formed of two shield volcanoes
in the Maui Nui group, is situated geographically in the middle

of the main Hawaiian Archipelago. Moloka‘i is high (1506 m)
for its size (673 km2) owing in part to mass wasting events on
its north shore (Moore et al., 1989), that have created some
of the world‘s highest sea cliffs. The upper flows of the East
Moloka‘i Volcanic Series are mugearitic basalt that are 1.3–
1.5 Ma old (Macdonald et al., 1983). Wet rainforest on Moloka‘i,
typically above 600 m (Jacobi, 1989), have wet soils and can
form small open wetlands where topography flattens. Pēpē‘ōpae
is a montane peatland at 1310 m elevation, ∼11,550 m2 in area,
situated leeward of the western rim of Pelekunu Valley, 3.6 km
northwest of the island‘s summit at Kamakou, and 5 km from the
windward north coast (Figure 1). Estimates of mean monthly air
temperature at the site ranges from 13 to 17◦C, and mean annual
rainfall is ∼3400 mm, about two-thirds of which falls during
the rainy season from November to April (Giambelluca et al.,
2014). Pēpē‘ōpae was known to early botanists for its rare plants
and thick deposits (Hillebrand, 1888; MacCaughey, 1916) and
was a focus of the Hawaiian Bog Survey 1938 (Skottsberg, 1940)
that resulted in the seminal palynological study of the Hawaiian
Islands by Selling (1948).

Today, Pēpē‘ōpae has an open vegetation and diverse
community of sedges, dwarf woody plants, ferns, lycopods,
and mosses in a gently sloping hummocky terrain (Figure 1;
Supplementary Table S2). The peatland lacks pools, but
temporary standing water can be found in small depressions.
The site lies within the Kamakou Nature Preserve, granted
to the Nature Conservancy in 1982, and within a network
of protected areas covering more than one hundred acres of
contiguous ecosystems.

A sediment core (PEP1) was raised from the upper part of
Pēpē‘ōpae (21◦ 7′ 8.6′′N, 156◦ 54′ 2.3′′ W, 1262m ASL) on May
28, 2013 using a Russian-style side-cut peat corer with a 50-
cm long and 5-cm diameter barrel. Core sections were frozen
within 3 h of collection, transferred frozen to the laboratory at
the University of Hawai‘i at Mānoa and stored at −20◦C. Plant
leaf tissue samples from 14 common bog species were collected at
the site on May 14, 2018 (Supplementary Table S1). Leaf samples
from multiple individuals were collected and composited from
both the upper and lower areas of the main bog, resulting in
duplicate measurements for each species. Tissues were frozen
within 3 h of collection and freeze dried. A rainwater collector
was made of a five-gallon plastic bucket with a funnel set in the
lid and a 1-cm mineral oil layer to prevent evaporation, and was
sampled opportunistically between May and December 2018.

Core Chronology
The age of organic carbon in the profile was determined based
on the top of the core (assigned as the year of collection, 2013)
and the radiocarbon (14C) dating of peat samples. Subsamples
for 14C measurement were carefully removed from the center of
core slices, dispersed in 18.0 M� water, and OM free of visible
roots was hand-picked using a 50× Zeiss Stemi 2000 microscope.
To remove exogenous organic carbon and inorganic carbon,
OM samples were prepared by Acid-Base-Acid pretreatment and
rinsed to circum-neutral pH before drying to constant mass at
65◦C. Dry OM was combusted to CO2 at 1000◦C for 6 h in
evacuated quartz tubes in the presence of copper oxide and
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FIGURE 1 | Map of the North Pacific region and the study site. The Hawaiian Island chain in the North Pacific (inset) from Midway Atoll to the Island of Hawai‘i with
bathymetry to 130 m shown in gray. Islands of O‘ahu and of the Maui Nui complex shown with annual rainfall over 1500 mm (blue) and 4000 mm (dark blue) with the
location of the study site at Pēpē‘ōpae (star) on the Island of Moloka‘i and sites mentioned in the text (circles): (1) Ka‘ala, (2) Kalaeloa and Ordy Pond (Uchikawa
et al., 2010), (3) Ka‘au Crater (Hotchkiss and Juvik, 1999), (4) and (5) summit and lowest bog Pu‘u Kukui sites (Selling, 1948), (6) Wai‘anapanapa Pond (Crausbay
et al., 2014), and (7) Flat Top Bog (Burney et al., 1995).

silver powder. CO2 ampules were graphitized and 14C/12C ratios
determined at the Lawrence Livermore National Lab Center for
Accelerator Mass Spectroscopy (LLNL-CAMS). The 14C ages
were calibrated to calendar years using the IntCal13 dataset
(Reimer et al., 2013) and age-depth modeling was implemented
in the R package BACON 2.3.4 (Blaauw and Christen, 2018).

Geochemistry
The PEP1 core was sliced frozen at 1-cm resolution on a band
saw with a stainless steel blade. A 2–3 cm3 subsample of known
volume was dried at 100◦C to constant mass to determine bulk
density, and then homogenized with a Retsch MM200 ball mill
and sieved at 250 µm. OM content was determined by loss-on-
ignition of a 1–2 cm3 subsample combusted in a muffle furnace at
550◦C for 4 h. Elemental concentrations of carbon and nitrogen
and the carbon stable isotope composition (δ13C values reported
in values of per mille vs. VPDB; Vienna Pee Dee Belemnite) of
2.4–15 mg subsamples (depending on OM content to target a
consistent response) were loaded in tin capsules and determined
by Elemental Analyzer (EA)-Cavity Ring-Down Spectrometer
(CRDS) using a Costech ECS 4010 EA coupled to a Picarro
G2201-i CRDS. Plant δ13C and δ15N values were determined
by Isotope Ratio Mass Spectroscopy (IRMS) using an ECS 4010
coupled to a Thermo Scientific Finnigan Delta Plus XP at the
Stable Isotope Laboratory at the University of Hawai‘i at Mānoa.
Long-term accuracy and precision of δ13C and δ15N is better
than±0.2h.

Sedimentary n-alkanes were extracted from 2-cm thick
composited samples from 31 depths in core PEP1. Plant leaf
wax n-alkanes were extracted from ∼650 mg leaf samples. Total
lipids were extracted by sonication in hexane and separated into
four molecular fractions based on polarity using silica gel flash
columns following the method of Nichols (2011) and Nichols
et al. (2014) at the University of Hawai‘i at Mānoa. Hydrocarbons

were analyzed using an Agilent GC (Gas Chromatograph)
equipped with programed temperature vaporization (PTV) inlet,
30 m DB-5 column, flame ionization detector (FID) and Agilent
Mass Selective Detector (MSD). The oven temperature holds at
60◦C for the first minute, ramps at 22◦C min−1 to 200◦C, ramps
at 7.5◦C min−1 to 320◦C, and dwells for 10 min (Nichols et al.,
2014). Hydrogen isotopes of individual n-alkanes were measured
by GC-IRMS. Compounds eluting from the GC (column and
program parameters same as above) were routed through a
Thermo GC Isolink pyrolysis reactor at 1420◦C. Compounds
were pyrolized to hydrogen gas and routed through a Thermo
Conflo IV continuous flow device to a Thermo Delta V Plus
IRMS. Values of δ2H are reported in per mille VSMOW. Absolute
delta values are determined by comparison with certified
reference standards (A. Schimmelmann, University of Indiana).
Long-term mean analytical uncertainty of δ2H measurements on
individual alkanes is ±2h. Analysis of n-alkanes was conducted
at the Organic Geochemistry Laboratory at Lamont-Doherty
Earth Observatory. Water isotope measurements of collected
rainwater were made on a Picarro L20130-i at the University of
Hawai‘i Stable Isotope Biogeochemistry Lab.

Literature Forest Pollen and Peat Depth
Data
Selling (1948; hereafter referred to as the OHS1948 data)
produced microfossil diagrams for 14 peat cores from Kauai,
Moloka‘i, and Maui, which summarized relative pollen and spore
abundances for 17 dominant genera. This seminal work includes
60 assemblages from a 330-cm core raised from Pēpē‘ōpae in
1937 (Ser. 1; hereafter OHS1948-01) raised likely within 20 m
of our core PEP1. We also included OHS1948 pollen from
Pu‘u Kukui on West Maui in our analysis (Figure 1). We
digitized the pollen percent relative abundances for OHS1948-01
(Pēpē‘ōpae) and OHS1948-33, -34, -60, and -80 (West Maui)
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by scanning the published diagrams at high-resolution and
generating data with PlotDigitizer 2.6.8. From Selling’s (1948)
original survey sketches, the 33 peat depths they measured
along three transects at Pēpē‘ōpae were also digitized. We
established a chronology for OSH1948-01 based on correlations
between pollen concentrations in OSH1948-01 and the carbon
accumulation rate in PEP1.

Statistical Analysis
The percentage distributions of n-alkanes in plants and peat
were summarized by calculating index values for average chain
length (ACL) and the carbon preference index (CPI; Marzi
et al., 1993). The ACL is a concentration-weighted average of
chain lengths of odd-numbered chains between 17 and 35.
A Principle Components Analysis (PCA) of odd-numbered
n-alkane percentages in the 24 plant and 31 peat samples aided
the interpretation of the contribution of leaf litter types to the
sedimentary n-alkanes. The OSH1948 data was analyzed in two
ways. First, we put the Pēpē‘ōpae pollen assemblages in context of
nearby OHS1948 data by ordinating assemblages from Pēpē‘ōpae
and sites on West Maui using orthogonalized Non-metric
Multidimensional Scaling (NMDS) based on the Bray–Curtis

dissimilarity measure. Second, we generated a climatic Wetness
Index by scoring the 17 OHS1948 pollen genera by their habitat
wetness (Supplementary Table S3) as provided by Wagner
et al. (1996) and Palmer (2008) and a Weighted Average (WA)
ordination to produce a Wetness Index value for each assemblage
(Hotchkiss and Juvik, 1999). Multivariate analyses were run using
PC-ORD (McCune and Mefford, 2016).

RESULTS

Core
Core PEP1 was 272 cm in total length and the peat section from
the surface with living plants to a sharp interface with basal clay
was 232 cm (Figure 2). The core consists of highly humified
peat of high OM and carbon content (means of 97 and 53%,
respectively) and low bulk density (mean of 0.11 g cm−2). The
δ13C values of bulk peat ranged from −28.1 to −25.3h. Eight
radiocarbon measurements (Supplementary Table S1) show the
age of OM at the clay-peat transition to be about 11.5 ka BP
(thousands of years Before Present, where present is AD1950),
with rapid peat formation occurring after ∼9.6 ka. Estimated
carbon storage (carbon density per unit area) was 56 kg C m−2

FIGURE 2 | Physical and carbon characteristics of bulk peat from core PEP1. The apparent carbon accumulation rate is calculated two ways: using the
BACON-derived weighted average age of each contiguous 1-cm mid-point (black line) and using a linear interpolation between the minimum and maximum age of
the 2-sigma calibrated range of each dated level (gray shading). Radiocarbon dates are provided in Supplementary Table S1.
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at 100-cm depth, and 144 kg C m−2 for the entire profile
(Figure 2). Peat depths at the site during the 1937 surveys ranged
from 40 to 335 cm with a mean of 184 cm. An estimate for
belowground carbon storage for the site, based on the mean
peat carbon density (0.60 kg C m−3; PEP1 average, this study),
the mean peat depth (1.84 m; n = 33, Selling, 1948), and the
peatland area (11,550 m2), is 12.8 Mg C. The reconstructed rate
of apparent carbon accumulation since 9.6 ka BP varied from
4.1 to 48.7 g C m−2 year−1.

n-Alkane Distributions in Peat and Leaf
Tissue
The relative abundance of n-alkane chain lengths (C15–C37) were
quantified for both peat samples and modern plant samples
from Pēpē‘ōpae. The ACL of peat samples ranged from 26.4
to 30.4 with a median of 27.9 (Figure 3). In the modern leaf
tissue samples, ACL ranged from 24.2 to 32.0 (Supplementary
Table S2). Duplicate collection and measurement of plants from
two areas of the study site showed that within-species variation
was less typically than between species (Supplementary Table
S2), although within-species variation was high in Plantago
pachyphylla. CPI values of the peat samples (3–19) were
within the range of the modern leaf values (2–24; Figure 3,
Supplementary Table S2) but show an overall decreasing trend
with depth. The PCA of the combined dataset of peat and
leaf tissue had 56% of variation explained by the first two
axes, PC1 and PC2, 41 and 15%, respectively, and axis scores
for peat samples that fell within the range of leaf tissues

(Figure 4). The PEP1 peat scores of PC1 are correlated linearly
with ACL (p < 0.0001, R2 = 0.85). Because flowering plants
produce n-alkanes in far greater amounts than other plant types
(Bush and McInerney, 2013) they dominate the sedimentary
signal at Pēpē‘ōpae, and we therefore do not over-interpret
potential contributions of ferns, lycopods, and bryophytes based
on n-alkane relative abundances.

Hydrogen Stable Isotope Values in
Sedimentary n-Alkanes and Waters
Median values of δ2H measured in the abundant C29 n-alkane in
Holocene peat samples (>80% OM) ranged 26h from −164 to
−202h VSMOW (Figure 5). Average values in the underlying
clay layer were 44h more enriched than the mean Holocene
peat value. The most depleted sedimentary n-alkane δ2H values
were observed ∼9.3 and ∼3.1 ka. A trend of overall increasing
enrichment beginning around 9.3 ka reached a maximum value
at 5 ka. To reconstruct the δ2H value of peatland waters
from sedimentary n-alkane values, we used values of apparent
fractionation (εl/w) between modeled precipitation δ2H values
(Bowen and Revenaugh, 2003) and observed leaf wax values of
tropical angiosperms between 30◦S and 30◦N in the database
compiled by Sasche et al. (2012). No difference was observed
between means of εl/w( ± SD) for tropical dicots (−137 ± 30,
n = 21) and monocots (−137 ± 19, n = 4), therefore we used
a single value for εl/w(−137 ± 28) for all vascular plant types
in this study. Reconstructed peatland water δ2H values were
between−22 and−48h. The δ2H value of rainwater collected at

FIGURE 3 | Relative abundance of n-alkanes in 29 peat samples from core PEP1 including index values for average chain length (ACL) and the carbon preference
index (CPI). PCA scores for the first two axes of an analysis of peat and leaf tissue distributions from the study site (Figure 4) are shown.
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FIGURE 4 | Principle components analysis (PCA) of n-alkane relative
abundances in sedimentary samples from core PEP1 and modern plant leaf
tissue at Pēpē‘ōpae explained 41 and 15% of the variance on PC1 and PC2,
respectively. Scores for sedimentary samples (squares) show peat (solid,
n = 29) or underlying clay (filled, n = 2). Ellipses show the region in biplot
space of important periods in the mutli-proxy record (ka = thousands of years
before present). Modern leaf tissue scores for dominant plant species at the
study site (n = 14, Supplementary Table S2) are shown where the height
and length of the crosses span the axis scores of duplicate composited plant
collections.

Pēpē‘ōpae was –8.6 to –15.6h (n = 4) which is within the range of
values estimated by the OIPC (Bowen, 2018) for this location (−8
to−36h) and those reported by Scholl et al. (2002) for windward
East Maui (−7 to−22h VSMOW).

Forest Pollen
At the study site, dominant pollen types were present throughout
the profile (Supplementary Table S3), showing that rainforest
vegetation characterized by Metrosideros and Cibotium has been
present throughout the Holocene, albeit with substantial shifts
in abundance, and including changes in dry-adapted vegetation
upwind (Selling, 1948). The two-dimensional NMDS had a final
stress of 11.6 and scores for OHS-1948-01 pollen assemblages
that fall within the range of scores from the other sites, showing
an overall representativeness of upwind valley vegetation on
East Moloka‘i relative to similar elevations (1300–1700 m) on
West Maui, but with some noteable differences. For example,
the East Moloka‘i Holocene pollen spectra is dominated more by
Metrosideros and nearly absent is Acacia compared to rainforests
on Pu‘u Kukui (Figure 6). We developed a chronology for
OSH1948-01, which was published before the development of
radiocarbon dating, by assuming a common basal age with our
core (Supplementary Table S1), an estimate for the uppermost
OSH1948-01 sample at 25 cm (collected in 1938) based on the
rate of near-surface accumulation in our core, and matching
independent changes in total pollen abundance OHS1948-01

(Supplementary Table S4) with changes in sedimentation rate
in PEP1. This approach assumes the rate of microfossil influx to
the surface is relatively consistent on multi-centennial scales, and
that the dominant influence on concentration is the rate of peat
accumulation, i.e., the effect of microfossil concentration/dilution
driven by the balance of plant production vs. OM decomposition.
Specifically, the timing of two carbon accumulation minima
in PEP1 were assigned to two pollen concentration maxima
at 265 and 50 cm in OHS1948-01. An age-depth model was
derived in BACON 2.3.4 (Blaauw and Christen, 2018) from these
four temporal tie-points and a prescribed age uncertainty of
±100 year, and the ages of the mid-points of each sampled pollen
depth is given in Supplementary Table S4. Drier pollen types
were most abundant, and Wetness Index values were at their
lowest, from 12–11,∼5.5, and∼1.5 ka (Figure 7).

DISCUSSION

Carbon Accumulation and Holocene
Hydroclimate
Carbon accumulation at Pēpē‘ōpae increased rapidly around
10 ka and continued without hiatus but with faster and slower
periods until the present (Figures 2, 7). The long-term capacity
for this low-latitude peatland ecosystem to sequester carbon
belowground is substantial (144 kg C m−2 total; 56 kg C m−2

to 1 m depth) compared to soil organic carbon storage in native
mesic-wet forests in Hawai‘i generally (18.7 kg C m−2 on average;
Selments et al., 2017). Plant growth in tropical wetlands can
be rapid, with NPP values between 560 and 2438 g C m−2

year−1 (Sjögersten et al., 2014; sites with organic soils). Yet, mean
Holocene tropical peat carbon accumulation rates are broadly
similar to their cold region counterparts (∼5–60 g C m−2 year−1;
Yu et al., 2010) despite cold peatlands having substantially lower
NPP. Anaerobic conditions below the water table are a key
factor stabilizing peat OM (Clymo, 1984) although chemical
recalcitrance may be important (Hodgkins et al., 2018), and in
Hawai‘i wet forest environments depress decomposition overall
relative to drier conditions (Schuur, 2001). However, the rate of
near-surface OM decomposition can be high in tropical peatlands
(Chimner, 2004) when conditions promote soil carbon loss, i.e.,
when water tables are lowered (Kurnianto et al., 2015). In this
way, we interpret changes in long-term carbon accumulation
rate to reflect shifts in water table position and stability, with
faster rates showing higher, stable water tables that promote the
stabilization and sequestration of OM, and slower rates showing
lower or variable water table conditions.

Multiple lines of evidence suggest wet conditions in Hawai‘i
around 10–9 and 3 ka BP. At Pēpē‘ōpae, a carbon accumulation
maximum around 9 ka occurs contemporaneously with an
increase in the pollen-derived Wetness Index (Figure 7).
The bulk δ13C values during this period are more negative
than any other time after 10 ka. Because plants that use
the C3 photosynthetic pathway dominate higher mountain
elevations in Hawai‘i (Rundel, 1980; Edwards and Still,
2008) and all of the dominant plants at the site today are
C3 (Supplementary Table S2), negative δ13C departures are
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FIGURE 5 | Values for ACL, δ2H of sedimentary leaf waxes, and reconstructed peatland water δ2H in core PEP1. (A) ACL values. (B) δ2H of nC29 where boxes are
the interquartile range and horizontal lines show the median. (C) Reconstructed plant-available peatland water δ2H values. Shown to the right are direct
measurements of rainwater (triangles) as well as the seasonal range of modeled values for the study site from the online isotopes in precipitation calculator (OIPC).
Also shown are distributions of seasonal IAEA monthly observations of δ2H for Hilo and Midway (IAEA/WMO, 2018; Figure 1), and for windward East Maui (Scholl
et al., 2002), where winter is November–April.

consistent with more-frequently open stomata in vascular plant
leaves and lower water use efficiency during wet conditions. On
the Island of O‘ahu, a pulse of wetter-than-present vegetation
between 9 and 11 14C kyr BP in the Ka‘au Crater pollen record
is reported by Hotchkiss and Juvik (1999). Around Kalaeloa
on the leeward plain of O‘ahu, Uchikawa et al. (2010) suggest
that the proportion of C4 plants was at its Holocene minimum
around this time. During the late Holocene, an increase in carbon
accumulation at Pēpē‘ōpae suggests wet conditions around 3.5–
2 ka. This time period includes departures in the peat δ13C values
toward more negative values (Figures 2, 7). On East Maui, the
well-dated Holocene lake sediments from Wai‘ānapanapa, show
an abrupt increase in sedimentation rate at 3.2 ka (Crausbay et al.,
2014) and the initiation of high-OM peat formation at Flat Top
Bog by 2.3 ka (Burney et al., 1995).

Prolonged drier conditions lasting centuries have occurred
at Pēpē‘ōpae. The carbon accumulation rate was overall low
between 8.5 and 4.5 ka. During this time, values of peat δ13C
increased and reached least-negative values around 5 ka, and
the pollen Wetness Index decreased (Figure 7). This pattern
matches the aridification of leeward O‘ahu over this same
period, argued by Uchikawa et al. (2010) to be associated with

the warming of eastern equatorial Pacific (EEP) Ocean waters,
extended upper level westerly jet, fewer extratropical storms
entering the Hawaiian sector, and thus diminished winter rainfall.
Drying may have been widespread across the north-central
Pacific region, as pond sediments on Laysan Island (Figure 1)
also show a decrease in palm (Pritchardia) pollen around 5 ka
(Athens et al., 2007), consistent with the “El Niño-like” response
pattern in connection with the EEP positive SST anomalies.
The apparent carbon accumulation rate at Pēpē‘ōpae reached
a Holocene minimum around 1.5–1 ka (Figure 7), which is a
strong signal given its relatively young position in the upper
part of the profile and far less time for decomposition than
deeper levels of OM. Peat δ13C values reach a maximum at
this time consistent with greater water use efficiency of vascular
plants under drier conditions and lower mountain humidity.
Dry pollen types in OHS1948-01 (Dodonea and Chenopodium;
Figure 6) increase in abundance around 1.5 ka that drive
the Wetness Index to its Holocene minimum at this time
(Figure 7). Thus, East Moloka‘i experienced relatively dry
Holocene conditions just before and during the earliest period of
arrival of Polynesian settlers around 1 ka (Wilmshurst et al., 2011;
Dye, 2015).

Frontiers in Earth Science | www.frontiersin.org 7 August 2019 | Volume 7 | Article 188

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00188 August 2, 2019 Time: 17:21 # 8

Beilman et al. Moloka‘i Holocene Hydroclimate

FIGURE 6 | Non-metric multidimensional scaling (NMDS) ordination of fossil
pollen abundance from five sites in Maui Nui (Selling, 1948). Pēpē‘ōpae
(1262 m elevation) axis scores shown with symbol size scaled to values of the
pollen Wetness Index (Supplementary Table S3, see section “Materials and
Methods”) and four sites from East Maui (Figure 1) near the summit (1703 m;
OHS1948-33 and -34), a mid-elevation site (OHS1948-80), and a lowest bog
(1390 m; OHS1948-60). Shading shows Selling (1948) original pollen Periods;
the oldest Period 1 (black) drier vegetation with rain forest restricted, Period 2
(gray) with rain forest extended, and the youngest Period 3 (white) with drier
vegetation.

Vegetation Change Evident in
Geochemistry and Pollen
The few studies of montane peatland vegetation in Hawai‘i
describe peat derived from sedge litter, e.g., Oreobolus peat
(Selling, 1948; Carlquist, 1970). However, the fossil leaf wax ACL
in core PEP1 varied substantially from 26.4 to 30.4 (Figure 3)
compared to the ACL of Oreobolus furcatus was 26.3–27.0. This
variation in peat ACL suggests changes in contributions from
various litter types rather than dominance by a single short-chain
type such as Oreobolus. The similarity of ACL and CPI values
between the modern leaf tissue and the peat samples also suggests
that the leaf waxes of these plants are dominating the sedimentary
n-alkanes, and that inputs from other sources like bacteria and
algae biomass that have shorter chain lengths and CPI values
(Bush and McInerney, 2013) are minor at Pēpē‘ōpae.

Periods of rapid carbon accumulation during wet conditions
around 9 and 3 ka, have PC1 axis scores around zero (Figure 4),
consistent with a mixture of plant litter types from a diverse
plant community. Of these wet periods, the peat samples from
the 3–2 ka period have a greater abundance of C29 and more
positive PC2 scores, suggesting greater inputs from Cibotium
and Vaccinium leaf tissue and more Metrosideros polymorpha
var. glaberrina (Figure 4). Crausbay et al. (2014) report that
glabrous-leafed M. polymorpha (var. macrophylla) abundant in

wet forests of Hawai‘i have relatively long ACL (30.6 on average)
compared to pubescent-leafed M. polymorpha (var. incana)
growing in drier forests with shorter ACL (26.9 on average).
Although the ACL values for the dwarf M. polymorpha varieties
at Pēpē‘ōpae are not as clearly separated (Supplementary Table
S2), the period around 3 ka may have had more glabrous
‘ōhi‘a and been wetter than 9 ka BP. During drier conditions
around 5 ka, the peat has abundant C21–C25 (Figure 4) and
among the shortest ACL values in the profile (Figure 3),
possibly with more leaf litter from Dicranopteris ferns, Styphelia
shrubs and small graminoids (Oreobolus and Dichanthelium;
Figure 4). The n-alkane distributions suggest a vegetation that
responded sensitively to wet vs. dry conditions with shifts in
plant community abundance at Pēpē‘ōpae, and that these shifts
occurred on a multi-millennial scale.

At the mountain forest scale, vegetation composition in
upwind valleys (e.g., Pelekunu and Wailau) observed in the
OSH1948-01 pollen shows changes in the dominance of forest
community species over the Holocene. Our chronology for
OSH1948-01 shows the wetter-drier transition between Selling’s
(1948) Period 2 (wetter with rainforest extended) and Period 3
(drier vegetation) occurred around 4.3 ka. Selling’s oldest Period
1 (drier vegetation with rainforest restricted) is not observed
at Pepeopae, and thus must have occurred before 11.5 ka, and
Period 2 can be viewed to have a minimum onset age of 11.5 ka.
The NMDS analysis of OHS1948 pollen shows that the East
Moloka‘i and West Maui Period 2 and 3 pollen occupies generally
the same ordination space. However, the East Moloka‘i forests
have been dominated more by Metrosideros over the Holocene
with nearly absent Acacia, consistent with modern observations
of a lack of Acacia koa forest on Moloka‘i despite a suitable
climate (Price et al., 2012). It is noteworthy that the overall
composition of upwind forests did not dramatically change
in East Moloka‘i over the last 12,000 years, but changes in
abundance and shifting dominance of forest species occurred
multiple times. It is noteworthy that the dry vegetation of Selling’s
(1948) Period 1, evident in pollen in shallow peat at the summit
of Pu‘u Kukui, was substantially different (Figure 6). Although
it is not dated, it is likely a dry episode(s) during the complex
glacial period in Hawaii (Anslow et al., 2010) characterized
by abundant dry-adapted genera (Dodonaea and Chenopodium)
clearly separated from the rest of the pollen spectra (Figure 6).

The pollen Wetness Index values follow the wet–dry trend
of the OHS1948 data along the first NMDS axis (Figure 6).
Because the Index values are strongly affected by variations in
the percentage contribution of dry taxa as well as the large
variations in Metrosideros, it is possible that the pollen reflects
internal ecosystem dynamics, or a combination of ecosystem
and direct climate influences. Mueller-Dombois (1986) argued
that the Holocene decreases in Metrosideros pollen abundance
in East Moloka‘i are driven by ecological forest dieback of like-
aged cohorts. Our chronology for OHS1948-01 suggests that
Metrosideros minima are separated by one or two thousand
years (between 1100 and 2400 years) and do not seem truly
cyclical. Although M. polymorpha trees in wet forests of Hawaii
can be long-lived, e.g., Hart (2010) reports 14C ages of mature
trees between 100 and 600 years old, the return interval of
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Metrosideros minima is substantially longer than the longest tree
age, showing influence of some external factor such as climate
perturbation (Boehmer et al., 2013). The Wetness Index can thus
be interpreted in a hydroclimatic context.

Decreases in the pollen-derived Wetness Index tend to
track increases in the ACL of PEP1 sedimentary n-alkanes
(Figures 3, 7), suggesting that peatland vegetation and ecosystem
processes are similarly responsive as forests to changes in rainfall
in Hawai‘i. For example, the abrupt decrease in the Wetness
Index around 2 ka is the period with the greatest ACL in
PEP1. Peatland carbon cycling also appears to be sensitive to
regional hydroclimate changes on this quasi-millennial scale, e.g.,
increases in the carbon accumulation rate around 9 and 3 ka.
Although the apparent carbon accumulation rate is rather flat in
the mid Holocene, it is possible that the dry conditions around
5 ka may have had a lowered water table for long enough that
mineralization of organic carbon in deeper peat layers “erased”
some of the record of previous carbon sequestration. Model
experiments show that decomposition losses may be substantial
in tropical peatlands when water tables drop for long periods
(Kurnianto et al., 2015), and montane peatlands in Hawaii may
also be sensitive to large carbon losses with drying. Sedimentary
n-alkane CPI values theoretically decrease with greater microbial
decomposition (Buggle et al., 2010). CPI values are low around
5 ka and are at their highest around 3 ka, consistent with
increased decomposition and carbon loss during drier periods
and depressed decomposition playing an important role for
belowground carbon sequestration during wetter periods.

Holocene North Pacific Climate
Peat formation accelerated initially around 10 ka when
wintertime insolation was generally at its minimum (Figure 7).
Uchikawa et al. (2010) argued that this low top-of-atmosphere
shortwave energy flux during early Holocene winter was a driver
of cooler SST in the equatorial Pacific that weakened the Hadley
circulation and diminished subtropical subsidence. The data
from Pēpē‘ōpae show the period between 10 and 8.5 ka was
particularly wet and includes reconstructed peatland water δ2H
values that are relatively depleted (Figure 5). Monthly rain δ2H
values from sites at sea level at Midway Atoll and Hilo (Figure 1)
in the Global Network of Isotopes in Precipitation (GNIP)
database (IAEA/WMO, 2018) and at higher elevations (229–
1295 m) on trade-wind-affected windward East Maui (Scholl
et al., 2002) do not exhibit a strong seasonal pattern (Figure 5C).
However, storm rain δ2H values has been observed to be depleted
relative to trade-wind rain in Hawai‘i (Scholl et al., 1996), and
thus storms may have increased during the period around 9 ka
and been a driver of rapid peat accumulation. An enhanced
temperature gradient between tropical and extratropical latitudes
during the early Holocene, caused by larger negative temperature
anomalies in the polar latitudes owing in part to remnant ice
sheets, further suggests that storm activity and atmospheric
heat transport from the subtropics to the high latitudes was
enhanced. However, at Pēpē‘ōpae the peat layer would have
been relatively thin at this time, suggesting that summer (dry)
season rainfall was also sufficient to maintain saturated soil
conditions year-round in the absence of a thicker peat layer of

low hydraulic conductivity that can buffer OM decomposition
from summer drought conditions. Shifts in the ITCZ position in
response to orbital forcing could have played a role for the overall
water table balance during the Holocene (McGee et al., 2014;
Reimi and Marcantonio, 2016).

A trend of aridification during the early Holocene has been
observed in multiple proxy records in Hawai‘i (e.g., Gavenda,
1992; Hotchkiss and Juvik, 1999). In our record from Pēpē‘ōpae,
the overall drying from 9 to 4.5 ka follows this trend where
δ13C is least negative, accumulation rates are diminished, and the
Wetness Index is lowest at 5.5–4.5 ka (Figure 7). Uchikawa et al.
(2010) argued this drying in Hawai‘i was primarily a response
to eastern tropical Pacific Ocean SST anomalies, resembling the
present-day ENSO teleconnection mode. In that mechanism the
anomalous warming in the eastern tropical Pacific (relative to
the Pacific average SST trend) drives an atmospheric circulation
response similar to that observed during the El Niño events
in modern times.

Our interpretation of the general drying at Pēpē‘ōpae is in
that sense consistent with the previous model-based mechanisms
(Uchikawa et al., 2010). In addition, we find new evidence for
a trend toward isotopically heavier precipitation from the early
to mid Holocene. The values of reconstructed peatland water
δ2H values in PEP1 reach peak enrichment during this interval
(Figures 5, 7). In modern-day climate, extratropical winter
storms (Kona Lows and frontal systems) contribute isotopically
depleted precipitation during the cold season, compared with the
prevailing trade-wind induced precipitation (Scholl et al., 1996).
Our data suggest the mid Holocene was most likely an era with
decreased extratropical storm activity near the Hawaiian Islands.
In modern times this is an analog to El Niño events (Chu and
Chen, 2005; Elison Timm et al., 2011) and relates to circulation in
the upper troposphere.

The position and strength of the upper level jet stream controls
the path of synoptic storm systems across the Pacific. During El
Niño years, a more intense and zonally extended jet north of
Hawai‘i steers storm systems and their fronts from the dateline
toward the North American continent. Adopting this modern
analog to the early to mid-Holocene trend depicts a relatively
consistent picture. A positive eastern tropical Pacific SST anomaly
trend induces a strengthening and eastward extension of the
upper level jet, a more organized west to east propagation of
synoptic storm systems, and with that fewer extratropical storms
and fronts have the opportunity to develop rain-producing
disturbances over Hawai‘i. Further support comes from Risi et al.
(2012); winter months with the most 2H-enriched rain (the top
three Januaries) over Moloka‘i have a sea level pressure pattern
characterized by a large and deep low-pressure center in the
eastern North Pacific (Figure 8). Such pressure anomalies are
tightly connected with an extension of the upper level westerly
wind jets (Linkin and Nigam, 2008).

It is noteworthy that, relative to leeward coastal proxy
sites, the wet windward location of Pēpē‘ōpae can experience
topographically induced trade-wind precipitation in all months,
which can contribute substantially to annual totals. Therefore,
the trends found in the isotopic proxy time series at Pēpē‘ōpae
could also reflect changes in the warm season (May–September).
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FIGURE 7 | Comparison of hydroclimate changes at Pēpē‘ōpae and East Moloka‘i and aridity changes on the leeward coastal plain of Oahu (Figure 1). (A) Variation
in reconstructed abundance of C4-photosynthesis plants in sediments of Ordy Pond, leeward O‘ahu (Uchikawa et al., 2010). (B) A Wetness Index derived from fossil
pollen in core OHS1948-01 (Selling, 1948) reflecting vegetation and habitat wetness in upwind valleys on east Moloka‘i. (C) Data from core PEP1, including δ13Cbulk

shown as raw data and as mean values in 500-year bins, the rate of C accumulation shown in 500-year bins, and the reconstructed δ2H values of plant-available
water (Figure 5). Hydroclimate proxy interpretations include increases in C3-plant water use efficiency (WUE), the stability of wetland water table depth (WTD),
changes in the contribution from storm-derived vs. tradewind (TW) rain, and wetter periods (blue shading) and drier periods (red shading).

FIGURE 8 | Sea level pressure (SLP) anomalies in the North Pacific region averaged for the three January periods with the most enriched (A) and most depleted (B)
δ2H values of rainfall for the grid box spanning the islands of Maui Nui (Risi et al., 2012).
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Although no seasonal differences are detectable in modern
rainfall (Figure 5C) the warm season precipitation regime during
the Holocene is less well understood. Interactions between
tropical Pacific zonal SST gradients and interhemispheric tropical
SST gradients affect not only the position of the Intertropical
Convergence Zone in terms of shifts in the latitude position
(Donohoe et al., 2013; McGee et al., 2014) but also the
strength of the Hadley Cell circulation and potentially the
meridional width of the Hadley circulation. All these factors
could affect precipitation in Hawai‘i during the warm season
and thus play an important role in the hydroclimatic changes
during the Holocene.

Our new data show that early Holocene aridification at
Pēpē‘ōpae was interrupted by wet conditions around 3 ka. It has
been argued that the dominant climate forcing mechanism in the
Pacific since about 4 ka has switched from external influence of
insolation to internal influence by ENSO and PDO-like modes
of circulation (Conroy et al., 2008; Anderson et al., 2016).
Reconstructed peatland water δ2H values decrease by more than
30h and reach a minimum around 3 ka (Figure 7), reflecting a
shift toward more isotopically depleted extratropical/subtropical
storms at the study site (Scholl et al., 1996). In the Risi et al.
(2012) data set, cold months with the most 2H-depleted rain (the
bottom three Januaries) over Moloka‘i show higher pressure to
the northeast (Figure 8). The high pressure anomaly indicates
an atmospheric pattern that can enhance storm activity west
of the ridge. The decreased peatland water δ2H values during
the period around 3 ka suggest that wintertime North Pacific
circulation shifted toward a retracted upper level westerly wind
jet that enabled more frequent intrusion of extratropical storm
activity into the central subtropical Pacific (Seager et al., 2010).
Alternative mechanisms should be also considered, and ideally
supported by model simulations, in the interpretation of these
millennial scale regional signals, e.g., changes in the Hadley cell
or Walker circulation impacts on summer precipitation. Finding
ways to disentangle winter and summer precipitation signals
from multivariate proxy data is a worthwhile goal for future
research projects.

Hydroclimatic conditions at Pēpē‘ōpae are generally drier
after 2 ka. Reconstructed peatland water δ2H values suggest
tradewind-dominated rainfall, similar to rainfall values at the
site today. The millennium preceding arrival of the first people
in Hawai‘i was drier than previous times with potentially an
increased frequency of stronger Aleutian Low conditions in the
North Pacific (Bailey et al., 2018). Recent analysis of rainfall
observations since 1920 show an overall drying in Hawai‘i,
including East Moloka‘i (Frazier and Giambelluca, 2017), that
appears to be continuing an overall drying trend in Hawaii
since 1500 (Diaz et al., 2016). The hydroclimate proxy data
from Pēpē‘ōpae suggest that this overall drying began as
early as 2 ka BP.

CONCLUSION

The environmental proxy data from Pēpē‘ōpae provide a
high quality continuous record of Holocene ecological and

hydroclimatic change from a windward mid-elevation wet forest
in Hawai‘i. The montane peatland is a carbon hot-spot today,
storing 144 kg C m−2, but has had a dynamic history of carbon
accumulation. The distribution of n-alkanes in peat and modern
plants suggests that leaf litter inputs in the peatland over time
have not been static, but shifted among dominant plant types
in response to climate. We generated a best-estimate chronology
for a previously published but undated fossil pollen record
from the site, that showed increases in dry-adapted taxa in
upwind forests during periods of reduced carbon accumulation
at Pēpē‘ōpae. Wet hydroclimatic periods around 9 and 3 ka
corresponded to negative departures in the hydrogen stable
isotope ratios of sedimentary C29 n-alkanes, consistent with
increases in storm-derived rainfall that promoted more stable
water table levels. Multi-centennial dry periods have occurred
since the mid-Holocene that lack a strong storm rain signal in
leaf wax hydrogen stable isotope values. Varying contributions
of storm rain to annual totals at the study site are likely tied
to the strength and position of the upper level jet stream. This
study is the first in Hawai‘i to provide a continuous organic
sedimentary record of links between hydroclimate, vegetation,
and montane belowground carbon sequestration for this part of
the North Pacific. Developing a network of sites across gradients
in the Hawaiian Islands should be a research priority to better
understand North Pacific circulation using the terrestrial proxy
view from these isolated islands.
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