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Interglacial Hydroclimate in the
Tropical West Pacific Through the
Late Pleistocene
A. N. Meckler,1,2* M. O. Clarkson,3 K. M. Cobb,4 H. Sodemann,5 J. F. Adkins1

Records of atmospheric carbon dioxide concentration (PCO2) and Antarctic temperature have
revealed an intriguing change in the magnitude of interglacial warmth and PCO2 at around
430,000 years ago (430 ka), but the global climate repercussions of this change remain
elusive. Here, we present a stalagmite-based reconstruction of tropical West Pacific hydroclimate
from 570 to 210 ka. The results suggest similar regional precipitation amounts across the four
interglacials contained in the record, implying that tropical hydroclimate was insensitive to
interglacial differences in PCO2 and high-latitude temperature. In contrast, during glacial
terminations, drying in the tropical West Pacific accompanied cooling events in northern high
latitudes. Therefore, the tropical convective heat engine can either stabilize or amplify global
climate change, depending on the nature of the climate forcing.

The study of past interglacial climates pro-
vides valuable insight into natural climate
variability under conditions roughly sim-

ilar to those of the present day, but with differ-
ences in atmospheric carbon dioxide concentration
(PCO2) (1) and astronomic forcing. Especially in-
triguing is a step-like increase in interglacial Ant-
arctic temperature (2), global ice melting (3), and
PCO2 (4, 5) that took place at roughly 430,000
years ago (430 ka) and is referred to as the
Mid-Brunhes Event (MBE). To understand the
underlying cause of this shift toward warmer
interglacials, it is crucial to establish the global
signature of interglacial climates during that time,
but sufficiently long records, especially from low
latitudes and terrestrial archives, are sparse. Be-
cause PCO2 and ice cover affect the planet’s ra-
diative balance, a global change in interglacial

climate at the MBEmight be expected. Although
many marine sea surface temperature (SST) re-
constructions from around the globe show qual-
itatively similar changes to those observed in
Antarctica (6), the few available lower-latitude
SST reconstructions (7–9) from this time period
do not show the same consistent increase in post-
MBE interglacial temperatures. Given that many
models simulate strong dynamical links between
high-latitude and tropical climate [e.g., (10)], more
tropical records are required to test and improve
our understanding of low-latitude climate sensi-
tivity to a range of different forcing factors.

Here, we present stalagmite records from
northern Borneo (4°N, 115°E; fig. S1) that span
several glacial-to-interglacial cycles and include
the MBE. We reconstruct Warm Pool hydrocli-
mate from the oxygen isotope (d18O) variability
recorded in three stalagmites with overlapping
growth periods. Borneo lies in the West Pacific
Warm Pool, which is an important heat and mois-
ture source for higher latitudes (11). Although
there is little seasonality inmodern rainfall amount
at our site, the isotopic composition of precipita-
tion varies seasonally by up to 2 to 3‰ (12), with
the most enriched d18O values occurring in Feb-
ruary and March, when the intertropical conver-

gence zone (ITCZ) is furthest south of our site.
However, on interannual time scales, the El Niño–
Southern Oscillation (ENSO) phenomenon dom-
inates both precipitation amount and d18O, with
El Niño events resulting in large-scale drying and
rainfall d18O that is roughly 5 to 6‰ higher than
average (12). Two recent studies of water iso-
topes in the same area conclude that regional
(much more than local) rainfall amount is the
main driver for rainfall d18O variability on in-
traseasonal and longer time scales today (13) and
during modeled millennial-scale events in the
past (14).

We analyzed stalagmites from three different
caves in GunungMulu andGunung Buda Nation-
al Parks, each about 5 to 10 km apart. The
stalagmites were dated by 238U-234U-230Th mea-
surements (15) and cover the time period from
570 (T20) ka to 210 (T10) ka [from marine iso-
tope stage (MIS) 13 to the beginning of MIS7],
with some gaps due to hiatuses. Sample GC08
covers the whole time period, whereas samples
Squeeze1 and WR5 yield shorter records that
overlap GC08. In comparison to other cave sys-
tems, dating of these stalagmites is challenging
due to their unusually low 234U/238U ratios and/or
low U concentrations (fig. S4 and tables S1 to
S3). The old age of the samples exacerbates these
dating issues. Furthermore, there is evidence that
slight open-system exchange of U has affected
sample GC08, requiring us to model the ages in
this stalagmite by assuming a constant initial
234U/238U ratio (15). Varying detrital 230Th con-
tamination cannot explain the age reversals in
this stalagmite, owing to the short half-life of
230Th compared to the age of our samples (15).
The error assigned to the assumed constant initial
234U/238U ratio leads to increased age uncertainty
in the GC08 chronology, with individual age er-
rors ranging from T9200 to T13,500 years (2s;
table S1), limiting our ability to compare the
millennial-scale timing of climate change in Bor-
neo with other records. The age constraints are
sufficient, however, to identify each interglacial
stage, which is the main focus of this study. In
sample WR5, open-system alteration might also
have occurred but cannot be corrected for (15).
The d18O record from this stalagmite therefore
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only serves as a check on the overall structure
of the GC08 d18O record. In contrast, sample
Squeeze1 yielded a reliable age model without
age reversals and can be used to confirm that the
stalagmite d18O records are not affected by the
process(es) that altered the U isotopic compo-
sition in GC08 (and potentially WR5).

Samples for oxygen isotope analysis (15)
were drilled along the stalagmite growth axes at
1-mm increments, which on average corresponds
to 75 years in Squeeze1, 650 years in GC08, and
1000 years in WR5. Equilibrium calcite precip-
itationwith respect to d18O is supported by several
lines of evidence (15) (fig. S2), most importantly
by the good reproducibility (within age uncer-
tainty) of the d18O signal in the three stalagmites
from different caves (Figs. 1 and 2 and fig. S3).
Hence, the variations in carbonate d18O are ex-
pected to faithfully record changes in the d18O
of drip water (modulated by any changes in the
equilibrium carbonate-water fractionation due to
changes in cave temperature). The reproducibil-
ity of the carbon isotope (d13C) records from
Borneo is generally much poorer (fig. S3), sug-
gesting that this proxy is governed by cave-specific
factors (16), with climate exerting a lesser
influence.

The stalagmite d18O time series reveal large
variations with maximum peak-to-peak differ-
ences of 3.0 to 4.3‰. Both the peak-to-peak
differences and the absolute values of d18O are
similar to those of the Borneo stalagmite record
spanning the last glacial termination (17) (Fig. 1,
yellow-orange lines). During the last degla-
ciation, the highest d18O values were observed
just after the Last Glacial Maximum, during the
time of Heinrich Event 1, and were interpreted as
reflecting strong regional drying (17). Although
their exact timing and duration are not resolvable
by our age model, we interpret the pronounced
d18O maxima (–5.6 to –6.6‰) in the longer
record likewise, as deglacial drying phases that
occurred after glacial maxima. Apart from these
distinct deglacial periods, maximum glacial d18O
values are –7.2 to –7.3‰ (table S4), similar to
values for the Last Glacial Maximum. Interglacial
periods are characterized by minimum d18O val-
ues of –9.3 to –9.5‰, comparable to values for
actively growing stalagmites from northern Borneo
caves.

Glacial-to-interglacial (G-IG) changes of 2.0
to 2.2‰ in stalagmite d18O represent a combina-
tion of changes in temperature and the d18O of
precipitation (table S4). G-IG temperature-change
estimates in the surrounding warm pool are 1.0°
to 4.5°C during the same time interval (7, 9) (Fig.
2E), which would only account for variations in
stalagmite d18O of 0.2 to 0.9‰, if cave temper-
ature change was the same. Therefore, most of
the G-IG changes in stalagmite d18O must be due
to changes in the d18O of precipitation, reflecting
changes in source water d18O, atmospheric mois-
ture transport pathway, or regional precipitation
amount. Reconstructed glacial enrichment in source
water d18O was +0.6 to +1.3‰ (7, 9) and is

poorly constrained (fig. S9 and table S4). On
glacial-interglacial time scales, moisture transport
to Borneo was likely influenced by the varying
exposure of the adjacent Sunda Shelf (fig. S1),
but the effect on the d18O of rainfall is diffi-
cult to constrain. The probably increased length
of moisture transport pathways, especially over
land, could have led to isotopically more de-
pleted rainfall during glacial maxima, counter-
acting temperature and source water d18O changes.
Although the magnitude therefore remains un-
certain, we interpret the stalagmite d18O record as
reflecting changes in regional hydrology, with
drier glacial periods (higher d18O) compared to
interglacials (lower d18O).

The overall structure of the Borneo record
suggests a strong precession influence (Fig. 2),
similar to that in records of the East Asian and
Australian-Asian summer monsoons (18, 19).
The phasing of the Borneo stalagmite d18O re-
cord with respect to precession cannot be con-
strained with confidence, given the age constraints.
Of particular note, the new records clearly reflect
a diminished precessional cyclicity between 460
and 360 ka, when precessional forcing was weak.
The 100,000-year (100 ky) glacial-interglacial
cycle is also apparent in Borneo, most promi-
nently in the pronounced deglacial d18Omaxima.
However, the dominance of the precession signal
indicates that regional changes in the seasonal
distribution of insolation have a large influence
on tropical West Pacific hydroclimate, compared
to the effects of high-latitude climate change, which

is characterized by strong 100-ky “sawtooth” var-
iability (Fig. 2D).

In contrast to records of PCO2 and high-
latitude climate, the Borneo stalagmite d18O
record shows no change in the magnitude of in-
terglacial values across the MBE. The average
peak interglacial d18O value for MIS13 (–9.31 T
0.12‰, 1 SD, N = 11) is indistinguishable from
those of MIS11 (–9.33 T 0.25‰), MIS9 (–9.54 T
0.11‰), and MIS7 (–9.43 T 0.12‰). This find-
ing is robust with regard to age uncertainties and
will be discussed in more detail below. The du-
ration of MIS11 in the Borneo stalagmite d18O
records seems much longer than in other climate
records (Fig. 2), although dating errors are large
during this interval. Within MIS11 and MIS9,
d18O varies by 0.6 to 1.2‰ (range of differences
between adjacent maxima and minima), similar
to the change in d18O over the course of the
Holocene (17). Although our age model does not
permit assessment of the length of such sub-
orbital features, both of the stalagmite d18O
records that span MIS11 reveal at least six
distinct d18O excursions, indicating that substan-
tial climate variability occurred in the tropical
West Pacific during past interglacials.

The large, steep increases in d18O during
terminations cannot be explained by changes in
temperature or source water composition and im-
ply substantial hydrological changes, possibly
associated with profound drought. A drastic cir-
culation change could also cause elevated d18O
of precipitation—for example, through a more
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Fig. 1. Borneo stalagmite d18O records. Data from this study are from samples GC08 (dark blue),
Squeeze1 (light blue), and WR5 (green), with age markers and 2s error bars shown below. Also plotted is
the published record for the last glacial termination from the same location (17) (yellow-orange lines).
Interglacial marine isotope stages (MIS) and glacial terminations (T-) are indicated at the top, and H1 is
Heinrich event 1. Light and dark gray bars on the right show range of interglacial and glacial values,
respectively, and black arrows highlight d18O maxima interpreted as deglacial drying phases. The age
model of GC08 is based on the assumption of constant initial d234U, to correct for open-system behavior
(15). For GC08, the age error bars therefore include the assigned error of the initial d234U of T12‰, in
addition to analytical errors. In the younger part of the GC08 record, the range of age errors is indicated
by smallest and largest error bar below age markers. The orange double-arrow highlights a large age
reversal in WR5 (compare to fig. S5). Within age uncertainty, the d18O signal replicates well among the
three different caves. Both trends and absolute values are similar to the record for T-I.
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local vapor source or a strong dominance of
northern trajectories, which today bring the most
enriched rainfall (12). One possible scenario is
that the ITCZwas shifted sufficiently south that it
remained south of northern Borneo during most
of the year, affecting both water vapor transport
and regional rainfall amount. The combination
of early Southern Hemisphere warming and
millennial-scale cooling in the Northern Hemi-
sphere, accompanied by changes in ocean cir-
culation, could have triggered such conditions
(20). This possibility is consistent with the Weak
Monsoon Intervals observed in China during the
last four terminations (18) (Fig. 2F). It is inter-
esting to note that themagnitude of the stalagmite
d18O maxima that occur during glacial termina-
tions decreases progressively from Termination
V to Termination III, similar to the observed

trend in glacial ice volume (3) (Fig. 2D) and other
marine records (21), but unlike Antarctic temper-
ature and global PCO2. This trend cannot be ex-
plained by changes in source water d18O (table
S4). Although it is possible that we missed the
most positive d18O excursions during Termina-
tions IV and III due to hiatuses, the similarity of
the trend in stalagmite d18O maxima to the trend
in benthic d18O, a proxy for glacial ice volume, is
pronounced. If it holds true, this observation lends
support to studies linking the size and instability
of northern hemispheric ice sheets to the severity
of deglacial Heinrich events and associated dis-
placements of ITCZ and mid-latitude wind sys-
tems (20, 21).

Our data show that in northern Borneo hydro-
climate varied substantially within interglacials,
but did not change across the MBE, suggesting

that the step change in high-latitude interglacial
climate did not extend into the deep tropics. This
notion is supported by the small change in in-
terglacial temperature in tropical SST records (8)
and the absence of the MBE in some terrestrial
records from lower mid-latitudes (22–24). That
the post-MBE increase in interglacial PCO2 did
not seem to affect low-latitude climate may be an
earlier manifestation of the “polar amplification
effect” (25), whereby high-latitude albedo-related
feedbacks involving changes in sea ice and/or
snow cover translate to a larger sensitivity of high-
latitude climate to changes in greenhouse gas
forcing (26). Additionally, the geographic pattern
of climate responses might have been modulated
by variations in Earth’s orbital configuration, as
proposed by a recent modeling study (27) sug-
gesting that insolation changes counteracted the
MBE change in PCO2 in the Northern Hemi-
sphere. However, existing records from northern
mid- to high latitudes are equivocal (28, 29).

With small changes in interglacial temperature
suggested by tropical SST records, the latitudinal
temperature gradient decreased in post-MBE in-
terglacials, but apparently with no discernible ef-
fect on tropical West Pacific hydrology. Instead,
overhead insolation remained the dominant forc-
ing factor during interglacials, irrespective of
changing PCO2 and latitudinal temperature gra-
dients, providing an important target for climate
model simulations. As the region is an important
heat and moisture source for the global climate
system (11), the lack of response to the high-
latitudeMBE change could potentially have been
transferred to the mid-latitudes. The strong dry-
ing observed during terminations, by contrast,
may imply less moisture and latent heat export,
constituting a potential positive-feedback mech-
anism during the millennial-scale high-latitude
cooling events. This difference in response sug-
gests that with regard to high-latitude climate
forcing, tropical West Pacific climate may be
more sensitive to transient and/or rapid changes
in high-latitude climate and ocean circulation than
to differences in steady state.
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Global Honey Bee Viral Landscape
Altered by a Parasitic Mite
Stephen J. Martin,1* Andrea C. Highfield,2 Laura Brettell,1 Ethel M. Villalobos,3

Giles E. Budge,4 Michelle Powell,4 Scott Nikaido,3 Declan C. Schroeder2*

Emerging diseases are among the greatest threats to honey bees. Unfortunately, where and when
an emerging disease will appear are almost impossible to predict. The arrival of the parasitic
Varroa mite into the Hawaiian honey bee population allowed us to investigate changes in the
prevalence, load, and strain diversity of honey bee viruses. The mite increased the prevalence
of a single viral species, deformed wing virus (DWV), from ~10 to 100% within honey bee
populations, which was accompanied by a millionfold increase in viral titer and a massive reduction
in DWV diversity, leading to the predominance of a single DWV strain. Therefore, the global
spread of Varroa has selected DWV variants that have emerged to allow it to become one of the
most widely distributed and contagious insect viruses on the planet.

The emergence of infectious diseases is
driven largely by socioeconomic, environ-
mental, and ecological factors (1), and these

diseases have significant effects on biodiversity,
agricultural biosecurity, global economies, and
human health (2, 3). The honey bee is one of the
most economically important insects, providing
crop pollination services and valuable hive pro-
ducts (4). During the past 50 years, the global
spread of the ectoparasitic miteVarroa destructor
has resulted in the death of millions of honey bee
(Apis mellifera) colonies (5). There is general
consensus that the mites’ association with a range
of honey bee RNAviruses is a contributing factor
in the global collapse of honey bee colonies
(5–10), because the spread ofmites has facilitated
the spread of viruses (11, 12) by acting as a viral
reservoir and incubator (13). In addition, the
mites’ feeding behavior allows virus to be trans-
mitted directly into the bees’ hemolymph, thus
bypassing conventional, established oral and sex-
ual routes of transmission. In particular, deformed
wing virus (DWV) has been associated with the

collapse of Varroa-infested honey bee colonies
(5, 8, 14–16), because it is ubiquitous in areas
where Varroa is well established (6, 9, 17, 18).
The rapid global spread of Varroa means that
very little is known about the natural prevalence,
viral load, and strain diversity of honey bee
viruses before the Varroa invasion (15). Such
data are important, because most honey bee viral
infections were considered harmless before the
spread of Varroa (9). Large-scale loss of honey
bee colonies has been associated with viruses
vectored by Varroa (5). The recent arrival and

subsequent spread of Varroa across parts of the
Hawaiian archipelago has provided an opportu-
nity to study the initial phase of the evolution of
the honey bee–Varroa–DWVassociation. So far,
colony collapse disorder (CCD) (6) has not been
reported in Hawaii (19), but all of the associated
pests and pathogens are present.

European honey bees (Apis melliferaL.) were
first introduced toHawaii fromCalifornia in 1857.
Theywere largelymanaged, but feral populations
were soon established on every major island in
the archipelago (20). Hawaii remained Varroa-
free until August 2007, when the mite was dis-
covered throughout Oahu Island. A subsequent
survey by S. Nikaido and E. Villalobos during
2007–2008 recorded the collapse of 274 of 419
untreated colonies belonging to beekeepers. The
disappearance of feral colonies from urban areas
on Oahu was also noticed by beekeepers and pest
control officers. Despite quarantine measures, the
mite spread to Hilo on the Big Island in January
2009, where it survived an eradication attempt
and by November 2009 had spread throughout
the southern region of the island (Fig. 1). By
November 2010, Varroa occurred throughout
the Big Island. However, the islands of Kauai
and Maui remained mite-free, and no unusual
colony losses or disease problems have been
reported there (19). The aim of this study was to
investigate the influence that Varroa has in the
spread of honey bee viruses during the initial
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Fig. 1. (A) The four main Hawai-
ian Islands, showing the distribu-
tion of Varroa during 2009. Green
and brown indicate Varroa-free
and Varroa infested areas respec-
tively. Dots indicate the location
of each study apiary. By November
2010,Varroawas present through-
out theBig Island. The co-occurrence
of the Varroa mite (B) and DWV
can result in overt symptoms of (C)
deformed wings in honey bees, al-
though many nondeformed bees
also carry high DWV loads.
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