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New Ideas about Late Holocene Climate
Variability in the Central Pacific
Melinda S. Allen

Department of Anthropology, University of Auckland, Pri-
vate Bag 92019, Auckland, New Zealand (ms.allen@auckland.
ac.nz), 25 XI 05

Pacific archaeologists, geographers, and other social scientists
have long used a model of Late Holocene climate change based
largely on other regions of the world. In high-latitude regions,
two major climate periods have been recognized: the Medieval
Warm Period, dated to ca. AD 900–1200, and the Little Ice
Age, dated to ca. AD 1550–1900. However, new evidence from
long-lived Pacific corals, along with more general climate
modelling, suggests that while the rest of the world was ex-
periencing the Medieval Warm Period, conditions in the trop-
ical Pacific were cool and possibly dry. Similarly, during the
Little Ice Age the central Pacific was comparatively warm and
wet and stormy conditions more common. A significant body
of new evidence points to substantial climate variability in
the central Pacific over the past millennium. Changing back-
ground climate, El Niño–Southern Oscillation variability, and
the potential for regional variation are here considered with
an eye to understanding the potential influence of climate on
prehistoric human populations in the central Pacific region.

For the past 50-odd years, Pacific archaeologists, geographers,
and other social scientists have been using a model of Late
Holocene climate change based largely on climate variability
known from other regions of the world (e.g., Fagan 2000;
Grove 1988; Lamb 1965). Until recently, there was little reason
to suspect that conditions in the central Pacific diverged from
those of the Northern Hemisphere, where two major climate
periods are recognized: the Medieval Warm Period (MWP,
also known as the Little Climatic Optimum), dated to ca. AD
900–1200, and the Little Ice Age (LIA), when temperatures
were up to 1.2�C cooler (relative to the long-term average),
dated to ca. AD 1550–1900 (following Jones, Osborn, and
Briffa 2001, 665). Increasingly, however, there is evidence to
suggest global variability in the timing, duration, and char-
acter of these two periods (Jones et al. 1998; Jones, Osborn,
and Briffa 2001; Jones and Mann 2004). In the central Pacific,
both observational studies and climate modelling now suggest
that the MWP was relatively cool and the LIA relatively warm,
the inverse of Northern Hemisphere conditions. Further,
other parameters of climate may have been variable within
the Central Pacific region. While not promoting an environ-
mental determinist perspective, I argue that it is necessary to
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evaluate the potential influences of climate variability, at a
variety of scales, on Pacific peoples and the biota and land-
scapes with which they interact; the newly available paleocli-
mate records will greatly facilitate our efforts to do so.

Climate Variability and Cultural Change in
Polynesian Prehistory

The question of how climate variability has shaped human
societies has been much debated (e.g., Betancourt and Van
Devender 1981; Dean et al. 1985; Lamb 1977; Upman 1984),
and climatic explanations have often been rejected as overly
deterministic. However, with growing recognition of the im-
pact that climate has on our own lives (e.g., Barnett 2001;
Gillespie and Burns 2000; Watson, Zinyowera, and Moss
1998), climatic explanations of prehistoric cultural change
appear to be gaining increasing acceptability. A number of
recent analyses by both anthropologists and natural scientists
have explored the relationships between periods of significant
social and economic change and dimensions of climate (e.g.,
deMenocal 2001; Fagan 2000; Hodell et al. 2004; Hoegh-Guld-
berg et al. 2000; Jones et al. 1999; Kennett and Kennett 2000;
Richerson et al. 2001). These kinds of studies have been most
successful in temperate regions, where high-resolution paleo-
climate records are comparatively plentiful.

Perhaps not surprisingly, early interest in the role of climate
in cultural change in the Pacific also derives from a temperate
locality. The two South Pacific islands that constitute New
Zealand (fig. 1) were settled by tropical Polynesian colonists
(people today known as Maori) at least 700 years ago (see
Higham and Jones 2004). More than 50 years ago, Raeside
(1948) suggested that changes in South Island vegetation,
soils, and sedimentation rates indicated slightly warmer tem-
peratures (possibly by 2�C) in the relatively recent past, con-
ditions which he linked to the Northern Hemisphere MWP.
Lockerbie (1950) subsequently drew on this evidence to ex-
plain an apparent geographic contraction in Maori gardens
over time, suggesting that areas of the country that are today
too cold for productive cultivation of traditional crops had
been more suitable on the Polynesians’ arrival (see also Cum-
berland 1962; Green 1963; Yen 1961). Subsequently, climate
became an integral part of Leach and Leach’s (1979) expla-
nations of cultural change at Palliser Bay, at the southern end
of the North Island, where they argued that the onset of the
LIA, coupled with human activities, led to significant erosion,
deterioration of both terrestrial and marine resources, and
eventually abandonment of the coast by local Maori except
for the occasional gathering of seafood.

More recently, climate variability in the Late Holocene (the
past one to two millennia [following Williams and Wigley
(1983]) has been invoked to explain a variety of cultural
phenomena in tropical Pacific localities. Climate-based mod-
els of cultural change can be roughly divided into two groups,
those which consider climatic variability as a general condi-
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Figure 1. The Pacific, with localities that are discussed at length indicated
in boldface.

tion and those which attempt to correlate specific climate
parameters with environmental and/or cultural change. As an
example of the former, climate variability has been suggested
to have promoted cultural elaboration in central East Poly-
nesia (Graves and Ladefoged 1995), Rapa Nui, and Hawai’i
(Hunt and Lipo 2001). More specific parameters of climate
variability have also been explored. Bridgman (1983), for ex-
ample, argued that increased storminess associated with the
LIA led to a decline in long-distance voyaging, an idea that
has been further considered by a number of archaeologists
working in the East Polynesian region. Others have suggested
that the near-complete deforestation of Rapa Nui stemmed
from increasing aridity rather than human impacts (Hunter-
Anderson 1998; McCall 1994; Orliac 2000; but see Bahn and
Flenley 1992 and Diamond 2005). Similarly, Nunn (2000a)
posits that the appearance of storage mechanisms on Tikopia
Island, the abandonment of pearl-shell fishhooks on Aitutaki
in the southern Cook Islands, and declines in terrestrial pro-
ductivity on Rapa Nui relate to the onset of cooler temper-
atures during the LIA. One of the most in-depth analyses of
the relationship between climate variability and changing pat-
terns of settlement and subsistence has been that of Julie Field
(2003, 2004) on Viti Levu Island in Fiji.

Recognition of climate change or lack thereof has also
played a role in our understanding of Pacific colonization. In
the southern Cook Islands, for example, ideas about the tim-
ing of human settlement hinge on our ability to differentiate
climate-induced vegetation disturbances from those related
to human activities. For at least 1,000 years, the ∼1,200-km
expanse of open ocean between West Polynesia (Samoa and
Tonga) and the southern Cook Islands impeded human set-
tlement of more eastern islands and altogether excluded sev-
eral other species (see Thorne 1963, 314). Some argue that
marked vegetation changes seen in local pollen cores, first at
around 450 BC and again at around AD 350, may reflect the
arrival of Polynesian explorers and/or colonists (Kirch and
Ellison 1994; Kirch et al. 1992); others (Spriggs and Anderson
1993) point out that the archipelago’s earliest archaeological
sites are no older than ca. 1,000 years, suggesting that earlier
vegetation changes may relate to climate variability. Precise
information on past climate conditions has been lacking, and
the issue remains unresolved. Most recently, Anderson et al.
(2006) have considered another climate-related aspect of the
colonization process, suggesting that pulses of voyaging and
settlement correlate with periods of intensified El Niño ac-
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tivity and the anomalous westerly winds which prevail under
such conditions (see also Finney 1985).

Old Ideas about Late Holocene Climate Change in
the Pacific

Until quite recently, paleoclimate data from Pacific island
localities, particularly data relevant to the Late Holocene, were
limited (Allen 2005; Nunn 1999, 278). Proxy data sources that
have proven useful in temperate regions (e.g., speleothems,
varved lake sediments, tree ring sequences, ice cores) are rare
or absent in the tropics, and long historical documentary
records are comparatively scarce. Nevertheless, the potential
impact of climate change has been recognized by a number
of prehistorians, as outlined above. In recent years, the ge-
ographer Patrick Nunn (1991, 1998, 1999, 2000a, 2003; Nunn
and Britton 2001) has drawn on a wide range of paleoclimate
proxies in an effort to refine ideas about Late Holocene cli-
mate in the Pacific and evaluate its effects on the region’s
human populations. Evidence from the continental margins
has been particularly important in this effort, augmented by
oxygen isotope analysis of a New Zealand stalagmite (after
Wilson, Hendy, and Reynolds 1979) and Nunn’s own sea-
level studies from Pacific island localities (1998, 2000b), data
he has used as proxy indicators of temperature change. Nile
River flow data (from Anderson 1992), which suggest changes
in El Niño–Southern Oscillation (ENSO) frequency around
AD 1300, have also been incorporated into Nunn’s climatic
framework. Drawing on these varied records, Nunn (2000a,
716) has identified the MWP as a warm, dry period (relative
to today) with persistent trades, extending from about AD
750 to 1250, and the LIA as a cool, dry period with increased
storminess between AD 1350 and 1850. Nunn (2000a; Nunn
and Britton 2001) has also been particularly interested in the
MWP/LIA transition. He suggests that initially there was a
significant but short-lived increase in precipitation, followed
by an abrupt shift to the cooler conditions of the LIA. Spe-
cifically, he argues that this transition was so rapid (less than
a century) that it precipitated a series of environmental and
social “catastrophes.” He links an array of geomorphic and
biotic changes to this “AD 1300 event” (Nunn 1999, 2000a)
and suggests that it led to significant disruptions in human
settlement, subsistence, and voyaging, as well as increases in
competition and warfare, throughout the Pacific, including
parts of Micronesia and the Hawaiian Islands.

Nunn’s (2003; Nunn and Britton 2001) explicitly environ-
mental determinist approach to explaining so many aspects
of cultural change in the Pacific has met with some scepticism.
That argument, however, is not the main concern here.
Rather, the intent of this paper is to draw attention to some
relatively new evidence for paleoclimate conditions in the
Pacific, along with new ideas about global variability in climate
over the past millennium. These new data suggest that the
model of Late Holocene climate change initially developed in
New Zealand, based on Northern Hemisphere patterns, ex-

tended to the Pacific islands by Nunn (1991, 1999, 2000a,
2003; Nunn and Britton 2001), and used in the past by a
large number of Pacific scholars (myself included), is inap-
propriate for the central Pacific.

New Paleoclimate Evidence for Late Holocene
Conditions in the Central Pacific

As outlined above, past reconstructions of paleoclimate con-
ditions in the central Pacific have been developed largely on
the basis of evidence from areas outside the region. Recent
research, however, shows that teleconnections between the
Pacific and other regions have varied over time: agreement is
sometimes strong and sometimes not, for reasons that are
not always well understood. Fortunately, paleoclimate proxy
records are now available from several Pacific island localities.
Most important among these are those from long-lived corals,
which are allowing for sometimes continuous and generally
high-resolution (often monthly) reconstructions (e.g., Cobb
et al. 2003a; Hendy et al. 2002; Linsley, Wellington, and Schrag
2000; McCulloch et al. 1996; Tudhope et al. 2001; Urban,
Cole, and Overpeck 2000; Woodroffe, Beech, and Gagan
2003). Modern and fossil coral studies have been spurred by
interest in the ENSO system, the quasi-periodic cycle of al-
ternating warming (El Niño) and cooling (La Niña) phases
which stems from ocean-atmosphere coupling in the equa-
torial Pacific. While debate continues as to the specific mech-
anisms responsible for climate variability at millennial, cen-
tennial, and decadal time scales, it is now generally agreed
that the tropical Pacific has played an important role in global
climate change (e.g., Cobb et al. 2003a; Deser, Phillips, and
Hurrell 2004; Kiladis and Diaz 1989; Labeyrie et al. 2003;
Loubere et al. 2003; Trenberth et al. 1998). Key for archae-
ologists working in Remote Oceania (the region east of the
Solomon Islands, after Green 1991), where human occupation
dates to approximately the past 3,000 years, is the growing
number of Late Holocene paleoclimate records. While some
of these are of limited relevance to Pacific prehistory in that
they predate human arrival or relate only to the past few
centuries (see Gagan et al. 2000), the emerging finds are in-
triguing and, along with more general models of paleoclimate
process, are relevant to our understanding of human eco-
dynamics in the tropical Pacific.

Paleoclimate studies involving long-lived corals utilize geo-
chemical characteristics of the coral skeleton. Similarly to
trees, with their annual growth rings, corals produce incre-
mental bands that vary in density over an annual cycle, mainly
in response to temperature and light, and allow for estimation
of a coral’s age. Further, changing patterns of sea surface
temperature and salinity are recorded in the coral’s aragonite
skeleton through the ratio of two stable oxygen isotopes, the
rare 18O and the more common 16O, expressed as O. Porites18d

corals in particular have been favoured because of their dense
skeletons and rapid growth rate (8–20 mm/year) (Tudhope
et al. 2001). While analysts generally have been able to dem-
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Figure 2. Summary of proxy records relevant to Pacific climate in the
Late Holocene. Palmyra coral O: record of monthly resolved coral18d

O (thin black horizontal lines) shown with ten-year running average18d
(thick white horizontal lines) relative to the average of the Palmyra modern
coral O for the period AD 1886 to 1975 (grey vertical line) from Cobb18d
et al. (2003a, fig. 5). The dating error for all five coral sequences is �

yrs. or less. Radiative forcing: data from Mann et al. (2005, fig. 1a),10
shown as . Great Barrier Reef, Rarotonga coral Sr/Ca: reconstruc-�2W/m
tions of sea surface temperature anomalies based on coral Sr/Ca records
from Hendy et al. (2002, fig. 2) and Linsley, Wellington, and Schrag
(2000). Hendy et al. resampled the records to equivalent five-year averages
and normalized the series to the common period of AD 1860 to 1985.
New Caledonia coral O: reconstruction of interannual (thin black hor-18d
izontal line) and interdecadal (thick white horizontal line) coral O record18d
from Amédée Lighthouse from Corrège et al. (2001, 3478, fig. 2). Laguna
Pallcacocha ENSO record: reconstruction of number of ENSO events in
100-year nonoverlapping windows, based on data from Moy et al.
(2000b).

onstrate close correspondences between modern instrument
records and temperatures reconstructed from coral O, coral18d

trace-element compositions, especially strontium/calcium (Sr/
Ca) ratios but also uranium/calcium (U/Ca) ratios, measure
temperature variation alone and are considered by some (e.g.,
Hendy et al. 2002; Corrège et al. 2001, 3477–78; Linsley, Wel-
lington, and Schrag 2000; Stephans et al. 2004) to be better
indicators of past sea surface temperature. For example,
Hendy et al. (2002, 151), comparing of O, Sr/Ca, and in-18d

strumental sea surface temperature from multiple sites, argue
that the O signal in the southwestern Pacific is sea-surface-18d

salinity-dominated. Others (e.g., Cobb et al. 2003a; Kilbourne
et al. 2004) have found the reverse, highlighting both the
possibility of regional variation in the strength of sea-surface-
temperature– O relations (see above references for discus-18d

sions of potential confounding factors) and the advantages
of measuring both trace elements and O.18d

Among the more lengthy Late Holocene Pacific climate
reconstructions is one from Palmyra in the equatorial Line
Islands. Here monthly-resolved records of 30- to 150-year
intervals are available for a period of 1,100 years (Cobb et al.
2003a, 2003b). Although this study relies on O alone, the18d
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authors demonstrate strong correlations with the regional
twentieth-century instrument records. Within this 1,100-year
period, five time intervals were examined (fig. 2), three rep-
resented by multiple overlapping fossil coral records which
were spliced together, a procedure that increases the number
of independent observations of a climatic state at a given time
interval. Additional coral proxy records come from the Aus-
tralian Great Barrier Reef, Rarotonga in the southern Cook
Islands, and New Caledonia (see fig. 2). At the Great Barrier
Reef site, Hendy et al. (2002) utilized multiple measures (Sr/
Ca, U/Ca, and O) to reconstruct sea surface temperature18d

and salinity over a 420-year period from AD 1565 to 1985.
The 271-year Rarotongan record, in contrast, relies primarily
on Sr/Ca, but comparisons were also made with O values18d

from the same corals for calibration purposes. The authors
suggest that variability in coral Sr/Ca explains significantly
more of the variance in sea surface temperatures than coral

O (Linsley, Wellington, and Schrag 2000, 1146). A 335-18d

year record from New Caledonia, like the Palmyra recon-
struction, is based on O (Quinn, Taylor, and Crowby 1998;18d

Quinn et al. 1993), although trace elements analysed for the
period between AD 1701 and 1761 indicated that O values18d

were overestimating temperature declines by 0.4�C (Corrège
et al. 2001, 3478). These paleoclimate proxy records, along
with some more general ideas about global climate variability,
are reviewed below in terms of centennial-scale background
climate (e.g., evidence for the MWP and LIA), interannual
ENSO variability, and the AD 1300 “event” posited by Nunn
(2000a).

Medieval Warm Period and Little Ice Age in the Central
Pacific. Jones et al. (1998), having analysed 17 temperature
reconstructions from both the Northern and Southern Hemi-
spheres and compared them with a General Circulation
Model, were among the first to suggest that Late Holocene
climate conditions in the central Pacific may have differed
from those in the better-known Northern Hemisphere. Their
ideas were echoed by Rind (1998, 2000), who explored the
relationships between changes in latitudinal temperature gra-
dients, atmospheric dynamics, and climate response through
a series of experiments; his results suggested, among other
things, that the LIA was restricted to higher latitudes. Further,
in synthesizing the global ENSO record, Markgraf and Diaz
(2000, 478) raised the possibility that prolonged droughts in
the American Southwest and wetter-than-normal conditions
in the American Northwest could have stemmed from normal
to cooler conditions in the equatorial Pacific during the
Northern Hemisphere MWP. These more general ideas are
now being borne out by paleoclimate proxy records from
Pacific island localities.

Most important among these is the coral O record from18d

Palmyra, which covers several time intervals over the past
millennium. As do paleoclimate reconstructions from the
Northern Hemisphere, where the warmest and coldest de-
cades over the past millennium differ by less than 1.0�C (Jones
and Mann 2003, 20), the Palmyra record suggests relatively

modest temperature fluctuations, with average temperature
varying by no more than 0.6�C, if O values are scaled to18d

temperature alone (Cobb et al. 2003a, 274). However, two
time intervals stand out in the Palmyra case, the tenth century
AD, which was the coolest and/or driest period, and the late
twentieth century, the warmest and wettest period (fig. 2).
The cold interval, centred on the early tenth century (AD
928–61), appears to have been of some amplitude and its
onset relatively abrupt. Below-average temperatures (relative
to the period AD 1886–1975) are also apparent in the mid-
twelfth- to early-thirteenth-century window (AD 1149–1220).
In contrast, during the seventeenth century (AD 1635–1703)
temperatures on Palmyra were comparatively warmer, more
like those of the recent past.

Because other tropical Pacific records of similar temporal
duration were lacking, Cobb et al. (2003a) compared their
findings with a multiproxy reconstruction from the Northern
Hemisphere (Mann, Bradley, and Hughes 1999), with un-
expected results. Surprisingly, the coolest and/or driest period
on Palmyra coincides with the Northern Hemisphere MWP,
while the height of the LIA (the seventeenth century) is reg-
istered in the Palmyra corals as a comparatively warm period,
particularly in relation to temperatures observed in the tenth
and to a lesser extent the twelfth century. Corroborative evi-
dence for what some have called the Pacific’s “Little Warm
Age” comes from the 271-year Rarotongan record of coral
Sr/Ca, where mean annual sea surface temperatures appear
to be –1.5�C higher than the long-term average between∼ 1�

AD 1726 and 1765 (Linsley, Wellington, and Schrag 2000,
1146).1 A more modest sea surface temperature increase of
0.4� C (relative to the long-term average) is also registered
on the Great Barrier Reef beginning around AD 1700, a con-
dition which persists through the eighteenth and nineteenth
centuries (Hendy et al. 2002, 1512).2 Further, the Great Barrier
Reef reconstruction indicates that when warmer conditions
returned to the Northern Hemisphere in the late nineteenth
to early twentieth century, the tropical Pacific cooled. The
evidence as a whole suggests that the Medieval Warm Period
in the central Pacific was cool (not warm) and the Little Ice
Age, at its height, was comparatively warm (not cool) but less
warm than today. Further, if twentieth-century sea-surface-
temperature–rainfall relationships held through the past mil-
lennium, then we might infer that the MWP in the central
Pacific was comparatively dry while the LIA was relatively
wet, a proposition that is also supported by the foregoing
reconstructions.

1. The authors note that the finding of warmer temperatures in this
subtropical region was unexpected (Linsley, Wellington, and Schrag 2000,
146) and inconsistent with data from New Caledonia (see Salinger et al.
1995 and discussion below).

2. The –0.3�C cooler sea surface temperatures in the period be-∼ 0.2
tween AD 1565 and 1700 (not represented on Palmyra) should not go
unremarked, but their significance is uncertain in the absence of addi-
tional records; the comments below regarding regional variation may be
relevant.
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In attempting to explain the relatively stable average tem-
peratures on Palmyra vis-à-vis the more marked temperature
changes elsewhere, Cobb et al. (2003a) suggest that the east-
west gradient of sea surface temperature may have had a
greater influence than average sea surface temperature on
global climate patterns, an idea explored by others as well
(see Rind 2000; Tudhope et al. 2001). Drawing on both the
Palmyra data and “a handful of ENSO-sensitive proxy re-
cords,” the authors propose that during the MWP the Pacific’s
zonal sea surface temperature gradient may have been larger
and potentially played a role in prolonged droughts in
Mesoamerica, the Sierra Nevada, and Kenya (Cobb et al.
2003a, 275; see also Markgraf and Diaz 2000), much like La
Niña conditions today (see below). During the LIA, they sug-
gest, this Pacific sea surface temperature gradient decreased,
leading to El Niño–like conditions. Recent numerical exper-
iments using a well-established coupled ocean-atmospheric
model (the Zebiak-Cane model) provide further support for
these ideas. Specifically, the model experiments, which ex-
plored the role of volcanic and solar forcing in tropical Pacific
climate change over the past 1,000 years, replicated an “El
Niño–like state” (i.e., warmer conditions in the eastern equa-
torial Pacific and increased ENSO variability) in the tropical
Pacific during the LIA and a “La Niña–like state” (cooler
conditions in the eastern equatorial Pacific and decreased
ENSO variability) during the MWP (Mann et al. 2005, 455).

Changes in ENSO activity. The Palmyra record also provides
insights into interannual climate variability and, in particular,
changes in the strength and frequency of ENSO activity. Under
normal conditions, sea surface temperatures in the eastern
Pacific are relatively cold, while those of the western Pacific
are exceptionally warm. The sea surface temperature gradient
maintains an east-west atmospheric pressure gradient which
in turn drives a circulation system formally known as the
Walker Circulation (after Bjerknes 1969). Cool, dry air from
the eastern Pacific flows westward along the equator, gathering
heat and moisture, particularly as it moves over the western
Pacific “warm pool.” This moist air then rises to high atmo-
spheric levels over Indonesia and northern Australia, resulting
in marked cloudiness and high rainfall. The cycle is completed
with the high-atitude transport of air, which cools and dries
along the way, to the far eastern Pacific.

For reasons that are not fully understood, the Walker Cir-
culation occasionally breaks down and the normal zonal
atmospheric pressure gradient is altered. During El Niño
warm phases, which occur on average every two to seven
years, the eastern trade winds weaken or even reverse, and
atmospheric pressure in the eastern Pacific is reduced (La-
beyrie et al. 2003). These conditions, along with enhanced
atmospheric pressure in the west, allow warm waters from
the western Pacific to extend eastward along the equator,
leading to a reduction in the zonal sea surface temperature
gradient. Along the equator, where cloud development is al-
ready concentrated, cloudiness intensifies and storm clouds
are drawn eastward. The result is that the central eastern

Pacific (from roughly 180�W long.) experiences warm and
wet conditions with frequent tropical cyclones and storms,
while torrential rains often fall on coastal Mexico and the
western coast of equatorial South America. The western Pa-
cific, in contrast, becomes cool and dry, and Australia and
Indonesia may experience intense droughts. During La Niña
phases, the trades are enhanced and warm waters move west-
ward, leading to warmer conditions and intensified storms in
the western Pacific while the eastern Pacific is comparatively
cool, dry, and settled.

Fossil coral records from northern Papua New Guinea in-
dicate that the ENSO system has been in place for at least
130,000 years, crosscutting global changes in background cli-
mate (Tudhope et al. 2001, 1995). However, it appears that
its intensity has varied over time, and, most notably, the am-
plitude and frequency of ENSO events have increased since
the mid-Holocene (e.g., Clement, Seager, and Cane 2000; Moy
et al. 2002a; Rodbell et al. 1999; Tudhope et al. 2001). Palmyra
Island lies in a region that is highly sensitive to the ENSO
cycle and provides a Pacific-centred view of ENSO variability
during the Late Holocene. The Palmyra corals indicate that
during the seventeenth century, the coldest period of the LIA
elsewhere in the world (see Jones, Osborn, and Briffa 2001,
664; Fagan 2000), ENSO activity was more intense in this
equatorial setting than at any other time period represented
by these corals (Cobb et al. 2003a, 275) (but see below). Not
only is there a significant increase in the number of El Niño
events but event amplitude is marked, with some rivalling the
“Giant El Niño” of 1997–98, one the largest events of this
century. Cobb et al. note that the apparent changes in El Niño
frequency and amplitude are supported by a variety of time-
series-analysis techniques, including spectral analysis and a
range of different bandpass filters. Putting these findings in
cultural context, the 1997–98 El Niño resulted in devastating
droughts, extensive forest fires, intense cyclones, and record
flooding, causing an estimated $33 billion in property damage,
despite being the first well-predicted El Niño event (Suplee
1999). Increased ENSO activity is also suggested in the late
twelfth to early thirteenth century, albeit at a lower frequency
and amplitude (Cobb et al. 2003a, fig. 6). The work of Hendy
et al. (2002) on the Great Barrier Reef provides further modest
support for enhanced ENSO variability during the LIA. The
authors argue that decreases in sea surface salinity most likely
relate to intensified large-scale atmospheric dynamics (e.g.,
the Hadley Circulation) in the sixteenth to nineteenth century
AD, a pattern which typically accompanies a weakening of
the Walker Circulation.

Additional insights on ENSO activity over the past millen-
nium come from a -year record of laminated lake∼ 15,000
sediments from Laguna Pallcacocha, a high-altitude site in
the Ecuadorian Andes (Moy et al. 2002a; Rodbell et al. 1999).
This particular record is highlighted here for two reasons.
First, although the site lies outside the Pacific Basin, its lat-
itudinal location is such that the area is potentially influenced
by a related set of climate conditions. Second, coherence be-
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tween the Palmyra and Laguna Pallcacocha reconstructions
has been quantitatively assessed. The last 1,100 years of Pall-
cacocha sequence indicate that the seventeenth century was
a period of more frequent ENSO activity. The Pallcacocha
record further suggests that El Niño events were even more
frequent during the twelfth to fifteenth centuries, a period
that is poorly represented by the Palmyra corals. Graham and
Cobb (in Graham 2004, 437) recently directly compared the
Palmyra and Laguna Pallcacocha records as part of a larger
effort to analyse Late Holocene teleconnections with regard
to paleoclimate in the western United States and the tropical
Pacific. They found moderate-to-strong correlations: 0.42 for
the period AD 1642–96, 0.63 for AD 1324–1456, and 0.80
for AD 1893–1968 (dates refer to the smoothed portions of
the records; linear least-squares trends were removed from
each record). These findings suggest that the Pallcacocha rec-
ord may be a useful first approximation of ENSO variability
during time periods not yet directly represented by Pacific
island records. However, variability in the degree of coherence
across the different time periods and uncertainties associated
with chronological aspects of the Pallcacocha record (see Gra-
ham 2004, 437) underscore the importance of obtaining data
from Pacific localities.

Differences between the foregoing records and those de-
rived from the Nile River Valley, as used by Nunn (2000a),
also warrant comment. The latter indicate marked changes
in El Niño frequency beginning around AD 1300 and con-
tinuing to 1650, while the records reviewed herein identify
two periods of enhanced ENSO variability, the mid-seven-
teenth century, when events were both common and of sig-
nificant amplitude, and a second period centred on AD
1200–1300, when the Laguna Pallcacocha records indicate El
Niño events more frequent than at any other time during this
millennium. While the available records from the Pacific are
far from complete, those offered here are reasonably consis-
tent and, when contrasted with the Nile River record, high-
light the importance of further development of Pacific-based
paleoclimate reconstructions.

Evidence for an “AD 1300 Event.” In his most recent dis-
cussions of central Pacific climate, Nunn (2000a, 2003) has
suggested that AD 1300 was an important crossover period
in which changes in climate were so abrupt and of such mag-
nitude as to constitute an “environmental catastrophe.” In
particular, he posits that the combined effects of rapid cooling
(associated with onset of the LIA), a substantial but short-
term increase in precipitation, and increased storminess
greatly stressed Pacific marine and terrestrial ecosystems.
These conditions, which are thought to have lasted for about
200 years, are hypothesized to have resulted in as much as
an 80% reduction in food resources (Nunn 2003, 224). The
evidence for this rapid climate and environmental change
comes from around the Pacific rim, including North, Central,
and South America, East Asia, Australia, and New Zealand,
and is varied in form, including precipitation increases, glacial
advances, temperature falls, and cultural changes (Nunn

2000a, table 1). Nunn’s temperature reconstructions are
largely based on Northern Hemisphere data, although an ex-
ploratory study of a New Zealand stalagmite by Wilson,
Hendy, and Reynolds (1979) indicated a C fall which∼ 1�

began late in the fourth century and reached a minimum in
the early fifteenth century. Nunn (2000a, 719) also argues for
a rapid sea-level fall, on the order of 75 cm, between AD 1270
and 1325.

Are the paleoclimate records discussed above supportive?
On Palmyra, the ten-year running average of monthly-re-
solved O suggests that early in the fourteenth century tem-18d

peratures were on average higher, not lower, in relation to (1)
subsequent temperature averages in this same interval, (2) the
twelfth-to-thirteenth-century window, and (3) the 1886–1975
mean. While this is the inverse of the conditions specified by
Nunn, a marked temperature increase could have been as
disruptive for Pacific peoples as a decline, given the sensitivity
of tropical reefs to thermal stress. More generally, the emerg-
ing evidence indicates that paleoclimate conditions in high-
latitude New Zealand (the basis for Nunn’s temperature re-
construction) were similar to those of the Northern Hemi-
sphere and thus may be a poor basis for reconstructing central
Pacific climate.

The Laguna Pallcacocha sedimentary record also identifies
the period around AD 1200–1300 as climatically significant,
with a marked increase in El Niño frequency. Perhaps most
interesting are the findings of Mann et al. (2005) in concert
with the Pallcacocha record. Generally, these modelling ex-
periments, along with observational data, suggest that explo-
sive volcanic events are typically followed by multiyear ENSO
responses. Of particular note is an exceptionally large volcanic
eruption recorded at AD 1259 (Crowley 2000). Although not
currently represented in the available Pacific island coral proxy
records, the modelling results suggest that this event was fol-
lowed by a marked temperature increase as well as enhanced
ENSO activity (Mann et al. 2005, fig. 3). Taken as a whole,
these findings suggest that the more general claim of Nunn
(2000a, 2003) for significant environmental perturbation(s)
around AD 1300 warrants continued consideration, although
the timing of these perturbations may be somewhat earlier
and the direction of the temperature anomaly appears to be
in the opposite direction from that originally proposed. Also
of potential relevance is the change in background climate
from cool, dry to warm, wet conditions, rather than the
reverse.

Intraregional Variability within the Pacific

There is growing recognition that regional variability char-
acterized the Late Holocene in many areas of the world. A
recent review of Northern Hemisphere paleoclimate records
produced little evidence for a discrete MWP (Jones et al. 1998,
64), while a comparison of proxy temperature reconstructions
from several global regions showed considerable variation in
the timing, magnitude, and intraperiod variability of both the
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Figure 3. Climatic response regions of the southwestern Pacific based on
air temperature and precipitation patterns (after Salinger et al. 1995;
Salinger, Renwick, and Mullan 2001).

MWP and the LIA (Jones and Mann 2004, fig. 4). In this
context it is perhaps not surprising that the newly available
Pacific proxy records, in concert with more general models,
indicate that conditions in the central Pacific did not mimic
those of the Northern Hemisphere over the past millennium.
The available Pacific paleoclimate proxy records also raise the
possibility of intraregional variation, particularly variation
along a latitudinal axis. Modern instrument studies are in-
formative on the character and spatial patterning of climate
during the historic period and may offer insights as to the
long-term climate histories of particular archipelagos, assum-
ing some degree of stationarity in climate-control features.

At the outset, it is important to recognize that the geo-
graphic regions traditionally defined and used by Pacific social
scientists and biologists are not isomorphic with those of
climatologists. While major water crossings, which act to im-
pede biotic dispersals, are critical to defining patterns of hu-
man settlement, cultural differentiation, and ongoing inter-
action, other variables are structuring Pacific climate. Of
particular note in this regard is the location of the South
Pacific Convergence Zone, one of the most significant and

extensive features of equatorial and tropical southwestern Pa-
cific climate (Folland et al. 2003; Mullan 1991; Salinger et al.
1995; Salinger, Renwick, and Mullan 2001). The convergence
zone is a band of low-level wind convergence, cloudiness, and
precipitation that extends across the central Pacific from Va-
nuatu in the west to the Austral Islands in the east. It is a
pivotal feature with respect to the patterning of temperature
and precipitation in the southwestern and central Pacific (Sal-
inger et al. 1995). However, it is not stationary, and it sys-
tematically shifts from its mean climatological position in
response to the polarity of ENSO activity. During El Niño
events it moves northeast, while cyclonic activity extends east-
ward and often increases in frequency (Folland et al. 2002;
Hay et al. 1993; Salinger et al. 1995). In contrast, during La
Niña events, it moves southwest. It also responds to decadal-
to-multidecadal-scale influences, in particular the Interde-
cadal Pacific Oscillation,3 a –30-year time scale fluctua-∼ 15

3. The terminology here follows Folland et al. (2002; see also Salinger,
Renwick, and Mullan 2001), who argue that the Interdecadel Pacific
Oscillation can be regarded as the quasi-symmetric Pacific-wide mani-
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tion in sea surface temperature and precipitation defined for
the Pacific Basin at large and relevant to at least the past 300
years (Deser, Phillips, and Hurrell 2004; Folland et al. 2002;
Linsley, Wellington, and Schrag 2000; Power et al. 1999; Sal-
inger, Renwick, and Mullan 2001). The Interdecadal Pacific
Oscillation consists of alternating warm and cool phases, and
historically warm phases have been associated with stronger
and more frequent El Niño activity. As is the case during El
Niño events, the South Pacific Convergence Zone shifts to
the northeast in response to positive phases of the Interde-
cadal Pacific Oscillation. Examining recent temperature and
precipitation patterns, modulated by ENSO and the Inter-
decadal Pacific Oscillation, Salinger et al. (1995; Salinger, Ren-
wick, and Mullan 2001) have identified four distinct climatic
response regions in the southwestern Pacific (fig. 3). Regions
C1 and C4 are climatically the most stable over time, while
C2 and C3 are strongly influenced by the position of the
South Pacific Convergence Zone and the Intertropical Con-
vergence Zone to the north.

The antiquity of these climate response regions, which are
defined largely on the basis of modern instrument records,
is not known. However, the coral reconstructions discussed
above suggest some temporal depth, at least with respect to
temperature. Specifically, New Caledonia, for example, falls
within the C4 region of Salinger and colleagues (1995; Sal-
inger, Renwick, and Mullan 2001). During recent El Niño
events, New Caledonia has experienced declines in sea surface
temperature, “with a maximum peak to trough (i.e. La Niña
to El Niño) amplitude of interannual SST anomaly reaching

C” (Corrège et al. 2001, 477). Further, a 335-year coral∼ 1.5�

record from Amédée Lighthouse indicates that temperatures
between AD 1701 and 1761 were 1.4� C cooler (relative to
the past 30 years) (Corrège et al. 2001; see also Quinn et al.
1998). Therefore this higher-latitude locality fails to replicate
the warmer conditions recorded for Palmyra, Barotonga, and,
to a lesser extent, the Great Barrier Reef during the LIA (see
fig. 2). This suggests that climate variability in New Caledonia
and other C4-region islands, over both recent and longer time
scales, may have more in common with that in New Zealand
(see Corrège et al. 2001, 3478; McKinzey et al. 2004) than
with central Pacific localities, possibly including cooler tem-
peratures during the LIA and warmer temperatures during
the MWP. More generally, this finding supports the idea that
latitude plays a key role in climate variation in the Pacific
(see Rind 1998, 2000). Similarly, weaker correspondence be-
tween the paleotemperature record of the Great Barrier Reef
and those of Palmyra and Rarotonga may reflect shared
changes in background climate mediated by variable east-west
responses to ENSO.

The foregoing suggests that not only is it necessary to begin
remodelling central Pacific climate but care must be taken in
extrapolating from proxy records of any one archipelago to

festation of the Pacific Decadal Oscillation, which has been described for
the North Pacific alone (see Mantua et al. 1997).

the Pacific at large. The work of Salinger and colleagues high-
lights regional variability in temperature, precipitation, and
the effects of both ENSO and the Interdecadal Pacific Oscil-
lation. The accumulating evidence indicates that these pat-
terns have some antiquity, the former having been in place
throughout the Holocene and the latter having a temporal
depth of at least 300 years and possibly longer. Further, it has
been suggested that the basic physics associated with ENSO
are relevant to longer time frames, including not only the
Interdecadal Pacific Oscillation but also background climate
(i.e., centennial-scale shifts like those of the MWP and the
LIA) (Labeyrie et al. 2003; Mann et al. 2005). Given these
factors, it may be that no one model will adequately explain
climate patterns in the Pacific as a whole, particularly at the
resolution needed to understand the impact on and responses
of human populations.

Discussion and Conclusions

Assessment of the impact of climate and human response is
necessarily reliant on accurate information on past climate
conditions. The central point of this paper is that new pa-
leoclimate evidence significantly changes our understanding
of century-scale climate variability during the Late Holocene
in the central Pacific. More specifically, while the rest of the
world was experiencing a warm Medieval Warm Period, con-
ditions in the central Pacific were cool and possibly dry. Dur-
ing the so-called Little Ice Age the central Pacific was com-
paratively warm and possibly wet and stormy conditions more
common. Given the increasing evidence for hemispheric and
even regional variability in climate during the Late Holocene,
some paleoclimatologists now argue that the descriptors “Me-
dieval Warm Period” and “Little Ice Age” have outlived their
usefulness (e.g., Bradley and Jones 1993; Hughes and Diaz
1994; Jones and Mann 2004, 31) and climate variability should
be described in reference to calendar dates (Jones and Mann
2004, 31). The tropical Pacific, where the terms become non-
sensical, probably best illustrates their point. A second issue
raised here is that, even within the Pacific, climate is far from
homogeneous. Variation is apparent both across the region
and latitudinally, reflecting the complex ocean-atmosphere
relations that operate over this vast geographic feature. Mod-
ern instrument studies offer insights into the patterning and
sources of variability, but clearly a denser assemblage of pa-
leoclimate proxies is needed, and some parts of the basin,
particularly the northern Pacific (e.g., the Hawaiian Islands
and parts of Micronesia), remain very poorly known.

Given the limited number and incomplete nature of the
available records, it is perhaps most useful at this stage to
consider how these new data might influence existing ar-
chaeological models. As observed above, several Pacific re-
searchers have focused on how environmental variability, in-
cluding but not limited to variation in precipitation,
temperature, and cyclonic activity, might structure human
behaviour (e.g., Graves and Ladefoged 1995; Graves and Swee-
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ney 1993; Hunt and Lipo 2001). Drawing on the theoretical
ideas of Dunnell (1989) and more recently Madsen, Lipo, and
Cannon (1999), these scholars have considered how environ-
mental predictability might influence cultural behaviours that
do not directly relate to basic subsistence requirements and
reproduction, most notably cultural elaboration (e.g., mon-
ument construction, ritual behaviour, body ornamentation,
etc.). They argue that cultural elaboration is more likely to
appear and persist in unpredictable environments, where it
may function dampen fertility or otherwise direct energy away
from reproductive activities—making it advantageous when
critical resources fluctuate to a significant degree. These ar-
guments are at least partially reliant on demonstrations that
cultural elaboration is correlated with environmental vari-
ability in either time or space, but they also make predictions
about the demographic structure of populations engaging in
such activities (see Madsen, Lipo, and Cannon 1999; Hunt
and Lipo 2001). The new paleoclimate evidence reviewed
herein provides a more highly resolved record of spatial and
temporal variability in climate with greater chronometric pre-
cision than has hitherto been available. It will therefore allow
more rigorous assessment of ideas such as these about the
interplay between environmental variability and cultural prac-
tices. It should also help identify time periods of heightened
climate variability (e.g., the seventeenth century and the thir-
teenth to fourteenth century) and localities of particular
instability.

Others have argued that specific dimensions of climate
change have resulted in particular environmental or cultural
outcomes. On Rapa Nui, for example, several researchers have
related vegetation change and cultural adjustments to in-
creased climatic variability, particularly greater aridity (Hun-
ter-Anderson 1998; see also McCall 1994; Orliac 2000). The
evidence reviewed above, however, suggests that warmer, wet-
ter conditions prevailed during the LIA and, by extension,
precipitation on Rapa Nui may have been enhanced. Having
said this, a recent analysis of Rapa Nui’s meteorological re-
cords indicated that, although local rainfall is highly variable
and unpredictable, the island is relatively unaffected by ENSO
(Genz and Hunt 2003). Given the island’s extreme isolation
and geographical position in the far southeastern Pacific, local
climate proxies may be necessary to resolve questions of the
timing and character of climate variability in this particular
locality.

Nunn (2000a, 719, 728) also links particular cultural prac-
tices to specific parameters of climate. The onset of cooler
temperatures associated with the LIA, for example, is posited
to have led to the appearance of storage facilities for root
crops on Tikopia in the western Pacific (as a buffer against
crop failure), the abandonment of pearl-shell fishhooks on
Aitutaki in the southern Cook Islands (as cooler temperatures
adversely affected reefs and drier conditions led to sea-level
fall), and declines in terrestrial productivity on Rapa Nui.
Since the LIA saw warmer, wetter conditions in the central
Pacific, one might argue that climate did not play a causal

role in these developments. Indeed, other explanations are
possible, as, for example, on Aitutaki, where there is no direct
evidence for sea-level change during the proposed MWP/LIA
transition and pearl-shell appears to be the only marine spe-
cies that declined, becoming archaeologically less visible
around AD 1500 on several islands (Allen 1998, 2002).

More generally, Nunn has argued that increasing compe-
tition, the development of irrigation devices, declines in voy-
aging, and population migrations away from the coast stem
from a traumatic transition between the MWP and the LIA.
As reviewed above, the Laguna Pallcacocha ENSO record
(Moy et al. 2002a) does indeed suggest increased ENSO var-
iability between AD 1100 and 1400, while the more general
model of Mann et al. (2005) points to a potential cause.
Further, the Palmyra coral record indicates a shift from rel-
atively cooler conditions sometime after AD 1200, with the
possibility of a marked warm interval around AD 1300. As
suggested above, elevated temperatures could have been as
disruptive for Pacific peoples as a temperature fall, if not more
so. This is because of the potential for coral reef-bleaching,
mass coral mortality, and the attendant loss of marine re-
sources. The 1997–98 El Niño, for example, is estimated to
have killed 16% of the world’s corals (Hughes et al. 2003).
The flow-on effects of coral reef-bleaching and mass coral
mortality are not particularly well understood (Hoegh-Guld-
berg et al. 2000, 53–54), but some estimates are available.
Wilkinson et al. (1999), for example, suggest losses in reef-
related fisheries on the order of 25% over a 20-year period,
while a World Bank model (cited in Hoegh-Guldberg et al.
2000) suggests losses on the order of 50%. Declines in marine
productivity on the scale predicted by these models should
have clear archaeological signatures, and marine fauna may
have a key role to play in evaluating both the occurrence and
timing of climate change and its effects on prehistoric Pacific
peoples. Although the new paleoclimate records indicate a
different array of climatic signals from those predicated by
Nunn and the timing is somewhat (though only slightly) at
variance with his original proposal, the idea of climatically
induced cultural change (but not necessarily a regionwide
“catastrophe”) warrants more in-depth consideration.

Field’s (2003, 2004) analysis of settlement patterns, com-
petition, and the development of social complexity in Sigatoka
Valley, Fiji, takes an important step in this direction. Initially,
Field builds a model of spatial differences in productivity and
risk through a GIS analysis of local environmental patterning
(soils, topography, stream flow, etc.) and recent ENSO effects.
She then evaluates the archaeological record of settlement,
population mobility, competition, and patterns of exchange
against this model. She demonstrates that between AD 1300
and 1500 there were marked increases in fortified sites, abrupt
population movements into previously uninhabited areas of
only moderate productivity, increased exchange of subsistence
goods, and a broadening of diet breadth—all changes that are
consistent with increasing competition and resource stress and
potentially climate change. A second period of intensified
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competition is indicated around AD 1700, when labour-in-
tensive ring ditch fortifications appear for the first time in
highly productive valley-bottom areas, a trend which Field
links to the diffusion of new ideas and population increases.
The intensified ENSO conditions indicated by the paleocli-
mate proxies reviewed herein raise the possibility that climatic
instability was again a contributing factor. In short, Field of-
fers the most detailed and convincing case to date for Nunn’s
(2000a) model of a traumatic MWP/LIA transition. It is im-
portant to note, however, that her analysis focuses primarily
on changes in settlement distribution and kind, not direct
physical manifestations of climate variability (Field 2004, 87),
the latter being evidence that is needed before the causal role
of climate variability can be fully evaluated.

While the new paleoclimate records are highly resolved and
offer unprecedented opportunities for evaluating the effects
of climate on various components of human society, there
are a number of barriers to full use of them. Pacific archae-
ological chronologies are typically coarse-grained, and one of
the potentially most interesting periods in terms of socio-
political developments and adjustments to changing climatic
conditions, post-AD 1600, lies beyond the point at which
radiocarbon dating is useful. Recent efforts to develop novel
dating techniques, such as application of high-resolution ura-
nium-thorium isotope dating to corals in archaeological con-
texts (Kirch and Sharp 2005; Weisler et al. 2006), improved
statistical approaches (e.g., Jones 2002), and calibration im-
provements (e.g., Hogg et al. 2002) all offer significant op-
portunities for chronometric refinement.

It is also important to move beyond correlations and plau-
sible explanations of causality and begin to explore linking
mechanisms between specific climate parameters (e.g., pre-
cipitation, temperature, ENSO variability) and proposed cul-
tural response(s). Grayson (1984, 819–20) made a similar
argument some time ago with respect to the megafauna-ex-
tinction debate in North America, highlighting both the im-
portance and the difficulty of establishing such relationships.
In the Pacific, many of the proposed cultural responses to
climate change, such as increased competition, subsistence
change, and altered settlement patterns, are presumably in-
timately tied to variations in resource availability. Little effort,
has, however, been made to identify and map in detail alter-
ations in marine and terrestrial productivity in relation to
climate, and, as this review suggests, at least some ideas about
Late Holocene climate change in the Pacific have been er-
roneous. Further, the loss or reduced availability of important
resources should be reflected in the health of both humans
and their commensal animals; more effort should be directed
to studies of human demography (e.g., Hunt and Lipo 2001),
bone chemistry, and other indicators of changing diet and
nutritional stress. Altered climatic conditions should also be
reflected in Pacific landscapes through sea-level fluctuations,
sediment regimes, coastal dynamics, etc.; Nunn (1998, 2000a)
usefully summarizes a number of regional records that might
be reevaluated in terms of the revised climatic model pre-

sented herein. Finally, alternative explanations for cultural
change should be assessed as well. The impact of climate
change on local resources needs to be differentiated from that
of population growth, economic intensification, and/or is-
land-specific historical factors if we are to develop robust
models of climate causality.

The paleoclimate records reviewed here also have relevance
for modern Pacific peoples. Climate change and accelerated
sea-level rise and their associated social and environmental
costs are among the most pressing concerns of Pacific island
nations today. However, not only are the rate and magnitude
of change uncertain but the uncertainties are “magnified
many times over due to incomplete knowledge of individual
ecosystems, and patterns of causality and interaction between
social and ecological systems” (Barnett 2001, 977). The new
Pacific coral records offer long-term perspectives on climate
variability and are critical to efforts to model future climate
change both in this region and globally. In tandem with ar-
chaeology, they have the potential to show not only how
Pacific environments were affected but also how Pacific peo-
ples dealt with changing conditions. Particularly important
are periods of past heightened temperature, specifically the
climate and cultural records of the seventeenth to nineteenth
century, which offer insights into the potential effects of mod-
ern global warming, including sea-level rise, drought, coral
bleaching, and the spread of disease vectors. Anthropologists
and natural scientists working together can potentially eval-
uate how widespread these conditions were in the past and
assess patterns of regional variability, cascade effects, and both
human and biotic recovery times with an eye to the future.
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Assessing the reproducibility of coral-based climate records.
Geophysical Research Letters 31, L18210, doi: 10.1029/
2004GL020343.



535

Suplee, C. 1999. El Niño/La Niña: Nature’s vicious cycle. Na-
tional Geographic 195:72–95.

Thorne, R. F. 1963. Biotic distribution patterns in the tropical
Pacific. In Pacific Basin biogeography, ed. J. L. Gressitt,
311–50. Honolulu: Bishop Museum Press.

Trenberth, K. E., G. W. Branstator, D. Karoly, A. Kumar, N-
C. Lau, and C. F. Ropelewski. 1998. Progress during TOGA
in understanding and modelling global teleconnections as-
sociated with tropical sea surface temperatures. Journal of
Geophysical Research 103:14291–324.

Tudhope, A. W., C. P. Chilcott, M. T. McCulloch, E. R. Cook,
J. Chappell, R. M. Ellam, D. W. Lea, J. M. Lough, and G.
B. Shimmield. 2001. Variability in the El Niño-Southern
Oscillation through a glacial-interglacial cycle. Science 291:
1511–17.

Tudhope, A. W., G. B. Shimmield, C. P. Chilcott, M. Jebb, A.
E. Fallick, and A. N. Dalgleish. 1995. Recent changes in
climate in the far western equatorial Pacific and their re-
lationship to the Southern Oscillation: Oxygen isotope re-
cords from massive corals, Papua New Guinea. Earth and
Planetary Science Letters 136:575–90.

Upman, S. 1984. Adaptive diversity and Southwestern aban-
donment. Journal of Anthropological Research 40:235–56.

Urban, F. E., J. A. Cole, and J. T. Overpeck. 2000. Influence

of mean climate change on climate variability from a 155-
year tropical Pacific coral record. Nature 407:989–93.

Watson, R., M. Zinyowera, and R. Moss, eds. 1998. The re-
gional impacts of climate change: An assessment of vulner-
ability. Cambridge: Cambridge University Press.

Weisler, M. I., Kenneth D. Collerson, Yue-Xing Feng, Jian-
Xin Zhao, and Ke-Fu Yu. 2006. Thorium-230 coral chro-
nology of a late prehistoric Hawaiian chiefdom. Journal of
Archaeological Science 33:273–82.

Wilkinson, C. R., O. Linden, H. Cesar, G. Hodgson, J. Rubens,
and A. E. Strong. 1999. Ecological and socioeconomic im-
pacts of 1998 coral mortality in the Indian Ocean: An ENSO
impact and a warning of future change? Ambio 28:188–96.

Williams, L. D., and T. M. L. Wigley. 1983. A comparison of
evidence for Late Holocene summer temperature variations
in the Northern Hemisphere. Quaternary Research 20:286–
307.

Wilson, A. T., C. H. Hendy, and C. P. Reynolds. 1979. Short-
term climate change and New Zealand temperatures during
the last millennium. Nature 279:315–17.

Woodroffe, C. D., M. R. Beech, and M. K. Gagan. 2003. Mid-
Late Holocene El Niño variability in the equatorial Pacific
from coral microatolls. Geophysical Research Letters 30(7),
1358, doi: 10.1029/2002GL015868.

Yen, D. E. 1961. The adaptation of kumara by the New Zea-
land Maori. Journal of the Polynesian Society 70:338–48.


