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Abstract This paper investigates paleoceanographic changes at a central equatorial Pacific site (68400N,
1778280W) since the last glacial maximum using planktic foraminifera assemblages, together with the
oxygen isotope (d18O) and Mg/Ca compositions of three species (Globigerinoides sacculifer, Pulleniatina
obliquiloculata, and Globorotalia tumida) that dwell in the mixed layer, upper thermocline, and lower
thermocline, respectively. While the Mg/Ca-derived temperatures of the mixed layer and lower thermocline
varied within a narrow range from 18 ka onward, the upper thermocline temperature increased by as much
as 38C during the last deglaciation (18–12 ka) with a simultaneous decrease of d18O. These changes are best
explained by an enhanced mixing of the upper ocean and a reduced habitat depth separation between
P. obliquiloculata and G. sacculifer during the 18–12 ka interval. The planktic foraminifera assemblage during
the same period resembles modern composition at subtropical central Pacific sites that are strongly
influenced by the northeasterly Trades and North Equatorial Current (NEC). We suggest that the study site,
presently under the control of the Intertropical Convergence Zone (ITCZ)-North Equatorial Countercurrent,
had been influenced by the northeasterly Trades and NEC during the 18–12 ka interval. This interpretation
is consistent with previous documentation of a more southerly location of the ITCZ during two Northern
Hemisphere cooling events; the Heinrich Stadial 1 and the Younger Dryas, and implies that the mean annual
position of the ITCZ was located south of the study site, by at least 28 of latitude.

1. Introduction

During the last deglaciation (ca. 18–12 ka), which separated the last glacial maximum (LGM) from the Holo-
cene, warming has occurred in diverse trends and magnitudes depending on sites (Figures 1a and 2). On mil-
lennial scales, abrupt cooling and warming events have been observed in the Northern Hemisphere (NH):
Heinrich Stadial 1 (HS1; ca. 18–15 ka), Bølling-Allerød (B/A; ca. 15–13 ka), and the Younger Dryas (YD; ca. 13–
11.5 ka) [Bard et al., 2000; Hemming, 2004; Shakun et al., 2012, and references therein]. In contrast, temperature
fluctuations in the Southern Hemisphere (SH) were rather gradual and revealed a quasi-out-of-phase relation-
ship with their NH counterparts (Figure 2a) [Bianchi and Gersonde, 2004; Kaplan et al., 2010; Lamy et al., 2007].

In the tropical Pacific, deglacial warming reconstruction shows either NH or SH characteristics depending
on location, most probably caused by a combination of seasonal biases within the SST proxies (i.e., alkenone
and foraminifera Mg/Ca) [Timmermann et al., 2014], differences in coastal/equatorial upwelling [Calvo et al.,
2011; Kienast et al., 2006], and regional monsoon patterns [Huang et al., 1997; Oppo and Sun, 2005] (Figures
2b and 2c). In addition, climatic anomalies reported in the tropical Pacific, such as reduced river runoff and
weaker Asian and stronger Australian summer monsoon systems, have been attributed mainly to the south-
ward migration of the Intertropical Convergence Zone (ITCZ), a maximum tropical precipitation belt that
results from the convergence of the northeasterly and southeasterly trade winds, during HS1 and YD events
[Ayliffe et al., 2013; Gibbons et al., 2014; Leduc et al., 2009; Mohtadi et al., 2011a; Partin et al., 2007; Wang
et al., 2001]. Thus, the latitudinal displacement of the ITCZ during these episodes cannot be excluded as a
cause of inconsistent warming trends [Gibbons et al., 2014; McGee et al., 2014] since changes in the strength
of the northeasterly and southeasterly trade winds would have resulted in diverse responses in regional pre-
cipitation and upwelling patterns in the tropics.

Previous studies of tropical deglacial warming and ITCZ location have been carried out mainly in the west-
ern and eastern boundary regions of the Pacific [Ayliffe et al., 2013; Gibbons et al., 2014; Leduc et al., 2009;
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Mohtadi et al., 2011a; Partin et al., 2007; Wang et al., 2001] where regional precipitation and upwelling pat-
terns are strongly coupled with ITCZ movement (Figure 2d). Thus, decoupling the consequences of these
factors is commonly challenging in these regions. To date, few studies have attempted to interpret deglacial
SST evolution in terms of the migration of the ITCZ. Kienast et al. [2013] did interpret the systematic changes
in meridional SST gradients in the Eastern Equatorial Pacific (EEP) during the last deglaciation in terms of
ITCZ migration. However, there have been no field studies to reconstruct the latitudinal extent of the ITCZ
displacement during the last deglaciation in the central Pacific region where the coastal upwelling and
regional monsoonal effects are minimal.

This study aims to describe and interpret climate evolution in the eastern boundary region of the western
Pacific warm pool (WPWP) in the central equatorial Pacific over the last 23 kyrs in terms of the influence of
the ITCZ. At present, the central equatorial Pacific near the international dateline is characterized by the nar-
rowest seasonal migration belt of the ITCZ [Legates and Willmott, 1990; Spencer, 1993]. In contrast, the annu-
al average position of the ITCZ shows the largest meridional displacement in response to a given change in
interhemispheric thermal contrast in the modern ocean [McGee et al., 2014]. These characteristics of the
study site facilitate tracking the migration of the ITCZ in the past with minimal continental effects. Here we
investigate temporal variations in temperature and water column structure in the upper ocean using the
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Figure 1. (a) Locations of the study site (MC 931), cores where the paleo-SST and paleo-ITCZ records were reconstructed (diamonds), and
sites with planktic foraminifera species assemblage data available (solid circles) discussed in the text. (b) Temperature profile along the
177.58W transect between 108S and 22.58N and (c) depth profile of temperature at 1.58N, 6.58N, and 14.58N (purple diamond, red circle,
and green square, respectively) along the 1778W transect. Temperature data are from World Ocean Atlas 2013 [Locarnini et al., 2013; Zweng
et al., 2013].
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shell oxygen isotopic composition (d18O) and
Mg/Ca ratios of three planktic foraminifera spe-
cies (Globigerinoides sacculifer, Pulleniatina obli-
quiloculata, and Globorotalia tumida), which live
at different depth ranges within the water col-
umn. As proven in the central WPWP region by
Sagawa et al. [2012], this multispecies approach
will help us to interpret the evolution of temper-
ature gradients between the surface and lower
part of the thermocline. In addition, faunal
assemblages of planktic foraminifera are ana-
lyzed to examine the temporal evolution of the
surface ocean environment in terms of ITCZ
movement. This study reports proxy data for the
past 23 kyrs in the central equatorial Pacific
region for the first time, and also addresses the
approximate latitudinal extent of the ITCZ dis-
placement and the subsequent response of the
upper water column in the central equatorial
Pacific during the last deglaciation.

2. Study Site

Sediment core MC 931 (31 cm long) was recov-
ered using a multiple corer from the Magellan Rise
in the central equatorial Pacific (68400N, 1778280W;
3365 m depth) during the NAP0903 cruise carried
out by the Korea Institute of Ocean Science and
Technology (KIOST) in 2009 (Figure 1a). At present,
the surface ocean environment at the study site
shows small intra-annual variations. The elevated
topography of the Magellan Rise, which is about
2000 m shallower than the surrounding basin,
allows for good preservation of calcareous micro-
fossils in association with relatively high rates of
accumulation and prevents syndepositional or
postdepositional processes caused by lateral advec-
tion. The sediment core was composed predomi-
nantly of calcareous ooze that contained �90%
carbonate, and did not show any identifiable
down-core changes in lithology.

The North Equatorial Countercurrent (NECC),
which has a location coupled with the ITCZ [Don-
guy and Meyers, 1996; Masunaga and L’Ecuyer,
2010], flows over the site of the sediment core
and transports warm and low-nutrient surface
water to the study site from the WPWP (Figure
1b). South of the study site, the westward-
flowing South Equatorial Current (SEC) prevails
(Figure 1b). Southeasterly trade winds induce

upwelling and bring nutrients to the surface at the equator, resulting in higher primary production than in
the WPWP and NECC regions [Eldin and Rodier, 2003; Le Bouteiller et al., 2003]. The area to the north of
the study site is influenced by the North Equatorial Current (NEC) and strong northeasterly trade winds
(Figure 1b). The boundary region between the NECC and NEC is defined by the thermocline ridge (78N–98N)

Figure 2. Compilation of published data set showing the last degla-
cial climate change. (a) Air temperatures from Greenland (NGRIP
d18O on GICC05 3 1.0063 chronology [North Greenland Ice Core Pro-
ject members, 2004]) and Antarctica ice cores (Antarctic Temperature
Stack (ATS) [Parrenin et al., 2013] in degrees Celsius relative to the
present day on AICC12 3 1.0063 chronology [Veres et al., 2013]). (b)
Records of UK0

37
2 and foraminifera Mg/Ca-SST in the west equatorial

Pacific [de Garidel-Thoron et al., 2007; Kienast et al., 2001; Medina-Eliz-
alde and Lea, 2005; Stott et al., 2007] and (c) in the east equatorial
Pacific [Benway et al., 2006; Kienast et al., 2006; Koutavas and Sachs,
2008; Lea et al., 2006; N€urnberg et al., 2015; Pahnke et al., 2007]. (d)
Reconstructions of the ITCZ position based on the seawater oxygen
isotope composition corrected for the global ice volume change
(d18Osw-iv) from the Eastern Indian Ocean (blue line) [Gibbons et al.,
2014], East equatorial Pacific (black line) [Gibbons et al., 2014; Lea
et al., 2006] and Western Pacific Warm Pool (orange line) [Gibbons
et al., 2014; Visser et al., 2003] and based on the precipitation records
offshore southern Java [Mohtadi et al., 2011a].
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where the eastward/westward-flowing surface currents induce curl-driven upwelling (Figure 1b). The seawa-
ter temperature profiles representing SEC, NECC, and NEC regions along the 177.58W (1.58N, 6.58N, and
14.58N, respectively) reflect vertical water column structures resulted from these surface current and wind
patterns (Figures 1b and 1c).

3. Analytical Methods

Core MC 931 was subsampled at an interval of 1 cm, and these subsamples were freeze-dried and stored in
plastic bottles in a cool room. Planktic foraminifera assemblages were determined with at least 300 foramin-
ifer specimens picked from the >125 lm fraction of each sample. The foraminifera species were identified
based on Kennett and Srinivasan [1983], Sait�o et al. [1981], and Ujiie and Ujiie [2000].

The chronology of the core was established from the 5–6, 11–12, 13–14, 20–21, and 30–31 cm intervals
using 14C measurements of mixed species of planktic foraminifera. 14C was analyzed within an error range
of less than 60 years using the accelerator mass spectrometry (AMS) technique at the Beta Analytic Radio-
carbon Dating Laboratory, USA. The measured radiocarbon ages were corrected for isotopic fractionation
and calibrated to calendar years before present (Cal 14C age) using Calib v. 7.0 software [Stuiver and Reimer,
1993]. This correction was based on the Marine13 data set [Reimer et al., 2013] and a local reservoir effect
(DR) of 9 6 5 years [Guilderson et al., 1998].

Three planktic foraminifera species, G. sacculifer (without final sac, 250–355 mm,), P. obliquiloculata (355–425
mm), and G. tumida (355–425 mm), were analyzed for d18O and Mg/Ca ratios. Stable oxygen isotope composi-
tions (d18O) were determined using a Finnigan MAT 251 mass spectrometer at the University of Michigan at
Ann Arbor, USA. About 20, 10, and 8 specimens of G. sacculifer, P. obliquiloculata, and G. tumida, respectively,
were analyzed. The 1r standard deviation of repeat analyses of the reference material (NBS-19; National Bureau
of Standards) was 0.09& (n 5 24). Mg/Ca ratios were determined using an inductively coupled plasma-optical
emission spectrophotometer (ICP-OES; Perkin-Elmer Optima 3300 DV) at the Korea Institute of Ocean Science
and Technology, Ansan, Korea. For the Mg/Ca measurements, following Barker et al. [2003], 20–30 monospecific
tests were crushed and homogenized, and subsequently cleaned with methanol (clay removal), NaOH-buffered
hydrogen peroxide (removal of organic matter), and 0.001 N nitric acid (removal of high-Mg calcite). The con-
centrations of Ca and Mg were measured from the spectral lines at 407.776 and 279.553 nm, respectively.
Instrumental drift was corrected according to Schrag [1999] and Marcos and Hill [2000]. The ECRM 752-1
standard (Bureau of Analyzed Samples) was analyzed twice for every three samples and the results were used
for correction of measured sample Mg/Ca ratios. Replicate measurements on 91 samples revealed an average
standard deviation of 0.16 mmol/mol, giving corresponding error of 61.68C [Mohtadi et al., 2014].

To predict the d18O of planktic foraminifer species inhabiting various depths, the calcite d18O-depth rela-
tionship was established at the study site using the theoretical equation that links the d18O of seawater
with temperature [Kim and O’Neil, 1997]. For this equation, the d18O of seawater is calculated from the salin-
ity-d18O relationship of surface and subsurface water in the central tropical Pacific [Conroy et al., 2014], and
the optimum interpolation temperature and salinity were taken from the World Ocean Atlas 2013 [Locarnini
et al., 2013; Zweng et al., 2013]. The calcification depths of three planktic foraminifera species of interest at
the study site were estimated based on the d18Ocalcite calculated at 6.58N, 177.58W (Figure 3).

The calcification temperature (T) of planktic foraminifera is often expressed as Mg/Ca 5 b 3 exp(a 3 T) [Lea
et al., 1999; N€urnberg et al., 1996]. Since we picked G. sacculifer specimens from 250 to 355 mm size fraction,
smaller than that is generally used for the paleo-SST reconstruction (355–500 mm) [e.g., Anand et al., 2003;
Mohtadi et al., 2011b], calibration coefficients (a 5 0.090 6 0.013, b 5 0.37 6 0.03) were adopted from Dek-
ens et al. [2002] which were derived from the same size fraction. For P. obliquiloculata (a 5 0.090 6 0.003,
b 5 0.328 6 0.007) and G. tumida (a 5 0.09, b 5 0.53; error ranges are not available), calibration coefficients
were adopted from Anand et al. [2003] and Rickaby and Halloran [2005], respectively.

4. Results

The age model of core MC 931 was established based on the 14C measurements (supporting information
Table S1). Average sedimentation rate at the core site for the last 23 kyr is 1.35 cm/kyr, which covers the
entire last deglaciation.
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The down-core d18O and Mg/Ca results from the three species are shown in Figures 4a and 4b, respectively
(supporting information Table S1). For the late Holocene (0–6 ka), the d18O composition of G. sacculifer
(21.66 6 0.46&; n 5 5, 1r), P. obliquiloculata (20.86 6 0.20&; n 5 5, 1r), and G. tumida (0.56 6 0.46&;
n 5 5, 1r) are in general agreement with previously reported values from the center of the WPWP [Sagawa
et al., 2012], but with some minor offsets that we suggest to reflect temperature and salinity differences
between the two sites. For the same period (0–6 ka), the determined Mg/Ca ratios of G. sacculifer
(4.15 6 0.14 mmol/mol; n 5 5, 1r) and G. tumida (1.85 6 0.11 mmol/mol; n 5 5) are similar to those at the
WPWP center (ca. 4.0 and ca. 1.6 mmol/mol, respectively; data not shown), but those of P. obliquiloculata
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(2.71 6 0.14. mmol/mol; n 5 31, 1r) are higher than those at the WPWP center (ca. 2.3 mmol/mol; data not
shown) [Sagawa et al., 2012].

Thirty-four species of planktic foraminifera were identified in the sample core, but it was composed mainly
of the tropical-subtropical planktic foraminifer species G. glutinata, G. ruber, G. sacculifer, and G. bulloides,
with relative abundances of 24.8%, 14.6%, 12.5%, and 10.9%, respectively (supporting information Table
S2). Figure 5 shows temporal changes in the relative abundances of the 12 major species.

5. Discussion

5.1. Reliability of Foraminifera Calcification Depth and Temperature Estimates
G. sacculifer is known to inhabit the upper 80 m of the water column, but its depth preference varies with
its growth stage and size [Bijma and Hemleben, 1994]. In the early stages of growth, G. sacculifer lives in the
upper photic zone (0–50 m depth) [Anand et al., 2003; Bijma and Hemleben, 1994; Hemleben et al., 1987] but
inhabits greater depths during its adult stage [B�e, 1980; Bijma and Hemleben, 1994]. P. obliquiloculata lives in
the lower photic zone-upper thermocline (50–130 m depth), and its calcification temperature varies within
a small range [Anand et al., 2003; Rinc�on-Mart�ınez et al., 2011; Sagawa et al., 2012]. G. tumida, a thermocline-
dwelling species, calcifies below the seasonal thermocline (100–250 m depth) [Fairbanks and Wiebe, 1980;
Farmer et al., 2007]. Based on the depth habitats of these three species in the WPWP region (3cBX in Figure
1a) estimated by Sagawa et al. [2012], we considered that the calcification temperatures and seawater d18O
of the G. sacculifer, P. obliquiloculata, and G. tumida sampled here represented those of the mixed layer,
upper thermocline, and lower thermocline, respectively.

Based on the projection of an average late Holocene (<6 ka) d18O composition of each planktic foraminifera
species onto the established calcite d18O-depth relationship, the calcification depths were estimated to be
70–100 m for G. sacculifer, 120–140 m for P. obliquiloculata, and 160–200 m for G. tumida (Figure 3). The pre-
dicted depths are slightly greater than, but largely consistent with, the previously reported depth habitats
of the three species estimated in the center of the WPWP; i.e., 40–80 m for G. sacculifer, 100–130 m for P.
obliquiloculata, and 140–180 m depth for G. tumida [Sagawa et al., 2012].

The Mg/Ca-derived calcification temperatures of the three planktic foraminifera species for the late Holo-
cene (<6 ka) were estimated to be 26.88C (60.4), 23.58C (60.7), and 12.98C (60.8) for G. sacculifer, P. obliqui-
loculata, and G. tumida, respectively (Figure 4c). These temperatures are encountered at depths of 90, 120,
and 190 m, respectively, at the study site at present; thus, the Mg/Ca-derived temperature of each species
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represents that of the mixed layer, upper thermocline, and lower thermocline, respectively (Figure 3). These
results are consistent with the aforementioned calcification depths of the three species derived from d18O:
70–100 m for G. sacculifer, 120–140 m for P. obliquiloculata, and 160–200 m depth for G. tumida. Such con-
sistent results indicate the reliability of the estimated temperatures presented in this study.

At the depth where the study core recovered (3409 m depth) selective dissolution of high-Mg/Ca calcite
could have altered the foraminifera Mg/Ca [Brown and Elderfield, 1996; Regenberg et al., 2014]. However,
since the estimated seawater temperatures and habitat depths of target species are similar to those
expected from d18O, the Mg/Ca-derived temperatures are assumed to indicate reliable calcification
temperature.

The analyzed d18O especially of G. sacculifer and G. tumida shows considerable fluctuation as much as 1&

that is unusual compared to data presented in other studies. The study site is located in a frontal region
strongly influenced by the ITCZ and wind-driven surface currents such as NECC and NEC (Figure 1b). The
divergence between the NECC and NEC causes shoaling of cold subsurface water, which places the thermo-
cline ridge at 78N–98N (Figure 1b). These various features create a strong meridional gradient of seawater
d18O in the upper water column [e.g., Leech et al., 2013; Lynch-Stieglitz et al., 2015] (Figure 6a). G. sacculifer
and G. tumida from the core top sediments along the 160.58W transect also show wide variations in d18O
composition [Lynch-Stieglitz et al., 2015]. Especially, G. tumida reveals a wide range of d18O composition
varying in magnitude of over 1& between 58N and 78N (Figure 6a). The aforementioned observations sug-
gest that relatively larger fluctuations of our d18O data could have resulted from the steep vertical and
meridional change of water column properties at the study site. Under this oceanographic environment, lat-
itudinal variations in position of surface current system, resulted from climatic variability in seasonal to mil-
lennial time scales, could have induced the wide variabilities in d18O of surface dwelling foraminifera
species. The displacement of a frontal system is associated with changes of salinity and temperature, both
of which affect d18O of foraminifera. Thus, variability of d18O is likely larger, especially when temperature
and salinity change induce d18O change in same direction, than that of Mg/Ca which is controlled solely by
temperature. This process could also be an explanation for lacking of sea level signal in d18O of G. tumida
(Figure 4a) as latitudinal displacement of these systems could create changes in d18O of seawater that are
similar in magnitude with sea level signal (Figure 6b). In addition, the use of 250–355 lm size fraction for
the d18O of foraminifera might be partly responsible for large fluctuations of d18O as smaller specimens
would have recorded oceanographic conditions of shorter period than the larger ones. We used the sample
amounts commonly employed for d18O measurements; about 20 specimens of G. sacculifer and eight speci-
mens of G. tumida [e.g., Mohtadi et al., 2011a]. However, such sample amounts would not be sufficient to
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yield an average composition of a time period of interest at the study location where the steep environ-
mental gradient could induce strong compositional heterogeneity among individual specimens. Despite of
large fluctuations, d18O values of three species averaged for the late Holocene (0–6 ka) are in general agree-
ment with previously reported values from the center of the WPWP [Sagawa et al., 2012]. Nevertheless,
d18O values show rather large variability and are only used for the estimation of calcification depth.

5.2. Changes in the Upper Water Column Structure During the Last Deglaciation
Mg/Ca-derived temperatures of the mixed layer and lower thermocline increase gradually from 23 ka, but
are relatively constant after 18 ka (Figure 4c). In contrast, the upper thermocline temperatures increased
from its LGM value (ca. 22.58C) by as much as 38C during the last deglaciation between 18 and 12 ka, but
decreased to the present level (ca. 23.58C) at 12 ka (Figure 4c). This suggests that the vertical temperature
gradient between the dwelling depths of P. obliquiloculata and G. sacculifer was reduced during the 18–12
ka period, but that the gradient between P. obliquiloculata and G. tumida increased over this period (Figure
4d). These trends recorded during the last deglaciation could have resulted from either an increase in tem-
perature at the dwelling depth and/or a change in habitat depth of P. obliquiloculata.

The increase in deglacial subsurface water temperature could have been generated by the warming of the
thermocline water mass. Indeed, warming of intermediate water that upwells in the equatorial region is
indicated by several reconstructions of the last deglaciation period [Bostock et al., 2013; Bova et al., 2015;
Calvo et al., 2007; N€urnberg et al., 2015]. Likewise, other studies suggest that the spatial extent of equatorial
upwelling region expanded westward and southward during the last deglacial period [Kubota et al., 2014;
Palmer and Pearson, 2003]. Thus, warming of thermocline water could have occurred by upwelling at the
study site during this time period. However, this hypothesis of sequential warming from the deep thermo-
stad to the thermocline water cannot be applied to the study site. If this had been the case, the lower ther-
mocline temperature, represented by the Mg/Ca ratio of G. tumida, should have increased simultaneously
with that of the upper thermocline, yet it remained stable throughout the study period (Figure 4c). Despite
the increases in the temperature of air [Parrenin et al., 2013], surface ocean [Lamy et al., 2004; Mohtadi et al.,
2008; Romero et al., 2006], and intermediate water that upwelled at the EEP [Bova et al., 2015] in the SH at
this time, the southern sourced intermediate water did not reach as far north as at the core site just as today
or the well-developed thick mixed layer or weak upwelling to the north of the equator could have pre-
vented the penetration of SH-sourced intermediate water to the upper ocean at the study site.

Interestingly, the difference in d18O compositions between G. sacculifer and P. obliquiloculata decreased
simultaneously with those of the Mg/Ca-derived temperatures between 18 and 12 ka (Figure 4). This sug-
gests that the increase in the calcification temperature of P. obliquiloculata was accompanied by a shoaling
of the maximum population depth of P. obliquiloculata during this period. Although P. obliquiloculata occurs
mainly in tropical-subtropical subsurface waters at depths of 60–150 m [Cl�eroux et al., 2008; Erez and Honjo,
1981; Farmer et al., 2007], previous studies indicated wide variations in its habitat depth. In the tropical
Pacific, for example, the maximum population depth range of P. obliquiloculata was estimated to be 100–
140 m from its d18O composition in the western Pacific [Patrick and Thunell, 1997; Sagawa et al., 2012; this
study], but 30–100 m in the eastern Pacific [Rinc�on-Mart�ınez et al., 2011]. Similar depth habitat variation has
also been reported for other thermocline-dwelling species (Globorotalia menardii and Neogloboquadrina
dutetrei) across the tropical Pacific [Patrick and Thunell, 1997]. In particular, the depth habitats of G. sacculifer
and P. obliquiloculata were reported as being indistinguishable in the tropical eastern Pacific [Rinc�on-
Mart�ınez et al., 2011].

The inability to separate the depth habitats of these two foraminiferal species in the EEP is probably related
to the upper ocean conditions in the EEP. The density gradient in the EEP region is less steep than its west-
ern counterpart, which makes the water column structure and vertical zonation of planktic foraminiferal
habitats unstable and the separation of depth habitats between species can be reduced in the upper ocean
[Caromel et al., 2014; Coxall et al., 2000; Rashid and Boyle, 2007]. Thus, the depth habitat of P. obliquiloculata
at the study site could have overlapped with that of G. sacculifer under such conditions. The lower-
thermocline inhabiting species, G. tumida, is known to dwell below the photic zone, mostly deeper than
100–150 m, and therefore does not show strong spatial variations in habitat depth [Rinc�on-Mart�ınez et al.,
2011; Sagawa et al., 2012]. Consequently, between 18 and 12 ka the increase in the calcification tempera-
ture of P. obliquiloculata, which was unique among the three species studied here, was most probably
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caused by a shoaling of the depth habitat, which suggests an enhanced surface ocean mixing at the study
site at this time. Enhanced surface mixing would have resulted in deepening of thermocline and smaller
temperature gradient in the mixed layer, which could have been an aid to induce the decrease in differ-
ences of Mg/Ca and d18O between G. sacculifer and P. obliquiloculata with minimal change in the habitat
depth of P. obliquiloculata.

5.3. Southward Displacement of the NEC During the Last Deglaciation
Changes in the upper ocean stratification between 18 and 12 ka, but without any associated warming of
the deep thermocline water, could have been caused by enhanced wind-driven mixing. Today, the study
site is positioned beneath the ITCZ and is characterized by high precipitation, light winds, and buoyant sur-
face water mass. The meridional displacement of the ITCZ from its present position would have exposed
the site to the influence of either the northeasterly or southeasterly trades, which would have led to
enhanced mixing of the surface water column. It would also have reduced the degree of stratification of the
upper water column by placing the site outside of the zone of intense precipitation.

As faunal assemblage of planktic foraminifera in the tropical Pacific Ocean is strongly affected by surface
ocean structure and thermocline depths [Andreasen and Ravelo, 1997], changes in the upper ocean struc-
ture due to the migration of the ITCZ should have been recorded in faunal assemblages of the study site.
However, faunal assemblage data can be used reliably with the basic premise that it was not significantly
modified from the depositional equivalents by dissolution. Dissolution-susceptible species could have been
dissolved out preferentially after deposition at the period of intensified carbonate dissolution such as the
late Holocene [Kimoto et al., 2003; Le and Thunell, 1996; Thunell and Honjo, 1981a], which may result in a fau-
nal composition overestimating the abundance of dissolution-resistant species in a record. However, the
planktic foraminifera assemblage of the late Holocene at the study site is similar to those reported from sed-
iment trap studies (no effect of dissolution) at nearby stations (e.g., MT1, MT3, and MT5). Especially, contents
of G. rubescens, one of the most dissolution-susceptible species, in the center of WPWP (<1% at MT1 and
MT3 sites) and central equatorial Pacific (�2.6% in average at MT5) are well compared to our late Holocene
data (0.5–2.3%), indicating minimal influence of dissolution-induced faunal composition changes at the
study site. Moreover, planktic foraminifera assemblages during the last deglaciation, the period of most
enhanced carbonate preservation since the LGM [Berger, 1977; Mekik et al., 2012], are characterized by high
abundance of G. rubescens (6.8–15.9%). Such a high abundance is only reported in a sediment trap study
carried out in a north central Pacific site (23%, station P1) [Thunell and Honjo, 1981b]. We therefore conclude
that the change in faunal assemblage is primarily induced by the environmental change associated with cli-
mate evolution since the LGM at the study site.

The temporal change in faunal assemblages of planktic foraminifera suggests the influence of NEC to the
study site, likely associated with southward displacement of the ITCZ during the last deglaciation. The fora-
minifera in the core were dominated by tropical-subtropical species (e.g., G. glutinata, G. ruber, G. sacculifer,
P. obliquiloculata, and G. rubescens) over the past 23 kyrs, but with increased relative abundances of warm
oligotrophic WPWP species (e.g., G. sacculifer, G. aequilateralis, and P. obliquiloculata) during the Holocene
(Figure 5). As a general trend, the increased abundance (51%) of G. ruber, G. glutinata, and G. rubescens dur-
ing the last deglaciation (ca. 18–12 ka) compared with that (27%) of the late Holocene (0–6 ka) is notewor-
thy. Although these species generally inhabit warm tropical-subtropical ocean [Black et al., 2001; Hemleben
et al., 1989; Thunell and Reynolds, 1984], they are able to adapt to a cooler ocean environment than the
warm pool species such as G. sacculifer, G. aequilateralis, and P. obliquiloculata [Riforgiato, 2013; Yamasaki
et al., 2008]. In particular, G. rubescens is not commonly found in the tropical Pacific at present (e.g., <1% in
all the WPWP sites, N1, N2, MT1, and MT3, and 2.6% at the equatorial site MT5) [Kawahata et al., 2002;
Yamasaki et al., 2008], but has been reported as a significant component in a sediment trap (23%, Station
P1, ca. 158N) and surface sediments (5.6%, PC17 and PC20, ca. 218N) from the subtropical central Pacific
near the Hawaiian Islands (see locations in Figure 1a) [Lee et al., 2001; Thunell and Honjo, 1981]. The spatial
distribution of G. rubescens indicates its preference to more off-equatorial oligotrophic ocean conditions.
Our site reveals relatively high abundances of G. rubescens varying from 6.8% to 16.8% (10.6% on average)
during the last deglaciation period, which is well compared to those of the NEC region at present. Therefore,
we suggest that our site experienced environmental conditions during the last deglaciation similar to those
of the present day NEC region.
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To assess the statistical similarity in planktic fora-
minifera assemblages, we carried out a principal
component analysis (PCA) for the average value
of the Holocene (<6 ka), last deglaciation (12–18
ka) and LGM (19–23 ka), and previously reported
Holocene data over the tropical-subtropical
Pacific (see locations in Figure 1a) using SPSS
program ver. 23. Principal component (PC) 1
(59.4%) and 2 (17.6%) accounted for 77.0% of
the total variance after Varimax rotation (Figure
7a). Interestingly, deglacial composition of MC
931 shows closer resemblance to that of a sub-
tropical P1 site (Figure 7a); i.e., the dominance of
G. ruber over G. sacculifer and the common
occurrence of G. rubescens and/or G. glutinata
[Thunell and Honjo, 1981a] (Figure 5). In contrast,
faunal assemblage of the study site during the
Holocene is projected in between those of MT1,
3, and 5 collected in the La Nina year [Yamazaki
et al., 2008] and N1 and 2 collected in the El
Nino year in the WPWP [Kawahata et al., 2002]. It
is consistent with environmental setting of the
study site at present locating at eastern margin
of the WPWP. Even though the faunal assem-
blage of planktic foraminifera in the WPWP
region is based on the 1 year long sediment trap
data sets, the close projection of the faunal
assemblages of our Holocene sample and the
trap sample collected during the El Nino year
(MT1, MT3, and MT5) [Yamazaki et al., 2008] as
well as during the La Nina year (N1 and N2)
[Kawahata et al., 2002] indicates the representa-
tiveness of the sediment trap data despite the
strong interannual variability. Faunal composi-
tion of the LGM shows an intermediate values
between those of deglacial and MT5 from the
equatorial upwelling region. Close projection of
MD012404 (268390N, 1258490E) and Panama
Basin (58210N, 818530W) to our Holocene data is a
statistical caveat caused by high PC1 and PC2
loadings from N. dutertrei and G. bulloides rather
than similarities in faunal assemblages (Figures
7a and 7b).

Based on the PC scores of the sites and loadings
of planktic foraminifera species (Figures 7a and
7b), PC1 and PC2 can be interpreted to represent
the less stratified subtropical and the more strat-
ified tropical surface ocean conditions, respec-
tively. From the PC loadings of each foraminifera
species (Figure 7b), the high abundance of G.
ruber and G. glutinata is likely responsible for the
high score of PC1 during the last deglaciation at

the study site (Figure 7c). High scores of PC1 with the corresponding lower scores of PC2 during the last
deglaciation suggest the prevalence of subtropical condition at the study site (Figure 7c). Thus, we
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postulate that the surface ocean conditions at the study site during the last deglaciation were similar to
those of the NEC region at present, where the surface ocean conditions are affected by strong northeasterly
trade winds and characterized by weaker upper ocean stratification (Figures 1b and 1c).

5.4. Causes for Southward Migration of the ITCZ During the Last Deglaciation
Based on the temporal changes in water column structure and faunal assemblages at the study site, we
conclude that the surface ocean condition during the last deglaciation was strongly influenced by north-
easterly trade winds and the NEC, which can be attributed to displacement of the ITCZ and NECC to the
south of the study site. Such phenomenon was likely resulted from the interhemispheric difference in
deglacial warming. For the last deglacial period, the early warming of the SH high latitudes relative to their
NH counterpart [see Denton et al., 2010, and references therein] resulted in a decreased pole-to-equator
temperature gradient in the SH. In particular, the interhemispheric thermal asymmetry between the SH and
NH was significantly intensified during the NH cooling events (i.e., HS1 and YD) [Barker et al., 2009; Denton
et al., 2010; McGee et al., 2014; Shakun et al., 2012; Stenni et al., 2011]. Such strong asymmetric high-latitude
thermal forcing requires an energy balance that was accomplished by the southward displacement of the
ITCZ, as has been suggested in many reconstructions [Haug et al., 2001; Mohtadi et al., 2011a; Montade
et al., 2015; Peterson et al., 2000] and model simulations [Gibbons et al., 2014; McGee et al., 2014; Mohtadi
et al., 2014]. These studies suggesting the southward shift of the ITCZ and strengthening of the northeaster-
ly trade winds strongly support our inference that the ITCZ was located south of the study site during the
last deglaciation. As a result, the study site was most probably under the influence of intensified northeast-
erly trade winds, which led to a less stratified upper ocean structure because of wind-driven mixing. Our
study do not resolve the Bølling-Allerød episode (ca. 15–13 ka), a brief NH warming that occurred between
the HS1 and YD events (Figure 4). Instead, our Mg/Ca record of P. obliquiloculata and the abundance of G.
rubescens show a broad bulge between 18 and 12 ka when these three events occurred. This lack of detail
is caused by the low temporal resolution (ca. 1 ka) of our data, which is too coarse to resolve such short-
term variability. After 12 ka, the upper ocean at the study site might have been stratified to the present level
by the reduced interhemispheric thermal contrast and resultant northward migration of the ITCZ to its pre-
sent position. Accordingly, we suggest that the present oceanographic and atmospheric conditions of the
study site, influenced by the ITCZ and NECC, have been persisting since 12 ka.

The surface ocean condition during the LGM is interpreted having been in between those of off-equatorial
oligotrophic condition of the deglaciation and the WPWP condition of the present, which is inferred from
Mg/Ca records showing greater difference during the LGM than the deglacial period (Figure 4c) and forami-
nifera assemblage indicating surface ocean condition in between those of off-equatorial oligotrophic and
the WPWP conditions (Figure 7). This interpretation is consistent with the simulation result of McGee et al.
[2014], in which inter-hemispheric thermal contrasts during the LGM indicated the average ITCZ position in
between those during the last deglaciation and of the present.

It is not possible to test for the full latitudinal extent of ITCZ migration during the last deglaciation period using
our data derived from a single site, but we can place a lower limit on its overall extent in the region using the
faunal assemblages of planktic foraminifera. Although faunal assemblage data available have their own limits, it
is reasonable to assume that the foraminiferal assemblage in the NEC (108N–208N) region, manifested by those
of P1, PC17 and PC20 sites (Figure 1a), would prevail north of the thermocline ridge (ca. 78N–98N) between the
NECC and NEC (Figures 1b and 1c). If this was the case, our foraminiferal assemblage data indicate that the
oceanographic features of the NEC region had prevailed at the study site (68400N) during the last deglaciation.
This implies that, if the zonal surface current system had not been significantly different from that of the present
day, then the ITCZ-NECC system, being located over the study site at present, and the thermocline ridge would
have been located at least 28 southward during the last deglaciation. Our minimum estimate is slightly greater
than the previously suggested mean annual displacement of about 1.58 during the HS1, which was projected
using model simulations [McGee et al., 2014]. Further research along a meridional transect is therefore required
to investigate the magnitude of these latitudinal movements.

6. Conclusions

Comparison of the measured d18O with the predicted calcite d18O indicated a calcification depth of 70–
100 m for G. sacculifer, 120–140 m for P. obliquiloculata, and 160–200 m depth for G. tumida during the late
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Holocene at the study site. We infer that the Mg/Ca-derived temperatures of each species represent the
temperatures in the mixed layer, upper thermocline, and lower thermocline, respectively.

Our results suggest that the vertical temperature gradient between the dwelling depths of P. obliquiloculata
and G. sacculifer was smaller during the last deglaciation than during the preceding and the following peri-
ods. This feature occurred without changes in the lower thermocline temperatures and can be explained
only by more similar depth habitats between the two species, which likely resulted from a weakening of
water column stratification above the upper part of the thermocline.

The faunal assemblages of planktic foraminifera during the last deglaciation are similar to those of the
present-day subtropical central Pacific sites (158N and 218N) that lie under the strong influence of the north-
easterly trade winds and the NEC. This raises the possibility that the study site, being under the control of
the ITCZ-NECC system at present, was under the direct influence of the northeasterly trade winds and NEC
during the 18–12 ka interval, indicating in turn that the ITCZ was situated south of the study site during this
period. Our interpretation is consistent with previous studies that suggest a southerly position of the ITCZ
during two prominent NH cooling events; i.e., HS1 and YD, although the temporal resolution of our record
does not resolve the millennial scale climate variability of the last deglaciation. Based on planktic foraminif-
era assemblages, we hypothesize that the ITCZ-NECC system, being located over the study site at present,
would have been displaced at least 28 southward during these events.
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Erratum
In the originally published version of this article, the author names were incorrectly typeset. The error has since been corrected and this

version may be considered the authoritative version of record.
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