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ABSTRACT

We evaluated the response of Quaternary abyssal benthic foraminifera in cores PC5101 (2°00.86'N,
131°34.32'W) and PC5103 (6°00.10'N, 131°28.57'W) of the Central Equatorial Pacific Ocean to the envi-
ronmental changes over the past ~520 kyrs, focusing on the mid-Brunhes dissolution interval (~533—191
ka). We used multi-dimensional scaling (MDS) to derive MDS axis 1, reflecting food supply from low
(negative scores) to high (positive scores) amounts, and MDS axis 2, reflecting variability in the food
supply. From ~120 ka on, Epistominella exigua, an indicator of variable food supply, was more abundant in
core PC5103 (~6°N) than in core PC5101 (~2°N), but this was reversed from ~300 to 250 ka.

In core PC5101, MDS axis 1 scores are negatively correlated to the biogenic opal mass accumulation
rates (MAR) after 249.6 ka, i.e., lower food supply at higher opal-MAR. In contrast, MDS axis 1 scores are
positively correlated to the CaCO3-MAR from 520.8 to 331.2 ka. Both carbonate and opal skeletons might
ballast particulate organic matter (POM) to enhance food supply to the benthos, but our data indicate
that carbonate is more efficient and that changes in dominant ballasting of POM by different biominerals
thus may have significantly affected the biological pump. During the transitional period (~327.5—257.1
ka), ballasting of POM changed from control by calcareous plankton to control by siliceous plankton, with
a transient period during which the latitudinal pattern of the Intertropical Convergence Zone was
opposite to its modern pattern, with the more variable food supply at ~ 6°N.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

in the Eastern Equatorial Pacific (EEP) (e.g., Chavez and Barber,
1987; Messie and Chavez, 2013). Despite its high productivity, the

1.1. Oceanographic setting of the equatorial Pacific Ocean

The tropical Pacific Ocean plays an important role in global
climate. The Western Pacific Warm Pool (in the Western Equatorial
Pacific, WEP) strongly regulates global climate and climate vari-
ability through the El Nino-Southern Oscillation (ENSO) (e.g.,
Meyers et al.,, 1986; Messie and Chavez, 2013). Upwelling is an
important factor in maintaining regional high primary production
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EEP is the largest oceanic source of CO, into the atmosphere,
emitting about 0.48 Pg-C y~! through upwelling of cold, deep CO,-
rich waters (Takahashi et al., 2009). The area where cold waters
outcrop at the surface, most pronouncedly during La Nina years,
has been named the ‘cold tongue’ (e.g., Jin, 1996). The boundaries of
the cold tongue are characterized by the occurrence of tropical
instability waves (TIW), short-term perturbations in Sea Surface
Temperature (SST) combined with perturbations in productivity
(e.g., Legeckis et al., 2004; Willett et al., 2006).

The Intertropical Convergence Zone (ITCZ) is the area close to
the equator where the northeast and southeast trade winds
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converge. Today, in the EEP the ITCZ is located near the equator in
boreal winter and spring, and then moves northward in summer
and fall (e.g., Amador et al., 2006), oscillating between about 4°N
and 11°N (Waliser and Gautier, 1993) (Fig. 1). Monthly chlorophyll-a
concentrations in the surface waters along ~131°W (Acker and
Leptoukh, 2007) show more frequent seasonal variations between
~6° and ~9°N than between ~0° and ~4°N, which is consistent with
seasonal motion of the trade winds (e.g., Fig. 2, Takata et al. (2016)).

In the equatorial high productivity zone, the production of
biogenic carbonate (calcareous nannoplankton and planktic fora-
minifera) and opal (diatoms and radiolarians) in the surface waters
is high, and their skeletons as well as organic matter are, in part,
exported to the seafloor, resulting in a deeper position of the cal-
cium carbonate compensation depth (CCD) than in other Pacific
regions (Theyer et al., 1985; Honjo et al., 1995; Lyle, 2003; Lyle et al.,
2008).
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Fig. 1. The location of cores PC5101 and PC5103 in this study and ODP Sites 807 and
846. Surface temperatures of boreal summer (July—September 2005) and winter
(December 2004—February 2005) were taken from Acker and Leptoukh (2007).

1.2. Quaternary paleoceanography of the equatorial Pacific Ocean

Carbonate sedimentation in the Equatorial Pacific was enhanced
during Plio-Pleistocene glacial periods and reduced during inter-
glacial periods (e.g., Chuey et al., 1987; Farrell and Prell, 1989, 1991;
Khim et al,, 2012, 2015). Changes in terrigenous and biogenic
magnetic mineral sediment fraction coincided with changes in
biogenic production at IODP Site U1337 (EEP) (Yamazaki, 2012). The
distinct gradient in SST between EEP and WEP as observed today
(e.g., via satellite images, Acker and Leptoukh, 2007) is seen in high-
resolution SST reconstructions for the late Quaternary (De Garidel-
Thoron et al., 2005; Horikawa et al., 2010), and may have stabilized
since the Mid-Pleistocene Transition (MPT: ~1250—700 ka) (De
Garidel-Thoron et al.,, 2005; Clark et al., 2006; Horikawa et al.,
2010). Long-term SST trends during the earlier Quaternary, how-
ever, may have differed between EEP and WEP, with a more pro-
nounced decrease in SST in the EEP than in the WEP (e.g., De
Garidel-Thoron et al., 2005), mainly due to increased intensity of
equatorial upwelling in the EEP.

Surface water characteristics of the Equatorial Pacific Ocean may
have changed during the Quaternary, specifically by changes in the
intensity of equatorial upwelling with alternation of La Nina-like
and El Nino-like conditions (e.g., Zhang et al., 2007; Pena et al.,
2008). Planktic foraminiferal and calcareous nannoplankton data
indicate that the depth of the thermocline in the WEP (Ocean
Drilling Program [ODP] Site 807) may have increased after ~280 ka
(MIS 8) (Zhang et al., 2007). Asymmetric seasonal insolation during
low precession periods has been argued to have led to the devel-
opment of persistent La Nina-like conditions in the EEP and
enhanced east—west SST gradients, as well as teleconnections be-
tween the EEP and the Southern Ocean (Pena et al.,, 2008). The
relative abundance of warm-water calcareous nannoplankton
species (indicative of the intensity of the equatorial upwelling) and
of upper/lower photic zone taxa (indicative of the depth of nutri-
cline) in the EEP varied over the past ~563 kyrs (Chiyonobu et al.,
2006; Chiyonobu, 2009). Earlier times (MIS 14 to MIS 8,
~563—243 ka) were characterized by intense upwelling (La Nina-
like condition), whereas the interval from MIS 7 to MIS 1 (243
ka—today) was characterized by weak upwelling (El Nino-like
conditions). The biogenic opal content of bulk sediment at ~131°W
(Central Equatorial Pacific; CEP), increased during interglacial pe-
riods after ~350 ka, as compared to ~164°E (WEP) (Khim et al.,
2012).

In addition, significant oceanographic changes occurred in the
Equatorial Pacific Ocean during MIS 8 and MIS 7 (~300—191 ka), the
later part of the mid-Brunhes dissolution interval (MBDI) (Farrrell
and Prell, 1989, 1991; Barker et al., 2006). This interval (MIS 13 to
MIS 7; 533—191 ka, centered on MIS 11; 424—374 ka) is charac-
terized by a shallower CCD than that of the present day and earlier
times (prior to MIS 14).

At ~300—250 ka, the ITCZ may have been in a different position
than it is today (Rea, 1994), with a southward ITCZ displacement
proposed to explain the paleoceanographic changes in calcareous
nannoplankton (Chiyonobu, 2009) and terrigenous/biogenic mag-
netic mineral fractions (Yamazaki, 2012). In contrast, McGee et al.
(2007) argued that the variability (seasonal-to millennium-scale)
of the ITCZ location increased during the last (and possibly
earlier) glacial period, but without a significant mean displacement.

In summary, the succession of paleoceanographic changes in the
Equatorial Pacific during MIS 8 and MIS 7 (300—191 ka) is still little
understood, especially in the CEP. Specifically, there is no agree-
ment on the timing of ITCZ displacement: e.g., during MIS 8/7
(Chiyonobu, 2009), or after MIS 8 (Yamazaki, 2012). New data about
deep-sea environments over that time interval thus may provide
important clues to the paleoceanographic history in that region
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Fig. 2. Stratigraphic changes of the Benthic Foraminiferal Number (BFN), Benthic Foraminiferal Accumulation Rate (BFAR), and relative abundances of the eleven most common taxa
of benthic foraminifera (including 53 data points from Takata et al., [2011] and 41 data points from Takata et al. (2016)) of cores PC5101 and PC5103.

(e.g., the Walker Circulation and the position of the ITCZ).
1.3. Our approach: faunal analysis of deep-sea benthic foraminifera

Marine biota, such as planktic and neritic benthic organisms, are
sensitive to environmental change (e.g., Yasuhara and Cronin,
2008; Yasuhara et al., 2008, 2009, 2012), so we can evaluate long-
term changes in biodiversity of the deep-sea, the largest habitat
on Earth, based on microfossil data (e.g., Yasuhara et al., 2017). Only
a very small fraction (~1% or less) of the organic matter produced in
the photic zone of the Equatorial Pacific reaches the deep-sea floor,
because the particle export efficiency (i.e., the proportion of pri-
mary production that is exported from the surface ocean) is very
low due to extensive remineralization in the upper ocean (Henson
et al,, 2012). The fraction of organic matter settling down to the

seafloor may well have changed over time, because it depends
strongly on ecosystem structure in the upper ocean (Boyd and Trull,
2007; Henson et al., 2012), which changes with seawater temper-
ature and nutrient supply from subsurface waters (e.g., Lopez-
Urrutia et al., 2006; O'Connor et al., 2009).

Benthic foraminifera provide information on past trophic con-
ditions, particularly on the total amount and variability of the food
supply to the seafloor (e.g., Ohkushi et al., 2000; Gooday, 2003;
Smart et al., 2007; Jorissen et al., 2007). In the Equatorial Pacific, we
expect to see the effects of changes in the position of the ITCZ and
location and intensity of TIWs on productivity and its variability.
Enhanced variability of the food supply from the surface ocean (i.e.,
variability due to seasonal, TIW or ENSO effects) affected benthic
foraminifera in the CEP intermittently from MIS 1 to late MIS 5
(~last 110 ka) (Takata et al., 2011).
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Here, we quantitatively examine the benthic foraminiferal as-
semblages over the last ~520 ka in sediment cores PC5101 and
PC5103, collected at ~2°N and 6°N, respectively, along ~131°W in the
EEP, in order to describe the faunal composition of benthic fora-
minifera. We compare the faunal data with records of CaCO3 and
biogenic opal contents, aiming to evaluate the benthic foraminiferal
response to paleoceanographic changes, particularly from early MIS
5 to MIS 7 (~75—243 ka) (Takata et al., 2011). In addition, we
consider differences in benthic assemblages between ~2°N and
~6°N during MIS 8 to MIS 7 (~300—191 ka), especially in terms of
the position of the ITCZ along ~131°W.

2. Materials and methods
2.1. Study materials

Our study area is located in the westernmost extension of the
‘cold tongue’ in the EEP (e.g., http://oceanmotion.org/html/impact/
el-nino.htm) (Fig. 1). Piston cores PC5101 (547 cm) and PC5103
(671 cm long) were collected at ~2N (2°00.86’N, 131°34.32'W;
4425 m water depth) and ~6N (6°00.10’N, 131°28.57'W; 4095 m
water depth), respectively, on the 2005 R/V Onnuri cruise
(KODOS05-1) (Fig. 1). Core PC5103 is situated at the southern
margin of the modern ITCZ during the boreal winter. Sediments of
both cores consist dominantly of white calcareous nannofossil
ooze. The total organic carbon content of bulk sediments in core
PC5101 is less than 1.2% (Khim et al., 2012), and its biogenic CaCO3
and opal content show distinctly cyclic glacial and interglacial
changes (Khim et al., 2012, 2015).

2.2. Analytical methods

2.2.1. Age models for cores PC5101 and PC5103

We obtained the age model by correlating CaCO3; content of core
PC5101 to that of core RC11-210 (Khim et al., 2012), then refined it
by measuring oxygen isotope values of the benthic foraminifer
Cibicidoides wuellerstorfi (>250 um fraction) from 457 to 0 cm, at 4-
cm intervals (137 samples). We used an automated carbonate
preparation device (Carousel-48) coupled to a gas-ratio mass
spectrometer (Finnigan MAT 251) at the University of Michigan.
Crushed samples were reacted with dehydrated phosphoric acid
under vacuum at 70 °C. The isotope ratios were calibrated based on
the repeated measurements of NBS-19; the analytical precision
(10) is +0.05%o. For core PC5103, we used the oxygen isotope values
of the planktic foraminifera Globigerinoides sacculifer (Khim et al.,
2015).

Orbitally-tuned age models for cores PC5101 and PC5103 were
based upon the combination of oxygen isotopes (PC5101: benthic
foraminifera C. wuellerstorfi, PC5013: planktic foraminifera
G. sacculifer), combined with the published CaCOs stratigraphy
(Khim et al., 2012, 2015) (Supplements 1 and 2). The stratigraphic
correlation of both cores with the reference data (LR04: Lisecki and
Raymo, 2005; RC11-210: Chuey et al., 1987) was performed using
the dynamic matching program "Match 2.3” (Lisecki and Lisecki,
2002). All oxygen isotope data were normalized prior to the
matching procedure.

In the Equatorial Pacific, the major contrast in CaCO3 (weight %)
on glacial—interglacial timescales is a powerful tool in establishing
an orbitally—tuned age model (e.g. Farrell and Prell, 1989; Thomas
et al, 2000; Khim et al., 2012, 2015). At core PC5103, several
planktic foraminiferal oxygen isotope peaks were excluded from
the stratigraphic correlation because they did not agree with CaCO3
stratigraphy (Khim et al., 2012, 2015: Chapter 3.1). The bottom ages
of the cores were assigned to be 621 ka (transition between MIS 16
and MIS 15) for core PC5101, and 922 ka (glacial maxima in MIS 24)

for core PC5103, using the age—depth correlations initially made
using CaCO3 contents (Khim et al., 2012, 2015).

2.2.2. Faunal analysis

Sediment was sliced at 1-cm interval and freeze-dried. For the
benthic foraminiferal analysis of core PC5101, one to two grams of
sediment were used from 457 to Ocmat 4-cm intervals. These
samples were soaked in warm water and wet-sieved using a 63 pm-
sieve. More than 200 benthic foraminiferal specimens were picked,
identified, and counted in the >105 um fraction from 457 to 212 cm
(59 samples), using a binocular microscope. Taxonomic assign-
ments followed Van Morkhoven et al. (1986) and Jones (1994), with
the generic classification of Loeblich and Tappan (1987). We con-
ducted similar analysis on samples from core PC5103 from 301 to
164 cm (35 samples) at 4-cm intervals. We combined these data
with those for the upper 209 cm of core PC5101 (53 samples) and
for the upper 161 cm interval of core PC5103 (41 samples) (Takata
et al.,, 2011, 2016). The Benthic Foraminiferal Accumulation Rate
(BFAR; Herguera and Berger, 1991) was calculated as follows: BFAR
(# cm 2 ky~ ') = BF * LSR * DBD, where BF is the number of benthic
foraminifera per gram of bulk sediment, LSR is the linear sedi-
mentation rate (cm ky 1), and DBD is the dry bulk density (g cm )
of the sediment.

2.2.3. Perfect test ratio of Globorotalia menardii

We analyzed the perfect test ratio of Globorotalia menardii to
evaluate the degree of carbonate dissolution on the seafloor,
following Kimoto et al. (2003). Globorotalia menardii specimens
were picked from the >250 um fraction of cores PC5101 and PC5103
at 8-cm intervals. According to completeness of the test, “perfect”
and “imperfect” specimens were distinguished and counted. We
could evaluate the perfect test ratio only in 49 samples of core
PC5101 and 16 samples of core PC5103, in which we could count
more than 50 specimens; in all other samples this species is too
rare.

2.2.4. Multivariate analyses of benthic foraminifera

The values of the Shannon-Wiener function (H’) and the Buzas-
Gibson evenness of (1969) were calculated for all analyzed samples,
and combined with published data (Takata et al., 2011). We con-
structed rank-abundance curves (RAC) based on the relative
abundance of each taxon for each sample (Webb et al., 2009; Webb
and Leighton, 2011). We calculated RAC kurtosis using the Statis-
tical programming environment R (R Development Core Team,
2010). In order to statistically evaluate faunal changes, we applied
non-metric multi-dimensional scaling (MDS) on Bray-Curtis dis-
tances to the faunal data. A square-root transformed data matrix of
relative abundance consisting of 18 taxa (those with at least 5%
relative abundance in at least one sample) and 188 samples were
analyzed by the statistical programming environment R, using the
function from the Vegan Community ecology package (Oksanen
et al., 2010). In order to consider the relationship between the
MDS axis and each taxon, the correlation between stratigraphic
changes in the score of each MDS axis and relative abundance of
each taxon was examined.

3. Results
3.1. Age models

The oxygen isotope stratigraphy of cores PC5101 and PC5103
provided 17 and 12 age-tie points, respectively (Table 1;
Supplements 1 and 2). Based on matching to the LR04 stack, our
study intervals of these cores recorded the interval down to MIS 13
(Supplements 1 and 2). The benthic foraminiferal oxygen isotope
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Table 1
Tie points between depth and age of cores PC5101 and PC5103.
PC 5101
Depth (cm) Age (ka)
6.21 3.11
33.41 25.81
87.00 64.69
116.00 106.59
136.23 125.33
152.82 144.62
187.91 195.62
220.55 257.20
255.09 307.58
282.56 333.08
309.76 364.49
32935 391.55
351.65 415.81
383.75 443.49
417.75 470.85
443.32 505.69
543.41 620.45
PC5103

Depth (cm) Age (ka)
7.22 7.21
70.76 68.50
102.53 122.06
156.24 188.49
164.50 218.45
241.06 342.48
257.76 379.56
281.01 416.64
329.81 474.83
364.85 539.72
395.97 582.47
414.63 614.40

data (C. wuellerstorfi) generally agree with the CaCOs stratigraphy.
In contrast, the oxygen isotope data of the planktic foraminifera
(G. sacculifer) in core PC5103 contain peaks (e.g., 30, 128—124, and
276 cm), which are inconsistent with the CaCOs stratigraphy
(Supplements 2). We consider that the CaCOs3 variability indicates
glacial—interglacial periods correctly (Farrell and Prell, 1989),
whereas the low planktic oxygen isotope values probably represent
local surface—water conditions. Our age model thus was based on
the match with CaCOs3 data in core RC11-210 (Chuey et al., 1987).
Sedimentation rates ranged from 0.53 to 1.38 cmkyr~! for core
PC5101 and from 0.28 to 1.04 cm kyr~! for core PC5103.

3.2. Benthic foraminifera

Benthic foraminifera were present in all 59 samples in the lower
part of core PC5101, 35 samples in the lower part of core PC5103,
and in the 53 samples in the upper part of core PC5101 (Takata et al.,
2011) and 41 samples in the upper part of core PC5103 (Takata et al.,
2016). The abundance of benthic foraminifera (the number per
gram) and BFAR fluctuated generally at glacial—interglacial peri-
odicities (Fig. 2). In the lower parts of cores PC5101 and PC5103,
Nuttallides umbonifer, Pullenia bulloides, Pullenia quinqueloba, Epis-
tominella exigua, and Eilohedra levicula are common constituents,
with Oridorsalis umbonatus, Cibicidoides wuellerstorfi, Melonis
pompilioides and Melonis barleeanum (Figs. 2 and 3; Supplements
3). The faunal composition closely resembles those in the upper
parts of cores PC5101 (Takata et al., 2011) and PC5103 (Takata et al.,
2016), except for the abundance of Chilostomella ovoidea in one
sample in core PC5101, where it is dominant (more than 30%; ~300
ka) (Fig. 2). The assemblages indicate (e.g., by the low relative

abundance of infaunal indicator species of high productivity) that
the food flux at the seafloor was never very large, despite the high
primary productivity, as expected at the great depth (>4 km) of
both sites (e.g., Altenbach et al., 1999).

Two MDS axes were recognized (Figs. 2 and 4; Supplements 4).
The most common species are grouped into the four quadrants in a
plot of MDS 1 vs MDS 2 (Fig. 4): (a) E. exigua is the only species to
score negatively on MDS axis 1 and positively on axis 2, (b) Nut-
tallides spp. score negatively on both axes, as do (to a lesser degree)
Gyroidinoides subangulatus and Fursenkoina bradyi, (c) Several Pul-
lenia species, Melonis species, C. ovoidea, E. levicula and Oridorsalis
plummerae score positively on both axes, and (d) The common
cosmopolitan species G. subglobosa, O. umbonatus, C. wuellerstorfi,
Tosaia sp., Gyroidinoides sp. A. as well as Fissurina species score
positively on MDS axis 1 and negatively on axis 2.

In core PC5101, the score on MDS axis 1 was more negative at
360—310 ka and 280—200 ka, and that of axis 2 was more positive
at 310—280 ka and 120—30 ka (Fig. 5). In core PC5103, the scores of
MDS axes 1 and 2 were similar to those of PC5101, but in core
PC5101 the scores on MDS axis 2 (variability of the food supply)
were higher from 310 to 280 ka, whereas in core PC5103 they were
higher at 120—30 ka (Fig. 6).

In both cores, the values of Shannon-Wiener (H’) index (di-
versity) declined at ~330 ka (Fig. 5), but they diverged at 330—250
ka, with higher values in core PC 5103. At 120—10 ka the diversity
was higher in core PC5101 (Figs. 5 and 6). Based on these data, we
recognized Events 1, 2 and 3 in values of Shannon-Wiener (H')
index at ~330, ~250 and ~120 ka, respectively (Figs. 5 and 6). The
Buzas-Gibson evenness (1969) diverged between the two cores at
~310 ka and during 120—10 ka (Figs. 5 and 6), similar to the
Shannon-Wiener (H’) index. RAC kurtosis values were different
between the two cores from 330 to 260 ka, with higher values in
core PC5101 (Figs. 5 and 6). The structure of the community implies
that few taxa were dominant in core PC5101 at ~300 ka (with
C. ovoidea dominant in 1 sample at ~300 ka; Fig. 2). A few species
were dominant from MIS 9 to MIS 8 in core PC5101 (Figs. 4 and 8).
The relative abundance of N. umbonifer in core PC5101 decreased
considerably at ~300 ka (Fig. 2), but there was no marked difference
in Pullenia spp. between the two cores (Fig. 8). MIS 8 in core PC5101
was characterized by abundant (approximately 20%) E. exigua

(Fig. 8).
3.3. Perfect test ratio of Globorotalia menardii

The perfect test ratio was similar in the two cores (Fig. 5), with
more fluctuations after ~170 ka, and with more stable values prior
to ~170 ka. The variation pattern of the perfect test ratio was
roughly similar to that of other dissolution indices (foraminiferal
fragmentation rate and foraminiferal dissolution index) in core
WEC8803B-GC51  (1.3°N, 133.6°W, 4410m water depth;
LaMontagne et al., 1996), located close to core PC5101. Values also
resemble the dissolution indices in core TT013-PC72 (0.1 °N, 140°W,
4298 m water depth; Fig. 11 of Thomas et al.,, 2000). Values in the
latter are similar to our data but show larger fluctuations (most
significantly after ~270 ka), and more glacial-interglacial variability
overall.

4. Discussion

4.1. Faunal composition and structure of benthic foraminifera along
~131‘W in the CEP

4.1.1. Faunal composition
We interpreted the scores of the characteristic species on the
two MDS axes, using information in Loubere (1991, 1994, 1998),
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Fig. 3. Scanning electron micrographs of benthic foraminifera in cores PC5101 and PC5103. Scale bar = 100 pm. 1. Nuttallides umbonifer (Cushman) (core PC5101; 216—217 cm); 2.
Nuttallides sp. A (core PC5101; 216—217 cm); 3. Oridorsalis umbonatus (Reuss) (core PC5101; 216—217 cm); 4. Eilohedra levicula (Resig) (core PC5101; 216—217 cm); 5. Epistominella
exigua (Brady) (core PC5101; 216—217 cm); 6. Pullenia bulloides (d’Orbigny) (core PC5101; 216—217 cm); 7. Pullenia jarvisi Cushman (core PC5101; 216—217 cm); 8. Melonis pom-
pilioides (Fichtel and Moll) (core PC5101; 212—213 cm); 9. Melonis barleeanum (Williamson) (core PC5101; 212—213 c¢m); 10. Chilostomella ovoidea Reuss (core PC5101; 252—253 cm);
11, 12. Tosaia hanzawai Takayanagi (core PC5101; 360—361 cm); 13. Sphaeroidina bulloides d’Orbigny (core PC5101; 216—217 cm).

Thomas et al. (1995), Altenbach et al. (1999), Gupta and Thomas
(2003), Gooday (2003), Sun et al. (2006), and Jorissen et al.
(2007). Based on the correlation between the score on MDS axis
1 and the relative abundance of each taxon (Supplements 4), Nut-
tallides umbonifer and Nuttallides sp. A are negatively correlated to
MDS axis 1, whereas Oridorsalis umbonatus, Pullenia bulloides and
Pullenia quinqueloba are positively related. Nuttallides umbonifer is
fairly abundant in very deep waters between the lysocline and the
CCD (Bremer and Lohmann, 1982; Mackensen et al., 1990, 1993;
1995; Schmiedl et al., 1997). In general, such deep waters contain
only a very small fraction of the organic matter produced in the
surface waters (Martin et al., 1987; Henson et al., 2012). This species
thus thrives at an extremely low food supply (Loubere, 1991;
Schmiedl et al., 1997). Nuttallides rugosa (probably equivalent to
N. umbonifer) occurs at bathyal depths in the western Arabian Sea,
where phytodetritus is deposited (Kurbjeweit et al., 2000). This
species, however, might reproduce at times of little seasonal
deposition, and it is commonly associated with a low, seasonal
pulse in food supply (Gooday, 2003; Sun et al., 2006). Oridorsalis
umbonatus and Pullenia spp. occur over a range of water depths and

trophic conditions (e.g., Van Morkhoven et al., 1986), but generally
at somewhat higher levels of food supply than Nuttallides spp. (e.g.,
Loubere, 1991; Altenbach et al., 1999). Thus, negative scores on MDS
axis 1 indicate extremely low food supply, whereas positive scores
indicate somewhat higher food supply.

Epistominella exigua has a negative score on MDS axis 1, and a
positive score on MDS axis 2 (Fig. 4, Supplements 3). This species is
abundant at locations with a highly seasonal input of phytodetritus
from the surface ocean (Gooday, 1994; Smart et al., 1994; Thomas
et al., 1995; Thomas and Gooday, 1996; Sun et al., 2006; Thomas,
2007). This species occurs commonly from the equator to ~6°N
along ~131°W, responding to seasonal contrast in the chlorophyll-a
concentration of the surface waters under the seasonal ITCZ
movement, (Takata et al.,, 2016). Variability in input of phytode-
tritus may have occurred on other short time scales, such as the
passage of Tropical Instability Waves (TIWs) (Willett et al., 2006)
and ENSO variability, which could cause short-term variability in
the food supply on time scales different from seasonality. Thus, we
conclude that MDS axis 2 may be related to the variability in the
food supply (higher variability at more positive scores).
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Fig. 4. Crossplot of correlation coefficients between MDS axes 1 and 2 and each taxon (including 53 data points from Takata et al. (2011) and 41 data points from Takata et al.
(2016)). The data are listed in Supplements 4. Variation of benthic foraminiferal faunas were controlled primarily by MDS axis 1, specifically Nuttallides umbonifer (low food,
low variability) and MDS axis 2, specifically Epistominella exigua (low food, high variability).

In summary, negative scores on MDS axis 1 indicate extremely
low food flux, and positive scores a somewhat higher flux. Negative
scores on MDS axis 2 indicate a fairly low variability (on time scales
ranging from TIW passage to seasonal to ENSO), whereas positive
scores indicate higher variability (Fig. 4).

4.1.2. Structure of the community

The Shannon-Wiener (H’) index is significantly positively
correlated with the evenness, negatively with RAC kurtosis in cores
PC5101 and PC5103, based on Spearman's rank coefficient (Table 2).
The correlation between MDS axis 1 and the Shannon-Wiener (H')
index or evenness is significant in core PC5101 (Table 2). A more
negative score on MDS axis 1 is related to higher abundance of
Nuttallides spp., whereas a more positive score is characterized by
higher abundances of species such as P. bulloides, P. quinqueloba and
0. umbonatus. High scores on MDS axis 2 (high abundance of
E. exigua) are correlated with relatively low values of the Shannon-
Wiener (H') index as also observed elsewhere (Ohkushi et al., 2000)
(Figs. 5 and 6).

The relationship between values on MDS axis 2 and the
Shannon-Wiener (H') index (or evenness) differs between cores
PC5101 and PC5103 (Table 2), because of the spike in values on MDS
axis 2at ~300 ka in core PC5101, at which time E. exigua was
becoming more abundant in core PC5101 than in core PC5103
(Fig. 6). Both evenness and RAC kurtosis indicate that only a few
species dominated the assemblages during MIS 9 to MIS 8, thus the
community structure was controlled mainly by the abundance of a
few dominant species, including N. umbonifer and E exigua, prob-
ably related to the amount and variability of the food supply from
the surface ocean.

4.2. Faunal changes at ~131°W in the CEP since ~520 ka

We compared scores on MDS axis 1 (food supply) to values of
other proxy data, which include the CaCO3; and biogenic opal
content and their MAR, BFAR, and the perfect test ratio of
G. menardii in core PC5101 (Figs. 7 and 8). A shift in the relation of
benthic foraminiferal assemblages to environmental proxies
occurred at 118 cm (mid-MIS 5), based on the Horn's index of
overlap between neighboring samples in core PC5101 (Takata et al.,
2011). Therefore, we separately evaluated the correlation between
scores on MDS axis 1 and other proxy data in different time
intervals.

We defined the time intervals using the Shannon-Wiener (H’)
index in core PC5101 (Events 1 and 2; Fig. 6): Interval (c)
456.5—280.5 cm (520.8—331.2 ka: mainly MIS 13 to MIS 10; before
Event 1); Interval (b) 276.5—220.5 cm (327.5—257.1 ka: mainly MIS
9 to MIS 8; between Events 1 and 2) at 288 cm and Interval (a)
216.5—0.5 cm (249.6—0 ka: mainly MIS 7 to MIS 1; after Event 2) at
218 cm (Table 2; Figs. 7 and 8). Interval (a) can be subdivided into
Subintervals (al and a2) by Event 3 (at around the MIS 6/5
boundary, ~120 ka) (Fig. 5) (Takata et al., 2016). We do not further
discuss this faunal transition here (Takata et al., 2011, 2016). Cor-
relations between scores on MDS axis 1 and other proxy data were
examined using Spearman's rank coefficient in these three intervals
(Table 3). In Interval (a), the score on MDS axis 1 (food supply) is
correlated negatively to the opal-MAR (P <0.01) (Table 3; Fig. 6),
whereas in Interval (b), MDS axis 1 is correlated negatively with the
CaCOs3 content (P <0.01), and correlations with the opal content
and opal-MAR are positive (P<0.01 and P<0.05, respectively)
(Table 3; Fig. 7). In Interval (c), MDS axis 1 was positively correlated
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Fig. 5. Stratigraphic changes of Shannon-Wiener (H’), Buzas and Gibson evenness (1969), RAC kurtosis, multi-dimensional scaling (MDS) axes 1 and 2 (including 53 data points
from Takata et al. (2011) and 41 data points from Takata et al., [2016]), and the perfect test ratio (%) of Globorotalia menardii of cores PC5101 and PC5103. Arrow shows the horizon of
marked changes in value of each panel. The study period is subdivided in three intervals based on Shannon-Wiener (H’) between the two cores (Events [a] and [b]; refer to section
4.2). Note that evenness, RAC kurtosis, and MDS axes 1 and 2 show differences between the two cores across ~300 ka.

with the CaCOs3-MAR (P<0.01) and with the CaCOs; content
(P <0.05) (Table 3; Fig. 7).

The perfect test ratio of G. menardii generally reflects carbonate
preservation (e.g., Kimoto et al., 2003). The correlation between the
score on MDS axis 1 and the perfect test ratio was not significant
throughout core PC5101, implying that post-mortem changes in
faunal composition through carbonate dissolution are not signifi-
cant. The lack of marked variation in the perfect test ratio of

G. menardii (Fig. 5) is probably due to the fact that our cores
(4425 m and 4095 m water depths) are located at shallower depths
than those in Fig. 4 of Farrell and Prell (1989) (below ~4600 m). We
conclude that the correlation between the scores on MDS axis 1 and
the carbonate/opal-MAR in our cores probably is not caused by
carbonate dissolution.

The food supply from the surface ocean strongly affects the
faunal composition of benthic foraminifera in the deep-sea
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axes 1 and 2 show differences between the two cores across ~300 ka.

(Gooday, 2003; Jorissen et al., 2007). BFAR is a proxy for paleo-
productivity, but only at constant export productivity (Herguera
and Berger, 1991), and the correlation between scores on MDS
axis 1 and BFAR is not statistically significant. Possibly, this lack of
correlation is caused by the great water depth (>4000 m) at core
PC5101, at which particulate organic matter (POM) from the surface
ocean is largely consumed through remineralization within the

water column (e.g., Henson et al.,, 2012). Under such conditions,
variations in BFAR may depend more on changes in the transfer
efficiency of POM (export productivity) than on changes in primary
productivity.

The negative correlation between scores on MDS axis 1 and
opal-MAR was statistically significant in Interval (a). In that inter-
val, the biotic response of benthic foraminifera suggests that less
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Table 2
Results of Spearman rank correlation of the indices at (a) core PC5101 and (b) core
PC5103 (including 53 data from Takata et al. (2011) and 41 data from Takata et al.
(2016)).

(a) core PC5101 Shannon-Wiener (H') Evenness RAC kurtosis
MDS axis 1 p=0.49 p=0.58 p=-0.17

P <0.01 P < 0.01 NS
MDS axis 2 p=-0.04 p=-0.03 p=0.20

NS NS P < 0.01
Evenness p=0.69 p=-048

P < 0.01 P < 0.01
RAC kurtosis p=-0.55

P < 0.01
(b) core PC5103 Shannon-Wiener (H') Evenness RAC kurtosis
MDS axis 1 p=0.54 p=0.68 p=-0.20

P < 0.01 P < 0.01 NS
MDS axis 2 p=-041 p=-0.32 p=047

P=0.71 P < 0.01 P < 0.01
Evenness p=0.74 p=-0.55

P <0.01 P < 0.01
RAC kurtosis p=-0.66

P < 0.01

food reached the seafloor at high opal-MAR, which appears to be
counterintuitive. However, Henson et al. (2012) (in agreement with
Klaas and Archer, 2002) suggested that biogenic opal grains (which
are less dense than CaCO3 skeletons) may have a negative effect on
transfer efficiency of POM when summed over the full water depth:
biogenic opal increases transfer efficiency of POM from the mixed
layer to the thermocline, but the transfer efficiency decreases from
the thermocline to the deep sea floor. Silica is undersaturated in the
water column, thus opal skeletons are highly susceptible to disso-
lution, and their dissolution may negatively affect the sinking of
POM lower in the water column. In contrast, scores on MDS axis 1
are positively related to CaCO3; content and CaCO3-MAR in Interval
(c), which suggests that increased carbonate sedimentation
affected food supply to the seafloor, in agreement with the argu-
ment that biogenic carbonate grains may ballast POM, thus increase
transfer efficiency (Francois et al., 2002). These changes over time
agree with Henson et al. (2012)'s argument that changes in
photosynthetic communities strongly affect the amount of remi-
neralization and thus the efficiency of transfer of POM through the
water column.

Remineralization of POM is also affected by seawater tempera-
ture, with doubling of the activity of remineralizing bacteria with
about 10 °C increase (e.g., John et al., 2013). However, a modeling
study showed differences in temperature of <0.5°C below ~1 km
water depth around the equator from the LGM to today (Chikamoto
et al., 2012), and bottom water temperatures have not changed
greatly over our study interval (Siddall et al., 2010). We thus
conclude that changes in remineralization over the studied interval
in the CEP due to changes in temperature were not significant, and
the shift in biotic response of benthic foraminifera over time may
have been caused by changes in the ballasting effect of sinking
POM, through changes in the MAR (paleo-flux) of carbonate and
opal skeletons in the CEP in the mid-Brunhes dissolution interval
(MBDI) (Fig. 9).

The cause of the change in correlation between MDS axis 1 and
CaCOs/opal-MARs Intervals (c) to (a) is not well understood. Coarse
fraction (>63 um)-MAR was more variable in Interval (a) than in
Interval (c) (Fig. 7). In contrast, the fine fraction (<63 pm)-MAR
does not show marked differences between Intervals (a) and (c).
Given that coarse and fine fraction-MARs generally correspond to
fluxes of planktic foraminifera and calcareous nannofossils, we
suggest that the flux variations of planktic foraminifera and

calcareous nannofossils were similar in Interval (c), whereas the
flux of planktonic foraminifera was more variable in Interval (a)
than that of calcareous nannofossils. The more variable flux of
planktic foraminifera in Interval (a) could have affected the relation
between ballasting of POM by calcareous skeletons and benthic
foraminiferal food supply, resulting in a more negative effect of
ballasting of POM by siliceous plankton.

In Interval (b), scores on MDS axis 1 are negatively correlated to
the CaCOs3 content, but positively to the opal content and its MAR.
Therefore, we conclude that in Interval (b) there was no significant
relation between scores on MDS axis 1 and carbonate/opal sedi-
mentation. This interval is characterized by high scores on MDS axis
2 (Fig. 4), suggesting that benthic foraminiferal assemblages were
mainly influenced by high variability in the food supply, rather than
by the total amount of food and carbonate/opal sedimentation.

An important factor determining the food supply to the seafloor
and benthic foraminiferal assemblages over time thus may have
changed, with the change from carbonate sedimentation in Interval
(c) to opal sedimentation in Interval (a), with Interval (b) transi-
tional. This transition was gradual (~330 ka to ~250 ka), corre-
sponding to the MBDI (Farrell and Prell, 1989). During this period
benthic foraminiferal assemblages shifted from a linkage to car-
bonate sedimentation (Interval [c]) to a relation to opal sedimen-
tation (Interval [a]). We regard this interval as a “regime shift”,
during which changes in surface paleoceanography affected food
transfer to the deep-sea, as well as remineralization in the water
column. We argue that a change in transfer efficiency of POM in the
tropical Pacific Ocean, thus the efficiency of the biological pump,
probably was an important feature of the MBDI.

4.3. Benthic foraminiferal fauna between ~2°N and ~6°N along
~131'W during MIS 9 and 7

In order to characterize the transition period (330—250 ka; In-
terval [b]) along ~131°W, we evaluated the differences between
cores PC5101 and PC5103 in more detail (Figs. 6 and 8). The
decrease in Shannon-Wiener (H’) index from ~330 to 300 ka im-
plies that benthic foraminiferal faunas were adversely affected at
core PC5101, and the low values of BFAR in this core at ~300 ka
suggest that the food supply decreased (Fig. 7). In core PC5101,
E. exigua became abundant in MIS 8, just after the occurrence of
extraordinary abundant C. ovoidea at ~300 ka (Fig. 8). Chilostomella
ovoidea is a deep-infaunal species (Ohga and Kitazato, 1997;
Kitazato et al.,, 2000), using degraded, more refractory organic
matter rather than fresh phytodetritus (Nomaki et al., 2006;
Gooday et al.,, 2008). We suggest that E. exigua lived near the
sediment surface digesting fresh phytodetritus, whereas C. ovoidea
lived beneath the sediment surface. Therefore, a combination of a
decrease in food supply and enhanced variability of the food supply
might have strongly affected the benthic foraminiferal fauna prior
to MIS 8.

High RAC kurtosis at ~300 ka also supports the hypothesis that
conditions were more stressed for the benthic foraminiferal fauna
in core PC5101. We thus conclude that phytodetritus species, as
opportunists, transiently became abundant in core PC5101 whereas
abundance of other species declined at ~300 ka. Hence, we subdi-
vide transition Interval (b) in core PC5101 into an early and later
part, with the boundary at ~300 ka (Fig. 8). The early part of tran-
sition Interval (b) (~330—300 ka) was characterized by the gradual
deterioration of conditions for benthic foraminiferal fauna, prob-
ably due to less stable food supply (based on Shannon-Wiener (H’)
index and BFAR), whereas the later part (~300—250 ka) was char-
acterized by enhanced variability of the food supply.

We thus explain the divergence in benthic foraminiferal fauna
between cores PC5101 and PC5103 in transitional Interval (b) as
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Fig. 7. Stratigraphic changes of oxygen isotope value of benthic foraminifera (Lisiecki and

et al. (2011)), CaCO; and biogenic opal contents (%) of bulk sediments (Khim et al., 2012),

Raymo, 2005), multi-dimensional scaling (MDS) axis 1 (including 53 data from Takata
mass accumulation rate of CaCOs3 and biogenic opal, Benthic Foraminiferal Accumula-

tion Rate (BFAR) (including 53 data points from Takata et al. (2011)), the perfect test ratio of Globorotalia menardii (%), and coarse and fine fraction-MARs of core PC5101. The results

of Spearman’s rank correlation in Table 3 were shown by the line drawing below the panels:

solid and dashed line: positive and negative correlations, respectively; thick and narrow

lines: P < 0.01 and P < 0.05, respectively. Intervals (a), (b) and (c) refer to section 4.2. The relationship between MDS axis 1 of benthic foraminifera and CaCO3/biogenic opal-MARs
shifted from positive correlation with CaCO3-MAR in the Interval (c) to negative correlation with biogenic opal-MAR in the Interval (a). This suggests that biotic response of benthic

foraminifera happened across ~300 ka due to change in ballasting of POM by biominerals.

follows: (1) the species diversity (Shannon-Wiener [H'] index)
diverged from ~330 ka, (2) The benthic foraminiferal fauna in core
PC5101 was negatively affected by a low food supply at ~300 Kka,
recovering afterward, and (3) the difference in species diversity
between the two cores was reduced after ~250 ka. Such a faunal
transition has not been recognized in other studies of benthic
foraminifera in the Pacific Ocean (Ohkushi et al., 2000; Zhang et al.,
2007), probably because this change was restricted to the

equatorial region. In addition, E. exigua was more abundant at ~6°N
than at ~2°N after ~120 ka (Takata et al., 2016), but this was opposite
in the late part of Interval (b), although variations in abundance of
the most characteristic taxa were similar in both cores (Fig. 2).
The seasonal movement of the trade winds results in seasonal
variation in primary productivity at the northern margin of the ITCZ
during winter to spring (e.g., Kim et al., 2011), possibly influenced
by the occurrence of TIWs (e.g. Legeckis et al., 2004). The increase in
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Fig. 8. Stratigraphic changes of Shannon-Wiener (H'), RAC kurtosis, relative abun-
dances of five characteristic benthic foraminifera (including 53 data points from Takata
et al. (2011) and 41 data points from Takata et al., [2016]), the perfect test ratio (%) of
Globorotalia menardii, and mass accumulation rate of CaCOs3 and biogenic opal (Khim
et al,, 2012, 2015) of cores PC5101 and PC5103 during MIS 12 to MIS 7. Intervals (a),
(b) and (c) refer to section 4.2. Interval (b) with lower Shannon-Wiener (H’) in core
PC5101 was subdivided into an early and later part at ~300 ka with the dominance of
Chilostomella ovoidea in core PC5101. The early part of the Interval (b) (~330—300 ka) is
characterized by the decrease of some taxa (e.g., Nuttallides umbonifer) in core PC5101,
whereas the later part of the interval (b) (~300—250 ka) is characterized by the
occurrence of common Epistominella exigua in core PC5101.

abundance of E. exigua further north (toward ~6°N) might be
explained by seasonal variation in productivity with the migration
of the ITCZ (Takata et al., 2016). Thus, the latitudinal difference in
variability of the food supply in the later part of transition Interval
(b) was opposite to that after ~120 ka. The opposite trend in relative
abundance of E. exigua in the later part of Interval (b) relative to that
at the present day could be explained by a southward displacement
of the ITCZ (e.g., Rea, 1994) to ~2°N, so that the location (~6°N) of
core PC5103 would be away from the equatorial sediment bulge
(e.g., Lyle, 2003). However, there was no marked decline in the
CaCO3-MAR in core PC5103 (Fig. 7). Instead, an increased variability
(especially its seasonality) in the ITCZ position without net lat-
itudinal displacement might account for the reversed latitudinal
pattern in abundance of E. exigua between MIS 8 and the interval
after ~120 ka. In addition, variability on other than seasonal time
scales, such as active motion of TIWs (e.g., Willett et al., 2006) or
ENSO variability, could have contributed to variability in food
supply. Thus, Interval (b), i.e. the transitional period in the biotic
response of benthic foraminifera, could have been a period of
temporal disturbance of the latitudinal variation of the ITCZ along
~131°W in the CEP, as suggested by Yu et al. (2017) for MIS 14 in the
EEP. Such a temporal disturbance in the latitudinal variation of the
ITCZ along ~131°W in the CEP could have been related to temporal
reorganization of oceanic and atmospheric circulation in the
Equatorial Pacific Ocean (e.g., changes of Walker Circulation/Hadley
Circulation strength: Chiyonobu, 2009; southward ITCZ displace-
ment: Yamazaki, 2012).

Longitudinal variations in the equatorial upwelling zone with
changes in the carbonate-rich sediment bulge along the equator
(e.g., Fig. 7 of Theyer et al., 1985, Fig. 14 of Lyle, 2003) might have
been important, in addition to latitudinal variation. CaCO3-MAR is
generally higher in the eastern part of the carbonate-rich sediment
bulge, where it is also broader (Lyle, 2003). A westward movement
of the carbonate-rich sediment bulge might explain both the
continuous CaCOs sedimentation and an episodic food supply in
our study area. Unfortunately, there are no data available to eval-
uate detailed longitudinal variations in sediment geochemistry and
benthic foraminiferal fauna. Khim et al. (2012) reported large-scale
longitudinal variation of carbonate and biogenic opal contents in
the equatorial Pacific (~131°W and ~164°E, respectively), and noted
higher amplitude variations in biogenic opal content at core PC5101
than in core PC313 after ~350 ka, suggesting there was large-scale
longitudinal variation in production of calcareous/siliceous
plankton. Future studies focusing on longitudinal variations during
the MBDI are needed to provide information on longitudinal versus
latitudinal variability.

4.4. Shift in biotic response of benthic foraminifera through
ballasting of POM

Deep-sea benthic foraminifera live in highly food-limited envi-
ronments, and the food supply and its variability thus have a strong
influence on their assemblage composition (e.g., Smart et al., 1994;
Gooday, 2003; Jorissen et al., 2007). Benthic foraminiferal assem-
blages can react only to organic matter that reaches the seafloor,
and the percentage of primary-produced organic matter reaching
the seafloor is very small (0.01-1.0%; Murray et al., 1996). The
decline in food flux with depth is not a simple logarithmic function
of depth (as had been proposed; e.g., Martin et al., 1987), but highly
variable and influenced by the structure of the phytoplankton
community (Boyd and Trull, 2007; Henson et al., 2012; Arndt et al.,
2013), as well as by the intensity of remineralization, which may
depend on seawater temperature (John et al., 2013; Ma et al., 2014).
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Table 3
Results of Spearman rank correlation among MDS axis 1 and other proxies of core PC5101 among the three intervals.
Interval (age) MDS axis1 vs. MDS axis 1 vs. MDS axis 1 vs. MDS axis 1 vs. MDS axis 1 vs. BFAR MDS axis 1 vs.
CaCo3 (%) opal (%) CaCO3-MAR opal-MAR perfect test ratio
(a) 216.5—0.5 cm p=0.07 p=-0.13 p=-0.12 p=-037 p=-024 p=025
(249.6—0 ka) NS NS NS P < 0.01 NS NS
(b) 276.5-220.5 cm p=-0.70 p=0.73 p=-0.09 p=0.64 p=-049 p=-043
(327.5-257.1 ka) P <0.01 P < 0.05 NS P < 0.05 NS NS
(c) 456.5—280.5 cm p=033 p=-027 p=055 p=0.02 p=028 p=-028
(520.8—331.2 ka) P < 0.05 NS P <0.01 NS NS NS
Whole interval p=022 p=-024 p=0.15 p=-022 p=-0.12 p=-0.04
(520.8—0 ka) P < 0.05 P <0.01 NS P < 0.05 NS NS

4.4.1. Impact of ballasting of POM to the efficiency of the biological
pump in the ocean

The efficiency of transport of organic matter to greater depths
depends on ballasting of POM by mineral matter, either by car-
bonate or siliceous biogenic material (Francois et al., 2002; Klaas
and Archer, 2002; Katz et al., 2005) or windblown dust (Ittekkot,
1993). There is no agreement as to the relative significance of bal-
lasting by these components (Passow, 2004).

Not much attention has been paid to potential faunal changes of
Cenozoic benthic foraminiferal assemblages as a response to vari-
ability in ballasting minerals (e.g., Takata et al., 2018). We argue that
ballasting of POM by biominerals could be one of the important
factors for understanding faunal change in benthic foraminifera in
the EEP, where the proportions of calcareous and siliceous plankton
have fluctuated significantly over time (e.g., Khim et al., 2015).

In the MBDI, the calcareous nannoplankton species group
Gephyrocapsa was dominant and may have contributed to ballast-
ing POM in the deep ocean (Barker et al., 2006). Such intensification
of the biological pump through ballasting of POM with coccoliths
could have increased carbonate saturation of bottom water. A long-
term trend (several hundreds of kyr-order) of changes in carbonate
saturation is expressed in gradual shoaling followed by gradual
deepening of the CCD ~325 ka in the EEP during the late Quaternary
(Fig. 4 of Farrell and Prell, 1989), in addition to 100 kyr-order
cyclicity. Our results suggest that dominant ballasting of POM
switched from carbonate grains to biogenic opal grains during the
MBDI. The positive relationship between MDS axis 1 and carbonate
sedimentation in Interval (c) thus can be seen as supporting Barker
et al. (2006). In contrast, the negative relation between MDS axis 1
and opal sedimentation in Interval (a) may be partly explained by
increased carbonate saturation of bottom water in the late part of
the MBDI through a decline of the efficiency in ballasting of POM
(Fig. 4 of Farrell and Prell, 1989).

Many studies have pointed out the co-occurrence of paleo-
ceanographic changes in the surface and deep oceans during the
MBDI (Farrell and Prell, 1989; Barker et al., 2006). Farrell and Prell
(1989) suggested that changes in atmospheric circulation, such as
aeolian dust supply, could have been the cause of this coupling of
surface and deep paleoceanographic events. We suggest that
changes in ballasting of POM by biominerals may be an important
factor affecting the function of the biological pump, and such
changes in ballasting could have contributed to the correlation
between surface and deep paleoceanographic changes in the MBDI.

4.4.2. Influence of surface paleoceanographic changes on the deep

ocean in the equatorial Pacific Ocean through ballasting of POM
The start of Interval (a) was almost coeval with a decrease in

relative abundance of very small coccoliths (<2.5um) and an

increase in relative abundance of warm-water coccoliths at ODP
Site 846 (~3°S and ~95°W), across the MIS 8/7 boundary (~250 ka)
(Chiyonobu et al., 2006; Chiyonobu, 2009). Our study area
(~131°W) is far from ODP Site 846, but changes in primary pro-
ducers may have affected large areas of the EEP at about ~250 ka. In
contrast, the E-W gradient in SST in the Equatorial Pacific Ocean
did not weaken distinctly from MIS 7, due to other long-term trends
(i.e., the decrease toward ~200 ka and the subsequent increase; De
Garidel-Thoron et al., 2005; Horikawa et al., 2010). Thus, weakening
of the Walker Circulation might be a possible explanation for the
decline in ballasting of POM by opal skeletons in Interval (a).

At ODP Site 846, the calcareous nannoplankton flora shows
transitional features during MIS 8 related to an intensity of the
equatorial upwelling (Chiyonobu, 2009). The change of benthic
foraminifera in MIS 8 thus was probably related to a change in ITCZ,
possibly with changes in its seasonal (or interannual) variation
patterns (Section 4.3). Latitudinal variations in the seasonal pattern
of the ITCZ might explain the changes in phytoplankton commu-
nity, leading to a decline in ballasting of POM by opal skeletons as
compared to carbonate skeletons. We must consider the regional
paleoceanography in the tropical Pacific, in addition to global
oceanographic changes (Barker et al., 2006), in order to understand
paleoceanographic changes in the MBDI. We thus argue that an
enhanced biological pump through ballasting of POM by bio-
minerals (Barker et al., 2006) probably was combined with the
weakening of the Walker Circulation and/or latitudinal changes in
the ITCZ across the MBDI. Our results suggest that a change in the
Walker Circulation and ITCZ may have caused changes in the deep
oceans through changes in ballasting of POM by biominerals.

Other changes in surface paleoceanography might have affected
the variability of the food supply; for example, the intensity of
equatorial upwelling or the nutrient content of upwelled waters
may have decreased at ~95°W after MIS 8 (Chiyonobu et al., 2006).
If the latter phenomenon happened, primary productivity may
have decreased without changes in atmospheric circulation and in
position of the ITCZ. In addition, we may also need to consider
longitudinal variation in regional surface oceanography, such as
intensification of southern counter flow in the EEP (e.g., South
Equatorial Counter Current). Further studies are needed to clarify
the latitudinal (and longitudinal) variation in surface paleo-
ceanography in the Equatorial Pacific Ocean.

5. Conclusions

Investigation of upper Quaternary benthic foraminifera in two
sediment cores (PC5101 and PC5103) along ~131°W in the Central
Equatorial Pacific Ocean led to the following conclusions:



H. Takata et al. / Quaternary Science Reviews 210 (2019) 64—79 77

general setting

calcareous plankton siliceous plankton

surface ocean

S
@@ coccoliths K
©F . AA
&Y 8 planktic \ ;
% foraminifera .
/" A diatoms & ;"
! radiolaria VAl
o 2
seafloor
|

Interval (a)

surface ocean

. R A - G a0

calcareous plankton-rich siliceous plankton-rich

B =2 4R
e St
seafloor
I

Interval (c)

surface ocean

\ l’ll \\ -~ :I,
2 el

v ' ' [
v ' [
'

@

i
Vo v
"

. seafloor

calcareous plankton-rich siliceous plankton-rich

Fig. 9. Schematic diagrams depicting ballasting of particulate organic matter (POM) by
calcareous/siliceous plankton. The dashed curves in each panel show the decreasing of
POM down the water column. The upper panels show ballasting of POM in general,
whereas the middle and lower panels show ballasting of POM during Intervals (a) and
(c), respectively. The downward exponential-shape dashed lines show remineraliza-
tion of POM with depth. The transfer efficiency of POM is affected by ballasting of
biominerals: calcareous plankton (coccoliths and planktic foraminifera) and siliceous
plankton (diatom and radiolaria). Carbonate grains probably are a more efficient bal-
lasting material than opal grains. The calcareous plankton-rich and siliceous plankton-
rich periods alternated over time.

(1) We recognized two MDS axes in the benthic foraminiferal
assemblages. Scores on MDS axis 1 are related to variability
in overall food supply, from extremely low food (more
negative scores) to slightly higher food (more positive
scores). Scores on MDS axis 2 are related to the variability of
the food supply (more positive score—increased variability).
MDS axis 1 is correlated significantly to the Shannon-Wiener
(H’) diversity index, evenness and RAC kurtosis, suggesting
that late Quaternary benthic foraminiferal faunas were
controlled primarily by a few dominant species loading on
MDS axis 1, specifically Nuttallides umbonifer (low food, low
variability) and MDS axis 2, specifically Epistominella exigua
(low food, high variability).

(2) The scores on MDS axis 1 were compared with sediment
geochemistry proxies in core PC5101, in which benthic
foraminiferal assemblages switched from a positive relation
to carbonate sedimentation (MIS 13 to MIS 10) to a negative
relation to opal sedimentation (MIS 7 to MIS 1), with a
transitional period (MIS 9 to MIS 8). Thus, carbonate was
probably a more efficient ballasting material than opal, as
seen in food supply to the benthic foraminifera in the Central
Equatorial Pacific Ocean.

(3) There are latitudinal differences in benthic foraminiferal
abundances, species diversity (Shannon-Wiener [H’] index),
and evenness between the two cores during the transitional
period (MIS 9—8). Epistominella exigua, indicating a highly
variable food supply, is more abundant at the northern
margin of seasonal ITCZ movement than at the equator at the
present day, whereas this was reversed during MIS 8. Such a
reversal of latitudinal distribution may be attributed to an
enhanced variability in food supply near the equator, related
to the increased seasonal (or interannual) motion of trade
winds, without net displacement of the mean ITCZ position.
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