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Biogenic opal content and mass accumulation rate (MAR) at IODP Expedition 323 Site U1343 were found to
fluctuate consistently, generally being high under warm conditions and low under cold conditions during the
last 2.4Ma. Continuous wavelet transform analysis of the normalized biogenic opal content indicates that export
production in the Bering Sea varied predominantly at 41-ka periodicity before 1.25 Ma, and shifted to 100-ka
periodicity at the onset of the Mid-Pleistocene Transition (MPT; 1.25–0.7 Ma). The 100-ka cycles dominated
until the Holocene. Export production in the Bering Sea decreased markedly in the Bering Sea two times during
the MPT: the first occurred at the beginning of the MPT (1.25 Ma) and the second in the middle of the MPT
(0.9 Ma). These decreases coincided with both increases in the relative abundance of sea-ice diatoms and
decreases in the warm-water diatom species Neodenticula seminae, indicating that reductions in export
production in the Bering Sea during the MPT were associated with climate cooling. Decreases in export
production in the Bering Sea during the MPT were most likely associated with the increased influence of polar/
Arctic domains on the high-latitude North Pacific.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Mid-Pleistocene Transition (MPT) is considered the most
important global climate transition since the intensification of the
Northern Hemisphere Glaciation (NHG) at 3.5 to 2.5 Ma (Mudelsee
and Raymo, 2005). The MPT is characterized by the emergence of
high-amplitude glacial–interglacial variability with cycle durations of
~100 ka, accompanied by ice-sheet expansion without any significant
change in orbital forcing (Shackleton et al., 1988; Raymo et al., 1997;
Clark et al., 2006). Although the reported timing of the MPT differed
at various regions, Clark et al. (2006) proposed that the MPT spanned
from 1.25 Ma to 0.7 Ma based on the global benthic oxygen isotope
stack (LR-04: Lisiecki and Raymo, 2005).

Alkenone sea-surface temperatures (SSTs) decreased during the
MPT at Site 846 (3°05′S, 90°49′W, 3296 m) and Site 849 (0°11′N,
110°31′W, 3851m) in the eastern equatorial Pacific (Liu and Herbert,
2004; McClymont and Rossel-Mele, 2005) and at Site 1077 (5°10′S,
10°26′E, 2382m) in the eastern tropical Atlantic (Schefus et al., 2004).
Shallow marine sediments in Japan recorded sea levels 20–30m lower
hington. Published by Elsevier Inc. A

ridge University Press
during Marine Isotope Stage 22 (MIS 22) at ~0.9 Ma than during MIS
28 (Kitamura andKawagoe, 2006). These results support the hypothesis
that ice-sheet expansion associated with climate cooling occurred
during the MPT. Based on the measurements of %C37:4, a proxy for
subarctic/subpolar water mass distribution, at Site 983 (60°24′N,
23°38′W, 1985 m) in the northern North Atlantic and at Site 882
(50°22′N, 167°36′E, 3244m; Fig. 1) in the northwestern North Pacific,
McClymont et al. (2008) suggested that polar/Arctic water masses
expanded toward the equator during the MPT. Despite these pieces of
clear evidence for the climate cooling and ice-volume increases during
the MPT, there have been few studies at high-latitude locations where
climate changes are directly linked to cryospheric processes.

The Bering Sea is located in the northern high latitudes where
seasonal sea ice forms. In particular, the Beringian slope area in the
Bering Sea is influenced not only by the relatively warm subarctic
water masses (the Alaskan Stream) but also by the seasonal sea-ice
cover. The slope area is also characterized by high surface-water
productivity (e.g., Springer et al., 1996) and high sedimentation rates
(N25 cm/ka) (Expedition 323 Scientists, 2009; Itaki et al., 2009; Kim
et al., 2011). Surface-water productivity in the slope area is restricted
by extensive sea-ice conditions and facilitated by the input of the Bering
Slope Current (BSC) (Nakatsuka et al., 1995; Clement et al., 2005;
Okazaki et al., 2005), an extension of the Alaskan Stream. Nutrient
supply from the subsurface layer is associated with the BSC (Okkonen
ll rights reserved.
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Figure 1. Schematic bathymetry of the Bering Sea and the subarctic North Pacific, illustrating the drilling locations including Site U1343. Arrows show the direction of major surface
currents. The Bering Slope Current is labeled as BSC.
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et al., 2004) together with tidal mixing which brings continental shelf
water into the slope area (Springer et al., 1996). Thus, changes in
surface-water productivity in the slope area of the Bering Sea provide
crucial information regarding climate changes in the northern high
latitudes during the MPT.

Export production significantly decreased during the intensification
of the NHG, but was relatively low and constant through the MPT,
at Site 882 in the northwestern subarctic North Pacific and at Sites
885/886 (44°41′N, 168°16′W, 5700m; 44°41′N, 168°14′W, 5700m,
respectively; Fig. 1) in the central subarctic North Pacific (e.g., Haug
et al., 1995; Snoeckx et al., 1995). However, the response of surface-
water productivity to climate cooling during the MPT in the high-
latitude North Pacific has not yet been determined. In this study, we
reconstructed surface-water productivity variations using continuous
wavelet transform analysis of the biogenic opal content and mass
accumulation rate (MAR) at IODP Expedition 323 Site U1343 in the
Bering Sea. Our results reveal paleoceanographic/paleoclimatic changes
of the high-latitude North Pacific during the MPT.

Materials and methods

Site U1343 (57°33′N, 175°49′E, 1950 m; Fig. 1) was drilled with
five holes (Sites U1343A through U1343E). A total of 1187 sediment
samples from the following four holes were used in this study: Holes
U1343A (205 samples from 20 to 200 m below sea floor (m bsf)),
U1343C (237 samples from 0 to 235m bsf), and U1343E (51 samples
from 0 to 140m bsf and 694 samples from 185 to 745m bsf). The Site
U1343 sediments are primarily composed of silt with varying amounts
of clay and diatoms and minor amounts of sand, ash, foraminifers,
calcareous nannofossils, and sponge spicules (Expedition 323 Scientists,
2009). In order to exclude the effects of core expansion and incomplete
core recovery, all sediment depths are reported as the corrected core
composite depth below seafloor (CCSF).

According to the sampling policy of IODP Exp. 323, Kanematsu et al.
(2013) and Kim et al. (2010) undertook the biogenic opal analyses for
the upper half (0–330m bsf) and for the lower half (320–745m bsf),
respectively, at Site U1343. Kanematsu et al. (2013) compared the
biogenic opal data between Site U1343 (the Bering Slope area) and
Site U1341 (Bowers Ridge) and came to the conclusion that the biogenic
oi.org/10.1016/j.yqres.2013.10.001 Published online by Cambridge University Press
opal contents at Bowers Ridge were significantly higher than those at
the Bering Slope area. Such difference is primarily attributed to the
fact that the sediments at Site U1343 were more diluted by lithogenic
matter derived from the Alaskan continent as well as being more
affected by sea-ice cover than those at Site U1341. Kim et al. (2010)
reported that biogenic opal content and its MAR show the obvious
orbital-scale glacial–interglacial variations from Late Pliocene to early
Pleistocene at Site U1343. Distinct decrease of these properties occurred
from 2.02Ma to 1.8Ma, when overall δ15N values increased by nearly
2‰, which marks a transition toward low concentrations of nutrients
in surface water after 1.8 Ma, leading to depressed export production
and high δ15N values.

This study compiles all biogenic opal data of Site U1343, although
the above mentioned studies reported part of the data. However, this
study is an exclusive synthesis using all biogenic opal data at Site
U1343, focusing on the independent and totally different theme from
those of the other studies. Here we first reveal the MPT in the Bering
Sea in terms of export production based on the biogenic opal data.

Age model of Site U1343

In order to constrain the age model for Site U1343, a benthic
foraminiferal oxygen isotope stratigraphy was used in this study
(Fig. 2). Detailed age model construction is presented in Asahi et al.
(2011). The established oxygen isotope stratigraphy of Site U1343
is mostly consistent with biostratigraphic datums and isochron
ages reported in Takahashi et al. (2011) (Table 1, Fig. 2). The benthic
oxygen isotope record is based on a sampling interval above 365mCCSF
of ~2 ka, whereas in the interval below 365 m CCSF it is ~11 ka. In
general, sedimentation rates were high before the MPT and low after
the MPT, with an average sedimentation rate of ~33 cm/ka (Fig. 2).

In order to avoid distortions in the continuous wavelet transform
analysis, presumably caused by inaccurate ages of Site U1343 resulting
from low-resolution oxygen isotope measurements, the ages below
370 m CCSF were recalculated by correlating very high-resolution
natural gamma ray (NGR) values (Expedition 323 Scientists, 2009)
with the LR-04 stack (Lisiecki and Raymo, 2005) because there is a
strong relationship between NGR and benthic foraminiferal oxygen
isotope values at Site U1343 (Asahi et al., 2011).

https://doi.org/10.1016/j.yqres.2013.10.001


Figure 2. Age model for Site U1343 (adopted from Asahi et al., 2011). Circles and squares
represent biostratigraphy and isochron ages summarized in Table 1 (Takahashi et al., 2011).
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Biogenic opal content and MAR

Biogenic silica (SiBIO) content was measured in 1187 sediment
samples (~2-ka resolution) using a wet alkaline extraction method
modified from DeMaster (1981) at Kyushu University (Japan) and
Pusan National University (Korea). The relative error of SiBIO content
in sediment samples is less than ±1%. The biogenic opal content was
calculated by multiplying the SiBIO content by 2.4 (Mortlock and
Rroelich, 1989). No inter-laboratory offset correction was needed
because the biogenic opal content measured at the two laboratories
for identical samples were within the analytical error.

Mass accumulation rate (MAR) for biogenic opal was calculated as
follows:

Biogenic opal MAR (g/cm2/ka) = biogenic opal proportion × DBD
(dry bulk density) (g/cm3) × LSR (linear sedimentation rate) (cm/ka).
DBD was measured onboard at approximately 3-m intervals and linear
interpolation between measurements was used to obtain a DBD value
for each of our samples rather than calculating from correlation between
GRA density and DBD due to low correlation. Based on the age-depth
information for each MIS boundary, derived from the oxygen isotope
stratigraphy (Asahi et al., 2011), LSR for each MIS was calculated, and
then applied for the MAR calculation.

Continuous wavelet transform analysis

In order to minimize the effect of noise, the data set was converted
to a 3-point running average of biogenic opal content. For high-
resolution intervals (0–160 m CCSF (0–565 ka) and 213–350 m CCSF
(825–1220 ka)), a 5-point running average was used to effectively
minimize the high-frequency noise. Intervals above 370 m CCSF
(~1250-ka) and below370-mCCSF are characterized by lowamplitudes
and high amplitudes, respectively. The variability of the variance of
biogenic opal content is shown in Figure 3a. Thus, after applying the
Table 1
Biostratigraphic datums and chron ages of Site U1343 (Takahashi et al., 2011).

Age (Ma) CCSF (m) Control point

0.3 87.3 Average depth of LO Spongodiscus sp.
0.781 208.0 Average depth of Brunhes bottom
0.998 267.6 Jaramillo top
1.072 302.0 Jaramillo bottom
1.173 327.1 Cobb Mountain top
1.55 407.7 LO Filisphaera filifera
1.8 563.4 LO Pyxidicula horridus
2.1 669.0 LCO Neodenticula koizumii

Note: LO= last occurrence, LCO= last common occurrence.

rg/10.1016/j.yqres.2013.10.001 Published online by Cambridge University Press
running average for smoothing, the data set was separated into two
sections, one above 370m CCSF and the other below, and each section
was normalized by its mean value and standard deviation. This ensured
that the amplitudes were similarly consistent throughout the core.
After interpolating the normalized biogenic opal data into every
1-ka interval, continuous wavelet transform analysis was conducted
using the software provided by A. Grinsted (http://www.pol.ac.uk/
home/research/waveletcoherence/).

Results

Over the duration of the 2.4 Ma record, the biogenic opal content
varies from 2% to 45% (Fig. 3a) and biogenic opal MAR ranges from
0.2g/cm2/ka to 35.1g/cm2/ka (Fig. 4a). Biogenic opal content and MAR
are closely related to LR-04 stack with high values during interglacials
and lowvalues during glacials. Before 1.25Ma, the average and standard
deviation of biogenic opal content (and MAR) during the interglacial
and glacial periods are 18.7 ± 8.2% (8.3 ± 4.9 g/cm2/ka) and
14.3 ± 6.7% (6.7 ± 4.1 g/cm2/ka), respectively. After 1.25 Ma, those
of biogenic opal content (and MAR) during the interglacial and
glacial periods are 10.4 ± 3.9% (4.2 ± 2.1 g/cm2/ka) and 7.9 ± 3.2%
(2.7 ± 1.6 g/cm2/ka), respectively. Compared to after 1.25 Ma, the
biogenic opal records show higher values and higher amplitude
variability before 1.25 Ma, prior to the MPT (Fig. 3a). The peaks
and valleys of biogenic opal content and MAR drop at 1.25Ma, followed
by a second decrease at 0.9Ma that includes a decrease in the amplitudes,
particularly for the biogenic opal MAR. The decreases in biogenic opal
MAR during the MPT do not correspond to decreases in LSR (Asahi
et al., 2011), suggesting that MAR values are not primarily controlled by
changes in sedimentation rate (Fig. 4c).

Continuouswavelet transformof normalized biogenic opal content for
Site U1343 (Fig. 3b) indicates that, in general, ~41-ka cycles (obliquity)
were dominant before 1.25 Ma. At ~1.25 Ma, a 100-ka cycle
(eccentricity) emerged (Fig. 3b). Although the ~100-ka cycle is not
positioned within the 95% confidence contour from ~0.9Ma to 0.6Ma,
when the biogenic opal content amplitudes decreased, the 100-
kacycle seems to be dominant after 1.25Ma.

Discussion

Emergence of 100-kacycle in export production during the MPT

The MPT is characterized by the emergence of 100-ka glacial–
interglacial cycles. The shift from 41-ka to 100-ka periodicity during
the MPT has been observed in many prior paleoceanographic proxy
records, such as the benthic foraminifera oxygen isotope (Lisiecki and
Raymo, 2005), alkenone SSTs (e.g., Liu and Herbert, 2004; Schefus
et al., 2004; de Garidel-Thoron et al., 2005; McClymont and Rossel-
Mele, 2005; Crundwell et al., 2008), and calcareous nannofossil
assemblages (e.g., Marino et al., 2008). However, the parallel transition
in surface-water productivity has not previously been reported. Because
surface-water productivity of the Bering Sea is strongly linked to
climatic forcing, it is expected that the biogenic opal record of Site
U1343 will elucidate the evolution of orbital climate cycles in the
high-latitude North Pacific through the MPT.

According to previous studies of the last 60 ka in the Bering Sea,
export production was high during the Holocene (i.e., interglacial) and
deglacial period, and low during the last glacial period (e.g., Nakatsuka
et al., 1995; Okazaki et al., 2005; Brunelle et al., 2007; Caissie et al.,
2010; Kim et al., 2011). The pattern of variations in biogenic opal content
at Site U1343 seem to parallel global climate changes represented in
LR-04 stack, confirming that there was high export production during
warm conditions and low export production during cold conditions. It
is also notable that the dominant periodicity for biogenic opal content
clearly shifted from 41-ka to 100-ka periodicity at 1.25 Ma (Fig. 3b).
The 100-ka periodicity was dominant after the MPT, especially from

http://www.pol.ac.uk/home/research/waveletcoherence/
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Figure 3. (a) Downcore profile of biogenic opal content and normalized variance of biogenic opal content computed in 200-kawindowswith a number of lags equal to half the time series
length (1/2 lags) at Site U1343, (b) continuous wavelet transform of normalized biogenic opal content at Site U1343, (c) continuous wavelet transform of the detrended LR-04 stack, and
(d) downcore profile of the relative abundance of sea-ice diatoms andNeodenticula seminae at Site U1343 (modified from Teraishi et al., in press). Redder colors represent stronger cycles
and solid lines indicate the 95% confidence levels in (b) and (c).
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1.25Ma to 0.4Ma, although during the periods from 0.9Ma to 0.6Ma the
cycle was not positioned within the 95% confidence line. The 41-kacycle
was also not strong during this period. The lack of significant orbital
variability during this period may be attributed to low sample
resolution (~6.3 ka) and/or smaller observed amplitudes (see Fig. 3a).
The continuous wavelet transform of biogenic opal content at Site
U1343 is similar to that of the detrended LR-04 stack calculated by
Imbrie et al. (2011) (Fig. 3c). This suggests that there is an in-phased
relationship between export production changes in the Bering Sea and
the strengthening of polar/Arctic influences associated with global
climate changes. This is manifested by the emergence of the 100-ka
cyclicity in export production at Site U1343 in the Bering Sea at the
beginning of the MPT (1.25Ma).
oi.org/10.1016/j.yqres.2013.10.001 Published online by Cambridge University Press
Paleoceanographic/paleoclimatic conditions in the Bering Sea during
the MPT

In the modern ocean, surface-water productivity in the Bering Sea
is high under relatively warm open ocean conditions without sea ice
(e.g., Sorokin, 1999). Under open ocean conditions, the slope area of
the Bering Sea experiences enhanced surface-water productivity when
the BSC supplies new nutrients to the area (Okkonen et al., 2004), and
reduced productivity when sea ice restricts nutrient delivery (Clement
et al., 2005). Thus, both biogenic opal content andMAR are likely related
to the degree of surface-water biological productivity under interglacial
open ocean conditions in the Bering Sea, as deduced by the close
relationship between records of the biogenic opal content and the

image of Figure�3
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Figure 4. (a) LR-04 stack (Lisiecki and Raymo, 2005), (b) natural gamma ray (NGR) of Site U1343, (c) biogenic opal MAR and linear sedimentation rate (LSR) of Site U1343, (d) biogenic
opal MAR of Site 882 in the northwestern Pacific (Haug et al., 1995) and Site 887 in the northeastern North Pacific (Rea and Snoeckx, 1995), and (e) biogenic opalMAR of Sites 885/886 in
the central North Pacific (Snoeckx et al., 1995).
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LR04 benthic δ18O stack described in the previous section. For
example, the amplitude of biogenic opal MAR variability, which reflects
variations of export production between interglacial and glacial periods,
was large before theMPT (Figs. 3a and 4a). Such large variations indicate
that export production during warmer interglacial periods prior to the
MPT under less sea ice and stronger influence of the BSC was enhanced
relative to the period after the MPT, when interglacials may have
been cooler and therefore more heavily influenced by sea ice and
less influenced by the BSC.

Biogenic opal content shows the decreasing trend in both high and
low values at 1.25Ma compared to that before the MPT (Fig. 3a). This
result indicates that export production under both warm and cold
conditions decreased at the beginning of the MPT. This is supported by
higher average biogenic opal MAR values in interglacial (8.3 g/cm2/ka)
and glacial (6.7 g/cm2/ka) periods before the MPT compared to those
(4.2 g/cm2/ka and 2.7 g/cm2/ka) after the MPT. At around 1.25Ma, the
relative abundance of sea-ice diatoms increased, whereas the relative
abundance of Neodenticula seminae, indicative of the Alaskan Stream
input, decreased (Fig. 3d; Teraishi et al., in press). Therefore, decreases
in export production at the beginning of the MPT may be related to
climate cooling characterized by increases in sea-ice distribution in
rg/10.1016/j.yqres.2013.10.001 Published online by Cambridge University Press
the Bering Sea during interglacial and glacial periods. Biogenic opal
MAR significantly decreased again at ~0.9 Ma, which also coincided
with a major increase in the relative abundance of sea-ice diatoms and
a notable decrease in the relative abundance of N. seminae (Figs. 3d
and 4a). The amplitude of biogenic opal MAR variability became
relatively small after ~0.9 Ma (Fig. 4a). This could be related to more
extensive sea-ice development after ~0.9Ma; productivity even during
interglacials was relatively low compared to prior to theMPTwhen the
climate was generally warmer and open ocean conditions prevailed. In
addition, Iwasaki et al. (2011) reported that export production started
to decrease at ~0.85 Ma synchronously with increases in sea-ice
diatoms at Site U1341 (54°2′N, 179°0.5′E, 2140 m; Fig. 1) in the
southern part of the Bering Sea. Interglacial export production during
the MPT decreased without a significant change in LR-04 interglacial
values, which indicate that sea-ice expansion was most likely a main
trigger for global climate cooling.

In many regions, pieces of evidence regarding cooling during the
MPT have been reported: decreases in alkenone SSTs (e.g., Liu and
Herbert, 2004; Schefus et al., 2004; McClymont and Rossel-Mele, 2005),
sea-level fall in Japan (Kitamura and Kawagoe, 2006), and increases
in polar/Arctic influences at northern high latitudes (McClymont

image of Figure�4
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et al., 2008). Because diminished export production at Site U1343
coincided with the sea-ice expansion and the reduction of warm water
influences, it can be regarded as evidence for the strengthening of polar/
Arctic influence as the climate cooled. Thus, the paleoceanographic/
paleoclimatic conditions in the Bering Sea during the MPT have evolved
in the context of global climate cooling.

Export production in the subarctic North Pacific during the MPT

Export production decreased during the NHG in the northwestern
and central subarctic North Pacific (Figs. 4b and c; Haug et al., 1995;
Snoeckx et al., 1995). Haug et al. (1999) proposed that surface-water
stratification associated with climate cooling was the main cause for
the reduction in export production in the northwestern North Pacific
during the NHG. While it has been shown that northwestern North
Pacific Site 882 had lower alkenone SSTs and increased polar/Arctic
water mass influences during the MPT (McClymont et al., 2008;
Martinez-Garcia et al., 2010), it appears that at Site 882 and at Sites
885/6 export production was more or less constant after the NHG,
including the MPT, due to surface-water stratification (Figs. 4b and c;
Haug et al., 1995; Snoeckx et al., 1995; Haug et al., 1999). This indicates
that changes in the export production in response to climate cooling
were not obvious because of strengthened surface-water stratification
in the northwestern and central subarctic North Pacific.

At northeastern subarctic Pacific Site 887, however, export production
increased at 0.85Ma, which is 0.05Ma later than the second cooling at
0.9Ma in the Bering Sea (Fig. 4d; Rea and Snoeckx, 1995). In the modern
ocean, the northeastern subarctic Pacific is known as a high-nutrient
but low-chlorophyll area (Stabeno et al., 2004), and the degree of export
production is most likely restricted by micronutrients such as iron (Boyd
et al., 2004; Tsuda et al., 2005). The input of terrigenous material,
delivered as eolian material and/or ice rafted debris (IRD), started
to increase at 1.0 Ma at Site 887 in the northeastern North Pacific
(Rea and Snoeckx, 1995; St. John and Krissek, 1999), accompanied
by an increase in the amplitude of oxygen isotope values of benthic
foraminifera at Site 677 (Shackleton and Hall, 1989). This indicates
that export production was enhanced in the northeastern subarctic
Pacific under climate cooling conditions, possibly due to elevated input
of terrigenous materials.

The subarctic North Pacific and Bering Sea were strongly influenced
by cooling climates during the MPT, as evidenced by decreasing
alkenone SSTs (e.g., Martinez-Garcia et al., 2010), increasing %C37:4
(e.g., McClymont et al., 2008), increasing terrigenous particles and IRD
(e.g., Rea and Snoeckx, 1995; St. John and Krissek, 1999), increasing
sea-ice diatoms (e.g., Teraishi et al., in press), and decreasing warm
water diatom species (e.g., Teraishi et al., in press). In all, these lines of
evidence indicate that climate cooling during the MPT was related to
the strengthening of polar/Arctic influences on the high-latitude North
Pacific. Export production in the northwestern and central subarctic
North Pacific was invariably constant during the MPT because of the
strong surface-water stratification present after the NHG (Haug et al.,
1999). In contrast, export production in the northeastern North Pacific
increased during the MPT, possibly due to iron input via eolian or
IRD depositional processes. In the case of the Bering Sea, the export
production decreased because of a combination of extensive sea-ice
formation and weakening of the warm BSC during the MPT. Our results
suggest that the response of export production was regionally distinct,
even under generally cooling climate conditions in the high-latitude
North Pacific.

Conclusions

In this study of the last 2.4Ma of global climate cooling, biogenic
opal content and biogenic opal MAR at Site U1343, recovered from
the slope area of the Bering Sea, were measured to reconstruct
paleoceanographic/paleoclimatic changes during the MPT. Based on
oi.org/10.1016/j.yqres.2013.10.001 Published online by Cambridge University Press
the continuous wavelet transform analysis of the normalized biogenic
opal content at Site U1343, changes in the dominant cycles of export
production over the last 2.4Ma were obtained. The main points of this
study are as follows:

1. Export production as represented by biogenic opal content andMAR
in the Bering Sea was high during warm conditions and low during
cold conditions. Export production differences between interglacial
and glacial periodsweremuchmore distinct and of higher amplitude
before the MPT than after the MPT.

2. Export production records in the Bering Sea clearly show a shift of
dominant cycles from 41 ka to 100 ka at the beginning of the MPT
(1.25Ma).

3. The cooling transition during the MPT was characterized by two
cooling periods: one at the beginning of the MPT (1.25 Ma) and a
second period in the middle of the MPT (~0.9Ma).

4. Decreasing export production during the MPT was accompanied by
sea-ice expansion and weakening of the warm-water influence in
the Bering Sea, which was most likely a result of climate cooling
caused by the enhancement of polar/Arctic influences at high
latitudes. This decrease in productivity during the MPT differs from
the lack of productivity in the northwestern and central North Pacific
and from the increase in productivity in the northeastern North
Pacific, demonstrating that there are strong regional differences in
the biological response to cooling climate and ocean conditions.

5. Climate cooling during the MPT is evident across the subarctic
North Pacific and the Bering Sea. In the high-latitude North Pacific,
cooling during the MPT was likely a result of increased polar/Arctic
influences.
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