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ARTICLE INFO ABSTRACT

We use benthic foraminiferal accumulation rates as a proxy for productivity changes during the mid-Pleistocene
climate transition (MPT) (~1.2Ma to 0.4 Ma). Our data are chosen to test the hypothesis that longer-term
cooling and the onset of 100 kyr cyclicity are linked to atmospheric CO, draw-down associated with an increase
in primary productivity. To this end, we have constructed records from a global array of seven sites spanning
major ocean basins and representing different hydrographic regimes (e.g., high and low latitudes, upwelling
versus the deep western warm pools). We compare our data to published productivity proxy records from each
site to identify limitations and uncertainties in the reconstructions. Results indicate that there is evidence for
productivity increases during the onset of the MPT (1.2-1.0 Ma), but the changes are not globally synchronous
and likely reflect regional hydrographic variability. On the orbital scale, productivity maxima tend to occur more
closely related to glacial than interglacial intervals overall, but the relationships are not consistent. High in-
terglacial productivity characterizes low latitude sites some of the time. In the obliquity band, high interglacial
productivity in the eastern equatorial Pacific coincides with low interglacial productivity in the Southern Ocean,
supporting a high to low latitude link via intermediate water circulation distribution of nutrients. On the re-
gional scale, our records contribute new evidence for changes in Northern Hemisphere frontal systems during the
MPT and for a close link between surface ocean production of organic matter and consumption on the ocean
floor in the western tropical Atlantic. Pyrite counts at the two Southern Ocean sites provide supporting evidence
for sluggish thermohaline overturn during the mid-point of the MPT at ~900 ka. Taken together, our records do
not show a globally synchronous productivity signal that would support the biological pump as a driver for
potential CO,-induced climate cooling during the MPT. Instead, we document complex regional variations in the
carbon cycle, reflecting a combination of both biological and physical processes both on the longer as well as on
the orbital time-scale.
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(e.g., see recent reviews by Clark et al., 2006; McClymont et al., 2013).
To summarize, Imbrie et al. (1993) were the first to emphasize the
importance of feedbacks between poleward heat transport (termed the
Nordic Heat Pump in their model) and meridional overturning as a key

1. Introduction

The mid-Pleistocene climate transition (MPT) marks the evolution
of asymmetric climate cycles defined by slow expansion of continental

ice sheets toward mid latitudes followed by rapid melting culminating
in interglacial warmth. As outlined by oxygen isotope records, the
transition began roughly 1.2 Ma when climate cycles directly responded
to orbitally driven insolation changes (41 kyr obliquity and 23 kyr
precession cycles, Fig. 1). By ~0.95-0.9 Ma, climate cooling reached
new extremes, and by ~0.6 Ma, climate changes followed an apparent
~100 kyr pacing of glacial and interglacial extremes that cannot be
explained by changes in insolation directly (e.g., Hays et al., 1976;
Mudelsee and Schulz, 1997).

Several hypotheses have been proposed to explain this climate
system nonlinearity, but as of yet none sufficiently explain its origins
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driver of the 100 kyr climate pattern. With a geologic focus, Clark and
Pollard (1998) discuss the exposure of crystalline basement providing
an increasingly more solid footing allowing the accumulation of thicker
ice sheets on Northern Hemisphere continents. Elderfield et al. (2012)
provide evidence against slow cooling but for an abrupt increase in
glacial Antarctic ice volume during the mid-point of the MPT at 0.9 Ma.
More recently Pena and Goldstein (2014) provide new geochemical
data indicating changes in meridional overturning circulation at
0.9Ma. Lear et al. (2016) contribute supporting evidence for deep
ocean carbon sequestration as an amplifier of the 100 kyr climate cycle
at this time. Emphasizing the role of climate thresholds, most recently,

E-mail addresses: 1.haass@mx.uni-saarland.de (L. Diester-Haass), kbillups@udel.edu (K. Billups), LearC@cardiff.ac.uk (C. Lear).

https://doi.org/10.1016/j.earscirev.2018.02.016

Received 9 July 2017; Received in revised form 16 February 2018; Accepted 16 February 2018

Available online 27 February 2018

0012-8252/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2018.02.016
https://doi.org/10.1016/j.earscirev.2018.02.016
mailto:l.haass@mx.uni-saarland.de
mailto:kbillups@udel.edu
mailto:LearC@cardiff.ac.uk
https://doi.org/10.1016/j.earscirev.2018.02.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2018.02.016&domain=pdf

L. Diester-Haass et al.

Earth-Science Reviews 179 (2018) 372-391

Study Interval nEe
300 ’g
Q
250 <~
2.0 ~ 8
200 o
25 4
150
= 3.0 - |
£
2 351
o 28] | g sg 62 70 74
e 36 46 52
0 A o 14 2430 34
45 - ;
S 2 6 10 12 16 mid-point
established
5.0 4 100 kyr cycle
<
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20
Age (Ma)

Fig. 1. Benthic foraminiferal §'®0 record (blue curve,) and atmospheric CO, levels (purple and red curves) spanning the past 2 myr. The mid-Pleistocene Transition (blue box) is
delineated by increasingly more extreme 8'®0 maxima (glacial Marine Isotope Stages, MIS, are labeled; Lisiecki and Raymo, 2005) and their 100 kyr pacing between 1.2 Ma and 0.6 Ma.
MIS 24-21 are considered the mid-point of the transition (Mudelsee and Schulz, 1997). The grey box outlines our study interval (~0.4-1.2Ma). The purple curve reflects CO, re-
construction based on the boron isotopic composition of foraminifera (Honisch et al., 2009), the red curve represents CO, measurements from ice cores (Liithi et al., 2008).

Tzedakis et al. (2017) propose that the 100 kyr cycle reflects a wea-
kened response to some insolation maxima, thereby prolonging the ice
growth phase.

Although a plausible climate forcing factor (e.g., Herbert et al.,
2010), the role of CO, in mediating the MPT is equivocal. Continuous
ice-core records do not span the entire transition interval (Liithi et al.,
2008; Wolff et al., 2010). Geochemical proxies only resolve generally
higher minimum, presumably glacial, CO, levels pre MPT (Honisch
et al., 2009, Fig. 1). Pacific-Atlantic benthic foraminiferal 8'3C differ-
ences have been interpreted to indicate a unique CO, minimum at
920 ka, but these records do not show a long-term permanent decrease
across the entire transition interval (Lisiecki, 2010).

Here we investigate the extent to which changes in the biological
pump may support CO, as a forcing mechanism for the climatic cooling
that defines the MPT. Marine primary productivity depends on insola-
tion, incident light levels, and nutrient availability, potentially re-
presenting an important feedback in the climate system through its
impact on the global carbon cycle. To this end, we have identified seven
sites with different hydrographic regimes, and where possible, we as-
sess the evolution of orbital pacing of productivity in each region
(Fig. 2, Table 1). Our main proxy is the accumulation of benthic for-
aminifera because these organisms feed on organic detritus synthesized
in the photic zone and exported to the sea bed. They should thus be
sensitive to variations in the local biological pump, yet be less sensitive
to changes in bottom water organic carbon content caused by deep
water circulation (e.g., Berger and Wefer, 1990; Herguera and Berger,
1991; Nees, 1997; Schmiedl and Mackensen, 1997; Yasuda, 1997; van
der Zwaan et al., 1999; Herguera, 2000; Diester-Haass et al., 2004).
Benthic foraminiferal accumulation rates resolve marine productivity
signals during major climate transitions such as the Oligocene/Miocene
boundary (Diester-Haass et al., 2011), the mid-Miocene climatic op-
timum (Diester-Haass et al., 2009, 2013) and the late Miocene (Diester-
Haass et al., 2006). In addition to benthic foraminifera, we use other
faunal indicators of various aspects of the marine carbon cycle and
productivity, such as the accumulation of radiolaria as a proxy for
productivity in the photic zone (e.g., Takahashi, 1987; Lazarus et al.,
2006, 2008) and a planktic foraminiferal fragmentation index as an
indicator of deep water corrosivity in response to, presumably, respired

CO,, content (e.g., Lee and Shackleton, 1992). As pertinent to individual
sites, we also counted ice rafted debris (IRD), monitored the Fe content
of sediments as an indicator of eolian inputs to the North Atlantic, and
we counted pyrite as a sediment redox indicator in the Southern Ocean.
To place our records into a larger context, we compare the new data
with previously published records of productivity based on other
proxies (e.g., biogenic opal and alkenone mass accumulation rates).

2. Methods
2.1. Site selection strategy

We have selected seven sites to represent a broad range of hydro-
graphic regimes, with different local and regional controls on pro-
ductivity (Fig. 2 and Table 1). Briefly, the highest latitude sites come
from the Atlantic Ocean and display the largest seasonal productivity
differences controlled by variations in seasonal insolation and the mi-
gration of frontal systems (Deep Sea Drilling Project, DSDP, Sites 552A
and 607). Productivity variations at tropical Ocean Drilling Program
(ODP) Sites 925, 849, and 806 are controlled by changes in mixed layer
depth and upwelling. Southern Ocean ODP Sites 1090 and 1123 un-
derlie modern day high nitrate, low chlorophyll regions where pro-
ductivity is limited by Fe. Together, these sites from vastly different
regimes allow us to investigate whether there was a globally coherent
whole ocean change in productivity or whether regional hydrographic
changes dominate the system during the MPT.

2.2. Sampling and micropalaeontological counts

At each site, the MPT study interval was identified from published
stable isotope records (Table 1). To the extent possible, each site was
sampled from the same cores as the published data. The sample interval
was chosen to achieve at a temporal resolution of 3-5kyr to fully re-
solve long-term trends as well as glacial to interglacial variability in
paleoproductivity.

Sample processing followed standard procedures including oven
drying overnight and wet sieving to obtain the > 63 um size fraction.
Samples were then dry-sieved into sub-fractions (63-125, 125-250,
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Fig. 2. Locations of study sites on a map of nitrate
concentrations. The map was generated using the
Lamont Doherty Climate Data Library. The study sites
sample different hydrographic regimes spanning rela-
tively stable equatorial regions (Sites 925, 806),
equatorial upwelling (Site 849), North Atlantic sub-
tropical gyre margin (Site 607) and high latitudes (Site
552), and the Southern Ocean (Site 1090, Site 1123).
Table 1 provides the precise location and summarizes
modern seasonal productivity range.
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Table 1

Summary of site locations and modern seasonal productivity ranges.

Site Source” Water Latitude Longitude Modern productivity
depth (m) (gCm~2 season ™~ bR

552 1 2315 56°N 23°'W 9-72

607 2 3427 41°N 33°'W 9-72

925 3 3042 4°N 43°W 18-32

1090 4 3060 43°S 9°E 9-32

1123 5 3290 42°S 171°'W 18-50

849 6 3851 0°N 111°W 27-50

806 7 2532 0°N 159°E 27-50

@ Numbers refer to the following stable isotope data and age model sources: 1-Raymo
et al. (1990) for both; 2-Lear et al. (2016)/Lisiecki and Raymo (2005); 3-Bickert et al.
(1997)/Lisiecki and Raymo (2005); 4-Martinez-Garcia et al. (2011) for both; 5-Elderfield
et al. (2012) for both; 6-Mix et al. (1995) for both; 7-Karas et al. (2009) for both.

® Antoine et al. (1996).

250-500, > 500 ym) for sedimentological-micropaleontological stu-
dies. In each fraction, 800 grains (if present) were counted and various
biogenic (including whole planktic tests and test fragments), clastic,
and authigenic components were differentiated to yield percentage
composition of the sand fraction. The numbers of benthic foraminifera
in the fractions > 150 um were summed and divided by the weight of
the > 150 um sample to give the number of benthic foraminifera per
gram of total sediment. All data are archived electronically at the NOAA
World Data Center-A for Paleoclimate (https://www.ncdc.noaa.gov/
data-access/paleoclimatology-data).

2.3. Sedimentary iron content

At Site 607, XRF Core Scanner Fe and other elemental data were
collected every two cm down-core over a one cm? area. Here we report
the Fe/Ca ratios. The down-core slit size was 10 mm using generator
settings of 10kV, a current of 200 mA, and a sampling time of 15s
directly at the split core surface of the archive half with XRF Core
Scanner II (AVAATECH Serial No. 2) at the MARUM, University of
Bremen. The split core surface was covered with a four micron thin
SPEXCerti Prep Ultralenel foil to avoid contamination of the XRF
measurement unit and desiccation of the sediment. The data reported
here were acquired by a Canberra X-PIPS Silicon Drift Detector (SDD;
Model SXD 15C-150-500) with 150 eV X-ray resolution, the Canberra

Digital Spectrum Analyzer DAS 1000, and an Oxford Instruments 50 W
XTF5011 X-Ray tube with rhodium (Rh) target material. Raw data
spectra were processed by the analysis of X-ray spectra by Iterative
Least square software (WIN AXIL) package from Canberra Eurisys.

2.4. Age models

The age models from each study site are based on oxygen isotope
stratigraphy and are published in the literature (Table 1). With the
exception of Site 806, these age models have been placed on orbitally-
tuned time-scales consistent with the §'%0 stack of Lisiecki and Raymo
(2005) (LRO4). For Site 806 we use the more recent age model of Karas
et al. (2009) as it avoids spurious changes in sedimentation rates at the
site (Bickert, personal communication, 2016). To facilitate the de-
scription and discussion of the results, we use the individual §'%0 re-
cord at each site to identify the Marine Isotope Stages (MIS). We point
out that the Site 607 benthic foraminiferal stable isotope record was
generated in the context of a companion study (Lear et al., 2016), and
hence from the same sample intervals as the faunal data shown here
(Lear et al., 2016).

2.5. Benthic foraminiferal-derived paleoproductivity

We derive benthic foraminiferal accumulation rates (BFAR) by
multiplying the number of benthic foraminiferal tests in a sample by the
dry bulk density (DBD) of the sediment and the linear sedimentation
rates (LSR). This approach accounts for the effect of increases or de-
creases in the other sediment components on the relative amount of
benthic foraminifera found in a sample. The dry bulk density (DBD) for
DSDP Sites 552 and 607 is calculated using wet bulk density (WBD) and
porosity (P) data (DBD = WBD — 1.026 +P/100) published in the
shipboard literature for each site (Ruddiman et al., 1987; Roberts et al.,
1984, respectively). For ODP sites, DBD values are published in the
pertinent shipboard literature. Linear sedimentation rates are derived
from the age-depth relationships at each site. To then calculate paleo-
productivity, we use the empirical relationship between BFAR from
core top sediments from the equatorial Pacific and Atlantic and the

corresponding organic carbon flux of Herguera (2000) (Eq. (1)):
pProd = 0.4%Z+BFAR®> (@D

where pProd stands for paleoproductivity, Z is the water depth of the
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sample, and BFAR are the benthic foraminiferal accumulation rates.

There are some uncertainties with this approach. Fundamentally,
mass accumulation derived proxies are always a function of linear se-
dimentation rates and therefore depend on the age model. As age
models utilize orbital tuning, the resolution of age-depth point for LSR
is relatively high, about 20 kyr. The DBD data, however, have lower
resolution and may underestimate glacial to interglacial variability.
Furthermore, the abundance of benthic foraminiferal tests can be in-
fluenced by dissolution of less resistant planktonic foraminiferal tests.
To identify this potential bias, we evaluate corresponding variations in
the foraminiferal fragmentation index, which is the ratio of test frag-
ments with respect to the total abundance of fragments and whole
planktic foraminiferal tests in a sample (e.g., Diester-Haass et al., 2009).

Conceptually, the transfer of organic matter from the surface to the
deep ocean, the biological pump, is complex and what reaches the
ocean floor may not directly reflect the magnitude of primary pro-
ductivity at the sea surface (Lampitt and Anita, 1997). An important
control may be the phytoplankton community structure (e.g., carbonate
versus silica producers), which determines at what depth organic
carbon can sink before it is remineralized (Boyd and Newton, 1999;
Francois et al., 2002). Therefore, we also counted numbers of Uvigerina
species, benthic foraminifera typical for a near surface infaunal habitat,
that are correlated to high nutrient supply, i.e. high accumulation rates
of organic matter (Lutze, 1980; Miller and Lohmann, 1982; Lutze and
Coulbourn, 1984). Hence, our strategy is to compare available pro-
ductivity proxies at each site.

2.6. Time series analysis

We use time series analysis to establish the significance of orbital-
scale glacial to interglacial productivity variations at those sites where
the records are continuous and the temporal resolution is sufficiently
high (Sites 925, 1090, 1123, and 849). These results are summarized in
Table 2. In addition, we use iterative cross-spectral analyses between
benthic foraminiferal §'®0 values and productivity to investigate po-
tential changes in the relationship on glacial to interglacial time scales
across the MPT. For this purpose, we focus on two segments, one before
(800-1200ka) and one after the mid-point of the MPT (400-800 ka;
Table 3).

Cross-spectral analyses are conducted using the ARAND software
package (Howell, 2012). Records are linearly detrended and inter-
polated at 3 kyr (Site 925), 3.4 kyr (Site 1090 and 1123), and 4 kyr (Site
849) intervals to approximate the original sampling resolution of the
proxies. At Site 925, we also use cross spectral analysis to confirm a
correlation between productivity and surface water nutrient content as
measured by relative abundance of Florisphaera at Site 925 (Bassinot
et al.,, 1997). Data were interpolated using the same 3 kyr time step.

3. Results
3.1. Subpolar North Atlantic DSDP Site 552
At 56°N and 23°W, Site 552 (Fig. 2) underlies the North Atlantic

Table 2

Average phase and phase error in degrees for significant (> 80%) coherence (k) between
—8'%0° and productivity derived from benthic foraminiferal accumulation rates. Values
of k are in parentheses.

Site ~100 kyr 41 kyr 23-19 kyr

925 —24 = 32°(0.50) —106 = 30° (0.57) -

1090 103 * 27° (0.62) - —131 = 26° (0.64)
1123 155 + 30° (0.53) —170 = 27° (0.57) 170 + 22° (0.65)
849 - 85 = 17° (0.75) 140 = 20° (0.65)

@ Multiplied by —1 in order to reference interglacial intervals.
" Periodicity is 208 kyr.
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Table 3
Phase relationships for —8'®0" versus productivity for those significant above the 80%
from iterative cross spectral analysis.

Site Time interval 100 kyr 41 kyr 23 kyr/19 kyr
(ka)
925 433-800 —-118 * 27° —53 *= 26° 45 + 35°%/-10 = 27°
800-1165 - -133 £ 29° -140 * 36°
1090 581-901 121 + 20° - -
901-1220 - - -
1123 422-811 132 = 19° - -
811-1200 - —-119 = 25 —148 + 23°
849 340-755 - 99 = 20° 135 = 23°
755-1170 - 63 + 17° 165 = 17/137 + 21°

@ Multiplied by —1 in order to reference interglacial intervals.

Drift well to the south of the modern-day position of the Arctic Polar
Front (Roberts et al., 1984). Present-day primary productivity ranges
from about 9 to 72gCm ™2 season™ ! (Antoine et al., 1996; Table 1)
with maximum productivity during the spring bloom. At ~2300 m
depth, the site lies in the path of waters spilling through the Gibbs
Fracture Zone (primarily Norwegian Sea Overflow but also Mediterra-
nean Overflow). Stable isotope data from this site contributed to one of
the first syntheses of mid-Pleistocene climate change and deep water
circulation (Raymo et al., 1990). The relatively small variability in
benthic foraminiferal §'3C values attests to the general lack of a glacial
to interglacial deep water circulation signal at this site (Raymo et al.,
1990) (Fig. 3a and b). However, the §'3C minimum characterizing the
mid-Pleistocene during MIS 22 (880 ka) is distinctly evident in the re-
cord.

Benthic foraminiferal accumulation rate-derived paleoproductivity
increases during the onset of the MPT (MIS 35-28), displays a distinct
maximum during MIS 28, decreases toward MIS 24, and then remains
low during the MPT mid-point (MIS 24-20) (Fig. 3c). These productivity
trends are supported by the benthic foraminiferal test counts, which
show a long-term increase between MIS 35 and MIS 30 and a decrease
toward MIS 24 (Fig. 3e). Thus, only the absolute magnitude of the
productivity maximum during MIS 28 may be a function of the LSR
multiplier as LSR display a distinct maximum at that time (Fig. 3d).

Distinct productivity maxima, supported by maxima in test counts,
occur during glacial (MIS 34, 30, 28, 24) as well as interglacial (MIS 33,
31, 27) stages (Fig. 3c and e). After MIS 22, the pattern is more difficult
to recognize, but glacial extremes tend to be associated with low
benthic foraminiferal numbers (MIS 18, 16, 14). Enhanced productivity
during interglacial intervals throughout the entire mid-Pleistocene in-
terval is supported by peaks in Uvigerina and radiolarian abundances
(Fig. 3f and g, respectively). The fragmentation index also shows dis-
tinct maxima primarily during interglacial intervals (Fig. 3h). The as-
sociation between high benthic foraminiferal and radiolarian abun-
dances and fragmentation maxima during interglacial intervals suggests
a link between surface water nutrients and in situ respiration of organic
matter in the bottom waters.

The long-term trend in the alkenone MAR record from nearby Site
982 (Fig. 3i) generally agrees with the long-term trend in the benthic
foraminiferal-derived productivity. Alkenone MARs increase during the
onset of the MPT (MS 35-27) and display a minimum during the mid-
point (MIS 24-22). Consistent with Uvigerina, radiolarian, and frag-
mentation patterns, the alkenone derived productivity maxima appear
to occur during interglacial intervals, particularly after MIS 22.

The IRD component of Site 552 sediments shows distinct maxima
during glacial intervals (Fig. 3j), an observation that agrees with prior
studies of the region (e.g., Hernandez-Almeida et al., 2013). The two
glacial intervals of the mid-point of the MPT (MIS 24-22) display the
highest IRD peaks of the entire study interval dominating the sediment
lithology at those times (> 50%).

We note that relatively large fluctuations in the IRD component may
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Fig. 3. Summary of results from North Atlantic Site 552. Benthic foraminiferal 880 (a) and 8*3C (b) records from Raymo et al. (1990). Black line in panel (a) shows the global 880 stack
of Lisiecki and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number
of Uvigerina per gram sediment (f), percent radiolaria (g), fragmentation index (see text) (h), alkenone mass accumulation rates (U, index) from Site 982 (Lawrence et al., 2010) (i);
percent ice rafted debris (IRD) (j).Vertical grey boxes highlight glacial Marine Isotope Stages, after Lisiecki and Raymo (2005).

have affected the relative abundance of other sediment constituents, the
so-called closed sum problem. For instance, maxima in the IRD counts
correspond precisely to minima in the benthic foraminiferal test counts
(Fig. 3i and e, respectively). Thus, interpretations of the absolute values
of the productivity reconstructions are limited. The relative changes,
however, are likely robust, and are supported by the alkenone MAR:s.

3.2. North Atlantic DSDP Site 607

North Atlantic Site 607 (41°N, 33°W, Fig. 2) underlies the northern
edge of the subtropical gyre on the western flank of the Mid Atlantic

Ridge (Ruddiman et al., 1987). Surface hydrography is thus associated
with seasonal variations in the position of the northern limb of the
subtropical gyre and the strength of the Gulf Stream, which is strongest
during the fall and weakest during the spring (Hogg and Jones, 1995).
The annual primary productivity range is comparable to that at Site 552
(~9-72gCm™2 season™!) being low during the fall and winter and
high during the spring and summer (Antoine et al., 1996; Table 1).

At ~3400 m water depth, Site 607 lies in the core of North Atlantic
Deep Water (NADW) as it enters the Atlantic Ocean. The position of the
site has been highly sensitive to glacial/interglacial changes in deep
water circulation since the early Pleistocene (Lang et al., 2016). It is
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Fig. 4. Summary of results from North Atlantic Site 607. Benthic foraminiferal 880 (a) and 8'3C (b) from Lear et al. (2016); Black line in panel (a) shows the global 880 stack of Lisiecki
and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number of Uvigerina
per gram sediment (f), percent radiolaria (g), fragmentation index (see text) (h), alkenone mass accumulation rates (UY, index) (Lawrence et al., 2010) (i); percent ice rafted debris (IRD)
(i); XRF based Fe counts in bulk sediments (k). Vertical grey boxes highlight the timing of glacial Marine Isotope Stages after Lisiecki and Raymo (2005).

also well established that the relative amount of corrosive Antarctic
Bottom Water (AABW) increased during the glacial intervals of the MPT
(e.g., Raymo et al., 1990; Ferretti et al., 2005; Poirier and Billups,
2014). This pattern is evident from the stable isotope records that show
a close relationship between low §'80 values and high §'3C values and
vice versa (Fig. 4a and b, respectively). The §'°C record shows a larger
amplitude than the record at more northern Site 552, primarily due to
more extreme 8'3C minima (Fig. 4b). This observation attests to the
dominance of AABW during glacial intervals, particularly during MIS
22 and thereafter (Raymo et al., 1990; Poirier and Billups, 2014; Lang
et al., 2016).

As at North Atlantic Ocean Site 552, benthic foraminiferal-derived
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paleoproductivity shows a gradual increase during the onset of the MPT
(MIS 34-28), but here productivity remains constant thereafter and does
not decrease until after MIS 23 (Fig. 4c). Linear sedimentation rates
parallel the long-term productivity trends, but benthic foraminiferal
test counts support a productivity increase between MIS 34 and MIS 28
and a maximum during the MIS 22/21 transition. Furthermore, benthic
foraminiferal numbers are consistent with relatively low productivity
early during MIS 22 and throughout MIS 21 (Fig. 4e). At the finer scale,
no clear glacial to interglacial variability in benthic foraminiferal-de-
rived paleoproductivity exists at this site.

Other faunal indicators also show a complex pattern. Uvigerina do
not display any long-term trends, but show high numbers during glacial
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MIS 18, 14, and 12, as well as interglacial MIS 17 and 13 (Fig. 4f).
Radiolaria generally increase during the onset of the MPT reaching a
distinct maximum during MIS 22 (Fig. 4g). Other abundance maxima
tend to fall during glacial intervals as well. Planktic foraminiferal test
fragmentation evidences increased dissolution during the onset of the
MPT (MIS 34-25), with distinct maxima occurring during glacial (MIS
28-26, 22, 20, 16, and 12) as well as some interglacial (MIS 31, 27 and
25,17, 15, 13) intervals (Fig. 4h). Thus, the two latter two curves might
support a top to bottom link between respiration and dissolution during
the onset of the MPT and during MIS 22.

Alkenone MARs from this site (Fig. 4i; Lawrence et al., 2013) differ
from those at Site 982 (Fig. 3i) in that there is no long-term increase
during the onset of the MPT and a distinct maximum occurs between
MIS 24 and MIS 22, a time of minimal accumulation at Site 982. Similar
to the other records at Site 607, however, there is a distinct minimum
during MIS 21 (compared to a maximum at Site 982). At the fine scale,
a double alkenone MAR peak characterizes MIS 22, akin to a similar
double maximum in radiolarian abundance and planktic foraminiferal
fragmentation and thus supports the notion of a top to bottom link via
productivity and respiration at this time.

Two measures of terrigenous sediment inputs are provided by
counts of IRD in the processed samples (Fig. 4j) and by Fe/Ca ratios in
bulk sediment (Fig. 4k). The IRD counts are low (below 10%, Fig. 4j)
and thus not likely to have had a significant impact on the variations in
the other sediment components. Although low overall, increasingly
higher IRD maxima occur during the glacial MIS 26, 24 and 22 with
highest and most frequent IRD peaks during MIS 12. Fe/Ca ratios re-
main relatively constant during the onset of the MPT and begin to
display increasingly larger maxima after MIS 26 (Fig. 4k). As is the case
with some of the other proxies, individual Fe/Ca peaks occur during
glacial (MIS 30, 28, 22, 20, 18, and 12) as well as interglacial (MIS 31,
25, 23, 17, 15) intervals throughout. Thus, there is only little corre-
spondence between the two terrigenous components. The Fe record
differs enough from the IRD record to indicate that Fe content has a
different source, such as from eolian input in addition to, or instead of,
Fe-bearing minerals brought in via IRD.

3.3. Northwestern tropical Atlantic Ocean ODP Site 925

Site 925 (4°N, 43°W, Fig. 2) lies on Ceara Rise in the northwestern
tropical Atlantic Ocean (Curry et al., 1995). The surface and upper
water column hydrography are governed by seasonal variations in the
relative strength of the southeastern trade winds and the position of the
Intertropical Convergence Zone (ITCZ) (e.g., Philander and
Pacanowski, 1986). Although the mixed layer depth varies, the upper
water column remains stratified to at least 50 m and productivity re-
mains relatively constant throughout the year (18-32gCm™2
season !, Antoine et al., 1996; Table 1). The higher productivity occurs
during the fall and winter when the thermocline is shallower due to
divergence underneath the low-pressure cell of the ITCZ.

At 3042 m water depth, Site 925 lies within modern NADW above
the mixing zone with AABW. Akin to Site 607, Site 925 benthic for-
aminiferal 8'°C values show pronounced minima during glacial inter-
vals, particularly MIS 22 (Fig. 5a and b) (Bickert et al., 1997). In fact,
glacial versus interglacial snapshots of §'3C values illustrate that the
two sites have a very similar deep water mass history (Poirier and
Billups, 2014).

Benthic foraminiferal-derived paleoproductivity shows longer-term
modulation in its average values (Fig. 5c). Productivity appears to in-
crease in the earliest portion of the record (MIS 35-31), but a uni-
directional trend toward increasing or decreasing values is not apparent
in the data. Instead, regular cyclicity, outlined by multiple data points,
characterizes the record (Fig. 5c). Productivity maxima occur during
glacial (e.g., MIS 30, 28, 26, 18, 16, 14) as well as interglacial (MIS 31,
23, 19, 15, 13) intervals.

These trends appear to be a robust paleoenvironmental signal as
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they are largely independent of the linear sedimentation rates (Fig. 5d),
and they are mimicked by the number of benthic foraminiferal tests per
gram sediment (Fig. 5e). Uvigerina counts are relatively low, < 50 tests
per gram sediment (Fig. 5f), as expected under an oligotrophic region of
the ocean. Accordingly, radiolaria are rare in these sediments (not
plotted). The fragmentation index displays maxima that lie within
glacial (MIS 28, 26, 22, 20, 16) as well as interglacial (MIS 33, 27, 25,
21) intervals (Fig. 5g). However, it does not appear that enhanced
planktic foraminiferal test dissolution has consistently biased the
benthic foraminiferal-derived productivity record toward maxima be-
cause at the finer-scale, fragmentation maxima do not coincide with
productivity maxima and vice versa (Fig. 5c versus g).

Time series analysis indicates that productivity changes reflect or-
bital-scale variability. Significant coherence exists between §'0 values
and productivity at a longer, perhaps eccentricity-related band, and at
obliquity (Table 2). Iterative cross-spectral analyses illustrate that co-
herence at the 100 kyr cycle becomes significant after 800 ka, and the
relatively long phase angle (—118 =+ 27°) suggests that maxima occur
in closer association with glacial than with interglacial maxima
(Table 3). In the obliquity band, the phase angle changes. During the
older time interval (800-1200 ka) productivity is closer in timing with
glacial maxima while it is closer in timing with interglacial maxima
during the younger time slice (400-800 ka) (Table 3). Similarly, in the
precession band, which is significant in the iterative mode, the phase
relationships change across the mid-point of the MPT switching from
productivity maxima near glacial to more interglacial timing (Table 3).

At Site 925, orbital-scale variations in benthic foraminiferal-derived
productivity can be compared with relative abundances of the cocco-
lithophore Florisphaera profunda (Bassinot et al., 1997) (Fig. 5h). Flor-
isphaera abundance variations reflect shifts in the coccocolith species
assemblages in response to changes in the depth of the nutricline and
hence reflect changes in upper ocean hydrography (Bassinot et al.,
1997; McIntyre and Molfino, 1996). Specifically, a decrease in abun-
dance occurs when the nutricline is shallow, which is indicative of
higher surface water nutrient content (e.g., McIntyre and Molfino,
1996).

Maxima in productivity agree well with minima in Florisphaera
abundance (e.g., MIS 33, 26, 23, and 18). Cross-correlation between the
two records confirms coherence above the 80% level near obliquity and
at precession (Fig. 6a, b). Productivity maxima slightly lag Florisphaera
minima (by 53° *+ 23° at obliquity and by 44° *= 25° at precession,
Fig. 6¢). These results are consistent with increased productivity during
times of higher surface water nutrient content, suggesting a top to
bottom link between surface hydrography and benthic foraminiferal
derived productivity on orbital time-scales.

3.4. South Atlantic ODP Site 1090

ODP Site 1090 (Fig. 2) lies at 3702 m water depth at the northern
flank of the Agulhas Ridge in the southern Cape Basin at 41°S, just north
of the Subantarctic Front (SAF) (Gersonde et al., 1999). Modern ocean
productivity varies from 9 to 32gCm™ 2, with maxima during the
austral summer months (Antoine et al., 1996; Table 1) when the SAF
extends farthest north. The region is in a so-called high nitrate, low
chlorophyll zone where external inputs of Fe can significantly affect
primary productivity (e.g. Martin, 1990; Coale et al., 2004; Trick et al.,
2017; Martinez-Garcia et al., 2009, 2011). It has been suggested that Fe
inputs may have contributed to glacial to interglacial variations in the
primary productivity of the region over the past four million years
(Martinez-Garcia et al., 2011). These authors also observe that there is
an increase in dust at this site during the MPT, pointing to the role of
productivity changes in the evolution of the greater glaciation at this
time.

Located near the mixing zone of lower NADW with circumpolar
deep water, the stable isotope records (Fig. 7a and b) have provided
much information on the orbital-scale evolution of Plio-Pleistocene
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Fig. 5. Summary of results from tropical Atlantic Site 925. Benthic foraminiferal 8'80 (a) and 8'3C (b) (Bickert et al., 1997); Black line in panel (a) shows the global 880 stack of Lisiecki
and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number of Uvigerina
per gram sediment (f), fragmentation index (g); Florisphaera abundances (Beaufort et al., 2001) (h). Note that the y-axis in (h) is inverted to visually align Florisphaera minima with
productivity maxima. Vertical grey boxes highlight the timing of glacial Marine Isotope Stages after Lisiecki and Raymo (2005).

deep water circulation and basin-wide carbon isotope gradients (e.g.,
Hodell and Venz-Curtis, 2006). Interestingly, the 8'3C minimum that
distinguishes the mid-point of the MPT (MIS 22) at other sites is not as
obvious at Site 1090 (Fig. 7b). A distinct and prolonged §'°C minimum
occurs for the first time 150 kyr earlier, during MIS 30.

Benthic foraminiferal-derived productivity increases during the
earliest portion of the record, and a distinct maximum is reached during
the MIS 30 interval of low §'3C values (Fig. 7c). Thereafter productivity
decreases with distinct minima during the early parts of interglacial
MIS 25 and MIS 23. It does appear that the sedimentation rate multi-
plier (Fig. 7d) may have affected the productivity increase during the
onset of the MPT because a unique trend toward higher values toward
MIS 30 is not apparent in the benthic foraminiferal test counts (Fig. 7e).
However, the maximum during MIS 30 is relatively robust, as are the
minima during MIS 25 and 23.

With the exception of Uvigerina, whose abundance is low

throughout (Fig. 7f), other records are consistent with productivity
maxima during glacial and minima during interglacial times. Radiolaria
display distinct maxima during glacial isotope stages (Fig. 7g), essen-
tially paralleling the biogenic opal record (Diekmann and Kuhn, 2002,
Fig. 7h). Fragmentation is highest during glacial intervals (Fig. 7i) as
expected from enhanced respiration in the deep ocean in response to
enhanced flux of organic matter and/or a decrease of the relative flux of
northern-sourced deep waters. This may also indicate that the benthic
foraminiferal counts might be biased by high fragmentation. The silica
and fragmentation records display large similarities with Fe, sedimen-
tary pyrite, and alkenone MARs (Fig. 7j, k, and 1, respectively). In fact,
there is an essentially one to one match between peaks in percent
radiolaria, percent opal, Fe MARs, pyrite, and alkenone MARs during
the glacial intervals. Agreement among the records is particularly
pronounced during MIS 35 when all records exhibit minima with little
variations across the entire interglacial interval.
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Fig. 6. Cross spectral analysis between Site 925
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Benthic foraminiferal-derived productivity variability remains re-
latively high and is not easily related to glacial-interglacial background
conditions. As time series analysis illustrates, the data are coherent with
880 values at the 100kyr cycle and precession (Table 2). Iterative
analysis indicates that, as at Site 925, the significant coherence at the
100 kyr periodicity arises after the mid-point of the MPT (Table 3), but
precession loses significance. When significant, the phase angles are
rather large suggesting that productivity maxima are more closely re-
lated to glacial than interglacial intervals (Tables 2 and 3).

3.5. South Pacific ODP Site 1123

Site 1123 (171.5°W, 42°S, Fig. 2) is at 3290 m water depth on a
sediment drift on the northeastern slopes of Chatham Rise (Carter et al.,
1999). The site lies close to the southern reaches of the subtropical
front, which separates micronutrient-rich (e.g., Fe) subtropical water
from micronutrient-poor subantarctic waters (e.g., Liier et al., 2008).
Seasonal variations in productivity are relatively high (18-50 gCm ™2,
Antoine et al., 1996; Table 1), with maxima during the austral spring
and summer when subtropical water masses dominate.

As at the other sites, there is a close coupling between the benthic
foraminiferal 8'80 and 8'3C records (Fig. 8a and b, respectively).
Supported by variations in the sortable silt fraction of the sediments,
the record reflects variations in the strength of the Deep Western
Boundary Current reaching the site on glacial to interglacial time scales
(Hall et al., 2001). The 8'*C minimum associated with the mid-point of
the MPT (MIS 24-22) is pronounced and reflects, at least in part, re-
duced proportion of NADW in the Pacific sector of the Southern Ocean
(Elderfield et al., 2012), which is consistent with the emerging picture
of a reduced rate of deep water circulation at the time (Schmieder et al.,
2000; Pena and Goldstein, 2014).

At Site 1123, benthic foraminiferal-derived productivity does not
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display a long-term trend during the onset of the MPT (Fig. 8c). It does,
however, show a drastic decrease in the amplitude of variability fol-
lowing the mid-point of the transition (MIS 22/21). The pattern is also
apparent in the benthic foraminiferal counts (Fig. 8e), and it is clearly
not a function of the sedimentation rate multiplier (Fig. 8d).

Other faunal derived proxies are also dominated by glacial to in-
terglacial-scale variations. The pattern is not so clear in Uvigerina,
however, which displays a distinct maximum during glacial MIS 22 but
also during interglacial MIS 35 and 15 (Fig. 8f). Radiolarian abun-
dances, on the other hand, increase more consistently during glacial
intervals, with distinct maxima during MIS 24 and MIS 22 (Fig. 8g).
Foraminiferal fragmentation also tends to be higher during glacial in-
tervals (Fig. 8h). The record is thus largely similar to the radiolaria with
increased fragmentation, and hence dissolution, when radiolarian
abundances are relatively high (Fig. 8g), consistent with top-to-bottom
organic matter transfer. In this vein, we cannot rule out that the ab-
solute magnitude of benthic foraminiferal-derived productivity is not
enhanced by planktic foraminiferal test dissolution. The abundance of
pyrite particles is relatively constant throughout, with the notable ex-
ception of a first distinct peak during glacial MIS 24 followed by others
that do not appear to be related to glacial/interglacial background
conditions (Fig. 8i).

Time series analysis illustrates that the overall variability in pro-
ductivity is related to orbital forcing (Table 2). As at Sites 925 and
1090, the 100 kyr cycle becomes significant after the mid-point of the
MPT (Table 3). Coherence in the obliquity and precession bands is also
significant, but only prior to the mid-point of the MPT (Table 3). In all
three bands, the phase angles are larger than a quarter cycle suggesting
that the productivity maxima are more closely related in timing to
glacial then interglacial intervals.
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Fig. 7. Summary of results from South Atlantic Site 1090. Benthic foraminiferal 8'80 (a) and §'3C (b) (Martinez-Garcia et al., 2011). Black line in panel (a) shows the global 8180 stack of
Lisiecki and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number of
Uvigerina per gram sediment (f), percent radiolaria (g), percent biogenic silica (opal) (Diekmann and Kuhn, 2002) (h); fragmentation index (see text) (i); XRF-derived Fe mass accu-
mulation rates (Martinez-Garcia et al., 2010) (j), percent sedimentary pyrite (k); alkenone mass accumulation rates (UX, index) (Martinez-Garcia et al., 2011) (1). Vertical grey boxes

highlight the timing of glacial Marine Isotope Stages after Lisiecki and Raymo (2005).

3.6. Eastern equatorial Pacific Ocean ODP Site 849

ODP Site 849 is on the western flank of the East Pacific Rise in the
eastern equatorial Pacific (Mayer et al., 1992) (Fig. 2). At 0°11'N,
110°W, Site 849 lies within the eastern equatorial Pacific cold tongue
(Martinez-Garcia et al., 2010), which is the equatorial divergence zone
where upwelling of cold, nutrient rich waters from below the thermo-
cline characterize upper ocean hydrography. Modern day seasonal
productivity varies between 27-50gCm™ 2 (Antoine et al., 1996;
Table 1).

At 3851 m water depth, the stable isotope records from Site 849
reflect the glacial to interglacial variations in whole ocean §'3C values
(Mix et al., 1995). The tight coupling between 880 and §'°C values
(Fig. 9a and b, respectively) is commonly interpreted to reflect transfer
of carbon between the terrestrial and marine reservoirs. The presence of
a pronounced §'3C minimum during the mid-point of the MPT indicates
that this feature is, at least in part, associated with such global and
terrestrial-linked processes rather than solely due to processes asso-
ciated with deep water circulation.

A gradual increase in benthic foraminiferal productivity maxima
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Fig. 8. Summary of results from southwestern Pacific Site 1123. Benthic foraminiferal 8'°0 (a) and §'°C (b) (Hall et al., 2001; Elderfield et al., 2012). Black line in panel (a) shows the
global 8'®0 stack of Lisiecki and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram
sediment (e), number of Uvigerina per gram sediment (f), percent radiolaria (g), fragmentation index (see text) (h), and percent sedimentary pyrite (i). Vertical grey boxes highlight the

timing of glacial Marine Isotope Stages after Lisiecki and Raymo (2005).

occurs during the onset of the MPT with a distinct maximum during
interglacial MIS 21. The trend and maximum are also apparent in the
foraminiferal counts (Fig. 9e). Productivity maxima are primarily as-
sociated with interglacial intervals (Fig. 9c). Although the absolute
magnitude of the maxima is likely affected by the sedimentation rate
multiplier (Fig. 9d), the variations are robust as they are apparent in the
original benthic foraminiferal test counts.

Primarily interglacial productivity maxima are evidenced by
Uvigerina (Fig. 9f) and radiolaria (Fig. 9g) maxima. Large diatom
(> 63 um) abundance comes to a pronounced maximum during MIS 21,
but drops to essentially zero thereafter (a minor increase occurs during
MIS 17, Fig. 9h). The number of fragments in the Site 849 sediments is
relatively high throughout, and distinct maxima occur primarily during
interglacial intervals (Fig. 9i). At this site, there is good agreement
among proxy records that is consistent with a top to bottom link of
primary production in the upper water column and degradation of or-
ganic matter in the deep ocean.
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However, prior work in the region (e.g., Farrell and Prell, 1999;
Sexton and Barker, 2012) and the high degree of foraminiferal test
fragmentation (> 50% suggest carbonate dissolution is particularly
high during interglacial intervals. Therefore, we cannot rule out that
enhanced carbonate dissolution may have artificially increased the
number of more dissolution-resistant benthic foraminiferal tests (in-
cluding Uvigerina) and other faunal components such as the radiolaria
and diatoms in the samples. The effect may have biased reconstructions
of absolute values of productivity, but the general trends are likely
robust.

Time series analysis supports that productivity maxima are sig-
nificantly correlated with §'®0 values only at obliquity and proces-
sional periodicities; there is no coherence at the 100 kyr periodicity
(Table 2). In the obliquity band, productivity lags interglacial condi-
tions by roughly one quarter cycle, and, within error, the phase re-
lationships do not change across the MPT. At precession, the phase
angles are also constant within error, but larger than a quarter cycle
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Fig. 9. Summary of results from eastern equatorial Pacific Site 849. Benthic foraminiferal 880 (a) and 8'3C (b) (Mix et al., 1995); Black line in panel (a) shows the global 8180 stack of
Lisiecki and Raymo (2005). Benthic foraminiferal-derived paleoproductivity (c), linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number of
Uvigerina per gram sediment (f), percent radiolaria (g), percent large diatoms (g), fragmentation index (see text) (h). The solid grey line in (a) reflect that benthic foraminiferal 8'®0 stack
of Lisiecki and Raymo (2005). Vertical grey boxes highlight the timing of glacial Marine Isotope Stages after Lisiecki and Raymo (2005).

suggesting that productivity is more closely related to glacial conditions
(Table 3).

3.7. Western equatorial Pacific ODP Site 806

Site 806 (0°N, 159°E, Fig. 2) is at 2532 m water depth on the Ontong
Java Plateau in the western equatorial Pacific (Kroenke et al., 1991).
The location of Site 806 in the western equatorial Pacific warm pool
implies weak seasonal hydrographic variability with a deep thermo-
cline (> 100m). Accordingly, productivity remains relative low
throughout the year (18-32gCm™2 season™!; Antoine et al., 1996;
Table 1).

As at Site 849, benthic foraminiferal 8'®0 and 8'3C values are
strongly coupled, reflecting global variations in climate and the §'C
value of Pacific deep water (Bickert et al., 1993, Bickert, pers.
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communication, 2016) (Fig. 10a and b, respectively). The 8'3¢
minimum defining the mid-point of the MPT (MIS 24-22) is pro-
nounced, and, as at Site 849, it underscores the global nature of this
phenomenon.

As at Site 849, benthic foraminiferal-derived productivity increases
during the onset of the MPT with a distinct maximum during the mid-
point interglacial MIS 21 (Fig. 10c). LSR show a similar trend (Fig. 10d)
and can explain all but the maximum during MIS 21. Benthic for-
aminiferal test counts would support an overall increase in productivity
during the onset of the MPT and the distinct maximum during its mid-
point (MIS 21) (Fig. 10e). However, it is not clear to what extent the
long-term trend is unique; it may be part of a recurrent pattern that
begins with a decrease in productivity between MIS 35 and 34. Uvi-
gerina abundance is relatively high at this site, and it, too, after an in-
itial decrease, displays a longer-term increase toward the mid-point of
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Fig. 10. Summary of results from eastern equatorial Pacific Site 806: Benthic foraminiferal §*%0 (a) and 8*3C (b) (Karas et al., 2009); Benthic foraminiferal-derived paleoproductivity (c),
linear sedimentation rates (LSR) (d), benthic foraminiferal test counts per gram sediment (e), number of Uvigerina per gram sediment (f), percent radiolaria (g), fragmentation index (see
text) (h). Vertical grey boxes identify the timing of maxima in the Site 806 benthic foraminiferal 8'0 record. Only those that we can confidently assign to glacial MIS stages are labeled.

the MPT (Fig. 10f). Radiolaria are rare but do display some increase
toward MIS 23 (Fig. 10g). The fragmentation index does not show any
long-term trend, but the abundance of fragments is relatively low
during the initial stages of MIS 21 (Fig. 10h) and are thus not artificially
enhancing the MIS 21 maximum in benthic foraminiferal tests.

As at Site 849, productivity maxima tend to occur during inter-
glacial intervals, at least until MIS 21. Thereafter, it appears that pro-
ductivity maxima occur primarily during glacial intervals such as MIS
16 and 12. This pattern is reflected in the benthic foraminiferal data
(Fig. 10c and e) including the Uvigerina counts (Fig. 10f).

4. Discussion of productivity in a regional context
4.1. Subpolar North Atlantic Site 552

In the subpolar North Atlantic, there is some evidence for increased
productivity during the onset of the MPT between MIS 30-28. This
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interpretation is supported by productivity reconstructions based on
benthic foraminiferal counts, radiolaria, as well as the production of
organic matter as evidenced by alkenone MAR:s in this region. As pro-
ductivity maxima occur during glacial as well as interglacial intervals,
they cannot easily be ascribed to consistent changes in hydrography.
During the mid-point of the MPT, as best expressed by the alkenone
MARs, productivity is low but terrigenous inputs are high, particularly
during the two glacial intervals, MIS 24 and 22. This observation agrees
with data from more northern and western Site U1314, which show
high glacial inputs of IRD, but low opal fluxes and radiolarian diversity
at this time (Hernandez-Almeida et al., 2013). In fact, maximum ter-
rigenous input during glacial maxima, or at the transition from glacial
to interglacial phases (Diester-Haass and Schnitker, 1989; Hernandez-
Almeida et al., 2013) is typical for sites in this latitude belt (e.g., Marino
et al.,, 2011; Alonso-Garcia et al., 2011; Hernandez-Almeida et al.,
2013) and likely reflects a southward shift of the polar front as ice
sheets extended toward Pleistocene maxima (e.g., McClymont et al.,
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2008; Alonso-Garcia et al., 2011; Knies et al., 2009; Marino et al.,
2011). As Site 552 lies farther south than those sites used in previous
reconstructions, our data indicate an even more southern position of the
Arctic Front than previously shown. Decreasing, and/or minimal pro-
ductivity at MIS 24-22 might reflect enhanced stratification of the
upper ocean due to cooling and/or meltwater reducing biological pro-
ductivity (Ruddiman and McIntyre, 1981; Diester-Haass and Schnitker,
1989; Hernandez-Almeida et al., 2013). We speculate that these hy-
drographic changes may have dampened the relative amount of deep
water forming in the North Atlantic and thereby contributed to the
thermohaline circulation ‘crisis’ characterizing the mid-point of the
MPT (Pena and Goldstein, 2014).

4.2. North Atlantic Site 607

At this site, long-term trends in productivity are equivocal. Benthic
foraminiferal tests indicate some increase in productivity during the
onset of the MPT in the North Atlantic Ocean toward MIS 28, but al-
kenone MARs do not support it. Alkenone MARs indicate a maximum
during the mid-point but no long-term trend prior. Benthic for-
aminiferal trace metal ratios (Cd/Ca and B/Ca) at Site 607 provide
evidence for an increase in deep water nutrient content during the onset
of the MPT, culminating in a maximum during the mid-point; however,
the data also demonstrate that deep water nutrients are associated with
variations in the relative flux of bottom water masses rather than with
overlying primary productivity (Lear et al., 2016).

On glacial to interglacial time-scales, the proxy records are more
consistent with changes in ocean atmosphere interactions than with
external nutrient inputs. Maxima in radiolaria and alkenone MARs
during glacial intervals likely reflect enhanced upwelling of nutrient-
rich deep waters as the subtropical gyre and the axis of westerly winds
move above the study site (Lawrence et al., 2013). The generally low
IRD counts reflect that only few icebergs drifted this far south even
during the glacial extremes, consistent with the site's position south of
the polar front even during the Last Glacial Maximum (Stein et al.,
2009). The presence of IRD, however, would be consistent with cooling
of North Atlantic sea surface temperatures at this time (Ruddiman et al.,
1986). Accordingly, the gradual increase in IRD during the onset of the
MPT may reflect the adjustment of the Arctic Front to the expansion of
NH glaciers. Glacial Fe/Ca peaks may relate to generally increased
continental aridity consistent with enhanced glacial dust inputs be-
ginning in the early Pleistocene (Lang et al., 2014) and the site's posi-
tion more effectively underneath the westerly winds during those in-
tervals (Naafs et al., 2010; Naafs et al., 2012). Interglacial Fe/Ca
maxima may reflect a more meridional component of atmospheric
circulation allowing the northward transport of Saharan dust into the
mid latitudes of the North Atlantic Ocean (Stein et al., 2009).

4.3. Northwestern tropical Atlantic Ocean Site 925

At Site 925, there are no longer-term trends that would support an
enhanced biological pump during the onset of the MPT. Rather, the
records are dominated by orbital-scale variations that most likely re-
flect a regional hydrographic response to orbital forcing. As the time
series analysis indicates, coherence at the 100 kyr cycle becomes sig-
nificant after the mid-point of the MPT, which is consistent with the fact
that benthic foraminiferal §'®0 records do not contain power at this
periodicity prior to this time. The relatively long phase angle indicates
that productivity maxima occur more closely related to glacial than
interglacial intervals. This particular aspect would be consistent with a
link between primary productivity and climate change. In the obliquity
and precession bands, however, the phasing changes. Before the mid-
point of the MPT, both bands exhibit large phase angles indicating that
productivity maxima occur closer in timing to glacial than to inter-
glacial maxima. After the mid-point, however, the phase angles in both
bands are smaller, less than a quarter cycle, suggesting a closer
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association with interglacial conditions. Thus, there is no consistent
timing between glacial to interglacial climate change and productivity
that would evidence a role for primary productivity as a driver for MPT
climate change.

The comparison with nannofossil Florisphaera demonstrates that
benthic foraminiferal-derived productivity variations are an environ-
mental response to changes in upper ocean hydrography. The analysis
also demonstrates a close top-to-bottom link between surface hydro-
graphy and deep ocean organic carbon flux on orbital time-scales. At
this site, variations in the nutrient content of the upper ocean depend
on thermocline depth, which is regulated by trade wind strength and
the meridional position of the ITCZ (Bassinot et al., 1997). In this vein,
the change in the nature of the productivity-5'%0 phase relationships
during the MPT could also signal a regional change in the response of
the upper ocean to orbital forcing. A close, albeit anti-phased, tie be-
tween the surface and deep was observed in previous study from this
region linking nannofossil Sr/Ca ratios with benthic foraminiferal ac-
cumulation rates during the middle Pliocene (Waite et al., 2008). While
the comparison illustrates a proof of concept for what is to be expected
based on our understanding of the modern ocean, it does not provide
evidence for a driving role of the biological pump in the climatic
changes related to the MPT.

4.4. South Atlantic Site 1090

As in the western tropical Atlantic, benthic foraminiferal-derived
productivity at Site 1090 does not unambiguously support a role for the
biological pump during the onset of the MPT. The apparent long-term
increase in productivity may have been introduced by the sedimenta-
tion rate multiplier. As at Site 925, a link between benthic for-
aminiferal-derived productivity and climate becomes significant with
the evolution of the 100 kyr climate cycle.

Orbital-scale changes in productivity linked to the 100 kyr climate
cycle are well documented in the published silica and Fe and alkenone
MAR records at Site 1090 (Diekmann and Kuhn, 2002; Becquey and
Gersonde, 2002, Martinez-Garcia et al., 2011). As is typical for sites
located in the subantarctic zone north of the polar front, opal deposition
increases during glacial intervals due to the advection of silica-rich
surface water from the south as the frontal zones expand to the north
(e.g., Charles et al., 1991; Diekmann and Kuhn, 2002, Fig. 7h). In-
creases in silica productivity are tightly coupled to enhanced dust flux,
which bears bioavailable Fe (Martinez-Garcia et al., 2011, e.g., Fig. 7j).
Not only biogenic silica but also carbonate productivity increased
during glacial intervals, as indicated by alkenone MARs (Martinez-
Garcia et al., 2011, Fig. 71). Thus, the benthic foraminiferal data pro-
vide independent support of interpretations of previously published
productivity proxies that suggest an enhanced biological pump during
glacial intervals perhaps associated with equatorward migration of the
polar and subpolar frontal zones and/or increased Fe fluxes (Diekmann
and Kuhn, 2002; Martinez-Garcia et al., 2011).

Our new pyrite data provide direct evidence in support of a stagnant
deep South Atlantic during the more prominent glacial intervals of the
MPT (MIS 34, 30, 24, 20, 18, 16) (Fig. 7k). Pyritization requires large
amount of organic matter to create suboxic conditions as well as an Fe
source (e.g., Berner, 1984), eolian in this case (Diekmann and Kuhn,
2002; Martinez-Garcia et al., 2011). Both conditions are met as evi-
denced by distinct peaks in opal, radiolarian, alkenone, and Fe content
of the sediments at these times. Low oxygen conditions could be
maintained also by a reduction in the relative rate of ventilated bottom
waters associated with a more sluggish deep water circulation during
glacial intervals (Venz and Hodell, 2002; Hodell and Venz-Curtis,
2006). The distinct pyrite peak during MIS 24, in particular, is con-
sistent with weakened thermohaline circulation during the mid-point of
the MPT (Schmieder et al., 2000; Poirier and Billups, 2014; Pena and
Goldstein, 2014).
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4.5. South Pacific Site 1123

No evidence exists as Site 1123 for a long-term increase in pro-
ductivity at this site to support an increase in the biological pump as a
mechanism playing a role in the onset of the MPT. An abrupt decrease
occurs in the amplitude of the variability of the benthic foraminiferal
time series during the mid-point of the MPT (~900 ka), an observation
that does not characterize the other proxies. In fact, while MIS 35 is an
interval of quiescence at Site 1090, at Site 1123, high amplitude pro-
ductivity variations persist, an observation consistent with sea surface
temperature reconstructions across this interval of time (Crundwell
et al., 2008). Differences between these two Southern Ocean sites are
likely related to the position of each site with respect to the regional
meridional movements of the subpolar and subtropical frontal zones
and associated surface current system. During MIS 35, Site 1090 ap-
pears to have remained north of the subpolar frontal zone, while the
location of Site 1123 was highly sensitive to meridional movements of
subtropical versus subantarctic surface waters (e.g., Crundwell et al.,
2008).

However, as at the other sites, we observe an association of en-
hanced productivity with glacial intervals at the 100 kyr cycle pro-
viding evidence for a link between the biological pump and climate
change. At Site 1123, iterative cross-spectral analysis illustrates ob-
liquity and precession-scale productivity and 8'0 correlations are also
significant before 800 Ka and are also related to glacial climates.

Similar to Site 1090, during the mid-point glacial interval of the
MPT (MIS 24), there is a distinct maximum in pyrite. As at Site 1090,
the pyrite peak corresponds with a maximum in radiolarian abundance.
Although there is no direct Fe record at Site 1123, the amount of ex-
ternally supplied Fe reaching the site may have increased during glacial
intervals as evidenced by generally enhanced Fe fluxes at other South
Pacific sites (Hesse, 1994; Lamy et al., 2014). Thus, it appears that the
mid-point of the MPT was accompanied by increased primary pro-
ductivity and carbon export to the deep ocean and into the sediments.
In this vein, and further evidenced by particularly low benthic for-
aminiferal 8'3C values during MIS 24, low oxygen conditions are con-
sistent with a more sluggish ventilation of the bottom waters due to a
reduction in the rate of deep water circulation. Taken in context with
similar results from Site 1090 during this general interval of time, these
observations provide evidence for the extra regional nature of this
phenomenon and strengthen interpretations of a sluggish thermohaline
circulation during the mid-point of the MPT.

4.6. Eastern equatorial Pacific Site 849

Site 849 displays a trend toward higher productivity during the
onset of the MPT culminating in a distinct maximum during its mid-
point (MIS 21). These results are largely consistent with barium MARs
from this site that show an increase beginning at around 1 Ma (Ma
et al., 2015). However, barium MARs continue to increase toward the
late Pleistocene while benthic foraminiferal-derived productivity con-
tinues to fluctuate.

On the obliquity-scale, productivity appears to be higher during
interglacial than glacial intervals, and these relationships do not change
across the MPT (e.g., Table 3). These results are similar to barium ac-
cumulation rates at the same site (Ma et al., 2015), lending support to
the importance of upper ocean hydrographic changes on the primary
productivity of the site on glacial to interglacial time scales. Located at
the western end of the present day eastern equatorial Pacific cold
tongue, the upper waters receive micro and macro nutrients from
Subantarctic Mode water (Toggweiler et al., 1991; Sarmiento et al.,
2004). As previously discussed by Lawrence et al. (2013) and Ma et al.
(2015), lower glacial than interglacial productivity in this region ap-
pears to mirror higher glacial and lower interglacial productivity in the
source region for the thermocline waters, the southeast Pacific inter-
mediate water. We note that in the obliquity band, the phasing at Site
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849 is opposite of the phasing at Site 1123 for this interval of time. Such
an anti-phased relationship between Site 849 and 1123 is also apparent
in the time series during mid-point MIS 22 and MIS 21 when a distinct
productivity minimum at Site 849 corresponds to a distinct maximum
at Site 1123 for the former, and a distinct maximum at Site 849 cor-
responds to a distinct minimum at Site 1123 during the latter (e.g.,
Figs. 8c and 9c). These observations support a high to low latitude
nutrient link, which has been implicated in other studies (e.g., Lyle
et al., 1992; Liu and Herbert, 2004; Lawrence et al., 2013; Ma et al.,
2015).

4.7. Western equatorial Pacific Site 806

The longer-term increase in interglacial productivity during the
onset of the MPT as well as generally interglacial productivity maxima
until its mid-point, may reflect processes similar to those in the eastern
equatorial Pacific (Site 849). Higher productivity during individual
interglacial intervals may thus be related to higher nutrient content in
the high latitude source waters, which are then advected westward. The
observation suggests coherent productivity variations across the equa-
torial Pacific, which have been observed during the Pliocene and as-
cribed to variations in nutrient content via high latitude forcing (Bolton
et al., 2010).

At Site 806, productivity appears to display maxima during glacial
intervals after the mid-point of the MPT. This observation is consistent
with late Quaternary productivity reconstructions (Bickert et al., 1993;
Yasuda et al., 1993; Rea et al., 1991; Paytan et al., 1996; Beaufort et al.,
2001; Murray et al., 2012). Glacial productivity is ascribed to a larger
zonal temperature gradient during glacial periods (Lea et al., 2000) and
stronger wind activity and Walker circulation (Rea et al., 1991;
Winckler et al., 2008; Murray et al., 2012; Xu et al., 2015). Thus, at Site
806, the mid-point of the MPT marks a fundamental change in response
from high to low latitude forcing. Our records therefore suggest that, in
the equatorial warm pool at least, the shift in climate state across the
MPT impacted the response of low latitude productivity to orbital for-
cing.

5. Synthesis

Most of the sites investigated in this study display some degree of
increasing benthic foraminiferal-derived productivity sometime during
the onset of the MPT (Sites 552, 607, 925, 1090, 849, and 806, Fig. 11).
However, the onset and duration of the productivity increases are not
the same at each site. Furthermore, there is evidence that the magni-
tude of the site-specific productivity increase may be affected by the
sedimentation rate multiplier (Sites 552, 1090, 806), the degree of di-
lution by other sediment constituents (Site 552), or that they are part of
a longer-term, quasi-cyclical pattern (Sites 607, 1090, 849, and 806).
These observations complicate the interpretation of the absolute mag-
nitude of the reconstructed productivity increases. Because the majority
of the sites display an increase in productivity during the onset of the
MPT, the biological pump may have played a role in the transfer of CO,
from the atmosphere into the deep ocean. However, the role of the
biological pump as a driving mechanism for climatic cooling during the
onset of the MPT is not evident in the data sets.

Neither are there global-scale coherent productivity trends during
the mid-point of the MPT (MIS 24-20, 930-870ka) (Fig. 11). In fact,
productivity tends to be lower during this interval of time than before
or after. Site 1123 in the South Pacific and Sites 806 and 849 in the
equatorial Pacific are the only sites that show any type of maximum in
productivity at this time (Fig. 11e, f, and g, respectively). Sites 849 and
1123, specifically, show an anti-phased relationship during mid-points
of MIS 22 and 21. Although these results underscore the importance of
a high to low latitude link, they do not support a link between pro-
ductivity and climate change during the MPT.

Individual sites follow different glacial to interglacial patterns, and
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Fig. 12. Synthesis of significant phase relationships between (—) 8'®0 records and benthic foraminiferal-derived productivity. Interglacial maxima correspond to a On each phase wheel,
reference is with respect to interglacial (IG) maxima at the origin of the circle (0°). Glacial (G) maxima are at 180°. Negative phase angles, indicating that productivity leads interglacial
maxima, are denoted by arrows in a counterclockwise fashion. Positive phase angles indicating that productivity lags interglacial maxima, are denoted by arrows in a clockwise fashion.

Grey shaded portion highlight glacial maxima plus/minus one quarter cycle.

the nature of the temporal relationships differ among the orbital bands
(Table 3, Fig. 12). At three sites (925, 1090, 1123), a significant re-
lationship arises at the 100 kyr cycle after the mid-point of the MPT,
and in each case productivity maxima are more closely associated in
time with glacial than interglacial conditions (Fig. 12a). Correlation
and phasing during the younger time slice is consistent with a larger
driving force on the biological pump imparted by the growth and decay
of large Northern Hemisphere glaciers.

The response in the obliquity and precession bands is less consistent
overall (Fig. 12b, and c, respectively. High productivity tends to occur
more closely related to glacial than interglacial intervals prior to the
mid-point of the MPT. This relation is evident not only in the Southern
Ocean (Site 1123), but also in the tropical Atlantic (Site 925) and, at
precession intervals only, the eastern equatorial Pacific (Site 849). High
interglacial productivity, on the other hand, is evident in both orbital
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bands at tropical Site 925 after the mid-point of the MPT. In the ob-
liquity band, high interglacial productivity characterizes eastern
equatorial Pacific Site 849 through the entire MPT. In short, these ob-
servations highlight that at obliquity and precession, there is no overall
control on productivity response at the individual sites highlighting the
importance of regional controls on productivity.

Although our data sets do not deliver unequivocal evidence re-
garding global productivity changes during the MPT, we highlight that
the two Southern Ocean sites provide supporting evidence for a sluggish
thermohaline circulation during its mid-point. Significant reduction in
northern-sourced deep waters into the South Atlantic (Site 1090) during
MIS 24-22 is reflected in a distinct maximum in neodymium isotope
records (Pena and Goldstein, 2014). Trace metal ratios indicate a
lowering of the carbonate saturation state between MIS 24 and 22 in
support of enhanced glacial deep ocean carbon storage (Lear et al.,
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2016). In our data set glacial MIS 24 stands out with a distinct max-
imum in pyrite at both Southern Ocean sites, which can be explained by
sluggish deep water circulation lowering the oxygen content of bottom
waters when Fe content and overlying surface water productivity are
high.

6. Conclusion

Although the majority of our sites display an increase in pro-
ductivity at the beginning of the MPT, our records do not provide strong
support for the initial hypothesis that the mid-Pleistocene climate
evolution is linked to widespread biologically mediated draw-down of
CO,. The data are thus consistent with the available CO, reconstruc-
tions that do not indicate a marked long-term decrease in CO, across
this interval of time. As evidenced by three of our sites, the more in-
tense, 100 kyr-paced glaciations following the MPT, however, can be
linked to productivity and thus potentially to reduced pCO, as more
carbon was stored in deep waters. The lack of more consistent variation
in the productivity records between our seven selected sites highlights
the numerous complex controls on this important feedback in the cli-
mate system.

Our records contribute to the emerging picture of the mid-point of
the MPT, MI 24-22, as a critical time interval for global changes in deep
water circulation. In the subarctic North Atlantic, the source region for
Northern Hemisphere deep water masses, reduced productivity and
enhanced IRD inputs are consistent with enhanced stratification and
reduced North Atlantic Deep Water production during this interval of
time. In the South Atlantic and southwestern Pacific, our records also
provide evidence for low oxygenation of deep waters, consistent with
reduced overturning, which would have increased ocean carbon sto-
rage. Taken together our results highlight the complexities of carbon
cycle feedback processes in the climate system.
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