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University of Southampton, Southampton, UK, 3Aix-Marseille Université, CNRS, IRD, CEREGE UM 34, Aix-en-Provence,
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Abstract The eastern equatorial Pacific Ocean (EEP) upwelling system supports >10% of the present-day
global ocean primary production, making it an important component in Earth’s atmospheric and marine
carbon budget. Traditionally, it has been argued that since intensification of Northern Hemisphere glaciation
(INHG, ~2.7 Ma), changes in EEP productivity have predominantly depended on trade wind strength-controlled
upwelling intensity. An alternative hypothesis suggests that EEP productivity is primarily controlled by nutrient
supply from the high southern latitudes via mode waters. Here we present new high-resolution data for the
latest Pliocene/early Pleistocene from Ocean Drilling Program Site 849, located within the equatorial divergence
system in the heart of the EEP upwelling regime. We use carbon isotopes in benthic and planktic foraminiferal
calcite and sand accumulation rates to investigate glacial-interglacial (G-IG) productivity fluctuations

between 2.65 and 2.4 Ma (marine isotope stages (MIS) G1 to 94). This interval includes MIS 100, 98, and 96, three
large-amplitude glacials (~1%o in benthic 6'20) representing the culmination of iNHG. Our results suggest that
latest Pliocene/early Pleistocene G-IG productivity changes in the EEP were strongly controlled by nutrient
supply from Southern Ocean-sourced mode waters. Our records show a clear G-IG cyclicity from MIS 100
onward with productivity levels increasing from full glacial conditions and peaking at glacial terminations. We
conclude that enhanced nutrient delivery from high southern latitudes during full glacial conditions together
with superimposed intensified regional upwelling toward glacial terminations strongly regulated primary
productivity rates in the EEP from MIS 100 onward.

1. Introduction

Oceanic upwelling regions play a key role in controlling Earth’s climate [e.g., Toggweiler and Sarmiento, 1985;
Watson and Garabato, 2006]. High phytoplankton growth rates and standing stocks supported by relatively
nutrient-rich waters in upwelling zones promote organic matter export from the surface ocean and removal of
CO; from the surface ocean-atmosphere system [e.g., Schlitzer, 2004; Takahashi et al., 2009], with a significant
influence on both the global carbon and nutrient cycles [e.g., Schlitzer, 2004]. An ideal natural laboratory for
studying the dynamics of an upwelling system is the eastern equatorial Pacific Ocean (EEP). There, both equator-
ial upwelling and coastal upwelling contribute to conditions that support more than 10% of the global biological
production in the present-day oceans [Pennington et al., 2006]. Relatively high year-round primary productivity
levels are responsible for relatively high sedimentation rates on the order of 2.5 to 3.0cmkyr™' for the past
5Myr [Mayer et al., 1985; Mix et al., 1995], allowing the generation of highly temporally resolved proxy records
in this region. However, given the supply of upwelled nutrient-rich waters, modern biological production in
the EEP is not as high as we might expect because of iron limitation [Coale et al,, 1996], characterizing the EEP
Ocean as a high-nutrient, low-chlorophyll (HNLC) region.

During the late Pliocene, large ice sheets were established on North America and Eurasia [e.g., Shackleton et al.,
1984; Bailey et al, 2013] probably in response to a slow decline in carbon dioxide levels and therefore global
temperature [DeConto et al., 2008; Lunt et al., 2008]. This so-called “intensification of Northern Hemisphere glacia-
tion” (INHG) resulted in large productivity changes in the oceans on both secular and glacial-interglacial (G-1G)
timescales. At the global scale proxy records for export productivity demonstrate high-latitude productivity shifts
le.g., Hillenbrand and Fiitterer, 2001; Bolton et al,, 2011] that are broadly coincident with but opposite in sign to
(sub)tropical productivity patterns in upwelling regions [e.g., Lawrence et al., 2006, 2013; Bolton et al., 2011]. The
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Figure 1. (a) Bathymetric map showing the location of ODP Site 849 (red; this study) and other sites mentioned in the text
(white). Water depth (m) is shown after World Ocean Atlas. (b) Location map of ODP Sites 849 (red; this study) and 846
(white). Modern annual sea surface phosphate concentrations (umol L") are shown after World Ocean Atlas [Garcia et al., 2014].

mechanisms driving these low-latitude productivity fluctuations are a subject of ongoing debate with hypotheses
including changes in trade wind strength/upwelling intensity (“upwelling hypothesis”) [see Cleaveland and
Herbert, 2007; Etourneau et al., 2010] and/or changes in the nutrient content of the upwelled water masses (“nutri-
ent delivery hypothesis”) [see Lawrence et al,, 2006, 2013; Bolton et al., 2011; Lyle and Baldauf, 2015].

Here we present new proxy records of suborbital resolution from Ocean Drilling Program (ODP) Site 849 to shed
new light on the dynamics and the origin of G-IG productivity changes in the EEP. We analyzed the time interval
from 2.65 to 2.4 Ma (marine isotope stage (MIS) G1 to 94, latest Pliocene/early Pleistocene following Gibbard
et al. [2010]), including the first three consecutive large-amplitude (~1%o in benthic 880 [Lisiecki and Raymo,
2005]) GG cycles (MIS 100 to 96) representing the culmination of late Pliocene iNHG. Marine isotope stage
100 has particular significance because it was the first glacial during which (i) the Laurentide Ice Sheet (LIS)
advanced into the midlatitudes [Bailey et al., 2010; Balco and Rovey, 2010; Lang et al., 2014] and (ii) ice rafting
first became widespread across the North Atlantic Ocean [e.g., Shackleton et al., 1984; Kleiven et al., 2002;
Nadfs et al,, 2013] with ice-rafted debris flux and provenance in the subpolar North Atlantic comparable to that
of the Last Glacial Maximum (LGM) [Bailey et al., 2013]. Advance of the LIS into the midlatitudes has important
implications for atmospheric circulation and hydroclimate regionally [Bailey et al., 2010; Hennissen et al., 2014;
Lang et al.,, 2014; Oster et al, 2015] and may also have influenced the behavior and dynamics of upwelling in
the EEP. Here we use suborbitally resolved sand accumulation rates in combination with lower resolution plank-
tic foraminiferal fragmentation and planktic foraminiferal and radiolarian accumulation rates from Site 849 as a
productivity proxy [e.g., Diester-Haass et al., 2002] to compare with an alkenone-based paleoproductivity record
from ODP Site 846 [Lawrence et al, 2006] (Figures 1a and 1b). We also generated suborbitally resolved 5'3C
records in three foraminiferal species (shallow-dwelling planktic, thermocline-dwelling planktic, and benthic)
to investigate the potential influence of different water masses at the study site [e.g., Mackensen et al., 2001;
Curry and Oppo, 2005] and to evaluate 6'3C gradients between the sea surface and thermocline, shedding
new light on changes in thermocline depth and thus upwelling intensity [e.g., Pierre et al., 2001].

2. Modes and Drivers of Past Variability in Eastern Equatorial Pacific Productivity
During the Plio-Pleistocene

Biological production underwent a progressive decrease in the high-latitude oceans during iNHG while increas-
ing in low- to middle-latitude settings [e.g., Sarnthein and Fenner, 1988; Bolton et al., 2011; Etourneau et al., 2012;
Lawrence et al., 2013]. Different driving mechanisms have been proposed to explain the secular shift toward a
more productive regime in low latitudes during Pliocene iNHG. The (sub)tropical productivity increase is sug-
gested to result (i) from a shoaling of the tropical thermocline/upwelling intensification, predominantly depend-
ing on the trade wind strength and thus the equator-to-pole temperature gradient [Pisias and Mix, 1997, and
references therein; Cleaveland and Herbert, 2007; Etourneau et al, 2010], and/or (ii) from a reorganization of
the nutrient content in high southern latitude surface waters [Lawrence et al,, 2006, 2013; Bolton et al., 2011;
Lyle and Baldauf, 2015] that feed low-latitude upwelling regions [Tsuchiya et al., 1989; Toggweiler et al., 1991].
Over the early and middle Miocene, a major source for the waters upwelled in the EEP was the deep water
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formed in the higher-latitude Southern Ocean, as evidenced by small benthic carbon isotope gradients [Poore
et al., 2006; Cramer et al., 2009] and neodymium isotope records [Holbourn et al., 2013] across the Pacific Ocean
basin. Over the course of the Neogene, the export of Southern Ocean deep water to the lower latitude Pacific
generally increased [van de Flierdt et al, 2004], ultimately culminating in the present-day situation where
upwelled waters in the EEP are primarily sourced from the Southern Ocean with an insignificant contribution
from the North Pacific [Tsuchiya et al., 1989; Toggweiler et al., 1991]. Hence, long-term shifts in the rate of primary
productivity in the EEP are controlled not only by the strength of upwelling but also by the chemical composi-
tion of the source waters. Long-term changes in Southern Ocean source water properties such as increasing
nutrient contents may have been regulated by a secular increase in sea ice coverage [Hillenbrand and
Cortese, 2006], stronger water column stratification [Haug et al,, 1999], and/or a long-term equatorward shift
in the position of the Southern Ocean westerly winds [Lawrence et al,, 2013], inducing a high-latitude produc-
tivity crash in step with a subpolar and middle- to low-latitude productivity increase during iINHG at ~2.5Ma
[Lawrence et al,, 2013, and references therein].

In addition to the secular productivity increase in (sub)tropical upwelling regimes during iNHG, G-IG productiv-
ity fluctuations in low latitudes became more pronounced, strongly paced by Earth’s obliquity (41 kyr) [Lawrence
et al,, 2006]. It has been demonstrated that low-latitude productivity was elevated during glacials compared to
interglacials [Lawrence et al., 2006; Bolton et al., 2010a] and that the amplitude of these G-IG productivity fluctua-
tions increased across iINHG [Lawrence et al., 2006]. To explain the variability in biological production on G-IG
timescales, two competing hypotheses have been proposed, invoking either changes in the upwelling intensity
[Cleaveland and Herbert, 2007; Etourneau et al,, 2010] or changes in the nutrient availability within the upwelled
water masses in the low latitudes [Lawrence et al., 2006; Etourneau et al., 2013] or a combination of both factors
[Filippelli et al., 2007]. Traditionally, it has been argued that observed G-IG changes in EEP primary productivity
were linked to variations in upwelling rates in response to modified trade wind strengths [e.g., Bjerknes, 1969;
Etourneau et al., 2010], a process that has been also proposed for late Pleistocene glacials [e.g., Pisias and Mix,
1997, and references therein]. In this interpretation, an increased equator-to-pole temperature gradient during
glacials acts to trigger a strengthening of the trade winds and therefore upwelling of cold nutrient-rich waters
leading to a simultaneous increase in biological production (the upwelling hypothesis). However, more recent
studies from EEP upwelling zones suggest that primary productivity and temperature were decoupled from one
another during the past 5 Myr, a scenario that is incompatible with upwelling strength being the only driver of
productivity changes [Loubere, 2000; Dekens et al., 2007]. These observations have led to the suggestion that the
productivity increase during Plio-Pleistocene glacials recorded in the EEP may have primarily resulted from an
enhanced nutrient content in upwelled waters sourced from the high southern latitudes [Lawrence et al., 2006;
Etourneau et al.,, 2013]. In this interpretation, the strength of the upwelling system plays a subordinate role in
modulating EEP G-IG productivity changes. Instead, climate conditions in the higher-latitude Southern Ocean
and primary productivity and thus nutrient utilization in that region control the nutrient content of upwelled
EEP waters on G-1G timescales (the nutrient delivery hypothesis).

Regardless of which of these two hypotheses holds true, G-IG primary productivity changes may also be influ-
enced by aeolian dust input [e.g., McGee et al., 2007; Winckler et al., 2008; Lang et al., 2014], especially in HNLC
ecosystems such as the EEP where nutrient concentrations are high, but biological production is limited by iron
availability [Coale et al., 1996]. Because dust serves as a natural source of iron and other micronutrients [Winckler
et al., 2008], higher glacial than interglacial dust fluxes sourced in northern South America [Nakai et al,, 1993;
Stancin et al.,, 2006] may have resulted in an additional increase (decrease) in biological production during gla-
cials (interglacials). Enhanced glacial dust fluxes are suggested to have driven increased productivity for at least
the past five G-IG cycles within the EEP [McGee et al., 2007; Winckler et al., 2008]. On the other hand, a study of
central equatorial Pacific spanning the Miocene to Holocene demonstrated no systematic relationship between
iron input or pathway and total biological export production for Pleistocene G-IG cycles [Ziegler et al., 2008].

In this study we test the competing hypotheses for G-IG productivity change in the EEP during the latest
Pliocene to earliest Pleistocene.

3. Site Description

All Plio-Pleistocene EEP productivity records on G-IG timescales used in support of either the upwelling
hypothesis or the nutrient delivery hypothesis come from sites located east of the East Pacific Rise (EPR;
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Figure 1b). To quantify changes in primary productivity within the open ocean equatorial Pacific, we investi-
gated sediments from Site 849 (0°11'N, 110°31'W; Figures 1a and 1b), which is located ~860 km west of the
EPR; thus, it records a more global ocean signal [Mix et al., 1995]. Site 849 was drilled during ODP Leg 138
in 1991 [Mayer et al., 1992]. A nearly complete sequence of late Miocene to Holocene sediments was recov-
ered [Mayer et al., 1992]. Site 849 is situated at a present-day water depth of 3851 m [Mix et al., 1995], close to
the modern lysocline in the equatorial Pacific (3.2-3.4 km water depth [Adelseck and Anderson, 1978; Berger
et al., 1982]) and well above the carbonate compensation depth (estimated deeper than 4.5 km water depth
in the equatorial Pacific during the Plio-Pleistocene transition [Pdlike et al., 2012]). Site 849 is positioned in the
present-day equatorial divergence zone within the so-called “cold tongue” [Wyrtki, 1981] where convergent
trade winds from the Northern and Southern Hemispheres induce the year-around upwelling of cold,
nutrient-rich waters from below the thermocline to the surface.

Changes in the paleoposition of Site 849 were negligible over the past 4 Myr [Pisias et al., 1995], but our geo-
graphical (EEP) and stratigraphic (Plio-Pleistocene boundary) focus means that the closure of the Central
American Seaway (CAS) has the potential to influence paleoceanographic records from Sites 849 and espe-
cially 846 (Figure 1). Global climate-ocean ecosystem model experiments suggest that the first-order effect
of CAS closure is likely to have promoted increased upwelling rates and surface water nutrient concentrations
in the EEP [Schneider and Schmittner, 2006]. The timing of this closure has received considerable recent atten-
tion, and it is important to understand what is meant by the terms open versus closed. The CAS may maintain
a shallow (<50 m) connection between the EEP and the Caribbean Sea but be effectively closed with respect
to its influence on ocean circulation, while the migration of mammals between North and South America
requires a continuous land bridge [Groeneveld et al., 2014]. Some studies place CAS closure (i.e., cutoff of deep
water connection between the EEP and the Caribbean Sea) in the mid-Miocene [e.g., Sepulchre et al., 2014],
whereas other investigations point to a surface water exchange between the EEP and the Caribbean Sea until
the late Pliocene [Steph et al., 2010] with temporary glacioeustatic sea level-led gateway closures with a sig-
nificant impact on ocean circulation during prominent iNHG glacials [Groeneveld et al., 2014].

4. Methods
4.1. Sampling

To study our target interval centered on MIS 100 to 96, we sampled cores 849C-7H-1-96 cm to 849C-7H-1-
146 cm, 849D-6H-5-125cm to 849D-6H-7-16cm, and 849D-7H-1-0cm to 849D-7H-3-55cm (74.16 to
67.78 m composite depth (mcd)). To generate a record at suborbital resolution (mean ~780years), 20 cm’®
samples were taken at 2 cm intervals. The sampled core material consists of biogenic sediment without clay
components—a white to light grey nannofossil ooze [Mayer et al., 1992]. Samples were dried, weighed, and
washed over a 63 um sieve. The coarse residue (sand fraction) primarily consists of CaCOs-producing organ-
isms, namely, planktic and benthic foraminifera together with siliceous radiolarians (see Figure S1 in the sup-
porting information). The fine fraction, in turn, is predominantly composed of calcareous nannoplankton
(coccoliths) together with rare siliceous diatoms [Mayer et al., 1992; Flores et al., 1995].

4.2. Stable-Isotope Analysis

A total of 229 samples from ODP Site 849 between 74.16 and 67.78 mcd were analyzed for foraminiferal
stable oxygen and carbon isotope compositions (6"%0 and 5'3C).

To develop the benthic 6'®0 and §'3C records, an average of six specimens of the benthic foraminifera
Cibicidoides wuellerstorfi were picked from the >150 um dried sediment fraction of all samples. The resulting
data set was supplemented by the data set of Mix et al. [1995] (35 samples also based on C. wuellerstorfi),
yielding a total of 264 stable-isotope data points for our 5'0 and ¢'C stratigraphy.

Specimens of the planktic foraminifera Globigerinoides ruber (white) were used to characterize the sea surface
8'3C variability across the study interval. We used the morphotype G. ruber sensu stricto (s.s.), which thrives in
shallower waters of the upper mixed layer than G. ruber sensu lato (s.l.) and thus yields lower §'80 and higher
8'3C values [e.g., Wang, 2000; Steinke et al,, 2005]. On average, 11 specimens of G. ruber s.s were picked per
sample. A narrow size range of 250-315 um was chosen to avoid ontogenetic effects [Elderfield et al., 2002;
Friedrich et al., 2012].
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To monitor changes in the thermocline, we followed the approach of Ravelo and Fairbanks [1992] and Kemle
von Miicke and Oberhdnsli [1999] and generated a §'>C record of the planktic foraminifera Globorotalia
crassaformis. To avoid ontogenetic effects, G. crassaformis was picked from the 315-400 um dried sediment
fraction [Elderfield et al., 2002]. An average of 19 specimens was picked per sample. Many planktic foramini-
fera, such as G. crassaformis, have a dextral and a sinistral coiling form. We preferentially selected the most
abundant coiling direction (sinistral). However, the sinistral coiling forms did not occur continuously over
the sampling interval. Thus, we also used the dextral coiling tests for some intervals. Comparison between
5'3C measurements of sinistral and dextral coiling forms within the same samples indicates that there is
no defined offset in 5'3C between specimens with different coiling directions (see Figure 52 in the supporting
information). Thus, whenever required, we spliced together records of sinistral and dextral coiling forms of
G. crassaformis without applying an intertaxon adjustment factor.

Stable isotopes were measured at the Institute of Geosciences, Goethe University Frankfurt (Germany), using a
ThermoFinnigan MAT253 gas source mass spectrometer equipped with a Gas Bench Il. The results are reported
relative to Vienna Peedee belemnite (VPDB) through the analysis of an in-house standard calibrated to NBS-18
and NBS-19. Analytical precision was better than 0.08%o and 0.06%o (at 1¢ level) for oxygen and carbon iso-
topes, respectively. Following Shackleton and Hall [1984], 580 values of C. wuellerstorfi reported herein were
adjusted for species-specific offset from equilibrium by the addition of +0.64%eo. Cibicidoides wuellerstorfi preci-
pitates its shell close to ¢'>C equilibrium; thus, no adjustment factor is required [e.g, Zahn et al., 1986;
Mackensen et al.,, 1993]. 5'>C values of G. ruber were adjusted by the addition of +0.94%o according to the
5'3C normalization of Spero et al. [2003]. The lack of laboratory investigations into 6'3C fractionation in G. cras-
saformis dictates that we simply report the 5'3C values measured on this species (no adjustment factor).

4.3. Preservation of Foraminiferal Tests

To assess the preservation of planktic foraminiferal tests used for stable-isotope analysis at Site 849, selected spe-
cimens representing both glacial and interglacial intervals were examined using a LEO 440 scanning electron
microscope (SEM) at the Institute of Earth Sciences, Heidelberg University. Further, we determined a planktic for-
aminiferal fragmentation index (FFl) at G-IG resolution following Le and Shackleton [1992] and Le et al. [1995]:

FFI[%] = (number of fragments/8)x (number of fragments/8 + complete tests) ' x100%

The number of fragments (part of a test which is less than two thirds of an original test [Berger et al., 1982]) and
of complete planktic foraminiferal tests was counted on at least 300 specimens (using a microsplitter) from ali-
quots of the >150 um size fraction. The number of fragments was divided by 8 because a foraminiferal test on
average splits into eight fragments (Le and Shackleton [1992] and Saraswat [2015] for a review).

4.4. Sand, Foraminiferal, and Radiolarian Accumulation Rates

To identify changes in sea surface productivity in these biogenic sediments, accumulation rates of the sand
fraction (SAR; suborbital resolution), of planktic foraminifera (PFAR; G-IG resolution), and of radiolarians (RAR;
G-IG resolution) were calculated according to Herguera and Berger [1991]:

SAR [g cm~?kyr'| = DBDxLSRxSF
PFAR[number of specimens cm 2kyr '] = DBDxLSRxPF
RAR [number of specimens cm ?kyr '] = DBDxLSRxR

where DBD is the dry bulk density (g cm™3), LSR is the linear sedimentation rate (cm kyr "), SF is the portion
of the >63 um sand fraction per gram dry sediment, PF is the number of planktic foraminifera per gram dry
sediment (>63 um), and R is the number of radiolarians per gram dry sediment (>63 um). The number of
planktic foraminifera and radiolarians was counted on at least 300 specimens (using a microsplitter) from ali-
quots of the >63 um fraction. Because the resolution of available DBD data for the herein investigated time
interval at Site 849 is insufficient, DBD was calculated from high-resolution GRAPE density (g cm™3) shipboard
measurements (IODP JANUS database [Mayer et al., 1992]) using an equation developed for lithologic homo-
geneous samples of Hole 849B [Hovan, 2013] as a reference (R*=0.93, p < 0.01, number of samples = 158; see
Figure S3 in the supporting information):

DBD [g cm ] = 1.58xGRAPE-1.61
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4.5. Cross-Spectral Analyses

To identify coherencies and to quantify phase lags between records, Blackman-Tukey cross-spectral analyses
with 30% overlap were conducted using the AnalySeries software package version 2.0.8 [Paillard et al., 1996].
Data for cross-spectral analyses were linearly interpolated, detrended, and prewhitened.

5. Results and Discussion
5.1. Chronology

Our age model for Site 849 (Figure 2 and Table S1 in the supporting information) was constructed by visual
correlation of the benthic oxygen isotope record (including benthic 880 data of Mix et al. [1995]) to the LRO4
stack [Lisiecki and Raymo, 2005] using the AnalySeries software package version 2.0.8 [Paillard et al., 1996]. To
minimize errors during tuning, only one tie point at the midpoint of each G-IG 6'80 transition was used [e.g.,
Bolton et al., 2010b].

Our high-resolution 6'20 record of C. wuellerstorfi shows a clear G-IG cyclicity, with lower values during
interglacial stages (mean: 3.52%o; minimum value: 3.02%o) and highest values during glacial stages
(mean: 3.89%o0; maximum value: 4.31%o; Figures 2a and 2b). The spike in benthic 580 during MIS 102,
which represents the lowest values of the entire record, consists of two independently generated data
points (this study and Mix et al. [1995]). Core images taken during core sampling show no sign of local
reworking for this core section. Therefore, it appears reasonable to assume that this spike is real,
albeit peculiar.

The new chronology for Site 849 results in a mean temporal sample resolution of 780 years and an average lin-
ear sedimentation rate of 2.6 cm kyr~" (Figure 2¢) for the time interval between 2.65 and 2.4 Ma (MIS G1 to 94).
These sedimentation rates are in close agreement with those of other records published for the late
Pliocene/early Pleistocene from the EEP region (e.g., Deep Sea Drilling Project Site 572: 2.1cmkyr™' [Mayer
et al, 1985] (Figure 1a) and ODP Site 849: 2.5-3.0cmkyr~" [Mix et al., 1995]).

We also decided to retune the benthic 5'20 record from Site 846 [Shackleton et al., 1995] to the LR04 stack
[Lisiecki and Raymo, 2005] over the time interval 2.65 to 2.4 Ma (Figures 3a and 3b and Table S2 in the support-
ing information) although these benthic §'80 data are part of the LR04 stack. Reasons for this are threefold:
(1) The Site 846 5'20 record is not an initial alignment target (using original terminology of Lisiecki and Raymo
[2005, p. 5]) for the LRO4 stack for the time interval investigated in this study, i.e., 23 more §'20 records
besides the §'80 record from Site 846 feed the LR04 stack between 2.65 and 2.4 Ma [Lisiecki and Raymo,
2005]. (2) Comparison of the 5'20 record from Site 846 [Shackleton et al., 1995] with LRO4-tuned benthic
5'80 from Site 849 demonstrates significant discrepancies (Figure 3c). This is most likely a consequence of
the different tuning techniques. (3) Therefore, exactly the same tuning procedures have been applied (i.e.,
using only one tie point at the midpoint of each G-IG 680 transition) to allow for the best possible compar-
ison between sites.

5.2. Preservation of Planktic Foraminiferal Tests

While low-resolution shipboard investigations on core catchers report poor preservation of planktic forami-
niferal tests at Site 849 [Mayer et al., 1992], none of these observations correspond to samples from our study
interval. Scanning electron microscope images of both glacial and interglacial samples from our sample set
indicate that the preservation of planktic foraminifers is consistently good enough to acquire high-quality
stable-isotope data [see Sexton et al.,, 2006] throughout the target interval (Figure 4). This interpretation is
confirmed by relatively low mean FFls at Site 849 (~5%, Figure 5b) compared to previous published FFls from
Site 846 for the last 0.8 Myr (~9% [Le et al., 1995]) and from Site 849 for the last G-IG cycle (~6 to 18%
[Marchitto et al., 2005]), indicating that the effect of dissolution on planktic foraminiferal tests was minor
throughout our study interval. Furthermore, in contrast to the late (early) Pleistocene Pacific Ocean carbonate
dissolution pattern, in which maximum fragmentation is usually seen during interglacials (glacials) [e.g., Le
and Shackleton, 1992; Le et al., 1995; Marchitto et al., 2005; Lalicata and Lea, 2011; Sexton and Barker, 2012],
FFls at Site 849 show no G-IG pattern over the interval of study. This is evidenced by a lack of a statistically
significant correlation between FFl and benthic 6'0 at Site 849 throughout the interval of study
(R*=0.004, p=0.74; see Figure S4a in the supporting information).
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Figure 2. Global benthic foraminiferal 580 record [Lisiecki and Raymo, 2005] for the last 3.5 Myr (LR04 stack) (top). Age
model from ODP Site 849 for MIS G1 to 94 (2640 to 2385 ka), tuned to the LR04 stack [Lisiecki and Raymo, 2005] (bot-
tom). (a) LR04 stack for MIS G1 to 96 [Lisiecki and Raymo, 2005]. (b) Benthic foraminiferal (C. wuellerstorfi) 5'80 record from
Site 849; this record contains a combination of our own measurements and data from Mix et al. [1995]. (c) Average linear
sedimentation rates (cm kyr_1). Red dashed lines in Figures 2a and 2b show the tie points for tuning. Tuning points are
provided in Table S1.

5.3. Glacial-Interglacial Variations in the Sand Accumulation Rate as a Tracer for Paleoproductivity

The SAR record at Site 849 shows a clear G-IG cyclicity from MIS 100 onward, with lowest values toward the
end of each interglacial-to-glacial transition (minimum value: 0.04 g cm > kyr~") and progressively increasing
values starting at peak glacials and culminating at glacial terminations (maximum value: 0.22 g cm ™2 kyr '
Figure 5¢). Such G-IG variations also seem to appear prior to MIS 100, but that signal is much less distinct.
There are at least three processes to consider when interpreting this record. First, SARs in deep-sea sites
are often interpreted as an indicator of carbonate dissolution [e.g., Johnson et al., 1977; Wu et al., 1990;
Bassinot et al., 1994]. A second possibility is that changes in the sand fraction are controlled by changes in
export productivity [Diester-Haass et al., 2002], and a third possibility is that SARs are controlled by the
strength of bottom water currents leading to winnowing [Berstad et al., 2003]. Although we cannot comple-
tely rule out sediment redistribution as a controlling mechanism for SARs at Site 849 [e.g., Pichat et al., 2004],
present-day bottom water current speeds in this region are generally less than ~10cms™' [Johnson, 1972],
i.e., too sluggish to redistribute coarser particles [Beaulieu, 2002]. Therefore, we suggest that in a deep open
ocean setting such as the deep equatorial Pacific with a relatively flat topography, sand redistribution by the
relatively weak deep-sea bottom water currents is unlikely [Paytan et al., 2004]. Based on the lack of statisti-
cally significant correlation between SAR and FFI (R*=0.03, p=0.35; see Figure $4b in the supporting infor-
mation), we also exclude a major influence of carbonate dissolution on SAR (see also section 5.2).
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Figure 3. Age model from ODP Site 846 for MIS G1 to 94 (2640 to 2385 ka).
(a) LRO4 stack for MIS G1 to 96 [Lisiecki and Raymo, 2005]. (b) Retuned
benthic foraminiferal §' 20 record from Site 846 (black) compared to
benthic foraminiferal 5' S0 from Site 849 (red). (c) Benthic foraminiferal
5'80 record from Site 846 (original age model (black) [Shackleton et al.,
1995]) and Site 849 (red). Grey dashed lines in Figures 3a and 3b show the
tie points for tuning. Tuning points are provided in Table S2.

The vast majority of the >63 um size
fraction consists of planktic foraminifera
and radiolarians (together with rare
benthic foraminifera; see section 4.1
and Figure S1). Thus, variations in the
sand fraction predominantly reflect
changes in zooplankton accumulation.
Having ruled out a major role for carbo-
nate dissolution (see also section 5.2),
burial rates of zooplankton are con-
trolled by rain rates from the surface
ocean, which in turn are strongly
coupled to surface ocean primary pro-
duction [e.g, Reynolds and Thunell,
1985; Eguchi et al, 1999]. Therefore,
changes in our SARs can be considered
a measure of surface water productivity.
Based on this notion, our SAR record
together with planktic foraminiferal
and radiolarian accumulation rates
(Figures 5c-5e) suggest that biological
production at Site 849 fluctuated
strongly on GG timescales. As

depicted in Figures 5c-5e, productivity at Site 849 progressively increased from peak glacial to glacial termination
(high SARs, PFARs, and RARs), and SAR (i.e,, export productivity) lags benthic 5'%0 by ~9.5kyr (Figure 6 and
section 6.2). Increased export productivity is expected to result in elevated sedimentation rates. At Site 849,
however, a lack of statistically significant correlation between SAR and LSR (R*=0.07, p=0.15; see Figure S5a

10 pm

d

—— —
100 pm 10 pm

Figure 4. Scanning electron micrographs of Globigerinoides ruber (s.s.)
from EEP Site 849. Both interglacial (a, b) (sample 849D-6H-6-6 cm to
849D-6H-6-8 cm) and glacial (c, d) (sample 849C-7H-1-146 cm to 849C-7H-
1-148 cm) foraminiferal tests are well preserved, allowing for the acquisi-
tion of reliable stable-isotope data. Note the preservation of delicate
spines in the aperture region.

in the supporting information) suggests
that there must be a counterbalancing
factor to smooth out sedimentation
rates. We suggest that decreases
(increases) in the fraction of poorly
packed spinose radiolarians during gla-
cials (interglacials) relative to the num-
ber of planktic foraminifera act to
cancel out productivity-related changes
in sedimentation rates (Figures 5d and
S5b in the supporting information).

Contrary to our findings from Site 849,
observations from ODP Site 846
(Figure 5f) based on Cz7 alkenone accu-
mulation rates [Lawrence et al., 2006],
and calcareous nannofossil assemblages
and siliceous fragment fluxes [Lawrence
et al, 2006; Bolton et al, 2010a],
demonstrate that primary productivity
was highest during full glacials MIS
104, 100, 98, and 96, nearly in phase
with benthic 6'%0 (lead of ~2 to
3kyr [Lawrence et al, 2006]; see also
Figure S6 in the supporting information).
There are at least two processes to con-
sider when interpreting these findings.
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Figure 5. Dissolution and productivity proxy records from the EEP upwelling system. (a) "0 in benthic foraminifera (C. wuel-
lerstorfi) from Site 849 (this study). (b) Percentage planktic foraminiferal fragmentation from Site 849 (this study). Red arrows
depict mean FFls for the past 0.8 Myr at Site 846 (~9% [Le et al., 1995]) and for the LGM at Site 849 (~8% [Marchitto et al., 2005)).
Holocene FFls reach ~16% at Site 849 [Marchitto et al., 2005] and ~30% [Le et al., 1995] at Site 846. (c) Sand accumulation rates
(>63 um) from Site 849 (this study). (d) Ratio between planktic foraminiferal and radiolarian accumulation rates at Site 849 (this
study). (e) Planktic foraminiferal accumulation rates (blue) and radiolarian accumulation rates (orange) at Site 849 (this study).
(f) C37 alkenone abundances from Site 846 [Lawrence et al., 2006] retuned to the LR04 stack.

First, productivity records from Site 849 and 846 are based on different proxies, namely, zooplankton (Site 849) and
haptophyte algae (Site 846). Second, the observed lag of ~11 kyr in peak productivity between Site 849 (SAR, ter-
mination) and Site 846 (C3, alkenone accumulation rates, nearly peak glacial) represents a real time lag that is too
large to result from age model discrepancies (Figures 3, 6, and S6), suggesting that biological production at Sites
846 and 849 was regulated by different mechanisms at least during these late Pliocene/early Pleistocene glacials.
We note that secular timescale changes in export productivity over the Plio-Pleistocene also appear to be
decoupled between Sites 846 and 849 [Ma et al., 2015], suggesting that different mechanisms or nutrient sources
drive productivity in these two distinct regions of the highly heterogeneous EEP [Pennington et al., 2006].

It has been suggested that the Panamanian Gateway was closed during MIS 100 to 98, opened during MIS 97, and
closed again toward the end of MIS 96 [Groeneveld et al., 2014]. Assuming that CAS closure helps to promote
upwelling in the EEP [Schneider and Schmittner, 2006], we might expect these closures to result in increased export
production during MIS 100, 99, and 98, low productivity rates during MIS 97, and again enhanced productivity
toward the end of MIS 96. However, this is not consistent with our SAR record at least for MIS 100 to 98, which
documents significant G-IG changes in export production at Site 849 between MIS 100, 99, and 98 (Figures 5¢
and S7 in the supporting information). Thus, we suggest that the influence of temporary full CAS closure on upwel-
ling intensification at Site 849 plays only a minor role in regulating G-1G upwelling changes across the studied suc-
cession. Furthermore, we find no evidence to suggest that dust input played a major role in controlling the
observed changes in export production at Site 849. The reasons for this interpretation are twofold: (1) in our
records maximum productivity occurs during glacial terminations at least during MIS 100, 98, and 96 (Figure 5
<), while, based on late Pleistocene records, we might expect dust input at Site 849 to have peaked during full gla-
cial conditions [McGee et al,, 2007; Winckler et al., 2008], and (2) low-resolution data on aeolian dust flux from Leg
138 yield no evidence for G-IG changes in dust input to the EEP across the studied time interval [Hovan, 1995]. This
interpretation is consistent with a study of export production from the central equatorial Pacific covering iNHG,
indicating that iron supply is not responsible for changes in export production [Ziegler et al., 2008].
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Figure 6. Blackman-Tukey cross-spectral analysis for the identification of phase shifts at Site 849 for the time interval from
~2.65 to 2.4 Ma at the 95% confidence level. Coherence (green) and phase (purple) relationship between global ice volume
(6180b) and productivity (SAR) from Site 849 are plotted on log scales. Positive values in this phase plot indicate that
productivity lags global ice volume, i.e., by 82.2° (equal to -9.5 kyr) for the 41 kyr period.

To decipher the importance of wind-driven upwelling versus mode water nutrient supply on observed G-IG
changes in primary productivity at Site 849, we use the carbon isotope signature of benthic, thermocline-,
and sea surface-dwelling foraminiferal species.

5.4. 5"3C Values at Site 849 Trace Glacial-Interglacial Changes in Delivery of Macronutrients to the
Equatorial Pacific From the Southern Ocean

The §'3C signature of foraminiferal tests is routinely used as a proxy for surface water primary productivity [e.g.,
Zahn et al., 1986; Sarnthein et al., 1988; Mackensen and Bickert, 1999]. An increase in primary productivity during
times with a strong and efficient biological pump increases §'°C values in the surface water (traceable in
surface-dwelling planktic foraminifera, 5'>C,) and progressively decreases 5'>C values with increasing water depth
(recorded in thermocline-dwelling planktic foraminifera, 513Ct, and benthic foraminifera, 513Cb). In our data set, all
three 6'3C records show a clear G-IG cyclicity with higher 6"3C values during interglacials and lower 5'3C values
during glacials (Figures 7a—7d). This trend is weak, however, during MIS 102 suggesting that associated environ-
mental change during this modest glacial was too subtle to induce larger-scale changes in the mechanisms that
controlled benthic and planktic foraminiferal §'>C. The parallel trends and relatively constant gradients in our
513Cy, (C. wuellerstorfi) and & 13C5,t (G. ruber and G. crassaformis) records (Figures 7b-7d and S8 in the supporting
information) suggest that the foraminiferal §'C at Site 849 does not simply trace in situ changes in the strength
of the biological pump during the interval of study, and an alternative explanation for the observed pattern
is required.

We must also consider the possibility that our 6'>C records reflect changes in the isotopic signature of source
waters (Southern Ocean Water (SOW) and Antarctic Bottom Water (AABW)) that feed the equatorial Pacific
upwelling system. For our interval of study, the best available 6'3C,, records for approximating isotopic
change in Southern Ocean waters end-member values [Billups et al., 2002; Pusz et al.,, 2011] are those from
South Pacific Site MV0502-4JC (50°20'S, 148°08'W, 4286 m water depth [Waddell et al., 2009]; Figure 1a) and
from South Atlantic ODP Site 1090 (42°55'S, 8°54'E, 3702 m water depth [Hodell et al., 2003]; Figure 1a).
These records have similar absolute values and G-IG amplitude to our record from Site 849, suggesting that
5'3C, values recorded at Site 849 bear a high-latitude Southern Ocean signature (see Figure S9 in the sup-
porting information). Crucially, our benthic and planktic foraminiferal §'>C records from Site 849 show very
similar trends to one another, lending support to the idea that our records are controlled by changes in
the isotopic composition of the upwelled waters sourced in the high-latitude Southern Ocean from MIS G1
to 94, with minor G-IG fluctuations prior to MIS 100 and larger-scale G-IG changes from MIS 100 onward.

Contrary to the observed pattern of change in our SAR record, visual evaluation of Figures 7a-7d indicates
that carbon isotope records do not lag §'80. Hence, we infer that productivity at Site 849 as recorded by
our SAR record was stimulated by changes in water mass properties (i.e., nutrient content) at the beginning
of glacials MIS 100, 98, and 96 and further escalated toward terminations.

To conclude, the covariance as well as the constant offset observed between our 513C5,t and 5'3C,, records
from Site 849 can be explained when interpreting these records as tracers of Southern Ocean water mass

JAKOB ET AL.

PLIO-PLEISTOCENE PRODUCTIVITY CHANGES 462



@AG U Paleoceanography

10.1002/2015PA002899

~ mis [ 96 | 98] [100 | 102  i04]
By 3.0 :
S |
£
s &
<>
e
= F3.0 4
A
£F25 °© C:
St
F20 §°
; g2
N LRSS
e | [ i 77
‘g i ki M| A s i
305/ 2 1 &fﬁ, I 7Ly Al KM\
iid liSs e P L i |
© L05
>
Lo S f‘
<:z
s
P05 g
- 3 3
lta) 10
Y E )
= 7 il |
< ,‘5 \‘ \ ‘
S ‘m“‘
10 v z
Miyisy imm T, F005 &
; < E
M’% 1 Tl P %, f&ﬁ% m ‘fgﬂg&ﬂﬁ Fo10 § 9
”‘?H“[d | ! Y M 015 7 ”
i 020 =
T T T T T
2400 2450 2500 2550 2600 2650
Age (ka)

Figure 7. High-resolution foraminiferal 53¢ proxy records from Site 849. (a) Benthic foraminiferal (C. wuellerstorf) 5'%0
record. (b) 9'°C record of the sea surface-dwelling planktic foraminifera G. ruber. (c) 5'3C record of the subthermocline-
dwelling planktic foraminifera G. crassaformis. (d) 513C record of the benthic foraminifera C. wuellerstorfi. (e) 53¢ gradient
between G. ruber and G. crassaformis. (f) Sand accumulation rates (>63 pm). Unfortunately, there is a paucity of other paired
benthic-planktic high-resolution 5'C records from sites located in the EEP for the latest Pliocene/earliest Pleistocene with
which to compare our new records from Site 849.

signatures. This observation lends strong support to the hypothesis that Plio-Pleistocene surface water prop-
erties in the EEP largely result from high-latitude forcing.

5.5. Evidence for Superimposed Strengthened Trade Wind-Induced Upwelling in the Equatorial Pacific
During Glacial Terminations 100 Through 96

In light of our SAR record, it seems that productivity at Site 849 starts to increase during full glacial con-
ditions in response to enhanced nutrient delivery from high southern latitudes (as evidenced by our 6'3C
records) and culminates, toward glacial terminations, possibly in response to local intensification in
upwelling. To test for the hypothesized influence of upwelling intensification on biological production
at Site 849, we make use of vertical 6'3C gradients between sea surface (G. ruber, §'>C;) and
thermocline-dwelling (G. crassaformis, 5'3C,) foraminifera (Ad'3C.). This gradient is a useful proxy to
decipher changes in the depth of the thermocline [e.g., Pierre et al., 2001], which in turn is related to
upwelling intensity. In the case of increased upwelling strength, the thermocline shoals, resulting in
lower AS"3Cq...

Our Ad'3C,., record (Figure 7e) shows relatively constant values prior to MIS 100, indicating that upwel-
ling intensity was stable from ~2.64 to ~2.56 Ma. For the interval spanning MIS 100 to 96, however, a
decrease in the Ad'3C,., gradient of >1%o occurred during glacials, reaching its minimum value toward
glacial terminations (Figure 7e). This suggests a prominent shoaling of the thermocline probably in
response to intensified regional upwelling during terminations, a mechanism which was activated from
MIS 100 onward at least during the investigated time interval (see section 6.2).
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6. Primary Productivity Variability in the Eastern Equatorial Pacific: A Response to
Glacial-Interglacial Ice Sheet Dynamics?

Our results point to G-IG changes in export productivity in the equatorial Pacific Ocean during culmination of
iNHG, controlled by nutrient supply from the Southern Ocean and superimposed wind-driven upwelling dur-
ing MIS 100, 98, and 96. Next we explore potential mechanisms for these linkages that involve G-IG waxing
and waning of the LIS and sea ice extent in the Southern Ocean.

The LIS and Southern Ocean sea ice coverage have the potential to affect the EEP upwelling system in at
least two ways. First, G-IG changes in the size of the LIS are a main controlling factor for meridional pres-
sure gradients that regulate trade wind intensity and equatorial upwelling strength [e.qg., Pisias and Mix,
1997, and references therein; Oster et al., 2015]. Second, G-IG changes of Antarctic sea ice coverage con-
trol, through light limitation, the rate of biological production and thus the nutrient content in the
Southern Ocean surface waters [e.g., Niirnberg et al., 1997; Bonn et al., 1998; Hillenbrand and Cortese,
2006]. Because Antarctic and sub-Antarctic surface waters are the major source for the upwelled water
in the EEP [e.g., Toggweiler et al., 1991; van de Flierdt et al., 2004; Sarmiento et al., 2004], changes in
the composition of this water mass may strongly influence the rate of primary productivity in the EEP
upwelling system.

6.1. Strong Control of Primary Productivity in the Equatorial Pacific Upwelling System by Sea Ice
Coverage in the Southern Ocean

One implication of our §'>C-based interpretation of G-IG changes in nutrient supply to the equatorial
Pacific is that Southern Ocean biological production was higher during interglacials than during glacials
during iNHG [Sigman et al., 2004; Hillenbrand and Cortese, 2006], presumably because of reduced sea ice
coverage [Hillenbrand and Cortese, 2006]. This picture is analogous to reconstructions of the late
Pleistocene Southern Ocean [e.g., Charles et al., 1991; Mortlock et al., 1991]. At Site 849, high interglacial
5'3C signatures are seen in our records in response to the enhanced Southern Ocean biological produc-
tion (Figure 8a). This suggestion gains support from the similarity between the §'3Cy, record from Site
849 and the §'3Cy, record from Site MV0502-4JC [Waddell et al., 2009], which is located within the path-
way of AABW water mass advection from their high-latitude source area to the EEP (see section 5.4 and
Figure S9). Through mixing of the AABW with SOW and upwelling to the sea surface at Site 849, this
high interglacial 6'3C signature is also imprinted in planktic thermocline- and sea surface-dwelling for-
aminiferal tests as seen in our records (Figures 7b-7d). Moreover, reduced nutrient supply, resulting
from the upwelling of relatively nutrient-depleted water masses sourced in the Southern Ocean, limits
the biological production in the EEP during interglacials, as documented in our productivity records
and in the paleoproductivity proxy data from Site 846 (Figure 5) [Lawrence et al., 2006; Bolton
et al., 2010a].

The opposite signal is seen during glacials (Figure 8b) when biological production in the Southern Ocean
is reduced compared to interglacials, probably because of light limitation in response to increased
Antarctic sea ice cover as argued for late Pleistocene glacials [e.g., Niirnberg et al., 1997; Bonn et al.,
1998; Hillenbrand and Cortese, 2006]. Reduced glacial primary productivity in the Southern Ocean results
in less efficient use of nutrients and a slowdown of the biological pump, an observation that has also
been recorded for the LGM [Mortlock et al., 1991]. In response to reduced phytoplankton activity, §"3C
in high-latitude sea surface waters decreases during glacials. The downwelled Southern Ocean surface
waters bear this low glacial §'3C signature and feed the AABW and the SOW and thus ultimately the
upwelling system in the EEP [Tsuchiya et al., 1989; Toggweiler et al., 1991]. At Site 849, the inherited
low glacial §"3C signatures of the AABW and the SOW are recorded by benthic and planktic sea surface
and thermocline-dwelling foraminifera, respectively (Figures 7b-7d). Furthermore, the enhanced glacial
nutrient content of the source water leads to an increase in primary productivity within the EEP. This
is documented by paleoproductivity records from Sites 849 (this study) and 846 (Figure 5) [Lawrence et al.,
2006; Bolton et al., 2010a].

Our benthic and planktic foraminiferal 6'C records indicate that nutrient delivery from high southern lati-
tudes was active during the investigated time interval, but only with minor implications for G-IG primary pro-
ductivity changes in the EEP prior to MIS 100 compared to the time interval from MIS 100 onward. We suggest
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Figure 8. Schematic north-south section of the South Pacific Ocean from Antarctica/Southern Ocean to the EEP upwelling
system. Primary productivity and resulting nutrient utilization and Pikle signatures are proposed for early Pleistocene (a)
interglacial and (b) glacial periods. AABW: Antarctic Bottom Water; SOW: Southern Ocean Water.

that this is a consequence of less significant changes in Antarctic sea ice extent during the relatively weak
glacials MIS 102 and 104.

6.2. Superimposed Enhanced Upwelling During Glacial Terminations From MIS 100 Onward in
Response to Retreat of the Laurentide Ice Sheet?

In addition to the enhanced glacial nutrient delivery from the Southern Ocean to the EEP upwelling regime, we
suggest that the rate of wind-induced upwelling of nutrients at Site 849 significantly increased toward glacial
terminations MIS 100, 98, and 96. As evidenced by decreasing A513’CS_t values (compare section 5.5 and
Figure 7e), wind-driven upwelling intensification was active from MIS 100 onward at least during the investi-
gated time interval. The timing of the onset of this behavior is unlikely to be a coincidence. Marine isotope stage
100 was the first glacial to result in ice rafting throughout the open North Atlantic Ocean [e.g., Shackleton et al.,
1984]. Its significance for the equatorial Pacific Ocean may lie in being the first glacial during which the LIS
advanced into the midlatitudes of North America [Naafs et al,, 2013], something that perhaps did not occur
again until ~1.3 Ma [Balco and Rovey, 2010]. Studies of the LGM suggest that a large LIS is associated with major
changes in atmospheric circulation well beyond North America [e.g., Oster et al., 2015]. The profile of the LIS dur-
ing MIS 100 must have been lower slung than its late Pleistocene counterparts, probably in response to ready
flow on soft nonpreglaciated substrates [Clark and Pollard, 1998; Bailey et al., 2010], but LIS height and extent
during iNHG and MIS 100 in particular had a major impact on hydroclimate, both over the ice sheet itself
[Bailey et al., 2010] and beyond the ice front in the midlatitudes [Naafs et al, 2012; Hennissen et al., 2014,
2015; Lang et al., 2014] and perhaps into the arid North American southwest [Lang et al., 2014].

Our data suggest enhanced glacial equatorial upwelling strength during our study interval from MIS 100
onward implying strengthened meridional pressure gradients and trade wind intensity. Export production
(SAR), however, lags global ice volume (benthic 6'80) by ~9.5 kyr in our records (Figure 6). Similar observations
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have been made for the past 1 Myr and for the LGM at central equatorial Pacific Sites PC72 [Murray et al., 2000]
and U1338 [Lyle and Baldauf, 2015], EEP Site 849 [Ma et al., 2015], and northeast Pacific Site NH22P [Ganeshram
et al., 2000; Kienast et al., 2002] (Figure 1a). Explanations for this lagged relationship are speculative. Suggestions
include (i) upwelling intensification during glacial terminations [Kienast et al,, 2002; Hayes et al.,, 2011] and/or (ii)
deglacial nutrient supply from continental shelves either during sea level rise associated with glacial termina-
tions (“glacial outwash” [Ma et al.,, 2015]) or during sea level fall associated with glacials [Flores et al.,, 2012],
assuming a lag between cause (weathering on exposed shelves) and effect (nutrient delivery to the deep ocean)
of 10-20 kyr (“shelf sediment offloading” [Filippelli et al., 2007; Markovic et al,, 2015]). We do not favor nutrient
input from continental shelves attributable to glacial outwash or shelf sediment offloading to explain the lag
of productivity with respect to climate (benthic 5'20) in our records. These mechanisms should give rise to a
regional response affecting all EEP productivity records covering MIS 100 to 96. Yet productivity does not lag
benthic 6'20 at Site 846 (Figure S6) [e.g., Lawrence et al., 2006; Bolton et al., 2010a; Etourneau et al., 2013].
Instead, we suggest that upwelling intensification during glacial terminations can be traced to strengthening
of the eastern Pacific subtropical high-pressure system and northeasterly trade winds as the LIS retreated.
Climate modeling experiments covering the past 18 kyr show major changes in wind, sea level pressure, and
sea surface temperature pattern for reduced versus maximum North American ice sheet size [Kutzbach and
Ruddiman, 1993; Kutzbach et al., 1993]. A strengthening of surface atmospheric circulation (including the eastern
Pacific and Bermuda high-pressure systems) associated with ice sheet retreat is well documented in these atmo-
spheric simulations coinciding with the last deglaciation [e.g., COHMAP Members, 1988; Kutzbach et al., 1993;
Bartlein et al., 1998, and references therein]. Thus, we conclude that glacial terminations of the low slung slippery
late Pliocene/early Pleistocene LIS [Bailey et al., 2010] influenced regional climate and upwelling in the EEP sys-
tem in a manner analogous to the late Pleistocene.

7. Conclusions

We present new records from ODP Site 849 to test competing hypotheses for G-IG changes in productivity
during Plio-Pleistocene iNHG (MIS G1-94, ~2.65-2.4 Ma). The most salient features of our study are as follows.

Primary productivity changes in the low-latitude Pacific Ocean follow the obliquity-dominated G-IG cyclicity
but lag peak glacials by ~9.5 kyr at Site 849. Export productivity increased during early Pleistocene glacials
and reached maximum values during the glacial terminations of MIS 100, 98, and 96.

We identify two processes that regulate the observed G-IG variability in primary productivity at Site 849.
These processes are (i) nutrient delivery from the Southern Ocean to the EEP, which was a regulating factor
from MIS G1 to 94 and was presumably controlled by sea ice extent in the Southern Ocean, and (i) the inten-
sity of trade wind-induced upwelling in the EEP, which played a major role in regulating EEP export produc-
tivity during MIS 100, 98, and 96 and which we hypothesize to be controlled by strengthening of the eastern
Pacific subtropical high-pressure system and northeasterly trade winds in response to retreat of the LIS. We
propose that an interplay between intensified upwelling strength and enhanced nutrient delivery from high
southern latitudes increased primary productivity rates in the EEP during glacials from MIS 100 to 96.
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