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Abstract Upwelling within the Eastern Equatorial Pacific (EEP) Ocean is a key factor for the Earth's
climate because it supports >10% of the present-day biological production. The dynamics of upwelling

in the EEP across the Plio-Pleistocene transition—an interval particularly relevant for understanding
near-future warming due to Anthropocene-like atmospheric carbon-dioxide levels—have been intensively
studied for the region east of the East Pacific Rise. In contrast, changes of the equatorial upwelling regime
in the open Pacific Ocean west of this oceanographic barrier have received markedly less attention.

We therefore provide new proxy records from Ocean Drilling Program Site 849 located within the EEP
open-ocean upwelling regime. Our target interval (~3.35-2.0 Ma) covers the Plio-Pleistocene transition
characterized by the intensification of Northern Hemisphere Glaciation (iNHG). We use benthic "0
values to generate a new, high-resolution age model for Site 849, and sand-accumulation rates together
with benthic 8"*C values to evaluate net export production. Although showing temporary substantial
glacial-interglacial variations, our records indicate stability in net export production on secular timescales
across the iINHG. We suggest the following processes to have controlled the long-term evolution of
primary productivity at Site 849. First, nutrient export from the high latitudes to the EEP; second, a
successive shoaling of the Pacific nutricline during the studied interval; and third, a simultaneous
reduction in dust-borne iron input.

1. Introduction

Oceanic upwelling systems are important for the Earth's atmospheric and marine carbon budget (Togg-
weiler & Sarmiento, 1985; Watson & Naveira Garabato, 2006). In upwelling regions, relatively cold, nutri-
ent-rich and carbon-dioxide-(CO,) bearing waters from below the thermocline typically characterize the
surface-water hydrography. Such conditions allow for enhanced marine primary productivity and, thus,
removal of the upwelled CO, from the surface-ocean through organic-matter export into the deep sea. The
efficiency of this so-called biological pump is of particular importance in the Eastern Equatorial Pacific
(EEP) where coastal and equatorial upwelling support >10% of the biological production in the present-day
oceans (Pennington et al., 2006). Across the Plio-Pleistocene transition—a time interval that is highly rele-
vant for the understanding of anthropogenic warming because it comprises climatic boundary conditions
and atmospheric CO, levels as they are expected in the near future (e.g., Dowsett et al., 2013; Martinez-Boti
et al., 2015; Robinson et al., 2008)—major shifts in marine export production occurred in the global oceans
(Lawrence et al., 2013, and references therein). However, modes and drivers of these changes within the
EEP upwelling regime are not entirely clear.

Since the early Pliocene, the Earth underwent a transition from a warmer climate state and Anthropo-
cene-like atmospheric CO, (>400 parts per million by volume [ppmv]) lacking large ice sheets in the North-
ern Hemisphere to a progressively cooler climate state and pre-industrial-like atmospheric CO, (<280
ppmv) during the Pleistocene with a stronger response of the climate/cryosphere system to orbital forc-
ing (Lisiecki & Raymo, 2005; Martinez-Boti et al., 2015; Seki et al., 2010). Over the past ~5 Myr and thus
this transitional period, a close coupling between biological production and sea-surface temperatures in
the equatorial upwelling system of the East Pacific Ocean has been documented on glacial-interglacial
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Figure 1. Locations of ODP Site 849 (red; this study) and other sites mentioned in the text (dark blue; previously published data sets) against a background
map of modern annual sea-surface phosphate concentrations (in wmol 17") after World Ocean Atlas 2013 (Garcia et al., 2014) for (a), the Pacific and Southern
Oceans and (b) the East Pacific Ocean. Regions with high sea-surface phosphate concentrations (and thus high nutrient availability) are typically associated

with high rates of biological production.

(~41-kyr) timescales for Ocean Drilling Program (ODP) Site 846 (Lawrence et al., 2006, Figure 1). Such a
coupling suggests changes in thermocline depth and, perhaps, upwelling intensity to have been the main
driver for primary productivity (Lawrence et al., 2006; Ma et al., 2015). The amount of nutrients within
the upwelled water mass, however, may have acted as an additional controlling factor on glacial-intergla-
cial timescales (Etourneau et al., 2013; Jakob et al., 2016). In contrast, a decoupling between sea-surface
temperature and biological production at ODP Sites 846 and 847, both located east of the East Pacific Rise
(Figure 1), has been proposed for longer, million-year timescales (Dekens et al., 2007; Farrell et al., 1995;
Lawrence et al., 2006). This decoupling points to nutrient availability in upwelled waters as the dominant
driver for biological production on secular timescales (Dekens et al., 2007; Lawrence et al., 2006).

To date, investigations on EEP export production are mainly based on study sites located east of the East
Pacific Rise. However, these sites could also be affected by local oceanographic factors (such as coastal up-
welling) or continental influences (e.g., Ma et al., 2015, and references therein). In contrast, sites west of the
East Pacific Rise are representative of equatorial upwelling in the open Pacific Ocean only (Mix et al., 1995;
Pisias et al., 1995). Available studies on export production during the Plio-Pleistocene from this region, how-
ever, (i) either focus on glacial-interglacial changes across a relatively short time window (<400 kyr; Jakob
et al., 2016), (ii) are inconsistent (see opal production records from Lyle et al., 2019 vs. Ma et al., 2015), (iii)
or describe single components of oceanic productivity such as barite-/opal- (Ma et al., 2015) or calcium-car-
bonate (CaCOs;) production (Lyle et al., 2019), rather than focusing on net export production.

To shed new light on both the glacial-interglacial and long-term variability in net export production within
the equatorial upwelling system of the open Pacific Ocean, we here present new proxy records for ODP Site
849 located in the heart of equatorial upwelling west of the East Pacific Rise (Figure 1). Our target interval
is the Plio-Pleistocene transition. Specifically, we focus on the ~3.35 to 2.0 Ma time period (Marine Isotope
Stages [MIS] MG1-77). This interval includes three different phases: First, weak-amplitude glacial-intergla-
cial variations of the relatively warm late Pliocene with the exception of a pronounced positive excursion
in benthic 5'*0 corresponding to the MIS M2 glaciation (~3.3 Ma). Second, the Plio-Pleistocene transition
with the culmination of the intensification of Northern Hemisphere Glaciation (iNHG) from MIS 100 to
96 (~2.5 Ma) characterized by the first strong glacial-interglacial cycles. Third, early Pleistocene glacials
MIS 82 (~2.15 Ma) and MIS 78 (~2.05 Ma) that are even stronger than the strongest glacials of the iINHG
(Lisiecki & Raymo, 2005; for details see Section 4.1).

We use benthic foraminiferal 8"°C values and sand-accumulation rates (SAR) to evaluate net export pro-
duction during the ~3.35 to 2.0 Ma interval at Site 849. Sand-accumulation rates are well suited to trace net
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export production at our study site as the sand fraction (>63 um) is mainly composed of material from bio-
genic activity, including both carbonate- and opal-producing organisms (for details see Section 2.2). We fur-
ther compare our records with additional productivity and climate proxy records from the EEP (e.g., Dekens
et al., 2007; Ford et al., 2012; Lawrence et al., 2006; Ma et al., 2015) and elsewhere (e.g., Haug et al., 1999;
Hillenbrand & Fiitterer, 2001; Lawrence et al., 2013; Studer et al., 2012) to evaluate our findings in a wider
geographical context and to investigate the processes that underlie export production at the study site. The
suborbital resolution (~700 years) of our records further required refinement of the previously available
age model for Site 849 (Mix et al., 1995), which was achieved by tuning our new benthic foraminiferal 5'*0
record to the LR04 stack (Lisiecki & Raymo, 2005).

2. Materials and Methods
2.1. Study Site

To generate a continuous record of net export production in the equatorial Pacific upwelling system for the
time interval from ~3.35 to 2.0 Ma, we investigated samples from ODP Leg 138 Site 849 (0°11'N, 110°31'W,
water depth: 3,851 m; Mayer et al., 1992). Site 849 is located ~860 km west of the East Pacific Rise within
the heart of the equatorial upwelling zone in the open Pacific Ocean. The site exhibits continuous sedimen-
tation with sedimentation rates of 2.5-3 cm kyr‘1 (Jakob et al., 2017; Mayer et al., 1992; Mix et al., 1995) and
a CaCO; content of up to 90% (Lyle et al., 2019) across the targeted interval. The present-day water depth
at Site 849 is below the modern lysocline (3,200-3,400 m water depth; Adelseck & Anderson, 1978; Berger
et al., 1982), but above the carbonate compensation depth throughout the past 34 Ma (Pilike et al., 2012).
Thus, CaCOs is well-preserved at that site. Good carbonate preservation during the investigated time inter-
val is also indicated by (i) a relatively low planktic foraminiferal fragmentation index (Jakob et al., 2016),
which is a proxy for carbonate dissolution (Metzler et al., 1982), and (ii) a good overall preservation of
planktic foraminiferal tests shown by scanning electron microscopy (Jakob et al., 2016, 2018). This allows
geochemical studies based on well-preserved foraminifera.

2.2. Sample Material

To obtain sedimentological and geochemical information for Site 849, 1,632 samples with a volume of
20 cm’ were investigated at 2-cm intervals along the primary shipboard splice (Mayer et al., 1992) from
Cores 849C-6H-2-70 cm to 849C-6H-3-28 cm, 849C-7H-1-80 cm to 849C-7H-1-150 cm, 849C-8H-1-80 cm
to 849C-8H-2-98 cm, 849C-9H-1-46 cm to 849C-9H-3-18 cm, 849D-5H-5-56 cm to 849D-6H-7-24 cm, and
849D-7H-1-21 cm to 849D-8H-6-96 cm (57.02-92.77 m composite depth [mcd]). In addition, ten out-of-
splice samples from Core 849C-7H-2 (1-21 cm) corresponding to 70.47-70.65 mcd were investigated, which
replaces the splice interval from Core 849D-7H-1 (1-20 cm). The latter was not used because of substantial
sediment disturbances (Mayer et al., 1992). Together, this yields a total of 1,642 samples.

The sample material was dried, weighed and washed over a 63 yum sieve. The >63 um residue (sand fraction)
consists mainly of calcareous planktic and benthic foraminifera, together with siliceous radiolarians and
diatoms, and therefore is ideally suited to trace net export production (see Section 4.2).

2.3. Determination of Sand-Accumulation Rates

We generated a new record of SAR for the studied interval of Site 849 except for the interval correspond-
ing to ~2.75-2.4 Ma, for which such data already exist (Jakob et al., 2016, 2018). Following the approach
described in Jakob et al. (2016), SAR was calculated based on linear sedimentation rates (LSRs) as derived
from our new age model (see Section 3.1), dry bulk density (DBD) data as calculated from high-resolution
density shipboard measurements through Gamma Ray Attenuation Porosity Evaluation (GRAPE; IODP
JANUS database; Mayer et al., 1992) and the portion of the >63 um sand fraction per gram dry sediment
(SF, weights determined during sample processing) as SAR = LSR X DBD X SF.
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2.4. Stable-Isotope Analysis

880 and 8'C records were generated based on the benthic foraminiferal species Oridorsalis umbonatus,
although 8'®0 values derived from the benthic foraminifer Cibicidoides wuellerstorfi are more common-
ly used for age-model determination (e.g., Bolton et al., 2010; Lawrence et al., 2006). High-resolution re-
cords for Site 849 based on C. wuellerstorfi are also already available for the ~2.75-2.4 Ma interval (Jakob
et al., 2016, 2017), and low-resolution (sampling interval: 10-20 cm) C. wuellerstorfi-derived 8"*0 and 8"°C
records exist for the entire investigated time interval (Mix et al., 1995). However, we decided to not extend
these records because of the following reasons: First, Site 849 samples investigated in this study comprise
more tests of O. umbonatus than of C. wuellerstorfi continuously throughout the record. Second, O. umbo-
natus also yields the possibility to carry out further geochemical analysis (such as Mg/Ca) on the same ma-
terial. This is because O. umbonatus has fewer and larger chambers than C. wuellerstorfi, facilitating proper
cleaning of tests for further geochemical analysis. Moreover, the shallow infaunal habitat of O. umbonatus
implies that this species is well buffered from the carbonate-ion effect (Rathmann & Kuhnert, 2008) and
therefore better suited as a Mg/Ca recorder than the epifaunal species C. wuellerstorfi.

To generate benthic foraminiferal §'*0 and 8"°C records, on average twelve O. umbonatus tests were picked
per sample from the >150 um fraction. Subsequently, tests were cracked, homogenized, and a subsam-
ple of ~1/3 was used for stable-isotope analysis. Samples were analyzed using a Thermo Fisher Scientific
253 Plus isotope ratio mass spectrometer coupled to a Thermo Fisher Scientific Kiel IV Carbonate Device
(both Thermo Fisher Scientific, Bremen, Germany) at Heidelberg University and a MAT253 gas source
mass spectrometer equipped with a Gas Bench II (Thermo Quest Finnigan, Bremen, Germany) at Goethe
University Frankfurt (for details see Data Set S1). All ** C/**C and '®0/'°O isotope ratios are expressed
in the conventional § notation in per mil versus Vienna Pee Dee Belemnite (VPDB). At Heidelberg Uni-
versity, an in-house carbonate standard (Solnhofen limestone) calibrated against the reference material
IAEA-603 (calcite; 8" Cyppg = +2.46 % 0.01%0 and 8" Oypps = —2.37 + 0.04%0) was used to normalize all
measured raw 8"°C and 8'%0 values to the VPDB isotope reference scale; samples were processed following
an in-house protocol. At Goethe University Frankfurt, 8"°C and 8'*0 values are reported relative to the
VPDB standard through the analysis of in-house standard (Carrara marble) calibrated to NBS-19 (lime-
stone; 8 Cypps = +1.95%0 and 8" Oyppp = —2.20%0, exactly) and NBS-18 (carbonatite; §"*Cyppp = —5.06%o
and 8" Oypps = —23.01%o, exactly); samples were processed according to the protocol outlined by Spétl and
Vennemann (2003). External precisions for §**C and 8'%0 values are better than 0.02 and 0.06%. (at 1 level)
for samples analyzed at Heidelberg University using the Kiel IV, and <0.1%o (at 1o level) for the samples
measured at Goethe University Frankfurt using the Gas Bench II, respectively. Replicate measurements of
sample material show that §"°C and 8'®0 values derived from both laboratories are indistinguishable within
this analytical precision.

2.5. Chronology

For the past 5 Myr, an age model for Site 849 is already available (Mix et al., 1995). It is based on correlations
between (i) benthic foraminiferal (C. wuellerstorfi) 50 records of Site 849 and ODP Site 677 (Figure 1) for
the 2.5-0 Ma interval, and (ii) Site 849 GRAPE-density data and orbital insolation for the 5-2.5 Ma time
period. However, this age model is limited by the relatively low temporal resolution of its underlying 5'*0
data set (10-20 cm; Mix et al., 1995) and the additional uncertainty associated with the combination of
different stratigraphic methods.

In the recent past, the alignment of benthic 8'*0 records to the LR04 stack has emerged as a common
strategy to achieve age information for deep-sea sediment cores (Lisiecki & Raymo, 2005). Based on this
approach, a high-resolution chronology is already available for Site 849 for the 77.02-67.78 mcd interval,
corresponding to ~2.75-2.4 Ma in the time domain (Jakob et al., 2016, 2017). This age model is based on a
80 record of the benthic species C. wuellerstorfi. We used this age model, and generated a new one for the
remainder of the investigated time interval (i.e., ~3.35-2.75 Ma and ~2.4-2.0 Ma), based on the benthic spe-
cies O. umbonatus (for details see Table S1). The good overall agreement of §'°0 records from O. umbonatus
and C. wuellerstorfi from Site 849 shows that this is a reliable approach (see Figure S1).
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Figure 2. New age model for ODP Site 849 for ~3.35-2.0 Ma (MIS MG1-77). (a) Global benthic foraminiferal §'*0 record (LR04 stack; Lisiecki & Raymo, 2005).
(b) Benthic foraminiferal 80 record from Site 849 tuned to the LR04 stack; horizontal and vertical bars indicate the 1o standard deviation. (c) Sedimentation
rates for Site 849. Tie points for tuning are provided in Table S1. Selected MIS are labeled for reference.

The new age model for Site 849 (Figure 2) was constructed via visual correlation of the benthic §'*0 record
to the LRO4 stack (Lisiecki & Raymo, 2005) using the AnalySeries software package version 2.0.8 (Paillard
et al., 1996). To minimize errors during tuning (Bolton et al., 2010) and to remain consistent with the al-
ready available age model for the ~2.75-2.4 Ma interval (Jakob et al., 2016, 2017), only one tie point at the
midpoint of each glacial-interglacial transition was used (for details see Table S1).

2.6. Trend Analysis, Evolutionary Spectral Analysis and Cross-Spectral Analysis

To identify secular trends for the ~3.35-2.0 Ma time interval in proxy records generated for and used in this
study, linear regressions were applied to the individual data sets and the ~3.35-2.0 Ma time span. Results
(Table S2) are indicated as dashed lines in the respective figures.

The temporal evolution of periodicities in the records was identified by applying wavelet analysis to even-
ly-spaced data using the software PAleontological STatistics (PAST version 3.11; Hammer et al., 2001) and
the Morlet wavelet as the mother wavelet. Furthermore, we quantified coherencies and phase lags between
records through Blackman-Tukey cross-spectral analysis with 30% overlap using the AnalySeries software
package version 2.0.8 (Paillard et al., 1996). The data used for cross-spectral analysis were linearly inter-
polated, detrended, and pre-whitened. Note that our study only focusses on obliquity (41-kyr) cycles even
though additional cycles are obviously present.

3. Results
3.1. Chronology

The new chronology for Site 849 yields an average sedimentation rate of 2.9 cm kyr™" and a mean temporal
sample resolution of ~700 years (corresponding to 2-cm intervals in the depth domain) for the ~3.35-
2.0 Ma period (MIS MG1-77). These results are in agreement with sedimentation rates of 2.5-3.0 cm kyr™*
as derived from the previously available age model for the same site and time interval (Mix et al., 1995; see
Figure S2). Maximum and minimum sedimentation rates that we reconstruct are 5.3 and 1.3 cm kyr™,
respectively (Figure 2c). Although the highest sedimentation rates are associated with the strong glacials

of MIS 96 and 78, a glacial-interglacial cyclicity is generally lacking in the sedimentation rates of Site 849.
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Figure 3. Productivity proxy records for Site 849 for the ~3.35-2.0 Ma interval and evolutionary spectra. (a) Benthic foraminiferal §'*0 record for reference.
(b) Benthic foraminiferal 8'*C record; high (Iow) values indicate a mixed signature of low (high) rates of in situ export production but at the same time high
(low) rates of primary productivity in EEP source waters (for details see Section 4.2). Horizontal and vertical bars in a and b indicate the 1o standard deviation
associated with the individual records. (c) Sand-accumulation rates; high (low) values indicate high (low) rates of in situ export production (for details see
Section 4.2). Dashed lines in a-c indicate long-term trends and gray bars mark glacial periods; selected MIS are labeled for reference. (d-f) Wavelet analysis
for benthic 5'°0, benthic §"°C and SAR. Black lines indicate the 95% significance levels; white shading marks the cone of influence, that is the region in which

record length might not be sufficient to interpret results.

3.2. Stable-Isotope Records and Sand-Accumulation Rates

In general, our new O. umbonatus-based "0 record captures the pattern as derived from the LR04 stack
(Lisiecki & Raymo, 2005) and the previously available, lower-resolved 8'°0 record (C. wuellerstorfi) from the
same site and time interval (Mix et al., 1995; see Figure S1). However, due to its higher temporal resolution
our record provides a much more detailed picture of the evolution of deep-sea 8'*0 values throughout the
studied time interval. It varies between 2.80%o reached during MIS 101 (~2.56 Ma) and 4.44%. associated
with MIS 78 (~2.06 Ma) (Figure 3a), showing a clear glacial-interglacial cyclicity paced by Earth's obliqui-
ty with lowest (highest) values corresponding to interglacials (glacials) (Figure 3d). The amplitude of the
glacial-interglacial change becomes progressively stronger from MIS 100 onwards. We also observe a clear
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long-term trend in our benthic 80 data, with an increase in average 5'°0 values by ~0.5%o from ~3.35 to
~2.0 Ma (Figure 3a; see also Table S2). For the ~2.75-2.4 Ma interval, the pattern derived from our new 880
record is identical to the already available high-resolution C. wuellerstorfi-based 8'*0 record from the same
site (Jakob et al., 2016, 2017; see Figure S1).

The 8"C values of O. umbonatus range from a minimum of —2.44%. during MIS 100 (~2.54 Ma) to a max-
imum of —0.23%o. during MIS 93 (~2.39 Ma), disregarding the apparent outliers at ~2.23, ~2.56, ~2.86,
and ~2.96 Ma (Figure 3b). Visual evaluation of the 8"*C record suggests that lowest (highest) values are
typically associated with full glacial (interglacial) conditions, and evolutionary spectral analysis indicates
that variations in 8"°C are paced by Earth's obliquity (Figure 3e). In contrast to the 8" record, there is no
long-term trend in the 8"*C record (Figure 3b; see also Table S2). The overall pattern and glacial-interglacial
amplitudes are similar to the previously available, lower-resolved 8" °C record (C. wuellerstorfi) from the
same site and time interval (Mix et al., 1995) and the high-resolution §"*C record (C. wuellerstorfi) for the
~2.65-2.4 Ma interval (Jakob et al., 2016; see Figure S3).

The SAR record yields minimum values of 0.001 g cm™ kyr™' and maximum values of 0.338 g cm™ kyr™"
reached during interglacials MIS G13 and 87 (~2.87 and ~2.25 Ma), i.e., when benthic 880 values are low,
and glacials MIS 96 and 78 (~2.42 and ~2.06 Ma), i.e., when benthic 880 values are high, respectively
(Figure 3c). Evolutionary spectral analysis indicates a 41-kyr glacial-interglacial cyclicity in this record (Fig-
ure 3f). Visually, the glacial-interglacial cyclicity can be observed particularly for those glacial-interglacial
cycles comprising the strong glacials of MIS M2, 100-96 and 78 (Figure 4). Lowest values typically occur
toward the end of each interglacial-to-glacial transition, followed by progressively increasing values starting
at peak glacials and culminating at glacial terminations. Cross-spectral analysis indicates that the Site 849
SAR record lags the benthic §'®0 record by ~7.5-17 kyr for the 41-kyr glacial-interglacial period (Figure 4;
see also Figure S4). This finding is consistent with previous observations from the same site for the MIS
100-96 interval (Jakob et al., 2016). Similar to the evolution of §"*C values, no long-term trend in SAR values
emerges over the course of the record (Figure 3c; see also Table S2).

4. Discussion
4.1. Climatic Background Conditions as Derived from §®0 Values of Site 849

The benthic foraminiferal §'*0 signature is an important recorder for climate evolution. It is a function of
temperature and seawater §'°0. The latter, in turn, is controlled by ice volume and precipitation/evapora-
tion, hence salinity. Because the deep ocean is relatively uniform with regard to salinity, benthic foraminif-
eral 8'°0 values are typically used as a measure for relative global ice-volume and deep-ocean temperature
variability (e.g., Emiliani, 1955; Lisiecki & Raymo, 2005; Shackleton, 1967; Urey, 1947; Zachos et al., 2001).

In light of the above, low 8'®0 values of the late Pliocene represent a relatively warm climate state that was
only interrupted by an intense glacial period at ~3.3 Ma (i.e., MIS M2) with 8'®0 values characteristic of
latest Pliocene glacials MIS G10 or G6 (Figure 3a). Quantitative ice-volume estimates for MIS M2, however,
remain uncertain. For instance, Tan et al. (2017) suggest an increase of global ice volume by 16 m relative
to the present-day, including 4 and 12 m contributions from the Southern and the Northern Hemispheres,
respectively. These estimates fall into the lower range of sea-level lowstand reconstructions for MIS M2 of
~10-65 m below modern (Miller et al., 2020, and references therein). The occurrence of ice-rafted debris in
the Arctic Ocean, Nordic Seas and the North Atlantic (De Schepper et al., 2014, and references therein) pro-
vides evidence for the presence of ice in the Northern Hemisphere. Glacial MIS M2 has been consequently
inferred as an early attempt of Earth's climate to establish intense, frequently waxing and waning North-
ern Hemisphere ice sheets (De Schepper et al., 2013, and references therein) as they finally emerged only
~500 kyr later. The time interval comprising these changes toward the build-up of larger ice sheets in the
Northern Hemisphere together with global cooling is typically considered to span ~3.6-2.4 Ma (Mudelsee
& Raymo, 2005) and widely termed iNHG.

The iNHG can be traced by progressively increasing §'°0 values over the course of our record (Figure 3a;
see also Table S2). The final phase of iNHG (MIS 100-96) is also clearly expressed in our data set by (i) an
increase in glacial §'°0 values from on average ~3.8%o (MIS M2-102) to ~4.4%o (MIS 100-96) and (ii) ampli-
fied glacial-interglacial variations. Both marine and terrestrial geological records indicate that during these
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Figure 4. Glacial-interglacial cyclicity in Site 849 benthic §'*0 and export production (upper panel) and phase relationship between these two records

(lower panel) for three different time windows. (a) MIS 83-77 (~2.2-2.0 Ma). (b) MIS 101-97 (~2.55-2.40 Ma). (c) MIS MG1-M1 (~3.34-3.26 Ma). The

benthic foraminiferal 8O record is shown in blue; low (high) values indicate relatively warm (cold) deep-sea temperatures and/or a small (large) ice volume;
horizontal and vertical bars indicate the 1o standard deviation. Sand-accumulation rates are indicated in brown; high (low) values indicate high (low) rates of
in situ export production (for details see Section 4.2). Arrows mark the increase in SAR at glacial-interglacial transitions. Gray bars mark glacial periods and
glacials are labeled for reference. The lower panel shows coherence (green) and phase relationship (purple) between benthic 8'*0 and productivity (SAR) for the
individual time intervals at the 95% confidence level (dashed line), determined by Blackman-Tukey cross-spectral analysis. Phasing indicates that productivity
(SAR) lags benthic 8'°0 for the 41-kyr period (yellow bar) by ~—135 + 14°, —66.5 # 7.5° and —152 # 10.5° (equal to ~—15 + 1.5 kyr, =7.5 + 1 kyrand —17 £ 1
kyr) for the ~2.2-2.0 Ma, the ~2.55-2.40 Ma and the ~3.34-3.26 Ma interval, respectively.

prominent glacials of the iNHG sea level dropped to ~40-70 m below modern (de Boer et al., 2014; Jakob
et al., 2020), the Laurentide Ice Sheet advanced into the mid-latitudes, and large-scale ice rafting occurred
across the North Atlantic Ocean for the first time (Bailey et al., 2010; Balco & Rovey, 2010; Shackleton
etal., 1984). In our record, the high "0 values of glacials MIS 100-96 are reached again during glacials MIS
82 and 78. The latter glacials are possibly associated with strong ice build-up in the Northern Hemisphere
as evidenced by ice-rafted debris in the North Atlantic Ocean (Raymo et al., 1986) and a sea-level lowering
of up to ~60 m below modern (Miller et al., 2020).

In general, the above described pattern of our new benthic §'®0 record captures the overall pattern as de-
rived from the global benthic LR04 stack (Lisiecki & Raymo, 2005; see Figure S1). Importantly, this lends
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further support to the general assumption of benthic §'°0 values at Site 849 reflecting a quasi-global signal
without strong local or terrestrial imprints due to its position west of the East Pacific Rise in the open Pacific
Ocean (Mix et al., 1995; Pisias et al., 1995).

4.2. Primary Productivity in the Eastern Equatorial Pacific

The 8"C signature of benthic foraminiferal tests is routinely used as a tracer for the efficiency of the biolog-
ical pump (e.g., Kroopnick, 1985; Mackensen & Bickert, 1999; Zahn et al., 1986). A more (less) efficient bi-
ological pump can thereby typically be traced with low (high) benthic 8"*C values. However, previous work
on Site 849 has shown that the interpretation of foraminiferal §"°C values is more complicated, suggesting
that the benthic 8"°C signal here does not simply trace in situ changes in the strength of the biological pump
(Jakob et al., 2016). This assumption is based on parallel trends in planktic and benthic §"*C records at Site
849 for the ~2.65-2.4 Ma interval that cannot easily be reconciled with benthic 8"°C representing in situ
primary production; in such a scenario, benthic 8"°C should instead run inverse to the planktic 8"°C signal.
The in situ benthic 8°C signal is thus rather overprinted by the §"°C signature of source waters that mainly
originate from the Southern Ocean, which, in turn, strongly depends on biological production in that re-
gion. Higher (lower) benthic §"*C values at EEP Site 849 are thereby associated with enhanced (reduced) bi-
ological production in the Southern Ocean (Jakob et al., 2016). To trace in situ primary productivity changes
at Site 849, a second, independent proxy is thus required.

As shown previously (Diester-Haass et al., 2002; Jakob et al., 2016), the rate of sand (>63 pwm) accumulation
is a valuable tracer for net export production if the following prerequisites are met: (i) The sand fraction
is predominantly composed of material produced by biogenic activity, and (ii) other controlling factors
on SAR such as CaCO; dissolution or the strength of bottom-water currents can be excluded. The redis-
tribution of sand-sized particles by relatively slow bottom-water currents is unlikely at Site 849, and also
foraminiferal fragmentation does not indicate carbonate dissolution at the studied site and time interval (for
details see Jakob et al., 2016, and references therein). Because sand-sized particles at Site 849 are mainly
composed of calcareous and siliceous biogenic material, SAR can thus be used as a proxy for net ocean
productivity: Lower (higher) values thereby indicate reduced (enhanced) primary productivity in surface
waters (Jakob et al., 2016).

4.2.1. Glacial-Interglacial Variability

In light of the above, our high (low) benthic §°C data (Figure 3b) document enhanced (suppressed) prima-
ry productivity in Southern Ocean surface waters during interglacials (glacials), likely being related to less
sea-ice coverage during interglacials than glacials (Jakob et al., 2016, and references therein). At the same
time, enhanced (suppressed) primary productivity in the Southern Ocean might restrict (increase) biolog-
ical production in the EEP during full interglacial (glacial) conditions via controlling the nutrient delivery
to low-latitude upwelling regions.

This tentative interpretation of glacial-interglacial 8"°C variations in terms of in situ production at Site 849
(see Section 4.2) can only partly be supported by our SAR record, which confirms the previous observation
(Jakob et al., 2016) that Site 849 §"°C values do not only depend on in situ primary productivity. This is
because the timing of glacial-interglacial change in the 8"*C and SAR records is offset. More precisely, in
contrast to the 8"*C record in which peak values are associated with full (inter-)glacial conditions, our SAR
record reveals net productivity levels increasing from full glacial conditions and peaking at glacial-intergla-
cial transitions. This pattern particularly emerges during strong (as evidenced by 80 values; Figure 3a)
glacial-interglacial cycles covering MIS M2, 100-96 and 78 (Figure 4).

Enhanced glacial biological activity during the ~3.0-1.5 Ma period (including MIS 100-96 and 78) also oc-
curs at Site 846 as derived from a record of C;; alkenone mass accumulation (Lawrence et al., 2006, 2013).
However, highest productivity levels here are reached during peak glacial conditions, leading SAR at Site
849 by approximately one-fourth of the obliquity cycle (Figures 5 and 6a). The picture derived from Site
847 CaCO; mass-accumulation rates is slightly different (Farrell et al., 1995). Despite its lower temporal
resolution compared to Site 849 SAR, visual inspection of that record indicates a higher overall variability,
but a weaker glacial-interglacial (41-kyr) signal (Figure 6b). Nevertheless, enhanced biological (CaCO;)
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Figure 5. Blackman-Tukey cross-spectral analysis for the identification of coherencies and phasing between
productivity proxy records from EEP Sites 846 and 849. Coherence (green) and phase relationship (purple) between
SAR (Site 849, this study) and C;; alkenone mass-accumulation rates (Site 846, Lawrence et al., 2006, 2013) at the 95%
confidence level (dashed line) for (a) the 2.4-2.0 Ma interval and (b) the 3.0-2.4 Ma interval. Values in the phase plots
of —140 + 29° and —90 + 20° for the 2.4-2.0 Ma and 3.0-2.4 Ma intervals, respectively, indicate that Site 849 SAR is
lagging the productivity proxy record from Site 846 by ~16 + 3 kyr and ~10 =+ 2 kyr for the 41-kyr period (yellow bar).
Note that cross-spectral analysis was performed using original age models for Sites 846 (Lawrence et al., 2006) and
849 (this study), which are practically identical as they are based on a correlation of benthic §'*0 to LR04 (Lisiecki &
Raymo, 2005); therefore results derived from the cross-spectral analysis are robust.

production (i) during peak glacial conditions of MIS 96, as observed for Site 846, and (ii) during glacial-in-
terglacial transitions following MIS 98 and 78, as observed for Site 849, also emerges at Site 847.

Interestingly, net export production as derived from our SAR record appears to have remained low across
MIS 82 at Site 849 (Figure 6¢). At least in terms of §'°0 values, however, this glacial was as strong as the gla-
cials of MIS M2 or MIS 100-96 (Figure 3a). Thus, a similar positive excursion in primary productivity would
be expected. Mass-accumulation rates of biogenic opal support our observation (Figure 6d), indicating low
biological production at Site 849 during the early Pleistocene, including MIS 82, that did not increase prior
to MIS 78 (Lyle et al., 2019). In contrast, alkenone accumulation at Site 846 suggests enhanced primary
productivity for peak glacial conditions of MIS 82, but shows low biological production across MIS M2
(Figure 6a; Lawrence et al., 2006, 2013); the latter is also inferred for Site 847 (Figure 6b; Farrell et al., 1995).

The above-described partially inconsistent pattern in strength and timing of biological production for sites
west (Site 849) and east (Sites 846 and 847) of the East Pacific Rise suggests at least temporary different envi-
ronmental processes or nutrient sources (e.g., coastal vs. equatorial upwelling, continental input) as a driv-
er for biological production on glacial-interglacial timescales and therefore support previous observations
(Jakob et al., 2016; Ma et al., 2015). However, despite these differences, proxy records from regions west
and east of the East Pacific Rise all show a coupling between local upper-ocean temperature and biological
production on glacial-interglacial timescales (Lawrence et al., 2006; Ma et al., 2015), which appears to be
of particular relevance during glacial-interglacial cycles with strong glacials (see Figure S5). This points to
thermocline depth/upwelling strength as the dominant driver for productivity variations at least over these
strong glacial-interglacial cycles in the EEP.

4.2.2. Long-Term Variations in Primary Productivity in the Eastern Equatorial Pacific

For Site 849 we find no secular change in our productivity proxy record across the studied interval (Figure 3c;
see also Table S2). This observation is supported by other, lower-resolution records on opal and carbonate
production (Figure 6d and 6e) from the same site (Lyle et al., 2019). However, our finding is not consistent
with export-production estimates derived from a lower-resolution barite-accumulation record for Site 849
(Ma et al., 2015), which suggests a clear decrease in biological activity from ~3.35 to 2.0 Ma (Figure 6f).
Because barite accumulation is typically associated with the accumulation of opal (Murray et al., 2012), its
pattern should be similar, if not identical, to opal deposition at the same site (Lyle et al., 2019). Considering
that this is not the case for Site 849 (compare Figure 6d and 6f), a plausible explanation for this discrepancy
is that barite accumulation may have been influenced by factors other than biological production, such as
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Figure 6. Productivity proxy records for the ~3.35-2.0 Ma interval. (a) C;; alkenone mass-accumulation rates at East Pacific Site 846 (Lawrence

et al., 2006, 2013). (b) CaCOs-accumulation rates at East Pacific Site 847 (Farrell et al., 1995). (c) Sand-accumulation rates at East Pacific Site 849 (this study). (d)
Opal-accumulation rates at Site 849 (Lyle et al., 2019). (e) CaCO;-accumulation rates at Site 849 (Lyle et al., 2019). (f) Export production at Site 849 derived from
barite accumulation (Ma et al., 2015). Dashed lines in (a-f) depict long-term trends in the proxy records. (g) Benthic foraminiferal §'*0 record at Site 849 for
reference (this study); horizontal and vertical bars indicate the 1o standard deviation. (h) Opal-accumulation rates at North Pacific Site 882 (Haug et al., 1999).
(i) Opal-accumulation rates at Southern Ocean Site 1096 (Hillenbrand & Fiitterer, 2001). Gray bars mark glacial periods; selected MIS are labeled for reference.

sediment focusing or terrestrial influence (Paytan & Griffith, 2007; Paytan et al., 2004). Supporting evidence
for such a scenario comes from neighboring ODP Site 850 (Figure 1), for which no statistically significant
correlation between barium and other productivity indicators over the past 4 Myr is registered (Schroeder
et al., 1997).

‘We conclude that long-term net-export-production rates at Site 849 remained stable throughout the studied
interval. This observation is consistent with the previously available productivity proxy records from Sites
846 (Lawrence et al., 2006, 2013) and 847 (Dekens et al., 2007; Farrell et al., 1995) that reveal no or only a
minor trend for the ~3.35-2.0 Ma interval—a finding that is largely unaffected by increased productivity
associated with strong glacials since ~3.0 Ma (Figure 6a and 6b). Importantly, as trend analysis for all re-
cords is only performed for the ~3.35-2.0 Ma period to allow for a more direct comparison to our new Site
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Figure 7. Controlling environmental processes of long-term productivity changes at Site 849 during the ~3.35-2.0 Ma interval. (a) Sub-surface temperature
evolution at Site 849 for the past 5 Myr (Ford et al., 2012). (b) Sand-accumulation rates as a proxy for export production at EEP Site 849 (this study). Dashed
lines in a and b, illustrate long-term trends. (c) Eolian flux data for Site 849 (Hovan, 1995).

849 records, results might differ from what has been observed in previous studies for timescales longer than
our study interval.

Assuming Site 849 records an open-ocean signal due to its position west of the East Pacific Rise, the agree-
ment in the long-term signal of available records from Sites 846, 847 and 849 for ~3.35-2.0 Ma indicates that
the influence from continents (e.g., via river input) and/or of local oceanography (e.g., coastal upwelling)
was negligible at sites east of the East Pacific Rise on secular timescales. However, considering that the
Earth's climate crossed a major tipping point during our study interval, the iNHG, a major shift in biological
production as observed elsewhere (e.g., in the North Pacific (Haug et al., 1999, Figure 6h), the Southern
Ocean (Hillenbrand & Fiitterer, 2001, Figure 6i), or the equatorial Atlantic (Lawrence et al., 2013)) would
be expected (for details see Section 4.2.2.2). Therefore, we next evaluate the underlying processes that might
have suppressed changes in biological production in the EEP.

4.2.2.1. Primary Productivity and Upwelling Strength

The cooling of surface waters and, at the same time, increasing productivity within these waters is typically
invoked to result from thermocline shoaling/stronger upwelling. However, proxy records from the equatori-
al upwelling region east of the East Pacific Rise (Sites 846 and 847) appear to not support this coupling dur-
ing the past ~5 Myr for secular timescales (Dekens et al., 2007; Lawrence et al., 2006). To identify whether
this pattern also emerges at Site 849 (which we consider representative for the equatorial upwelling system
in the open Pacific Ocean; see Section 4.1), we next provide a comparison between our new productivity
proxy record and long-term upper-ocean temperature evolution at the studied site.

At Site 849, a long-term cooling of ~2°C from ~3.35 to 2.0 Ma is documented by a Mg/Ca-derived temper-
ature record of sub-surface waters (Figure 7a; Ford et al., 2012). In contrast to this temperature record, our
record on net export production shows no secular change from ~3.35 to 2.0 Ma (Figure 7b). There are two
possibilities to explain this observation. First, primary productivity at Site 849 was indeed decoupled from
upper-ocean temperature/upwelling strength on secular timescales as suggested in previous studies (De-
kens et al., 2007; Lawrence et al., 2006). Second, upwelling strength and productivity were not decoupled
but another factor counteracted upwelling-related changes in biological production—an avenue that we
will focus on in the following section.
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4.2.2.2. Controlling Factors for Primary Productivity in the Eastern Equatorial Pacific

Previous studies have suggested that secular changes in primary productivity in the EEP were controlled by
the nutrient supply within the upwelled water mass rather than by upwelling strength (Dekens et al., 2007;
Lawrence et al., 2006). Waters upwelled in the EEP are typically considered to derive from Subantarctic
Mode Water, which originates from the Southern Ocean (Sarmiento et al., 2004; Toggweiler et al., 1991;
Tsuchiya et al., 1989), but contributions from the North Pacific through North Pacific Intermediate Water
may also be of importance (Sarmiento et al., 2004).

Productivity proxy records from EEP source waters, i.e., the Southern Ocean (ODP Site 1096; Hillenbrand
& Fiitterer, 2001) and the North Pacific (ODP Site 882; Haug et al., 1999; Sigman et al., 2004) (Figures 1,
Figure 6h and 6i), indicate an abrupt, prominent decrease in primary productivity at ~2.7 Ma associated
with the iNHG. This polar productivity crash likely resulted from an equatorward migration of westerly
winds, which shifted the locus of Ekman divergence and therefore upwelling of nutrient-enriched waters
in both hemispheres gradually toward lower latitudes. At the same time, nutrient supply to polar surface
waters became restricted due to water-column stratification (Haug et al., 1999; Lawrence et al., 2013; Sig-
man et al., 2004). The latter is supported by evidence from nitrogen isotopes for increased relative nutrient
utilization in these polar waters since ~2.7 Ma (McKay et al., 2012; Studer et al., 2012).

While the zone of high-latitude upwelling and productivity migrated equatorwards, the locus of down-
welling, i.e., the source region of nutrients to be exported to the lower latitudes, also shifted toward the
equator (Lawrence et al., 2013). The time-transgressive high-latitude productivity decrease thus does not
necessarily affect the amount of nutrients transported to the EEP and therefore productivity rates there.
However, the equatorward shift in the locus of up-/downwelling likely also led to a successive contraction of
the tropical warm pool and a shoaling of the tropical nutri-/thermocline (Lawrence et al., 2013)—possibly a
result of upwelling intensification—which culminated in the development of the EEP cold tongue between
~1.8 and 1.2 Ma (Martinez-Garcia et al., 2010). Although the rate of nutrients exported from the high lati-
tudes might have remained unchanged, nutricline shoaling would lead to a higher amount of nutrients that
are available in the photic zone and thus increased biological activity. This, however, conflicts our observa-
tion of no long-term trend in EEP productivity rates from both sites west and east of the East Pacific Rise
over the ~3.35-2.0 Ma period (Figures 6a-6e). There are two possibilities to explain this inconsistency. First,
nutricline shoaling in the EEP was not strong enough to have a significant effect on biological production
within the photic zone for which, perhaps, a specific threshold value (in terms of nutricline depth) needs to
be crossed. Second, a counterbalancing factor acted to promote rather constant productivity rates on secular
timescales in the entire EEP.

In this context, iron limitation might play a role as it controls the amount of biological production in the
EEP today (Coale et al., 1996; Martinez-Garcia & Winckler, 2014). Important natural sources of iron for
ocean fertilization are eolian dust and upwelling of ocean waters (Winckler et al., 2008, 2016). The iron
supply in upwelled waters should behave similar to its nutrient content and, assuming nutricline shoaling
across the studied interval, should further support a long-term productivity increase. However, dust-borne
iron input to the EEP appears to have decreased from ~3.1 to ~2.4 Ma according to the eolian flux data
from Site 849 (Figure 7c; Hovan, 1995). This reduction in eolian flux is connected to wetter conditions in
continental source regions (i.e., central and northern South America) in response to a southward migration
of the Intertropical Convergence Zone associated with Northern Hemisphere cooling and ice-sheet growth
(Hovan, 1995). A reduced dust input at Site 849 might thus have counterbalanced the simultaneous shoal-
ing of the tropical nutricline across the iNHG. Together, these processes likely promoted a stable productiv-
ity level in the EEP on secular timescales.

5. Conclusions

We have integrated new and previously published sedimentological and geochemical records from ODP Site
849 to reconstruct net export production in the equatorial upwelling system of the open East Pacific Ocean
across the Plio-Pleistocene transition (~3.35-2.0 Ma, MIS MG1-77). Our data document glacial-intergla-
cial variations in net export production at Site 849 that are different in timing to other EEP sites, possibly
implying a heterogeneous behavior of the equatorial upwelling system east and west to the East Pacific
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Rise. Importantly, this discrepancy does not exist on secular timescales from ~3.35 to 2.0 Ma, for which we
observe a rather constant productivity level at different sites all over the EEP. For these timescales we iden-
tified the interplay of (i) nutrient export from the high latitudes to the EEP, (ii) nutricline dynamics in the
tropics, and (iii) dust-derived iron input into the EEP to have controlled biological production in the East
Pacific, although the latter factors (nutricline dynamics and iron fertilization) likely acted to cancel each
other out. Ultimately, our study adds to a growing body of work on the environmental processes that affect
nutrient availability and primary productivity during warmer-than-modern climates.
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