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Abstract. The largest increase in export production in the 1 Introduction
eastern Pacific of the last 5.3 Myr (million years) occurred
between 2.2 and 1.6Myr, a time of major climatic and The eastern equatorial Pacific (EEP) houses both equato-
oceanographic reorganization in the region. Here, we invesfial and coastal upwelling systems where more than 10 %
tigate the causes of this event using reconstructions of expof global ocean’s new biological production is concentrated
production, nutrient supply and oceanic conditions across théPennington et al., 2006). In the past, upwelling intensity and
Pliocene—Pleistocene in the eastern equatorial Pacific (EER)rimary production were found to have evolved in phase with
for the last 3.2 Myr. Our results indicate that the export pro- climatic oscillations with increasing local production being
duction peak corresponds to a cold interval marked by highattributed to increased nutrient delivery to the surface ocean
nutrient supply relative to consumption, as revealed by theduring the last deglaciation (Martinez and Robinson, 2010;
low bulk sedimentary®N/1*N (51°N) and alkenone-derived Kienast et al., 2006). Although the causes were likely multi-
sea surface temperature (SST) values. ThiB.6 million ple, all the studies point to the nutrient availability as a reg-
year long episode of enhanced delivery of nutrients to the surulating factor for biological production (e.g., Dubois et al.,
face of the EEP was predominantly initiated through the up-2011; Dubois and Kienast, 2011; Loubere, 2000; Robinson
welling of nutrient-enriched water sourced in high latitudes. et al., 2009). In contrast, the controls remain poorly known
In addition, this phenomenon was likely promoted by the re-over longer time periods.
gional intensification of upwelling in response to the devel- In the EEP, the Pliocene/Pleistocene climate transition,
opment of intense Walker and Hadley atmospheric circula-which started at-3.0-2.7 Myr, was a period of significant
tions. Increased nutrient consumption in the polar oceans andariation in biological production and sea surface tempera-
enhanced denitrification in the equatorial regions restrainedure (SST) that are largely attributed to high latitude forcing
nutrient supply and availability and terminated the high ex- (Bolton et al., 2010; Lawrence et al., 2006). Several mecha-
port production event. nisms have been proposed to explain the large and transient
increase in export production during the late Pliocene/early
Pleistocene cooling, from 2.2 to 1.7 Myr, the greatest in
amplitude and in time since the early Pliocene, surpassing
largely that of the last deglaciation (e.g., Lawrence et al.,
2006). It was attributed to the upwelling of cold nutrient-rich
waters derived from water masses arising from the Southern
Ocean and to a lesser extent from the North Pacific (Bolton
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(Fig. 1). The two study sites are located along the edge of
the equatorial front (EF) and influenced by the South Equa-
torial Current (SEC) as the continuation of the Peru—Chile
Current (PCC), the North Equatorial Countercurrent (NECC)
and the Equatorial Undercurrent (EUC) (Kessler et al., 2006)
(Fig. 1). Convergent trade winds from both the Northern
Hemisphere and the Southern Hemisphere cause upwelling
along the Equator, which is accompanied by the rising of cold
water from below the thermocline to the surface, including
EUC waters. The nutrient content of the low latitude ther-
Chlorophyll a concentration (mgir) S22 surtace tomperature (C) mocline is set when mode and intermediate waters sourced
in polar regions, from the Southern Ocean and North Pacific

Fig. 1. (A) Production and nutrient distribution in the surface waters (Dugdale et al., 2092)' feeding the EUC waters (the primary
of the modern EEP. Colored contours reflect mean annual chloroSOurce of thermocline waters) are formed, placing a funda-
phyll a concentration (phytoplankton production), and black con- mental control on EEP primary productivity (Sarmiento et
toured lines illustrate the mean annual nitrate concentration at 10 n@l., 2004). The position of the EF dictates the relative roles
water depth (Levitus and Boyer, 19948) Surface and subsurface of the nutrient-rich EUC and nutrient-poor NECC within the
ocean currents in the EEP. Color indicates mean annual sea sUEEP (Toggweiler et al., 1991) and, more specifically, in sur-

face temperature (SST) (Levitus and Boyer, 1994). The study site$ace waters overlying Sites 1239 and 1240.
from this study are labeled with white dots, Site 1239 and Site 1240,

while red dots mark Site 846, where previous alkenone results have
been reported (Lawrence et al., 2006). EF: Equatorial Front; EUC:3 Methods
Equatorial Undercurrent; NEC: North Equatorial Current; NECC:

North Equatorial Countercurrent; PCC: Peru—Chile Current; SEC:
South Equatorial Current.

100°W

Stratigraphy at the EEP Site 1239 betwee8.2 and 0.5 Myr
has been published elsewhere (Etourneau et al., 2010; Steph
et al., 2009). It is based on the correlation of the alkenone
etal., 2011; Cortese et al., 2004; Lawrence et al., 2006), hySSTs between Site 1239 and the well-dated record at Site
pothetically as a result of shoaling of the ventilated thermo-846 (Lawrence et al., 2006). In addition, the age model for
cline, and possibly of the nutricline, in response to the cool—tVi’g spemﬁfgmtervals,» 3.2-2.7 and~ 0.5-0 Ma, is based on
ing of the polar oceans (Philander and Fedorov, 2003). Thé O ands~~C measured on benthic Foraminifera (Rincon-
termination of the high productivity period may have resulted Martinez et al., 2010; Steph et al., 2009) and tuned to
from suppressed nutrient supply to the low latitudes in fa-the LR045'0 benthic stack (Lisiecki and Raymo, 2005).
vor of higher productivity in the Antarctic polar frontal zone Stratigraphy at Site 1240 is also constrained'fg dating
(Cortese et al., 2004; Etourneau et al., 2012). from planktonic foraminifera for the last 40 kyr and tuned to
However, no evidence for changes in nutrient supply (e.g.0Xygen isotopes with the LR0S#%0 (Lisiecki and Raymo,
nitrate, phosphorus) is available. The inference of strong higr£005) between~2.6-1.8 and~0.25-0Myr (Pena et al.,
latitude forcing during the late Pliocene/early Pleistocene pe2008; I. Cacho, personal communication, 2012). Paleomag-
riod of high export production is based upon strong poWernetic ar_1d biostratigr_aphic data were used to constrain the in-
in the 41 kyr spectral band in both SST and paleoproductiorférmediate ages (Mix et al., 2003).
data (Lawrence et al., 2006). Here, we investigate the pur- "N and total nitrogen contents (TN, wt%) were de-
ported changes in nutrient supply to the EEP and their poIermlned on freeze-dried, ground bulk sediment of the two
tential relationship to the changes in export production, ni-Study sites using for Site 1239 a Carlo Erba CN analyzer
trogen cycling and hydrological reorganization over the last2500 interfaced directly to a Micromass Isoprime mass spec-
3.2 Myr. We use Gr-alkenone concentration ¢§), total ni- ~ trometer at the University Bordeaux 1, and for Site 1240, a
trogen (TN) and organic carbon (TOC) contents with bulk Costech 4010 elemental analyzer with a Zeroblank autosam-
515N and alkenone-derived SST from the two well-dated Pler coupled to a Thermo Delta V isotope ratio mass spec-

EEP ODP (Ocean Drilling Program) Sites 1239 and 1240. {trometer at the University of Rhode Island. Sampling resolu-
tion averages one sample every 20-30 esi( kyr). Preci-

sion of the isotopic analyses based on certified standard and
2 Regional settings in-house standard replicates is better tHeh3 %o for both
machines. Typical precision for TN analysis is better than
Site 1239 is located 120km off the Ecuador coast+0.02%.
(0°40.32 S, 824.86 W) in 1414 m of water, and Site 1240, Some discrete samples from Site 1239 were also selected
situated midway between Ecuador and the&pafgos Islands  all along the record and measured for their total organic car-
(0°1.3Y N, 86°27.76 W), was cored in 2921 m water depth bon (TOC, wt %) contents at the University Bordeaux 1 using

Biogeosciences, 10, 5663670 2013 www.biogeosciences.net/10/5663/2013/
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Age (Ma) window segment is linearly detrended prior to tapering with
05 10 15 20 25 3.0 a Welch window.
28 A E E
: : 4 Results

SST(°Q)

TN and TOC contents recorded a peak from 2.2 to 1.6 Myr

gg: z':e:ziz with values up to 0.4 and 4.0 %, respectively (Fig. 2b); C
22- e concentration at Site 1239 also shows a sustained interval
0.4 of high alkenone production that corresponds to the peak in

TOC and TN, with maximum values of 20 pgY(Fig. 2c).
Intermittently, high values of & concentration occur prior
to 2.2 Myr, while after 1.6 Myr, values are generally lower.
o During the last 3.2 Myr, while the bulk sedimentaiPN
record at Site 1240 displayed a higher volatility than at Site
1239, the two records presented the lowest and nearly invari-
able values of- 2 %0 during the interval of sustained elevated
biogenic contents (Fig. 2d). Prior to 2.2 Myr, th#N values
oscillated between 1 and 3 %o at Site 1239 and from 1 to 5 %o
at Site 1240. In contrast, the isotopic values terminated with
a strong shift of 2—4 %o at 1.6 Myr towards increasing val-
ues of~5.0-6.0 and~ 6.0-8.0 %0 at Sites 1239 and 1240,
respectively, during the mid- to late Pleistocene.

Between 2.7 and 1.5 Ma, thegZand TN records varied at
an obliquity, or 41 kyr, frequency (Fig. 3¢ and d). Compara-

‘|| A {W‘ 'L M | ‘vi‘w " tively, the late Pleistocene was characterized by the absence
‘ Y Wy *
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»' il B of any detectable frequency in these records, whiles i
A ‘-‘"J“ gl ,N\" record oscillated at both a 41 kyr and eccentricity, or 100 kyr,
i ] ‘

81N (%o v .air)
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cycles (Fig. 3b). The SST record was mainly imprinted by
] the 100 kyr signal through the Pleistocene, and to a lesser ex-

o T T 7 . T tent by the 41 kyr oscillations, more dominant during the late
Age (Ma) Pliocene/early Pleistocene cooling (Fig. 3a).

Fig. 2. Paleorecords from EEP Sites 1239 (black) and 1240 _ )

(gray). (A) Site 1239 alkenone SSTs (Etourneau et al., 2010;5 Discussion

Rincon-Martinez et al., 2010)(B) Site 1239 TN and TOC o

(black square) contents (%) and Site 1240 TN content (@). 5.1 Export production in the EEP

Site 1239 G7 (ugg1). (D) §1°N (%) records at both sites;

15N =[(*5N/1*Nsampid / (*°N/Ngtangard — 1] x 1000 (the  The export production records from both study sites are con-

standard is atmosphericoN The gray shaded bar indicates the sistent with the previously reported maximum event between
most productive period in the EEP since the Pliocene warmth. 2.2 and 1.6 Myr in the eastern Pacific (Cortese et al., 2004;
Dekens et al., 2007; Lawrence et al., 2006; Mix et al., 1995).
This regional agreement between records is supported by the
a LECO C-S 125 analyzer after treatment of the sedimenexcellent correlation in terms of trend and amplitude between
with HCI to remove CaC@ The precision for TOC is better our alkenone concentration records and that at Site 846, lo-
than+0.5%. The alkenone concentrationsfCug g 1) was  cated southwest of Site 1239, in the center of the equatorial

determined at the University of Kiel at a resolution-ef— upwelling system (Lawrence et al., 2006) (Fig. 4).

4 kyr between 3.2 and 0.5 Myr, at the same time asu§;e TN and TOC represent the overall phytoplankton produc-
from Site 1239 (Etourneau et al., 2010) with a precision oftion, while Gg7 concentration reflects changes in alkenone
aboutﬂ:O.OSUé"7 units. producers, most probabReticulofenestrapecies (Bolton et

Evolutionary spectra, or temporal changes in amplitude ofal., 2011). Changes in preservation, dilution, and concentra-
signal components in the Milankovitch band, over the lasttion might affect the paleoproductivity signal traced by the
3.2 Myr were estimated using TIMEFRQ 4.3 (Schulz et al., different proxies. The mass accumulation rate (MAR) of sed-
1999). Data were prewhitened to a 2 kyr resolution. To de-iment constituent is commonly applied to estimate past ex-
termine time-dependent amplitude estimates, the input timgort productivity fluxes. However, although the age model at
series is analyzed within a window-width factor of 3.0. Each our EEP sites is well constrained, the use of MAR instead

www.biogeosciences.net/10/5663/2013/ Biogeosciences, 10, 56782013
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Fig. 3. Evolutionary spectra ofA) alkenone SSTB) §1°N, (C)
C37, and(D) TN at Site 1239 during the Plio-Pleistocene climate

transition.
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ductivity signal. This is further supported by similar vari-
ations in export productivity reconstructed at all EEP sites
(e.g., Dekens et al., 2007; Lawrence et al., 2006). In addi-
tion, a recent work based on paleoproductivity reconstruc-
tions in this region spanning the same time interval reported
consistent variations between thgz&oncentration and in-
dependent floral data (Bolton et al., 2011).

We also exclude that our export production records might
be influenced by any tectonic events over this time period,
the main closure of the Panama gateway and the narrow-
ing of the Indonesian seaway occurring much eartied,.2
and 3.2 Ma ago, respectively (Haug et al., 2001; Karas et
al., 2009). In addition, the paleoposition of the two ODP
Sites 1239 and 1240 has changed negligibly over the last
~ 4.0 Ma with respect to oceanographic position (Gripp and
Gordon, 1990; Pisias et al., 1995; Mix et al., 2003). There-
fore, our records at both EEP sites must reflect the re-
gional export production variability related to changes in
regional oceanic conditions and nutrient supply during the
Plio-Pleistocene climate transition.

5.2 Nutrient and upwelling control on EEP export
production

Export production in the EEP is governed by macro- and mi-
cronutrient availability, which in turn are controlled by at-
mospheric and oceanic conditions (Brzezinski et al., 2011).
Regional upwelling intensity plays an important role in reg-
ulating export production as it controls the nutrient supply to
the photic zone.

Sedimentarys1°N values provide integrated information
about regional nutrient (mostly nitrate) dynamics in the EEP
(e.g., Dubois et al., 2011; Dubois and Kienast, 2011; Farrell
et al., 1995; Martinez and Robinson, 2010; Robinson et al.,
2009). During microbial transformations, including the up-
take and assimilation of nitrate as well as bacterial denitrifi-
cation,'*N-bearing nitrate reacts faster so that the remaining
nitrate pool becomes enricheditN-bearing nitrate (Altabet
and Francois, 1994). In a nitrate-replete system like the EEP,
the §1°N of the organic matter reflects ti#&°N of the ni-
trate pool in the surface ocean. This is a combined signal that

of content can be largely uncertain regarding the export proincludes theS'>N of the upwelled nitrate and the relative nu-
ductivity produced in the subsurface waters (Francois et al.frient utilization of the nitrate pool at the surface.

2004). In addition, the carbonate (Cag@ontent has not The §1°N of subsurface nitrate in the EEP can reflect
varied significantly since 3.0 Myr (Mix et al., 2003), imply- the isotopic signature of preformed nitrate coming from the
ing that changes in dilution or concentration of the otherAntarctic and North Pacific waters that supplies most of the
more minor biogenic components by carbonate fluctuationsiew nitrate delivered to the EEP through the EUC waters
are not driving the fluctuations of the records. The excep-(Rodgers et al., 2003; Rafter et al., 2012). The influence
tion may be during the high TOC/TN interval, where  of preformed changes is not apparent on glacial-interglacial
CaCQ; content decreases slightly (Mix et al., 2003). This scales (Dubois et al., 2011; Robinson et al., 2009), or on
probably represents a decrease in Ca@@eservation due longer timescales (Billups et al., 2013; Etourneau et al.,
to high TOC delivery, but it was relatively minor compared 2009; Giuliani et al., 2011). Low isotopic values have been
to the high productivity-related concentrations peak centeredecently documented in the Southern Ocean-dt.9 Myr
between 2.2 and 1.6 Myr. Therefore, preservation effects un{Billups et al., 2013), during the export production maximum
likely played a significant role on controlling the paleopro- event, and may have had an influence on the EEP records.

Biogeosciences, 10, 5663670 2013 www.biogeosciences.net/10/5663/2013/
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ODP Site 1239

(6/6n) £

ODP Site 846

Age (Ma) peak that could not be due to a transported denitrification
05 10 15 20 %5 30 signal, but instead to low degrees of nutrient consumption or
; high degrees of nutrient supply.
: Given the increased demand for nutrients suggested by the
: high export production, nutrient supply must have been sig-
' nificantly enhanced. Greater nutrient supply, including ni-
trate and likely other nutrients (e.g., phosphorus), may re-
flect a change in the quantity of nutrient of the water being
! upwelled or simply mirror the strength of upwelling. The
E 3 first situation is consistent with previous observations of a
strong 41 kyr signal in the eastern Pacific productivity and
: - 20 SST records (Lawrence et al., 2006; Liu et al., 2008), illus-
i trating an emerging high latitude signal (Southern Ocean and
North Pacific) where the nutrients are sourced. This is further
supported by the strong obliquity frequency detected in our
: paleoproductivity, SST anéfl°N records, confirming an in-
os 1o s 0 25 20 creasing high latitude control on EEP conditions during the
Age () late Pliocene/early Pleistocene cooling (Fig. 3a and b).
Fig. 4. Comparison of the § (ugg1) records at Sites 123@\) Prior to the event, between 3.2 and 2.2 Myr, export pro-
and 846(B). duction was overall low whilé1®N values were relatively
high and variable, indicating that nutrient supply was rel-
atively weak, or at least much lower than during the high
However, the coeval changesdtPN, SST and paleoproduc- export production peak. Foraminiferal stable isotope and
tivity data at this time suggest rather a close connection beSST records from Mg/ Ca suggest a deepening of the ther-
tween nutrient cycling, export production and oceanic condi-mocline north and south of the Equator between 3.2 and
tions, thus not supporting the preformed signature as a strong.2 Myr (Steph et al., 2009), implying a narrow equatorial
influential factor on ous!®N records. cold tongue and a shift of the EF to the south of Equator.
The cycling of nitrate through the eastern tropical Pacific The export production and isotope data at our study sites are
suboxic zone appears to impart the dominant control on theonsistent with low nutrient supply such as what might oc-
81N of nitrate in the EEP through the SEC and NECC wa- cur if they were beneath or to the north of the EF, under the
ters (Rafter et al., 2012; Robinson et al., 2009). The sub-nutrient-poor NECC's influence.
surface oxygen minimum zones (OMZs) in both the eastern In contrast, the 2.2—-1.6 Myr export production event co-
tropical north and south Pacific are intense enough to houseccurred with the lowest'°N values and SSTs (Fig. 2a)
active zones of denitrification, which raise #¥N of sub-  (Etourneau et al., 2010; this study) suggesting a close link be-
surface nitrate significantly above the oceanic meah %o) tween sea surface water conditions and primary production.
(Sigman et al., 1997). This signal is transported westwardThis paints a picture of an expanded cold tongue with high
in the subsurface and upwelled to the surface, carrying thenitrate and other nutrient content. Furthermore, the gradient
elevated nitrogen isotopic signature of denitrification into in $1°N values between Sites 1239 and 1240, which is ap-
the phytoplankton pool and ultimately into the sedimentaryparent before and after the high production event, collapses.
81N signal. Variability in bulks'°N in sediments underlying  This indicates that the EF sat well to the north of its present
the Pacific OMZs and downstream from them, including theposition, and the two sites were overlain by the nitrate-rich
EEP, is largely driven by changes in the extent or intensitycold tongue, which is consistent with foraminifera data re-
of denitrification (Dubois et al., 2011; Galbraith et al., 2008; constructions (Steph et al., 2009). The intensification of the
Robinson et al., 2009; Martinez et al., 2006). EEP upwelling is probably linked to the shoaling of the ther-
A shift of similar amplitude is present in th#&°N record  mocline, the development of a strong zonal and meridional
at Sites 1012, off California, at 2.1 Myr (Liu et al., 2008),  SST gradient in tropical/subtropical regions, which may have
and 1242, off Costa Rica, at1.8 Myr (Robinson et al., sub- enhanced atmospheric circulation and divergent upwelling
mitted). The records from both margins are interpreted as along the Equator, and brought the nutrient-rich polar wa-
result of increasing regional denitrification (Liu et al., 2008). ter masses escaping the poorly used nutrient pool of the
Changes in denitrification intensity and/or extent might haveSouthern Ocean and North Pacific within reach of the up-
therefore strongly influenced owt°N EEP records. The welling circulation (Billups et al., 2013; Etourneau et al.,
same subsurface water mass bathes the EEP sites, suggestR@10; Marz et al., 2013).
that the increase in denitrification observed between 2.1 and Export production and nutrient supply decrease together
1.8 Myr may have impacted these sites. However, the lowesat 1.6 Myr, despite strong wind-driven upwelling based upon
815N values correspond to the onset of the export productiora large west—east equatorial SST gradient (Etourneau et al.,

www.biogeosciences.net/10/5663/2013/ Biogeosciences, 10, 56782013
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2010). This is likely a result of reduced nutrient contents pool due to changes on continental weathering could have
from the high latitude source region (Etourneau et al., 2012significantly contributed to lower net production, by altering
Cortese et al., 2004) and/or increased denitrification regionthe N : P ratio and thus participated in the primary productiv-
ally (Liu et al., 2008). The latter mechanism stems from aity decline. Moreover, the export productivity decline might
potential feedback between denitrification and productivity be closely tied to a reduction of silicic acid supply into the
where a decrease in regional nutrient (i.e., nitrate) availabilityEEP, likely diminishing along with the concomitant increase
occurs with enhanced denitrification, as it is a major sink ofin biological production in the polar oceans (Billups et al.,
bio-available nitrogen. Since significant denitrification might 2013; Giuliani et al., 2011; Hillenbrand and Cortese, 2006)
have developed nearly at the same time as the termination aind, in addition to the previous nutrient cited, may have ac-
the high export production event,2.1-1.8 Myr ago (Liu et  celerated the biological production collapse. However, such
al., 2008; Robinson et al., 2013), it seems that the increasenformation with respect to the other nutrients is still miss-
in denitrification engendered by the expansion of the eastering and remains speculative, while further investigations are
Pacific OMZs might have had a significant impact on nutrientabsolutely needed.
availability and primary production in the EEP at a million-
year timescale.

On the other hand, the reduced nutrient leakage from po6 Summary and implications
lar regions, the main providers of new nutrient in the EEP,
may be related to the observed coeval increase in expof this study, we combine SST, paleoproductivity and ni-
production and nutrient utilization in the Southern Oceanfrogen isotope records from the EEP Sites 1239 and 1240
(Billups et al., 2013; Giuliani et al., 2011; Hillenbrand and SPanning the last 3.2 Myr. We demonstrate that the largest
Cortese, 2006). Increasing Fe availability in the Southern€Xport production event~(2.2-1.6 Myr) occurring in this
Ocean (Martinez_Garcia et a|_’ 2011) may also have Susregion Since the Pliocene Warmth iS inferred to be the nu-
tained high productivity in this region and therefore may trient leakage from the poorly used nutrient pool of the
have played a role in controlling nutrient consumption in po- Southern Ocean and North Pacific to the EEP photic zone
lar areas. Enhanced primary productivity, hypothetically re-(Etourneau et al., 2012). The transport of nutrient-rich po-
lated to enhanced dust delivery to the Fe-limited polar oceanlar water masses to the EEP subsurface waters was proba-
would have greatly affected the nutrient pool in the Southernly amplified by the intensification of the regional upwelling
Ocean, cutting off nutrient supply via the mode and interme-driven by the development of strong atmospheric circulation
diate waters reaching the EUC waters. This would have thudn the tropical belt (Etourneau et al., 2010). Despite a strong
limited export production in the EEP despite a strong Supp|yequatorial upwelling activity maintained through the Pleis-
of cold and nutrient-depleted upwelled waters. tocene, polar waters upwelled in the EEP became depleted

In parallel, although not investigated here, regional in nutrients in response to the increasing primary produc-
changes in other nutrients’ supply (e.g., Fe, phosphorus, sjlition in the Southern Ocean (Billups et al. 2013; Giuliani et
cic acid) may also have played a significant role in setting thedl-» 2011; Hillenbrand and Cortese, 2006). In addition, in-
productivity baseline through changes in upwelling intensity creasing denitrification in the equatorial Pacific regions (Liu
and continental supply (riverine and aeolian transport). Foret al., 2008; Robinson et al., 2013), also intimately coupled
instance, Fe Supp|y m|ght have part|y regu|ated the EEP exto pOIar oceans Conditions, mlght have contributed to the
port production, in a similar manner as recently reported fornutrient limitation in the EEP surface waters, thereby par-
the last 1.0 Myr (Murray et al., 2012). This might be particu- ticipating additionally in the termination of the high EEP
larly true as the reorganization of the tropical/subtropical at-Piological production event. We conclude that changes in
mospheric circulation in the Pacific might have drastically al- the polar ocean climate have therefore dominantly condi-
tered climate conditions on continents. The Plio-Pleistocendioned biological production changes in the EEP over the
transition in atmospheric conditions might have Speciﬁca"ylast 5.3 Myr. However, specific studies on other nutrients are
affected continental weathering through decreasing (increas€quired in order to investigate all factors contributing to
ing) precipitation in the eastern (western) tropical Pacificchanges in EEP export productivity.
during the establishment of a modern-like atmospheric pat-
tern, thus regulating nutrient transport into the surface ocean. )
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In turn, the progressive depletion of the marine phosphorus
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