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Abstract The response of the Humboldt Current System to future global warming is uncertain. Here we
reconstruct alkenone-derived near-surface temperatures from multiple cores along the Peruvian coast to
infer the drivingmechanisms of upwelling changes for the last 20 kyr. Our records show a deglacial warming
consistent with Antarctic ice-core temperatures and a Mid-Holocene cooling, which, in combination with
other paleoceanographic records, suggest a strengthening of upwelling conditions. This cooling, during the
globally warm Mid-Holocene, is consistent with an intensification of the Walker Circulation and the South
Eastern Pacific Subtropical Anticyclone, indicative of La Niña-like conditions in the Tropical Pacific.
Surprisingly, oxygen contents in the subsurface increased and productivity was low during the Mid-
Holocene, which are at odds with La Niña-like conditions. This suggests that the Humboldt Current System
reacts in multiple ways to a warmer world and may even include a reversal in the present day
subsurface deoxygenation.

Plain Language Summary The Humboldt Current System (HCS) located off Peru produces
almost 10% of the global fish catch. This high productivity is promoted by the upwelling of subsurface
nutrient-rich water driven by the effect of the winds over the ocean surface. However, the HCS is highly
sensitive to climate change, and the effect of continued warming on upwelling dynamics and in consequence
for fishery productivity is not known. In the present work we reconstruct changes in upwelling during the
last 20 thousand years to understand the mechanisms that drove upwelling changes in the past. For this
purpose we use organic molecules preserved in marine sediments that are sensitive to water temperatures.
We found cool temperatures during the mid-Holocene (8 to 4 thousand years ago), a period characterized by
global warm conditions, that we infer as an increase in upwelling intensity. Surprisingly, the productivity
was low, and the oxygen contents in the subsurface waters were high which is at odds with increased
upwelling off Peru. These results indicate that the HCS responds in multiple and unexpected ways to global
warming, suggesting that any impact of future global warming on the biological productivity in the HCS
remains uncertain.

1. Introduction
1.1. General Introduction

The eastern boundary upwelling systems (EBUSs) cover less than 1% of the world’s ocean surface but con-
tribute more than 20% to global fish catches (Chavez & Messié, 2009). The Humboldt Current System
(HCS) is the most productive EBUS in terms of fishery, but the upwelling dynamic response to climate
change is uncertain. We reconstruct spring-summer thermocline temperatures in multiple cores in the
HCS for the last 20-kyr BP, a time period with large global temperature fluctuations and changes in
ocean-atmosphere circulation, to infer temporal changes in upwelling intensity and unravel the underlying
mechanisms. An observed decrease in temperature that cannot be explained by other factors would imply an
enhancement of upwelling through an intensification of favorable winds.

A more comprehensive study of upwelling dynamics along the HCS, especially during the Mid-Holocene,
would provide valuable insights on the effects of current climate change. In the Northern Hemisphere,
the Mid-Holocene was a warm period forced by insolation changes driven by orbital variations (Fischer
et al., 2018). The overall warmth during the Mid-Holocene occurred in the absence of large Northern
Hemisphere ice sheets and was associated with profound changes in the Tropical Pacific ocean-
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atmosphere system (Koutavas & Joanides, 2012) and aridity along the South American Pacific coast (Carré
et al., 2012). Available alkenone-derived temperature records (Chazen et al., 2009; Rein et al., 2005) show no
evidence of large changes in upwelling dynamics in the HCS during the Mid-Holocene. By contrast, isotopic
data from fossil mollusks suggest a strong cooling of up to 4 °C (Carré et al., 2012), and sediment cores reveal
changes in other parameters, such as the oxygenation of subsurface waters (Salvatteci et al., 2016). Given the
strong link between Tropical Pacific and the HCS dynamics from orbital to interannual time scales (Chavez
&Messié, 2009; Contreras et al., 2010; Salvatteci, Gutierrez, et al., 2014), we hypothesize that during theMid-
Holocene, upwelling off Peru may have undergone strong changes.

In the present study, we reconstruct alkenone-derived temperatures from six cores along the Peruvian mar-
gin, from 9° to 17°S. Organic biomarkers, such as alkenones, are the main approach to reconstruct ocean
temperatures in the HCS given that planktonic foraminifers are not well preserved in sediment records off
Peru (Rein et al., 2005). Two sediment cores retrieved at ~17°S contain Mid-Holocene laminated sequences
and are the most complete records off Peru up to date. We combine these results with records of export pro-
duction, redox conditions, and other published records to reconstruct upwelling dynamics in the HCS.

1.2. Regional Setting

TheHCS extends from Southern Chile (~45°S), where the west wind drift intersects South America, to north-
ern Peru (~4°S; Figure 1a; Chavez & Messié, 2009). In this area, the Southeastern Pacific Subtropical
Anticyclone (the South Pacific High; SPH) drives equatorward winds along the coasts of Peru and Chile
(Strub et al., 1998). The alongshore equatorward wind stress in combination with the Coriolis force produces
an offshore Ekman transport and, consequently, intensive upwelling along the coast especially off central
and northern Peru (Chavez & Messié, 2009). The upwelling brings nutrient-rich and oxygen-poor waters
from depths below 150 m to the surface (Karstensen & Ulloa, 2009). The SPH is limited by the
Intertropical Convergence Zone (ITCZ) in the north and the polar front in the south. Both the SPH and
the ITCZ displace seasonally (Strub et al., 1998). In the northern HCS, upwelling-favorable winds occur dur-
ing the entire year, but a marked seasonal wind maximum is observed during austral winter/early spring,
while primary productivity is the highest during austral late spring/summer, when surface waters are more
stratified (Echevin et al., 2008).

1.3. Alkenones as a Proxy for Austral Spring-Summer Thermocline Temperatures Off Peru

TheUkˈ
37 index is a biomarker based on the relative abundance of two organic compounds—alkenones—that

are produced exclusively by a few species of haptophyte algae (Herbert, 2003). The index is based on the pro-
portions of the di-(C37:2) and tri-(C37:3) unsaturated ketones, and the degree of unsaturation in a given
alkenone series is linearly related to growth temperature (Prahl & Wakeham, 1987). Emiliania huxleyi
and Gephyrocapsa oceanica, two widely distributed species of coccolithophorid algae, are the principal alke-
none producers in the modern ocean (Herbert, 2003). E. huxleyi is the most abundant and ubiquitous cocco-
lithophorid and usually accounts for 60% to 80% of the coccolithophorid assemblage (Herbert, 2003).
E. huxleyi blooms seem to be triggered by conditions of a highly stratified upper water column, a shallow
(10–20 m deep) mixed layer, and high light intensities (Herbert, 2003). G. oceanica occurs in tropical and
subtropical waters especially in the Tropical Pacific and the Arabian Sea (Herbert, 2003). Both species
require sunlight to thrive, and thus, they are generally distributed in the upper photic zone; however, they
can live in a range of depths in the photic zone (Herbert, 2003). As a result, alkenone producers may synthe-
size biolipids in temperatures representative of either sea surface temperatures (SST) or thermocline tem-
peratures, depending on the depth of maximum production relative to the mixed layer (Barton et al.,
2013; Sachs et al., 2013).

Off Peru, very few studies have addressed the composition and distribution of coccolithophorids in the
modern ocean, but they generally match the spatial and vertical distributions in other areas. Based on
samples retrieved in autumn and spring 2014 and autumn 2015, E. huxleyi was the most abundant coc-
colithophorid and was distributed in the upper ~30 m with maximum abundances at ~10-m depth, while
G. oceanica was very sparse (Alvites, 2016). In Figure 1c, a typical temperature profile during austral
summer is shown alongside the alkenone-derived temperature (18.3 °C) from one core top retrieved at
~14°S (Gutierrez et al., 2011). The reconstructed temperature is lower than SST, in the range of the
present-day typical summer thermocline temperatures but warmer than winter SST (Gutierrez et al.,
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2011). Additionally, the alkenone signature exported to the sediments is potentially skewed seasonally by
export production dominance in summer/spring when surface waters are the warmest, nutrients are the
least available, and the haptophytes may have an ecological advantage over diatoms (Prahl et al., 2010).
Taken together, the alkenone-derived temperatures in sediments from the Peruvian upwelling area
appear to primarily record thermocline temperatures during austral spring-summer when surface
waters are the warmest (Gutierrez et al., 2011); thus, they do not reflect SST as usually inferred in
other settings (Müller et al., 1998) nor temperatures recorded mainly during El Niño conditions
(Kienast et al., 2012; Rein et al., 2005).

2. Materials and Methods
2.1. Sediment Cores and Age Models

Alkenone-derived near-surface temperature reconstructions were performed in cores M77/2-029-3,
M77/2-024-5, M77/2-005-3, M77/2-003-2, M135-004-3, and M135-005-3 retrieved off Peru during the
Meteor cruises M77/2 and M135 (Figure 1 and supporting information Table S1). Part of the alkenone
record of M77/2-003-2 is shown in Mollier-Vogel et al. (2018). Paleoreconstructions in the HCS are

Figure 1. Study area and oceanographic setting. (a) Positions of the sediment cores retrieved off Peru (triangles) relative to annual mean SST from World Ocean
Atlas 2013. The black circles indicate sediment cores used to construct the zonal SST gradient in the Tropical Pacific (Koutavas & Joanides, 2012) and the posi-
tion of core ODP1223 off Chile (Kaiser et al., 2005; Lamy et al., 2007). The white circles indicate the cores used to construct the composite alkenone record shown in
Figure 2b. (b) Positions of the sediment cores off Peru relative to austral summer (January, February, and March) mean SST from World Ocean Atlas 2013;
main surface (continuous lines) and subsurface (discontinuous lines) currents are also shown: Peru current (PC), Peru Coastal Current (PCC), Peru
Undercurrent (PUC), Peru-Chile Countercurrent (PCCC), primary Southern Subsurface Countercurrent (pSSCC), and secondary Southern Subsurface
Countercurrent (sSSCC), redrawn from Strub et al. (1998) andMontes et al. (2010). (c) CTD profile off Pisco (~14°S) during austral summer, the dashed vertical line
indicates the core-top Ukˈ

37 temperature of B04-6 (Gutierrez et al., 2011). SST = sea surface temperature.

10.1029/2018GL080634Geophysical Research Letters

SALVATTECI ET AL. 283

 19448007, 2019, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018G

L
080634, W

iley O
nline L

ibrary on [16/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



challenging due to the complex sedimentological pattern (Erdem et al., 2016; Salvatteci, Field, et al., 2014;
see Text S1). The age models were developed through 14C measurements on organic matter (humic frac-
tion), and the 14C ages are shown in Tables S2 to S7. C-14 ages were calibrated using CALIB 7.1 with ΔR
according to Ortlieb et al. (2011). The age models for M772-029-3, M77/2-024-5, and M77/2-003-2 were
modified from published age models (Doering et al., 2016; Scholz et al., 2014), while the age models
for M77/2-005-3, M135-004-3, and M135-005-3 are new. The age model modification was done in order
to compare the proxies from all the records using a similar methodology. The calculation of the age mod-
els is explained in Text S2.

2.2. Alkenone Measurements

Sampling was done every 5 cm, and alkenones were measured at the Institute of Geosciences in Kiel,
Germany. Samples were extracted using an Accelerated Solvent Extraction (Dionex ASE-2000) from 1 g of
freeze-dried and homogenized sediment sample. The extraction was done using a mixture of dichloro-
methane and methanol (9:1) as solvents at a pressure of 100 mbar and a temperature of 100 °C. The extracts
were purified and analyzed by a double column multidimensional gas chromatograph (Agilent 6890 N) sys-
tem with two flame ionization detectors using hydrogen as a carrier gas (Etourneau et al., 2010). Then, the
alkenone concentrations were calculated by a normalization to two internal standards (Blanz et al., 2005).

The Ukˈ
37 index (Prahl & Wakeham, 1987) was calculated as C37:2 / (C37:2 + C37:3), where C37:2 (C37:3)

represents the quantity of the di-unsaturated (tri-unsaturated) ketones. Finally, temperatures were esti-

mated as (Ukˈ
37 � 0.044) / 0.033 based on the calibration of Müller et al. (1998). The error of alkenone tem-

perature estimates is ~1 °C (Leduc et al., 2010), while the analytical error in our records is on average less
than 0.1 °C.

2.3. XRF Measurements

Core M135-004-3 is the most complete record retrieved off Peru up to date and presents finely laminated
sediments; thus, we performed high-resolution X-ray fluorescence (XRF) measurements on this core at
the Institute of Geosciences in Kiel, Germany. The relative elemental composition was analyzed using
an Avaatech XRF core scanner, at a step size of 1 cm to capture multidecadal-scale variability. The mea-
surements were carried out with a generator setting of 10 kV, 15 A, and a sampling time of 10 s to
obtain Titanium (Ti) intensities, while the intensities of Bromine (Br) and Molybdenum (Mo) were
obtained with a generator setting of 30 kV, 750 uA, and a sampling time of 20 s. The Br and Mo inten-
sities were normalized to Ti and used as proxies for export production and redox conditions, respectively.
The Br/Ti is commonly used as a semiquantitative estimate of sedimentary total organic carbon and has
been successfully employed in marine sediments collected off Peru (Scholz et al., 2014). Mo is a redox
sensitive metal that is used to reconstruct past changes in sediment redox conditions (e.g., Salvatteci
et al., 2016).

3. Results
3.1. Chronology

The sedimentation rates during the Holocene are higher in the southern cores compared to the cores col-
lected in the North and Central Peruvian margin, whereas during the deglaciation, the core collected at
~9 °S shows the most complete record and the highest sedimentation rate (Figure S1). The high sedimenta-
tion rates during the deglaciation of the cores collected at 9° and 12°S suggest a good record, but the
Holocene is missing or represented by only very few centimeters of sediment (Figure S1); thus for these
cores, we mainly focus on the deglaciation. The core collected at 11°S shows a high sedimentation rate dur-
ing the Late Holocene, a low sedimentation rate for the Early Holocene, and the Mid-Holocene is repre-
sented by very few centimeters (Figure S1b), likely as a result of discontinuities. By contrast, the cores
collected at 15° and 17°S show the most complete records for the Holocene and the highest sedimentation
rates (Figure S1). M135-004-3 shows more laminated and less disturbed sequences compared to all the other
cores containing Holocene sequences; thus, it is the most complete sediment record retrieved in the
Peruvianmargin. However, this core, as well as all the other cores collected off Peru, shows packages of lami-
nae interspersed with homogeneous deposits and also small-scale slumps (Figure S2). The sedimentation
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rates for the cores that present laminated Holocene sequences (M77/2-003-2, M135-004-3, and M135-005-3)
ranged from 0.57 to 0.82 mm/yr.

3.2. Thermocline Temperatures Along the Peruvian Coast During the Last 20 kyr

The alkenone records off Peru show a similar temporal evolution during the deglaciation despite some mis-
matches among the records which can be attributed to difficulties in the chronology due to the complex sedi-
mentation pattern in the area. In Figure 2, we show our alkenone records (Figures 2c to 2e and 2h to 2j)
along other published alkenone-derived temperatures (Figures 2f and 2g) from north (9°180S) to south
(17°250S) covering most of the northern HCS. To evaluate similarities and differences of the northern HCS
to tropical and high latitude SST evolution, we include the average of two Magnesium/Calcium (Mg/Ca)
SST records from the eastern equatorial Pacific (EEP; Figure 2a; Koutavas & Joanides, 2012), a composite
alkenone-derived SST record from multiple cores in the EEP (Figure 2b; Kienast et al., 2006; Koutavas &
Sachs, 2008), and an alkenone-derived SST off Chile (Figure 2k; Kaiser et al., 2005; Lamy et al., 2007).
Core SO147-106KL collected at ~12°S (Rein et al., 2005), the only one containing Last Glacial Maximum
(LGM) sequences, shows low temperature values during the available part of the LGM (Figure 2f). From
~18 to 14.5 kyr, a temperature increase can be observed off Peru in multiple records (Figures 2c, 2e, and
2f). During this warming, a brief cooling period is recorded at ~15.5-kyr BP in the cores from the north-
central margin (Figures 2c, 2e, and 2f), while at 15°S, this cooling is recorded at ~16.2-kyr BP. After the warm
temperatures at ~14.5-kyr BP, a conspicuous cooling of up to ~3 °C at 9°S (Figure 2c), ~2 °C at 12°S
(Figures 2e and 2f), and up to ~4 °C at 15°S (Figure 2h) is observed with minimum values at ~12.5-kyr
BP. This cooling, which lasted ~2 kyr according to M77/2-003-2, was contemporaneous with the Antarctic
Cold Reversal (ACR, ~14- to ~12-kyr BP).

During the Holocene, the most conspicuous observation is a cooling from ~8.5- to 3.2-kyr BP and also a cool-
ing trend from 1.7 to date (Figure 2). The Early Holocene shows relatively warm temperatures with low
centennial-scale variability (Figures 2c, 2d, 2f, 2h, and 2j). In our records the Mid-Holocene cooling starts
at ~8.5-kyr BP (Figures 2d and 2h to 2j). In M77/2-003-2, retrieved at 15°S, the temperatures during the
Mid-Holocene (20.2 °C, n = 60) were similar compared to the ACR (20.3 °C, n = 12) but cooler than the
Early Holocene (21.8 °C, n = 47) and the Late Holocene (21.3 °C, n = 49). The average temperature of
the Mid-Holocene in M77/2-003-2 was also slightly cooler compared to the alkenone-derived near-surface
temperature average of the last 50 years in a nearby sediment record (20.5 °C; Gutierrez et al., 2011). At
17°S, the temperatures were also low during the Mid-Holocene, but not as low as at ~15°S. From 5.5- to
4.8-kyr BP, a warm interval is observed in the southern cores (Figure 2h to 2j). Starting at ~4.6-kyr BP in
the southern cores and ~3-kyr BP in the cores collected off central Peru, a warming trend can be
observed reaching a temperature maximum at 2.9-kyr BP in M135-004-3 (Figures 2d to 2j). This warm
episode lasted until ~1.7-kyr BP, and part of this interval seems to be recorded by the northern cores
collected at 11° and 12°S (Figures 2d and 2f). After this warm episode, a cooling trend from ~1.7-kyr
BP to date is observed in most of the records (Figures 2d and 2f to 2j). A more detailed comparison of
the alkenone records taken at the same latitude is presented in Text S3.

3.3. Export Production and Subsurface Oxygenation Changes During the Holocene

The export production record show low values during the Early and Mid-Holocene, which apparently is not
consistent with a decrease in temperatures off Peru during the Mid-Holocene (Figure 3f). The high-resolution
record of export production (Br/Ti; Figure 3f) shows low values from the Early Holocene to ~5-kyr BP, and
then the export production was on average higher from ~5- to ~3.1-kyr BP than the previous period, and
finally, multicentennial-scale periods associated with high and low export production values are recorded from
~3.1 to date. This pattern is similar as a Nickel Enrichment Factor record collected at 14°S (Figure 3f). These
two records— produced with different approaches and independently dated—provide strong evidence for low
export production during the Early andMid-Holocene and strong temporal variability during the last 3-kyr BP.

The record for sediment redox conditions indicates less reducing conditions during the Mid-Holocene com-
pared to some multicentennial-scale periods during the Late Holocene (Figure 3g). The Mo/Ti record also
shares the same pattern of temporal variability with a record of water column denitrification collected at
14°S (Figure 3g). The combination of both proxies indicate that during the Mid-Holocene, the subsurface
deoxygenation was not as intense as some periods during the Late Holocene.
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Figure 2. Alkenone-derived near-surface temperatures along the Peruvian margin compared with SST reconstructions in the EEP and off Chile and air tempera-
ture in Antarctica. (a) Mg/Ca SST anomalies obtained from V21-30 and TR163-22 (Koutavas & Joanides, 2012; Lea et al., 2006). (b) SST anomalies in the EEP
based on six alkenone records: RC11-238, V19-27, V19-28, V19-30, V21-30 (Koutavas & Sachs, 2008), and ME0005A-24JC (Kienast et al., 2006). The bold line
represents the mean of the anomalies of the six records. (c) M77/2-029-3 (this study). (d) M77/2-024-5 (this study). (e) M77/2-005-3 (this study). (f) SO147-106KL
(Rein et al., 2005). (g) PC-2 (Chazen et al., 2009). (h) M77/2-003-2 (this study). (i) M135-004-3 (this study). (j) M135-005-3 (this study). The black-filled stars in
(h)–(j) indicate the average of the alkenone-derived near-surface temperatures of the last 50 years from Gutierrez et al. (2011). (k) Alkenone-derived surface
temperature off Chile (Site ODP-1233, Kaiser et al., 2005; Lamy et al., 2007). (l) Isotope record of the Byrd Ice Core fromwestern Antarctica (Thompson et al., 2003).
The open circles in (c) and (d) represent data that were produced in sediments characterized by noncontinuous sedimentation. EEP = eastern equatorial Pacific;
SST = sea surface temperatures.
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4. Discussion
4.1. Role of Remote Forcings Driving Past Oceanographic Changes off Peru

A comparison of our alkenone temperature records with tropical and high-latitude temperature records
shows a strong role of remote forcings driving temperature changes off Peru during the deglaciation
(Figure 2). The Mg/Ca SST record from the EEP (Figure 2a), representing either annual mean conditions
(Koutavas, 2018) or boreal summer temperatures (Timmermann et al., 2014), shows a deglacial warming
from 20- to ~14.5-kyr BP and a cooling event from 14.5- to 12.5-kyr BP (Figure 2a), consistent with the

Figure 3. Atmospheric and oceanographic changes in the eastern Pacific during the Holocene. (a) Titanium concentra-
tion of Cariaco Basin sediments from ODP site 1002 as a proxy for the latitudinal displacement of the ITCZ (Haug
et al., 2001). (b) Iron content measured in counts per second (cps) as a proxy for the latitudinal shifts of the Southern
Westerlies, higher values indicate a southern position of the Westerlies and vice versa (Lamy et al., 2001). (c) Zonal SST
gradient anomaly to the Late Holocene calculated as the difference of the western and eastern Pacific averages (Koutavas
& Joanides, 2012). (d) Anomalies of the alkenone-derived near-surface temperatures in M77/2-003-2, M135-004-3, and
M135-005-3. (e) Mean annual SST from fossil mollusk δ18O values on the Peru coast (Carré et al., 2014). (f) Ratio of bro-
mine to titanium in core M135-004-3 and nickel enrichment factor (Ni EF) in core B14-G10 (Salvatteci et al., 2016) as
proxies for export production. (g) Water column denitrification inferred from δ15N on sedimentary organic matter, data
taken from Salvatteci et al. (2016), and the ratio of molybdenum to titanium in core M135-004-3 as a proxy for sediment
redox conditions (this study). The combination of both proxies indicate changes in the intensity of the Oxygen Minimum
Zone (OMZ). SST = sea surface temperatures; ITCZ = Intertropical Convergence Zone.
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alkenone records off Peru. Comparison of our records with Antarctic climate (Figure 2l) suggests a good
agreement in the deglacial warming and the cooling during the ACR, as also observed in the Mg/Ca SST
record (Figure 2a). By contrast, alkenone-derived temperatures off Chile (~41°S) show a pause in the degla-
cial warming during the ACR instead of a cooling (Figure 2k). The cooling off Peru during the ACR suggests
that the Antarctic millennial-scale pattern also extended off Peru. The synchrony of the deglacial warming in
Antarctica (Figure 2l), the coastal temperature variations off Peru (Figures 2c to 2h), and the cold tongue
temperatures as evidenced by the Mg/Ca SST (Figure 2a) implies a dynamic coupling between tropical
and high-latitude regions. This strong coupling has also been observed on longer time scales and was prob-
ably produced by the advection of the Southern Ocean and Antarctic climate signals to the EEP by the
Humboldt Current and subsurface waters (Koutavas, 2018). The combined evidence suggests that ocean
temperatures off Peru during the deglaciation were mainly controlled by ocean advection from southern
high latitudes and not by coastal upwelling as during the Mid-Holocene (discussed below).

The fact that the alkenone records in the EEP and off Peru show different trends suggests that alkenones
record different signals at each site. In contrast to the Mg/Ca record (Figure 2a) and the alkenone records
off Peru, in the composite record of alkenone-derived SST in the EEP, the deglacial warming started at
~16-kyr BP, and from then, a continuous warming continued into the Late Holocene (Figure 2b). The
EEP exhibits a warm and stratified season in boreal winter, and coccolithophorids are more abundant dur-
ing this time; therefore, alkenone-derived SST in the EEP are more indicative of the climate signal of the low
productive stratified season (Schneider et al., 2010). Thus, it has been proposed that changes in low-latitude
insolation during boreal winter is the main driver of the alkenone-derived SSTs records in the stratified EEP
(Leduc et al., 2010; Timmermann et al., 2014) and not the signal from the southern high latitudes as in the
alkenones records off Peru and the Mg/Ca in the EEP.

During the Holocene, the alkenone records off Peru show a marked Mid-Holocene cooling (Figure 2b) and
thus do not follow low-latitude insolation changes during boreal winter as most of the alkenone records in
the EEP (Leduc et al., 2010). During the Mid-Holocene, the combination of cool temperatures derived from
alkenones (Figure 3d) and cool coastal SST derived frommollusks (Figure 3e) suggests an increase in upwel-
ling. The mollusk-derived temperatures record annual coastal SST and show a larger amplitude compared to
the alkenone records, reaching temperatures as low as 14.2 °C during the Mid-Holocene (Figure 3e). This
larger amplitude is not surprising given that alkenones off Peru record summer-spring thermocline tempera-
tures and upwelling off Peru is stronger during winter when SST are on average ~4 °C lower than in summer
(Gutierrez et al., 2011). Moreover, the record near the strongest upwelling center in Peru (~15°S, M77/2-003-
2) shows a stronger cooling compared to the cores located further south (~17°S). Taken together, the low
temperatures during the Mid-Holocene suggest an enhancement of upwelling during most of the Mid-
Holocene but not an expected increase in overall biological productivity, given that the export production
was not as high as during several multicentennial-scale periods during the Late Holocene (Figure 3f).

Changes in the Pacific Walker Circulation strength have been postulated as a major mechanismmodulating
upwelling dynamics in the HCS at multiple time scales (Carré et al., 2012, Salvatteci, Gutierrez, et al., 2014).
The SST asymmetry between the warm western Pacific and cold western Pacific is the principal factor con-
trolling the intensity of theWalker circulation along the Equator. A strong (weak) SST zonal gradient is asso-
ciated with a cool (warm) SST and a shallow (deeper) thermocline in the eastern Pacific. A strong zonal SST
gradient also enhances the ocean-atmosphere coupling; the winds induce large SST anomalies, which in
turn generate stronger winds (Koutavas & Joanides, 2012). Moreover, changes in the ITCZ latitudinal posi-
tion contribute to the modification of the zonal SST gradient by the expansion/contraction of the eastern
Pacific cold tongue (Koutavas & Lynch-Stieglitz, 2004). Changes in the Pacific Walker circulation strength
during the last 30 kyr have been reconstructed using a suite of SST records (Figure 1a; Koutavas &
Joanides, 2012). This gradient shows a ~0.5 °C increase during the Mid-Holocene (Figure 3c), mainly driven
by a cooler cold tongue (Figure 2a). The increase in the zonal gradient is also consistent with a more north-
erly position of the ITCZ (Figure 3a) and a poleward position of the southern Westerlies (Figure 3b) suggest-
ing a strong Walker and Hadley circulation during the Mid-Holocene. A stronger Walker circulation is also
consistent with a reduced El Niño-Southern Oscillation (ENSO) variance during the Mid-Holocene as
inferred from multiple proxies and sites (e.g., Carré et al., 2014; Chen et al., 2016; Koutavas et al., 2006;
Koutavas & Joanides, 2012; Zhang et al., 2014).
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The ocean-atmosphere conditions during the Mid-Holocene suggest that strong winds likely drove the
increase in upwelling off Peru. Increased radiocarbon age variations during the Mid-Holocene also support
an upwelling enhancement off Peru and suggest changes in ocean circulation (Ortlieb et al., 2011). Evidence
of SST changes during the Holocene along the Peruvian coast also comes from other sources, but the results
are contradictory. On the one hand, otolith δ18O data from Peruvian catfish (Galeichthys peruvianus) exca-
vated from archeological sites in northern Peru suggest SST ~4 °C warmer than present-day SST (Andrus
et al., 2002). Mollusk assemblages from the same archeological sites showmolluskan species that today char-
acterize the warmer waters north of 4°S (Sandweiss et al., 1996). The warm SST evidenced by the otolith δ18O
from Peruvian catfish can be explained by fish incursions into warmer estuaries, and the presence of the tro-
pical mollusks were probably associated with coastal lagoons (Béarez et al., 2003; Carré et al., 2012); thus,
these results do not represent ocean conditions. On the other hand, aragonite δ18O analyses on shells of
the mollusk Mesodesma donacium indicate that SST were up to ~4 °C cooler in southern Peru (Carré et al.,
2012). Furthermore, the collective evidence from both paleo and modeling data shows consistent results
toward a La Niña-like state during the Mid-Holocene in the Tropical Pacific (Carré et al., 2012; Clement
et al., 2000; Koutavas & Joanides, 2012). Thus, the LGM and Mid-Holocene cooling off Peru was produced
by different mechanisms. While the cooling during the LGM off Peru and in the EEP was likely driven by
global forcings from greenhouse gases and albedo (Koutavas, 2018), theMid-Holocene cooling was the result
of ocean-atmosphere interactions resulting in greater upwelling off Peru.

Unexpectedly, our records indicate increased subsurface oxygenation during the Mid-Holocene which is not
consistent with La Niña-like conditions. Oxygen concentrations in subsurface waters are usually concordant
with the ENSO states, that is, oxygenation episodes over the Peruvian shelf often occur during El Niño events
(Gutierrez et al., 2008). Modeling studies also suggest an increase in subsurface oxygenation during the Mid-
Holocene driven by an intensification of the subsurface currents that provide oxygen to the EEP (Figure 1b;
Segschneider et al., 2018; Xu et al., 2015). Thus, the relatively low productivity during the Mid-Holocene
(Figure 3f) was probably a result of the upwelling of oxygen-rich and nutrient-poor subsurface waters.
Current global warming is expected to decrease oxygen contents in subsurface waters due to a reduction
in solubility and also due to changes in circulation, mixing, and oxygen respiration (Oschlies et al., 2018).
Increased subsurface oxygenation during the warm Mid-Holocene, according to the sedimentary record
(Figure 3g; Salvatteci et al., 2016) and paleoclimate models (Segschneider et al., 2018; Xu et al., 2015), is thus
at odds with the expected subsurface deoxygenation in a warmer world. The combined evidence points out
the multiple responses of the HCS to climate change.

4.2. Implication of an Intensification of Coastal Upwelling in the HCS Under Global Warming

While the warming in the last century is mainly attributed to greenhouse gases and the Mid-Holocene
warming was caused by higher insolation at high latitudes driven by orbital variations (Fischer et al.,
2018), the upwelling off Peru was strong during these two warm periods. The collective evidence suggests
a strong Walker circulation during the Mid-Holocene and a La Niña-like response of the Tropical Pacific
to a warmer world (Carré et al., 2012). The increase in upwelling during a warm period in the past also sup-
ports the intensification in coastal upwelling in some EBUS under the current climate warming (Wang et al.,
2015). Data of sea-level pressure and wind stress for the last decades suggest an overall trend toward a stron-
ger, La Niña-like Walker Circulation (England et al., 2014; L’Heureux et al., 2013). While during the Mid-
Holocene, the productivity was low in the HCS perhaps due to the upwelling of subsurface waters containing
low nutrients; the last century is characterized by high marine productivity (Gutierrez et al., 2011; Salvatteci
et al., 2018) likely due to a favorable combination of a strong and nutrient-rich oxygen minimum zone
(Salvatteci, Gutierrez, et al., 2014), high summer-spring water column stratification (Salvatteci et al.,
2018), and strong winds (Briceño-Zuluaga et al., 2016). While the present study provides important insight
in the context of climate change, the impact of future global warming on the biological productivity in the
HCS remains uncertain and should be treated as such in future management strategies (Salvatteci
et al., 2018).

5. Conclusions

Alkenone-derived temperature records off Peru for the last 20 kyr indicate large changes driven by ocean-
atmosphere interactions. During the deglaciation, thermocline temperatures are consistent with Antarctic
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ice-core temperatures including an Antarctic cold reversal. A marked cooling during the Mid-Holocene was
likely a result of an intensification of the Southeastern Pacific Subtropical Anticyclone and the Walker cir-
culation that resulted in an increase in coastal upwelling. Our results suggest that the deglacial thermocline
temperatures off Peru seem to be controlled by ocean advection from the Southern Ocean and Antarctica,
but during the Mid-Holocene, an atmospheric dynamical adjustment superimposed the signal from the
southern high latitudes. Our results, in combination with other paleoclimate archives, suggest La Niña-like
conditions in the Tropical Pacific during the Mid-Holocene. In contrast to the expected decrease in subsur-
face oxygenation during the Mid-Holocene, subsurface waters were more oxygenated as a consequence of
stronger oxygen-rich subsurface currents driven by changes in Tropical Pacific ocean circulation. These
observations show the nonlinear response of the HCS. Thus, multiple responses of the HCS to global warm-
ing can be expected.
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