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a b s t r a c t

The eastern tropical Pacific plays a key role in the tropical atmospheric circulation and in the global
carbon cycle, and assessing the sensitivity of this region to global climate changes is a major challenge
facing climatologists. Provided here is a synthesis of proxy records of the mean climate of the mid-
Holocene (5e8 ka) along the south eastern Pacific margin and four regions of South America. These
regions were selected for the strength and stability of ENSO teleconnections, and located outside the
direct influence of the intertropical convergence zone or the southern westerlies in order to avoid
the overprinting signal of their insolation-related variations and focus on the relationship between the
eastern tropical Pacific and South America. This study is based on a review of published multiproxy data
as well as new isotopic data from the Peruvian and Chilean coast. The available evidence indicates that
sea-surface temperatures were w1e4 �C cooler from the Galapagos to the southern Peruvian coast as
a result of increased coastal upwelling forced by changes in longshore windfields. The mean La Niña-like
conditions in the eastern South Pacific were associated to aridity in southern Brazil and along the whole
South American Pacific coast from central Chile to the Galapagos, and towetter conditions on thewestern
central Andes. This regional synthesis provides a coherent picture of the South American mean climate
that is very similar to the modern precipitation pattern observed during La Niña conditions, suggesting
that atmospheric teleconnections linking the South Eastern Pacific to these continental areas were
similar in the middle Holocene.

� 2011 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

South America, with a latitudinal range from 12�N to 56�S, is
a continental bridge between lowand high latitudes in the Southern
Hemisphere, where Walker and Hadley circulations are strongly
affected by landeoceaneatmosphere feedbacks (Aceituno, 1988;
Mitchell and Wallace, 1992; Takahashi and Battisti, 2007;
Garreaud et al., 2009, and references therein). This region plays
a major role in the global carbon cycle through the Amazon forest
and upwelling-induced marine productivity. Understanding the
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responseof theSoutheast PacificeSouthAmericaboundary toglobal
climate change is thus a major challenge facing climatologists.

Today, El Niño phases are characterized by a deepening of the
thermocline in the eastern Pacific resulting in warm sea-surface
temperatures (SSTs) anomalies from the eastern equatorial Pacific
down to central Chile. Deep atmospheric convection is increased
over the central and eastern equatorial Pacific, the Intertropical
Convergence Zone (ITCZ) is shifted southward toward the equator,
bringing more precipitation to the Galapagos and the northern
Peruvian coast. An opposite effect is observed in the Andes Alti-
plano, with generally drier conditions during El Niño anomalies
(Garreaud, 1999; Lenters and Cook, 1999), especially in the western
Altiplano (Vuille et al., 2000). The weakening of the subtropical
anticyclone weakens the wind stress along the South American
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Pacific coast, thus reducing coastal upwelling. This also results in
increased winter precipitation on the central Chilean coast. During
El Niño phases, cyclonic anomalies occur over south eastern South
America related to Walker and Hadley circulations anomalies
originating in the eastern Pacific (Grimm, 2003). They favour
moisture incursions from the Atlantic from October through May,
increasing significantly the annual precipitation in southern Brazil,
Uruguay and northern Argentina (Garreaud et al., 2009; Grimm and
Tedeschi, 2009). A comprehensive review of the modern South
American climate and oceanic influences can be found in Garreaud
et al. (2009). In summary, El Niño phases are characterized by
increased moisture in three of the selected areas (Galapagos,
Central Chilean coast and South eastern Brazil) and drier condition
in the fourth selected area, western central Andes. La Niña episodes
have largely opposing signatures. This paper compares the mid-
Holocene mean conditions to these patterns, in order to have
a better understanding of the past tropical Pacific mean dynamics
and its influence on the South American climate, keeping in mind
a globally different climatic context.

During the mid-Holocene (5e8 ka), a period considered to be
a “Climatic Optimum” in the northern hemisphere, significant
climate changes have been recorded worldwide. In intertropical
South America, in response to low latitude direct insolation forcing,
the mean position of the ITCZ is thought to have been further north
and the South American monsoon was weaker than it is today
(Haug et al., 2001; Fleitmann et al., 2003; Cruz et al., 2005; Wang
et al., 2005). The Subtropical Front and the southern westerlies
seemed also shifted poleward, bringing less humidity to the
southernmost South America (Lamy et al., 2001; Verleye and
Louwye, 2010). However, considering the wide-ranging tele-
connections associated with the tropical Pacific it is important to
determine long-term variations in the region mean state. Ongoing
debates about this variability, particularly during the mid-Holo-
cene, result largely from the contradictory proxy records from the
eastern tropical Pacific. This paper addresses this question with
new proxy data for coastal SST in the ChileePeru upwelling system,
and a synthesis of the available oceanic datasets. The reconstructed
southeast Pacific paleoceanographic pattern was compared to
rainfall-related proxy data from four related regions of South
America: 1) the Galapagos Islands, coastal Ecuador and the
northern Peruvian coast, 2) the central Chilean coast, 3) South
eastern Brazil to northeastern Argentina, and 4) the western slope
of the central Andes. These regions were selected because: 1)
strong and stable atmospheric teleconnections with the tropical
Pacific have been identified (Aceituno, 1988; Aceituno and
Montecinos, 1993; Grimm et al., 2000; Montecinos et al., 2000;
Montecinos and Aceituno, 2003; Grimm and Tedeschi, 2009), and
2) they are located outside the direct influence of the South
American Summer Monsoon and the southern westerlies, thus
avoiding as much as possible the overprinting signal of their
insolation-related variations. This approach was designed in order
to get insights into the mid-Holocene atmospheric teleconnections
between the eastern tropical Pacific and South America.
2. Paleoceanographic data from mollusc shell stable isotopes

2.1. Sites

Fossil shells of the bivalve Mesodesma donacium were collected
from three archaeological sites along the Peruvian and the Chilean
coast (Table 1). The occupation levels were radiocarbon dated using
fragments of mollusc shell, or charcoal when it was possible.
Modern shell samples were collected from adjacent beaches for
a modern reference.
The Rio Ica site has been described by Engel (1957). It is located
on the northern side of the Rio Ica, very close to the river mouth.
Fossil shells and charcoal fragments were collected at the surface of
the shell mound. Today, the river is not permanent but maintains
some vegetation in themiddle of an extremely arid desert. This area
lies in the core of the most intense upwelling cell along the Peru-
vian coast. Rainfall is virtually nonexistent (<10 mm/y) and not
significantly affected by ENSO events.

The Quebrada de los Burros (QLB) is a pre-ceramic site from
southern Peru excavated by the Perou-Sud project between 1995
and 2008. It was occupied almost continuously from c. 10 ka to
c. 6.5 ka (Lavallée et al., 1999; Carré et al., 2009). The shell sample
analysed here was collected in the uppermost level (N2). Coastal
fogs that form during the cold season between June and November
are presently the main source of humidity in the very arid envi-
ronment. Intense and very short rainfall events (w1e2 days) may
occur occasionally (but not systematically) as a result of El Niño
events. Such events are too short to affect significantly the sea
water isotopic composition on a monthly timescale.

The Los Vilos archaeological sites are located on the semi-arid
coast of Central Chile. LV098 is an important site that was contin-
uously occupied during several centuries in the early Holocene
(w9.9 ka). It was excavated by Donald Jackson who collected
mollusc shells and charcoals in successive stratigraphic levels
(Jackson and Méndez, 2005). LV158 is a more recent (w4.5 ka) and
ephemeral site. Despite the range of radiocarbon dates, the size of
the site suggests that it was probably not occupied more than
a decade. Precipitation occurs mainly between June and August
with an annual total of about 100e200 mm. However, rainfall in
this area is highly variable, being related to the El Niño-Southern
Oscillation (ENSO), with positive (negative) precipitation anomalies
during El Niño (La Niña) years (Aceituno, 1988).

2.2. Material and methods

M. donacium is a bivalve living in the intertidal to subtidal zone
of the sandy beaches in Chile and Peru. Shell accumulation rarely
exceeds 3e4 years. Only shells longer than 60 mm were analysed,
so at least a full annual cycle was recorded. Scanning electronic
microscope analyses showed that the shell inner organic matter
was preserved in the Peruvian shells, which guarantees that the
aragonite geochemistry was not altered. The state of preservation
of the organic matrix in the Chilean shells was not as good because
of the less arid environmental conditions, but the aragonite crystals
microstructure appeared to have been preserved nevertheless.
Shells were embedded in polyester resin and radially sectioned
with a low speed diamond wire saw. Sections 1 mm thick were
polished and microsampled using an automated microdrill. This
technique allows avoidance of locally altered areas of the outer
surface. This species forms tide-related fortnightly growth line
clusters that can be used as a calendar (Carré et al., 2005a; Carré,
2007). Each microsample (w100 mg of aragonite powder) crossed
two consecutive fortnightly cycles so that it averages conditions
over about a month. Thus, each shell provided a 1e3 year record
resolved to monthly timescales, except for the shells from the
Chilean sites LV158 and LV098 from which only one single sample
averaging the full shell lifetime was taken. The number of shells
analysed in each site is reported in Table 1.

Oxygen stable isotope ratios were measured at the Vrije Uni-
versiteit of Amsterdam using a Finnigan Deltaþmass spectrometer
coupled to a Gasbench II continuous flow system (analytical
precision better than 0.12&) and at the University of Washington
Isolab using a Finnigan Deltaþmass spectrometer coupled to a Kiel
III carbonate device (analytical precision better than 0.08&). Mass
spectrometers were calibrated using NBS19 and NBS18 IAEA



Table 1
Coastal sites studied for mollusc shell stable isotopes.

Site Location Perioda Level 14C dates Dated
material

Lab
reference

Cal. range
(1s), yr BPb

Number of
shells
analysed

N; NwþNs
c Ice volume

d18O correctiond

Rio Ica 14�520 S; 75�340W Modern 15 25.5; 26wþ 25s 0
MH Surface 5840� 35 Charcoal OS-60543 6530e6900 20 28; 24wþ 32s �0.05� 0.02

5900� 40 Charcoal OS-60564
5940� 45 Charcoal OS-60556
6070� 30 Charcoal OS-60544

QLB 18�10S; 70�500W Modern 17 19.5; 19wþ 20s 0
MH N2 6050� 80 Charcoal Missing 6730e7560 14 15; 14wþ 16s �0.09� 0.02

6460� 60 Charcoal GIF9-97287
6510� 60 Charcoal GIF9-97288
6630� 70 Charcoal GIF9-97289

Los Vilos 31�520S; 71�310W Modern 5 6.5; 6wþ 7s 0
MH LV158, N1-N5 4540� 40 Mollusc OS-63178 4340e4650 5 5 0

4610� 40 Mollusc OS-63179
EH LV098B, N7-N15 8620� 110 Charcoal OS-61907 9460e10,380 5 5 �0.31� 0.05

8690� 40 Charcoal OS-60542
9190� 45 Charcoal OS-61906

a MH: Mid-Holocene, EH: Early Holocene.
b Calibration was performed using CALIB program (Stuiver and Reimer, 1993), version 5.0.1. The SHCal04 calibration dataset (Mc Cormac et al., 2004) was used for charcoal,

and the Marine04 calibration dataset (Hughen et al., 2004) was used for molluscs, with a regional reservoir effect of DR¼ 226� 70 (Ortlieb et al., 2011).
c Total number of years recorded by the shell sample, number of winters (w)þ number of summers (s).
d Based on Lambeck and Chappell (2001).
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standards in order to have isotopic ratios (d18O notation) expressed
on the V-PDB scale. Isotopic values were averaged for each site and
period so that mean conditions could be compared.

2.3. Reconstructing sea-surface temperature (SST) changes

Mollusc shell aragonite d18O is related to the water temperature
and the water d18O through a nearly linear relationship (Epstein
et al., 1953; Grossman and Ku, 1986). The sea water d18O on the
South Peruvian coast is not affected by freshwater inputs because of
the strong aridity so that shell d18O variations in shells would only
reflect temperature variations. Although the central Chilean coast
experiences more rainfall than the Peruvian coast, a weekly one-
year long monitoring of the sea water d18O showed no significant
seasonal fluctuation. The monthly standard deviation of the sea
water d18O, likely related to local evaporation, was estimated at
w0.1& (n¼ 52). The good correlation between SST and shell d18O
was demonstrated forM. donacium comparing the isotopic record of
live-collected shells with SST instrumental records (Fig. 1) (Carré
et al., 2005a). These authors found that, assuming a constant value
of the sea water d18O, a 1& deviation in the M. donacium shell d18O
represents a temperature change of 3.66 �C, whereas it would
represent 4.34 �C according to the widely used equation of
Grossman and Ku (1986).

At millennial timescales, the isotopic effect of the polar ice
sheets must also be considered. An ice volume correction was
applied based on Lambeck and Chappell (2001) (Table 1). The
systematic error related to the mean ocean d18O variations was
estimated as within the range of the age uncertainty (Table 1).
Annual mean sea water d18O in a locality might also vary over long
timescales because of ocean circulation changes. These advection
changes could bring fresher water from the high latitudes, or saltier
water from the South Pacific subtropical gyre. In the area of study,
a 500 km displacement of salinity gradients would represent less
than 0.3 salinity units (based on Levitus Atlas 1994), equivalent to
w0.14& change of thewater d18O (Delaygue et al., 2000). This value
was added to the systematic error bar of fossil shell samples (Fig. 2).

Mean annual conditions were estimated by averaging annual
isotopicmeanvalues from individual shells. The statistical error bar of
the estimatedmeanvaluedependson the sample size (i.e. thenumber
of shells), the climate variability, and several stochastic uncertainties
actingatdifferent timescales, sothat theerrorbar cannot beestimated
by simple sampling statistics. The statistical error bar of reconstructed
mean annual values was estimated using a Monte Carlo simulation.
The Puerto Chicama instrumental SST timeseries from 1925 to 2002
(http://jisao.washington.edu/data_sets/chicama_sst/), was used
centered and converted to d18O variations using a slope value of
3.66�C/& (Carré et al., 2005a). Shell d18O recordsweremodelled as 1-
year long monthly windows (JanuaryeDecember) randomly extrac-
ted from the Puerto Chicama calculated d18O timeseries, disturbed by
statistical noises to simulate the proxy uncertainties: (i) a normally
distributed annual noise representing the coastal temperature
heterogeneity with a standard deviation of 0.4& equivalent to 1.5 �C
in temperature, and (ii) a normally distributed monthly noise with
a standard deviation of 0.2&, corresponding to the sea water d18O
monthly variability (0.16&) combined in quadrature with the
analytical error (0.1&). The standard error of the reconstructedmean
value fromasampleof shells recordingNyrsyearswasestimatedby the
standard deviation of 1000 repeated sampling. As expected the error
bar decreases rapidly with the sample size (Fig.1E). For every sample,
Nyrs is the sumof thenumberof years recordedbyeveryshell (Table2).
Finally, the total error bar is the sum of the systematic error (ice
volume effect uncertaintyþ potential advective change) and the
statistical error (Fig. 2).

2.4. Results

New isotopic results obtained from M. donacium shells are
summarized in Table 2. Mid-Holocene isotopic mean values are
significantly more positive (95% confidence level) from 14�S (Rio
Ica) to 18�S (QLB), indicating cooler conditions than today (Fig. 2).
This result confirms the earlier findings of Carré et al. (2005b). In
Central Chile, conditions are similar to today in the early Holocene
and also cooler just after the mid-Holocene. SST changes were
approximately�0.7 �C (�0.9 �C) in Rio Ica,�4.5 �C (�1.1 �C) in QLB,
and �0.9 �C (�1.4 �C) in Los Vilos at 4.5 ka, based on the Carré et al.
(2005a) equation. Grossman and Ku’s (1986) equation would yield
larger SST differences.

In addition to these new results, shell stable isotope results from
the Siches (Nicholas, 1996; Houk, 2002) and Ostra (Perrier et al.,

http://jisao.washington.edu/data_sets/chicama_sst/


Fig. 1. A: Mesodesma donacium shell. B: d18O profile in a modern shell compared to local SSTs (adapted from Carré et al., 2005a) and salinity from Ilo and Chimbote measured by
IMARPE. C: SEM view of the aragonite cross lamellar dense microstructure in the outer layer of a fossil M. donacium shell from QLB. D: same as C with a polished and etched surface.
Organic matrix fibers appear perfectly preserved. The cross lamellar structure and the growth lines are apparent. E: Standard error of the mean SST-related d18O fractionation vs. the
number of years recorded in a shell sample, calculated with a Monte Carlo simulation.
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1994; Nicholas, 1996; Houk, 2002) archaeological sites are
included. Based on the results of these authors (Table 3), annual
mean values in the mid-Holocene were enriched by w1.2& at
Siches and w1.6& at Ostra (Fig. 2). At Siches, where monsoon
rainfalls occur from January to March, these values indicate
significantly cooler and/or drier conditions. At Ostra, these values
could either be related to cooler mid-Holocene conditions or to
highly evaporative lagoon conditions as suggested by geo-
morphologic studies (De Vries andWells, 1990; Perrier et al., 1994).
Such results are in contradiction with the conclusions of Sandweiss
and Richardson (1996) and Andrus et al. (2002) based on anoma-
lous mollusc assemblages and fish otoliths stable isotopes,
respectively.

3. Data synthesis

This section considers oceanic and continental paleoclimate
records in an attempt to establish a coherent idea of the mean
climate in the mid-Holocene, focusing on the influence of the south
eastern Pacific on South America’s average precipitation regime.
Reported in Table 4 and Fig. 3 are the available marine records from
this area that could provide reliable information regarding SSTs and
upwelling intensities during the mid-Holocene. In collating these
data, preference was given to well-dated marine and continental
sediment cores with time resolution better than 500 years were
selected. In the Andes, the Pacific influence is much more
predominant on the western slope than in the eastern Altiplano
(Vuille et al., 2000). Sites from the high and eastern Andean Alti-
plano were excluded because of the heterogeneity of local climate
conditions and the strong influence of the Amazon basin that
would mask the background Pacific influence. Rainfall in north-
eastern Brazil rainfalls, while being strongly influenced by SSTs in
the tropical Pacific, was excluded because it lies in the core of the
ITCZ seasonal migration (Grimm, 2003). Therefore, the ITCZ lat-
itudinal shift observed in the South American tropics at the Holo-
cene (Haug et al., 2001) would overwhelm potential changes
related to the tropical Pacific. Of course, paleoclimate proxy records
from the four selected continental regions cannot be simply inter-
preted as El Niño-like or La Niña-like patterns, as the ITCZ does
have a climatic influence on Ecuador and Southern Brazil as well as
the southern westerlies have an influence on central Chile and
Argentina. Nevertheless, these regions were selected because they
would provide the highest signal to noise ratio to study the tropical
Pacific influence over millennial timescales. Instrumental rainfall
dataset analyses showed that southern Brazil had the most intense
subtropical ENSO teleconnection (Grimm et al., 2000). The ENSO
teleconnection in Central Chile seems the more stable on decadal
scales (Aceituno and Montecinos, 1993). The highest rainfall
sensitivity to the eastern Pacific SSTs is found in the Galapagos
Islands. In these three regions selected, El Niño (La Niña)-like
anomalies induce increased (decreased) precipitation. Conversely,
the western slope of central Andes experiences drier conditions
during El Niño phases and more humidity during La Niña phases
(Garreaud, 1999; Lenters and Cook, 1999).

4. Discussion

4.1. Eastern tropical Pacific

From the eastern equatorial Pacific to southern Peru, most
marine records indicate cooler conditions, suggesting a shallower
thermocline and a strengthened Walker circulation. This is
consistent with lower lake level recorded in the Galapagos Islands
(Colinvaux, 1972), since cool oceanic conditions tend to decrease
coastal rainfall. Two studies based on fossil mollusc assemblages
(Sandweiss, 1986) and fish otolith d18O (Andrus et al., 2002)
propose an opposite scenario for the Peruvian coast and are at the
centre of an old controversy. Mangroves have disappeared today
from Siches, northern Peru (Figs. 2 and 3). Their presence, revealed
by mollusc remains in the mid-Holocene, was interpreted by
Sandweiss (1986) and Sandweiss and Richardson (1996) as indi-
cating warmer and moister conditions. However, a mangrove
ecosystem still exists further south (5�30’S) near Sechura
(Barrionuevo and Marcial, 2006), in drier and cooler conditions
than prevail in Siches, suggesting that mangrove could have grown
at the site in mid-Holocene, even in a drier environment. Andrus
et al. (2003) argued e in response to Béarez et al. (2003) e that
the depleted values of oxygen isotopes recorded in fish otoliths
from Siches reflect warmer conditions and could not be due to fish
incursions into estuaries because there are no real estuaries in this
part of the Peruvian coast. However, the coastal conditions were
different at 7 ka when the sea level wasw1 m higher than today in



Fig. 2. Map of the south American Pacific coast showing the location of the modern and archaeological sites studied where mollusc shells were collected. For every location, annual
mean isotopic values obtained from modern shells and fossil shells are compared. d18O values were corrected from ice volume effect as indicated in Table 1. Systematic errors (dark
grey) include ice effect uncertainty and potential advective salinity changes. Statistical errors (light grey) depend on the sample size and proxy uncertainties and were estimated
from Monte Carlo simulations (E). The Ostra value is an average of Perrier et al. (1994) values and Houk’s (2002) values. The timescale corresponds to calibrated ages (Table 2).
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Peru and lower valleys were not yet filled by sediment (Wells and
Noller, 1999). Sea water could thus enter much further inland in
the mid-Holocene, creating salinity gradients over several kilo-
metres where fishes could have perhaps migrated. New elements
are provided by the unpublished results of Nicholas (1996) and
Houk (2002): isotopic data measured in mangrove mollusc shells
from Siches clearly demonstrate cooler and/or drier conditions in
the mid-Holocene (Table 3, Fig. 2). This result is consistent with the
paleoclimatic records of the equatorial Pacific (Colinvaux, 1972;
Koutavas et al., 2002; Kienast et al., 2006; Koutavas and Sachs,
2008) supporting La Niña-like mean conditions.
At Ostra, Sandweiss (1986) and Sandweiss and Richardson
(1996) also concluded that the ocean was warmer throughout the
year because of the presence of tropical mollusc species. However,
several authors have argued that this presence in themid-Holocene
was due to a long sand spit enclosing a shallow bay with limited
connection to the open sea where warm conditions could persist
locally (De Vries andWells, 1990; Perrier et al., 1994; De Vries et al.,
1997). Substantially enriched isotopic values (Fig. 2) in fossil shells
(including tropical species) (Perrier et al., 1994; Houk, 2002) have
helped to solve this debate in that they can only be explained by
evaporative conditions as observed in a shallow lagoon or by an



Table 3
Mollusk isotopic data from Perrier et al. (1994), Nicholas (1996), and Houk (2002).
All shells are aragonitic.

Species Ref. # Mean d18O
(&/V-PDB)

Species Ref. # Mean d18O
(&/V-PDB)

Puerto Pizarro, modern Siches, mid-Holocene
C. subrugosab PT 1-14 �1.88 C. subrugosab PV 7-19

IB7
�0.60

C. subrugosab,c 2PT1 �2.12 C. subrugosab PV 7-19
IIB3a

�0.90

A. tuberculosab AT 5-1 �1.95 C. subrugosab PV 7-19
IIB3b

�1.00

A. tuberculosab AT 5-2 �1.87 A. tuberculosab PV 7-19
IIB3a

�0.45

A. tuberculosab PV 7-19
IIB3b

�0.10

P. ecuatorianab PV 7-19
IB4bi

�0.60

P. ecuatorianab PV 7-19
IB6b

�0.73

P. ecuatorianab PV 7-19
IB7

�1.10

P. ecuatorianab PV 7-19
IIB4a

�0.56

P. ecuatorianab PV 7-19
IIB4b

�0.95

Chimbote, modern Santa, mid-Holocene
T. procerumb,c TP 1-12 �1.11 T. procerumc OBC V-1-C

2i-2ib
0.22

T. procerumb 3TP1-1b �0.47 C. broggia CP-124 0.50
Samanco, modern C. broggia CP-121 0.79
T. proceruma CP-164.1 �0.69 C. broggia CP-104 0.93
T. proceruma CP-164.2 �1.54 C. broggia CP-67 0.34

C. broggia CP-126 0.96
C. broggia CP-124 0.88
C. broggia P-278 0.78
T. proceruma CP-120 1.03
T. proceruma CP-71 0.92
T. proceruma CP-124 1.09
T. proceruma CP-106 0.88
T. proceruma CP-164 �0.27
T. dombeia CP-126 0.70
T. dombeia P-279 0.53
C. stercusmuscaruma CP-124 1.59
C. stercusmuscaruma CP-113 1.57
T. proceruma CP-71 0.15
T. proceruma CP-106.1 0.00
T. proceruma CP-106.2 0.40
T. proceruma CP-120 0.13

a Analysed by Perrier et al. (1994).
b Analysed by Nicholas (1996).
c Analysed by Houk (2002).

Table 2
Mesodesma donacium isotopic data.

Shell Mean d18O
(&/V-PDB)

Number
of years

Shell Mean d18O
(&/V-PDB)

Number
of years

Rio Ica, modern Rio Ica, Mid-Holocene
ICA-1 0.32 2 IN-N2-1 0.34 1.5
ICA-3 0.46 2 IN-N2-2 0.98 1
ICA-4 0.32 1.5 IN-N2-3 0.29 2
ICA-5 0.38 2 IN-N3-2 0.58 1
ICA-6 0.09 2 IN-N3-3 0.21 1
ICA-7 0.24 1 IN-N4-1 0.26 1
ICA-8 0.51 2.5 IN-N4-2 0.16 1
ICA-9 0.35 1 IN-N5-1 0.27 1
ICA-10 0.06 2 IN-N5-2 0.39 1
ICA-11 0.00 1.5 IN-N6-1 0.53 1.5
ICA-12 0.35 2 IN-N6-2 0.51 1.5
ICA-13 0.28 1 IN-N6-3 0.43 1.5
ICA-14 0.12 2 IN-N7-1 0.57 2
ICA-15 �0.04 1.5 IN-N7-2 0.67 1.5
ICA-16 0.32 1.5 IN-N7-3 0.48 1

IN-N8-1 0.67 2
IN-N8-2 0.61 2
IN-N8-3 0.56 1.5
IN-N9-1 0.47 1.5
IN-N9-2 0.68 1.5

Llostay beach, modern QLB, Mid-Holocene
brmd24 0.27 2 N2i1 1.26 1
brmd25 0.07 1 N2i3 1.21 1
Lyl1 0.14 1.5 N2i8 1.04 1
Lymd2 0.12 1.5 N2i9 1.60 1
Lymd3 0.18 1 N2i13 1.22 1
Lymd4 0.06 1 N2i11 1.50 1
Lymd5 �0.22 1 N2i16 1.40 1
Lymd6 �0.05 1 N2i18 1.56 1.5
Lymd7 0.00 1 N2i19 1.03 1
Lymd8 �0.03 1 N2i20 1.30 1
Lymd9 0.55 1 N2i21 1.38 1
Lymd10 �0.18 1 N2i26 1.42 1
Lymd11 �0.07 1 N2i27 1.39 1
Lymd12 �0.19 1 N2i28 1.35 1.5
Lymd13 �0.19 1.5
Lymd14 0.05 1
Lymd15 �0.17 1

Los Vilos, modern LV158, mid-Holocene
PLA-1 0.17 2 LV-158-N5_1 0.48 1
PLA-2 0.28 1 LV-158-N4_1 0.56 1
PLA-3 0.29 1.5 LV-158-N3_1 0.53 1
PLA-4 0.31 1 LV-158-N2_1 0.45 1
PLA-5 0.26 1 LV-158-N1_1 0.48 1

LV 098B, Early Holocene
Pullali, 1983 NAGB-N7_1 0.63 1
PU1 �0.09 1 NAGB-N9_1 0.60 1

NAGB-N11_1 0.79 1
NAGB-N13_1 0.66 1
NAGB-N15_1 0.54 1
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extreme 6 �C cooling that tropical species could not cope with.
These data indicate that the anomalous mollusc assemblages at
Ostra do not reflect open sea conditions. Further south, between
15�S and 18�S, the coastal upwelling was also stronger as shown by
cooler SSTs and increased marine reservoir ages (Fontugne et al.,
2004). Terrestrial evidence for the increased influence of coastal
fogs also supports this conclusion (cf. Fontugne et al., 1999). The
cooling seemsmuch larger at QLB than at Rio Ica (Fig. 2), whichmay
indicate a spatial reorganization of coastal upwelling cells. Near-
shore SST gradients along the Peruvian coast are more determined
by the position of the upwelling centres than by latitude. For
instance, despite the general latitudinal SST gradient, modern
coastal SSTs are warmer at QLB (18�S) than at Rio Ica (15�S) because
the former is located outside an upwelling cell and the latter inside.

It is interesting to note that themid-Holocenewas characterized
in Peru as a period of low marine sedimentation rates and low
productivity (Rein et al., 2005; Makou et al., 2010) despite stronger
upwelling. Thus, millennial scale primary productivity changes off
Peru would be more determined by the fertilization from conti-
nental input than by the upwelling intensity, as it was shown in
Chile by Dezileau et al. (2004).

Paleoclimate records from the eastern equatorial Pacific asso-
ciated with mollusc shell isotopic records from the Peruvian coast
yield consistent results showing cooler mean conditions in the cold
tongue and along the coast, characterizing a shallower mean
position of the thermocline, increased wind stress and coastal
upwelling, as observed today during La Niña conditions.

4.2. ChileePeru coast

Paleoclimate records from the central coast of Chile yield a more
complex picture. On one hand, fossil pollen records from conti-
nental archives clearly indicate strongly increased aridity during
the mid-Holocene (Villagran and Varela, 1990; Maldonado and
Villagrán, 2002, 2006; Villa-Martínez et al., 2003), consistent



Table 4
Data synthesis.

Reference Site Coordinates Proxy Results for the mid-Holocene

Eastern Pacific
Koutavas et al. (2002) 1 V21-30 1�130S; 89�400W Foram Mg/Ca w1 �C cooler, La Niña-like

Koutavas and Sachs (2008) 1 V21-30 1�130S; 89�400W UK0
37 index w0.1 �C cooler

2 V19-27 0�280S; 82�40W UK0
37 index w1 �C cooler

3 V19-28 2�220S; 84�390W UK0
37 index w0.5 �C cooler

4 V19-30 3�230S; 83�310W UK0
37 index w0.4 �C cooler

Kienast et al. (2006) 5 ME0005A-24JC 0�1,30N; 86�27,80W Uk37 w1 �C cooler
Lea et al. (2006) 6 TR163-22 0�30.90N; 92�23.90W Foram Mg/Ca Similar temperature
Andrus et al. (2002) 7 Siches 4�300S; 81�170W Otoliths d18O w3e4 �C warmer
Béarez et al. (2003) response to

Andrus et al. (2002)
Light d18O values due to fish
incursions into estuaries rather
than warming.

Houk (2002) Mollusk d18O Cooler and/or dryer conditions
Sandweiss and Richardson (1996) 8 Ostra 8�550S; 78�380W Mollusk assemblages Warmer
De Vries et al. (1997), response to

Sandweiss and Richardson (1996)
Tropical molluscs presence were
due to coastal lagoons rather than
tropical mean conditions

Perrier et al. (1994) Mollusk d18O Cool/dry or evaporative (lagoon)
conditions

Fontugne et al. (2004) 9 QLB 18�10S ; 70�500W Mollusk/charcoal 14C Increased marine reservoir age.
Increased upwelling

This study 10 Rio Ica 14�520S; 75�340W Mollusk d18O w1 �C cooler
9 QLB 18�10S; 70�500W w4 �C cooler

11 Los Vilos 31�520S; 71�310W w1 �C cooler

Mohtadi et al. (2004) 12 GeoB 7112-5 24�020S; 70�490W Diatoms Decreased productivity, higher
rate of tropicalesubtropical diatoms

Kaiser et al. (2008) 13 GeoB 7139-2 30�120S; 71�590W UK037 index w2 �C warmer. Low vegetation.
Increased productivity

Kim et al. (2002) 14 GIK 17748-2 32�450S; 72�020W UK037 index w2e3 �C warmer
Ortlieb et al. (2011) 15 Multiple coastal sites from

Southern Peru to Central Chile
16�200Se23�340S Mollusk/charcoal 14C Increased marine reservoir age

Galapagos Islands
Colinvaux (1972) 16 El Junco Lake 0�530S; 89�280W Pollen Lower lake level
Conroy et al. (2008) Lake sediment Drier conditions

Central Chile coast
Villagran and Varela (1990) 17 Quereo 31�500S; 71�300W Pollen and sediments Aridity

18 Quintero 32�470S; 71�320W

Maldonado and Villagrán (2006) 19 Palo Colorado 32�050S; 71�300W Pollen Extreme aridity

Villa-Martínez et al. (2003) 20 Laguna Aculeo 33�500S; 70�550W Pollen Aridity
Jenny et al. (2002) Lake sediments Low lake level

South Brazil
Behling et al. (2004) 21 Cambara do Sul 29�030S; 50�060W Pollen Warm and long dry season
Behling and Negrelle (2001) 22 Fazenda do Pinto 29�240S; 50�340W Pollen Warm and long dry season

Behling (1995) 23 Serra do Rio Rastro 28�230S; 49�330W Pollen Warm and long dry season
24 Morro de Igreja 28�110S; 49�520W Pollen Warm and long dry season
25 Serra de Boa vista 27�420S; 49�090W Pollen Warm and long dry season

Behling and Negrelle (2001) 26 Volta Vehla 26�040S; 48�380W Pollen Transition toward modern
humid conditions

Behling (1997a) 27 Serra campos Gerais 24�400S; 50�130W Pollen Warm and long dry season
Behling (1998) 28 Botucatu 22�480S; 48�230W Pollen Warm and long dry season
Behling (1997b) 29 Morro de Itapeva 22�470S; 45�320W Pollen Warm and long dry season
Behling et al. (2007) 30 Serra do Bocaina 22�420S; 44�340W Pollen Transition toward modern

humid conditions
Ledru et al. (2009) 31 Colonia 23�520S; 46�420W Pollen Drier

Zech et al. (2009) 32 Chasico 38�240S; 62�510W Paleosoil Drier
33 D4 27�230S; 55�310W Paleosoil Drier

Iriarte 2006 34 Los Ajos 33�420 S; 53�570W Pollen Drier
Cruz et al. (2005) 35 Botuvera cave 27�130S; 49�090W Speleothem Weaker summer monsoon
Cruz et al. (2006) 36 Santana cave 24�310S; 48�430W Speleothem Weaker summer monsoon

Western slope of the central Andes
Holmgren et al. (2001) 37 Multiple sites near Arequipa ca. 16�100S; ca. 71�480W Rodent middens Wetter
Placzek et al. (2001) 38 Lake Aricota 17�220S; 70�170W Diatomites Wetter
Betancourt et al. (2000) 39 Tilomonte springs 23�400S; 68�080W Wetland deposits Wetter
Rech et al. (2003) 40 Quebrada Puripica 22�470S; 48�050W Wetland deposits Wetter
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with stronger coastal upwelling as indicated by cooler waters
nearshore (Fig. 2) and increased marine reservoir ages (Fontugne
et al., 2004; Ortlieb et al., 2011). On the other hand, significantly
warmer (2e3 �C) SSTs were reconstructed from diatom assem-
blages frommarine sediment cores off Chile at 24�S (Mohtadi et al.,
2004) and from alkenone unsaturation indices at 30�S (Kaiser et al.,
2008), 32�S (Kim et al., 2002), and 41�S (Lamy et al., 2002). Non-
thermal influences on alkenone SSTs, such as those presented in
Prahl et al. (2006) and Popp et al. (2006), or a change in the season
of maximum coccolithophorid production from winter to summer
in this subtropical-to-mid-latitude region cannot explain the mid-
Holocene warming observed in four sediment cores over 1100 km
off the Chilean coast.

The alkenone-derived high SSTs close to, or within the direct
influence of the coastal Chilean upwelling seem inconsistent with
cooler conditions from southern Peru to the Galapagos, since these
waters are connected through the PerueChile equatorward current
(PCC) and the PerueChile poleward counter current (PCCC) (Fig. 3)
that induce a continuity in the latitudinal SST gradient (Wyrtki,
1967; Strub et al., 1998). The overall conditions reconstructed
seem robust but do not fit El Niño/La Niña-like patterns as observed
today. The reconstructed pattern involving cooler waters nearshore
and warmer conditions w40 km offshore implies strengthened
seaward SST gradients as observed today during the austral
summer season (Strub et al., 1998). Evidence from other sectors of
the southern hemisphere indicates that the southern westerlies
and the subtropical front were displaced poleward during the mid-
Holocene (Peeters et al., 2004), and by as much as 5� south along
the Chilean coast (Verleye and Louwye, 2010). This increased
distance from the westerly storm track added to the strengthened
subtropical anticyclone appears to have resulted in extreme aridity
in Central Chile (Maldonado and Villagrán, 2006).

The PCC is fed today by surface waters from the southern
subtropical front, a latitudinal band comprised between 40�S and
45�S characterized by a strong latitudinal SST gradient overlapping
southern subtropical waters and surface subantarctic waters (Strub
et al.,1998). A possible effect of themid-Holocene southward shift of
the subtropical front is the increased relative influence of southern
subtropical waters compared to subantarctic waters in the equa-
torwardPCC, increasing thus theaverage temperatureof the current.
Warmer conditions prevailed on the continent both locally, as
indicated by pedological studies (Veit, 1996), and regionally, as
shown by Andean ice cores (Thompson et al., 1995, 1998). The
resulting increased landesea temperature difference would have
modified the longshore windfields, contracting the coastal
upwelling strip as described byRutllant et al. (2003) and resulting in
increased seaward SST gradient. This proposed scenario is still
speculative and would need to be checked by additional SST
reconstructions fromalternative paleo-SST proxies from the Chilean
margin, as well as paleo-SST reconstructions from the Peruvian
margin. In the highly complex Chilean coastal oceanographic
system, this apparently contradictory paleo-SST pattern could have
been also the result of other mechanisms such as a change in the
cloud cover-SST feedback.

4.3. Western slope of the Andes

While the Chilean coast experienced warm and arid conditions,
wetter conditions have been reconstructed at mid-altitude
(w2000e3300 m a.s.l.) on the nearby Andean slope from rodent
Fig. 3. Map of South America with modern annual mean precipitation (gray scale) and mode
ITCZ and the southern Westerlies are indicated. Selected Regions with strong ENSO teleconn
cool, increased reservoir age, and identified with numbers reported in Table 4. (For interpret
version of this article).
middens and wetland deposits (Table 4, Fig. 3). There is a highly
significant negative correlation between summer precipitation in
the western Andes and SST anomalies in the eastern tropical Pacific
(Garreaud, 1999; Vuille et al., 2000). During La Niña phases, upper
troposphere easterlies are increased and favour summer precipi-
tation in thewesternAndes by turbulent entrainment of lower-level
winds, whereas westerlies anomalies during El Niño periods inhibit
moisture advection from the east (Vuille et al., 2000). 14C dated
organic deposits indicate high lake level from 8 to 3 ka in the Salar
de Atacama (Betancourt et al., 2000; Rech et al., 2003) and from 7 to
2.8 ka in southern Peru (Placzek et al., 2001). Based on an analogy
with modern climate, these authors concluded to persistent La
Niña-like mean conditions during the middle Holocene.

4.4. Southern Brazil

Rainfall variability in southern Brazil is strongly related to the
eastern tropical Pacific. The Atlantic dipole influence on the precipi-
tation is strong over the Amazon basin, but lower than the ENSO
forcing in South Brazil according to a recent study (Pezzi and
Cavalcanti, 2001). Actual precipitation exhibits weak seasonality in
this area (Grimm, 2003). Total annual rainfall is around 1000 mmand
distributed year-round, with summer rainfall (DecembereMarch)
being related to the SouthAmericanMonsoon convection andwinter
rainfall (JuneeSeptember) being largely resulting from cyclonic
extratropical influence (Grimm, 2003; Garreaud et al., 2009). Pollen
records from southern Brazil suggest the permanence of a long dry
season in the mid-Holocene, where there is today no dry season
(Behling et al., 2004) and a strong depletion of the rainforest where
the dry season is short (Ledru et al., 2009). The existence of a long dry
season that strongly affected the vegetation suggests that winter
rainfall favouredbyElNiñoconditions todaywere strongly reduced in
the mid-Holocene. Araujo et al. (2005) attribute the relative scarcity
of human occupation during this periode referred to as the “Archaic
Gap” e to increased aridity. d18O records from speleothems from
Botúvera Cave (Cruz et al., 2005) and Santana Cave (Cruz et al., 2006)
show decreased monsoon rainfall in the early and mid-Holocene,
likely as a result of weaker summer insolation in the southern
hemisphere. Mid-Holocene aridity in southern Brazil is a very robust
result supported by all the paleoclimate proxy records. Summer
precipitation was likely reduced in response to weaker convection,
whereas winter precipitationwere almost suppressed by a strength-
enedAtlantic subtropical anticyclone associated to LaNiña-likemean
conditions revealed in the south eastern Pacific.

4.5. Middle Holocene teleconnections

How the average climate signal is influenced by the interannual to
decadal variability is also an important issue. Several paleoclimatic
studies suggest reduced El Niño activity during the mid-Holocene
(Rodbell et al.,1999;Tudhopeet al., 2001;Koutavas et al., 2006),which
could partly contribute to a more La Niña-like average signal in the
proxy records. However, reservoir ages and coastal SSTs reconstructed
in Peru suggest that the coastal upwelling mean intensity was even
stronger in themiddle Holocene than duringmodern La Niña phases.

ENSO Teleconnections are barely stable at decadal timescale
(Aceituno and Montecinos, 1993), and therefore important changes
should be expected at millennial timescales. Atmospheric circula-
tion and heat and moisture transport were deeply modified in the
tropics during the mid-Holocene, and would have likely changed
rn annual mean SSTs (colour scale). Eastern Pacific currents, the modern position of the
ections are circled. Mid-Holocene sites are located with symbols for dry/humid, warm/
ation of the references to colour in this figure legend, the reader is referred to the web
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the relationship between SSTs and precipitation over South
America, as suggested by simulation experiments (Jorgetti et al.,
2006). However, this synthesis of terrestrial proxy records
provides a coherent picture of the South American regions mean
climate during the mid-Holocene that appears very similar to
a modern La Niña-like pattern, consistent with oceanic records
from the Pacific. This consistency between the Eastern Pacific SST
pattern and the continental precipitation pattern suggests that
atmospheric teleconnections between the eastern tropical Pacific
and the four studied regions were similar during the middle
Holocene. The atmospheric and oceanic circulation in the eastern
Pacific favoured aridity along the South American Pacific coast from
central Chile to the Galapagos as well as in southern Brazil, and
increased precipitation on the western slope of the Andes. This
would not apply to regions such as the high Andes and northern
South Americawhich are under the strong influence of the ITCZ and
the South American monsoon, which were strongly affected by
seasonal insolation parameters.

5. Conclusions

New isotopic data presented here from the Peruvian and Chilean
coast indicates that coastal SST changes during the mid-Holocene
werew1e4 �Ccooler than todayasa resultofan intensifiedSoutheast
Pacific Subtropical Anticyclone, a strengthened PerueChile Current
and increased coastal upwelling. Together with SST reconstructions
from the Eastern Equatorial Pacific and with increased marine
reservoir age reconstructed in Chile and Peru, these results support
apersistent LaNiña-likemeanstate in thesoutheasternPacificduring
the middle Holocene. Warmer waters reconstructed off Chile from
alkenones indicate increased seaward SST gradient, and a change in
the complex coastal oceanic circulation along the Chilean coast.Most
climate models simulations forced with mid-Holocene insolation
yield cooling in the eastern tropical Pacific and increased zonal SST
gradients (Bush, 1999; Clement et al., 1999; Otto-Bliesner, 1999; Liu
et al., 2000; Zhao et al., 2005), and thus climate models and proxy
data yield qualitatively consistent results in the Eastern Pacific.

Terrestrial proxy data were reviewed from four South American
areas (Galapagos, the central Chilean coast, Southern Brazil, and the
western slope of the central Andes) selected to differentiate between
regional eastern tropical Pacific and global climate influences. They
all indicate precipitation changes similar to modern La Niña anom-
alies, suggesting similar middle Holocene atmospheric tele-
connections between these regions and the eastern tropical Pacific.

The middle-Holocene was a period of higher temperature in the
northern hemisphere (Kaufman et al., 2004), primarily in response to
high latitude orbital forcing. Although the mid-Holocene warming is
not a perfect analogue to the actual greenhouse warming because
different forcings are involved, the results presented here tend to
support a La Niña-like response of the tropical Pacific to a warmer
world. This speculative scenario is at odds with most model simula-
tions but is supported by observations of strengthening trend in the
coastal upwelling systems in California (Bakun, 1990; Schwing and
Mendelssohn, 1997), Morocco (McGregor et al., 2007) and Chile
(Vargas et al., 2007).
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