
 
Reports 

 
 

The El Niño-Southern Oscillation (ENSO) represents the largest natural 
perturbation to the global climate on an inter-annual time scale, impact-
ing ecosystems and economies globally. Predicting how the amplitude 
and spatial pattern of ENSO will change in response to evolving radia-
tive forcing from the buildup of greenhouse gases in the atmosphere is a 
scientific challenge (1) that requires knowledge of the character of 
ENSO under a range of climate boundary conditions as observed during 
the Holocene epoch. 

A central paradigm of ENSO-mean state studies for the last decade 
has been that changes in insolation resulting from cyclical changes in 
Earth’s orbital geometry exert a strong control on ENSO (2–4). This 
hypothesis was recently called into question by a series of coral oxygen 
LVRWRSH��į18O) records from the Line Islands in the central Pacific show-
ing large variability in the amplitude of ENSO variance over the last 7 
kyr, but no significant difference between the middle Holocene and the 
last millennium (5). Furthermore, no reconstructions of ENSO have yet 
been able to document changes in the spatial pattern of ENSO that are 
now recognized to account for an important component of its global 
teleconnections (6). Here we use a technique based on oxygen isotope 
variations in fossil mollusk shells from the coast of Peru (7) to quantify 
changes in the amplitude and spatial pattern of ENSO through the Holo-
cene. 

We reconstructed the distribution of ENSO-related sea surface tem-
perature (SST) anomalies in the eastern tropical Pacific from monthly 
UHFRUGV�RI�į18O values in fossil Mesodesma donacium shells on the coast 
of Peru. M. donacium is a fast growing aragonitic bivalve that inhabits 
the surf zone of sandy beaches. Well-preserved shells were collected 

from radiocarbon-dated intervals at 7 
coastal archaeological sites [e.g., (8)] 
between 11.7 °S and 18.1 °S (Fig. 1, 
fig. S1, and table S1). M. donacium has 
been gathered and consumed by fish-
ermen for more than 10,000 years (9), 
resulting in anthropogenic shell mounds 
up to 10 m in height along the Peruvian 
coastal desert (figs. S2 to S8). Shells 
were generally perfectly preserved 
owing to extremely arid conditions, 
HQVXULQJ� WKH� ILGHOLW\� RI� į18O values 
[e.g., (8), figs. S9 to S10]. Previous 
calibration work has demonstrated that 
M. donacium shells faithfully record 1-
4 years of SST variability with ~1 
month resolution (Fig. 1C), yielding 
quantitative estimates of the seasonal 
667� UDQJH� �ǻ7�� LQ� WKH� FRDVWDO� ZDWHU�
(10). By analyzing a random sample of 
shells from a single depth interval that 
encompasses several decades or centu-
ries of accumulation, the mean, vari-
DQFH�� DQG� VNHZQHVV� RI� FRDVWDO� ǻ7� LV�
obtained, as validated with modern 
specimens (7). A rigorous evaluation of 
the standard errors of the mean, vari-
DQFH�� DQG� VNHZQHVV� RI� FRDVWDO� ǻ7�ZDV�
conducted with a series of pseudo-
proxy Monte Carlo simulations that 
took into consideration the uncertainties 
associated with isotopic analyses, sam-
pling within climate variability, 
mesoscale spatial variability, and shell 
growth, enabling the statistical signifi-
cance of results to be ascertained (11). 

Peruvian surf clams share similarities with corals as paleoclimate 
proxies in that the seasonality of SST can be resolved (5), and with indi-
vidual foraminifera (12), since a sample of several specimens is required 
to statistically extract ENSO characteristics. M. donacium shells record 
ENSO variance resulting from La Niña anomalies and moderate El Niño 
anomalies, but importantly, do not record extreme El Niño events. When 
coastal Peru SSTs warm dramatically (maximum anomaly of 7.7°C in 
January 1998 in Callao) mass mortality of M. donacium occurs. Never-
WKHOHVV�� WKH�GLVWULEXWLRQ�RI�ǻ7� IURP�D� VDPSOH�RI�PRGHUQ�VKHOOV�� WKRXJK�
truncated, accurately captures the positively skewed distribution of 
ENSO in the eastern Pacific (7). Our composite Holocene record from 
180 mollusk shells and 7 archaeological sites thus yields a quantitative 
UHFRQVWUXFWLRQ�RI�PHDQ�DQQXDO�667��PHDQ�ǻ7��DV�ZHOO�DV�(162�YDULDQFH�
and skewness for coastal Peru. Because the variance of coastal Peruvian 
ǻ7� LV� KLJKO\� FRUUHODWHG�ZLWK� WKH�YDULDQFH�RI�667�DQRPDOLHV� LQ� WKH�1i-
xR����UHJLRQ��5 �������YDU�ǻ7��LQ�3HUX�FDQ�EH�XVHG�DV�D�UHOLDEOH�LQGLFa-
tor of ENSO variance in the eastern tropical Pacific (7). 

Mean annual SST was significantly lower than today 4.5-9.6 ka, es-
pecially in southern Peru, where SSTs were ~3°C cooler (Fig. 2A). 
These cooler conditions imply an increase in the intensity of coastal 
upwelling (13, 14). Although highly variable, the seasonal range of SST 
�ǻ7��ZDV�VLJQLILFDQWO\�UHGXFHG�FRPSDUHd to the late 20th century during 
most of the Holocene, with reductions up to ~30% (equivalent to 
~1.1°C) 0.5, 4.7, 8.5 and 9.5 ka (Fig. 2B). Furthermore, ENSO variabil-
LW\��DV�GHULYHG�IURP�WKH�YDULDQFH�RI�ǻ7��ZDV�KLJKHU�LQ�WKH�ODWH���WK�FHn-
tury than at any other sampled interval of the Holocene, even excluding 
the influence of the 1982-83 and 1997-98 extreme El Niño events (Fig. 
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Understanding the response of the El Niño-Southern Oscillation (ENSO) to global 
warming requires quantitative data on ENSO under different climate regimes. Here 
we present a reconstruction of ENSO in the eastern tropical Pacific spanning the 
last 10 thousand years (ka) derived from oxygen isotopes in fossil mollusk shells 
from Peru. We find that ENSO variance was close to the modern level in the early 
Holocene and severely damped ~4-5 ka. In addition, ENSO variability was skewed 
toward cold events along coastal Peru 6.7-7.5 ka owing to a shift of warm anomalies 
toward the Central Pacific. The modern ENSO regime was established ~3-4.5 ka. We 
conclude that ENSO was sensitive to changes in climate boundary conditions 
during the Holocene, including, but not limited to insolation. 
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3A). The lowest ENSO variance in the eastern tropical Pacific occurred 
at ~4.7ka (55% reduction, 82% confidence level) (Fig. 3A). 

A Holocene minimum in ENSO variance 4-5 ka is supported by a 
VHGLPHQWDU\�UHFRUG�RI�į18O values in individual planktonic foraminifera 
from near the Galápagos that also indicates highly variable conditions 
throughout the Holocene, interrupted by a period of low foraminiferal 
į18O variance 4-5 ka (Fig. 3C) (12). In addition to inter-annual SST vari-
DELOLW\��KRZHYHU��WKH�YDULDQFH�RI�IRUDPLQLIHUDO�į18O in marine sediments 
is influenced by decadal variability, and changing precession-driven 
seasonality. In the cenWUDO�3DFLILF��FRUDO�į18O records indicate lower than 
modern ENSO variance during the Holocene, with large variations be-
fore 6 ka and after 3 ka, and a minimum in ENSO variance 3-5 ka (5). 
Although the latter result is not statistically significant in light of the full 
data set (5), its robustness is now increased by the consistent variance 
reduction observed in our Peru mollusk record and the foraminiferal 
record from the Galapagos (12). Further support for low ENSO variance 
in the 4-5 ka time period comes from a 175-\HDU�FRUDO�į18O record from 
Christmas Island, which indicated a 79% reduction of ENSO variance in 
the central Pacific at ~4.3 ka (15). A network of evidence thus supports 
the occurrence of a substantial multi-centennial reduction of ENSO vari-
ance 4-5 ka across the Niño3.4 and Niño1+2 domains. 

ENSO variance recorded by Peru mollusks 6-10 ka was variable but 
not statistically different from the Late Holocene. Our reconstruction 
combined with early Holocene dates of flood deposits in coastal Peru 
(16–18) challenge the hypothesis of little or no ENSO variance before 
~5ka (19–21), a conclusion based largely on the analysis of clastic sedi-
ments in Lake Pallcacocha (19, 20). However, clastic sediments in high 
Andean Lakes have recently been re-interpreted in terms of soil erosion 
from mountain glacier activity rather than from rainfall events associated 
with ENSO (22). The only reliable marine evidence for inactive ENSO 
in the early to middle Holocene is provided by corals from Papua New 
Guinea (23). Apparent disagreements between ENSO records from the 
Western and Eastern Pacific may in fact be indicative of changes in the 
spatial pattern of ENSO. 

Two spatial modes of ENSO variability have been described, defined 
by maximum SST anomalies localized in the central Pacific (CP) or 
eastern Pacific (EP) (24, 25). The EP mode tends to produce strong El 
Niño warming events in the East and moderate La Niña events. This 
well-known asymmetry between El Niño and La Niña events results in a 
positively skewed distribution of SST anomalies (Fig. 1A). The CP 
mode tends to produce moderate El Niño events centered in the central 
Pacific and strong La Niña events, resulting in a negatively skewed dis-
tribution of SST anomalies in Peru as shown by instrumental data (24–
26). The skewness of ENSO anomalies in fossil shell samples thus tracks 
past changes in the dominant spatial pattern of ENSO variability (8). 
Skewness values in the fossil record are positive and similar to modern 
conditions during most of the Holocene, except for the period 6.7-7.5 ka 
when a significant shift (95% confidence level) toward negative skew-
ness occurred (Fig. 3E). This result implies that the SST variability in 
the eastern Pacific at that time was driven by cold anomalies, and that 
warm anomalies in the Niño1+2 region were less frequent and/or in-
tense. A possible explanation for this pattern may be a predominantly CP 
mode of ENSO 6.7-7.5 ka. 

This hypothesis is supported by a record of flood events from the Pe-
ru margin (27) (Fig. 3B). High lLWKLF�FRQFHQWUDWLRQV��H[FHHGLQJ��ı�RI�WKH�
signal) in a sediment core from the continental shelf off central Peru 
record coastal floods due to extreme El Niño events typical of the EP 
mode (28). By indicating extreme El Niño events, this proxy thus fills 
the gap of ENSO variance that is not recorded by Peruvian mollusk 
shells (supplementary text). That record clearly shows the occurrence of 
8 large flood events prior to 8 ka and 14 after 4 ka (Fig. 3B), which is 
also consistent with earlier studies of flood-related debris flow deposits 
in Peru (16, 17, 29��� 7KLV� LV� LQ� DJUHHPHQW�ZLWK� WKH�PROOXVN� į18O data 

indicating significant ENSO activity dominated by the EP mode before 8 
ka and after 4 ka. From 6.7-7.5 ka, on the other hand, the complete ab-
sence of flood events contrasts with the significant though weaker ENSO 
variance reconstructed from mollusk shells. This apparent disagreement 
can be most simply explained by a predominance of the CP mode of 
(162�DW�WKDW�WLPH��DV�LPSOLHG�E\�WKH�QHJDWLYH�VNHZQHVV�RI�WKH�ǻ7 distri-
bution (Fig. 3E). CP El Niño events have a different teleconnection pat-
tern and do not generate rainfall anomalies on the Peruvian coast. 

A central question in climate science is the extent to which changes 
in the climatic mean state influence ENSO variability. Long unforced 
climate simulations exhibit multidecadal internally-generated changes in 
ENSO behavior (30). Our data indicate that changes in the character of 
ENSO during the Holocene persisted for centuries, exceeding the time 
scale of model-generated internal variability. We therefore surmise that 
ENSO is sensitive to external forcing. Climate models forced by 6 ka 
DQG�����ND� LQVRODWLRQ�SURGXFH�D� FRROLQJ�DQG� UHGXFHG�ǻ7� LQ� WKH�HDVWHUQ�
Pacific, along with reduced ENSO variance (3, 4). The simulated impact 
of insolation is consistent with the mean annual and seasonal range of 
SST derived from Peru mollusks, but not for ENSO variance, which the 
mollusks indicate was high in the early Holocene. Climate simulations 
have demonstrated that a freshwater flux into the North Atlantic could 
offset the impact of insolation on ENSO in the early Holocene (31). Our 
data support this scenario and imply that any tendency toward lower 
ENSO variance during the mid-Holocene insolation regime may have 
been counteracted 6.7-10 ka by the influence of melting ice-sheets (31). 
While the low ENSO activity 4-5 ka is consistent with precessional forc-
ing, the shift of ENSO asymmetry 6.7-7.5 ka points to factors within the 
climate system influencing changes in the spatial pattern of ENSO. 
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Fig. 1. (A) map of the central and eastern tropical Pacific indicating the location of shell middens (circles), sediment cores 
(triangles), and coral records (squares) discussed in the text. The skewness of monthly SST anomalies for the 1950-2010 
period is represented by isolines, and the eastern Pacific pattern of ENSO as defined in (32) is represented by color shades. 
For this analysis the NOAA NCEP EMC CMB GLOBAL Reyn_SmithOIv2product that merges satellite and station data (33) was 
employed. (B) Picture of the northern part of the Ica-IS2 archaeological shell midden in the lower Ica valley, Peru (8). (C) 
Illustrative example of a Mesodesma donacium cross section and its associated monthly isotopic record converted to SST 
(shell ICA-1, 8). 
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)LJ�����+RORFHQH�UHFRQVWUXFWLRQ�RI�PHDQ�DQQXDO�667�DQG�VHDVRQDO�667�UDQJH�IURP�IRVVLO�PROOXVN�į18O values on the 
Peru coast. (A) Mean SST values obtained from individual shells (open diamonds). For each shell midden, the average SST 
ZDV�UHSUHVHQWHG�RYHU�WKH�RFFXSDWLRQ�WLPHVSDQ��WKLFN�KRUL]RQWDO�OLQH��SURORQJHG�E\�D�WKLQ�OLQH�IRU�WKH��ı�FDOLEUDWLRQ�LQWHUYDO). The 
VWDQGDUG�HUURU� ���ı� of reconstructed SSTs is represented by blue bars for the central coast and red bars for the southern 
FRDVW�RI�3HUX� �ILJ��6����$�VHFRQG�HUURU�EDU� ���ı�� LQFRUSRUDWHV�DQ\�SRWHQWLDO�V\VWHPDWLF�HUURU� LQWURGXFHG�E\�FDOLEUDWLRQ�RI� WKe 
PROOXVN�į18O SST proxy pluV�XQFHUWDLQW\�LQ�WKH�FRUUHFWLRQ�IRU�LFH�YROXPH�HIIHFWV�RQ�RFHDQ�į18O (8, 11). The level of confidence 
(LOC) that reconstructed values of mean annual SST are significantly different from modern SSTs (student t test) is indicated 
by black bars in the lower portion of both panels, with the dotted line indicating the 90% LOC. (B) Seasonal ranges of M. 
donacium VKHOO�į182�QRUPDOL]HG�WR�WKH�PRGHUQ�PHDQ�YDOXH��,QGLYLGXDO�VKHOOV�UHFRUG�RQH�WR�HLJKW�VXFFHVVLYH�ǻ7�YDOXHV��RSHQ�
diamonds) (8). For each shell midden, average values and standard errors were represented as in (A). The Horizontal dashed 
line represents modern conditions. LOC are indicated as in (A). 
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Fig. 3. Holocene records of ENSO from the eastern and 
central Tropical Pacific Ocean. (A) Normalized variance of 
ǻ7� YDOXHV� LQ� PROOXVN� VKHOO� VDPSOHV� �WKLV� VWXG\�� LQGLFDWLQJ�
(162� YDULDQFH� LQ� WKH� 1LxR���� UHJLRQ�� ZLWK� ��ı� VWDQGDUG�
errors (grey boxes). LOC are indicated as in Fig. 2A. (B) 
Extreme flood events in coastal Peru inferred from lithic 
cRQFHQWUDWLRQV�LQ�H[FHVV�RI��ı�RI�WKH�GHWUHQGHG�VLJQDO�LQ�WKH�
SO147-106KL sediment core (26) (Supplementary online 
text). The level for the very stong El Niño events in 1982-83 
and 1997-98 is indicated by grey shading for comparison. (C) 
į18O variance of individual G. ruber planktonic foraminifera in 
core V21-30 from near the Galápagos (12). (D) ENSO 
YDULDQFH� LQIHUUHG� IURP�į18O values of fossil corals from the 
Northern Line Islands of Palmyra, Fanning, and Christmas 
(5), normalized by the modern variance at each location (8). 
(E�� 6NHZQHVV� RI� ǻ7� LQ� M. donacium shell samples (this 
VWXG\�� ZLWK� VWDQGDUG� HUURUV� ���ı��� LQGLFDWLQJ� WKH� UHODWLYH�
contribution of CP and EP ENSO modes. LOC is shown as in 
Fig. 2A. 
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