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Holocene history of ENSO variance
and asymmetry in the eastern
tropical Pacific
Matthieu Carré,1* Julian P. Sachs,2 Sara Purca,3 Andrew J. Schauer,4 Pascale Braconnot,5

Rommel Angeles Falcón,6 Michèle Julien,7 Danièle Lavallée8

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 past 10,000 years
derived from oxygen isotopes in fossil mollusk shells from Peru. We found that ENSO
variance was close to the modern level in the early Holocene and severely damped
~4000 to 5000 years ago. In addition, ENSO variability was skewed toward cold events
along coastal Peru 6700 to 7500 years ago owing to a shift of warm anomalies toward
the Central Pacific. The modern ENSO regime was established ~3000 to 4500 years
ago. We conclude that ENSO was sensitive to changes in climate boundary conditions
during the Holocene, including but not limited to insolation.

T
he El Niño–Southern Oscillation (ENSO)
represents the largest natural perturbation
to the global climate on an interannual
time scale, affecting ecosystems and eco-
nomies globally. Predicting how the am-

plitude and spatial pattern of ENSO will change
in response to evolving radiative forcing from the
buildup of greenhouse gases in the atmosphere
is a scientific challenge (1) that requires knowl-
edge 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 past decade has been that changes in in-
solation 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 isotope (d18O)
records from the Line Islands in the central Pa-
cific showing large variability in the amplitude
of ENSO variance over the past 7000 years, but
no significant difference between the middle
Holocene and the past millennium (5). Fur-
thermore, 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). We used a technique based
on d18O variations in fossil mollusk shells from
the coast of Peru (7) to quantify changes in the
amplitude and spatial pattern of ENSO through
the Holocene.
We reconstructed the distribution of ENSO-

related sea surface temperature (SST) anomalies
in the eastern tropical Pacific frommonthly records
of d18O values in fossilMesodesma 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 col-
lected from radiocarbon-dated intervals at seven
coastal archaeological sites (8) between 11.7 °S and
18.1 °S (Fig. 1, fig. S1, and table S1). M. donacium
has been gathered and consumed by fishermen
for more than 10,000 years (9), resulting in an-
thropogenic 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, ensuring the fidelity
of d18O values (figs. S9 and S10) (8). Previous cal-
ibrationwork has demonstrated thatM. donacium
shells faithfully record 1 to 4 years of SST varia-
bility with ~1month resolution (Fig. 1C), yielding
quantitative estimates of the seasonal SST range
(DT) in the coastal water (10). By analyzing a ran-
dom sample of shells from a single depth interval
that encompasses several decades or centuries of
accumulation, the mean, variance, and skewness
of coastalDT is obtained, as validatedwithmodern
specimens (7). A rigorous evaluation of the stan-
dard error for the mean, variance, and skewness
of coastal DT was conducted with a series of
pseudo-proxy Monte Carlo simulations that took
into consideration the uncertainties associated
with isotopic analyses, sampling within climate
variability, mesoscale spatial variability, and shell
growth, enabling the statistical significance of
results to be ascertained (11).
Peruvian surf clams share similarities with

corals as paleoclimate proxies in that the sea-
sonality of SST can be resolved (5), and with in-
dividual foraminifera (12), because a sample of
several specimens is required to statistically ex-
tract ENSO characteristics. M. donacium shells
record ENSO variance resulting from La Niña
anomalies and moderate El Niño anomalies but
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. Nevertheless,
the distribution of DT from a sample of modern
shells, though truncated, accurately captures
the positively skewed distribution of ENSO in
the eastern Pacific (7). Our composite Holocene
record from 180 mollusk shells and seven ar-
chaeological sites thus yields a quantitative re-
construction of mean annual SST, mean DT, as
well as ENSO variance and skewness for coastal
Peru. Because the variance of coastal Peruvian
DT is highly correlated with the variance of SST
anomalies in the Niño1+2 region [correlation
coefficient (r) = 0.85], var(DT) in Peru can be
used as a reliable indicator of ENSO variance in
the eastern tropical Pacific (7).
Mean annual SST was significantly lower

4.5 thousand years ago (ka) to 9.6 ka than today,
especially in southern Peru, where SSTs were
~3°C cooler (Fig. 2A). These cooler conditions
imply an increase in the intensity of coastal up-
welling (13, 14). Although highly variable, the
seasonal range of SST (DT) was significantly
reduced compared with 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
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9.5 ka (Fig. 2B). Furthermore, ENSO variability,
as derived from the variance of DT, was higher
in the late 20th century than at any other sam-
pled interval of the Holocene, even excluding the
influence of the 1982–1983 and 1997–1998 ex-
treme El Niño events (Fig. 3A). The lowest ENSO
variance in the eastern tropical Pacific occurred
at ~4.7 ka (55% reduction, 82% confidence level)
(Fig. 3A).
A Holocene minimum in ENSO variance 4 to

5 ka is supported by a sedimentary record of
d18O values in individual planktonic foraminif-
era from near the Galápagos that also indicates
highly variable conditions throughout the Hol-
ocene, interrupted by a period of low foraminif-
eral d18O variance 4 to 5 ka (Fig. 3C) (12). In
addition to interannual SST variability, however,
the variance of foraminiferal d18O in marine sed-
iments is influenced by decadal variability and
changing precession-driven seasonality. In the
central Pacific, coral d18O records indicate lower
than modern ENSO variance during the Holo-
cene, with large variations before 6 ka and after
3 ka and a minimum in ENSO variance 3 to 5 ka
(5). Although the latter result is not statistically
significant in light of the full data set (5), its ro-
bustness is now increased by the consistent var-
iance reduction observed in our Peru mollusk
record and the foraminiferal record from the
Galapagos (12). Further support for low ENSO
variance in the 4- to 5-ka time period comes from
a 175-year coral d18O record from Christmas Is-
land, which indicated a 79% reduction of ENSO
variance in the central Pacific ~4.3 ka (15). A net-
work of evidence thus supports the occurrence
of a substantial multicentennial reduction of
ENSO variance 4 to 5 ka across the Niño3.4 and
Niño1+2 domains.
ENSO variance recorded by Peru mollusks 6

to 10 ka was variable but not statistically differ-
ent 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
~5 ka (19–21)—a conclusion based largely on the
analysis of clastic sediments in Lake Pallcacocha
(19,20).However, clastic sediments inhighAndean
Lakes have recently been reinterpreted 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 theWestern and Eastern Pacificmay in fact
be indicative of changes in the spatial pattern
of ENSO.
Two spatial modes of ENSO variability have

been described, defined bymaximum SST anom-
alies localized in the central Pacific (CP) or east-
ern 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 distribu-
tion of SST anomalies (Fig. 1A). The CPmode tends
to produce moderate El Niño events centered in

1046 29 AUGUST 2014 • VOL 345 ISSUE 6200 sciencemag.org SCIENCE

Fig. 1. The Peruvian archaeological shell middens. (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 ofmonthly SSTanomalies for the 1950–2010 period is represented by
isolines, and the EPpattern of ENSOas defined in (32) is represented bycolor shades. For this analysis, the
NOAANCEP Global Reyn_SmithOIv2 product thatmerges satellite and station data (33) was used (NCEP,
National Centers for Environmental Prediction). (B) Picture of the northern part of the Ica-IS2 archae-
ological shell midden in the lower Ica valley, Peru (8). (C) Illustrative example of a M. donacium cross
section and its associated monthly isotopic record converted to SST (shell ICA-1) (8).

Fig. 2. Holocene
reconstruction of mean
annual SSTand seasonal
SSTrange from fossil
mollusk d18O values on
the Peru coast. (A) Mean
SSTvalues obtained from
individual shells (open
diamonds). For each
shell midden, the average
SSTwas represented
over the occupation time
span (thick horizontal line,
prolonged by a thin
line for the 1s calibration
interval).The standard
error (T1s) of reconstructed
SSTs is represented by
blue bars for the central
coast and red bars for
the southern coast of Peru
(fig. S1). A second error
bar (T1s) incorporates any
potential systematic error
introduced by calibration
of the mollusk d18O SST
proxy plus uncertainty in the correction for ice volume
effects on ocean d18O (8, 11). The level of confidence (LOC) that reconstructed values of mean annual
SST are significantly different from modern SSTs (Student’s t test) is indicated by black bars in the
bottom of both (A) and (B), with the dotted line indicating the 90% LOC. (B) Seasonal ranges of
M. donacium shell d18O normalized to the modern mean value. Individual shells record one to eight
successive DTvalues (open 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 in-
dicated as in (A).
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the CP and strong La Niña events, resulting in a
negatively skewed distribution 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 Holo-
cene, except for the period 6.7 to 7.5 ka, when a
significant shift (95% confidence level) toward
negative skewness occurred (Fig. 3E). This result
implies that the SST variability in the EP at that
time was driven by cold anomalies, and that warm
anomalies in the Niño1+2 region were less fre-
quent and/or intense. A possible explanation for
this pattern may be a predominantly CPmode of
ENSO 6.7 to 7.5 ka.
This hypothesis is supported by a record of

flood events from the Peru margin (Fig. 3B) (27).
High lithic concentrations (exceeding 4s of the
signal) in a sediment core from the continental
shelf off central Peru record coastal floods due to
extreme El Niño events that are 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 eight large flood events before
8 ka and 14 after 4 ka (Fig. 3B), which is also con-
sistent with earlier studies of flood-related debris
flow deposits in Peru (16, 17, 29). This is in agree-
ment with the mollusk d18O data indicating
strong ENSO activity dominated by the EP mode
before 8 ka and after 4 ka. From 6.7 to 7.5 ka, on
the other hand, the complete absence of flood
events contrastswith the substantial thoughweaker
ENSO variance reconstructed from mollusk shells.
This apparent disagreement can be most sim-
ply explained by a predominance of the CPmode
of ENSO at that time, as implied by the negative
skewness of the DT distribution (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 ex-

tent to which changes in the climatic mean state
influence ENSO variability. Long unforced climate
simulations exhibit multidecadal, internally gen-

erated 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- and 9.5-ka insolation produce
a cooling and reduced DT in the eastern Pa-
cific, along with reduced ENSO variance (3, 4).
The simulated impact of insolation is consist-
ent with the mean annual and seasonal range
of SST derived from Peru mollusks, but not for
ENSO variance, which themollusks indicatewas
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 to 10 ka by the influence
of melting ice sheets (31). Although the low ENSO
activity 4 to 5 ka is consistent with precession-
al forcing, the shift of ENSO asymmetry 6.7 to
7.5 ka points to factors within the climate sys-
tem influencing changes in the spatial pattern
of ENSO.
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lithic concentrations in excess
of 4s of the detrended signal
in the SO147-106KL sediment
core (26) (supplementary
text).The level for the very
stong El Niño events in
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indicated with gray shading
for comparison. (C) d18O
variance of individual
Globigerinoides ruber
planktonic foraminifera in
core V21-30 from near the
Galápagos (12). (D) ENSO
variance inferred from d18O
values of fossil corals from
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Palmyra, Fanning, and
Christmas (5), normalized
by the modern variance at
each location (8). (E) Skew-
ness of DT inM. donacium
shell samples (this study)
with standard errors (T1s),
indicating the relative contri-
bution of CP and EP ENSO
modes. LOC is shown as
in Fig. 2A.
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HUMAN MICROBIOTA

Longitudinal analysis of microbial
interaction between humans and the
indoor environment
Simon Lax,1,2* Daniel P. Smith,1,2,3* Jarrad Hampton-Marcell,1,2 Sarah M. Owens,2,4

Kim M. Handley,1,2 Nicole M. Scott,1,2 Sean M. Gibbons,2,5 Peter Larsen,6,7

Benjamin D. Shogan,8 Sophie Weiss,9,10 Jessica L. Metcalf,9 Luke K. Ursell,9,11

Yoshiki Vázquez-Baeza,9,11,12 Will Van Treuren,9 Nur A. Hasan,13,14 Molly K. Gibson,15,16,17

Rita Colwell,13,14 Gautam Dantas,15,16,17 Rob Knight,9,11,18 Jack A. Gilbert1,2,5†

The bacteria that colonize humans and our built environments have the potential to
influence our health. Microbial communities associated with seven families and their
homes over 6 weeks were assessed, including three families that moved their home.
Microbial communities differed substantially among homes, and the home microbiome
was largely sourced from humans.The microbiota in each home were identifiable by family.
Network analysis identified humans as the primary bacterial vector, and a Bayesian
method significantly matched individuals to their dwellings. Draft genomes of potential
human pathogens observed on a kitchen counter could be matched to the hands of
occupants. After a house move, the microbial community in the new house rapidly
converged on the microbial community of the occupants’ former house, suggesting
rapid colonization by the family’s microbiota.

T
he global trend toward urbanization has
increasingly bound humanity, as a species,
to the indoor environment (1, 2). We spend
much of our time in our homes but know
little about how microbial transmission in-

fluences the home and its occupants. Each hu-
man maintains a specific microbial “fingerprint”
(3–7), which should transfer to a new indoor
space with skin shedding, respiratory activity,
and skin-surface contact (8), the latter of which
can transfer millions of microbial cells per event
(9). The microbial diversity of the home likely
affects immune defense (10) and disease trans-
mission (11) among its residents, so that tracking
how people microbially interact with the indoor
environment may provide a “road map” to de-
fining the health in our homes.
In the Home Microbiome Project (www.

homemicrobiome.com),wemicrobiallymonitored
seven ethnically diverse U.S. families and their
homes over 6 weeks by sampling their skin- and
home-surface bacterial communities. Eighteen
participants were trained in the collection of
1625 microbial samples from body and home
sites of interest over a 4- to 6-week period from
10 houses (table S1), three dogs, and one cat. For

three families, samples were taken immediate-
ly before and after moving to a new home. Ap-
proximately 15 million high-quality 16S rRNA V4
amplicons represented 136,957 distinct opera-
tional taxonomic units (OTUs) (97% nucleotide
identity). We subsampled this database at 2500
sequences per sample, omitting OTUs represented
by <10 reads, which yielded 4 million sequences
comprising 21,997 OTUs (97% identity) from 1586
samples.
Samples from different sites within the same

home differed less than samples from the same
site in different homes [analysis of similarities
(ANOSIM)R = 0.210, P < 0.0001 versus R = 0.408,
P < 0.0001]. A density plot of weighted UniFrac
distances between all home and human samples
(Fig. 1A) showed that microbial communities
of human hands, noses, and bare feet resemble
those of home surfaces. However, microbial com-
munities found on home surfaces varied less than
those found on humans. In each analyzed home
surface, themicrobial communities of different
houses differed significantly (P < 0.0001) (Fig. 1B),
but the extent depended on the surface sam-
pled and was highest for floor environments
(ANOSIM R = 0.757 and 0.716 for kitchen and

bedroom floors, respectively), whereas door-
knobs were the most similar (R = 0.379 for front
and 0.402 for bedroom doorknob). ANOSIM tests
of the differences between the microbial com-
munity structure (weighted UniFrac) of the sur-
faces of each of the three pre- and postmove
house combinations (homes 5, 6, and 7) were
insignificant, suggesting rapid colonization of
the new home by the microbial signature of the
family. Strikingly, one of the premove homes
was a hotel room.
Humans sharing a home were more micro-

bially similar than those not sharing a home,
with samples taken from the same individual
having the greatest similarity (Fig. 1C). Of the
three human environments analyzed in this study,
foot samples were differentiated most by home
(R = 0.542) and least by hand samples (R = 0.261).
Hand samples were also least differentiated by
individual (R = 0.406), and nose samples dif-
fered most between individuals (R = 0.683).
ANOSIM statistics were robust to sequencing
depth, with rarefaction to even 100 reads per
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