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Otolith 5180 Record of 
Mid-Holocene Sea Surface 

Temperatures in Peru 
C. Fred T. Andrus,1* Douglas E. Crowe,1 Daniel H. Sandweiss,2 

Elizabeth J. Reitz,3 Christopher S. Romanek1 4 

Peruvian sea catfish (Galeichthys peruvianus) sagittal otoliths preserve a record 
of modern and mid-Holocene sea surface temperatures (SSTs). Oxygen isotope 
profiles in otoliths excavated from Ostra [6010 ? 90 years before the present 
(yr B.P.); 8?55'S] indicate that summer SSTs were -3?C warmer than those of 
the present. Siches otoliths (6450 ? 110 yr B.P.; 4?40'S) recorded mean annual 
temperatures -30 to 40C warmer than were measured under modern condi- 
tions. Trophic level and population diversity and equitability data from these 
faunal assemblages and other Peruvian archaeological sites support the isotope 
interpretations and suggest that upwelling of the Peru-Chile current intensified 
after -5000 yr B.P. 

Evidence that modem El Nifio-Southem Oscil- 
lation (ENSO) conditions (e.g., Pacific SSTs, 
precipitation, and frequency of El Nifio warm 
events) began after the mid-Holocene is in- 
creasing. Ecuadorian lake sediments record 
lower frequency ENSO before 5000 yr B.P. (1, 
2). Western Pacific coral oxygen isotope (8`8O) 
and Sr/Ca data document warmer western Pa- 
cific SSTs, increased evaporation -5350 yr 
B.P. (3), and decreased ENSO -6500 yr B.P. 
(4). Western Pacific terrestrial pollen records 
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suggest that ENSO was less active before 
-4000 yr B.P. (5). Ice cores from Huascaran, 

Peru, indicate that the local climate was warmer 
than the modem climate from 8400 to 5200 yr 
B.P. (6). Thermally anomalous molluscan as- 
semblages (TAMAs) and tropical fish in Peru- 
vian middens north of 10?S suggest that there 
were warmer SSTs in the eastern Pacific from 
-8000 to 5000 yr B.P. (7, 8). Model results for 
6 and 11 thousand years ago suggest a slightly 
warmer annual mean SST along the coast of 
Ecuador and northern Peru than at present (9). 

In contrast, some ENSO climate models 
incorporating seasonality changes caused by 
perihelion timing indicate a cool eastern Pa- 
cific before 5000 yr B.P. (10, 11). Field 
evidence of a cool mid-Holocene eastern Pa- 
cific includes Peruvian coastal geomorphol- 
ogy and soils that suggest persistent aridity 
(12, 13). Advocates of this position argue that 
TAMAs (7, 8) resulted from restricted warm- 
water embayments protecting species that 

would otherwise not survive in the cool open 
ocean (8, 12, 14). 

The lack of quantitative seasonal SST data 
from mid-Holocene northern coastal Peru 
makes it difficult to resolve these different 
interpretations (7, 11). Our otolith data pro- 
vide SST reconstructions that indicate that 
the eastern Pacific at -6000 yr B.P. was 
seasonally warmer than today along the cen- 
tral coast of Peru and warmer year-round 
along the northern coast of Peru. 

Otoliths are aragonite (CaCO3) structures 
in fish used for acoustic perception and bal- 
ance. They grow incrementally from the en- 
dolymph in alternating opaque and translu- 
cent bands that reflect biological and envi- 
ronmental growth conditions (15). Previous 
studies show that otolith aragonite precipi- 
tates in oxygen isotope equilibrium with sea- 
water (16). The exchange reaction is temper- 
ature dependent; thus, the j180 composition 
of the otolith can be used as a temperature 
proxy (16, 17). 

The archaeological sites of Ostra (6250 + 
250 to 5160 ? 60 yr B.P.) and Siches 
(6590 ? 90 to 4930 ? 80 yr B.P.) are central 
to interpretations of warm eastern Pacific 
SSTs from 8000 to 5000 yr B.P. (7, 8). Ostra 
is currently in a warm-temperate area, and 
Siches is transitional between the warm-trop- 
ical Panamanian and the cooler warm-tem- 
perate Peru-Chile provinces (Fig. 1). Both 
sites contain well-preserved otolith assem- 
blages of several species, including Galeich- 
thys peruvianus (7, 18). 

G. peruvianus was selected for analysis 
because it does not migrate, even in response 
to seasonal or ENSO-related SST changes. 
Typically, Ariidae catfish remain in near- 
shore habitats (19). They have large otoliths 
containing biannual growth banding, thus 
making them amenable to microsampling 
(Fig. 2). Modem G. peruvianits were caught 
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near Pimentel (n = 3 fish; 60501S) in July 
1997, and near Huanchaco (n = 7 fish; 
-8010tS) in July 1998 and 1999, during and 

after the strong 1997-1998 ENSO event (Fig. 
1), thus documenting the wide temperature 
tolerance of the fish. 

Otoliths were analyzed for 8180 by infra- 
red laser microprobe (20) and conventional 
methods (21) to test the fidelity of the otolith 
temperature proxy (22). Seasonal variations 
were recorded in all otoliths sampled at 
6-month or higher resolution (21, 22). The 
stacked record of modem otolith 8180 

(b81otolith) values varies in good agreement 
with what would be expected from observed 
SSTs, and both the 1991-1992 and 1997- 
1998 El Nifio warm events were recorded as 
significant negative excursions in the 8180 -> 

180totolith profiles (Fig. 3A) (23). The influ- 
ence of fresh water on the 8180 > 5180 otolith 
profiles was minimal based on comparisons 
with modeled 180 otolithvalues derived from 
SST records from Puerto Chicama (80S), 
measured water 8.180 (S180water), and the 
experimentally determined paleotemperature 
equation for aragonite (22-24). This is not 
surprising given the steep shore face and low 
stream discharge on this desert coast. 

The same methods used in the analysis of 
modern otoliths were applied to otoliths ex- 
cavated from archaeological sites. Seven oto- 
liths from Ostra were analyzed at a temporal 
resolution of 4 to 6 months. Figure 3B shows 
a representative Ostra S18Otolith record. The 
mean 8180 of these otoliths is -0.5 per mil 
(%o) (lIc = 0.5), with a mean seasonal 8180 

range of 1.6%o (lc = 0.6). 
Five otoliths from Siches were analyzed at 

the same temporal resolution. Figure 3C 
shows one representative Siches S18Otolith 

record. The mean 8180 of these otoliths is 
-1.6%o (lIc = 0.1), with a mean seasonal 
8180 range of 1%o (lu = 0.2). 

Figure 3D depicts averaged 8180 > 
180 otolith seasonal oscillations from both 

sites as well as modem collections. Ostra 
180 otolithvalues are 0.5%o lower than those 

of modem otoliths. A t test comparing mod- 
em and Ostra mean 8180 _> 180 otolithvalues 
indicates that this difference is insignificant 
(P = 0.774, n = 17 otoliths). Seasonal 8180 

> 518otolith variation is -0.6%o greater in 
Ostra otoliths as compared to modem oto- 
liths. A t test of average seasonal variability 
based on the mean difference between 8180 

values in adjacent biannual bands shows that 
this difference is marginally significant (P = 
0.044, n = 17 otoliths). Differences in sum- 
mer 8180 ->180OOtolith values are significant 
(P = 0.013, n = 68 summer increments, 17 
otoliths), with Ostra 8180 > 180otolith val- 
ues being more negative. Winter differences 
are insignificant (P = 0.385, n = 70 winter 
increments, 17 otoliths). 

Siches 5180 ....th> 518OOolt values are 

-I%o more negative than model 5180 values 
(the 1989-1999 mean = -0.8%o, average 
seasonal range = 0.8%o) derived from Paita 
SST data (22). The significance of this 
change cannot be measured against modem 
otoliths collected farther south, but the range 
of mean 5180 > 51800t01iff values (-1.7 to 
2.2%o) is one-half of the difference between 
measured and modeled data, indicating that 
the otolith data are robust. The seasonal range 
of 8180 .> 5180 tolith in Siches otoliths is 
similar to that of modem values. 

Considering other contemporaneous pa- 
leoclimate data (2-7), and the match between 
the observed and modeled 5180 toith data, the 

most plausible explanation for the archaeo- 
logical 180otolith values is warmer summer 
SSTs at Ostra and nearly tropical conditions 
near Siches in the early mid-Holocene. 

Alternative explanations are less tenable. It 
is unlikely that freshwater influx produced the 
negative excursions in bl80tolith values. G. pe- 
nrvianus avoids freshwater rivers in Peru; and 
precipitation, even during large ENSO events, 
would not dilute open coastal waters enough to 
affect S180water values (21). Furthermore, for 
5180 variation to cause the measured water 
5180 toith values, it would have to vary season- 
ally at Ostra while remaining consistently more 
negative at Siches as compared to modern con- 
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Fig. 2. Photomicrograph of a modern otolith in thin section. The field of view is -1 cm. 8180 values 
follow ontogeny. 
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Fig. 3. x axes represent time from birth (left) to death (right). y axes are 818Q%o relative to PDB. 
Horizontal bars at the bottom indicate the macroscopic increment type as seen in transmitted light. 
White, austral winter; black, austral summer. Precision limits are equal to the size of data points in 
(B) and (C). (A) Composite mean of 10 modern otoliths. The 1991-1992 and 1997-1998 El Ninos 
are labeled with arrows. Solid circles represent 8180otolith; vertical lines represent la- from mean. 
Open circles represent 818Omodel. (B) Plot of one Ostra otolith; -6 year record. (C) Plot of one 
Siches otolith; -8 year record. (D) Seasonal 8180 variation, based on mean values of light and dark 
bands, from modern otoliths (dashed line), Ostra otoliths (thin line), and Siches otoliths (thick line). 
A 1-year period beginning and ending in the austral summer is shown. 

ditions. Such systematic variation in 618?0,., 
is unlikely. It is also unlikely that G. peruvianus 
behavior has changed since -6000 yr B.P. to 
produce the observed 8180 '8IOotohth values 
at both sites. There is no evidence of ontoge- 
netic migration in the modem or ancient isotope 
profiles, and modem fish of all size classes 
were caught in the same habitat. Thus, fish 
movement is unlikely to produce the observed 
variation in the archaeological otoliths. 

However, these fish are not sessile, and 
their 6180 > 6'8Ootolith profiles reflect a 
mean of the local waters in which they de- 
velop. The temperature record they preserve 
is not derived from a single potentially anom- 
alous microclimate but reflects general coast- 
al conditions in a region. Each otolith records 
the specific SST conditions under which the 
fish grew. As SST varies spatially even with- 
in the limited range of this fish, so do the 
6180 > 680otolith profiles among otoliths, 
but individual otolith SST histories from the 
same area can be combined to form an inte- 
grated regional temperature history. 

The distribution of other taxa excavated 
from the Ostra and Siches sites supports the 
interpretation that the 6'8Ootolith values are a 
result of SST change. Ostra contains 60% 
warm-tropical and 40% warm-temperate ver- 
tebrate taxa [based on the minimum number 
of individuals (MINI)], and Siches contains 
90% warm-tropical taxa (7, 18). These distri- 
butions are consistent with pronounced sea- 

sonal SST variation at Ostra and a nearly 
tropical climate at Siches. 

Warmer and more seasonal SSTs indicate 
diminished upwelling of the cool Peru-Chile 
current in northern Peru before 5000 yr B.P. 
This would alter the trophic structure of fin- 
fish populations, so that lower trophic level 
species would be proportionally less abun- 
dant in the early mid-Holocene than at 
present, and the diversity and equitability of 
the taxa would be diminished. To test this 
hypothesis, the MNI of vertebrate taxa from 
all occupation periods of Ostra and Siches 
(18) were compared to the taxa from post- 
5000 yr B.P. sites (25-27) of Alto Salaverry 
and Pampa de Las Llamas-Moxeke (Fig. 1). 
Mean taxonomic diversity (28), equitability 
(29), and trophic level (30-32) all decreased 
after 5000 yr B.P. (Fig. 4), as indicated by 
greater numbers of anchovies in the more 
recent sites. These observations are consis- 
tent with the picture obtained from the otolith 
data. 

Others have interpreted TAMAs at Ostra 
to be the result of a partially or completely 
enclosed embayment that provided a warm 
microclimate adjacent to a cool Pacific, per- 
mitting warm-temperate and warm-tropical 
taxa to coexist (12-14). However, the warm- 
tropical and warm-temperate mollusk assem- 
blages are not contemporaneous, as demon- 
strated by age dates (8, 33). Positive 618O 

values in TAMAs from the former Ostra 

4 2.5 

2 o~~~~~~~~~ 6 50 2500 

3.- 

03 

0 

H- 2.5 ~ ~ ~~~~~~-0.5? 

2 I0 
6500 3500 
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Fig. 4. Plot of mean trophic level, diversity, and 
equitability of vertebrate marine taxa at sites 
through time (x axis). At left, they axis represents 
the trophic level (triangles). At right, the y axis 
represents the taxonomic diversity (diamonds) 
and equitability (squares). Sites, ranging from old- 
est to most recent, are as follows: Siches, Ostra, 
Siches-Lower Honda, Siches-Upper Honda, Alto 
Salaverry, and Pampa de Las Llamas-Moxeke. 

embayment may indicate evaporative condi- 
tions (34). Our otolith data show more neg- 
ative values, indicating that they record oce- 
anic conditions. Further, Siches is not near 
any former embayment or river, so geomor- 
phic explanations do not apply to data from 
that site. Therefore, invertebrate and verte- 
brate faunal assemblages at Ostra and Siches, 
and other similar assemblages that persist in 
the archaeological record from ~-8000 to 
5000 yr B.P., north of 10?S latitude (7, 8), are 
best explained by SST change recorded in 
otoliths excavated from these sites. 
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Abrupt Decrease in TropicaL 
Pacific Sea Surface Salinity at 

End of LittLe Ice Age 
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Malcolm T. McCulloch,' Janice M. Lough,2 Peter J. Isdate2 

A 420-year history of strontium/calcium, uranium/calcium, and oxygen isotope 
ratios in eight coral cores from the Great Barrier Reef, Australia, indicates that 
sea surface temperature and salinity were higher in the 18th century than in 
the 20th century. An abrupt freshening after 1870 occurred simultaneously 
throughout the southwestern Pacific, coinciding with cooling tropical temper- 
atures. Higher salinities between 1565 and 1870 are best explained by a 
combination of advection and wind-induced evaporation resulting from a 
strong latitudinal temperature gradient and intensified circulation. The global 
Little Ice Age glacial expansion may have been driven, in part, by greater 
poleward transport of water vapor from the tropical Pacific. 

The Little Ice Age (LIA) appears in most 
Northern Hemisphere paleoclimate recon- 
structions as multiple, century-scale periods 
of anomalously cold, dry conditions between 
the 15th and late 19th centuries (1-4). Gla- 
cial advances in both hemispheres (1) and 
enhanced polar atmospheric circulation (5) 
suggest that the LIA was a global-scale event. 
With the exception of the Quelccaya ice core 
record from equatorial Peru (6), however, the 
sparse reconstructions of the LIA available 
from the tropics and Southern Hemisphere 
fail to identify synchronous cold periods (7, 
8). An alternative scenario is that cooling 
during the LIA was restricted to higher lati- 
tudes (9, 10). We examine the nature of the 
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LIA in the tropical southwestern Pacific since 
1565 using coral proxies to reconstruct sea 
surface temperature (SST) and salinity 
(SSS), the key indicators of climate change 
within the tropical ocean-atmosphere system. 

We present 420-year records of three cor- 
al paleoclimate tracers, 6180, Sr/Ca, and 
U/Ca, constructed from replicated measure- 
ments of eight cores from massive Porites sp. 
colonies (Fig. 1). The cores were collected at 
seven reefs, 12 to 120 km apart, from the 
central Great Barrier Reef (GBR), Australia 
[for details and site maps, see (11)]. The use 
of multiple cores allows us to test the fidelity 
of individual tracers over century time scales 
and to establish regional-scale proxy climate 
signals. Coral 8180, the most frequently used 
coral climate proxy tool, reflects a combina- 
tion of SST and the seawater 8180 composi- 
tion. The latter responds to changes in SSS 
caused by shifts in seawater 8180 produced 
by evaporation and freshwater input. By us- 
ing parallel measurements of the coral paleo- 

thermometers Sr/Ca and U/Ca to determine 
SST, we are able to separate SST variation 
from changes in seawater 6180 (12, 13). This 
approach allows us to resolve both SST and 
SSS over the past four centuries. 

Five-year bulk increments were sampled 
for equivalent periods across all eight cores 
after cross-dating with ultraviolet (UV) flu- 
orescent bands; x-radiography was used to 
reveal annual density banding (14). Fine 
powder was milled from 2-mm square-sec- 
tion grooves along the center of the coral 
growth axis, homogenized, and subsampled 
for stable isotope and trace element analysis 
(15). Figure 1 shows the replicated measure- 
ments combined into a composite record, 
with the variability between corals shown as 
a 95% confidence envelope calculated for 
each pentannual interval (16). Individual 
6180 records reproduce not only the century- 
scale trends in the composite 8180 recon- 
struction but also decadal variations of up to 
0.269oO, capturing on average 72% of the 
shared 6180 signal. Intercoral variability is 
greater between individual Sr/Ca and U/Ca 
records, which share on average 33% and 
26%, respectively, of the common variance. 
When converted to temperature by applying 
accepted SST-slope calibrations (17, 18), the 
Sr/Ca record is better constrained than the 
U/Ca record (Sr/Ca, ?0.3?C; U/Ca, +0.5?C). 
This intercoral Sr/Ca variability is equivalent 
to that found between high-resolution s'eason- 
al records from Porites colonies at sites close 
to those used here (13, 17). However, multi- 
ple Sr/Ca or U/Ca records are required to 
reconstruct decadal to century-scale SST sig- 
nals, which in the GBR are one-tenth the size 
of seasonal variations. 

The Sr/Ca and U/Ca composite records, 
converted to SST anomalies (SSTA), are ver- 
ified against GISST2.2 (19) for the 10 grid at 
18?S, 146?E (resampled to 5-year averages, 
1905 to 1985). Linear regressions are signif- 
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