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A 22,000-Year Record of 
Monsoonal Precipitation from 

Northern Chile's 
Atacama Desert 
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Fossil rodent middens and wetland deposits from the central Atacama Desert (22° 
to 24°S) indicate increasing summer precipitation, grass cover, and groundwater 
levels from 16.2 to 10.5 calendar kiloyears before present (ky B.P.). Higher elevation 
shrubs and summer-flowering grasses expanded downslope across what is now the 
edge of Absolute Desert, a broad expanse now largely devoid of rainfall and 
vegetation. Paradoxically, this pluvial period coincided with the summer insolation 
minimum and reduced adiabatic heating over the central Andes. Summer precip­
itation over the central Andes and central Atacama may depend on remote tele-
connections between seasonal insolation forcing in both hemispheres, the Asian 
monsoon, and Pacific sea surface temperature gradients. A less pronounced episode 
of higher groundwater levels in the central Atacama from 8 to 3 ky B.P. conflicts 
with an extreme lowstand of Lake Titicaca, indicating either different climatic 
forcing or different response times and sensitivities to climatic change. 

The tropics are believed to be an important 
source of global climate variability at various 
time scales, yet their role is poorly understood. 
Ice age cooling (~5°C) of the tropics is now 
evident from many tropical ocean and land 
records (7), raising questions about climate 
forcing by high versus low latitudes. Precise 
chronologies of tropical climate change are be­
coming increasingly necessary to place empir­
ical constraints on competing theories and mod­
els. Here, we focus on monsoonal circulation 
and tropical rainfall over the central Andes. One 
measure of monsoonal circulation over the cen­
tral Andes is the variability of summer precip­
itation (December to March) that spills over 
from the Altiplano to the Atacama Desert, rep­
resenting the abrupt, tail end of the tropical 
rainfall belt. 

A history of vegetation change and ground­
water fluctuations was reconstructed from 14C 
dated fossil rodent middens (2) and wetland 
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deposits (3) at sites straddling the Tropic of 
Capricorn (23.5°N) in the central Atacama 
Desert (Figs. 1 and 2). In the Atacama, several 
rodents (Lagidium, Phyllotis, Abrocoma, and 
Octodontomys) make urine-hardened cave de­
posits rich in plant remains akin to North Amer­
ican packrat middens (2). Rodent middens af­
ford high taxonomic, spatial, and temporal res­
olution of past vegetation growing on dry hill-
slopes and in this study provide important 
evidence for seasonality of rainfall. Midden 
records, however, are stratigraphically discon­
tinuous and represent only snapshots of flora 
through time. In contrast, paleosprings, fed by 
precipitation in the Andes (>3500 m), have left 
behind diatomaceous wetland deposits (3) that 
provide a more continuous record of sustained 
hydrologic changes in the Atacama Desert. The 
two data sets are strongly complementary and 
together provide a record of paleoclimatic 
change that is unprecedented for the region. 

Most of the annual precipitation in the Ca-
lama and Salar de Atacama basins (Fig. 2) falls 
in summer but shifts to winter (June to Septem­
ber) only 200 km to the south (Fig. 1). This 
sharp gradient in seasonality is reflected in 
southern limits of —22° to 24°S for most plants 
that flower in summer versus northern limits of 
-25° to 27°S for those that flower in winter (4). 
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Vegetation zonation in the study area parallels 
orographic effects. The O°C mean annual iso- 
therm marks the upper limit of vascular plants at 
-4500 m. Between 3800 and 4500 m, mean 
annual precipitation of 150 to 230 mm supports 
Andean steppe grasses (Festuca ortophylla, 
Jarava jkgida, Stipa chiysophylla, and .Dey- 
euxia spp.) and cushion plants (Azorella com- 
pact~). Between 3200 and 3800 m, precipitation 
of 70 to 150 mm supports Tolar shrubs (Para- 
strephia spp., Chuquiraga spp., Lampaya me- 
dicinalis, Junellia seriphioides, and Fabiana 
spp.), columnar cacti (Trichocereus atacamensis 
and Oreocereus leucotvichus), and summer an- 
nuals (Poaceae and Asteraceae). Salt-tolerant 
shrubs (Atnplex imbricata), cushion cacti 
(Opuntia camachoQ, and a few annuals @or- 
aginaceae, Malvaceae, Portulacaceae, and So- 
lanaceae) characterize the Prepuna from 2600 to 
3200 m, where mean annual temperature is 
-lO°C and annual precipitation ranges from 20 

to 70 mm. The Prepuna gives way to the Abso- 
lute Desert, a vast, barren landscape that lacks 
vegetation because of years or decades without 
any rain. 

Plant macrofossils were identified from 49 
dated middens between 3200 and 2400 m. Most 
of the middens come fiom Lomas de Tilocalar 
and Lomas de Quilvar at the southeastern end of 
Salar de Atacarna (Fig. 2). Modem plant cover 
within 100 m of the middens, roughly the for- 
aging range of the rodents, is < 1% and is pro- 
duced by <five species. The total number of 
taxa identified across all middens was 41, and 
individual middens contained from 6 to 25 taxa. 
We focused on grass point occurrence (5) in 
fossil middens because local grasses are excel- 
lent indicators of both the amount and season- 
ality of past rainfall (Fig. 3); more importantly, 
grasses do not presently grow near any of our 
sites. 

The lack of middens from some intervals, 

such as 35 to 22 ky B.P., may reflect aridity and 
decreased midden production rather than sim- 
ple decay of older middens. Four middens, 
found under well-exposed ignimbrite boulders, 
dated >40 ky B.P., suggest that degradation of 
older middens is not a major issue. We cannot 
totally rule out preservation factors, however, 
so we limit our inferences to the past 22 ky B.P. 
The oldest midden with a finite date (22 ky 
B.P.) has low taxonomic richness and grass 
abundance (Fig. 3), compared with middens 
datedat 16.2, 13.2, and 12.5 kyB.P. Clustering 
of 15 middens between 11.8 and 10.5 ky B.P., 
with rich floras dominated by grasses (average 
point occurrence of 58%) and higher elevation 
shrubs, indicates that this was the wettest period 
of the past 22 ky. Midden floras between 16.2 
and 10.5 ky B.P. contain perennial C, steppe 
grasses (Stipa chiysophylla, Nasella arnrata, 
and Anatherostipa venusta), summer-flowering 
C, perennial grasses (Enneapogon desvauxii 
and Pappophorum sp.), C, annual grasses 
(Munroa decumbens, ~rist ida adscensionis, 
and Chondrosum simplex), summer annual 
herbs (Schkuhria multiflora and Tagetes multi- 
flora), and Tolai shrubs (Junellia seriphoides, 
Adesmia sp., and Krameria lappaceae) and cac- 
ti (Trichocereus sp.) that no longer occur at the 
midden sites. Nasella arcuata is now rare in the 
central Atacarna but common above 3800 m on 
the Bolivian Altiplano and in the Andes near 
the Peru-Chile border. Trichocereus sp. and all 
of the C, grasses and summer annuals today 
reach their southemmost limit within 50 km of 
the midden sites. Pappophorum sp., a common 
grass in southern Peru and northwestern Argen- 
tina, no longer occurs in northern Chile. 

Grass point occurrence drops below 5%, 

Fig. 1. Digital Elevation Map (DEM) of the subtropical Andes showing precipitation seasonality in 
the Atacama Desert and key sites. Approximate elevations are >4000 m (blue), 4000 to 3500 m 
(pink), 3500 to 3000 m, 3500 to 2500 m (brown), 2500 to 1000 (yellow), and <I000 m (green). 
Broad areas of pink denote the BolivianIPeruvian Altiplano. The steep north-south gradient in 
rainfall seasonality between 24" and 26"s is attributable to the extreme rain shadow imposed on Fig. 2. Location of rodent middens and wetland 
the easterly trades by the Chilean Andes in summer and the equally abrupt blocking of the southern deposits in the Calama and Salar de Atacama 
westerlies by the South Pacific Anticyclone in winter. basins. 
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and the total number of Tolar taxa declines Tolar taxa, and C4 grasses (most notably Aris-
sharply after 10.5 ky B.P. This pattern persists tida adscensionis and Pappophomm sp.), with 
until after 7.1 ky, when Tolar taxa (Tricho- noticeable increases in grasspoint occurrence at 
cereus sp., Krameria lappacea, and Junellia 6.2,5.1,4.8, and 3.9 ky B.P. Ten middens from 
seriphoides) reappear. Mid-Holocene middens 6.2 to 3.9 ky average -7% grass, whereas the 
resemble modem assemblages but are punctu- remaining eleven middens postdating 3.0 ky 
ated by more taxa, occasional appearances of B.P. average <2%. 

Fig. 3. Time series of 
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Fig. 4. Schematic of stratigraphic relations and ages (14C years) of wetland deposits and relative 
water-table heights at the Tilomonte springs complex. Dashed lines indicate reconstructed water 
levels. 

Paleowetland deposits at Tilomonte provide 
comparable evidence of hydrological changes. 
Tilomonte encompasses two adjacent spring 
complexes (Tarajne and Rio Tulh) at the base 
of the Andes between 2500 and 2700 m,<10 
km from the Lomas de Tilocalar and Lomas de 
Quilvar midden sites. Spring-related sediments 
are composed of fluvial sands and gravels, in-
terbedded with organic-rich diatomites, tufas, 
and silt deposited in wetlands. Radiocarbon 
dates on carbonized wood, organic matter en-
cased within tufas, and residual and humate 
fractions of organic mats provide a chronology 
of water-level fluctuations free from hard-water 
effects (6). Paleowetland deposits at Tarajne 
are higher above the current water table than 
those at Rio Tulh. The Tarajne deposits date 
between 15.4 and 9.0 ky B.P. (Fig. 4), thus 
recording when groundwater levels were high-
est during the late glacial-early Holocene. Af-
ter 9.0 ky B.P., the water table dropped to near 
modem levels. Between 8.2 and 3.0 ky B.P., 
paleowetland deposits within Rio Tulh  record 
a less pronounced water table rise of -1 1 m 
above the current levels (Fig. 4). Eleven meters 
of incision by Rio Tulh  accompanied a second 
water table drop between 3.0 and 0.8 ky B.P. 

Synchroneity between Tilomonte and three 
wetland records argues for shared paleohydro-
logic controls and rapid responses to climate 
changes in their collective recharge area, the 
Chilean Andes. Lake levels on the southern 
Altiplano just to the east of Salar de Atacama 
display changes (7, 8) synchronous with wet-
lands at El Tarajne. Lakes rose between 15.5 
and 14.0ky B.P., peakedbetween 12.8 and 10.3 
ky B.P., and disappeared between 9.5 and 9.0 
ky B.P. (8) (Fig. 5). Paleowetland deposits at 
Rio Loa, Rio Salado, and Quebrada Puripica, 
fed by stronglycontrasting hydrologic systems, 
also record the mid-Holocene discharge in-
crease seen at Tilomonte (9). 

The combined data from middens and wet-
land deposits provide a detailed and replicated 
record of climatic change during the past 22 ky 
B.P. The paucity of both kinds of deposits for 
the period 35 to 16.2 ky B.P. suggests either 
selective preservation or greater aridity that de-
creased both local vegetation and rodent activ-
ity and regional snowpack and *charge in the 
Chilean Andes. Between 16.2 and 10.5ky B.P., 
and particularly between 11.8 and 10.5 ky B.P., 
lowering of species ranges by up to 1000 m 
suggests that annual precipitation increased to 
-70 to 100 mm at our driest site (2600 m), 
which today receives -20 mm, and to 100 to 
150mm between 3000 and 3200 m, which now 
gets -50 to 70 mm. Southwarddisplacement of 
northern species and preponderance of sum-
mer-flowering herbs and C, grasses show that 
the precipitation increase happened in summer. 
Wetland deposits at Tilomonte identify higher 
groundwater levels between 15.4 and 9.0 ky 
B.P., consistent with increased precipitation in 
the Chilean Andes, but are not specific about 
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the seasonality of precipitation or time of max- 
imum recharge and discharge (Fig. 4). Greatly 
diminished grasses abundance and taxonomic 
richness suggest abrupt drying between 10.5 
and 10.3 ky B.P. (Fig. 3), whereas Tilomonte 
stratigraphy indicates lowering of the water ta- 
ble to modem levels between 9 and 8 ky B.P. 
(Fig. 4). After 8.0 ky B.P., the water table 
gradually rose until 3.0 ky B.P. This is consis- 
tent with slightly more mesic midden floras 
between 7.0 and 3.0 ky.The periods 9 to 8 ky 
B.P and after 3.0 ky B.P. mark times when 
vegetation and groundwater tables approached 
modem levels, perhaps the driest episodes in 
the past 22 ky B.P. 

Our well-dated record for the central Ata- 
cama differs in several respects from paleocli- 
matic reconstructions elsewhere in the central 
Andes. Such discrepancies are common in pa- 
leoclimatic records throughout the region and 
may arise from poor dating, differences in re- 
gional climatologies across the broad (0" to 
24"s) areas under discussion, or ambiguities 
between precipitation and temperature effects 
on glacial and lake budgets. For the past 22 ky 
B.P., the main disagreement is in the timing of 
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5 	3675 

3650 
0 5 10 15 20 

3255 iPurioica Wetlands D 

-	 Tulan Wetlands P 
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Fig. 5. Estimates (solid lines) of lake-level and 
water-table fluctuations reconstructed from 
calibrated 14C ages or inferred ages (diamonds) 
from (A) Salares de Coipaso and Uyuni (7 7), (B) 
Laguna Lejia in the High Atacama (7, 8) and (C 
t o  E) wetland deposits from Quebrada Puripica 
(9) and our study sites. 

maximum wetness and aridity since the Last 
Glacial Maximum. On the Bolivian Altiplano, 
maximum wetness is inferred from integration 
of the present Poopo, Coipasa, and Uyuni ba- 
sins into the Tauca Phase highstand (3760 m), 
forming a -50,000 krn2paleolake (lo, 11). The 
chronology for the Tauca Phase, based on 14C 
dates of lacustrine carbonates, shows that lake 
levels began rising at -18.4 ky B.P., reaching 
the highest stand between 16.2 and 14.0 ky B.P. 
Lake levels dropped sometime after 13.9 ky 
B.P. (Ticaiia Event), but a moderate-sized lake 
(Coipasa Event) apparently persisted until 9.5 
ky B.P. (1 1) (Fig. 5). Problems with hard-water 
effects on I4C dates and detrital contamination 
on U-series dates make the lake desiccation 
chronology uncertain. The relation between 
lake desiccation and deglaciation in the central 
Andes is poorly known. In the tropical Andes 
(0" to 15OS), rapid ice recession is documented 
by 12.8 ky B.P. (IZ), well before the period 
(11.8 to 10.5 ky B.P.) of maximum summer 
precipitation in the central Atacama. 

A clear discrepancy with other regional 
records is our inference for a wet phase between 
8 and 3 ky B.P., with groundwater discharge 
peaking between 5 and 3 ky B.P (Fig. 4). 
Although mid-Holocene middens contain most- 
ly summer-flowering species, we acknowledge 
the possibility that greater winter snowpack in 
the High Andes could have raised regional 
groundwater levels without substantially in- 
creasing precipitation in the Prepuna-Absolute 
Desert transition. The mid-Holocene wet period 
in the central Atacama contrasts with the ex- 
treme lowstand of Lake Titicaca (15" to 17OS), 
100 m below the present water level, between 
>6 and 3.8 ky B.P. (13), with high soluble and 
insoluble dust concentrations in the Sajama ice 
cores from 9000 to 3000 years ago (14), and 
with limnological evidence for drier conditions 
from Laguna Miscanti (15), just 30 km east of 
the Tilomonte spring complex (Fig. 2). Evi- 
dence for mid-Holocene aridity from Laguna 
Miscanti and other saline lakes on the Chilean 
Altiplano is uncertain because local 14C reser- 
voir effects require age corrections of several 
thousand years (7, 8). The Lake Titicaca low- 
stand, however, is well dated and corroborated 
among multiple lines of evidence in the irnme- 
diate vicinity of the lake (13). One exception is 
a wet episode between 4.5 and 3.9 ky B.P. 
recorded by fluvial terraces and shallow lakes 
along the Rio Desaguadero, the only outlet to 
Lake Titicaca (16). This wet episode was not 
registered in the Lake Titicaca cores but is 
evident in a pollen stratigraphy from Laguna 
Seca (-la's), 200 kin south of Lake Titicaca 
and only 30 km southwest of Sajama (1 7). 
Resolution of these discrepancies may rest on 
better defmition of response times and sensitiv- 
ities to climatic events of varying duration and 
magnitude for vegetation, small and large lakes, 
and alluvial and groundwater systems. 

Our well-dated chronologies from wetland 

deposits and rodent middens, specific to precip- 
itation seasonality and amount, raise questions 
about what ultimately dnves tropical rainfall 
variability on millennia1 time scales. Maximum 
summer precipitation (1 1.8 to 10.5 ky B.P.) in 
the central Atacama coincided with rapid re- 
gional warming (14) and rising global methane 
levels, thought to reflect expansion of tropical 
wetlands (18) during the Younger Dryaspre- 
boreal transition (1 1.8 to 10.5 ky B.P.) (Fig. 3). 
Paradoxically, wetter summers on the Pacific 
slope of the Andes happened during a time of 
minimum summer insolation at 20°S (19). 
Some authors have argued that this would have 
limited adiabatic heating over land and south- 
ward migration of the Intertropical Conver- 
gence Zone, reducing summer precipitation 
over southern Arnazonia and the central Andes 
(20). This linear interpretation of seasonal (and 
regional) insolation, however, ignores atmo- 
spheric circulation anomalies over the central 
Andes that are linked to El Niiio-Southern 
Oscillation. For example, westerly wind anom- 
alies during El Nifio events inhibit moisture 
advection from the east to the western part of 
the Bolivian Altiplano (and central Atacama), 
whereas strong easterlies during La Nifia con- 
ditions favor convection and precipitation (21). 
Simulations with coupled ocean-atmosphere 
models suggest that El Nifio intensity in the 
early Holocene was reduced by (i) strengthen- 
ing of the Pacific trade winds by an intensified 
Asian monsoon due to increased summer inso- 
lation in the Northem Hemisphere (22) and (ii) 
a similar strengthening of the Pacific trade 
winds with differential cooling of the eastern 
relative to western Pacific by reduced summer 
insolation in the Southem Hemisphere (23). We 
conclude that the late glacial-early Holocene 
pluvial in the central Atacama Desert must have 
happened during a time of strengthened Pacific 
trade winds (easterlies) and persistent La Nifia- 
like conditions. 
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gomers (/, 2). Molecular relations of proteins of 
the histidine and tryptophan biosynthesis path­
ways were postulated by structure prediction 
(3) and multisequence alignment methods (4). 
Many proteins in these pathways and other 
biological processes are folded as eightfold p/a 
barrels (5, 6). Their evolution has been dis­
cussed (7, 8) and has recently been mimicked in 
a directed evolution experiment (9). Here, we 
compare atomic structures of two enzymes in 
the histidine biosynthesis pathway and provide 
evidence for the evolution of p/a barrels from 
an ancestral half-barrel. The observation that 
ancestral folding units may comprise subdo-
main structural units has broad applications in 
searching genomic sequences for related gene 
products and their functional interactions in bi­
ological processes (2, 10-12). 

The crystal structures of the monomelic 
gene products HisA and HisF from the hyper-
thermophile Thermotoga maritima were deter-
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Evolution of the p/ot Barrel 

Scaffold by Gene Duplication 
and Fusion 
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The atomic structures of two proteins in the histidine biosynthesis pathway consist 
of p/a barrels with a twofold repeat pattern. It is likely that these proteins evolved 
by twofold gene duplication and gene fusion from a common half-barrel ancestor. 
These ancestral domains are not visible as independent domains in the extant 
proteins but can be inferred from a combination of sequence and structural analysis. 
The detection of subdomain structures may be useful in efforts to search genome 
sequences for functionally and structurally related proteins. 
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