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ABSTRACT

Aim To document the impact of late Quaternary pluvial events on plant

movements between the coast and the Andes across the Atacama Desert, northern

Chile.

Location Sites are located along the lower and upper fringes of absolute desert

(1100–2800 m a.s.l.), between the western slope of the Andes and the Coastal

Ranges of northern Chile (24–26� S).

Methods We collected and individually radiocarbon dated 21 rodent middens.

Plant macrofossils (fruits, seeds, flowers and leaves) were identified and pollen

content analysed. Midden assemblages afford brief snapshots of local plant

communities that existed within the rodents’ limited foraging range during the

several years to decades that it took the midden to accumulate. These assemblages

were then compared with modern floras to determine the presence of extralocal

species and species provenance.

Results Five middens span the last glacial period (34–21 ka) and three middens

are from the last glacial–interglacial transition (19–11 ka). The remaining 13

middens span the last 7000 years. Coastal hyperarid sites exhibit low taxonomic

richness in middens at 19.3, 1.1, 1.0, 0.9, 0.5 ka and a modern sample. Middens

are also dominated by the same plants that occur today. In contrast, middens

dated to 28.1, 21.3, 17.3, 3.7 and 0.5 ka contain more species, including Andean

extralocals. Precordillera middens (c. 2700 m) show a prominent increase in

plant macrofossil richness, along with the appearance of Andean extralocals and

sedges at 34.5 and 18.9 ka. Six younger middens dated to 6.1–0.1 ka are similar to

the modern local vegetation.

Main conclusions Increased species richness and Andean extralocal plants

occurred along the current lower fringes of absolute desert during the last glacial–

interglacial transition and late Holocene. The absence of soil carbonates indicates

the persistence of absolute desert throughout the Quaternary. Colonization by

Andean plants could have been accomplished through long-distance seed

dispersal either by animals or floods that originated in the Andes. We postulate

that dispersal would have been most frequent during regional pluvial events and

associated increases in groundwater levels, forming local wetlands in the absolute

desert, and generating large floods capable of crossing the Central Depression.
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INTRODUCTION

Supported by semi-permanent fog bank and separated from

the Andes by a forbidding stretch of absolute desert, the coastal

Lomas are among the most intriguing plant formations of the

Atacama Desert, if not the world (Rundel et al., 1991, 1996;

Squeo et al., 1998). The Lomas formation owes its great

diversity and high levels of endemism (c. 50%) to ‘splendid

isolation’ by the Pacific to the west and the hyperarid core of

the Atacama to the east, the latter originating in the middle to

late Miocene (Houston, 2006a; Rech et al., 2006, 2010). Many

endemics in the Lomas formations represent allodisjuncts from

ancestral, congeneric stocks or autodisjuncts originating from

extant, conspecific populations in the Andes (Dillon, 2005;

Luebert et al., 2009). Much recent molecular work on different

Lomas plant families shows that divergence probably dates

back to the Pliocene (Gengler-Nowak, 2002; Dillon et al., 2009;

Luebert et al., 2009). Yet divergence may have also occurred at

a later date. For example, phylogenetic data indicate that the

Malesherbiaceae diverged well before the late Pleistocene. The

divergence of Malesherbiaceae subgenera, however, has been

postulated to have happened during the Pleistocene–early

Holocene, when increasing aridity presumably fragmented

more continuous distributions into distinct and genetically

isolated populations (Gengler-Nowak, 2002). Until now,

palaeorecords of climate or vegetation change have been

lacking to test this hypothesis.

Very little is known about late Quaternary climate in the

coastal Atacama Desert except for a prominent increase of

c. 5–8 �C in sea surface temperatures (SST) during the last

glacial–interglacial transition (Kim et al., 2002; Mohtadi et al.,

2004; Latorre et al., 2007; Marchant et al., 2007). This

warming of coastal waters was coeval with rising lake levels

in the central Andes and Bolivian Altiplano (Grosjean et al.,

1995; Baker et al., 2001; Placzek et al., 2006, 2009; Hillyer

et al., 2009) and groundwater displacements on the Pacific

slope of the Andes and the western Precordillera (Rech et al.,

2002; Nester et al., 2007; Quade et al., 2008).

Previous work with fossil rodent middens in the central

Atacama (22–24� S; Betancourt et al., 2000; Latorre et al.,

2002, 2003, 2006; Maldonado et al., 2005) points to a major

pluvial event during the last glacial–interglacial transition,

beginning c. 17.5 ka, which then lasted for another 7000 years.

These records document the downslope migration (by up to

1000 m of elevation) of many species of grasses and shrubs

found exclusively today on the Altiplano (> 3800 m). These

plants invaded the species-poor lower vegetation belts (Prep-

una, 2600–3300 m) increasing the number of species present

five-fold and probably contracting the upper extent of the

absolute desert (Latorre et al., 2002, 2005; Maldonado et al.,

2005).

Augmented rainfall at high elevations generated perennial

riverflow in areas that today are barren of vegetation and

surface water (Nester et al., 2007). Indeed, palaeobotanical and

geomorphological evidence indicates that significant portions

of the hyperarid core of the northern Atacama Desert

(> 400 km from our study area) exhibited perennial surface

flow from 17.8 to 13.8 ka and then at 11.8 ka (Nester et al.,

2007). The biogeographical and evolutionary consequences for

plant and animal populations of these well-dated events have

been little explored in the lower desert (< 2000 m), including

their potential role in the evolution of Lomas plant commu-

nities.

We undertook a midden survey in what is today absolute

desert, a vast, mostly rainless and plantless region c. 100 km

wide and 1200 km long in northern Chile (Arroyo et al., 1988;

Marquet et al., 1998) (Fig. 1). Our survey between 1200 and

2700 m elevation and 24 and 26� S latitude yielded 21 middens

made by chinchilla rats (Abrocoma) or leaf-eared mice

(Phyllotis) and spanning the last 34,000 years, with the oldest

middens coming from sites within 50 km of the coast in the

lower fringes of absolute desert. Because plants, animals and

suitable outcrops for midden preservation are truly sparse in

this region, we were fortunate to glean such a long midden

record.

Here, we use the plant species composition (especially

extralocal species) present in our rodent middens to document

changes in bioavailable moisture and evaluate the conse-

quences of these changes in the species composition of

absolute desert and coastal Lomas plant communities during

the late Quaternary. By comparing rodent middens from small

mountain ranges in the Central Depression and near the

Pacific coast with contemporary ones from the western slope

of the Andes and Precordillera we obtain a first approximation

of episodic, long-distance colonization events from the Andes

to the coast, and for the relative roles of dispersal limitations

versus favourable conditions for plant establishment.

Past variations in bioavailable moisture in the lower fringes

of absolute desert (c. 1200–1900 m) could be due to a variety

of circumstances, including: (1) increases in local rainfall from

either winter- or summer-derived sources; (2) increases in

local fog intensity at slightly higher elevations (> 1000 m),

possibly driven by changes in the inversion layer responsible

for the fog bank that maintains the Lomas; or (3) extreme

rainfall > 3000 m and flash floods that traverse the absolute

desert/Central Depression (Houston, 2006a), and/or (4) sus-

tained precipitation increases in the Precordillera and Andes

and increased aquifer recharge that produces persistent,

elevated groundwater levels just east of the Coastal Range

(e.g. Nester et al., 2007).

These different moisture sources are not mutually exclusive,

but would yield different outcomes or combinations of

outcomes in fossil plant assemblages. For example, variations

in coastal fog intensity and extent would enable obligate Lomas

species to occupy higher elevations than the narrow elevational

band where they occur today (200–1200 m, Rundel et al.,

1991). With increased local rainfall, we would expect to see an

increase in plant species richness at the fringes of the absolute

desert (Latorre et al., 2002; Maldonado et al., 2005). With

increased frequency of large floods and local wetlands associ-

ated with elevated regional groundwater levels, we would

expect species with distributions currently in the Andean
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Precordillera (> 2500 m) to appear in midden records as

plants dispersed downslope along intermittent watercourses.

STUDY SITE

Regional context

Straddling the Tropic of Capricorn, the Atacama Desert spans

over 10� of latitude from southern Peru into northern Chile

and from the Pacific coast to the Andes. The Atacama is

probably the world’s driest desert, with recorded precipitation

averaging < 1 mm a year at several meteorological stations

located in the Central Depression (Houston, 2006b). Multiple

exposure age measurements reveal that although some surfaces

in the Atacama have remained intact since the early Miocene

(Dunai et al., 2005), the onset of hyperaridity probably

occurred during the late Miocene coeval with Andean uplift

and with an increased intensity of the cold Chile–Peru current

(Alpers & Brimhall, 1988; Rech et al., 2006).

Geology and physiography

Our rodent middens were collected along the rare escarpments

found along the many east–west oriented valleys that traverse the

tectonically active Coastal Range and Andean Cordillera (Fig. 2,

Table 1). At 1200–1900 m a.s.l., middle to upper Jurassic

intrusive diorites and granodiorites outcrop at Barazarte

(BZT) and Cerro Tres Tetas (CTT), one of the few places where

Pleistocene middens were collected in absolute desert settings.

Slightly further south, at 1500 m a.s.l. and < 20 km away from

the coast, a much older Carboniferous–Permian granite intru-

sive at Sierra del Buitre (SDB) outcrops along the north flank of

the east–west Agua de Cascabel valley. Our final locality,

Quebrada Juncal (QJU), is located in the Andean Precordillera

or Cordillera Domeyko. Rodent middens were collected along

an extensive scarp of Palaeogene volcaniclastic sediments that

caps the canyon walls at c. 2750 m of elevation (Fig. 2).

Climate and vegetation

Three major sources of moisture reach the central–southern

Atacama Desert. Winter rains during strong negative El Niño–

Southern Oscillation (ENSO) years (El Niño) and the year-

round presence of fog are important below 900 m along the

Coastal Range. Known locally as ‘camanchaca’, this dense

coastal fog is prevalent along much of subtropical Chile during

late winter to early spring (Rundel & Mahu, 1976; Rundel

et al., 1991; Garreaud et al., 2008). In contrast, the western

Andean flank and to a lesser extent the Cordillera Domeyko

(2000–5000 m) receive sporadic precipitation from either

Figure 1 The central–southern Atacama Desert with rodent midden sites: triangle, Barazarte (BZT); cross, Cerro Tres Tetas (CTT); square,

Sierra del Buitre (SDB); circle, Quebrada Juncal (QJU). Black lines indicate watersheds.
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frontal systems or cut-off lows during winter (Vuille &

Ammann, 1997) and convective rainfall associated with the

tropical easterlies in summer (Garreaud et al., 2003).

The frequency, intensity and extent of modern day inter-

annual precipitation variability in the Atacama Desert are

modulated to varying degrees by the ENSO (Garreaud et al.,

2003; Houston, 2006b). Positive ENSO anomalies (‘La Niña’)

tend to be associated with increased summer rainfall in the

high Andes (Vuille et al., 2000; Garreaud et al., 2003; Vuille &

Keimig, 2004) whereas negative ENSO anomalies (‘El Niño’)

are associated with increased winter precipitation along the

coast and lower elevations of the Andean flank (Houston,

2006b). Complex interactions can arise as expansions and

contractions of the Hadley circulation cause the summer/

winter transition zone to move south or north (Diaz &

Bradley, 2004; Houston, 2006b). These modern relationships

may also have changed on lengthier time-scales (i.e. centennial,

millennial and orbital) as forced by changes in regional

insolation (Lamy et al., 2000; Clement et al., 2004).

The relationship between ENSO and coastal fog can be

spatially complex. A 10-year study from northern Chile

(c. 21� S) shows little or no correlation between ENSO and

fog extent or intensity, and in fact some of the foggiest years

(e.g. 1997) occurred during negative phases of ENSO (Muñoz-

Schick et al., 2001; Cereceda et al., 2008). In contrast, a 22-year

record of past fog intensity in subtropical Chile (c. 30� S) links

positive ENSO anomaly phases with high fog years (Garreaud

et al., 2008). The intensity and altitude of the thermal

inversion that forms over the coastal Pacific as a result of the

interaction between large-scale subsidence and the cold

northward-flowing Chile–Peru (Humboldt) current is a key

synoptic aspect underlying the extent and duration of major

advective fog events.

At present, along a west–east oriented axis, three major types

of ecosystems occur in the central–southern Atacama

(22–27� S) (Fig. 3). The coastal Lomas vegetation (200–

900 m), the absolute desert (900–3000 m) and the Andean

belt (3000–5000 m) (Schmithüsen, 1956; Rundel et al., 1991;

Marquet et al., 1998). Many distinct and endemic species of

cacti (Copiapoa, Eulychnia) and shrubs (Gypothamniumn,

(a) (b)

(c) (d)

(e) (f)

Figure 2 Photographs of rodent midden localities in the central–southern Atacama Desert; arrows indicate were middens were found: (a)

Lomas, (b) Precordillera, near Quebrada Juncal (QJU), (c) Sierra del Buitre (SDB), (d) SDB, (e) Barazarte (BZT), (f) Quebrada Juncal (QJU).

Table 1 Local climate parameters estimated for each midden site

in the central–southern Atacama Desert.*

Midden site name

(Code)

Elevation

(m)

Mean annual

temperature (�C)

Mean annual

precipitation

(mm year)1)

Barazarte (BZT) 1200 19.5 0.1

Sierra del Buitre (SDB) 1500 16 15

Cerro Tres Tetas (CTT) 1900 15.6 1

Quebrada Juncal (QJU) 2750 8.5 75

*Based on data from the Direccion General de Aguas (see Houston,

2006b).
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Euphorbia, Nolana, Heliotropium, Sisymbrium, Bahia) occur in

the unique Lomas floras. The richest and most diverse

communities are found in the maximum fog zone between

600 and 800 m (Johnston, 1929; Rundel & Mahu, 1976). A few

hardy shrubs and annuals do occur above 1200 m in specific

settings such as along roads, on rocky hillslopes and other

places where moisture can collect (total cover < 1%), includ-

ing Nolana leptophylla, Huidobria fruticosa and Cistanthe spp.

The absolute desert is completely devoid of vegetation, save for

the few ‘micro’ fog oases (often along rocky outcrops at low

elevations), groundwater oases and perennial river valleys.

Nolana, Cistanthe, Atriplex atacamensis, Distichilis spicata and

Dinemandra ericoides are among the hardiest plants found in

these environments (C.L., pers. obs.; Saiz et al., 2000). Andean

vegetation is usually divided into four major belts: Prepuna,

Puna (= Tolar), High Andean Steppe and the Subnival.

Spanning over 2000 m in elevation, these belts are segregated

along major rainfall (which increases with altitude) and

temperature gradients. Mean annual precipitation (MAP)

averages c. 20 mm at 2600 m and c. 150 mm at 4800 m (data

estimated from Houston, 2006b). The Prepuna (2600–3300 m)

is a sparsely vegetated shrub belt. Common plants include

Atriplex imbricata (Chenopodiaceae), Ephedra multiflora

(Ephedraceae), Haplopappus rigidus (Asteraceae) and the

annual Gilia crassifolia (Polemoniaceae). The more diverse

Puna (3300–3800 m) is characterized by Fabiana (Solanaceae),

Baccharis (Asteraceae), Parastrephia quadrangularis (Astera-

ceae), Acantholippia deserticola and Junellia seriphioides (Ver-

benaceae). The high Andean Steppe (3800–4500 m) is

dominated by tussock grasses Festuca chrysophylla, Deyeuxia

cabrerae and Nassella nardoides. A ‘Subnival’ zone (4500–

4800 m) is characterized by small perennial herbs and cushion

plants such as Pycnophyllum bryoides, Menonvillea virens,

Chaetanthera revoluta and Urbania pappigera (Villagrán et al.,

1983; Arroyo et al., 1998; Luebert & Gajardo, 2000; Saiz et al.,

2000; Latorre et al., 2002).

MATERIALS AND METHODS

We collected, analysed and radiocarbon dated 21 fossil rodent

middens from the absolute desert of the central–southern

Atacama Desert (part of Chile’s Antofagasta Region). Middens

were collected from four different localities at two different

elevations. Thirteen middens were collected between 24 and

25.15� S and 1100–2000 m from the lower limit of the absolute

desert, above the Coastal Range (SDB, CTT and BZT) (Coastal

Range middens) whereas eight middens were collected from

QJU along the Andean Precordillera at 2500–3000 m a.s.l. at

25.44� S along the upper limit of the absolute desert (Queb-

rada Juncal/Precordillera middens) (Figs 1–3, Table 2).

Chronology

Approximately 100 mg of rodent faecal pellets was separated

from each midden and radiocarbon dated at the Center for

Applied Isotope Studies, University of Georgia, Athens, GA, or

at the Center for Accelerator Mass Spectrometry, Lawrence

Livermore National Laboratory, Livermore, CA (both using

AMS 14C). All other conventional radiocarbon dates (3–10 g of

pellets) were obtained from Geochron Laboratories, Boston,

MA. Dates were calibrated using calib 6.0 (Stuiver & Reimer,

1993) and the IntCal09 calibration curve (Reimer et al., 2009).

All ages are reported in ka (thousands of calibrated years

before present – defined as ad 1950).

Plant macro- and microfossil analyses

Middens were processed following previously described pro-

cedures (Betancourt et al., 2000; Betancourt & Saavedra, 2002;

Latorre et al., 2002). Fruits, seeds, flowers and leaves (plant

macrofossils, Fig. 4) were quantified and identified to the

highest possible taxonomic resolution by comparison with a

reference collection housed at the Laboratorio de Paleoecologı́a

(Departamento de Ecologı́a, P. Universidad Católica de Chile,

Santiago) and the plants collected at the sites during midden

field sampling. Taxa present in each midden were added up

(total richness) and abundance was quantified through the use

of a relative abundance index (where 0 is absent and 5 is

dominant) (Spaulding et al., 1990).

Seven middens from Quebrada Juncal along with 11

middens from the Coastal Range were analysed for pollen on

previously separated indurated voucher samples. Extraction

was done on the midden urine matrix (excluding faeces) using

standard techniques (Faegri & Iversen, 1989) including a KOH

wash, acetolysis, followed by HF then ultrasonication to

concentrate grains. General pollen preservation in middens is

usually outstanding and they have been shown to be good

environmental indicators in the arid zones of Chile (Maldo-

nado et al., 2005). A reference pollen archive and literature

(Heusser, 1983) were used to identify fossil pollen.

The pollen sum for each sample included a minimum of 300

grains. Pollen zones were determined using CONISS (con-

strained incremental sum of squares) cluster analysis (Grimm,

1987), and the relationships between fossil midden and

modern surface pollen assemblages were expressed in the form

of dendrograms and Euclidean distances. In addition, we used

an unconstrained UPGMA (unweighted pair-group method

Figure 3 Schematic elevational representation of the different

vegetation and geographical zones at 24–25� S, Atacama Desert,

Chile. Midden sites (triangles) are indicated for reference.
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using arithmetic averages) cluster analysis using the Multi-

Variate Statistical Package for Windows to establish compar-

isons between pollen and macrofossil assemblages for each

midden at any given locality and to identify specific plant

macrofossil and pollen zones (Grimm, 1987). UPGMA uses the

binomial Jaccard coefficient for macrofossil samples and

Euclidean distances for pollen.

Modern analogue

We developed a modern analogue (necessary to control for

the presence of extralocal species) using two different

approaches. First, we collected all plant species present to

within 500 m around each midden site. The local plant

specimens were incorporated into our laboratory reference

Figure 4 Remarkable preservation of plant macrofossils identified from two middens separated by almost 17,000 years collected at the

same site (Sierra del Buitre, SDB) along the Coastal Range: (a) 0.5 ka, (b) 17.3 ka. This preservation is typical of rodent midden plant

material and can lead to records with very high taxonomic resolution.

Table 2 Locality information and radiocarbon dates for the 21 middens used in this study.

Midden code Lab code Latitude S Longitude W

Elevation

(m)

Age

(14C yr BP) Midden age (ka)� Agent

Number

of taxa

Coastal escarpment

SDB 113-E 25�13.823¢ 70�14.451¢ 1550 Not dated Modern Abrocoma 4

SDB 145-C CAMS-133245 25�13.644¢ 70�15.099¢ 1650 385 ± 35 0.5 (0.33–0.50) Abrocoma 6

SDB 149* AA69848 25�13.677¢ 70�15.113¢ 1644 469 ± 31 0.5 (0.50–0.53) Abrocoma 2

SDB 113-D CAMS-133247 25�13.822¢ 70�14.450¢ 1550 945 ± 35 0.9 (0.80–0.92) Abrocoma 4

SDB 147* AA69847 25�13.915¢ 70�14.671¢ 1518 1087 ± 43 1 (0.96–1.05) Abrocoma 3

SDB 145-B AA69846 25�13.644¢ 70�15.099¢ 1650 1204 ± 45 1.1 (1.06–1.18) Abrocoma 2

SDB 113-F GX32018 25�13.824¢ 70�14.452¢ 1550 3410 ± 90 3.7 (3.56–3.83) Abrocoma 8

SDB 145-A GX32020 25�13.644¢ 70�15.099¢ 1650 14,190 ± 470 17.3 (16.84–17.89) Abrocoma 8

SDB 113-A CAMS-133246 25�13.819¢ 70�14.447¢ 1550 23,000 ± 130 27.9 (27.68–28.06) Phyllotis 6

SDB 113-B GX32019 25�13.820¢ 70�14.448¢ 1550 23,280 ± 1230 27.9 (26.35–29.41) Phyllotis 5

CTT 71 CAMS-133248 24�20.152¢ 70�07.952¢ 1900 17,800 ± 70 21.3 (21.18–21.45) Abrocoma 5

CTT 72 CAMS-133249 24�20.152¢ 70�07.952¢ 1900 23,290 ± 130 28.1 (27.94–28.33) Abrocoma 5

BZT 157 AA69850 24�05.384¢ 70�10.334¢ 1177 16,160 ± 120 19.3 (18.98–19.11) Abrocoma/Phyllotis 3

Quebrada Juncal

QJU 688 UGAMS-3141 25�44.337¢ 69�23.717¢ 2758 100 ± 20 0.1 (0.03–0.25)

(Modern)

Abrocoma 9

QJU 689-B UGAMS-3142 25�44.337¢ 69�23.717¢ 2758 370 ± 20 0.5 (0.33–0.49) Abrocoma 7

QJU 690* UGAMS-3144 25�44.377¢ 69�23.967¢ 2742 820 ± 20 0.7 (0.70–0.74) Abrocoma 4

QJU 691 UGAMS-3145 25�44.377¢ 69�23.967¢ 2742 860 ± 20 0.8 (0.74–0.78) Abrocoma 4

QJU 678-B UGAMS-3143 25�44.319¢ 69�23.862¢ 2769 2230 ± 20 2.2 (2.16–2.32) Abrocoma 7

QJU 678-C AA65822 25�44.420¢ 69�22.808¢ 2822 5341 ± 63 6.1 (6.00–6.21) Abrocoma 7

QJU 687 AA65820 25�44.668¢ 69�23.858¢ 2765 15,740 ± 130 18.9 (18.70–19.23) Phyllotis 17

QJU 689-A AA65821 25�44.668¢ 69�23.858¢ 2765 29,900 ± 440 34.5 (34.03–34.98) Phyllotis 13

*Midden analysed only for macrofossils.

�Median probability and in parentheses minimum and maximum ages based on 1 SD intercepts.
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collection mentioned above. Second, we collected and

identified plant remains from two modern middens: one

at QJU (0.1 ka) and another at SDB (not dated, but

identified as modern by the presence of chlorophyll and

pigmentation in preserved leaves). The modern middens

were also used to establish present-day pollen assemblages at

these localities.

Plant species found in our middens were classified by

phytogeographical affinity (Table 3) [i.e. Lomas, Micro-oases

(in the hyperarid core), Prepuna, Puna, Steppe, Wetland

(represented by the presence of Cyperaceae) or Desert

widespread]. Phytogeographical affinities were established

using three criteria: flora found currently (and collected) at

or around the midden sites, previous vegetation surveys near

the study sites, and from the literature (Arroyo et al., 1998;

Marticorena et al., 1998; Squeo et al., 1998; Luebert &

Gajardo, 2000; Saiz et al., 2000; Latorre, 2002; Latorre et al.,

2002). When a taxon occurred in three or more phytogeo-

graphical zones it was assigned to the ‘Desert widespread’

category. Species were classified as either local or extralocal by

comparing the current presence/absence at a specific midden

site and by comparison of the fossil plant assemblage with

those present in modern middens.

RESULTS

Radiocarbon chronology

Twenty radiocarbon dates span the interval between 29,900

and 100 14C years (34.5–0.1 ka), with uneven temporal

coverage (Table 2). Faecal pellet size and morphology indicate

that the middens were either made by the chinchilla rat

(Abrocoma) or by leaf-eared mice (Phyllotis spp.) (Table 2).

Although distinct plant taxa are readily distinguished in

midden macrofossils, identification to genus or species is

often difficult and relies on possessing the necessary reference

material (especially seeds and fruits) (Fig. 4). The identified

taxa and the total number of taxa found in each rodent midden

were graphed separately (Figs 5 & 6). A total of 26 different

taxa were identified (Table 3), with individual midden richness

ranging from 2 to 17 taxa.

Coastal range middens

At present, plants are practically non-existent within the

hyperarid core of the Atacama (1200–2600 m), but plants do

occur rarely in some gullies and rock outcrops (micro-oases).

Table 3 Plant macrofossils identified in this study, nomenclature, life-form and phytogeographical affinity*,�.

Taxon Family Life form Phytogeographic affinity Plant part identified

Gymnospermae

Ephedra cf. rupestris Ephedraceae Shrub Micro-oases Seeds, bark

Angiospermae

cf. Senecio Asteraceae Shrub and subshrub Desert widespread Achenes

Polyachyrus sp. Asteraceae Subshrub Lomas and micro-oases Seeds

Argylia sp. Bignoniaceae Perennial herb Desert widespread Fruits

Cryptantha diffusa Boraginaceae Annual herb Prepuna Nutlets

Cryptantha phaceloides Boraginaceae Annual herb Prepuna Nutlets

Cryptantha spp. Boraginaceae Annual herb Desert widespread Leaves

Brassicaceae Brassicaceae Desert widespread Seeds

cf. Mathewsia Brassicaceae Perennial herb and subshrub Desert widespread Siliques

Opuntia camachoi Cactaceae Perennial herb Puna and prepuna Seeds

Atriplex cf. imbricata Chenopodiaceae Shrub and subshrub Micro-oases Fruits, leaves

Chenopodium sp. Chenopodiaceae Perennial and annual herb Lomas and micro-oases Seeds

cf. Scirpus Cyperaceae Perennial herb Wetlands Seeds

Adesmia atacamensis Fabaceae Shrub Prepuna and micro-oases Leaves

Adesmia sp. Fabaceae Perennial and annual herb Desert widespread Seeds

Phacelia cumingii Hydrophyllaceae Annual herb Puna and prepuna Seeds

Phacelia pinnatifida Hydrophyllaceae Perennial and annual herb Prepuna Seeds

Malesherbia sp. Malesherbiaceae Perennial and annual herb Lomas and micro-oases Seeds

Dinemandra ericoides Malphigaceae Shrub Lomas and micro-oases Seeds

Cristaria spp. Malvaceae Perennial and annual herb Desert widespread Seeds

Nolana spp. Solanaceae Perennial and annual herb Lomas and micro-oases Nutlets

Stipa frigida Poaceae Perennial herb Steppe Florets

Cistanthe spp. Portulacaceae CAM annual herb Desert widespread Seeds, leaves

Lycium sp. Solanaceae Shrub Prepuna and lomas Fruits, seeds

Junellia sp. Verbenaceae Shrub Puna and prepuna Seeds

*Based on data from Arroyo et al. (1998), Marticorena et al. (1998), Squeo et al. (1998), Luebert & Gajardo (2000), Saiz et al. (2000), Latorre (2002)

and Latorre et al. (2002).

�Prepuna, puna and steppe occur in the Andes.
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We identified eight taxa from our fossil middens: Nolana sp.,

Cistanthe sp., Huidobria fruticosa, Dinemandra ericoides, Cris-

taria sp., Polyachyrus sp., Phacelia cumingii and an unidentified

Solanacaeae (probably Reyesia) (Fig. 4). Three of these species

occur today at SDB (Nolana leptophylla, Cistanthe sp. and

Cristaria sp.) and two at BZT (Cistanthe sp. and Nolana sp.). At a

slightly higher elevation (c. 800 m), the modern floras at CTT

are slightly more diverse with the addition of Polyachyrus sp.,

Dinemandra ericoides, Huidobria fruticosa, Phacelia cumingii and

cf. Reyesia aside from those species previously mentioned.

As with the modern landscape, all of our Coastal Range

middens were dominated by Nolana sp. and Cistanthe sp.

(Fig. 5a). Middens dated to 19.3, 1.1, 1.0, 0.9, 0.5 ka and the

modern sample all fall into this category. Middens dated to

27.9–28.1 ka and at 21.3 ka as well as those dated to 17.3, 3.7

and 0.5 ka, however, show significant increases in plant

richness and/or the presence of extralocal species such as

Adesmia atacamensis and Cryptantha diffusa.

Pollen analyses of our oldest samples (27.9–28.1 ka) are

dominated by Solanaceae–Nolaneae, Fabaceae and Malvaceae;
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Figure 5 Coastal Range series. (a) Plant macrofossil diagram (13 middens). The total number of taxa present in each midden is shown in

‘Total Taxa’. Relative abundance was estimated by using a relative abundance index (where 0 is absent and 5, dominant). (b) Midden matrix

pollen diagram (11 middens). The total pollen sum for each sample included a minimum of 300 grain counts.
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similar to the modern spectra but more diverse and with

higher percentages of Fabaceae (Fig. 5b). Between 21.3 and

17.3 ka, the vegetation is dominated by Fabaceae, Asteraceae–

Asteroideae and Asteraceae–Chaetanthera type (including

Polyachyrus), low proportions of Solanaceae–Nolaneae and

the absence of Malvaceae. From 3.7 ka onwards, Solanaceae–

Nolaneae pollen again dominates the spectra, initially with

Malvaceae but with lower richness than at present. Pollen

assemblages are more diverse after 1.1 ka, although Solana-

ceae–Nolaneae remains dominant. These younger middens

(a) Quebrada Juncal macrofossils
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also have Fabaceae, Malvaceae, Asteraceae and Cistanthe

pollen, among others.

Quebrada Juncal (Precordillera middens)

The Quebrada Juncal drainage currently reaches into the high-

elevation Cordillera de Domeyko (with peaks over 5000 m)

and is closely linked with the Andean Prepuna and Puna. We

collected eight plant taxa in this area today, most within the

confines of the valley bottom (Senecio spp., Nolana spp.,

Atriplex imbricata, Phacelia cumingii, Adesmia atacamensis,

Cistanthe sp.). The arid slopes (where the middens were

collected) are much less diverse, with Cistanthe and Nolana

among the most common genera.

A prominent increase in macrofossil richness (Fig. 6a) along

with the appearance of extralocals Phacelia pinnatifida, Stipa

frigida and Junellia sp. occurs in middens dated at 34.5 and

18.9 ka. Cyperaceae seeds also occur in these middens (there

are no active wetlands today in the valley). All the younger

middens dated between 6.1 to 0.1 ka are similar in compo-

sition, with low taxonomic richness.

Pollen analyses (Fig. 6b) reveal two very different groups of

middens. One group is made up of Pleistocene middens, which

exhibit low richness and are dominated by Chenopodiaceae.

The other group is made up of younger Holocene middens

that evince higher diversity and the appearance of Asteraceae–

Asteroideae, Portulacaceae, Solanaceae–Nolaneae and Males-

herbiaceae, among others.

Cluster analyses

Cluster analysis based on Jaccard’s similarity index for Coastal

Range midden macrofossils generates two major clusters

(Fig. 7a). The first cluster includes middens dated to 19.3,

1.1, 1.0, 0.9 and 0.5 ka and includes the modern midden. The

second cluster contains mostly Pleistocene middens (28.1, 27.9,

27.9, 21.3 and 17.3 ka) but also includes two much younger

middens (3.7 and 0.5 ka).

Cluster analysis of pollen data from the Coastal Range

(Fig. 7b) also reveals two large midden clusters and an

additional midden (dated to 17.3 ka) that did not group

with the previous clusters. As seen in Fig. 7(b), these clusters

are slightly different in terms of the constituent middens

than those generated for the macrofossils. The first cluster

includes the 0.9 ka SDB midden along with all the

Pleistocene middens from our northern sites (BZT and

CTT). The second cluster includes the modern SDB midden

together with a Pleistocene midden (27.9 ka) and a Holo-

cene midden (3.7 ka). These analyses reveal that the 17.3 ka

midden pollen is very different from all of our other coastal

middens.

Large differences exist between the Holocene and the

Pleistocene clusters [which includes both Last Glacial Maxi-

mum (LGM) and last glacial–interglacial transition middens]

of macrofossils for the middens collected at Quebrada Juncal

(Precordillera) (Fig. 8a). Pleistocene middens typically possess

double the number of taxa (i.e. compare Fig. 4a and b) present

in their Holocene counterparts (see also Table 2). These same

clusters are also revealed by the similarity analyses on midden

pollen (Fig. 8b).
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Figure 7 UPGMA cluster analyses indicating the similarity

among midden (a) plant macrofossils and (b) pollen from the

Coastal Range series (all ages in ka). BZT, Barazarte; SDB, Sierra

del Buitre; CTT, Cerro Tres Tetas.
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Figure 8 UPGMA cluster analyses indicating the similarity

among midden (a) plant macrofossils and (b) pollen from the

Quebrada Juncal (QJU) series (all ages in ka).
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DISCUSSION

A chronology of past ecological and hydrological

change in the coastal Atacama

In northern Chile, modern ecological studies have shown that

plant species richness increases in proportion with precipita-

tion (Villagrán et al., 1983; Arroyo et al., 1988, 1998; Marquet

et al., 1998; Squeo et al., 1998; Latorre, 2002). Midden

taxonomic richness, however, is problematic because we

cannot specify the duration of the depositional episode.

Instead, the presence of extralocal taxa can be used as a

surrogate for past precipitation increases. We can also track

changing precipitation sources by examining the phytogeo-

graphical affinity of the extralocal species present in these

middens (Table 3) (see also Latorre et al., 2002, 2006).

Modern taphonomic studies suggest that in the Atacama,

midden-building rodents are generalists and therefore the

surrounding local flora is well represented in our samples

(Cortés et al., 2002; Latorre et al., 2003).

Plant macrofossil abundance in middens may not be

representative of the plant cover on the adjacent landscape

(Spaulding et al., 1990). We thus emphasize changes in the

dominant taxa and macrofossil presence/absence or richness

rather than shifting patterns in plant macrofossil abundance

(Betancourt et al., 1990). Midden pollen is clearly more mobile

than macrofossils and can reach a midden in many ways, not

just via a rodent vector. Hence, midden pollen could

potentially be suitable for estimating local plant abundance.

A recent study revealed a good correspondence between pollen

preserved in a midden matrix and local pollen rain and

vegetation assemblages from northern Chile (de Porras et al.,

2010). Despite the often complex taphonomy that can affect

pollen deposition in rodent middens (Maldonado et al., 2005)

the little work that has been accomplished is promising, and it

is thus interesting to compare midden pollen with macrofossil

records and the different spatial scales they represent.

Among our most surprising results is the presence of

Andean extralocals in our Coastal Range middens from the last

glacial period and last glacial–interglacial transition. Excepting

a 19.3 ka midden from BZT, the majority of these middens

display elevated macrofossil richness (Fig. 5) and diverse

pollen assemblages. We cannot resolve changes between the

last glacial period and the last glacial–interglacial transition

due to a lack of a sequential midden series from any single

locality except Sierra del Buitre. Even there, the midden series

has a large temporal gap (including the LGM) between 27.9

and 17.3 ka.

Cluster analyses reveal two midden groups in the Coastal

Range (Fig. 7): a group of last glacial–interglacial transition

and glacial middens with elevated richness (compared with the

present day) and a group of Holocene ‘modern’ middens. With

just three taxa (two of them found locally), the only exception

to the late Pleistocene cluster is a 19.3 ka midden collected at

BZT (Table 2). This locality is c. 130 km further north than

the SDB sites and is part of a different watershed (Fig. 1) so

direct comparisons are unwarranted (the SDB sites are today

slightly more diverse). Nevertheless, the BZT midden is

comparable with both CTT middens (28.1 and 21.3 ka) from

the same watershed but at a slightly different elevation (the

CTT sites are c. 800 m higher) (Fig. 1). The lower macrofossil

richness of the BZT midden would thus imply that available

moisture was considerably lower at 19.3 ka than at 28.1 or

21.3 ka. Notwithstanding the former, pollen analyses indicate

that the BZT and CTT middens are practically indistinguish-

able and both are included in the same cluster (Fig. 7b). Thus

the differences seen in the macrofossils may be due more to

aspects of the local vegetation present at each of these ‘micro-

oases’ than truly large differences in past climate change.

Elevated midden macrofossil richness, wetland taxa and

numerous extralocals, such as Phacelia pinnatifida and the

steppe grass Stipa frigida, can be attributed to past increases in

local rainfall at 34.5 and 18.9 ka at Quebrada Juncal (QJU) in

the Andean Precordillera (Fig. 6a). The QJU macrofossils and

pollen assemblages separate into clearly differentiated groups

(Fig. 8). The equivalent pollen assemblages at 34.5 and 18.9 ka

are swamped by Chenpodiaceae pollen (probably Atriplex, a

very productive pollen producer), which could have resulted

either from an active wetland within the confined valley or

elevated local abundance of Atriplex cf. imbricata present on

the slopes during the Pleistocene (not present on these slopes

today but abundant in the 34.5 and 18.9 ka middens). As

percentages of Chenopodiaceae drop in our Holocene mid-

dens, the pollen assemblages become much more diverse

(Fig. 6b). This perhaps resulted from an increase in the

representation of the hillslope flora as the wetland diminished

in importance and/or completely disappeared within the

Holocene pollen assemblages.

In any case, most of the extralocal species present at our sites

within QJU during the late Pleistocene probably migrated

either southwards or downslope from their current elevations

in the Puna and Prepuna as a consequence of increased local

rainfall. Coeval pluvial events have also been documented just

30 km further north at Quebrada del Chaco at even lower

elevations (c. 2600 m) (Maldonado et al., 2005). In contrast,

middens with the same number or fewer species than those of

our modern samples probably reflect overall drier conditions.

All the Holocene middens collected at QJU fall into this

category, as do the majority of the youngest middens from

Sierra del Buitre.

A widespread major summer pluvial event occurred between

c. 17.5 and 9.0 ka along the western slope of the Andes (i.e. the

Central Andean Pluvial Event or CAPE) and is thoroughly

documented in a diverse array of palaeoclimatic records

(Betancourt et al., 2000; Grosjean et al., 2001; Latorre et al.,

2002, 2003, 2006; Rech et al., 2002; Placzek et al., 2006, 2009;

Nester et al., 2007; Quade et al., 2008). CAPE was spatially

extensive, even affecting areas such as Quebrada del Chaco

(Maldonado et al., 2005) and perhaps reaching as far south as

31� S in the Doña Rosa mountains (Zech et al., 2007). The

Coastal Range was also affected by increased groundwater

discharge during the CAPE, as recent evidence from Quebrada

F. P. Dı́az et al.
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Agua de Cascabel (the canyon that drains the SDB) indicates

an episode of major wetland expansion at c. 13.7 ka (C.L.,

unpublished data).

South of 25� S, a pluvial event of extratropical origin

occurred earlier than the CAPE between c. 43 and 37 ka and

during the LGM, c. 24–18 ka in the Andean Precordillera

(Maldonado et al., 2005). Aside from the evidence presented

here for the Coastal Range at CTT, there is no previous

evidence for a LGM pluvial event north of 25� S in the

Atacama (Latorre et al., 2005). This lends support to our

hypothesis that increased runoff and groundwater discharge

are probably just as important in explaining the presence of

extralocal taxa in our records as increases in local rainfall.

The Holocene vegetation in the coastal Atacama was for

the most part similar to the present, although important

hydrological changes did occur, as documented both here and

in other records. An increase in available moisture at 3.7 ka at

SDB is a good example. Similar wet periods are also recorded in

Rı́o Salado (3.5–2.3 ka) (Latorre et al., 2006) and Pampa

Vizcachilla (3.4–3.3 ka) middens (Latorre et al., 2003) and in a

salt core from Salar de Atacama (6.2–3.5 ka) (Bobst et al., 2001).

Hence, the most likely explanation for the diverse plant

assemblages present at SDB at 3.7 ka is that increased rainfall

at upper elevations facilitated the colonization of lower-eleva-

tion valleys and canyons through increased runoff and episodic

floods. Nevertheless, our chronologies reveal that this might not

be the only source of moisture during the Holocene. For

example, a very diverse assemblage occurs in SDB at 0.5 ka. Yet a

midden of equivalent age at QJU has very low taxonomic

richness. This could imply the presence of local rainfall events

restricted to the Coastal Range, perhaps related to increased

number of polar outbreaks (e.g. Vuille & Ammann, 1997).

Implications for the biogeography of the coastal

Lomas

None of our Coastal Range middens contain plant species that

are exclusive of the Lomas (such as Gypothamnium pinifolium

or Oxyphyllum ulicinum) (Table 3). This implies that the

obligate coastal fog oasis species remained at the same or at

lower elevations than today during the full glacial and the last

glacial–interglacial transition. Sea level was 100–150 m lower

and weakening of the South Pacific subtropical anticyclone

(Kitoh & Murakami, 2002; Rojas et al., 2009) would have

disrupted the temperature inversion along the Chilean coast,

most likely weakening advective fog intensity and extent.

Instead, moisture along the Coastal Range must have origi-

nated from sources other than fog to explain past increases in

richness in our middens. As previously stated, this probably

resulted from either increased winter rainfall or summer

rainfall that drained superficially along major east–west

trending canyons and valleys originating in the Andes and by

increased groundwater discharge. The appearance of the

Andean species Cryptantha diffusa, Phacelia cumingii and

Adesmia atacamensis suggest an Andean source of moisture for

a brief pre-LGM interval from 28.1 to 27.9 ka that has not been

previously documented in the Atacama. Nevertheless, several

taxa present in our middens do occur in the ‘Lomas and micro-

oases’ (such as Dinemandra ericoides and Polyachyrus). The

presence of these taxa during the last glacial–interglacial

transition at our sites in the coastal cordillera indicates that

they might have opportunistically migrated upslope from the

Lomas or from other micro-oases during these periods of

increased runoff/discharge.

Overall, our results suggest that increases in winter and

summer rainfall have been important regarding hydrological

change in the present absolute desert. Increased summer

rainfall and concomitant elevational descent led to many Puna

and Steppe taxa invading the Prepuna between 17.5 and 9.5 ka

north of 25� S (see review in Latorre et al., 2007). To the

south, the descent of Andean species most likely reduced the

areal extent of the absolute desert during the late Quaternary

(Maldonado et al., 2005). Hence, this formidable barrier to

dispersal was crossed by plant species from higher elevations

and even Andean taxa appear in the hyperarid Coastal Range

during the LGM and the last glacial–interglacial transition.

Species from both Andean and Lomas floras very likely

interacted to some extent during these widespread pluvials.

These species interactions during the last glacial–interglacial

transition and other Pleistocene pluvial events could result in

the current Andean–coastal disjunctions of genera such as

Mathewsia and Lycium, and of species such as Adesmia

atacamensis, which today is widespread throughout the

Prepuna but is also present in the upper Coastal Range and

in micro-oases immersed within the absolute desert. More

palaeoecological records, coupled with phylogeographies of

these desert plants, will be needed to fully disclose these

biogeographical insights.

Today, nearly continuous vegetation corridors between the

Andes and the lowlands only exist south of c. 27� S. This

southern limit of the absolute desert might have shifted c. 1�
(c. 110 km) to the north multiple times during the glacial

period and last glacial–interglacial transition (Maldonado

et al., 2005), but apparently not any further. The extent of

this shift is constrained by intensive sampling of carbon and

oxygen isotopes from soil carbonate along three elevation

transects from the coast to the High Andes between 22.5 and

25� S (Quade et al., 2007). The isotopic evidence suggests that

vegetation was displaced c. 500 m downslope into absolute

desert at its upper limits. The lack of soil carbonate formation

at the driest elevations (2300–1000 m), and carbon isotope

values from trace quantities of carbonate that are in equilib-

rium with the atmosphere (+2 to +4&) suggest that the

hyperarid and plantless core of the central Atacama Desert

persisted through the Quaternary and possibly the late

Neogene. Apparently, pedogenic carbonate does not form in

the absence of vegetation because root respiration and

bicarbonate production, along with other factors, are essential

for its genesis (Quade et al., 2007).

The persistence of absolute desert throughout the Quater-

nary means that long-distance dispersal events of c. 100 km are

still necessary to account for the establishment of Andean

Late Quaternary plant colonizations across the Atacama Desert
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plants in either the Lomas or the lower fringes of what is now

absolute desert. Evidence for long-distance dispersal and the

high mobility of Atacama flora is available from the northern

Atacama, where between February and March, ad 1600 the

Huaynaputina eruption denuded a large area between 1600

and 2600 m near Moquegua c. 120 km from the coast in

southern Peru (Schwarzer et al., 2010). Disjunct, isolated plant

populations of the Lomas-like flora on the pumice slopes,

dominated by ephemerals and annuals, provide evidence for

long-distance dispersal, with likely source populations one to

several hundred kilometres away. Our midden data support

Schwarzer et al.’s (2010) conclusion that dispersal limitations

imposed by the absolute desert are probably secondary in

importance to the frequency of climatic conditions favourable

for plant establishment.

Long-distance dispersal events between the Andes and the

lower fringes of absolute desert or the Lomas could have

happened in any number of ways. For example, the Andean fox

(Lycolopex culpaeus) consumes fruits to supplement its diet

and is known to roam large distances in the Atacama and

northern Chile. Although it may be an ineffective and

inefficient disperser (Bustamante et al., 1992; Castro et al.,

1994; Leon-Lobos & Kalin-Arroyo, 1994; Silva et al., 2005), the

Andean fox is still a legitimate source of long-distance

dispersal, as are granivorous birds in both the Andes and the

Lomas. Another less acknowledged source of dispersal is the

rare but extreme floods that originate in the High Andes and

cross the Central Depression to the lower fringes of the

absolute desert and the coast. Such extreme floods may have

been more extensive and frequent in the past (Lamy et al.,

2000), and could have transported both water and propagules

from the Andes to suitable establishment sites in the lower

fringes of the absolute desert. Extreme flood events probably

happened during pluvial events, when regional groundwater

levels were elevated in the Central Depression and supported

local wetlands harbouring Andean plants. This would have

shortened dispersal distances by floods, birds and mammals.

CONCLUSIONS

Our unique record reveals important past vegetation changes

even in the hyperarid core of the central–southern Atacama.

These changes were the result of major hydrological change

during specific events during the late Quaternary, for the most

part tied to the last glacial–interglacial transition and the late

Holocene. At present this zone is almost completely devoid of

any vegetation and rainfall is < 1 mm year)1 (Houston,

2006b). Yet our results show periods of elevated plant species

richness and the presence of Andean extralocal species in the

Coastal Ranges during the late Pleistocene at 28.1–27.9, 21.3

and 17.3 ka and for the late Holocene at 3.7 and 0.5 ka. Similar

events occurred at 34.5 and 18.9 ka in the neighbouring

Precordillera at QJU.

A forbidding zone of absolute desert, at times slightly

contracted, persisted throughout the Quaternary and possi-

bly the Neogene, but did not limit episodic, long-distance

colonization events of plants from the Andes to the

Coast. These colonization events happened during pluvial

times when establishment conditions were favourable and

dispersal distances by birds, mammals and floods might

have been shortened by the existence of local wetlands in the

Central Depression. This contradicts the idea that the coastal

Lomas communities have remained isolated during the

Quaternary and presents new prospects for understanding

the evolution and diversity of the flora of the Atacama Desert.
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