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ABSTRACT

Aim In deserts, past climate change (and particularly past rainfall variability)
plays a large role in explaining current plant species distributions. We ask
which species were most and which were least affected by changes in rainfall
during the late Quaternary in northernmost Chile.

Location Quebrada La Higuera (QLH; 18° S), a shallow canyon that cuts
east-west through the western Andean precordillera of northern Chile, con-
necting the Altiplano with the hyperarid Atacama Desert.

Methods We collected and dated 22 rodent middens from elevations of 3100—
3500 m in QLH. These were analysed for identifiable plant macrofossils and
pollen. We also measured chinchilla rat (Abrocoma cinerea) faecal pellets in the
youngest middens to explore how they relate to past ecological and climatic
change.

Results The three oldest middens dated to more than 37 ka (thousand cali-
brated 'C years), four middens dated to 14.4-11.6 ka, and fifteen middens
spanned the last 650 years. During all the intervals examined, extralocal species
(those found today at higher elevations and indicative of positive rainfall anoma-
lies) were present at our midden sites. In the youngest interval, Parastrephia pol-
len (indicating increased rainfall) increased abruptly at Ap 1760 and remained
high until the mid-1800s. This increase was also seen in our faecal pellet record.

Main conclusions Extralocal species were prevalent in late Pleistocene middens
at lower elevations when the climate was wetter. When combined with other
regional midden records, we postulate that many species found today in the Alti-
plano were displaced to lower elevations during the late Pleistocene. The recent
large-scale mortality documented among arboreal cactus populations along the
present upper margins of the Atacama suggests that these are relict populations
that are likely to have flourished during a wetter period in the early 1800s.

Keywords
Altiplano, Atacama Desert, central Andes, late Quaternary, pluvial events,
refugia, relict populations, rodent middens.

INTRODUCTION

factors (Hof et al., 2012) and uncertainties about the degree,
rate and nature of projected future climate change. By pro-

Assessing the consequences for biodiversity of current and
future climate change is a multifaceted and complex chal-
lenge (Naeem et al., 2012). Among other aspects, it must
consider the responses of individual species (Engel et al.,
2011), interactions of climate change effects with other biotic
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viding evidence for how species have responded to past cli-
mate change, including by migration, habitat shifts, regional
extirpation or even extinction, palaeoecological records help
constrain the uncertainty of response times to a determined
rate and direction of change (Dawson et al., 2011; Seddon
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et al., 2014). Past species distribution data can be used to
identify priority conservation areas and help establish which
species to protect (van Leeuwen et al., 2008; Chambers et al.,
2013) as well as aiding in designing ecosystem management
policies (Hallett & Walker, 2000; Gillson & Duffin, 2007;
Lindbladh et al., 2007).

Arid regions cover more than a third of the planet and are
very sensitive to climate change (Holmgren et al, 2006;
Jiménez et al., 2011). Variations in rainfall and temperature
are not uncommon and can drive large swings in productiv-
ity on interannual time-scales (Noy-Meir, 1973). Many
deserts around the world often experience flower blooms that
are provoked by the response of annuals to large but
infrequent rainfall events, such as those triggered by El
Nino—Southern Oscillation (ENSO) (Gutiérrez et al., 2000;
Holmgren et al., 2001a; Bowers, 2005). Intense drought can
induce massive die-offs of perennial vegetation, often
resetting demographic clocks in populations (Swetnam &
Betancourt, 1998; Allen et al., 2010).

In the arid central Andes and the adjacent Atacama Des-
ert, precipitation variability has had a strong impact on the
availability of water resources for various ecosystems at dif-
ferent time-scales (Latorre et al., 2002, 2003; Nester et al.,
2007; Quade et al., 2008). During the last glacial-interglacial
transition at the end of the Pleistocene, the Central Andean
Pluvial Event (CAPE) (Latorre et al., 2006; Quade et al.,
2008; Placzek et al., 2009) profoundly altered the distribu-
tions of many plant species in northern Chile (Latorre et al,
2006). Rodent midden records from the central Atacama
(22-24° S) have documented important elevational (¢. 1000 m
downslope) displacements of high Andean steppe grasses
during the CAPE (Latorre et al., 2002, 2003, 2006). These
pluvial events have been shown to facilitate the dispersal and
migration of species from higher vegetation belts into the
lower desert (Latorre et al., 2002; Diaz et al., 2012).

Climate and vegetation change in northernmost Chile over
the last 3000 years have been reconstructed using rodent
middens (Holmgren et al., 2008), plant macrofossils (Nester
et al., 2007; Gayo et al., 2012), lake records (Valero-Garcés
et al., 2003; Moreno et al., 2009) and tree-ring chronologies
obtained from Polylepis tarapacana (Rosaceae) (Morales
et al., 2012). The latter display a strong ENSO signal (recon-
structed summer rainfall anomalies) over the last 700 years,
with wet years corresponding to La Nina and droughts to El
Nino (Morales et al., 2012). Furthermore, these records show
a major centennial-scale trend towards more arid conditions
that started in the 1930s and has continued until the present
day (Morales et al., 2012). The impact, however, of these
recent climate changes on the vegetation and human societies
of northernmost Chile has not been explored.

Pluvial events, refugia and relicts

Large-scale climate fluctuations associated with glacial-
interglacial cycles are known to have affected the spatial dis-
tribution and ranges of many aridland plant species (Lyford
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et al., 2003; Diaz et al., 2012). The consequences range from
species expansion during wet events to major range contrac-
tion and even extirpations during severe droughts (Jackson
et al., 2009). Pluvial events can also facilitate recruitment
and augment population growth (Swetnam & Betancourt,
1998). In contrast, drought can cause massive die-offs, form-
ing ‘relict’ or ‘ghost’ populations, which are often important
components of regional biodiversity (Hampe & Jump, 2011).

Refugia are likely to have facilitated the maintenance of
biodiversity over millennia and under changing climates
(Gavin et al., 2012). The concept of a refugium remains,
however, controversial and there is no standard definition
(Keppel et al., 2011). We use the term as an area in which
populations survive during periods of environmental stress
(Hampe & Jump, 2011). Hence, a species that was wide-
spread in the past, but now persists in a much smaller cli-
matically favourable area, would constitute a refugial
population.

To further our understanding of plant biogeography and
its relationships with past climate change in the Atacama
Desert, we present a new rodent midden record that spans
more than 40,000 years. These samples were collected at
Quebrada La Higuera (QLH) in the precordillera of the wes-
tern Andes (Fig. 1) along two elevational bands. Rodent
middens have been previously reported here (Holmgren
et al., 2001b, 2008), but the QLH midden record is the only
record from this region with late Pleistocene middens, and is
key for understanding how plant species responded to the
end of the last glacial cycle. We use midden pollen, plant
macrofossil evidence and chinchilla rat (Abrocoma cinerea)
pellet diameters (a proxy for body size; see Smith et al.,
1995; Latorre et al, 2010) to infer past environmental and
vegetation change.

MATERIALS AND METHODS

Physical setting

Quebrada La Higuera (18.44° S; 69.72° W) is a narrow east—
west-trending canyon that drains the western Andean pre-
cordillera in the northern Atacama Desert between 3000 and
3590 m above mean sea level (m a.s.l.) (Fig. 1). QLH has an
intermittent stream flow with several smaller tributary water-
sheds that lie along the transition from the drier prepuna
(mean annual rainfall of 60-80 mm yr '; see ‘Vegetation’)
to the wetter puna (100-150 mm yr~ ' rainfall, mostly during
the summer months; Garreaud et al., 2003). The present
mean annual temperature in the study area at 3100 m a.s.l.
isc9°C

Vegetation

Owing to the strong north—south and east-west climate gra-
dients, the vegetation of QLH displays marked latitudinal
and elevational zonation (see Appendix S1 in Supporting
Information). The four main zones or ‘bands’ are the coastal
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lomas, prepuna, tolar (or puna) and the high Andean steppe
(Villagran et al., 1982; Arroyo et al., 1988; Holmgren et al.,
2008). Most plant species in northern Chile are limited by low
temperatures along their upper range, and by rainfall along
their lower range (Latorre et al., 2006). ‘Absolute desert’ —
where plants are practically absent from the landscape — ranges
from the coastal lomas up to the prepuna along the western
Andean slope (see Appendix S1).

We collected middens from the prepuna (3000 m a.s.l.)
and puna (3400 m a.s.l.) bands in QLH. Here, prepuna vege-
tation occurs above 2500 m a.sl. and consists mostly of
widely spaced xerophytic plants; it is characterized by the
shrubs Atriplex imbricata, Ambrosia artemisioides and Ephe-
dra breana, the cacti Browningia candelaris, Cumulopuntia
sphaerica and Corryocactus brevistylus, and many summer
annuals and grasses such as Calandrinia, Lepidium, Cistanthe
and Stipa annua. The diverse puna (or tolar) band occurs
between 3400 and 4000 m a.s.l., and includes the shrubs Fa-
biana ramulosa, Diplostephium meyenii, Baccharis tola and
Parastrephia quadrangularis. Bunchgrasses and cushion plants
appear in the transition between puna and high Andean
steppe, dominated by Asteraceae shrubs (Baccharis, Chuqui-
raga and Parastrephia). The high Andean steppe occurs
above 4000 m a.s.l. and is typically dominated at these lati-
tudes by bunchgrasses of the genera Festuca, Nassella and
Deyeuxia, and the cushion plants Azorella compacta and
Pycnophyllum molle (Holmgren et al., 2008). A local spring
with abundant wetland vegetation outcrops along the valley
floor near our higher-elevation site (see also Santoro et al,
2011).

Field and laboratory methods

Rodent middens are discontinuous accumulations of organic
debris (faeces, bones, and the remains of plants and insects)
encased in hardened urine (amberat), and commonly found
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Figure 1 Regional map of the study area
indicating the location of Quebrada La
Higuera (QLH) in the Atacama Desert,
northern Chile. The rodent midden
localities described in this study are
indicated by triangles. Colours change every
1000 m of elevation. Other relevant sites
discussed here are also indicated (m a.s.l. =
metres above sea level).

in rock shelters, caves and crevices in the American arid-
lands, including the Atacama Desert (Latorre et al., 2002,
2003). Fossil rodent middens represent individual snapshots
of vegetation that must be compiled into chronological series
for any particular site or area. We collected 30 fossil rodent
middens from QLH; 15 middens were collected from 3050
to 3130 m a.s.l. and another 15 from 3230 to 3580 m a.s.l.
(Fig. 1). Middens were extracted using a hammer and chisel,
cleaned in the field for weathering rinds and surface contam-
inants, and split along clear stratigraphical units when
recognizable. The midden-building agents were also identified
in the field whenever possible.

Middens were processed in the lab following established
procedures (Spaulding et al, 1990; Latorre et al., 2002).
Approximately 100 mg of rodent faecal pellets from 22 mid-
dens (selected previously for their abundant macrofossils)
were submitted for accelerator mass spectrometry (AMS)
radiocarbon dating at the Keck Facility, University of Cali-
fornia, Irvine. All dates were calibrated to calendar years
before 1950 (or Bp; Hogg et al., 2013).

Macrofossils (plants, faecal pellets, bones and insects) were
processed using standard techniques (Spaulding et al., 1990;
Latorre et al, 2002). Plant macrofossils, including seeds,
leaves, flowers and fruits, were quantified using a relative
abundance scale (0, absent; 1, very rare; 2, rare; 3, common;
4, abundant; 5, dominant), and identified by comparison to
a reference collection at the Departamento de Ecologia, Pon-
tificia Universidad Catdlica de Chile. Midden floras were
classified by physiognomic affinity (prepuna, puna or
steppe), and also as local or extralocal species by comparing
the presence/absence of a species to the regional flora (Marti-
corena et al., 1998) and with plant species present in modern
middens.

Pollen extraction followed methods described for rodent
middens in Maldonado et al. (2005). Pollen was extracted
from fossil amberat using standard techniques (Faegri &
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Iversen, 1989) and identified to the lowest taxonomic level
possible using a reference collection located at the CEAZA,
Universidad de La Serena. Each sample included a minimum
pollen sum of 300 grains.

Woodrat (Neotoma cinerea) pellet diameters in packrat
middens from south-western USA have been used to track
rodent body-size fluctuations over time and have also been
linked to past climate change, specifically summer tempera-
tures (Smith e al., 1995). In contrast, ashy chinchilla rat
(Abrocoma cinerea) pellet diameters show a significant corre-
lation with mean annual rainfall in modern middens, indi-
cating that local productivity may be more important
(Latorre et al., 2010, 2013). For each midden, Abrocoma pel-
lets were measured using a digital caliper (& 0.01 mm preci-
sion; Mitutoyo Sul Americana, Sao Paulo, Brazil) for
approximately 200 selected pellets that were well preserved
and relatively intact. The mean value of the largest 20% of
these was then used as a proxy for the average value of the
largest individuals in the population.

RESULTS

Radiocarbon dating

Radiocarbon ages reveal an uneven temporal coverage for the
22 middens selected (Table 1). The middens were clustered
into three age groups: three middens dated to 38 ka or older,
four middens dated from 14.42 to 11.47 ka, and the largest
cluster (15 middens) dated from later than 610 cal. yr Bp;
almost all of these were collected between 3440 to 3575 m a.s.l.
The other two midden clusters were collected at lower eleva-
tions in the prepuna (3050-3120 m a.s.l.). The two oldest mid-
dens (QLHS85-1 and QLHS85-2) are beyond the current
calibration dataset SHCAL13, and were not calibrated.

Plant macrofossil and pollen assemblages

A total of 37 different plant taxa were identified to either genus
or species from plant macrofossils (see Appendix S2). Macro-
fossil content and pollen descriptions follow the three different
rodent midden age clusters (from oldest to youngest).

Midden cluster I (MC-1): > 49.7-38 ka

The two oldest middens of this cluster have a grassy texture
with very few identifiable macrofossils. For example, we found
only one Ephedra seed in the oldest midden (QLHS85-1;
> 49,700 'C yr Bp), and the next midden in the sequence
(QLHS85-2; 47,200 '*C yr BP) also contained few macrofossils,
two of which were extralocal species found at higher eleva-
tions (by 200-500 m) than today: Oreocereus leucotrichus and
Parastrephia quadrangularis. In contrast, the youngest midden
(QLH185-A2; 37.4 ka) had a much greater diversity of plant
macrofossils. Many of these were extralocal taxa found today
at higher elevations (Parastrephia quadrangularis, Baccharis
tola, Phacelia sp.) (Fig. 2a).
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In contrast to the plant macrofossils, pollen is abundant
in all these middens. The oldest midden was dominated by
Ledocarpaceae type Balbisia and Asteraceae aff. Baccharis
300-400 m higher.
Prepuna taxa (Ephedraceae, Asteraceae aff. Semecio and

pollen — taxa found today some
Boraginaceae) were also common; other pollen types (Poly-
podiaceae, Solanaceae aff. Fabiana, Solanaceae, Poaceae,
Brassicaceae and Amaranthaceae) were much less frequent.
As with the plant macrofossils, the youngest midden of the
cluster showed considerably greater richness and changes in
relative abundance as Ledocarpaceae type Balbisia decreased
and Asteraceae aff. Senecio increased. In addition, new taxa
also appeared (Fabaceae and Mimosaceae aff. Prosopis),
whereas the pollen percentages of Ephedraceae, Polypodia-
ceae and Poaceae dropped off significantly (Fig. 2b). All
these taxa (especially Poaceae) occur in the puna belt
today.

Midden cluster II (MC-II): 14.4—11.5 ka

The four middens of this cluster had abundant plant macro-
fossils and many of these are indicative of the presence of
extralocal species. Cumulopuntia boliviana (found in three
middens) and Solanum sp. (two middens) are characteristic
of the puna, and when present occurred at high relative
abundances. Another extralocal species, Oreocereus leucotri-
chus (now found 300 m further up the valley), occurred in
one of these middens. Local species such as Browningia can-
delaris and the riparian grass Nassella pubiflora also exhibited
high relative abundances (Fig. 3a). A midden dated to
610 cal. yr BP (AD 1340) collected at the same lower-eleva-
tion site, is plotted here as a ‘modern’ analogue and serves
as a comparison to the middens of this cluster.

Pollen results show that these middens were dominated
by puna taxa, including Solanaceae aff. Fabiana and Astera-
ceae aff. Baccharis. Malvaceae and Polypodiaceae pollen,
both characteristic of the puna belt, were also abundant in
the three oldest middens, whereas the youngest midden
(11.49 ka) had lower percentages of these taxa. Instead, the
prepuna taxa Aizoaceae aff. Tetragonia and Caryophyllaceae,
which appeared 12.41 ka, were more common. Portulaca-
ceae aff. Calandrinia, Fabaceae, Asteraceae aff. Chaetanthera
and Cactaceae aff. Oreocereus also appeared at 11.49 ka,
showing that more prepuna elements were present in this
assemblage. Other taxa, including Cactaceae indet. and
Boraginaceae, were only present in the c. 14.42-ka midden,
and then disappeared (Fig. 3b). Our ‘modern analogue’
midden (610 cal. yr Br) had a prepuna assemblage domi-
nated by Amaranthaceae with the presence of Asteraceae
Ambrosia type and Boraginaceae, all of which are also found
at the site today.

Midden cluster III (MC-II1): 610-0 cal. yr Bp (AD 1340—1950)

This was the largest cluster, with 15 middens, all collected
from our higher-elevation site. Rich in plant macrofossils,
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Table 1 Collection data and radiocarbon chronology for the 22 middens from Quebrada La Higuera (QLH) in the Atacama Desert,
northern Chile. Ages marked with an asterisk were beyond the calibration dataset.

Midden Median 95% range (cal. yr BP) No.
collection Elevation Slope Radiocarbon probability identified
number (m) aspect lab. no. “Cage SD  (cal yr ) Lower Upper yr AD  Material dated  plant taxa
QLH285 3457 SW UCIAMS-73918 30 15 —6 -7 0% 1950  Abrocoma pellets 13
QLH281 3454 SW UCIAMS-73917 85 15 50 -7 135 1900  Abrocoma pellets 4
QLH86 3459 S UCIAMS-73925 105 15 55 —6 241 1895  Abrocoma pellets 7
QLH182-A 3469 NNW  UCIAMS-73919 110 15 60 —6 242 1890  Abrocoma pellets 11
QLH182-B 3469 NNW  UCIAMS-73920 120 20 80 1 251 1870  Abrocoma pellets 13
QLH183 3468 N UCIAMS-73915 140 15 90 1 253 1860  Abrocoma pellets 16
QLH287 3446 SE UCIAMS-73914 175 15 145 1 277 1805  Abrocoma pellets 13
QLH279 3469 — UCIAMS-73926 215 15 190 148 285 1760  Abrocoma pellets 12
QLH280 3458 SW UCIAMS-73916 285 15 300 160 321 1650  Abrocoma pellets 11
QLH99 3455 SE UCIAMS-73923 305 15 310 289 438 1640 Abrocoma pellets 11
QLH289 3439 S UCIAMS-73922 390 20 385 326 489 1565  Abrocoma pellets 3
QLH271 3471 NW UCIAMS-73927 585 15 545 526 555 1405  Abrocoma pellets 18
QLH282 3461 SW UCIAMS-73921 620 15 560 542 629 1390  Abrocoma pellets 16
QLH184 3576 S UCIAMS-73924 650 15 610 552 636 1340  Abrocoma pellets 13
QLH371c 3055 N UCIAMS-73928 660 15 610 554 645 1340  Abrocoma pellets 10
QLH182B2-3 3082 S UCIAMS-73932 10,055 25 11,490 11,315 11,703 — Phyllotis pellets 11
QLH182B2-2 3082 S UCIAMS-73931 10,500 25 12,410 12,114 12,548 — Phyllotis pellets 7
QLH185B-1 3082 S UCIAMS-73929 12,321 25 14,170 14,029 14,350 — Phyllotis pellets 5
QLH185B2-1 3082 S UCIAMS-73930 12,390 25 14,320 14,122 14,643 — Phyllotis pellets 8
QLH185A-2 3082 S UCIAMS-73934 33,260 270 37,440 36,576 38,319 — Phyllotis pellets 13
QLHS85-2 3126 SW UCIAMS-73913 47,200 1500 * * * — Phyllotis pellets 3
QLH85-1 3126 SE UCIAMS-73933 > 49,700 — * * — Phyllotis pellets 1

these averaged 11 identified taxa per midden. A considerable
number of taxa occurred consistently throughout the record,
such as Allionia incarnata, Cristaria spp., Baccharis tola, Scir-
pus sp. and Nassella pubiflora. Other taxa were present in
high abundances in the oldest middens (c. 610-560 cal. yr
BP), disappeared afterwards (c. 545 cal. yr BP) and then
reappeared at c. 190 yr; examples include the cacti Oreocereus
hempelianus and Oreocereus leucotrichus, the prepuna shrub
Ambrosia artemisioides, perennial plants such as Chenopodium
sp., Ephedra breana and the annual Heterosperma sp. An
important pattern of turnover occurred among the summer
annuals and grasses in this cluster: Cistanthe spp., Aristida
adscensionis, Tagetes multiflora and Euphorbia sp. all
occurred in the oldest midden (c. 610-560 cal. yr Bp) but
were not found in the youngest middens. Instead, other
annuals such as Sisymbrium sp. appeared at 145 cal. yr Bp
(Fig. 4a).

Midden pollen revealed a rich assemblage. Asteraceae aff.
Baccharis, Asteraceae aff. Senecio, and Ledocarpaceae were all
dominant, and Boraginaceae, Solanaceae aff. Solanum, Aster-
aceae aff. Ambrosia, Ephedra and Fabaceae also occurred in
lower percentages. The puna shrub Asteraceae aff. Baccharis
was more abundant at 400-300 cal. yr Bp together with low
percentages of other taxa, suggesting an impoverished puna
assemblage. Asteraceae aff. Parastrephia, a puna shrub found
today above 3700 m a.s.l., appeared abruptly at c. 190 cal. yr
BP (AD 1760), and increased remarkably in abundance until
the most recent middens, which had decreased percentages
of this taxon (Figs 4b & 5a).
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Variations in Abrocoma cinerea pellet diameters

Only MC-III had A. cinerea middens for which pellets could
be measured (the older middens were all built by Phyllotis
spp.) (Table 1). Within MC-III (610 cal. yr Bp to present),
four major trends in average pellet diameters are readily
apparent (Fig. 5b): (1) a decrease in diameters occurred from
610 to 545 cal. yr BP (AD 1340-1405), (2) pellet diameters
increased in size until 300 cal. yr BP (aDp 1650), followed by
(3) a strong reduction in diameters at 190 cal. yr BP (AD
1760), which in turn gave way to (4) an almost 75% increase
in pellet diameters, reaching maximum pellet diameters at
145 cal. yr BP (AD 1805). A slow but steady decrease in pellet
diameters occurred across the median age probability of
middens over the last 150 years — the trend is apparent
despite the large errors typical of very young (within the last
200 years) calibrated **C ages (Fig. 5b).

DISCUSSION

Late Quaternary vegetation and climate change in
the northern Atacama

Midden-building rodents in the Atacama appear to be gener-
alists, and their middens are therefore representative samples
of the surrounding local vegetation (Cortés et al, 2002;
Latorre et al., 2003; Salinas & Latorre, 2007). Past local cli-
mate and vegetation change can thus be garnered by estab-
lishing the presence of extralocals and their physiognomic
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Figure 2 Midden cluster I (MC-I) (older than 37 ka, ¢. 3100 m a.s.l,, three middens) from Quebrada La Higuera in the Atacama
Desert, northern Chile. (a) Plant macrofossil diagram. Relative abundance index runs from 0 (absent) to 5 (dominant). Note the sparse
taxa in older middens. (b) Pollen percentage diagram for two middens from this cluster. The total pollen sum for each sample included

a minimum of 300 grain counts.

and phytogeographical affinities. In part, this relies on the
distribution of vascular plant species in northern Chile and
the associated climatic gradients (Villagran et al, 1982;
Arroyo et al., 1988; Latorre et al., 2003, 2006). Elevated mac-
rofossil richness and elevated relative abundances of species
that today grow at higher elevations, including Cryptantha
sp., Oreocereus leucotrichus, Parastrephia quadrangularis, Bac-
charis tola and other taxa, occur in the oldest midden cluster
(MC-I). Given the elevation (3050 m) at which these mid-
dens were collected, the presence of these species evinces
important changes in Andean biogeography, especially at
37 ka (see next section). The higher moisture requirement of
these plants (> 60 mm yr ', compared to the ¢. 30 mm yr~'
at these sites today) is likely to indicate that their dispersal
into the lower prepuna was facilitated by sustained increases
in local summer rainfall. Something similar occurs for
MC-II, where the elevated species richness in middens and
the presence of extralocals such as Cumulopuntia boliviana,
Oreocereus leucotrichus and Solanum sp. reveal important
increases in past local rainfall from 14.4 to 11.5 ka.

Midden pollen also reveals the presence of extralocal taxa
found today at higher elevations. The oldest cluster (MC-I)
is dominated by pollen from the puna-extralocal Asteraceae
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aff. Baccharis. For MC-II, the extralocal species Solanaceae
aff. Fabiana and Asteraceae aff. Baccharis are also indicative
of wetter conditions. These midden clusters show major
changes in the distribution of plant species at QLH, which in
turn reflect important hydrological changes during periods
of increased rainfall (pluvial events). For MC-II, these
changes are also synchronous for the most part with the
widespread CAPE.

Palaeoecological and societal evidence for a recent
pluvial in historical times

Rodent midden series are not typically used as high-resolu-
tion records of past climate change because they are discrete,
non-continuous units and the duration of a depositional epi-
sode is often unknown. Hence, their use on more recent
time-scales (the last 1000 years) is rarely explored. Some of
these limitations can be overcome, however, by referring to
different proxies from a single given midden, as each reflects
different aspects of past environmental change.

The midden pollen record shows major changes in certain
extralocal taxa in MC-III. In contrast to the plant macrofos-
sils, midden pollen is not a measure of plant species presence
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Figure 3 Midden cluster IT (MC-II) series (14.4-11.5 ka, c. 3080 m a.s.l., four middens) from Quebrada La Higuera in the Atacama
Desert, northern Chile. (a) Plant macrofossil diagram. Relative abundance index runs from 0 (absent) to 5 (dominant). (b) Midden
pollen percentage diagram based on three middens from this cluster. The total pollen sum for each sample included a minimum of 300
grain counts. Note the large break in ages between late Pleistocene middens and a ‘modern’ midden (QLH371c, 610 cal. yr Bp) collected

at the same site for comparisons.

or absence but of abundance, and can often complement the
macrofossil record (Maldonado et al., 2005; Diaz et al.,
2012). Thus, Asteraceae aff. Baccharis pollen was abundant
until Ap 1650 and then decreased, possibly because of
increasing drought. A large increase in Asteraceae aff. Paras-
trephia pollen beginning in Ap 1760 reflects an increase in
rainfall: this puna shrub is now found c¢. 200-300 m further
upslope (Fig. 5a). This historical pluvial event is also docu-
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mented in the Polylepis tree-ring chronology from the wes-
tern Altiplano (Morales et al., 2012; plotted in Fig. 5¢) and
the Lago Chungara record, which indicates wetter conditions
towards the end of the 1800s (Valero-Garcés et al., 2003).
Large changes occurred in A. cinerea pellet diameters since
610 cal. yr BP (AD 1340 onwards; Fig. 5b). Pellet diameters
oscillated around low average values during the earlier part
of the record, reaching a minimum at ap 1805. These values
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then increased and remained high until c. Ap 1900 (calibra-
tion errors increase for younger *C dates), after which the
diameters decreased towards modern values. If these values
(through changes in rodent body size) reflect mean annual
rainfall as has been previously hypothesized (Latorre et al.,
2010, 2013), then as with the increase in Asteraceae aff.
Parastrephia pollen, these trends are indicative of a large plu-
vial event during the first half of the 1800s. They could also
be indicative of cooler temperatures (indicated by larger
body sizes), but this interpretation would contradict other
regional evidence that points to increased warming at this
time (Rabatel et al., 2008).

The midden macrofossils identified in MC-III are compli-
cated to interpret. Assemblages characterized by Chenopodium
sp., Nassella pubiflora, Scirpus
Cryptantha sp. and Cristaria spp. are all local. An important

sp., Allionia incarnata,
turnover among annuals occurred from ap 1405 to 1650, as
Sisymbrium appeared in the record and Aristida adscensionis
and Tagetes multiflora (both summer annuals) disappeared.
Such ‘stochastic stability’ appears to be comparable with a
recent midden study that showed similar stability over the last
3000 years in northernmost Chile (Holmgren et al., 2008).

We speculate that this apparent ‘stochastic stability’ in
our recent midden macrofloras is perhaps due to current
floristic spatial heterogeneity. The youngest middens were
often dominated by plants currently growing next to the
collection site. The implication is that any changes in plant
species assemblages and especially perennials recorded in
middens at these small temporal/spatial scales could be
unrelated to changes to regional climate. This is in contrast
to the midden pollen record, which clearly indicates the per-
sistent presence of a particular pollen type (i.e. Parastrephia)
starting in AD 1760. There are many vectors for pollen in
middens (Diaz et al., 2012), but the fact that this pollen
type is absent from older middens in MC-III supports our
interpretation that it must be locally derived (if this pollen
were wind-dispersed, it would probably show up in small
amounts in all the middens). Furthermore, this trend resem-
bles the changes in Abrocoma cinerea pellet diameters mea-
sured in these same middens. We conclude that if the
spatial variation in vegetation between midden sites is larger
than the possible vegetation response to a short-lived pluvial
event (i.e. one that lasts several decades), then such events
may not be reflected in midden macrofloras, which would
instead produce a record of apparent ‘stability’ or stochastic
changes.

Further evidence and impacts of a recent ‘historical An-
dean pluvial’ come from local accounts, archaeological and
historical records, as all suggest there were important shifts
in human activities, including farming, plant collection, sea-
sonal pastoralism and even hunting (Nunez, 1986; Nunez
et al., 2010). Historical demographic data show a past
‘bonanza epoch’ during the early-to-mid 1800s, with a grad-
ual increase in the indigenous Aymara population of the Ta-
rapacd region during the 1700s, followed by an abrupt
decline after 1850 (Larrain, 1974; van Kessel, 1991; Gaete,
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2006) (Fig. 5d). This ‘bonanza’ and subsequent collapse are
still in the oral tradition of the peoples from the Arica and
Tarapaca highlands (C.M.S., unpubl. obs.). With few excep-
tions (Larrain, 1974; Nunez, 1986; Gaete, 2006), the histori-
cal and archaeological arguments used to explain these
demographic changes focus on urban expansion, develop-
ment of the nitrate industry and the enforcement of new
geopolitical boundaries and policies after the War of the
Pacific (between Chile, Peru and Bolivia in the late 1800s),
or even the aftermath of epidemics (Larrain, 1974; van
Kessel, 1991; Gaete, 2006; Castro, 2008; Gonzalez, 2009;
Gonzalez et al., 2014).

We suggest that a major pluvial event, followed by sus-
tained centennial-scale drought, would have played a major
role in the increased population and subsequent depopula-
tion of these rural areas. As the climate became drier and
plant resources succumbed to drought, pastoralism, farming
and hunting are likely to have shifted from a permanent to a
more intermittent habitation system. People would thus have
migrated from their homelands in the prepuna as life became
harsher through the increasing aridity. They went on to cre-
ate a surge of highland migrants that supplied cheap labour
for the (now also abandoned) nitrate mining camps and
towns in the lower Atacama Desert, as well as populating the
emergent coastal cities of Arica and Iquique.

Modern-day refugia and relict populations in the
Atacama: implications for conservation in a changing
climate

One of the most salient features of the middens from the
MC-I and MC-II clusters is the presence of extralocal species
such as Baccharis tola, Cumulopuntia boliviana and Oreocere-
us leucotrichus. The distribution of these species is limited by
rainfall and they are currently restricted to high-elevation
puna habitats (Latorre ef al., 2006). As with other midden
records from the central Atacama, these show that, during
the late Pleistocene, the low-elevation prepuna vegetation
was enriched by puna plant species but the more aridity-tol-
erant species were still present (i.e. Browningia candelaris,
Allionia incarnata, Lepidium and Cistanthe).

We suggest that these results imply that much of the
central Andes and Altiplano are modern-day refugia for
many species found here and nowhere else. Such elevations
would rarely have been occupied by these same species dur-
ing the colder periods of the Pleistocene, and in fact pollen
from lakes and other records in the western Altiplano indi-
cate that very little vegetation was present during extreme
cold phases such as the Last Glacial Maximum (Grosjean
et al., 2001; Paduano et al,, 2003; Maldonado et al., 2005).
Thus, many high-Andean plant species would have been
completely absent from the Altiplano during colder periods
(i.e. most of a glacial period), only returning to the region at
the beginning of warmer interglacials.

Another important result of this study is that the lower
elevations of the western Andean prepuna appear to be
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Figure 4 Midden cluster III (MC-III) series (the last 610 yr cal. Bp, c. 3500 m, 14 middens) from Quebrada La Higuera in the Atacama
Desert, northern Chile. (a) Plant macrofossil diagram (14 middens). Relative abundance was estimated by using a relative abundance
index (where 0 is absent and 5 dominant). (b) Midden pollen percentage diagram based on 11 middens from this cluster. The total
pollen sum for each sample included a minimum of 300 grain counts. Note the presence of Asteraceae aff. Parastrephia pollen type

(a shrub not found at the site and currently growing at higher elevations) starting at 200 cal. yr Bp.

‘relict’ landscapes, the product of long-term swings in natural
climate variability in which several decades of wetter climate
are followed by many decades of drought. Today, many
large, dead-standing columnar cacti can be seen, as can the
lack of population rejuvenation in the lower portion of the
QLH watershed. This was recently quantified by Pinto &
Kirberg (2009), who used first-hand observations to evalu-
ate the status of two northern Atacama cacti (Browningia
candelaris and Corryocactus brevistylus). They found high
mortality in populations of both species in the lower
prepuna (2400-2800 m a.s.l.) (see Appendix SI).

Such mass mortality in cacti due to drought is not uncom-
mon. Extensive saguaro (Carnegiea gigantea) cactus popula-
tions in the eastern Saguaro National Monument (near
Tucson, AZ) that were established during wetter periods in

84

the late 1700s and early 1800s are now suffering major die-
backs due to sustained drought (Pierson et al., 2013). Simi-
larly, we relate mortality in northern Chile cactus
populations to decreasing regional rainfall since the early
1900s and possibly even earlier (Gaete, 2006). Intense pluvial
events followed by extended droughts are typical of desert
environments, and can reset the demographic clocks of an
important portion of its perennial flora (Swetnam & Betan-
court, 1998), shaping landscapes that are then a result of past
climate change.

Given the nature of past climate and vegetation changes at
QLH, we point out two aspects that have implications for
future conservation efforts of these unique floras. First, the
central Andes and Altiplano are very likely to be modern-day

refugia for many plant species that may have had much
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more extensive distributions at lower elevations in the past
but are now restricted to very small or fragmented popula-
tions. Second, we point out the effects of recent climate
change over the last few centuries has had on the prepuna
vegetation of the western Andes. The large-scale vegetation
dynamics alluded to here could be tested with population
genetics, because several species could have both young
(Holocene) populations in the Altiplano today and older
pluvial relicts of diverse ages at lower elevations. These find-
ings are also key for understanding the cultural, economic
and demographic changes in human societies of northern-
most Chile over the last two centuries.

Models of future climate change under scenarios of
increased greenhouse gas concentrations indicate that aridity
is expected to increase over the western Altiplano (Minvielle
& Garreaud, 2011; Thibeault et al,, 2011). This is due to a
simulated increase in upper-level westerly wind-flow, which
blocks the advection of moisture-laden easterly air masses.
Thus, the desert floras of northern Chile and the central
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Andes face a very uncertain future. Efforts to conserve these
ecosystems and communities should focus on the protection
of refugia located in the western Altiplano, and towards miti-
gation strategies for the floras of the prepuna, especially of
large perennial species. Similarly, the past and predicted
future scenarios should be considered in future resource
planning.
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Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Schematic representations of the different
vegetational bands at QLH (18° S), and photographs of
rodent midden localities and of a standing, dead Browningia
candelaris or ‘cactus candelabro’ in the lower prepuna of
northernmost Chile.

Appendix S2 Taxonomic and associated phytogeographical
data of the 37 plant macrofossil taxa identified from QLH
rodent middens.
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