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A B S T R A C T

The hyper-arid core of the Atacama Desert is one of the most persistently arid environments in the world, yet
there is evidence of significant hydroclimate variability during the Holocene. The timing of regional scale pluvial
or humid periods has important implications for understanding the drivers of South American climate variability
as well as the development of agriculture by prehistoric cultures. Here we present oxygen (δ18O) and carbon
(δ13C) isotope values from ancient Prosopis sp. tree-ring cellulose as a record relative humidity (RH) and water
availability (via intrinsic water–use efficiency) over century–long intervals throughout the past 9.5 ka in the
northern Atacama Desert (19–21°S). These data provide the first high–resolution (ca. annual) evidence for de-
creasing water availability and increasing climate variability in the Atacama from the early-to late- Holocene.
Intrinsic water–use efficiency steadily increases over the Holocene indicating a lowering of the water table and a
reduction in the availability of groundwater resources in the region. As water availability decreases, δ18O-based
estimates of RH show increased variance beginning ~4.9 ka. This change in RH coincides with the onset of
modern day Central Andean atmospheric circulation patterns and previously documented humid periods in the
southern Altiplano (22–24°S). Subannual tree-ring isotope analysis of modern and early Holocene (8.3 ka) trees
show a similar seasonal cycle in carbon isotope values that correlates with modern annual changes in tem-
perature; however, the early Holocene interseasonal variability is greater than modern seasonality. δ18O values
of the Atacama tree-rings are highly correlated with those of the Sajama ice core from the Bolivian Andes,
demonstrating a teleconnection between high-altitude Andean precipitation and water availability in the
Atacama Desert. These reconstructions together provide a record of Holocene water availability and ephemeral
recharge related to changes in ENSO and South American monsoon.

1. Introduction

In the coastal and low–elevation regions of northern Chile and
southern Peru, limited instrumental data and a paucity of high–-
resolution paleoclimate proxies have led to contradicting reconstruc-
tions of past climatic and hydrologic conditions (e.g. Grosjean et al.,
2003). Paleoclimate records from the Atacama have identified periods
of extreme variation in water availability throughout the past 10ka. The
early Holocene (11.7–8.2 ka) is generally thought to have been wetter
than present with increased pluvial periods associated with Central
Andean Pluvial Events (CAPE, Quade et al., 2008). CAPE are docu-
mented in numerous lake sediment records in the Altiplano (high-alti-
tude Central Andean plateau), and by the presence of lake and wetland
deposits are present within the currently dry Atacama Basin (Grosjean,

2001a; Núñez, 2002; Messerli et al., 1993; Wolfe et al., 2001). It is
difficult, however, to determine if the these temporally discontinuous
proxies (e.g. paleowetlands, rodent middens and paleosols) record re-
gional scale variations in paleoclimate and groundwater levels. For
example, additional proxy records suggest that from 9 to 4 ka the
Atacama was more arid than today, with an brief humid interval around
6 ka (e.g. Abbott et al., 2003; Baker et al., 2001; Grosjean, 2001b;
Thompson et al., 1998). Most proxy records agree that the late Holo-
cene (4.2 ka – present) was persistently arid, and models of atmospheric
circulation over the Central Andes indicate that by 3.0 ka the region
resembled modern day conditions (Vuille and Keimig, 2004).

The challenge with interpreting regional-scale trends in Holocene
climate across the Atacama is that they appear to be punctuated by
abrupt pluvial events (e.g. high humidity, increased groundwater
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discharge, formation of wetlands, and rodent midden deposits).
Paleovegetation and wetland sedimentation records document at least
six pluvial periods in the central Atacama (22–24°S) at approximately
9.8 ka, 9.1 ka, 8.4 ka, 5.1–3.2 ka, 2.8–1.2 ka, and 1.0–0 ka (Bentancourt
et al., 2000; Latorre et al., 2003; Grosjean et al., 1997; Rech et al., 2002;
Sáez et al., 2016; Pfeiffer et al., 2018a,b). While wetland records from
the northern Atacama (19.5–21.5°S) Pampa de Tamarugal basin (PdT
basin) provide evidence of humid periods at 9.5 ka, 8.8 ka, 8.3 ka,
7.8–7.7 ka, 6.7 ka, 1.1–0.9 ka, 0.86 ka, and 0.78–0.71 ka (Nester et al.,
2007; Gayo et al., 2012; Blanco and Tomlinson, 2013; Tomlinson et al.,
2015; Pfeiffer et al., 2018a,b). The temporal discordance between the
northern and central Atacama records is attributed to differential
mixing of moisture sources throughout the Holocene (Pfeffier et al.,
2018a,b). Such differences in the dominant moisture source are ob-
served in the modern period with rainfall being sourced from the
Amazonian Basin in the north and from the Pacific and SE Atlantic in
the central Atacama (Vuille and Keimig, 2004; Houston, 2006; Quade
et al., 2008). Whether this modern geographic divide in Atacama pre-
cipitation source can be applied to the past cannot be resolved from the
currently available proxy records. However, recent spatial analysis of
rodent middens from 22 to 24°S by de Porras et al. (2017) suggest that
the prevailing moisture source difference between the northern and
southern Atacama regions is present as early as the late Pleistocene-
Holocene transition.

The hyper–arid Atacama Desert core (18–24 °S) naturally preserves
tree trunks without fossilization. Radiocarbon (14C) dates on ancient
tree samples of various species recovered from the Atacama Desert are
as old as 15 ka (Gayo et al., 2012; Latorre et al., 2013). In the PdT Basin
(19–21 °S), Prosopis tamarugo are the dominant forest species for which
the basin is named; however, a number of other Prosopis sp. have also
been extensively studied (e.g. Gomes and Bolzon de Muniz, 1988; Flinn
et al., 1994; Lopez et al., 2005). The presence of both living and ancient
Prosopis sp. in this region allows for proxy calibration. Additionally,
Prosopis sp. trees produce annual rings, and provide the opportunity to
study the Holocene Atacama Desert climate system over discontinuous
intervals at a higher resolution than ever before. Here we provide
evidence that Prosopis sp. provide a reliable climate proxy for the
Atacama Desert and argue that additional development of similar arid
tree–ring proxies can greatly enhance understanding of climatic
changes in proxy poor arid regions globally. Additionally, the high-re-
solution tree-ring record presented here spans multiple millennia and
provides the opportunity to investigate the timing of hydroclimate
variability throughout the Holocene.

1.1. Site description

The Pampa del Tamarugal (PdT) is a semi-enclosed basin in the
central valley of the Atacama Desert (19° 17′–21° 50′S, 950–1200 m
a.s.l.). This hyper-arid region receives less than 1 mm of rainfall an-
nually (Houston, 2006) and sedimentological deposits suggest it has
been arid since the Miocene (Hartley, 2003; Rech et al., 2003; Ewing
et al., 2006; Jordan et al., 2014; Pfeiffer et al., 2019). The aridity of the
Atacama is controlled by the Hadley-circulation-driven high-pressure
belt of dry sub-tropical air descending between 15° and 30° S, and the
upwelling of the cold polar waters via the Peruvian Current along the
west coast. Together, these factors create an inversion layer (warm air
overlaying cold air) preventing moisture advection to the region. En-
demic Prosopis sp. trees grow in isolated stands dispersed across this
otherwise barren landscape with only a few succulent and shrub-level
species. Prosopis sp. trees can grow up of 25 m in height and rely on
shallow groundwater< 20 m below the surface to survive, and<5 m
for juvenile growth (Mooney et al., 1980; Trobok, 1984; Chávez et al.,
2013, 2016; Calderon et al., 2015).

Annual rainfall averages 60–200 mm per year in the Andean
Altiplano (elevations above 2300 m a.s.l.) (Aceituno, 1988; Houston
and Hartley, 2003). These rains in the Andes to the east of the PdT

recharge groundwater in the basin via stream and shallow groundwater
flow during heavy rainfall events and through deep-seated fractures
along longer flow paths (Margaritz et al., 1990; Aravena, 1995; Jayne
et al., 2016; Scheihing et al., 2018). Rainfall in the western Andean
Altiplano occurs seasonally during austral summer (DJF) when strong
upper level easterly winds transport moisture from the Amazon basin
via deep convective cells (Garreaud et al., 2003). These rainfall events
represent the southernmost extent of the South American Summer
Monsoon (SASM) (Zhou and Lau, 1998). Modern–day hydroclimate in
the northern Atacama (above 23ºS) is strongly linked to El Niño –
Southern Oscillation (ENSO) variability (Vuille and Keimig, 2004).
Strengthening (weakening) of the westerly winds during the El Niño (La
Niña) ENSO phase blocks (enhances) easterly moisture (i.e. SASM
rainfall), and results in dry (wet) conditions in the Altiplano (Vuille,
1999; Garreaud, 2000; Vuille et al., 2003a,b).

Source water for the phreatophyte Prosopis sp. in our study region
are limited to groundwater and fluvial runoff sourced from the higher
elevation regions in the Andean foothills to the east. Groundwater re-
charge events over the modern observational period are infrequent with
decadal to centennial recurrence (Houston, 2006). Groundwater δ18O
values range between −14 and −6‰ (VSMOW) within the PdT basin
(Fritz et al., 1981; Margaritz et al., 1989; Alpers and Whittemore, 1990;
Aravena and Suzuki, 1990) and have not changed significantly over the
period of modern observation (e.g. 1970s to present; Jayne et al.,
2016). Less common pluvial events are thought to have recharged the
PdT aquifer with millennial frequency (Gayo et al., 2012). Indeed, 14C
dating of groundwaters in the basin below 1400 m a.s.l. show residence
times ~1284 years BP (Scheihing et al., 2017).

1.2. Dual isotope δ18O and δ13C approach

Stable isotope dendroclimatology requires fewer trees to obtain a
strong common climate signal than ring-width measurements
(Robertson et al., 1997a,b; McCarroll and Pawellek, 1998). Due to the
lower sample numbers required, tree-ring isotopic data have extended
the utility of tree–ring records where few individual trees are available,
and extended the temporal reach of such records to geologic periods as
ancient as 45 million years ago (e.g. Jahren and Sternberg, 2003;
Jahren and Sternberg, 2008). Additionally, the ability to subsample
rings facilitates the quantitative assessment of changes in environ-
mental factors such as temperature and relative humidity (RH) at
higher temporal resolution (e.g. Dodd et al., 2008; Schubert et al.,
2012). Such paleoclimate records are typically from polar regions
where persistently cold dry conditions have mummified wood remains
without fossilization (eg. Ballantyne et al., 2006; Hook et al., 2013;
Hook et al., 2014). In rare cases, the preservation of entire swaths of
forests has even facilitated the cross–dating of trees and the develop-
ment of statistically robust annually–resolved records of temperature
(e.g. Csank et al., 2013). Other exceptions are late Pleistocene records
from temperate regions such as southern France (Pauly et al., 2018), the
Great Lakes region (Leavitt, 2012), and midcontinental North America
(Voelker et al., 2015). Arid regions similarly have high preservation
potential; however, unlike polar regions these climates lack traditional
forest biomes and as a result lack the sample quantity for traditional
dendrochronological ring-width studies. Previous research on stable
isotope variability in arid Tamarix jordanis trees from Israel (Yakir et al.,
1994; Lipp et al., 1996; Frumkin, 2009) has demonstrated the utility of
arid tree species in paleoclimate reconstructions despite low sample
availability (using as few as one tree per study site). In arid environ-
ments, the low number of samples necessary to obtain a strong climatic
signal, as compared to temperate or tropical climates, is due to the
absence of forest canopy dynamics and limited water sources.

The δ18O value of cellulose is largely controlled by the isotopic
composition of the water utilized in cellulose synthesis (Barbour, 2007).
In the absence of precipitation, the PdT, Prosopis sp. trees today grow
solely on groundwater. Given the stable aridity of the Atacama over the
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Holocene, we can assume that groundwater was the dominate tree-
water source in the past. Therefore, the δ18O tree-ring record presented
here provides a history of the groundwater δ18O during tree growth.
Temporal changes in the groundwater δ18O values are ultimately the
product of atmospheric processes (e.g. Rayleigh distillation and tem-
perature driven fractionation) and precipitation source (e.g. Dansgaard,
1964). Groundwater recharge in arid regions, however, is not in-
stantaneous, and observed changes in groundwater δ18O values may lag
behind atmospheric conditions. Previous research in the PdT observed
that recharge events in the highlands take an average of 20–24 months
to reach the eastern edge of the basin (Scheihing et al., 2017), and
would take an average of ~3 years to reach our study areas assuming
constant flow rate. Analysis of central Andean precipitation and ice core
data by Vuille and Werner (2005) demonstrate that while moisture is
sourced from the tropical Atlantic via the SASM, the δ18O value of
precipitation in the central Andes interannually is related to the dam-
pening of SASM strength by ENSO. The combined imprint of SASM and
ENSO strength on central Andean precipitation isotope values provides
a means by which paleo-precipitation in the Atacama can be in-
vestigated. Tree–ring isotope records from this region provide an op-
portunity to understand the frequency and intensity of these previously
identified pluvial/humid periods at higher-resolution and comparison
with equally detailed isotope records from other regions of South
America. Additionally, the sub-annual sampling of Prosopis sp. tree
rings allows for reconstruction of variability at a scale that can resolve
processes such as the SASM and ENSO.

Carbon isotope (δ13C) values of cellulose can bolster the identifi-
cation of pluvial events and humid episodes since both isotope systems
respond to changes in vapor pressure deficit. Molecular CO2 is larger
than H2O, and in order for plants to take up carbon they must lose
water via transpiration. Leaf stomata conductance links both isotope
systems, though the relationship between the two values is not
straightforward since alterations in RH can be masked by changes in
temperature, sun light, nitrogen and water availability (Roden and
Farquhar, 2012).

In the arid Atacama Desert we can make several assumptions re-
garding these variables in the case of Prosopis sp. First, sun light is not a
limiting factor to tree growth since there is no forest canopy to over-
come and cloud cover is limited. Secondly, nitrogen availability re-
mains relatively consistent, and nutrient derived fractionation of δ13C
values is negligible. In part, this is because Prosopis species fix nitrogen
from the atmosphere, and the Atacama is covered in nitrate salt de-
posits. Lastly, in this harsh desert climate these phreatophytes cannot
live without groundwater, thus changes in water availability in the tree-
ring isotope timeseries never record the complete absence of ground-
water. These unique conditions provide a simplified scenario in which
the dual–isotope approach can be applied in order to identify the in-
tensity and frequency of humid events and shifts in Atacama hydro-
climate during the Holocene.

Annually and subanually resolved tree–ring δ18O and δ13C values
from Prosopis sp. trees reported here were collected from surface de-
posits and archaeological sites in the Pampa del Tamarugal (PdT) Basin
of northern Chile (Fig. 1). This record of ancient trees is compared to a
modern record of Prosopis sp. trees from the Salar de Llamara. Samples
dating between 9.8 and 7.7 ka also come from the Salar de Llamara,
while those dating from 4.9 to 1.8 ka were recovered from the ar-
chaeological sites of Guatacondo, Ramaditas and Casarones. Compar-
ison of the ancient tree-ring isotope records to other regional pre-
cipitation proxies demonstrates significant changes in atmospheric
moisture throughout the Holocene in the northern Atacama.

2. Methods

The hardness and density of Prosopis sp. makes sampling these trees
difficult. In order to collect samples, disks of wood were cut using a
chainsaw. In cases where the chainsaw method was not feasible, a

custom–made, dendrochronological borer (Pressler© GmbH), fitted to a
battery- or gas-powered drill was deployed (Krottenthaler et al., 2015).
Both modern and ancient samples were collected in field between 2012
and 2017 (Fig. 2). Samples from the archaeological sites of Ramaditas,
Caserones, and Guatacondo were collected by Mario Rivera during ar-
chaeological excavations. Ancient tree samples may have been moved
by humans in the past, for this reason the records are treated as re-
presentative of the PdT basin over the Holocene and smaller scale dy-
namics (eg. proximity to quebrada, lake, hill slope, etc.) are not dis-
cussed.

Ancient trees were 14C dated following cellulose extraction and
secondary solvent rinses using accelerator mass spectrometry (AMS) at
Beta Analytic and the Keck Carbon Cycle AMS Facility, Earth System
Science Dept, UC Irvine. All 14C dates were corrected using the
OxCal4.2 program (https://c14.arch.ox.ac.uk/embed.php?File=oxcal.
html) and the Southern Hemisphere calibration curve (SHcal13) by
Hogg et al. (2013). For trees with multiple 14C dates, the tree–ring se-
quence model with ring counts was used to assign each date to the
corresponding ring with better accuracy (Ramsey et al., 2001). For
ancient specimens, the 14C date for each individual ring is an estimate
based on the mid–point of the date two–sigma range. For trees with
multiple dates the midpoint of the two–sigma range for each date was
assigned to the corresponding ring. A high–resolution photograph of a
tree disk with multiple dates is shown in Fig. 2.

A total of 1747 annual and 106 subannual ring samples from 24
individual trees were analyzed for carbon and oxygen isotope values.
Ring identification and annual sampling was conducted on sanded
disks/cores using a binocular microscope (7–45× magnification) using
a Foredom TX-series flexible shaft rotary power tool with variable speed

Fig. 1. Study area map with sampling site locations (A). Archaeological sites
with tree sample locations marked by black squares for Caserones (B),
Guatacondo (C), and Ramaditas (E). The ancient trees sampled at Salar de
Llamara marked by black circles and the modern samples by gray circles (D).

Fig. 2. A) Llamara sample site with ancient tree IGSN: IE18O000F on surface
and living trees in background. B) Cut disk of sample IGSN: IE18O000A ancient
tree from Ramaditas site with 14C dates. C) Close up of rings from sample in B
showing that along transects rings are parallel.
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control. Subannual samples were obtained using a microtome to section
individual rings at sub-millimeter scale. Extraction of α–cellulose from
individual tree-ring samples was conducted using the Brendel et al.
(2000) method modified for small samples (Anchukaitis et al., 2008;
Evans and Schrag, 2004). Carbon and oxygen isotope values were
measured via continuous flow isotope ratio mass spectrometry (IRMS)
on a Thermo MAT253 coupled with a TC/EA in the Stable Isotope La-
boratory at Northern Illinois University (SIL-NIU). Carbon isotope va-
lues were corrected for the difference in values between combustion
and pyrolysis by reanalyzing a subset (n = 297) of samples via on–line
combustion on a Costech EA system coupled to a Thermo DeltaXL IRMS
and applying a linear correction (Woodley et al., 2011). The α–cellulose
samples and standards were homogenized, and vacuum dried overnight
prior to analysis. The reported oxygen and carbon values are in per mil
(‰) relative to VSMOW and VPDB (respectively) based on corrections
to international standards of α–cellulose IAEA–CH3
(δ18O = 32.2 ± 0.2‰; δ13C = −24.7 ± 0.2‰; n = 119) and
benzoic acid IAEA–601 (δ18O = 23.3 ± 0.29‰;
δ13C = −28.81 ± 0.26‰; n = 119) for pyrolysis and IAEA–CH3
(δ13C = −24.7 ± 0.1‰; n = 30) and benzoic acid IAEA–601
(δ13C = −28.81 ± 0.06‰; n = 30) for combustion analyzed every
ten samples to monitor intra–run variability. Analytical precision was
determined by an internal laboratory standard of Sigma–Aldrich
α–cellulose (δ18O = 31.9 ± 0.3‰; δ13C = −25.2 ± 0.3‰;
n = 155).

Leaves were collected from ~1.5 m above surface from healthy tree
limbs. Leaves were analyzed for δ13C via combustion on a Costech EA
and Thermo IRMS at the University of Cincinnati. Values were nor-
malized to the VDPB scale, using in-house standards and precision was
0.3‰ (1σ, n = 10).

Ancient carbon isotope values were corrected using δ13C and CO2
concentration values for atmospheric air throughout the Holocene
measured in Antarctic ice cores (Elsig et al., 2009). Modern δ13C values
were correcting using CO2 concentration data from the Moana Loa
observation station and δ13Cair data from McCarroll and Loader (2004)
interpolation of measured values in Francey et al. (1999). There has
been discussion in the literature on how to correct for changes in the
CO2 concentration of the atmosphere (Treydte et al., 2016; McCarroll
et al., 2009). Here we applied a linear correction as recommended by
Schubert and Jahren. (2011).

Intrinsic water–use efficiency (iWUE) was calculated using the for-
mula:

= ( )iWUE c c
c1 (0.625)a i

a (1)

Where ca and ci are the atmospheric and internal leaf concentration of
CO2 respectively and the ratio between them is determined by the
equation below:

= +c
c C C a b a( ) / ( )i

a plant air
13 13

(2)

In equation (2), fractionation factors, a (– 4.4‰) is discrimination
against 13CO2 diffusion of CO2 through the leaf stomata and b (–
28.3‰) is due to preferential use of 12C during carboxylation (Farquhar
and Richards, 1984; Schubert and Jahren, 2013). Cplant

13 is the value of
bulk leaf carbon which for Prosopis sp. is −25.91‰ ± 0.91 (n = 22)
and differs on average from wood cellulose (−24.31‰ ± 0.65) by
1.69‰ this correction factor is added to compensate for the difference
(McCarroll and Loader, 2004).

Average basin RH is estimated for each period using the equation
from Anderson et al. (2002):

× × +O O f h(1 ) (1 ) ( )sw cell e k biochem
18 18

(3)

Solving this equation for h [fx], RH, and assuming the dampening
factor due to exchange of cellulose with source water ( =f 0.42, Roden

et al., 1999), the liquid–vapor equilibrium fractionation for water at
average photosynthetic temperature 21.4 °C ( = 9.44e Majoube, 1971;
Helliker and Richter, 2008), leaf boundary fractionation ( = 21‰k ,
Cernusak et al., 2003) and biosynthetic =( 27‰biochem , Sternberg and
Deniro. (1983) fractionation are constant. We derive the following
equation:

+ +
+

h Avg O O
f

1 .
(1 )( )

sw cell biochem

e k

18 18

(4)

Modern comparative datasets come from the closest weather station
on the plateau in the city of Calama 200 km south of our study region
(Direccion de Meteorlogia de Chile). A short–term dataset spanning
2015–2016 comes from a weather station we installed within the basin
at the El Huarango field site. Weather station data at the two sites is
compared and differences between them are taken into account.

3. Results

3.1. Modern tree series

Analyses of δ18O α-cellulose indicate that Prosopis sp. ring and sub-
ring series record changes in climatic conditions over the modern study
period (1954–2016). Oxygen isotope (δ18O) values for the modern
series average 32.2 ± 1‰ (VSMOW). The inter–series oxygen corre-
lation coefficient is 0.77 and the series has a negative trend of 2‰ over
the modern period (Fig. 3A). Since the ancient data do not have over-
lapping trees with which to build a mean chronology, correlations be-
tween observed climate data over the modern period were done using
each individual tree series. Individual ring δ18O correlates positively
with relative humidity and precipitation, and negatively with tem-
perature from the Calama weather station. Stronger correlations be-
tween these climate variables and the ten–year averages of δ18O ring-
cellulose values from individual trees produced useful results for pa-
leoclimate proxy application (Table 1). The ten–year averages of PdT
RH estimates and observed Calama RH is highly correlated (r = 0.78,
p < 0.0001, n = 21, Fig. 4). The standard error, between observed
and tree-ring estimated relative humidity, h, is 4.5%. The Calama and
PdT weather station temperature also correlated over the period of
overlap between datasets 2014–2016 (r= 0.90, p < 0.0001, n = 26).

Modern Prosopis sp. series carbon isotope (δ13C) α-cellulose values
are sensitive to changes in climatic conditions over the modern study
period. δ13C values for the modern series average −24.3 ± 0.6‰
VPDB (Fig. 3B). The inter-series δ13C correlation coefficient is 0.16, and
no juvenile or long–term trend is observed in the data series. Individual
δ13C values did not correlate with any annual climate variables. The
ten–year average of individual tree δ13C values and observed climate
variables produced no significant correlations. However, intrinsic wa-
ter–use efficiency (iWUE) averaged over decades derived from in-
dividual tree δ13C series correlates with temperature and RH. Over the
modern 57-year proxy calibration period (1960–2017) iWUE derived
from the mean δ13C series increases by 40%. The increase in iWUE did
not correspond to an increase in tree growth (Fig. S2). This trend in
annual iWUE over the modern period correlates with an overall de-
crease in relative humidity (r = −0.36, p < 0.0001, n = 24) and
increasing PdT basin water table depths (r = 0.85, p < 0.0001,
n = 24).

Subannual sampling of modern tree rings show no cyclical seasonal
trend in δ18O values. Inter-ring δ18O values correlate with changes in
soil moisture (r = – 0.81, p = 0.03, n = 6) from the basin weather
station (Fig. 4). The average intra-ring difference for oxygen is 0.2‰
and range from 0.1 to 1.3‰. Subannual δ13C values exhibit a cyclical
pattern annually with a distinctive midseason peak (Fig. 5). Subannual
(intra-ring) δ13C values correlate with changes in temperature (r = –
0.74, p = 0.05, n = 6) from the basin weather station. The maximum
intra-ring difference in δ13C values ranges from 0.3 to 1.1‰ for the five
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trees sampled and averages 0.6‰. Prosopis sp. sampled in this study
record a subannual increase in δ13C values rhar occurs mid-ring as
previously observed in evergreen (Schubert and Jahren, 2011) and
tropical tree species (Poussart et al., 2004; Fichtler et al., 2010).

3.2. Ancient tree series

Oxygen and carbon annual isotope data of ancient tree samples are
summarized in Table 2. The δ18O values increase steadily in the early
Holocene period from 9.7 to 8.3 ka (Fig. 6). Inter-ring δ18O variability is
lowest at 7.7 ka and highest at 1.9 ka (Fig. 6). Intra-ring δ18O values for
sample IGSN: IE18O000E range from 0.9 to 2.2‰ and average 1.36‰
(Fig. 7). RH estimates based on δ18O values remain near the modern
average with changes in variance throughout the Holocene (Fig. 8A).
The largest range in RH estimates from annual ring data are observed
between 4.9 and 1.9 ka from archaeological tree samples and the
smallest range occurs at 7.7 ka at the Salar de Llamara site.

Average δ13C values are variable throughout the Holocene with
notable increases in isotope values at 8.3 ka and 2.0 ka. δ13C values
trend toward higher values in the younger samples, although inter–-
annual variability peaks at 8.3, 4.9, and 1.9 ka. Subring δ13C values for
sample IGSN: IE18O000E range from 1.2 to 1.9‰ and average 1.7‰.

Intrinsic water–use efficiency (iWUE), is the ratio of plant water-used to
water-lost during carbon-fixation (Farquhar and Richards, 1984;
Ehleringer, 1993). iWUE is derived from δ13C values ranges between 40
and 50 from 9.6 to 8.6 ka and increases (~55–60) at intervals between
8.5 and 8.3, 2.5–2.4, and 1.9–1.8 ka. The ancient iWUE values are
generally lower than those of the modern trees for which iWUE values
range from 50 to 95. The lowest value for iWUE is from the sample
dating to 7.7 ka with an average of 47 (Fig. 8B). Ring-width measure-
ments from the modern and ancient trees show no linear trend with age
or isotope values (Fig. S1).

4. Discussion

4.1. Modern Prosopis sp. RH estimates and iWUE

Decadal averages of tree-ring-isotope based calculations of RH and
iWUE provide a strong analogue that facilitates the interpretation of the
ancient Prosopis sp. isotope data. The decadal averaging of individually
run series provides a direct comparison to the available data from an-
cient Prosopis. sp trees; however, this approach severely decreases the
sample size and the validation of relationships via an independent da-
taset is not possible. To address this issue, we critically evaluate these

Fig. 3. Modern annual δ18O (A) and δ13C (B) series plots.

Table 1
Modern series correlation coefficient (r) for decadal 10-year annual data averages and individual ring values of all modern tree samples. Temperature, relative
humidity and precipitation data are from the Calama weather station. All bold values are statistically significant p < 0.05.

10-yr Avg. δ18Oac Individual rings δ18Oac 10-yr Avg. δ13Cac Individual rings δ13Cac iWUE 10-yr Est. RH (h)

Temperature −0.95 −0.46 0.11 0.00 0.60 −0.95
Relative Humidity 0.78 0.24 0.04 0.05 −0.37 0.78
Precipitation 0.55 0.15 0.02 0.03 0.10 0.55
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relationships with respect to current understanding of tree-ring isotopic
fractionation and the standard error is provided for iWUE and RH data.

The modern data show that both δ18O and δ13C values provide a
strong analogue for the ancient Prosopis sp. interpretations. Specifically,
the relationship between the Calama weather station data and condi-
tions on the PdT plateau tree-ring relative humidity series show that
there is a correlation between basin RH and δ18O relative humidity
estimates (h). The cold Peruvian Current off the coast of Iquique creates
a thermal inversion layer where atmospheric temperatures are colder at

sea level and warmer at elevation on the PdT. This thermal inversion
layer prevents mixing between the two regions. Modern day cloud
cover in the basin peaks is relatively low overall with annual maximum
coverage around ~15% (Cereceda et al., 2008). Short–term observa-
tions of fog occurrence in the PdT indicate that inland fog occurrences
may be induced by solar radiation wherein evaporation of PdT surface
waters (i.e. saline lakes, spring oases, etc.) increases in response to
radiative heat flux with little or no inundation of coastal fog (Cereceda
et al., 2002). For this reason, the fluctuations in relative humidity

Fig. 4. Modern correlation between observed Pampa
de Tamarugal (20°S) and Calama (22°S) relative hu-
midity from weather stations (circles) representing
monthly average of instrumental dataset at each site
from November 2014–December 2016. Error bars
represent reported instrument accuracy. PdT relative
humidity estimated from δ18O α-cellulose values and
observed weather station relative humidity from
Calama, Chile (triangles). Triangles represent ten-
year average of weather station data and individual
tree series δ18O ten-year relative humidity estimates.
Error bars represent the standard deviation of both
variables over the interval.

Fig. 5. Modern subannual δ13C (top) and δ18O
(bottom) values for five individual trees (colored
lines) with correlating climatic variables (gray dotted
lines). The boundary between years is marked by the
vertical line in each plot. Climate data and tree
samples are from the El Huarango sampling site. The
months on the x-axis are approximate assuming ring
growth begins in austral summer during the high-
altitude rainy season, as has been observed in other
west coast South American Prosopis sp. (López et al.,
2005). Carbon values are highest in the center of
each ring while oxygen shows no apparent annual
cycle.
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recorded over the Holocene does not reflect changes in coastal RH but
basin RH as it relates to water availability and to changes in solar ra-
diation. While, the occurrence of fog is not well understood in the PdT
future studies of water vapor isotope measurements and longer tem-
poral observational periods if RH variability could provide more data
with regards to the atmospheric water vapor source in the PdT and
primary drivers. Regardless of the cause for modern RH fluctuations in
the PdT regions, these data are consistent between both observational
data and the Prosopis sp. δ18O-based estimates for RH. The modern δ18O
decreases over the study period, this trend is likely in part due to
changes in groundwater and rooting depth. However, Pfieffer et al.
(2018b) suggest that at depths where groundwater is deeper than 5 m
below the surface tamarugo trees cannot survive thus; modern water
level lowering due to large scale groundwater extraction would rapidly
cause tree die off and is not a major influence on the modern δ18O

trends.
Intrinsic water–use efficiency (iWUE) derived from δ13C values is a

measure of the ratio of carbon fixed to water lost by the plant (Farquhar
and Richards, 1984; Ehleringer, 1993). Since plants must lose water to
transpiration in order to gain carbon for photosynthesis, the rate of
photosynthesis versus stomatal conductance controls water balance in
plants (e.g. Leavitt et al., 2003). The modern Prosopis sp. iWUE corre-
lates to increasing CO2, decreasing coastal relative humidity and low-
ering of basin groundwater depths. Other modern studies have similarly
attributed increases in iWUE to increasing CO2 at dry sites (Bert et al.,
1997; Duquesnay et al., 1998; Feng, 1999; Linares et al., 2009; Saurer
et al., 2004; Maseyk et al., 2011). Considering the correlation between
decadal averages of iWUE and coastal weather station data (Table 1) we
observe that, as conditions become more humid/wet iWUE increases.
However, since coastal and PdT RH are inversely related this

Table 2
Ancient tree series 14C dates and summary isotope data.

Sample IGSN Measured Age (yr BP) Ring Dated Location 2σ SHCal(cal yr BP) δ18Oac avg(‰) δ18Oacstdev δ13Cacavg (‰) δ13Cacstdev Number of Rings

IE18O0005a 1940±30 Outer Ramaditas 1918–1745 38.1 1.7 −22.5 0.9 68
IE18O0007 2050±30 Outer Caserones 2015–1895 32.6 1.2 −22.8 0.4 81
IE18O0006 2090±30 Outer Guatacondo 2090–1930 36.1 1.2 −21.3 0.5 32
IE18O0008a 2100±30 Outer Caserones 2095–1930 32.5 1.1 −22.8 0.3 44
IE18O000A 2360±30 Outer Ramaditas 2437–2302 38.1 1.3 −22.8 0.2 84
IE18O0001 2360±30 Outer Ramaditas 2437–2302 34.6 1.4 −23.2 0.1 17
IE18O000A 2410±30 Middle Ramaditas 2492–2330 – – – – –
IE18O000A 2490±30 Center Ramaditas 2548–2358 – – – – –
IE18O0009a 2510±30 Outer Ramaditas 2715–2379 35.5 1.2 −22.9 0.2 77
IE18O0009a 2510±30 Middle Ramaditas 2715–2379 – – – – –
IE18O000B 4390±30 Outer Guatacondo 5025–4850 36.8 1.6 −23.2 0.6 53
IE18O000C 7040±40 Outer Llamara 7936–7719 32.4 0.5 −23.6 0.3 92
IE18O000D 7495±25 Outer Llamara 8351–8189 32.4 0.9 −23.8 0.3 77
IE18O000E 7480±40 Outer Llamara 8359–8179 32.8 0.6 −21.7 0.6 195
IE18O000F 7640±40 Outer Llamara 8479–8336 31.3 0.7 −23.5 0.3 145
IE18O000F 7980±25 Center Llamara 8727–8548 – – – – –
IE18O000G 8205±25 Outer Llamara 9145–9012 31.2 0.6 −24.6 0.4 234
IE18O000G 8450±30 Center Llamara 9313–9358 – – – – –
IE18O000H 8415±25 Outer Llamara 9475–9302 31.3 0.9 −23.6 0.6 256

a Outliers excluded from climate analysis Note: Center is oldest ring, middle is intermediate in age, and outer is the youngest ring.

Fig. 6. Early Holocene δ18O (blue) and δ13C (red) Prosopis sp. series.
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Fig. 7. Ancient subannual δ18O (black) and δ13C
(gray) values interpolations between measurements
are dotted lines and two-point moving averages are
solid lines. Vertical lines denote the ring boundary
for sample IGSN: IE18O000E dating to 8.2 ka. Carbon
values are highest in the center of each ring while
oxygen shows no apparent annual cycle.

Fig. 8. A) Estimated relative humidity for the Pampa del Tamarugal Basin throughout the Holocene. Average relative humidity estimates are within the error range of
modern observed values. Increased variance in the relative humidity occurs between 4.9 ka and 1.8 ka. The lowest variance is observed at 7.7 ka during the Mid-
Holocene decrease in El Niño frequency and intensity. B) Calculated box-plot showing range of intrinsic water-use efficiency over the Holocene period. Values
increase gradually over the study period and periods with lower iWUE are interpreted as intervals during which water availability is greater. Number of individual
ring measurements (n) for each interval provided below each box (these values are the same for RH estimates).
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correlation follows current understanding of the iWUE parameter
(Frank et al., 2015), with increasingly arid conditions in the PdT re-
sulting in an increase in iWUE and plant water conservation. In addition
to the rising atmospheric aridity, groundwater availability in the PdT
has decreased substantially over the modern period. Aggressive ex-
traction of water for human use has lowered groundwater as much as
20 m in some parts of the PdT basin (Chavez et al., 2016). Both at-
mospheric CO2 and water availability can influence the iWUE; there-
fore, both atm. CO2 and RH are used in tandem in order to interpret the
paleo-climate record within the tree series.

In summary, increased RH and decreased iWUE indicate a humid
period; a decrease in RH and an increase in iWUE represent a dry
period. When these two parameters do not display this inverse re-
lationship, interpretation is aided by comparison with other climate
records or is attributed to unidentifiable environmental drivers (e.g.
insect infestation, fires, etc).

4.2. Ancient Prosopis sp. record

The ancient Prosopis sp. isotope timeseries indicate that the Atacama
experienced climatic changes that are consistent with the hypothesis
that high Andean precipitation was the dominant source of ground-
water recharge to the PdT over the Holocene period. The primary
evidence for this comes from comparison between the Prosopis sp. δ18O
and Sajama ice core δ18O data (Thompson et al., 1998). The mean
values of the individual 14C-dated tree-ring series and the overlapping
coarser resolution ice core δ18O data are highly correlated (r = 0.96,
p < 0.001, n = 13). The variance between the overlapping Sajama
and Prosopis sp. δ18O datasets is also significantly correlated (r= 0.75,
p = 0.002, n = 13) (Fig. 9A). The tree-ring variance is consistently
greater than that observed in the ice core record. This result is expected
given the higher-resolution tree-ring data inherently captures more
variability. Despite the isotopic fractionation that occurs due to the
variable contribution for evaporative leaf waters, the δ18O value of
groundwater used by Prosopis sp. is clearly retained in the average δ18O
values of the tree-ring α–cellulose. Three samples from archaeological
sites of Ramaditas and Caserones (see Table 2) were excluded from this
comparison based on their relationship to the archaeological sites. It is
likely that these samples received at least some water from irrigation at
the sites; therefore, they represent human modification of the landscape
that might conflate the climate signal (see section 4.2.3).

Changes in the average δ18O values between sample periods is not
likely attributed to regional differences in groundwater δ18O values
between the four sample sites. The Ramaditas, Guatacondo, and
Llamara sites are all located along the Quebrada Guatacondo. The δ18O
value of modern groundwater samples from the upper drainage ~2000
masl (δ18O = −5.7 σ = 0.7) is very similar to values in the lower
portion of the drainage ~800 masl (δ18O =−7.1 σ = 0.3). Taking into
account the +1.4‰ difference in modern δ18O groundwater values
from this drainage and considering only paleo-tree samples from the
Guatacondo drainage, the trend in mean δ18O α–cellulose values ob-
served over the Holocene remains the same. Therefore, the agreement
between the oxygen isotope values of the tree-ring and ice core records
is due to changes in the isotopic value of Andean precipitation.

The δ18Oac record presented here reflects changes in the isotope
value of high Andean precipitation which recharges groundwater in the
PdT basin. Changes in the oxygen isotope value of precipitation
(δ18Oprecip) in the Andes has been attributed to variability in atmo-
spheric circulation or modes that alter the degree of rain-out or trans-
port efficiency of the South American summer monsoon (SASM) (Vuille
et al., 2012). For the arid south-central Andes to the east of the Ata-
cama, precipitation is highly seasonal with upwards of 70% of annual
rainfall occurring between December and February this austral
summer; this precipitation originates over the tropical Atlantic Ocean
and flows along the easterlies (Garreaud et al., 2003). Since precipita-
tion only occurs during the SASM, changes in moisture source

(associated with anomalous events) in this region have a minimal effect
on isotope values (Vuille et al., 2003a). Modern observation of condi-
tions at the Sajama ice cap, in the Bolivian high Andes (18° S), show
that the δ18Oice record recovered by Thompson et al. (1998) is strongly
related to precipitation amount and accumulation; these two factors
explain half the variance observed during the modern period (Hardy
et al., 2003). Previously the Sajama δ18Oice record was interpreted as a
record of changes in temperature spanning the last 25,000 years
(Thompson et al., 1998). However, this interpretation disagrees with
observational, modeling, and other paleoclimate proxy studies (Vuille
et al., 2003b; Hardy et al., 2003; Vimeux et al., 2009; Bird et al., 2011;
van Breukelen et al., 2008; Jomelli et al., 2011). The strength of SASM
is linked to the position of the Intertropical Convergence Zone (ITCZ)
and variability in mean-state conditions in the Atlantic and Pacific
Oceans particularly with respect to temperature and precipitation
(Zhou and Lau, 1998; Arz et al., 2001; Vuille and Werner, 2005; Vuille
et al., 2012). For example, increased (decreased) sea surface tempera-
tures (SST) in the Pacific during El Niño (La Niña) events increased
(decrease) westerlies wind strength resulting in drier (wetter) condi-
tions in the high Andes (eg. Vuille et al., 2000). Changes in Atlantic SST
over the Holocene is linked to shifts in thermohaline circulation

Fig. 9. Comparison of ancient Prosopis sp. δ18O relative humidity and δ13C
intrinsic water-use efficiency (iWUE) records (a) from the PdT, the Sajama ice
core δ18O record (b) (Thompson et al., 1998). Paleowetland data (c) of
groundwater table depth from the PdT (c; Pfieffer et al., 2018a,b). Rodent
midden grass point count abundance (d; Latorre et al., 2002, 2003), showing
previously classified wet periods.
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(AMOC) intensity related to ice-rafted debris and freshwater pulses into
the Atlantic (Bond et al., 1997; Carlson et al., 2008). Increased SASM is
connected to reduced AMOC and increased Atlantic SST gradients
(Strikis et al., 2011). These dynamics influencing SASM precipitation in
the high Andes are the driving processes of variability in δ18Oprecip.
Shifts in atmospheric circulation and strength of the SASM are what
drive these changes in the δ18Oprecip recharging the Atacama aquifers
over the Holocene.

The obvious connection between the hydroclimate in the PdT and
the Sajama ice core, from two distinct climatic zones, has important
implicates for the identification of region shifts in water availability and
its influence on ancient human cultures. Comparison of the tree-ring
isotope derived RH estimates and iWUE values provide a more detailed
history of hydroclimatic change and facilitates discussion in reference
to other climate data sets over each of the discrete intervals in the
Prosopis sp. record.

4.2.1. Early Holocene climate record
Prosopis sp. tree series date to a nearly continuous thousand-year

period during the early Holocene (with series dating between 9.7 to 9.3
and 9.2 to 8.6 ka). These data indicate that conditions in the Atacama
are wetter and less variable than modern conditions. The early
Holocene tree-ring series agree in terms of variability and water
availability with other paleoclimate proxies from the Atacama and
larger Andean region.

During the interval from 9.7 to 9.3 ka isotope-based iWUE decreases
while RH estimates are higher than modern indicating greater water
availability. These support regional paleoclimate datasets including
Atacama rodent middens (Betancourt et al., 2000; Latorre et al., 2006),
wetland deposits (Quade et al., 2008; Pfieffer et al., 2018a,b), and
higher lake levels in the Altiplano including at Lake Titicaca (Grosjean
et al., 1997; Tapia et al., 2003). From 9.2 to 8.6 ka iWUE and RH in-
crease, this unusual pattern occurs in the peak of the Holocene thermal
maximum when increased westerly winds (Pearson and Palmer, 2000)
may have blocked easterly flow effectively decreasing recharge to the
PdT basin a phenomenon seen today (Houston, 2006) and in the past
(e.g. Baker and Fritz, 2015). The decrease in recharge would have led to
lowering of the groundwater table while strengthened westerly winds
may have transported coastal fog farther inland to the PdT.

During this period ENSO activity was variability but not statistically
different from the Late Holocene, as measured in mollusk aragonitic
skeletons from the coast of Peru (Carré et al., 2014). However, the
Prosopis sp. isotope records do not show increased interannual variance
during the early Holocene window. One possible explanation for low
variance in our record during this period is that increased water
availability and higher groundwater levels during the early Holocene
cause Prosopis sp. to be less sensitive to ENSO variance. Comparison
with future high-resolution EP ENSO proxies over this interval may help
elucidate these differences.

4.2.2. Middle Holocene
The mid–Holocene interval (8.6–4.9 ka) in the Atacama has been a

period of debate among climate researchers for the past twenty years
(Betancourt et al., 2000; Rech et al., 2002, 2003; Grosjean et al., 2003).
Wetland deposits from the region have been interpreted as re-
presentative of humid conditions with high water tables (Betancourt
et al., 2000), as well as, dry conditions with low flow conditions leading
to accumulation of these deposits (Grosjean et al., 2003). Lacustrine
records from this period indicate that while the mid-Holocene is drier
than the early Holocene it is punctuated by humid intervals spanning
decades to centuries (Grosjean et al., 1997). During this interval ri-
parian flood deposits indicate that groundwater levels rose between 8.6
and 7.7 ka in response to pluvial events (Pfeiffer et al., 2018a,b). De-
spite these flood events the δ18O Prosopis sp. record shows low varia-
bility as does the Sajama ice core δ18O record (Thompson et al., 1998).
Low interannual variability attributed to a reduction in ENSO

variability is also seen in this period ~7 ka in a δ18O stalagmite record
from Peru (Chen et al., 2016). Pluvial events in the PdT sourced from
high-altitude precipitation therefore resulted in consistent meteoric
water δ18O values, which are indistinguishable from the preceding
period (the early Holocene).

The δ13C Prosopis sp. data bracket a period of increased aridity for
the region, between 8.4 and 8.3 ka, when iWUE is higher than samples
from the early Holocene (9.6–8.6 ka) and the proceeding sample from
7.7 ka. The sub-annual δ13C record from sample IGSN: IE18O000E
dating to 8.3 ka has a similar seasonal trend to the modern dataset;
however, the maximum intra-ring difference for 8.3 ka δ13C is 1.7‰,
which is 0.6‰ greater than the most extreme modern sample. The in-
crease in the maximum difference of intra-ring δ13C is attributed to
greater inter-seasonal differences in temperature and RH. Enhanced
coastal upwelling along the west coast of South America (15–18° S)
during the mid–Holocene likely resulted in an increased influence of
coastal fog on terrestrial ecosystems at mid–altitudes (Fontugne et al.,
1999). Enhanced coastal fog and decreased Pacific sea surface tem-
peratures, ~1 to 4 °C based on coastal mollusk δ18O isotope records
(Carré et al., 2011), coupled with increasing aridity in the high Andes to
the east from 8.4 to 8.0 ka (Geyh et al., 2017) likely created the extreme
interseasonal differences observed in our subring record. These climatic
trends found in independent proxy records present conditions that are
known to result in increased iWUE in Prosopis sp. (i.e. increased aridity
and enhanced coastal fog). The Prosopis sp. δ18O isotope record shows
little change in the basin estimated decadal RH over this same interval
and the increased coastal fog documented by Fontugne et al. (2004)
perhaps is not detected in our annual sampling at 8.4–8.0 ka. Seasonal
changes in fog occurrence have been observed in Sequoia sempervirens
and future work on modern Prosopis sp. growing in coastal fog areas
may find a similar signal (Roden et al., 2009).

Relative humidity increases slightly at 8.3 ka and at 7.7 ka there is a
slight decrease in iWUE. Around 7.7 ka (IGSN: IE18O000C) the smallest
range for RH and iWUE indicates that atmospheric conditions were
likely less variable during this period. The low variability in the Prosopis
sp. record coincides with a dry interval in South American climate
between 8.3 and 7.8 ka identified via the titanium concentration within
laminated sediment from the Caraico Basin core indicating maximum
aridity at ~5.0 ka (Haug et al., 2001; Peterson and Haug, 2006). During
this dry interval monsoonal precipitation was reduced. A decrease in
mid–Holocene (7–5 ka) El Niño frequency and intensity due to orbital
forcing (Clement et al., 2000) and the resultant southward shift of
seasonal wind stress anomalies initiating suppression of the Eastern
Pacific ENSO progression (Karamperidou et al., 2015) has been well
documented (eg. Sandweiss et al., 2001; Shin et al., 2006). Alluvial
sediments from the region suggest that during ENSO neutral conditions
enhanced westerly flow and altered the hydrological regime of northern
Chile resulting in more arid conditions from 8.6 to 5.7 ka (Ortega et al.,
2012). The Prosopis sp. record suggest that the mid-Holocene suppres-
sion of ENSO ~7.7 ka led to decreased water availability in the hy-
perarid core of the Atacama Desert. The Prosopis sp. isotope records
indicate that ~7.7 ka conditions in the Atacama Desert were less
variable while series dating to ~8.3 and 4.9 ka ENSO–like variability is
present. The timing of these changes in the Prosopis sp. record is syn-
chronous with changes in the region previously attributed to ENSO
variability.

4.2.3. Late Holocene cultural landscape
The greatest interannual variability in both δ18O and δ13C is ob-

served in the late Holocene (2.5–1.8 ka) Prosopis sp. record. The late
Holocene sediment records from 2 to 1 ka show increased ENSO activity
resulting in wetter conditions (Rein et al., 2005; Moy et al., 2002;
Thompson et al., 2017). Conversely, this increased variance is absent in
high-resolution records over the same time period (Emile-Geay et al.,
2016; Chen et al., 2016). The presence of increased variability in our
high-resolution record is suggestive of ENSO influence, but attributing
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this variation to ENSO activity is premature and more rigorous statis-
tical analysis on larger sample sizes is needed. Increased climatic
variability in the late Holocene agrees with other proxy records, both
locally and regionally; however, the Prosopis sp. δ13C values indicate
that the iWUE remain consistently high compared to other parts of the
record. As a result, water availability likely remained low during the
late Holocene, despite increased variability in other climate conditions.

It is important to note that an abundance of archaeological records
from the region document the capacity of the human populations to
alter their environment (Winterholder, 1980; Winterholder and
Thomas, 1978; Dillehay and Kolata, 2004; Erickson, 2010; Nuñez et al.,
2013). In the PdT region beginning as early as 3.5 ka human popula-
tions were farming former wetlands utilizing canal irrigation tech-
nology, artificial flooding of the landscape in this way could show up in
the tree-ring isotope records as an artificial wet period (Adan et al.,
2013; Gayo et al., 2012; Urbina Araya et al., 2012). As such, the an-
thropogenic influence on the Prosopis sp. isotope data and other proxy
records must be considered. The question of climate change versus
cultural landscape adaptation is difficult to ascertain and has been a
subject of debate among Andean researchers (Kolata, 1986; Graffam
et al., 1996; Erikson, 1999); the annual nature of our record allows us to
evaluate this dichotomy on human timescales.

The late Holocene is a period of great cultural significance in the
PdT as agricultural communities first appear and begin irrigating
hundreds of hectares of land (Bryson, 2005; Maldonado et al., 2016).
Some of the oldest evidence of copper metallurgy is seen in the PdT as
early as 3.1 ka (Figueroa et al., 2015). Interregional trade networks
appear to expand from the coast to the Andean highlands as evidenced
by the resource remains at archaeological sites (Graffam et al., 1996;
Rivera, 2008; Aguüero, 2012). Changes in the scale of architecture
~2.4 ka lead to increasing use of tree trunks for building (Adán et al,
2007; Núñez and Santoro, 2011; Uribe, 2006) and is perhaps the first
large-scale tree culling in the region's history (Gayo et al., 2019). Ex-
tensive agricultural development, settlement construction, and arti-
sanal production during this period of cultural fluorescence marks the
beginning of the Anthropocene in the PdT (Gayo et al., 2019) requiring
increased scrutiny and consideration of human-influence on the tree-
ring isotope record during the late Holocene.

The precise timing of when these cultures began to flourish is ob-
scured by the use of ancient wood resources in the area. For example, a
tree sample (IGSN: IE18O000E) dating to 4.9 ka comes from the plaza
at the Guatacondo archaeological site, where other 14C dates from or-
ganic materials (carbon, seeds, etc.) are limited to 2.3–1.8 ka. As with
the samples collected in this study, the presence of wood thousands of
years older than archaeological remains at the Guatacondo site ex-
emplifies the old wood problem in this region, which has plagued ar-
chaeological investigations in the Andes for decades (for review see
Kennett et al., 2002; Rademaker et al., 2013). Typologies of ceramics
and architecture provide evidence for site occupation during this cul-
tural interval (Rodriguez and Montero, 2012); the Prosopis sp. records
lend credence to the antiquity of these sites. The use of ancient Prosopis
sp. wood by ancient populations complicates the precise dating of the
archaeological sites; however, by comparing the 14C dates of structural
wood beams and organic remains the period of occupation becomes
apparent (Fig. 10). The integration of the 14C dates from multiple ma-
terials at the sites along with the climate time series from the Prosopis sp
tree-rings also allows for the interpretation of human-climate interac-
tions over this important cultural period.

Extremes in RH estimates from trees sampled within the structures
at the Ramaditas site date between 2.5 and 2.4 ka. We hypothesize that
occupation at Ramaditas began ~2.4 ka based on the isotope record in
sample IGSN: IE18O0001, which was found with its roots intact next to
one of the structures at Ramaditas. The large downward spike in this
record is the lowest raw δ18O values from this period (~2.4 ka) and
may be evidence for a flood event just prior to site occupation (pro-
posed initial construction at Ramaditas). The demise of sample IGSN:

IE18O0001 coincides with the first 14C dates from archaeological de-
posits within the structure site supporting this hypothesis. During site
occupation between 2.4 and 1.8 ka, high water availability is indicated
in the Prosopis sp. record via lowered iWUE and higher mean RH.
Greater water availability is also observed in other local climate records
(Rech et al., 2003; Latorre et al., 2006, Fig. 9). Indeed, this wet interval
is marked in other areas of the Andes and is attributed to increased
ENSO variability (e.g. Thompson et al., 2003). At all three archae-
ological sites the data suggest that for a brief time ~1.9 ka water
availability was higher, but this was followed by a period of increasing
aridity up until the abandonment of the Guatacondo and Ramaditas
sites circa ~1.8 ka. The abandonment of the Guatacondo and Rama-
ditas sites, therefore, may be related to increasing aridity while the
occupants of the Caserones site were able to withstand this climatic
change.

Variability in the δ18O and δ13C α–cellulose series record the dec-
adal-scale humid events that led to the previous documentation of flood
deposits in wetland records (Fig. 9C). Given the sub-decadal recurrence
pattern of these wet periods we interpret them as possible ENSO-related
flood events. While our proxy precludes the identification of flood
events versus episodes of increase precipitation (i.e. wet periods) the
presence of wetlands during this interval in the sedimentary record
indicate that surface flooding did occur. The abrupt nature of these
events likely caused massive destruction, as is seen at other archae-
ological sites in the Andes (Sandweiss et al., 2001). In this arid en-
vironment inconsistent intra-annual rainfall would have significantly
challenged agricultural practices. While greater water availability,
however intermittent, would have allowed cultures in the area to be-
come agrarian (eg. Gayo et al., 2012; Marquet et al., 2012).

There is, however, one significant caveat with the Prosopis sp.
samples collected from archaeological sites. While none of the samples
collected in this study were recovered from directly irrigated fields,
Prosopis sp. samples from 2.4 to 1.8 ka cannot be considered free of
anthropogenic influence. It is possible, although unlikely in terms of
scale, that periods of high RH and low iWUE identified in the isotope
time series could reflect watering by humans via irrigation or silvi-
culture practice. Given the agreement with other regional records from
this time period, this interpretation is unlikely. Additionally, Prosopis
sp. exude a toxin that would make them disadvantageous to other
agricultural practices. Currently, Schinus molle trees are most commonly
associated with agrarian practice, and future work on this species may
provide better improve our ability to identify climatic versus anthro-
pogenic signatures in tree–ring isotopes series.

5. Conclusions

The Prosopis sp. tree-ring isotope records provide the highest-re-
solution and longest temporally constant climate proxy from the
Atacama Desert to date. The combined oxygen and carbon isotope ap-
praoch facilitates a comprehensive assessment of Atacama hydro-
climate variability over the Holocene. Most significantly, the correla-
tion between the Sajama ice core δ18O and average Prosopis sp. δ18O
values/variance indicate that groundwater recharge in the arid PdT
Basin in the northern Atacama is driven primarily by precipitation in
the high Andean Altiplano. Additionally, the decadal-scale variability in
iWUE and RH recorded by the Prosopis sp. isotope data agree very well
with other paleoclimate data from the region. Reconstructed iWUE
values indicate that water availability is highest during the early
Holocene when hydroclimate conditions were likely similar to the
modern day. Middle Holocene records are complex, with higher than
modern inter–seasonal variability ~8.3 ka and a decrease in variability
likely due to changes in ENSO ~7.7 ka. Despite frequent flooding epi-
sodes during the Late Holocene, this is also a period when cultures
developed large agricultural settlements in the PdT.

The results of this study also demonstrate that the Prosopis sp. re-
cords of wet/dry events in the PdT over the Holocene are sub-decadal in
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nature and are likely regulated by ENSO variability. The sensitivity of
the sub-annual modern tree-ring data, in addition to the similarity be-
tween the modern and ancient seasonal isotope signals indicate that
future work on ring subsections from the ancient Prosopis sp. trees could
provide additional insight into ENSO and SASM dynamics in the
Atacama Desert. The Prosopis sp. isotope timeseries are particularly
promising as a climate proxy since sub-decadal to seasonal datasets are
necessary to resolve the primary modes of Holocene climate variability
and improve future predictive capabilities.
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