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Developing spatially resolved high-resolution datasets of robust long-term changes in human demog-
raphy constitutes a major challenge for archaeology. One approach is to use the distribution of summed
radiocarbon-age probabilities to infer long-term population dynamics (i.e. palaeodemography). However,
these can often be biased by preservation potential, site taphonomy or researcher priorities among other
aspects, all of which require large datasets to resolve adequately. For this report, we have created such a
dataset for the South-Central Andes (16�e25�S), here termed the South Central Andes Radiocarbon
(SCAR) database. SCAR spans the last 15,000 years and incorporates ~1700 14C-dates from 519
archeological sites reported across an extreme bioclimatic gradient that includes the hyperarid coastal
Atacama Desert and adjacent cold, high-elevation Altiplano. Among the possible methodological biases,
we first evaluated those related to calibration procedures. Otherwise, changes in summed probability
curves show no other relevant biases except for possible research interest/priorities that could be
responsible for the gaps in the record from the Bolivian altiplano. Our temporally continuous time-series
indicates that prehispanic populations exhibited significant demographic changes during the last
13,100 cal BP. Except for coastal populations; most regions show strongly coordinated demographic
fluctuations that follow the same major patterns. Thus, we identified two broad scale population events
across the South-Central Andes (Atacama inland, Bolivian Altiplano) from 13,100e4000 cal BP and then
from 4000 cal BP to the present. In contrast, the Atacama coastal records suggest a different and more
variable occupation pattern over the last 13,460 cal BP, which could be driven by the interaction with
oceanographic processes (i.e. upwelling). A widespread major decline at 700 cal BP clearly predates the
Spanish colonization and occurs in all of our regions. This widespread decline does not appear to be due
to methodological biases, and suggests that a population crash occurred before European occupation.
Overall, the SCAR database constitutes a valuable proxy for establishing the long-term dynamics of
prehistoric societies that inhabited the western Andean slope. Time-series analyses that use SCAR will
shed new light on the demographic and cultural dynamics at different spatial-scales, and help clarify the
processes involved in the migrational trajectories and cultural evolution of the peoples that inhabited the
South-Central Andes over the last 15,000 years.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Extensive databases of archaeological radiocarbon dates are
important resources for reconstructing prehistoric populations at
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reserved.
different spatialetemporal scales (Gkiasta et al., 2003; Gamble
et al., 2004; Riede, 2009; Steele, 2009; Gajewski et al., 2011;
Johnson and Brook, 2011; Prates et al., 2013). Time-series ana-
lyses in particular are dependent on such databases, and have been
used to infer patterns and long-term trends in palaeodemography
throughout Europe (Fiedel and Kuzmin, 2007; Shennan and
Edinborough, 2007; Turney and Brown, 2007; Oinonen et al.,
2010; Tallavaara et al., 2010), North America (Hamilton and
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Buchanan, 2007; Buchanan et al., 2008; Munoz et al., 2010; Peros
et al., 2010; Steele, 2010; Bamforth and Grund, 2012) and
Australia (Lourandos, 1993; Holdaway and Porch, 1995; Turney and
Hobbs, 2006; Smith and Ross, 2008; Smith et al., 2008; Williams
et al., 2008; Johnson and Brook, 2011).

In South America, palaeodemographic reconstructions based on
time-series analyses, were pioneered by Rick (1987). Since then,
new efforts have emerged. For example, exploratory studies based
on archaeological 14C-dates from the Atacama Desert evince sig-
nificant fluctuations in coastal and inland population levels
throughout the last 13,000 years related to changes in El Ni~no-
Southern Oscillation (ENSO) (Williams et al., 2008) and water
availability (Williams et al., 2008; Marquet et al., 2012). Most
recently, M�endez (2013) tackled demographic patterns,
paleoenvironmental scenarios and chronological differences in
early human occupation across Chile during the interval
13,000e7000 cal yrs BP. Similar approaches have been used in
Brazil (Bueno et al., 2013), Peru (Rademaker et al., 2013) and south-
eastern Argentina (Martínez et al., 2013).

Time-series analyses of radiocarbon data have shed light on the
occupation and demographic history of localized regions of South
America as well as on the interactions between prehispanic soci-
eties and palaeoenvironmental fluctuations, but a comprehensive
knowledge of long-term trends at the continental scale requires
finely resolved datasets in time and space. Such datasets constitute
powerful tools for portraying diversity, linearity and threshold re-
sponses to variations in socio-cultural or environmental factors that
underlie the structure, dynamics and cultural evolution of prehis-
toric South American societies. High-resolution sets provide
insightful means for identifying convergences/divergences in
population and cultural processes between and within different
societal groups that have inhabited the continent over the last
13,000 years. Similarly, these can be useful for inferring settlement
Fig. 1. Map for the South-Central Andes showing the extent of each ecophysiographic regio
(according to Mu~noz, 1989).
patterns, exchange, mobility and territorial expansion through time
and across different geographic scales, particularly in terms of flows
and admixture of populations.

In this study, we present a high spatial and temporal resolution
radiocarbon database for the South-Central Andean region
(16�e25�S), called the “South Central Andes Radiocarbon database”
(SCAR). This repository encompasses over 1700 14C-dates derived
from archaeological sites located in countries that lie across the
western Andean slope including Chile, Peru and Bolivia (Fig. 1). The
South-Central Andean region offers a profuse, diverse and contin-
uous archaeological record that dates back to the initial occupation
of the continent (e.g. Grosjean et al., 2005; Jolie et al., 2011; Salazar
et al., 2011; Capriles and Albarracin-Jordan, 2012; Dillehay et al.,
2012; Latorre et al., 2013), thereby allowing us to conduct time-
series analyses for exploring the long-term population and cul-
tural dynamics of prehistoric societies (e.g. Marquet et al., 2012).
Furthermore, the ecophysiographic diversity that characterizes this
region provides a unique opportunity for revealing past de-
mographic trends and cultural trajectories within an area of
differentiated reliefs and contrasting extreme bioclimatic condi-
tions, from the hyperarid coastal Atacama Desert to the cold high
elevation environments of the Altiplano.

We evaluate the potential and suitability of SCAR for extracting
information on the past population dynamic and its spa-
tialetemporal variability by reconstructing the long-term de-
mographic history for the South-Central Andes at subcontinental
and regional scales over the last 15,000 years. It also helps to
highlight data deficiency in certain time periods and regional areas.
Time-series analyses based on the examination of the summed
probability distribution of calibrated 14C-dates were established
from archaeological sites located across the western Andean slope
(Fig. 1). Because different methodological factors might influence
the temporal distributions of archaeological radiocarbon dates (see
n between 16� and 25�S. The dashed line marks the extent of the South-Central Andes
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section 2), an evaluation of the reliability of SCAR required testing
the relative contribution of biases in our reconstructed long-term
palaeodemographic patterns. Particularly, we evaluate chronolog-
ical artefacts introduced through calibration, in this case the recent
curve for the Southern Hemisphere (SHCAL13; Hogg et al., 2013),
which can now be used to create summed probability distributions
of radiocarbon dates older than 11,000 cal BP.

2. Background for time-series analyses in palaeodemography
studies

Time-series analyses that use summed-probabilities of radio-
carbon dates to obtain temporally continuous records (Gamble
et al., 2005; Smith et al., 2008), assume that the accumulation of
archaeological 14C dates is a proxy for the intensity of human ac-
tivity and long-term demographic trends (Rick, 1987). Simply put,
increased population densities lead to intensified resource use for
sustaining human activities on a given landscape. This in turn,
amplifies the deposition and preservation of organic-datable ma-
terials in archaeological sites as well as the total minimum number
of sites for a given interval (Surovell and Brantingham, 2007;
Buchanan et al., 2008; Smith et al., 2008). This assumption
seems reasonable and follows a key principle in ecology, which
states that the long-term sustainability of any population is a
function of the rate of resource exploitation (a density-dependent
process). Past human populations would have responded to this
process in a very similar fashion that occurs with other consumer
species in nature, requiring large amounts of resources when
populations experienced high demographic levels and vice-versa,
with the advantage for human societies that technological
improvement (i.e. farming, food preservation) and social integra-
tion and interaction (exchange, good traffic). We would then
expect more (or less) chronologically traceable “archaeological
wastes” and datable material over the landscape throughout in-
tervals when population size was high (or low). That is, by using
appropriate procedures for the analyses on the temporal distri-
bution of cultural 14C-dates, we are able to roughly estimate the
direction and magnitude of changes in resource utilization and
therefore, past population size.

Demographic inferences often arise from an overall interpreta-
tion of time-series, focused on major trends defined by major
modes and by the long-term trends in the summed probability
curves obtained from archaeological radiocarbon dates (Gamble
et al., 2005; Shennan and Edinborough, 2007; Smith et al., 2008).
Hence, major peaks in summed probability plots are interpreted as
temporally distinct and definable events linked to elevated popu-
lation levels and increased resource demands. Likewise, major
troughs in summed probability plots are interpreted as reduced
resource utilization due to population crashes. The interpretation of
demographic trends from unconstrained and/or low amplitude
patterns in the curves should be avoided, since these might be due
to noise associated with sampling or accumulation bias of 14C-dates
rather than changes in resource utilization and population levels
(Gamble et al., 2005).

Although a theoretical link exists between the frequency of
archaeological radiocarbon dates and demographic history of past
populations, an important number of limitations are known to bias
such reconstructed patterns. Specifically, those related with the
violation of the assumption that inferred distribution of summed
probabilities are unequivocally reflecting fluctuations in resource
utilization and human activity. Hence, absolute estimations of
population dynamics remain particularly challenging. Several au-
thors, however, discuss this issue and different methodological
protocols have been proposed to avoid or minimize the effects of
such biases (see Geyh, 1980; Michczynski and Michczynski, 2006;
Thorndycraft and Benito, 2006; Surovell and Brantingham, 2007;
Buchanan et al., 2008; Smith et al., 2008; Surovell et al., 2009;
Peros et al., 2010; Steele, 2010; Johnson and Brook, 2011;
Williams, 2012). Such advances in identifying and treating un-
questionable biases of reconstructed demographic trends certainly
improve the potential of this method for providing a relative
context for past population dynamics.

For example, an important bias often arises from scientific pri-
orities and/or funding limitations, which can limit the total number
of archaeological radiocarbon dates available from a given site
(Fiedel and Kuzmin, 2007; Smith et al., 2008; Williams, 2012).
Focused efforts aimed at developing a high-resolution temporal
bracket for a given archaeological site or relevant period could thus
generate artificial modes or peaks in the distribution of summed
probabilities that are not related to settlement intensity or popu-
lation levels. In contrast, poorly dated intervals will generate arti-
ficial troughs or gaps in the distribution probability curve
(Michczynska and Pazdur, 2004; Michczynska et al., 2007). Poten-
tial effects of intra-site sampling biases on inferred long-term de-
mographic trends aside, the size of the working dataset is clearly
important for the statistical power of time-series analyses
(Michczynska and Pazdur, 2004; Michczynska et al., 2007;
Williams, 2012). The number of these records can provide an
impact of the robustness, repeatability and reproducibility of such
analyses because datasets without a sufficient number of randomly
compiled records will produce trends that are not associated with
long-term demographic changes.

Taphonomy and stratigraphic completeness can also affect the
accumulation of radiocarbon dates (Surovell and Brantingham,
2007; Smith et al., 2008; Surovell et al., 2009; Peros et al., 2010;
Johnson and Brook, 2011; Williams, 2012). Geomorphological fac-
tors (e.g. erosion, denudation, and changing baselines) can alter
sedimentary units leading to differential preservation of archaeo-
logical archives. In turn, this favours the preservation of younger
remains instead of older ones. Consequently, taphonomic biases
often produce a positive curvilinear frequency in 14C-date distri-
butions similar to an exponential decay function (Surovell and
Brantingham, 2007; Surovell et al., 2009), but this not a key influ-
ential factor in the South Central Andes where preservation of
organic material and archaeological sites is superb. Consequently,
biases could stem from research priorities of the archaeological
history rather than taphonomic processes.

Different studies have stressed the contribution of biases
derived from calibration procedures to obtain summed probabili-
ties of radiocarbon dates (Geyh, 1980; Guilderson et al., 2005;
Michczynski and Michczynski, 2006; Thorndycraft and Benito,
2006; Buchanan et al., 2008; Steele, 2010; Williams, 2012). Varia-
tions in the calibration curve, caused by temporal fluctuations in
the amount of atmospheric 14C, have also been shown to affect the
interpretation of demographic trends. This is because certain sec-
tions of the calibration curve for which atmospheric 14C content (or
curve steepening) is highly variable can create artificial peaks in
summed probability plots through the superimposition of multiple
dates. Similarly, plateaus in the calibration curve arise when at-
mospheric 14C varies little over time, leading to artificial troughs by
generating multiple calibrated ages for a given set of equal radio-
carbon age determinations (Steele, 2010; Reyes and Cooke, 2011).

3. Material and methods

3.1. Database structure

SCAR was initially created to support a comparative study be-
tween the Atacama Desert and Australian dryland populations to
the sensitivity of ENSO intensity over the past 13,000 years (CMS
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dataset, see Williams et al., 2008). The dataset originally included
861 ages from 295 archaeological sites located in the coastal and
inland zones of the Atacama Desert between 16� and 25�S. From
2007 to 2011, the database grew to more than 1000 entries
(Marquet et al., 2012). Our databases (now available online as
Supplementary Material A) were created from an exhaustive sur-
vey of existing specialized literature, both printed and electronic
resources, and thesis (i.e. Andes 14C database; Ziolkowski et al.,
1994; Michczyski et al., 2006), along with contributed unpub-
lished data (see Acknowledgments). Entries into SCAR have been
critically assessed to make sure that they were derived from
radiometric determinations on materials recovered strictly in
archaeological context and not rejected by the original author. The
definition and treatment for archaeological sites provided by each
source was accepted as valid, but authors were also consulted for
missing data. Evaluations on criteria used to define archaeological
sites or quality of stratigraphic associations lie outside the scope of
this research. For the purpose of this study, archaeological sites are
considered temporalespatial units that account for the intensity of
human activities throughout a particular time and space, regard-
less of their nature (i.e. domestic camps, funerary sites, etc.) or
materials (terrestrial, marine, etc) used for radiometric
determination.

The structure and variables of SCAR include country, site, eco-
physiographic region, stratigraphic unit (if available), laboratory
sample ID, dated material, 14C Age (BP), 14C age precision (“labo-
ratory error”) and references (see Supplementary Material A).
Archaeological sites were assigned to the major ecophysiographic
regions along the western Andean slope between 16� and 25�S: (a)
coastal area that encompasses the Atacama Desert littoral as well as
coastal valleys and oases located between 0 and 900 m asl, and (b)
inland area (900e4500 m asl), which integrates sites located from
the Atacama Desert above 900 m asl to the Altiplano
(4000e4500 m asl) (Fig. 1). Excepting the Bolivian Altiplano, sites
were then classified into two additional ecophysiographic sub-
divisions, which were defined by prevailing hydrological patterns:
exoreic (from Majes to Quebrada Cami~na, 16�e19� 300S) and
endorheic (from Quebrada Cami~na to Taltal, 19� 300e25�S) (Fig. 1).

The resulting SCAR dataset is now the most comprehensive
listing of radiocarbon ages derived from archaeological excavations
carried out along the western and eastern slope of South-Central
Andes between 16� and 25�S. The spatio-temporal resolution of
SCAR was significantly improved through the incorporation of 14C-
dates from inland sites of Peru (16�e18�S) as well as from the
Bolivian Altiplano e particularly those from the western area of the
Yungas (Fig. 1). This contribution represents a 70% increase (700
new records) over the previous CMS dataset. SCAR incorporates
1701 radiocarbon dates from 519 archaeological sites with chro-
nologies spanning the past 13,950 years 14C BP (Supplementary
Material A). Overall, these records derive primarily from radio-
metric determinations on materials considered unambiguously
anthropogenic in origin, such as charcoal (47%) or human tissues
(~10%). Roughly 31% of radiocarbon ages are derived either from
ecofacts or artefacts on marine (8.1%), animal (8%), plant (7.7%) and
woody (7.8%) remains. Information on materials dated for the
remaining 12% of records was not available (Supplementary
Material A).

Over 50% of the archaeological sites in the SCAR database have
multiple radiocarbon dates, ranging from at least two up to a
maximum of 47 dates for a single site. As such, 58% of coastal sites
from the Atacama Desert have more than one radiometric deter-
mination. Very well dated sites (>20 14C dates) in the area include
Kilometro 4 (n ¼ 47 dates), Quebrada Los Burros (n ¼ 46), Tacahuay
(n ¼ 28), Morro-1 (n ¼ 24) and Quebrada Jaguay-280 (n ¼ 22).
Similar percentages were obtained for the inland sites (47.5%) and
Bolivian Altiplano (52.2%). The best-dated inland sites include
Asana (n ¼ 31), Azapa-71 (n ¼ 26), Tulan-54 (n ¼ 24), Azapa-140
(n ¼ 22) and Chacarilla-15 (n ¼ 20), Chiripa (n ¼ 28) and Tiwa-
naku/Kalasasaya (n ¼ 18) are the best dated sites on the Bolivian
Altiplano.

Radiocarbon dates in SCAR are unevenly distributed over space.
A large number of records are from the inland area (955 dates from
320 sites). Within this area, 14C-dates from the exoreic ecophysio-
graphic unit prevail (514 dates in 129 sites). Coastal records are
represented by 544 dates from 142 sites. The exoreic unit contrib-
utes mostly to the coastal section of SCAR by contributing 420 dates
from 90 sites. Comparatively, the Bolivian Altiplano area is under-
represented with 202 14C-dates in 58 sites.

3.2. Time-series analyses procedures

Long-term population patterns in the South-Central Andes
(SCAR) were reconstructed by establishing a time-series for all sites
between 16� and 25�S (Fig. 2A). This combines raw radiocarbon
dates from archaeological sites located across the Atacama coastal
(Fig. 2B) and inland areas (Fig. 2C) as well as along the Bolivian
Altiplano (Fig. 2). We treat the region as a subcontinent because of
its extent (spanning over 1000 km) in South America, involving
three different countries that share distinct geographical, climatic
and ecological features.

Time-series in the SCAR are based on 1683 radiocarbon dates
(excluding records that did not report laboratory errors or those
that were unreliable). Regional-scale demographic reconstructions
were based on independent time-series for each region by incor-
porating 14C-dates indistinctly from exo and endorheic ecophy-
siographic areas. Time-series from the inland region exclude 14C-
dates from the Bolivian Altiplano. These radiocarbon dates were
treated and analyzed separately in order to explore on eventual
particularities in demographic patterns along an area excluded
systematically from preliminary reconstructions for the western
Andean slope. We vetted ages younger than 90 14C BP with stan-
dard deviations that exceeded the 14C-ages. These eliminations
affectedmostly the inland region. Hence, population history for this
area was reconstructed considering 940 radiocarbon dates. For
coastal and Bolivian Altiplano areas, long-term demographic trends
were derived from 542 to 201 dates, respectively.

All radiocarbon dates were calibrated with CALIB 7.0 using the
terrestrial calibration curve for the Southern Hemisphere SHCAL13
(Hogg et al., 2013), intercept method and 2-sigma confidence in-
ternal (95.4% of the distribution probability). Marine samples were
calibrated assuming a reservoir correction of 400 ± 70 years (De
Pol-Holz et al., 2010) and a 100% contribution of marine carbon.
All dates reported here are in calibrated years before 1950 (cal BP).
To generate the time-series, we used the “Sum Probabilities”
command of CALIB 7.0. Following this procedure, plots for the
distribution of summed probabilities of 14C-dates were obtained
by exporting data generated by CALIB 7.0 to Kaleidagraph 4.0.
Subsequent statistical analyses on these time-series were
executed in the R computing environment (R-Development-Core-
Team, 2008). Our demographic inferences were based on the
identification of population events that represent distinct and
definable trends in the data, fromwhich it is possible to infer long-
term changes in prehistoric activities and population fluctuations
(Gamble et al., 2005; Shennan and Edinborough, 2007; Smith
et al., 2008).

The concurrent effects of intra-site sampling and dataset size
were examined by verifying the match between summed proba-
bilities generated by the full SCAR set and re-sampled versions of
this. Re-sampling procedures establish a smaller and more repre-
sentative dataset by reducing the number of dates from sites with



Fig. 2. Distribution of summed probabilities plots of archaeological radiocarbon dates over the past 15,000 years for the entire South-Central Andes (A), coastal (B), inland (C) and
Bolivian Altiplano (D) regions. Calibrated ages along the x-axis are provided in kilo years before present (ka BP).
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multiple radiocarbon determinations (n � 2). Our re-sampling
criterion relies on the reduction of redundancies within each
over-represented site because statistically similar dates can often
result from a same occupational phase. Using the “test sample
significance” command in CALIB 7.0, statistical differences between
multiple dates were evaluated. Dates were retained as long as they
were statistically significant from each other and counted as in-
dependent records as these represent temporally different occu-
pational events. Conversely, statistically similar dates were omitted
but the corresponding occupation phase is represented by a pooled
mean 14C-age returned by CALIB 7.0 (“pooled mean” command).
Resulting re-sampled datasets were then used to generate the
distributions for summed probabilities either at sub-continental or
regional scales following the methods described above. Statistical
comparisons between full SCAR set and re-sampled versions were
established by using standardized variables and Pearson
correlations.

Re-sampling procedures led to significant reductions in the
number of records for SCAR dataset. This is because over the 50% of
archaeological sites encompassing the full SCAR dataset are chro-
nologically defined by multiple radiocarbon determinations (2e46
dates) that are statistically similar. Hence, the re-sampled SCAR set
incorporates a total of 1012 dates, specifically 320, 597 and 95
14C-dates for coastal, inland and Bolivian Altiplano regions.

To test the contribution of taphonomic processes, we corrected
the full SCAR dataset and each regional sub-set by applying the
square root non-linear model proposed by Williams (2012; Eq. (1)
see below). Specifically, all of these datasets were calibrated with
CALIB 7.0 using the terrestrial calibration curve for the Southern
Hemisphere SHCAL13 (Hogg et al., 2013) to produce a calibrated age
(median value) for each radiocarbon date. We generated absolute
frequency distributions by clustering obtained median values into
250-year bins. Taphonomic correctionwas then applied by dividing
the number of calibrated ages by:
nt ¼ 2:107� 107ðt þ 2754Þ�1:526 (1)
Where nt ¼ is the number of 14C-dates surviving, and t ¼ time. To
examine the impact of taphonomic biases on the distribution of
radiocarbon dates, we generated frequency histograms for cor-
rected and uncorrected absolute frequencies of calibrated ages. To
obtain an equivalent parameter for probability distributions of
radiocarbon dates, we established frequency density plots of
taphonomically-corrected and uncorrected data by dividing the
number of median values per bin by 250. If there is no taphonomic
loss in our datasets then we should expect general agreement be-
tween distribution patterns established with corrected and un-
corrected data.

Finally, calibration effects were explored following procedures
and techniques discussed byWilliams (2012). That is, age-range bar
analyses (Guilderson et al., 2005) were used to identify radiocarbon
plateaus in the SHCAL13 curve to determine their relationship to
artificial flattening in summed probability distributions (Williams,
2012). Effects of steepening in the calibration curve were assessed
by applying a slope analysis of the SHCAL13 (Williams, 2012).

4. Results and discussion

4.1. Evaluation of potential biases

Both intra-site sampling and dataset size can affect the robust-
ness, repeatability and reproducibility of reconstructed de-
mographic patterns obtained from the SCAR dataset, this is
because: i) large percentages of archaeological sites have statisti-
cally redundant radiocarbon dates, and ii) four important archae-
ological gaps (>50 yrs) are recorded across the Bolivian Altiplano
region at the intervals 11,205e12,585, 8015e8335, 6500e7680 and
5315e6000 cal BP (Fig. 3). Statistical analyses show strong corre-
lations among summed probabilities obtained with full and re-



Fig. 3. Detail of the summed probability plots comparing the South-Central Andean
region (dark solid line) with trends obtained for the Atacama interior (dotted dark
curve) and the Bolivian Altiplano (grey solid curve) throughout the interval
15,000e4000 cal BP.
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sampled datasets. Calculated r-Pearson can range from 0.923 to
0.989. Either similarity or coherence among time-series established
on original and re-sampled sets imply that the size of such datasets
does not affect the overall shape of our summed probability dis-
tributions, and thus the turn long-term demographic trends that
we infer. At the same time, positive and significant correlations
suggest that reconstructed population patterns are insensitive to
multiple radiocarbon determinations per site as well as to hiatuses
in the accumulation of dates. One caveat, however, is that our
interpretation is only valid for the broad chronological-scale re-
constructions over the past 13,000 years for the entire South-
Central Andean region and particularly the Bolivian Altiplano re-
gion. Indeed, if we considered demographic patterns (Fig. 3) and
correlation coefficients, the resulting time-series configuration
would be influenced by gaps in the archaeological record.

Absolute frequency analyses on uncorrected calibrated ages
reveal positive curvilinear temporal distributions in full and
regional datasets of SCAR (Fig. 4), except for coastal Atacama that
show variations in date frequencies unrelated to age (Fig. 4C). Ob-
tained uncorrected frequency distributions for the entire South-
Central Andes region as well as inland and Altiplano regions
(Fig. 4A, E and G) could be indicating that inferred demographics at
subcontinental and regional scales arise from an artefact of taph-
onomic loss. This might be particularly true for broad-chronological
scale reconstructions covering the last 15,000 years, which exhibit
patterns that mimic roughly those of exponential human popula-
tion growth with tipping points centred at 4000 cal BP (Fig. 2).
Nevertheless, curvilinear patterns are not evident between
13,100e4000 cal BP, as the entire South-Central Andes and inland
region show fluctuations with no long-term trend in distribution of
calibrated ages (Supplementary material B, Tables S1eS2). In
contrast, absolute frequencies of calibrated dates for the Bolivian
Altiplano are uniformly distributed (~1 date per bin) with 26
chronological gaps (Table S3). These results confirm the notion that
the demographic reconstructions for this latter area between
13,100 and 4000 cal BP are subject to sampling/research bias. The
distribution of calibrated ages in Tables S1 and S2 (Supplementary
Material B) indicate that the low magnitude changes in summed
probabilities detected at subcontinental scales and for the inland
region (Fig. 2A) are most likely reflecting real population fluctua-
tions. The same should also be valid for reconstructed patterns for
both areas over the past 4000 years. As absolute frequencies within
this interval are relatively evenly distributed, the increase in
number of calibrated ages by 1500e500 cal BP occurs in a stepwise
fashion (Tables S1eS2) and typically at shorter time scales,
taphonomic biases are apparently minor (Surovell and
Brantingham, 2007).

Distributions of corrected absolute frequencies in full and
regional datasets are essentially identical to those obtained from
uncorrected data (Fig. 4). Correlation analyses show a strong pos-
itive relationship among corrected and uncorrected absolute fre-
quencies for entire and coastal SCAR sets, with r-Pearson of 0.633
and 0.59, respectively. Whereas, we verified very strong positive
correlations for Atacama inland and Bolivian Altiplano areas rep-
resented by Pearson coefficients of 0.80 and 0.96, respectively.
These results provide some confidence that reconstructed changes
in summed probability distributions at subcontinental and regional
scales are reflecting palaeodemographic fluctuations rather than
changes in preservation or destruction of archaeological sites
through the past 15,000 years. Frequency density curves reinforce
this notion. In reality, curves based on corrected and uncorrected
data are in good agreement, reproducing events of population
growth or contraction comparable in chronology, magnitude and
direction (Fig. 4).

The age-range bar analysis indicates that on average, 1s and
2s calibrated age ranges are 152 (±78.8) and 179 (±97.3) years,
respectively. These values determine thresholds for identifying
radiocarbon age plateaus. Hence, age bars exceeding 231 (at
1s calibration) and 276 (2s) year thresholds are considered to
reflect radiocarbon plateaus. We found over ten sections of the
SHCAL13 calibration curve that are problematic (Fig. 5, Table S4), as
these could create flattening in our summed probability distribu-
tions. During these periods, however, we do not detect troughs
altering general population trends inferred at regional and sub-
continental scales over the past 15,000 years (Figs. 2e3). Finally,
slope analysis indicates that the major peaks in our long-term de-
mographic reconstructions are robust, representing real in-
crements in prehistoric population levels. We identified 52 sections
of the SHCAL13 curve where estimated slope values exceed
normalized upper and lower thresholds (Fig. 5; Table S5). Except for
13 intervals, slope changes are mainly short-lived (<100 years).
Although no apparent artificial peaks in summed probability dis-
tributions appear to occur in sections were the calibration curve
exhibits sustained steepening (>100 years).

Changes in human behaviour (e.g. settlement and mobility
patterns, mortuary practices) could also impose a sort of “cultural
bias” on the frequency of datable archaeological sites. These are
harder to infer or address from the database alone, and indeed
these issues clearly enrich the debate on the limitations of radio-
carbon dates densities as a proxy for past population dynamics.
They similarly lead to a discussion on the role and contribution of
palaeodemographic reconstructions for consolidating trans-
disciplinary fields such as human ecology.

In our case, this suggestion addresses the key assumption that
site frequency in our SCAR database is a representative and random
sample of a huge universe of existing sites along a vast region such
as the western Andean slope. Of course, no researcher would pre-
sume that he/she has a representative sample of radiocarbon dates
and archaeological sites. Archaeology works with a sample of a
sample, the universe is always unknown, because it is impossible to
know howmany sites where created in a certain period of time (see
Drennan, 2010). Such limitations imply that results such as ours are
easily over-interpreted and instead, should be taken at face value
for what exists at a given point in time.

Past cultural practices and post-depositional alterations could
have contributed in the visibility (chance of sampling) and “con-
struction” of known and unknown archaeological sites. One of the
appeals of large datasets such as SCAR is that such effects are
negligible (Surovell and Brantingham, 2007). Several studies have
discussed this issue, which has been related to biases imposed by



Fig. 4. Absolute frequency distributions and frequency density plots for corrected (grey bars and curves) and uncorrected (dark bars and curves) calibrated ages integrating the
subcontinental and regional SCAR datasets.
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research interest and efforts (see for example Surovell and
Brantingham, 2007). The methodology used here deals with
radiocarbon dates as a basic working unit, and archaeological sites
are merely auxiliary units containing a representative sample of
occupation events (i.e. 14C-dates). Within this context, archaeo-
logical sites were used for evaluating statistical aspects (robustness,
repeatability and reproducibility) of our reconstructions instead of
running procedures that arbitrarily exclude dates from a large
dataset to generate smaller discrete datasets (e.g. Williams, 2012).

Regarding the impact of changes in settlement patterns,
Tallavaara et al. (2010) hypothesized that the inherent mobility of
hunteregathers could affect the temporal distribution of 14C-dates
because they may have left more datable materials and/or sites as
they would have explored more expansively than sedentary
groups. Hence, an increased frequency of radiocarbon dates is ex-
pected at times when mobility is assumed to be a recurrent
behaviour. Nevertheless, Tallavaara et al. (2010) did not find any
support for this assertion. The eastern Fennoscandian record shows
the opposite, marked by significant increases either in dates or sites
during “sedentary” time periods. This could reflect research and
taphonomic biases, which certainly can reduce or counteract the
effect of greater mobility of earlier inhabitants. For the South-
Central Andes region, radiocarbon dates from hunteregatherers
(i.e. from 12,000 to 4000 14C BP) represent almost a third, 32%
(n ¼ 532), of our database. For the SCAR, we should consider
additional factors that could work against the relevance of changes
in mobility behaviours for the temporal frequency of data
used here. For example, extreme environmental conditions



Fig. 5. Calibration effects on summed probability distributions for the South-Central
Andes over the past 15,000 years. A) Age-range bar analysis. Dark and light grey
bars show calibrated dates at 1s and 2s, respectively. Horizontal dashed line indicates
the 231 years threshold estimated for 1s calibration, solid dark horizontal line shows
the 276 years threshold at 2s calibration. B) Slope analysis of SHCAL13 calibration
curve. Dashed horizontal lines show upper (2.1) and lower (�0.43) normalized
thresholds.
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(geomorphological, hydrological, ecological) along the coastal re-
gion led to recurrent use of particular spaces instead of patterns of
high population mobility. Unlike the rest of the world, the early
adoption of sedentary habits in the Atacama Desert (which in-
tegrates a great part of inlands) did not affect mobility. In fact,
sedentary settlements (even agricultural) subsisted by supple-
menting resources from different ecological zones. Surprisingly,
this type of environmental exploitation was not evident during the
earlier strict hunteregatherer periods (Rivera, 2008; Nú~nez et al.,
2010; Nú~nez and Santoro, 2011; Marquet et al., 2012).

Possible biases introduced by changes in mortuary practices
could be related with the chance discovery of funerary sites, a
function of their location and/or prominence, as well as with the
record of multiple or individual burials. Marquet et al. (2012),
however, demonstrated that changes in these practices do no alter
the overall pattern of summed probability distributions in SCAR.
These authors reconstructed robust demographic patterns along
the coastal Atacama Desert even when radiocarbon dates from
funerary sites were excluded. It is reasonable to expect a reduced
accumulation of radiocarbon dates in our area from Archaic dug-
out pits, which contrast with highly visible burial mounds from
later periods. The resulting pattern is most likely related to biases
from sampling efforts and/or research emphases. In our case, lo-
cations of bodies or entire tombs would be also important for age
distributions. If passive long-distance transport of funerary remains
among different ecophysiographic regions existed, we should
expect to find altered representative number of dates per region,
and thereby bias our reconstructed population histories at this
spatial level. Evidences for this practice are, however, inexistent
along the entire western slope of the South-Central Andes
(Munizaga, 1980; Rivera, 1995; Standen, 1997; Santoro et al., 2003;
Arriaza et al., 2008; Standen et al., 2014). Finally, we discuss the
potential effects of multiple human remains within a burial. Except
for the Chinchorro complex along the coastal Atacama Desert, these
burial practices were not a recurrent practice for societies that
inhabited the South-Central Andes during the past 15,000 years.
Another exception is the Alto Ramírez complex of early farmers
(~2500e1550 cal BP) that used ceremonial tumulus for collective
burials (Mu~noz, 1987; Romero et al., 2004; Rivera, 2008) during a
shorter period of time compared to Chinchorros. Even if these cases
are present in the region, these attain relevance for this type of
studies since the simultaneous record of pooled datable materials
leads to focused sampling and dating of well-preserved remains,
which consequently reduce the probability for a random accumu-
lation of radiocarbon dates in relation to their age. In other words,
researchers are often tempted to violate (limited by funding op-
portunities) the key premises for palaeodemography studies based
on the distribution of 14C-dates. Hence, the contribution of this
factor seems to be related to biases imposed by research interest/
priorities rather than human behaviour.

4.2. Inferring demographic patterns

Overall, the obtained summed probability distributions show
peaks and troughs suggestive of cyclic changes in population levels
over the last 15,000 years (Fig. 2). Roughly, the subcontinental
demographic trends (Fig. 2A) are equivalent to those reconstructed
for the inland (Fig. 2C) and the Altiplano (Fig. 2D), with peaks and
troughs that are comparable either in chronology ormagnitude.We
verified positive and significant correlations between these three
time-series. The relation between the summed probabilities ob-
tained from the entire dataset and those inferred for inland and
Altiplano are represented by Pearson coefficients of 0.989 and
0.952, respectively. A similar, very strong correlation also occurs
between the Altiplano and Atacama inland regions (r-Pearson co-
efficient of 0.948).

Probability distributions suggest that the South-Central Andean
region was initially colonised by 13,100 cal BP (Fig. 2A). The time-
series plots for inland and Altiplano areas indicate similar chro-
nologies for the early peopling of these regions (Fig. 2CeD),
although differences in the settlement patterns through time are
also apparent. Just like the pattern inferred for the entire South-
Central Andes area (Fig. 2A), human occupation across the Ata-
cama inland seems to have been continuous once it was colonized
and there are no major gaps or hiatuses in the record (Fig. 2C). In
contrast, the Bolivian Altiplano record suggests an intermittent
settlement pattern (Fig. 2D), which is likely arisen from four
prominent hiatuses between 12,600 and 5315 cal BP. These gaps in
the data, however, do not significantly affect the spatial coherence
between subcontinental and regional patterns. Summed probabil-
ity distributions throughout the SCAR show low population levels
from ~13,100e4000 cal BP followed by a period of major population
expansion between 3500 and 700 cal BP (Fig. 2BeC). A sharp
decline in population occurred from 700 cal BP onwards towards
the present.

Two events characterize the entire South-Central Andean area
population of the last 15,000 years (Fig. 2A). These events are also
visible in the inland and the Altiplano populations (Fig. 2CeD).
These events include demographic patterns between 13,100 and
4000 and from 4000 cal BP to present. Other population events
during the interval 13,100e4000-cal BP are not as visible and are
often hampered by the high amplitude of the summed probabilities
that occur from 4000 to 500 cal BP (Fig. 2). These minor de-
mographic events are limited to the subcontinental and inland
reconstructions and clearly reveal a much more dynamic popula-
tion across these areas during this interval (Fig. 3). The time-series
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plots shown in Fig. 3 point to an abrupt pattern of population
growth from about 13,100e9700 cal BP, with major increases at
~10,600 and ~9700 cal BP. A sharp decline in population levels
followed from 9500 to 6000 cal BP, followed by rapid recovery
beginning at ~6050 cal BP. Our data show that prehistoric pop-
ulations were relatively large until 4000 cal BP. On the Bolivian
Altiplano, these events are not present perhaps due to gaps in the
archaeological record (Fig. 3). The effects of such hiatuses become
apparent as evidenced by significant reductions in r-Pearson co-
efficients between time-series established for the interval
13,100e4000 cal BP. Precisely, r-Pearson correlation coefficients for
relationships between Bolivian Altiplano patterns and those infer-
red for the entire South-Central Andean region and inland region
were 0.098 and 0.11, respectively. This implies that correlations for
evaluating the match between the Bolivian Altiplano with the
remaining regional and subcontinental time-series plots over the
past 13,100 cal BP arise from similarities in the distribution of data
throughout the first 4000 years.

Our analyses suggest that population patterns for the coastal
Atacama Desert are different from those inferred for the rest of the
regions and the entire South-Central Andes (Fig. 2). Visual exami-
nation and comparisons of time-series plots indicate that coastal
populations experienced a distinct saw-tooth demographic pattern
over the last 15,000 years (Fig. 2B). Such distinctive oscillation
patterns were reported byWilliams et al. (2008) and Marquet et al.
(2012). A correlation analysis that compares the coast with sub-
continental patterns confirms the uniqueness of the coastal long-
term population history (i.e. a low r-Pearson coefficient of 0.501).
Similarly, inter-regional comparisons argue for weak correlations of
coastal patterns with time-series established for inland region
(r-Pearson coefficient of 0.381) as well as the Altiplano area
(r-Pearson coefficient of 0.253).

Distribution of summed probabilities of 14C-dates for the coastal
Atacama Desert indicates an uninterrupted but oscillating occu-
pation pattern soon after the early peopling of this region at
13,460 cal BP (Fig. 2B). Our reconstruction shows a stepwise in-
crease in demographic levels from 13,460 to 12,000 cal BP followed
by a marked decline at 12,000e10,500 cal BP. Human activities
across the coast appear to have increased at ~10,500e7500 cal BP
(Fig. 2B). Population levels remained stable at low levels
throughout the interval 7800e6000 cal BP, but prehistoric societies
experienced a brief demographic expansion at 6000e5500 cal BP
before declining again at 5500e4550 cal BP. Coastal populations
rapidly recovered between 4550 and 2750 cal BP. A population
crash occurred at 2750e1750 cal BP, followed by a significant
growth for the interval 1750e500 cal BP. Since then, the sub-
continental, inland and Bolivian Altiplano time-series plots, show
similar reconstructed patterns as the coastal Atacama shows that
population levels declined steadily towards present (Fig. 2B).

The abrupt decline in the number of calibrated ages by
700 cal BP (Fig. 2) found across the South-Central Andes at regional
and subcontinental scales, could be attributed to either a real
population collapse or to researcher bias. Archaeologists usually do
not date sites and/or deposits with cultural remains from the
colonial period, so a reduction in the number of calibrated ages is to
be expected (Surovell and Brantingham, 2007; Smith et al., 2008).
The summed probability curve decline observed here, however,
occurred before the Spanish conquest of the Americas (~460 cal BP)
and predates by ~100 years the introduction in the South-Central
Andean region of historical remains by the Spaniards dated to
~350 cal BP (Cavagnaro, 1988; Nú~nez et al., 2010). Hence, we argue
that methodological biases brought by directed sampling/dating
selection are unlikely, specifically for patterns documented from
700 to 450 cal BP. Although we cannot rule out the contribution of
other biases in demographic patterns over the subsequent 400
years, the long-term decline initiated at 700 cal BP is probably not
due to sampling biases and may constitute a real pattern.

Such a finding could thus represent a genuine demographic
feature of the populations that inhabited the western slope of the
South-Central Andes with profound repercussions for the domi-
nant view regarding the impacts of the European colonialism on
Native American populations. Scholars have systematically argued
that the European colonization caused a catastrophic demographic
collapse across the Americas brought by epidemic diseases, slave
raiding, warfare, oppression, diet deterioration and/or changes in
agriculture practices (Cook, 1981; Escudero, 1992; Dobyns, 1993;
Hidalgo, 1995; Ramenofsky, 2003; Bedoya et al., 2006; Jurado,
2013). Our results do not support this traditionalist stance. The
sustained low populations levels detected by 700 cal BP along the
western South-Central Andean region, argue for a variable response
in timing, nature, spatial-scale and magnitude to Spanish colo-
nialism. This variability has been also detected along Peru (Cook,
1981) and the northwest coast of North America (Sobel, 2012).
Sustained low populations levels record either at sub-continental
or regional scales in the South-Central Andes during the interval
700e450 cal BP should be deeply explored and deserve alternative
explanations. The causes and further discussions on this de-
mographic trend, however, will be treated elsewhere.

5. Conclusions

This article adds new data and methods to the growing number
of studies that use summed probability distributions of radiocarbon
dates to explore demographic histories of prehistoric populations.
By compiling a spatial-temporally highly resolved database and
generating a continuous time-series, long-term population trends
can be reconstructed for the past 15,000 years in the South-Central
Andes at regional and subcontinental scales. We show that the
Bolivian Altiplano and inland populations experienced multi-
millennial fluctuations that closely match subcontinental patterns
reconstructed for the last 13,100 cal BP. Conversely; coastal pop-
ulations exhibit a “saw-tooth” population curve. Although the
causes for this long-term trend in coastal populations remains
rather unknown (Williams et al., 2008; Rivadeneira et al., 2010;
Marquet et al., 2012; Roberts et al., 2013), the divergence in
timing, magnitude and direction of major population events be-
tween this area and inland region, Altiplano and subcontinental
scales is unequivocal. We also point out that an additional trend
present in our complete database and in all of our regional data-
bases is an inferred drop in prehistoric populations beginning at
700 cal BP. This trend is unlikely to be related to sampling or
researcher biases.

Overall, our results indicate that methodological biases and
limitations of time-series analyses do not significantly alter the
robustness, repeatability and reproducibility of broad demographic
patterns inferred for the South-Central Andes. Nevertheless, the
analyses here suggest that dating gaps in the archaeological record
could impact summed calibrated probability distributions of
radiocarbon dates, and consequently our inferences on the long-
term demographic history of regional and subcontinental pop-
ulations. As noted by other authors, taphonomy bias could be
minimized by the examination of population trends at shorter
time-scales. Despite our findings regarding the effects of method-
ological limitations, additional biases can introduce noise into long-
term palaeodemographic reconstructions.

Our results indicate that palaeodemographic inferences from
radiocarbon density plots can provide key resources to outline
exploratory hypothesis on the long-term dynamics of prehistoric
populations that inhabited the South-Central Andean region over
the past 15,000 years, and to discuss current knowledge and
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cultural patterns based on archaeological, genetic, and biochemical
analyses. Similarly, our reconstructions represent valuable tools for
planning future research strategies at local, regional and conti-
nental scales, which in turn can lead into new interdisciplinary and
international research. Such integrative and collaborative in-
vestigations have the potential to achieve explicatory models that
cast new light on humaneenvironment interactions, in terms of
vulnerability and adaptive capacity of prehistoric societies to
environmental change, as well as on factors that have contributed
in cultural changes and continuities documented along the extreme
and contrasting arid environments of South-Central Andes.
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