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A B S T R A C T   

From the southern coast of Peru to the central-north coast of Chile (18◦-31◦S) previous evidence suggests that 
wide variations in sea surface temperature (SST) over the Holocene may be associated with changes in coastal 
upwelling regimes along the region. Support for spatial contrasts and similarities in oceanographic dynamics 
comes from earlier work at both extremes of the region. Using a 12 kyr record derived from shell midden 
archaeological sites around Taltal Chile (25◦S), we show that changes in the region are not necessarily consistent 
with a simple latitudinal gradient. Using δ13C and δ18O isotopic records from archaeological carbonate shells of 
the keyhole limpet Fissurella maxima we find that cold SST during the Early Holocene was associated with more 
negative δ13C values in agreement with observations from southern Peru. Warmer waters during the beginning of 
the Middle Holocene, had positive δ13C values, differentiating them from southern Peru and central-north Chile 
records. The rest of the Middle Holocene showed a decreasing SST accompanied by negative δ13C values, and 
after 4000 cal yr BP, the Late Holocene showed a progressive increase in SST and positive δ13C values. Finally, 
modern carbonate shells of F. maxima indicate a situation not observed throughout the Holocene period: warm 
SST is associated with negative δ13C values, in line with results on modern shells from southern Peru and modern 
oceanographic patterns that indicate an intensification of coastal upwelling with events of warm water intrusion. 
Our results show that the southern coast of the Atacama Desert experienced important fluctuations in SST and 
upwelling conditions during the Holocene, which may have affected the distribution of nearshore fisheries along 
the Northern Coast of Chile.   

1. Introduction 

There is widespread evidence of large global climatic variability 
during the Holocene and its impacts on human populations (Mayewski 
et al., 2004). Archaeological evidence shows a wide range of strategies 
developed by human societies under favorable and unfavorable climatic 
conditions such as migration, increased organization complexity and 
technological change (Anderson et al., 2007). In the case of coastal so-
cieties, climate variability linked to sea surface temperature (SST) 
anomalies like El Niño Southern Oscillation (ENSO) are well known to 
bring important consequences for people from the Holocene to the 
present (Caviedes, 2002; Richardson and Sandweiss, 2008). Therefore, 
broadening our understanding of the multiple climatic scenarios that 
unraveled during the Holocene is key to inform future human adaptation 
strategies (Zhang et al., 2011; McMichael, 2012). 

Nearshore temperature patterns provide a linkage between coastal 
ecosystems and the oceanographic processes that regulate the fluxes of 
biotic and abiotic resources to shore (Menge et al., 2003; Navarrete 
et al., 2005). Therefore, SST variability is key to understanding climatic 
effects on nearshore ecosystems and its inhabitants. Along the temperate 
sectors of ocean’s eastern boundaries, a key source of SST variability is 
wind-driven coastal upwelling. Cold, low oxygen and nutrient-rich 
deeper waters flowing poleward from the subtropics are transported 
upward through the combined effect of alongshore equatorward trans-
port of surface waters by wind and their offshore displacement by the 
Coriolis Effect (Strub et al., 1998; Chavez and Messié, 2009). 

In the present, the coast of southern Peru and northern Chile (18◦ to 
30–31◦S), is characterized by year-round upwelling-favorable condi-
tions, which maintains one of the most productive pelagic fisheries 
worldwide (Strub et al., 1998; Montecino and Lange, 2009). While the 

* Corresponding author. 
E-mail address: carola.flores@ceaza.cl (C. Flores).  

Contents lists available at ScienceDirect 

Palaeogeography, Palaeoclimatology, Palaeoecology 

journal homepage: www.elsevier.com/locate/palaeo 

https://doi.org/10.1016/j.palaeo.2020.110090 
Received 27 March 2020; Received in revised form 12 October 2020; Accepted 12 October 2020   

mailto:carola.flores@ceaza.cl
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2020.110090
https://doi.org/10.1016/j.palaeo.2020.110090
https://doi.org/10.1016/j.palaeo.2020.110090
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2020.110090&domain=pdf


Palaeogeography, Palaeoclimatology, Palaeoecology 562 (2021) 110090

2

northern and central sector of this region exhibit high primary produc-
tivity over the narrow continental shelf, the southernmost sector expe-
riences more intense and semi-permanent upwelling-favorable wind. 
South of 30–31◦S upwelling-favorable wind conditions become more 
seasonal, peaking during early spring around 30–31◦ to late summer 
around of 36–37◦S.This forcing pattern drives the formation of meso-
scale eddies and filaments that transport recently upwelled waters and 
coastal productivity off the coastal transition zone (Hormazabal et al., 
2004; Aguilera et al., 2019). Reconstructions of SST patterns and up-
welling intensity from multiple lines of evidence, indicate that southern 
Peru and northern Chile (15◦- 25◦S) during the Early Holocene 
(11000–9000) experienced cooler conditions and higher upwelling in-
tensity than present, while the central-north sector (31◦S) experienced 
conditions similar to modern times (Carré et al., 2012, 2014, 2016; 
Flores et al., 2018; Ortlieb et al., 2011; Vargas et al., 2006,; Salvatteci 
et al., 2019a). Spatial variation in upwelling intensity between the Early 
Holocene and present time along the temperate coast off western South 
America suggests a persistent latitudinal difference in SST patterns. 
However, SST patterns and upwelling intensity during the Late Holocene 
are similar to present-day patterns, both in southern Peru and central- 
north Chile (Carré et al., 2012, 2014, 2016; Ortlieb et al., 2011; Var-
gas et al., 2006). These studies highlight important changes in paleo-
ceanographic dynamics during the Holocene, yet they have been 
restricted to locations at the extremes of a vast region (e.g. >12◦ lati-
tude) and have chronological hiatuses (but see Salvatteci et al., 2019a). 
Our study aims to contribute filling geographic and temporal gaps taking 
advantage of a near-continuous paleoceanographic record derived from 
shellfish carbonate from the keyhole limpet Fissurella maxima collected 
from archaeological stratigraphic sequences located in the Taltal area. 
The steep topography and bathymetry of our study region (Fig. 1) 
intensify alongshore upwelling-favorable winds and allow recently 
upwelled water to move onshore, respectively (Piñones et al., 2007). 
This work presents the first trans-Holocene record of nearshore δ18O-SST 
and δ13C for the Pacific coast of South America, thus contributing to our 
understanding of nearshore paleoceanographic variability and varia-
tions in coastal ecosystem characteristics. 

2. Materials and methods 

Our study is based on carbonate data from 49 F. maxima shells. Their 
ecology and biology is presented in Flores et al. (2018). Eight modern 
shells were obtained locally during 2015–2016 around Paposo and 
Taltal, and 41 shells come from six archaeological shell midden deposits 
(Fig. 1 and Supplementary Table 1). All archaeological shells were 
radiocarbon dated in the Keck Carbon Cycle AMS Laboratory at the 
University of California Irvine and Northern Arizona University Amino 
Acid Geochronology Laboratory. All ages were calibrated using Calib 7.1 
(Stuiver et al., 2020), SHCal 13 curve and corrected for reservoir effect 
following regional estimates from northern Chile (Ortlieb et al., 2011) 
(Supplementary Table 1). Shell sampling and processing for δ18O and 
δ13C isotopic analyses was carried out following methodology described 
in previous studies (Flores, 2017; Glassow et al., 2012; Jew et al., 2016), 
more specifically, replicating sampling strategy previously published by 
ourselves on modern and archaeological F. maxima shells (Flores et al., 
2018). In brief, we took eight samples per shell along the growth axis 
obtaining approximately 0.3–0.5 mg of carbonate powder from each 
one. See Flores et al. (2018) for further details on sampling strategy and 
F. maxima shell as proxy for SST. A total of 384 shell carbonate samples 
were sent to the Stable Isotope Facility at the University of California, 
Davis (see Flores et al., 2018 for further details on sampling and 
F. maxima shell as proxy for SST). Oxygen and carbon isotopic compo-
sition were calibrated relative to the Vienna Pee Dee Belemnite (VPDB) 
scale using NBS-18 (− 5.01‰ for δ13C and − 23.01‰ for δ18O) and NBS- 
19 (− 2.20‰ δ18O, 1.95‰ δ13C), and instrumental standard deviation 
was 0.1‰ for δ13C and 0.2‰ for δ18O. 

δ18O values obtained from archaeological shells were corrected for 
ice volume effect on seawater δ18O through the Holocene. Correction 
values were calculated using the global sea level reconstruction from 
Lambeck and Chappell (2001) and a maximum ice volume effect of 
1.05‰ for the last glacial maximum (LGM) (Duplessy et al., 2002) (see 
corrected values in Supplementary Table 2). Correction values were 
obtained considering the known sea level at a specific time, divided by 
the lowest sea level recorded between the LGM and the point of major 
ice sheet decay (22,000 cal years to present time, Lambeck and Chap-
pell, 2001). This value is then multiplied by the difference in seawater 
δ18O values between the LGM and today (Duplessy et al., 2002) 
(correction value = (sea level at specific time/145)*1.05). 

δ13C values obtained from modern shells were corrected for the Suess 
effect to account for the δ13C depleted CO2 emitted to the atmosphere by 
the anthropogenic combustion of fossil fuel (Bacastow et al., 1996; 
Keeling, 1979; Quay et al., 1992) (see values in Supplementary Table 2). 
The Suess effect correction was calculated by adding 0.5‰ to δ13C 
values of modern shells (Eide et al., 2017a). Finally, to transform cor-
rected δ18O values from modern and archaeological shells to SST data, 
we used the equation of Ford et al. (2010), with mean δ18O seawater 
value of − 0.01‰ obtained from local measurements at the study area 
(Flores et al., 2018). Although Early Holocene SST values have been 
presented previously (Flores et al., 2018), none of the associated dates 
nor δ13C values have been previously published. 

3. Results 

Dates obtained for each of the 41 archaeological shells, situate SST 
and δ13C data along the entire Holocene with a gap between 9600 and 
7600 cal yr BP (Supplementary Table 1, Fig. 2). Reconstructed SST time 
series (Fig. 2A) shows the coolest conditions during the Early Holocene 
(mean SST 13.0 ◦C to 15.7 ◦C, from 11,120 to 9680 cal yr BP, Supple-
mentary Table 1), followed by the warmest temperatures at the begin-
ning of the Middle Holocene (mean SST 16.3 ◦C to 17.7 ◦C, from 7630 to 
6960 cal yr BP, Supplementary Table 1). A decrease in SST is observed 
during the rest of the Middle Holocene, with the coolest record between 
4900 and 4300 cal yr BP (mean SST 13.6 ◦C to 15.4 ◦C, Supplementary 
Table 1). Finally, for the Late Holocene, we observed a variable trend 

Fig. 1. Map of the study area, locations of the archaeological sites (bold circles) 
and fishing towns (bold squares) where F. maxima samples were collected for 
paleotemperature and modern temperature analyses, respectively. Dotted 
contours over land (gray area) indicate 1000 and 1500 masl, respectively, while 
the blue lines in the ocean denote the − 500, − 200, − 100 m isobaths. Note the 
steep coastal platform and the narrow continental shelf along the study area. 
The inset on the upper right indicates the study location on the coast of western 
South America. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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towards warmer mean SST (mean SST 13.0 ◦C to 16.6 ◦C, from 2830 to 
630 cal yr BP, Supplementary Table 1). Compared to archaeological 
times, reconstructed SST from modern shells are similar to the beginning 
of the Middle Holocene (mean SST 15.8 ◦C to 17.9 ◦C, Supplementary 
Table 1, Fig. 2B). Based on a previous study reporting a temperature 
offset between reconstructed SST from modern F. maxima shells and in 
situ SST (Flores et al., 2018), our SST records from archaeological and 
modern shells have to be considered with an approximate deviation of 
+1.0 ◦C from in situ SST. 

δ13C values from F. maxima shells also change through time (Fig. 2C, 
Supplementary Table 1). Shells from the Early Holocene are generally 
the most δ13C-depleted of the sequence (mean values − 0.61‰ to 0.97‰, 
Supplementary Table 1). A contrasting pattern is observed at the 
beginning of the Middle Holocene with exclusively enriched values 
(mean value 0.33‰ to 0.88‰, Supplementary Table 1). Along the 
Middle Holocene, a more variable record is observed with values 
distributed mostly above 0‰ (mean value − 0.39‰ to 0.82‰, Supple-
mentary Table 1). Finally, from around 3600 cal yr BP, the Late Holo-
cene presents even higher variability than previously and a trend 
towards δ13C positive values (mean value − 0.36‰ to 1.47‰, Supple-
mentary Table 1). Compared to archaeological times, modern F. maxima 
δ13C corrected values show little variation among them and gather 
mostly below 0‰ (mean values ranging from − 0.77‰ to 0.21‰, Sup-
plementary Table 1, Fig. 2D). Modern δ13C values depart from the 
coupling with SST observed during the Holocene as they are uniformly 
δ13C-depleted, with only one shell showing a mean above zero. Fluctu-
ations in δ13C are significantly related to changes in SST during the 
Holocene (r2 = 0.173 p = 0.006, F = 8.164, dfe = 39). The relationship is 
not significant when modern shells are incorporated in the analysis. 

4. Discussion 

Our results, from 25◦S, represent the first continuous record of 
nearshore paleoceanographic variability during the Holocene amid a 
vast section off western South America (18◦- 31◦S). To this end, they 
contribute to fill a gap in our understanding of the spatial structure of 
the SST field over this period and offer some insights into potential 
changes of coastal ecosystem characteristics. 

Except for a temporal hiatus during the Early Holocene, which co-
incides with a lacuna in the archaeological record of the area (Salazar 
et al., 2015), our carbonate trans-Holocene record shows a consistent 
between SST and δ13C. Deep and older water brought to the surface by 
coastal upwelling is characterized by low temperature, high nutrient 
and low oxygen concentrations, following its origin in the oxygen 
minimum zone (OMZ) off the eastern tropical and subtropical Pacific 
(Strub et al., 1998; Chavez and Messié, 2009; Salvatteci et al., 2019a, 
2019b). The water in the Ekman layer along the coast of southern Peru 
and northern Chile is a mixture of Subtropical and Equatorial Subsurface 
Water (Silva et al., 2009), and is δ13C depleted (Martínez-Méndez et al., 
2013; Sadler et al., 2012). Previous studies have suggested that shell 
δ13C can reflect δ13CDIC incorporated from upwelled waters (Andrus 
et al., 2005; Carré et al., 2005; Gosselin et al., 2013; Sadler et al., 2012; 
Ferguson et al., 2013). Most of these studies, together with mechanistic 
attempts to link δ13CDIC to δ13C in the shells, have pointed out the 
complexity of this approach (McConnaughey and Gillikin, 2008). 
However, it is interesting to note regional differences in δ13CDIC in 
seawater between southern California and southern Peru, where δ13CDIC 
values in coastal seawater are more negative in the latter (Sadler et al., 
2012; Ferguson et al., 2013). After correcting aragonite δ13C values from 
metabolic and kinetic effect for bivalve shells from southern Peru, 

Fig. 2. Trans-Holocene record of A) past and B) present SST and C) past and D) present δ13C corrected values for the southern Coast of the Atacama Desert (25◦S). 
Each solid dot and dashed bar indicates mean +/− 1 SD for eight carbonate samples for an individual F. maxima shell. The horizontal solid lines on C and D indicate 
equilibrium conditions between atmospheric and ocean-dissolved δ13C with negative values suggesting the presence of deeper, δ13C-depleted waters (e.g. Ferguson 
et al., 2013). 
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Ferguson et al. (2013) attributed their co-variation with δ18O to changes 
in upwelling intensity during the Middle Holocene and present times. 
Following the temporal association shown by our data between 
increasing/decreasing mean values of δ13C and cooler/warmer SST, and 
keeping in mind the caveats above, temporal variation δ13C will be used 
as a proxy for nearshore oceanographic changes throughout the 
Holocene. 

Our trans-Holocene record supports previous results showing cooler 
than present SST during the Early Holocene and intense upwelling- 
favorable conditions along the arid-hyperarid coast (18◦-25◦S) of 
western south America (Carré et al., 2014; Flores et al., 2018; Ortlieb 
et al., 2011; Vargas et al., 2006). During the same period, isotopic re-
cords from archaeological shell carbonate from the coast of central- 
north Chile (31◦S), indicate warmer waters and weaker upwelling in-
tensity (Carré et al., 2012, 2016). As discussed in previous studies, this 
latitudinal contrast may originate following a combination of factors, 
from varying upwelling intensity to a reorganization of water masses 
(Carré et al., 2016; Flores et al., 2018; Fontugne et al., 2004; Ortlieb 
et al., 2011). Although our data cannot discriminate water mass origin, 
the cooler waters detected around 25◦S in the Early Holocene imply 
higher nutrient content, likely through enhanced coastal upwelling. 

The warmest temperatures of our shell record, at the beginning of the 
Middle Holocene, were accompanied by enriched δ13C values, which 
may follow from weakened coastal upwelling. Alkenone-derived SST 
records from sediment cores off southern Peru (17◦S, Salvatteci et al., 
2019a) suggest a cooling associated to intense upwelling conditions 
during the Middle Holocene (Sadler et al., 2012). A little bit south, other 
studies on marine sediment cores at 24◦S (Mohtadi et al., 2004), 30◦S 
(Kaiser et al., 2008), and 32◦S (Kim et al., 2002) have reconstructed 
warmer than present SST offshore north central Chile. On the other 
hand, shell carbonate SST record at 18◦S, depicts nearshore water 
temperatures as cold as the ones registered for Taltal during the Early 
Holocene (Carré et al., 2012). Cold inshore and offshore SST at 17–18◦S 
may be interpreted as an oceanographic situation where the coastal 
transition zone is far from shore. On the other hand, the difference at 
30–32◦S between offshore and nearshore SST has been suggested as 
evidence of a seaward temperature gradient similar to present times 
(Carré et al., 2012, 2016). For the case of Taltal, albeit the small sample 
size supporting a warm event between 7600 and 6900 cal yr BP, our four 
samples show a coherent SST pattern among them (Fig. 2A), suggesting 
that warmer than present SST, inshore and offshore, at 24–25◦S during 
this time may be linked to a weak seaward temperature gradient. 
Regarding radiocarbon reservoir ages for the Middle Holocene, they 
suggest intense upwelling conditions for southern Peru (18◦S) and weak 
conditions for north central Chile (31◦S) until around 6900 cal yr BP 
(Carré et al., 2016; Ortlieb et al., 2011). For the area of Taltal at 
24–25◦S, although there is no information on radiocarbon reservoir 
ages, our enriched δ13C values obtained from limpet archaeological 
shells, together with a multiproxy sediment analysis done by Mohtadi 
et al. (2004), suggest weakened coastal upwelling conditions. Further 
coeval paleoceanographic data from north and south of Taltal will be 
necessary to evaluate whether oceanographic conditions at the begin-
ning of the Mid-Holocene decouple from those observed in other areas. 
After the SST peak at the beginning of the Middle Holocene in the Taltal 
record, the rest of the period shows a decrease in SST until ~4300 cal yr 
BP, accompanied by relatively δ13C-depleted values. Our results indicate 
that between 6900 and 4300 cal yr BP, nearshore conditions of the 
Atacama desert experienced cool ocean temperatures, similar to those 
observed from southern Peru to central Chile (Carré et al., 2012; Kim 
et al., 2002; Sadler et al., 2012), likely associated to a weak OMZ (Sal-
vatteci et al., 2016, 2019a). 

The sustained warming during the rest of the Late Holocene until 
around 600 cal yr BP, is consistently related to enriched δ13C values. 
This observation is well in line with evidence of weakened upwelling in 
southern Peru and northern-central Chile (Carré et al., 2016) supporting 
a region-wide weakening of coastal upwelling during this time period. 

Finally, although modern SST values are among the highest of our 
record, δ13C values are the most depleted of our study, even after the 
Suess effect correction (Fig. 2D). We hypothesize that this pattern is 
consistent with the extremely strong upwelling recorded over the cur-
rent warm period (Salvatteci et al., 2019b) and compounded by the large 
ENSO event recorded during the time when we collected modern 
F. maxima shells (2015–2016, Flores et al., 2018; Santoso et al., 2017). 
High SST and depleted δ13C values have been also identified in mollusk 
shells from Peru that recorded 1982–1983 El Niño event (Andrus et al., 
2005). 

Regarding possible ecological consequences of paleoceanographic 
reconstructions, conditions of cold/warm SST and intensified/weaken 
upwelling would have implied different general scenarios. Studies have 
shown that a strong OMZ is consistent with high productivity in the 
photic layer under upwelling conditions (Chavez and Messié, 2009; 
Salvatteci et al., 2019b). Subsequently, in benthic habitats, coastal up-
welling sustains high abundance of Laminarian algae (i.e. kelp, Bell 
et al., 2018; Broitman et al., 2001), together with the diverse fish and 
shellfish assemblage that occupy these complex coastal environments 
(Pérez-Matus et al., 2017). At the same time, intense upwelling trans-
ports the planktonic larvae of benthic species offshore (Menge et al., 
2003; Caley et al., 1996). Thus, the size of benthic adult populations is 
limited in areas where coastal upwelling is intensified, such as capes or 
headlands, whereas an opposite pattern is observed inside embayments 
where larvae are retained together with warmer waters (Largier, 2020). 
Worldwide, sharp spatial transitions in the abundance of different 
shellfish functional groups have been observed between areas either 
sheltered or exposed to coastal upwelling (Navarrete et al., 2005; 
Wieters et al., 2009; Largier, 2020). For pelagic habitats, multidecadal 
changes in the spatial structure of the OMZ have been shown to modify 
the distribution and regional patterns of abundance of coastal-pelagic 
fish species. For example, during periods of intense upwelling and 
strong OMZ, species such as Jack mackerel (Trachurus murphyi) and 
sardines (Sardinops sagax) are displaced offshore, whereas Anchovies 
(Engraulis ringens) seem to tolerate low oxygen conditions and remain 
closer to the coast (Bertrand et al., 2011, 2016). Consequently, the large 
temporal fluctuations in SST and coastal upwelling intensity observed 
across the Holocene in the northern coast of Chile, likely influenced the 
local abundance and spatial distribution of benthic invertebrates and 
coastal and pelagic fish species over time (Graham et al., 2009; 
Erlandson and Fitzpatrick, 2006). Archaeological data from the area 
show interesting changes in fish assemblages that may support our 
ecological interpretations. For example, Early Holocene sites are char-
acterized by cold-tolerant fish species, and Middle Holocene sites show a 
sharp increase in the abundance of the coastal pelagic Jack mackerel and 
the presence of open–sea taxa (i.e. Xiphias gladius, Kajikia audax) pre-
viously absent in the zooarchaeological record (Béarez et al., 2016; 
Olguín et al., 2014; Rebolledo et al., 2016). 

Fig. 1.Map of the study area, locations of the archaeological sites 
(bold circles) and fishing towns (bold squares) where F. maxima samples 
were collected for paleotemperature and modern temperature analyses, 
respectively. Dotted contours over land (gray area) indicate 1000 and 
1500 masl, respectively, while the blue lines in the ocean denote the 
− 500, − 200, − 100 m isobaths. Note the steep coastal platform and the 
narrow continental shelf along the study area. The inset on the upper 
right indicates the study location on the coast of western South America. 

Fig. 2.Trans-Holocene record of A) past and B) present SST and C) 
past and D) present δ13C corrected values for the southern Coast of the 
Atacama Desert (25◦S). Each solid dot and dashed bar indicates mean 
+/− 1 SD for eight carbonate samples for an individual F. maxima shell. 
The horizontal solid lines on C and D indicate equilibrium conditions 
between atmospheric and ocean-dissolved δ13C with negative values 
suggesting the presence of deeper, δ13C-depleted waters (e.g. Ferguson 
et al., 2013). 
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5. Conclusions 

The present work is the first Trans-Holocene estimate of SST and δ13C 
of the Eastern Pacific Coast based on archaeological marine shells. The 
congruence and differences between Taltal (25◦S) and similar nearshore 
paleoceanographic data from Southern Peru (18◦S) and central-north 
Chile (31◦S), suggest complex changes in the oceanographic dynamics 
along the Pacific Coast of South America throughout the Holocene. In 
this way, during the Early Holocene, the latitudinal difference in SST 
and upwelling intensity showed an opposite pattern to modern times, 
with the coast between 18◦- 25◦S experiencing more intense upwelling 
than between 25◦- 31◦S. Then, between 7600 and 6900 cal yr BP, Taltal 
decoupled from regional records showing extremely warm waters that 
may be linked to mesoscale structure in nearshore oceanographic con-
ditions observed along upwelling ecosystems worldwide (Wieters et al., 
2009; Helmuth et al., 2006). Finally, oceanographic conditions seem to 
homogenize along the Peru-Chile coast from the Late Holocene until 
600 cal yr BP, with a steady decrease in upwelling intensity and increase 
in SST. 

The magnitude of paleoceanographic changes documented in our 
results provide strong support for major reorganizations of nearshore 
benthic and pelagic ecological communities in space and time, which 
likely impacted marine resource availability for ancient fishermen 
groups. Archaeological data on marine fauna from the study area seems 
to support our general observations but more information is necessary to 
evaluate the different scenarios. Further research at locations between 
18◦- 31◦S is needed to explore changes in the structure of the Humboldt 
Current along the Holocene at a small spatial scales, and their influence 
on resources availability and human adaptation through the prehistory 
of South America. 

Finally, the preindustrial SST and δ13C values derived from archae-
ological shells of the Atacama Desert Coast, will represent an important 
contribution to the modeling of past global ocean circulations (Eide 
et al., 2017a, 2017b). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2020.110090. 
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