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Abstract

The cause of megafauna extinction in South America remains clouded in controversy, since it took place at a time of intense climate change
and almost at the same time as the initial human influx into the continent. In this paper, we aimed to assess the effects of climate change on
open vegetation habitats and, consequently, on megafauna extinction in South America by using a species distribution model, fossil records,
and paleoclimatic projections. In addition, we evaluated the effects of climatic variables on the distribution of suitable habitats across South
America. Our results demonstrated alternating intervals of expansion and contraction of suitable areas for megafauna persistence, mainly in
response to lower and higher precipitation, in the last 21 ka in all regions of South America. However, the amplitude of this oscillation was
more significant in the Brazilian Northeast. In the Andean and Chaco–Pampas regions, greater precipitation stability resulted in greater
stability in habitat suitability; therefore, for these regions, other factors must have predominated for the extinction of the megafauna.
We therefore concluded that in the Andean and Chaco–Pampas regions, climate change was not solely responsible for the disappearance
of megafauna, but in the Brazilian Northeast, it may have been decisive.
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Introduction

During the Pleistocene epoch, a set of large mammals with a body
mass of over 44 kg, the megafauna, populated a large portion of
our planet. Most of these animals became extinct in the late
Pleistocene and Early Holocene, with some exceptions in Africa
and Asia, where a diversity of large mammals still persists
(Koch and Barnosky, 2006; Stuart, 2015; Svenning et al., 2024).
South America showed the highest rate of extinction, where
about 83% (approximately 50 genera) of large animals became
extinct, as compared with only 25% in Africa (Lima-Ribeiro
and Diniz-Filho, 2013; Faith, 2014). This extinction event primar-
ily affected large mammals, but also significantly impacted other
large vertebrates including crocodiles, giant lizards, and giant
flightless birds in regions like Australasia (Allentoft et al., 2014;
Miller et al., 2016; Saltré et al., 2016), Madagascar (Goodman
and Jungers, 2014), and Southeast Asia (Meijer et al., 2019).
This distinguishes it from mass extinctions, which typically have
broader effects across a wide range of species, including plants.

Several megafauna extinction triggers have been pointed out
(Prates and Perez, 2021), such as the role of climate change

(Grayson, 1984), human hunting (Martin, 1967; Burney and
Flannery, 2005), hyperdisease (MacPhee, 1997; Rothschild and
Laub, 2006), and extraterrestrial impact (Firestone et al., 2007).
On the South American continent, the issue of megafauna extinc-
tion has generated many controversies, because this loss was syn-
chronous with intense climate change and occurred almost at the
same time as the initial human influx over the continent.
However, specialists in the research field suggest abandoning
debates involving a climate versus human hunting dichotomy as
evidence pointing to climate‒human mixed factors, varying across
different regions, emerges (Barnosky and Lindsey, 2010;
Lima-Ribeiro et al., 2013; Metcalf et al., 2016; Villavicencio,
2016; Araújo et al., 2021; Prates and Perez, 2021). Thus, simulta-
neously with climate-induced changes in vegetation, impacts from
other causes, such as human hunting, are recognized to have
enhanced the risk of extinction under the synergistic effect of
multiple causes (Cione et al., 2003, 2009; Grayson, 2007).

Most of the South American megafauna were associated with
open environments that were influenced by Quaternary climate
change (Bond et al., 1995; Tonni and Scillato Yané, 1997; Cione
et al., 2009). Despite their short duration, interglacial periods,
characterized by increased temperatures and humidity, led to a
shrinking of open vegetation areas and a reduction in biomass
of the mammals adapted to this environment (Cione et al.,
2009). On the other hand, during longer glacial periods,
open-habitat-adapted mammal populations recovered. This alter-
nation between open and closed vegetation areas versus high and
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low mammalian biomass is called the Broken Zig-Zag hypothesis.
According to the hypothesis, periodic severe climatic changes
during the Pleistocene caused dramatic modifications in the dis-
tribution and biomass of the biota in South America, and the
expression zig-zag is used to stress the periodicity of the phenom-
enon (Cione et al., 2003). Based on this hypothesis, climate
change during the late Pleistocene and Early Holocene is sug-
gested to be the primary driver of changes in vegetation that
affected food availability, reduced suitable habitats for megafauna,
and caused a collapse in the geographic distribution of species,
contributing to a reduction in their populations and an increased
risk of extinction (Lopes et al., 2020; Araújo et al., 2021).

Following the conceptual model of habitat restriction, in this
study, we aimed to assess climate change effects on open vegeta-
tion habitat and, consequently, on megafauna extinction in South
America by using a species distribution model (SDM), fossil
records, and paleoclimatic projections (Nogués-Bravo, 2009;
Varela et al., 2011), using taxa identified in the literature as
being restricted to open habitats. In contrast to many studies
that focus SDMs on one species or a group of related species,
here, we intended to model the suitable habitat variation to
which open-area megafauna were adapted. In addition, we evalu-
ated the effects of climatic variables (temperature and precipita-
tion) on the distribution of suitable habitats across regions to
test whether these effects were homogeneous throughout South
America. The hypothesis raised here is that if climate change
increased the risk of extinction, it would have caused an impor-
tant habitat restriction, specifically, considerable loss of open hab-
itats. On the other hand, if climatic changes were not the only
predictor, then the climatic conditions suitable for these taxa
should not have totally disappeared and should have persisted
throughout the Holocene.

Methods

We used an SDM to determine the potential distribution of suitable
habitat for extinct South American megafauna taxa, guided by
paleoecological studies indicating their restriction to open vegeta-
tion areas. These open areas were systems generally constrained
by water availability, with a herbaceous layer dominated by grass
species, and may have been accompanied by a variable component
of woody vegetation (Bilenca and Miñarro, 2004). We used this
approach because species restricted to these open areas would
exhibit strong responses to Pleistocene climatic oscillations
(Peçanha et al., 2017).

SDMs work as a combination of environmental variables and
occurrence records of a species or taxon group to identify the environ-
mental conditions where populations may be maintained
(Dalapicolla, 2016). The general objective of SDMs is to obtain an
environmental suitability map that defines which locations are more
or less suitable for the survival of species, focusing on their ecological
requirements, which is called a “modeled geographic distribution” or a
“predictive map” (Elith and Leathwick, 2009). SDMs are very effective
in showing potential habitat suitability for species survival across the
landscape; therefore, they have become a popular tool to determine
the potential geographic distribution of now-extinct taxa
(Nogués-Bravo, 2009). By using a multispecies model to assess
open vegetation habitat variation throughout the late Pleistocene
and Holocene, we intended to minimize dispersal and inter- and
intraspecific interactions that tend to generate over- or underestimated
distribution models (Araújo et al., 2021). Multispecies models con-
sider the ecological relationships, interactions, and shared

environmental preferences among multiple species. We used this
approach because it describes shared environmental responses
(Ovaskainen and Soininen, 2011; Pollock et al., 2014), which is impor-
tant information in the face of the climatic variation felt throughout
the Pleistocene and to understand its role in extinctions.

The predictive maps were generated using the Maximum
Entropy (MaxEnt) algorithm, v.3.3.3k (Phillips et al., 2006).
MaxEnt models express a probability distribution where each
grid cell has a predicted suitability of conditions for the species
or group of species, obtained from a set of environmental vari-
ables and georeferenced occurrence locations (Elith et al., 2011).
MaxEnt uses only occurrence data and background points of
the species because absence data are often rare and unreliable,
especially when working with extinct species (Phillips et al.,
2006; Araújo et al., 2021). Grayson (1981) argued that the paleo-
zoological record yields asymmetrical data concerning the pres-
ence/absence of taxa. He argued that data asymmetry arises
because occurrence data only offer evidence regarding the pres-
ence of taxa in the area where their remains are recovered.
However, he highlights that the absence of remains does not nec-
essarily indicate the absence of a species. Information on the
absence of taxa is often lacking for several reasons, such as the
possibility that the remains of a taxon were not preserved, they
were not collected due to inadequate sampling strategies, or
their failure to be recovered was due to inappropriate collection
techniques. Because of these and other shortcomings, Grayson
(1981) recommended that analyses that depend only upon the
taxa recorded as present within a fauna are to be preferred.
Since then, other authors have provided additional arguments
and examples (Lyman, 1995; Ervynck, 1999; Etnier, 2002).
Additionally, Lyman (2008) estimated the magnitude of data
asymmetry and emphasized the importance of using larger sam-
ples, as they offer a more accurate database with less asymmetry.

The highest value of the area under the curve (AUC) was used
to assess the model performance. The receiver operator character-
istic (ROC) statistic was used to assess model accuracy, with 10
repetitions of 10,000 maximum interactions, 10% of the mean
replications were randomized as test data, and the remainder
were randomized to model training in each replication. The “max-
imum sensitivity plus specificity threshold” was used as the cutoff
value or tolerance threshold and identified the suitable areas
(SAs). This is a common approach when using MaxEnt, since it
maximizes the cases where the model erroneously assigns unsuit-
able habitat (true negative) and misses suitable habitat (false pos-
itive) (Ferraz et al., 2012; Jorge et al., 2013; Liu et al., 2013; Vale
et al., 2014). SDMs were performed in RStudio software (version
1.1.453) using the “dismo” package (Hijmans et al., 2021).

The taxa were selected considering literature references focusing
on grazing behavior, diet of C4 plants (grass), and occurrence in
open areas, based on dental morphology and studies involving car-
bon isotopes. Our database consisted of four taxa: Equus neogeus
(grazer with a diet consisting exclusively of C4 grasses) (Dantas
et al., 2017; Pansani et al., 2019), Glyptodon clavipes (grazer adapted
to open environments) (Pérez et al., 2000; Zurita and Miño-Boilini,
2012), Panochthus spp. (grazer, mesoherbivore specialist, with a
diet consisting of 96% C4 plants and skull morphological features
adapted to open environments) (Zurita et al., 2005; Xavier et al.,
2018; Silva et al., 2019; Cuadrelli et al., 2023), and Pampatherium
humboldtii (grazer, with skeletal, dental, and masticatory muscula-
ture adaptations to herbivory) (De Luliis et al., 2001).

We obtained georeferenced information for fossil occurrences
from bibliographic surveys of fossil findings in South America,
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from Prof. Dr. Mario Dantas’s (Federal University of Bahia) per-
sonal data (Dantas et al., 2024), and from the Paleobiology
Database (https://paleobiodb.org; accessed February 7, 2024)

(Supplementary Tables 1 and 2). We were able to collect a total
of 292 georeferenced records (Fig. 1). The data represent the
occurrences of fossils from the selected taxa that existed during

Figure 1. Geographic distribution of the selected megafauna taxa representative of last glacial maximum (ca. 21 ka) open vegetation areas in South America. Abbreviations:
FG, French Guiana; SU, Suriname; GU, Guyana; VE, Venezuela; CO, Colombia; EC, Ecuador; PE, Peru; BR, Brazil; BO, Bolivia; PY, Paraguay; CL, Chile; UY, Uruguay; AR, Argentina.
The human used for scale has a height of approximately 1.8 m. Map background made with Natural Earth. Free vector and raster map data @ naturalearthdata.com.
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the last glacial maximum (LGM). Most of the compilated data
correspond to stratigraphically dated specimens, while a few cor-
respond to specimens with absolute dating. Therefore, the dating
of the majority of occurrences span broad time intervals, but we
selected all those demonstrating an occurrence during the LGM
and assumed they were representative of that time, which is a
method that has been applied to many other previously con-
ducted modeling studies (Varela and Fariña, 2016; Villavicencio
et al., 2019; Araújo et al., 2021). Furthermore, when examining
studies with absolute dating conducted in South America, out
of 62 dates across more than 40 publications (data compiled by
Dantas et al., 2024), we observed that the majority, about 71%,
are over 17.0 ka (Heinrich stadial), indicating a greater presence
of these animals during the LGM and earlier times.

We combined the selected occurrence records with bioclimatic
data to project the potential geographic distribution of the selected
taxa during the LGM; we then used the obtained model to predict
their potential distribution during the Heinrich stadial (HS:
17.0–14.7 ka), Bølling-Allerød (BA: 14.7–12.9 ka), Younger Dryas
stadial (YDS: 12.9–11.7 ka), Early Holocene, Greenlandian (EH:
11.7–8.3 ka), Mid Holocene, Northgrippian (MH: 8.3–4.2 ka),
and Late Holocene, Meghalayan (LH: 4.2–0.3 ka) (Fordham et al.,
2017).

The bioclimatic variables were obtained from www.paleoclim.
org, for the periods mentioned above, which provided 19 variables
from several general circulation models (Brown et al., 2018). The
bioclimatic variables were downloaded at a spatial resolution of
2.5 arc-minutes. To reduce the use of highly correlated variables,
we ran Pearson’s correlation within the “vegan package”
(Oksanen et al., 2022) for RStudio. Highly correlated variables
(r > 0.8) were eliminated to avoid redundant climate variables
(Nascimento et al., 2021). The variables used were annual mean
temperature (BIO1), mean diurnal range (BIO2), isothermality
(BIO3), annual temperature range (BIO7), annual precipitation
(BIO12), precipitation seasonality (BIO15), precipitation of driest
quarter (BIO17), precipitation of warmest quarter (BIO18), and
precipitation of coldest quarter (BIO19).

To test whether the effects of temperature and precipitation on
the SA distributions were homogeneous throughout South
America, we adopted two strategies. First, we grouped regions
based on the disjunct distribution of SAs and the geographic dis-
tinction between them. Second, we used the generalized linear
mixed model (GLMM) to find possible associations between cli-
matic variables and SA distributions. A predictor in the GLMM
contains random effects typically represented by the grouping
variable to allow for the estimation of variance in the response
variable within and among these groups (Harrison et al., 2018).
As temperature and precipitation are not independent of location
in South America, the regions identified in the first step were used
for random effects in our analysis. We used the temperature and
precipitation averages from each region and period as fixed pre-
dictors and the SA distribution from respective periods as the
response variable. The GLMM was performed in RStudio using
the “lme4” package (Bates et al., 2015). To check the correct dis-
tribution, dispersion, and outliers from our model, we used the
“DHARMa” package (Florian, 2022).

Results

We obtained an AUC value of >0.905, a very good model perfor-
mance, which suggested that the obtained model had a good mea-
sure of separability and was influenced by environmental

variables. Annual precipitation was the variable that most influ-
enced the model (62.9%), followed by the annual mean tempera-
ture (14.6%) (Table 1). The highest values of the potential
geographic distribution of the selected taxa correspond to ca.
400–500 mm of annual precipitation and between 5 and 15°C
of annual mean temperature (Fig. 2).

During the LGM, the potential geographic distribution for the
selected taxa predicted that open habitats were concentrated
mainly in the Andean region, Brazilian Northeast, and the
Chaco–Pampas region (Figs. 3 and 4). During all the other peri-
ods, the SAs remained in the same regions where they were in the
LGM, with some smooth displacements and visible contraction in
the Chaco–Pampas region. Significant SA shrinkage in the
Brazilian Northeast was observed, with evidence of almost com-
plete disappearance during the HS period (Fig. 4, Table 2).

Throughout the modeled periods, alternating moments of
expansion and contraction of SAs for the megafauna were notice-
able (Table 2). The HS and YDS were characterized by a severe
decrease in SAs in the Brazilian Northeast, while in the Andean
and the Chaco–Pampas regions, there was an increase in suitable
habitat. From the EH onwards, SAs decreased progressively in all
regions. Regarding the more recent modeled period (LH), all
regions suffered climatic changes that reduced suitable habitat
for megafauna: relatively small habitat shrinkage in the Andean
and Chaco–Pampas regions (−14.5% and −11.41%, respectively)
and significant habitat contraction in the Brazilian Northeast
(−75.5%). Therefore, it is clear that climate condition fluctuations
were different across different regions of South America, resulting
in distinct changes in SAs for open-area megafauna during the
late Pleistocene and Holocene (Supplementary Figs. 1 and 2).

Precipitation was negatively correlated with the distribution of
SAs for open-area megafauna (Table 3, Fig. 5). This association
was not observed for temperature and the interaction between
precipitation and temperature (Table 3). The effect of precipita-
tion was responsible for drastically reducing the SA in the
Brazilian Northeast, where the previous SA distribution was
already lower, and the precipitation variation was broader than
that of the Andean and Chaco–Pampas regions (Fig. 5).

Discussion

Our results demonstrate that South American climate changes,
especially precipitation variations, during the late Pleistocene

Table 1. Relative contributions (%) of the environmental variables to the
MaxEnt model for suitable areas of megafauna taxa restricted to open
vegetation in South America

Bioclimatic variables %

Annual precipitation 62.9

Annual mean temperature 14.6

Temperature annual range 7.4

Isothermality 4.7

Precipitation seasonality 2.6

Precipitation of warmest quarter 2.3

Precipitation of driest quarter 1.9

Precipitation of coldest quarter 1.9

Mean diurnal range 1.6
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and Holocene, led to alternating periods of decrease and increase
in megafauna-suitable habitat, supporting the Broken Zig-Zag
hypothesis (Cione et al., 2003). However, the amplitude of these
fluctuations varied among different regions: in the Andean and
Chaco–Pampas regions, the oscillation was more constrained,
while in the Brazilian Northeast, it was broader. The Brazilian
Northeast, with an already smaller SA, suffered more intense
oscillations in precipitation over the past 21 ka, strongly impact-
ing the extent of adequate habitat for the analyzed megafauna
taxa. Yet, despite fluctuations, climatic conditions suitable for
open vegetation areas persisted into the Holocene. This suggests
that climate change was not the sole predictor of megafauna
extinction in South America, but it may have been a more impor-
tant determinant in certain regions, specifically in the Brazilian
Northeast.

An important outcome of our study is that it reveals that we
cannot consider the extinction of megafauna in South America
to be a uniform or homogeneous event across the continent.
Climatic fluctuations throughout the late Pleistocene and
Holocene differed in various regions of the continent, leading
to distinct variations in SA, which suggests that the extinction
of South American megafauna occurred differently in different
regions, and its causes may have been diverse as well.

Precipitation, not temperature, had the greatest influence on
the SAs for the occurrence of megafauna in open vegetation
areas. The influence of precipitation was expected since pheno-
logical cycles in fields, pastures, and other open areas are
strongly seasonal and governed by rainfall. As it is responsible
for water availability in the system, precipitation is generally
considered to be the main factor that controls the structure
and dynamics of the ecosystem and drives the biological pro-
cesses (Notaro et al, 2010; Chen et al., 2020). In addition, in
the tropics, changes in precipitation are often more significant
and rapid than changes in temperature (Bonebrake and
Mastrandrea, 2010). This is due to large-scale atmospheric pro-
cesses, such as the El Niño–Southern Oscillation and the North
Tropical Atlantic mode, which can cause dramatic changes in
precipitation patterns in South America (Marengo et al., 2018;
Ding et al., 2023).

The more dramatic oscillation in tropical precipitation may
help us to better understand the drastic fluctuations in SAs in
the Brazilian Northeast during Pleistocene–Holocene times. The

HS period, in which the climatically favorable areas for open hab-
itats almost disappeared, corresponds to the period in which pre-
cipitation almost doubled (from 780 to 1450 mm). In the
following period, the BA, a combination of lower precipitation
and higher temperatures supported the recovery of open areas
and, therefore, of SAs for large mammals specifically adapted to
this type of environment. In the YDS, SAs shrunk again due to
increased precipitation (greater than 1100 mm). Both the HS
and YDS periods were characterized by a Northern Hemisphere
decrease in temperature, possibly due to inputs of fresh and
cold water into the North Atlantic, changing the density and pat-
terns of the thermohaline circulation (Heinrich, 1988). As a
result, atmospheric circulation patterns may also have been
affected, as colder waters in the North Atlantic would have created
a high-pressure center in the region, forcing the intertropical con-
vergence zone to descend to latitudes that cover the Brazilian
Northeast, translating to increased humidity and rainfall.

The influence of North Atlantic sea surface temperatures on
precipitation levels in the Brazilian Northeast, which persists to
the present day (Mao et al., 2022), may explain the significant
increase in precipitation in the region during the HS and YDS
and the resulting drastic reduction of SAs. Thus, the drastic reduc-
tion of SAs in the Brazilian Northeast leads us to think that in this
particular region, climate change could indeed have deeply influ-
enced the disappearance of the open-habitat megamammals over
44 kg. However, it cannot be the only driver, as there is fossil evi-
dence in the region indicating that open-area megafauna survived
the HS and YDS, including Toxodon platensis dated to
11,400–11,750 cal yr BP (10,050 ± 30 14C yr BP) (Dantas et al.,
2013). Additionally, Faria et al. (2023) inferred very young ages
for several megafaunal species (ranging from 3493 to 8189 cal
yr BP) recovered from Itapipoca and Miranda (Ceará and Mato
Grosso do Sul states, Brazilian Northeast).

Although there is no information about the dating of the fossil
taxa used in the present research from the Brazilian Northeast, the
dating of other megamammal fossils, such as Catonyx cuvieri,
Eremotherium laurillardi, Nothrotherium maquinense,
Notiomastodon platensis, T. platensis, and Xenorhinotherium
bahiense (data compiled by Dantas et al., 2024), can support
the chronology appointed by SA reductions shown here. Of all
36 recorded dates for these species in the Brazilian Northeast,
70% were dated to before the HS, and the remaining 30% were

Figure 2. The curves show the association between two environmental variables and the presence probability of suitable areas for four megafauna taxa restricted
to open vegetation in South America, during the last glacial maximum (ca. 21 ka).
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dated to between the EH and BA. These results suggest the need
for more studies and fossil dating in order to shed more light on
the reasons that led to the extinction of megamammals in the
Brazilian Northeast.

In the Chaco–Pampas region, despite the reduction of SAs
for open-area megafauna, partially due to the evident

continental platform reduction, over 2 million km2 of SAs
were still modeled for the EH, a reduction of only 11%
when compared with the LGM. Additionally, a significant
area of suitable habitat was also modeled for the EH in the
Andean region. Therefore, our results suggest that climatic
changes, which generated dynamic environmental variations

Figure 3. Potential geographic distribution of the selected taxa during the last glacial maximum (LGM) (ca. 21 ka), Heinrich stadial (HS) (17.0–14.7 ka),
Bølling-Allerød (BA) (14.7–12.9 ka), Younger Dryas stadial (YDS) (12.9–11.7 ka), Early Holocene, Greenlandian (EH) (11.7–8.3 ka), Mid Holocene, Northgrippian
(MH) (8.3-4.2 ka), and Late Holocene, Meghalayan (LH) (4.2–0.3 ka). The area under the curve (AUC) indicates model performance.
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between open and closed areas between the late Pleistocene and
Holocene, were not able to explain the megafauna extinction in
the Andean and Chaco–Pampas regions.

Distribution models based on single species (E. neogeus, N.
platensis, and Hippidion spp.) also suggest a reduction in SAs dur-
ing this time period (Villavicencio et al., 2019; Araújo et al., 2021)

Figure 4. Suitable areas for open vegetation during the last glacial maximum (LGM) (ca. 21 ka), Heinrich stadial (HS) (17.0–14.7 ka), Bølling-Allerød (BA) (14.7–
12.9 ka), Younger Dryas stadial (YDS) (12.9–11.7 ka), Early Holocene (EH) (Greenlandian, 11.7–8.3 ka), Mid Holocene (MH) (Northgrippian, 8.3–4.2 ka), and Late
Holocene (LH) (Meghalayan, 4.2–0.3 ka), considering all values superior to 0.3863 of probability (using maximum test sensitivity plus specificity threshold). The
predicted map is divided into three major regions: Brazilian Northeast, Chaco–Pampas, and Andean.
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but not their total disappearance. Although a reduction of about
61% of potential area of distribution has been suggested for E.
neogeus, for instance, 1,043,449 km2 of modeled suitable area
remained during the Holocene (Villavicencio et al., 2019).

Researchers widely agree that, in conjunction with climate
change, the detrimental effects of factors such as human hunting
exacerbate the risk of extinction through the combined effect of
multiple causes (Cione et al., 2003, 2009; Grayson, 2007), and
this could explain the megafauna extinction in the Andean and
Chaco–Pampas regions (Barnosky and Lindsey, 2010; Prates
and Perez, 2021). For instance, human predatory behavior has
been suggested as a main factor driving the megafaunal decline
in South America through the demonstration of a strong spatial
and temporal relationship between fishtail projectile point tech-
nology, which is related to large mammal hunting, and the den-
sity and distribution of large mammal species, as well as with
the distribution and fluctuation in human demography during
this critical period (Prates and Perez, 2021). An alternative theory
investigated in North America, as suggested by Faith (2011), pro-
posed that late-glacial climate change, particularly increases in
atmospheric CO2, shifted herbivore ecosystem dynamics from a
nutrient-accelerating mode to a nutrient-decelerating mode at
the end of the Pleistocene, leading to reduced forage production,
reduced rates of nutrient cycling through the food web, and ulti-
mately reduced megafaunal population densities.

Our paper contributes to the discussion on the extinction of
megafauna in South America by showing that climate change,
particularly precipitation fluctuations, had an impact on the
extent of SAs for large mammals restricted to open areas during

Table 2. Suitable areas (SA) calculated according to maximum test sensitivity plus specificity threshold during the last glacial maximum (LGM), Heinrich stadial (HS),
Bølling-Allerød (BA), Younger Dryas stadial (YDS), Early Holocene (EH), Mid Holocene (MH), and Late Holocene (LH) and percentage of area change (contraction/
expansion) for the predicted periods compared to the LGM

Brazilian Northeast Chaco–Pampas Andean
Total

(South America)

Time SA (km2) Change (%) SA (km2) Change (%) SA (km2) Change (%) SA (km2) Change (%)

LGM 901,594 2,586,428 1,147,648 4,635,671

HS 19,919 −97.8 2,462,566 −4.79 1,331,664 16.0 3,814,149 −17.7

BA 535,389 −40.6 2,266,393 −12.37 1,094,444 −4.6 3,896,227 −16.0

YDS 276,069 −69.4 2,606,729 0.78 1,215,986 5.9 4,098,784 −11.6

EH 311,329 −65.5 2,501,362 −3.29 1,101,574 −4.0 3,914,265 −15.6

MH 249,436 −72.3 2,412,015 −6.74 1,001,976 −12.7 3,663,426 −21.0

LH 221,103 −75.5 2,291,184 −11.41 981,449 −14.5 3,493,736 −24.6

Table 3. Effects of precipitation and temperature and the interaction between them on the distribution of suitable areas for open-area megafauna in South America.
The results are from the generalized linear mixed model in which the linear predictor contains as random effects the three different regions: the Andean, Brazilian
Northeast, and Chaco–Pampas

Intercept Std. error z value P value

Intercept 8.684 0.6224 13.951 2 × 10−16 a

Precipitation −0.00204 0.0006616 −3.083 0.002b

Temperature −0.01803 0.02346 −0.768 0.44237

Precipitation: Temperature 0.00001645 0.00003345 0.492 0.62291

Significance: a 0.001; b 0.01.

Figure 5. Effects of precipitation on the distribution of suitable areas for open-area
megafauna in the three different regions of South America (Andean, Brazilian
Northeast, and Chaco–Pampas) during the last glacial maximum (LGM) (ca. 21 ka),
Heinrich stadial (HS) (17.0–14.7 ka), Bølling-Allerød (BA) (14.7–12.9 ka), Younger
Dryas stadial (YDS) (12.9–11.7 ka), Early Holocene, Greenlandian (EH) (11.7–8.3 ka),
Mid Holocene, Northgrippian (MH) (8.3–4.2 ka), and Late Holocene, Meghalayan
(LH) (4.2–0.3 ka).
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the late Pleistocene and Holocene. Therefore, as precipitation
fluctuations were more intense in the Brazilian Northeast,
which had a smaller suitable habitat to begin with, the climate
change factor was more significant in this region. In contrast,
the Andean and Chaco–Pampas regions experienced less variabil-
ity in precipitation and, thus, had a larger SA that persisted until
the Holocene, suggesting that climate change was a less critical
factor in explaining the extinction of megafauna in these regions.

Conclusions

The considerable amount of area that remains viable in the LH for
open habitats and for the megafauna adapted to it in the Andean
and Chaco–Pampas regions leads us to believe that habitat reduc-
tion induced by climatic changes was not the main factor that
contributed to the extinction of these animals. On the other
hand, in the Brazilian Northeast, where the SA was already
smaller, climatic changes, more specifically precipitation patterns
shifts, were more drastic and may have been decisive for the dis-
appearance of these species.

Alternating intervals of expansion and contraction of SAs for
megafauna persistence, mainly in response to lower and higher
precipitation, have been observed over the last 21 ka in all regions
of South America. However, the amplitude of this zig-zag oscilla-
tion was more significant in the Brazilian Northeast. In the
Andean and Chaco–Pampas regions, greater precipitation stability
resulted in greater stability in habitat suitability; therefore, for
these regions, other factors must have been predominant for
megafauna extinction. We conclude that in the Andean and
Chaco–Pampas regions, climate change was not solely responsible
for the disappearance of megafauna, but in the Brazilian
Northeast, it may have been decisive.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/qua.2024.33.
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