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ABSTRACT 

MEGAFAUNAL EXTINCTION IN THE NEOTROPICS: 

A LANDSCAPE APPROACH 

By Angela Rozas Dávila 
B.S. UNIVERSIDAD NACIONAL DE SAN ANTONIO ABAD DEL 

CUSCO 
M.S., FLORIDA INSTITUTE OF TECHNOLOGY 

 
 

Chairperson of Advisory Committee: Mark B. Bush, Ph.D. 

 

A 20 million years reign of large terrestrial mammals, known as 

megafauna (animals over 45 kg), came to an end during the Pleistocene-

Holocene transition. Particularly apparent in the Americas, the sudden extinction 

of Pleistocene megafauna has no equivalent in the fossil record as it only 

targeted large terrestrial animals. Early hypotheses explaining this extinction 

focused on climatic forcing and anthropogenic interactions, which included 

extensive hunting and/or landscape transformation. More recently, a third 

plausible explanation of megafaunal extinction has been the combined effects of 

climate-change and human influences; commonly referred to as the ‘synergistic 

effect of climate-humans’ hypothesis.  

The study of the ecology and extinction of Pleistocene megafaunal 

populations in the Neotropics has been hampered by the scarcity of well-dated 

fossil records. To date, there is almost no information regarding the timing of 
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megafaunal extinction in Central America, and just one record from the tropical 

Andes. This lack of information is even more profound if we ask how they lived, 

rather than when they died.  This study focuses on i) the long-term populations 

dynamics of Neotropical megafauna covering the last 45,000 years, ii) 

investigating the relationship between megafaunal abundance and vegetation 

changes, and iii) the timing and cause(s) of megafaunal extinction. The study 

follows megafaunal populations through paleo-proxies from regions with 

contrasting climatic and vegetation histories: the lowlands of the Yucatan 

Peninsula (Lake Petén-Itzá), and the highlands of the tropical Andes (Lakes 

Qoricocha and Junin). Megafaunal histories were determined by quantifying the 

occurrence through time of a suite of coprophilous fungus (e.g., Sporormiella, 

Podospora, and Cercophora), recovered from well-dated lake sediments. 

Changes in the climatic system were assessed with the analysis of fossil pollen, 

and diatoms, whereas the influence of humans in non-fire prone ecosystems was 

determined by charcoal analysis.  

The record from Lake Petén-Itzá spanned 45,000 years and provided a 

history of changing populations of coprophilous fungi from the lowlands of the 

Yucatan Peninsula. These data indicated that megafaunal dynamics responded to 

changes in the vegetation system driven by major change in climate associated 

with Atlantic Ocean forcing. In this tropical setting climates fluctuated between 

warm-wet interstadials and cold-dry stadials known as Heinrich events. Thus, 
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the vegetation system alternated between open woodlands and scrubby 

grasslands. Pleistocene megafauna appeared to exist at maximum densities in 

the warmer, wetter woodlands of interstadials. These woodlands were rather 

open, with high abundances of grasses, and may be better thought of as woody-

grasslands rather than forest environments. During cold, dry stadials, the 

vegetation transitioned to dry scrubby grasslands, that did not support strong 

megafaunal populations. Similarly, pine-dominated woodlands did not support 

megafauna. A further finding was that rapid climate change was detrimental to 

megafaunal populations.   

The control that climate change exerted on the dynamics of megafaunal 

populations was further observed in the tropical Andes. In this region, located 

more than 2000 km south of the Yucatan Peninsula, the climate was 

predominantly cold and wet during the Pleistocene, favoring the abundance of 

grassland or Polylepis (rosaceous treelet) scrubland vegetation above 3000 m 

elevation. In southern Peru, Heinrich events were perceived as wet events, 

although there was no marked temperature signal. The vegetation reconstruction 

from Lake Qoricocha indicated that Polylepis scrublands gave way to grasslands 

during the Pleistocene-Holocene transition, whereas the pollen analysis from 

Lake Junin suggested the prevalence of grasslands for the last 20,000 years.  

The Sporormiella analysis from the tropical Andean region showed that 

declines in megafaunal populations were linked to periods of warm-wet 
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conditions (i.e.,Lake Qoricocha) with positive responses of megafaunal 

populations to relatively dry events during the deglacial period (i.e., Lake 

Junin). These contrasting responses of megafauna to climate might be explained 

by differences in the faunal composition.  

Some additional new insights into the ecology of these animals was 

revealed through the fossil pollen analysis. Sporormiella and fossil pollen from 

Lake Qoricocha, indicated a long co-existence of megafauna and Polylepis, a 

tree species highly sensitive to herbivore browsing. In the absence of physical 

barriers that could have prevented Polylepis browsing, I hypothesized that the 

survival of Polylepis might have resulted from solitary or small group behavior, 

as opposed to herd behavior, of megafaunal herbivores. Moreover, the low 

abundances of coprophilous fungal spores observed at Lake Junin and Lake 

Petén-Itzá were consistent with these megafauna exhibiting solitary behavior. 

The timing of extinction appears to have been similar in all the areas 

studied.  In the Yucatan Peninsula a prolonged absence of coprophilous fungi 

after 13.2 k cal BP heralded the megafaunal functional extinction. This 

extinction coincided with increasingly dry conditions and aligned with the 

period of probable human population expansion in Central America.  

A hiatus in the 26,000 record from Lake Qoricocha obscured the precise 

point when megafaunal extinction occurred. However, projections of 

Sporormiella abundances suggest that megafaunal populations might have 
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become functionally extinct around 12.5 k cal BP. In the central Andes of Peru, 

a 20,000-year record from Lake Junin, indicated that megafaunal extinction 

began at 13.0 k cal BP. In both cases the extinction coincided with local and 

regional signals of climatic instability, and occurred after unprecedented 

increases in fire activity suggesting human intervention in Andean ecosystems.  

The records from all the sites were consistent with the combined effects 

of climate change and humans as the cause of megafaunal extinction in these 

Neotropical settings. The surviving megafauna were a blend of forest (solitary) 

and grassland (herd-forming) taxa. It is unlikely that any of the forest megafauna 

were herd-forming, but in the grasslands both herd-forming and solitary 

lifestyles could have been adopted. Humans are effective predators in many 

settings, but probably most effective in open or grassland settings than forest. 

Perhaps solitary megafaunal behavior in open woodland/ grassland settings may 

have critically reduced survival chances when faced with human predators, 

accounting for the behavioral dichotomy of surviving species. 
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 CHAPTER 1 

SCOPE OF THE RESEARCH 

INTRODUCTION 

The extinction of megafauna after the Last Glacial Maximum (LGM) 

is probably the largest extinction event since humans roamed the Earth. In 

South America, the causes and timing of the extinction that eliminated >82% 

of species (in 52 genera) with a body mass >44 kg is still disputed (Borrero 

2009, Fiedel 2009, Barnosky and Lindsey 2010, Gill et al. 2012, Lima-

Ribeiro and Diniz-Filho 2013, Lima-Ribeiro et al. 2013, Graham et al. 

2016). The megafaunal extinction event took place within a period of climate 

upheaval and coincided with the arrival or expansion of human populations, 

making it difficult to discern causes of possible extinction. Determining if 

humans or climate played a dominant role in the extinction has been 

complicated by the discovery of new archaeological evidence that provides 

earlier and earlier dates for human presence in the Americas. At continental 

scales it is to be expected that the megafaunal responses to climate change 

and human pressure varied (Lorenzen et al., 2011; Zazula et al., 2014; Lima-

Ribeiro & Diniz-Filho, 2013), and thus hoping to establish a single, all-

embracing cause may be to expect an oversimplified answer. 

The loss of the megafaunal from the Neotropics extends beyond the 

immediate loss of diversity represented by the extinction itself. Like their 

modern counterparts, the Pleistocene megafauna may have played roles in a 
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broad array of ecological processes. Megafauna could have suppressed tree 

seedlings (Trollope et al., 1998; Malhi et al., 2016), influenced fire regimes 

(Waldram et al., 2008), the cycling of nutrients and energy (Mcnaughton et 

al., 1997), and even in the hydrology and floodplain dynamics of their 

environments (Beschta & Ripple, 2006). Moreover, the megafauna were 

probably effective seed dispersers (Janzen & Martin, 1982) that could have 

facilitated or been the main factor regulating migration processes (Couvreur 

et al., 2004; Myers et al., 2004; O’Farrill et al., 2013; Nogales et al., 2017). 

Climate variability, inter- and intra-specific competition, predation, 

parasitism and stochastic events would have been the natural controllers of 

the megafaunal population dynamics in the absence of humans. The last 

deglaciation was not the first deglaciation that they had encountered, and so 

what made the last glacial termination so dangerous to these long-surviving 

species? Understanding the long-term population dynamics of megafaunal 

populations could help to identify ecological cascades and would deepen our 

understanding of how these animals lived. If we are to learn from this 

extinction and apply knowledge to modern conservation efforts it is even 

more important to know how these animals lived than how they died. 

The aim of this research is to identify patterns of megafaunal 

population changes in the Neotropics. The study, that spans from 45,000 

years ago to the present in landscapes as diverse as the Guatemalan lowlands 

and the High Andes, provides the opportunity to see population responses to 
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multiple asynchronous climatic fluctuations, and to determine the role of 

megafaunal populations on changes in vegetation structure and composition. 

I will investigate the timing of population collapse relative to climatic and 

human factors and the synchrony of events across space. 

 

MEGAFAUNAL HISTORIES IN THE NEOTROPICS 

The biodiversity observed in the Neotropics is the result of a long 

evolutionary history of South American geographical isolation during the 

Cenozoic, the uplift of the Andes, and the adaptive radiation that followed 

the Great American Biological Interchange (Simpson, 1980; Hooghiemstra 

et al., 2006; MacFadden, 2006; Carrillo et al., 2015). The Cretaceous 

isolation of South America from Gondwana meant that families of plants 

were largely shared with those of Africa, even occurring at similar 

abundances relative to one another (Gentry, 1988). But the Laurasian 

families of North America were quite distinct. In the Great American 

Biological Interchange, North American species spread south along 

mountain chains into the Andes, but largely failed to penetrate lowland 

settings. By contrast, the South American flora spread in the lowlands as far 

north as the Mexican desert region, with relatively few lineages extending 

further north (Gentry, 1982). Consequently, the unique floral diversity of 

Mesoamerica reflects its long history as a land bridge between North and 

South America. For mammals this interchange was largely reversed with far 
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more species from the north succeeding in the south than diversification of 

southern species in the north  (Webb, 2006). Whereas plant success was 

largely structured by the source habitat, with larger source areas winning 

over smaller source areas (Gentry, 1982), the placental mammals that had 

evolved in Laurasia had competitive advantages Gondwana marsupials. 

Consequently, in most instances Laurasian faunas replaced Gondwanan 

fauna. This interchange started around 41 Ma through the emerging 

archipelago of Caribbean islands with the movement of small mammals 

(Antoine et al., 2011). Larger numbers of species, including edentates, which 

subsequently radiated in South America, moved south about 10 Ma 

(Woodburne, 2010; Mothé et al., 2013). The peak of the exchange, which 

now included placental mammals that had radiated in South America 

expanding back northwards, e.g. giant ground sloths, armadillos, and 

glyptodonts, occurred after 5 Ma (Carrillo et al., 2015). 

Because the megafaunal interchange was asymmetrical and hastened 

the extinction among native South American megafauna, extinction rates of 

marsupial taxa were high throughout this period (Webb, 1985, 1991). 

Pleistocene megafaunal histories in Meso- and South America are limited by 

the scarcity of paleontological data, sampling biases, and chronological 

reliability (Barnosky et al., 2016; Ferrusquía-Villafranca et al., 2017; Dávila 

et al., 2019). Indeed, where South and Central American fossils are available 
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and identifiable, it is very rare for them to be reliably dated (Barnosky & 

Lindsey, 2010; Villavicencio Figueroa, 2016; Dávila et al., 2019). 

The Mesoamerican magfauna of the last ice-age was composed of at 

least 5 species of proboscideans from the genera Cuvieronius, 

Stegomastodon, Haplomastodon, and Mammuthus (Webb & Perrigo, 1984; 

Ferrusquía-Villafranca et al., 2017; Dávila et al., 2019). The southern 

geographic limit for Mammuthus was Costa Rica (Lucas et al.,1997), 

whereas Cuvieronius spread into the southern hemisphere (Villavicencio 

2016). Ungulates such as horses (Equus), bison (Bison), and deer-like 

animals (Capromeryx, Tetrameryx) were well represented in southern 

Mexico (Ferrusquía-Villafranca et al., 2017; Churcher, 2019), but their 

diversity and abundance was reduced to the south (Dávila et al., 2019; 

Churcher, 2019). Giant ground sloths (i.e., Eremotherium, Paramylodon and 

Megalonyx), camelids (Paleolama), and super-sized armadillo-like animals 

(Glyptotherium, and Pampatherium) were also part of the Pleistocene fauna 

of Mesoamerica (Webb & Perrigo, 1984; Lucas, Alvarado & Vega, 1997; 

Mead et al., 2007; Ferrusquía-Villafranca et al., 2017; Dávila et al., 2019; 

Churcher 2019). The carnivore guild was dominated by saber-tooth tiger 

(Smilodon), panthers (Felis), dire wolves (Canis dirus), and dogs (Canidae) 

(Ferrusquía-Villafranca et al., 2017; Churcher, 2019). The fauna of the 

Yucatan Peninsula may have been a little different to the more mountainous 

areas as large carnivores are not known from this region (Dávila et al., 
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2019). Whether the lack of carnivores is a real biogeographic pattern or 

simply a consequence of undersampling is not known. In the Yucatan, the 

abundant fossil evidence of Cuvieronius, Mammuthus, Eremotherium and 

Glyptotherium (Fig. I.1) suggested that these herbivores dominated the 

landscape (Dávila et al., 2019).  

 

Figure I.1 Mesoamerican herbivore-megafaunal diversity during the 
Pleistocene. Colored circles representing Cuvieronius (red), Equus 
(orange), Eremotherium (lemon), Glyptotherium (green), 
Gomphoterium (lime), Hemiauchenia (dark-green), Holmesina 
(turquoise), Mammuthus (blue), Megalonix (purple), Notrotheriops 
(burgundy), Odocoileus (pink), Paleolama (olive), Pampatherium 
(yellow), and Tapir (coral).  
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The filtering effect of the habitats of the Central American Isthmus, 

is evident in the reduced diversity of elephantids from five in Mexico to just 

two in South America. A recent revision of proboscideans from South 

America indicate that Cuvieronius, and Notiomastodon were the only 

elephant-like animals present during the Pleistocene in the continent (Mothé 

2013). Notiomastodon showed strong adaptation to the lowlands, whereas 

the ability of Cuvieronius to process C4 and C3 plants made it more suitable 

to inhabit the Andean region (Domingo et al., 2012; Mothé et al., 2013). The 

tropical Andes supported 13 genera of Xenarthrans (Table I.1), nine of them 

were ground sloths (Fig. I.2) that showed high variability with respect to 

their diets. Camelids and cervids were also well represented in this region. 

Others such as tapirs, horses and Macrauchenia (saiga-like) were present, 

but less abundant (Table I.1). 
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Figure I.2. South American herbivore-megafaunal diversity during the 
Pleistocene plotted by country. The number of chronologies for 
the countries inside the yellow boundary (Ecuador, Peru, and 
Bolivia) account for six radiocarbon dates. 
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Table I.1 Extinct and extant herbivore taxa from the tropical Andes along 
with dietary preferences. Extinct taxa marked by † 

 

FAMILY TAXA DIET COUNTRY 
C

am
el

id
ae

 

Hemiauchenia paradoxa† 

Mixed diet. Preferred trees 
and shrubs (Feranec 
2003). Bolivia 

Palaeolama major† 
Browser (Scherer 2009), 
and C3 plants (Domingo et 
al., 2012) 

Ecuador, 
Peru 

Palaeolama weddelli† Browser (McFadden and 
Shockey 1997) 

Bolivia, 
Ecuador 

Lama castelnaudi† Undetermined Bolivia 
Lama sp. Undetermined Peru  

Vicugna provicugna† C4 plants (MacFadden and 
Shockey 1997) Bolivia  

C
er

vi
da

e 

Agalmaceros blicki † Undetermined Ecuador, 
Peru 

Charitoceros tarijensis † Undetermined Peru, 
Bolivia  

Hippocamelus sp.† Mixed diet (Iriarte 2008) Peru, 
Bolivia  

Odocoileus sp Undetermined Ecuador, 
Peru 

G
om

ph
ot

er
iid

ae
 

Cuvieronius hyodon† 

Mixed diet (Dominago et 
al 2012).C4 grasslands 
(Domingo et al 2012, 
Sanchez et al 2004) 

Ecuador, 
Peru, 
Bolivia 

Notiomastodon platensis† 
C4 plants (Sanchez et al 
2004), mixed diet 
Domingo et al, 2012 

Ecuador, 
Peru, 
Bolivia 

M
ac

ra
uc

he
ni

id
ae

 

Macrauchenia 
patachonica † 

Browser (Varela and 
Fariña 2015), C3, C4 and 
CAM (MacFadden and 
Shockey 1997) 

Peru, 
Bolivia  

Eq
ui

id
ae

 

Equus sp † C3-C4 diet Sanchez et al 
2006 

Ecuador, 
Peru, 
Bolivia 

Hippidion devillei † Undetermined Peru, 
Bolivia  
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Table continues 
FAMILY TAXA DIET COUNTRY 

Ta
pi

rid
ae

 
Tapir sp Browser, and fruits 

(Esienberg 1992) 
Peru, 
Bolivia  

D
as

yp
od

id
ae

 Propraopus sulcatus † Undetermined Ecuador, 
Bolivia 

Holmesina occidentalis † Grazer Ecuador, 
Peru 

Pampatherium sp.† Grazer Ecuador, 
Bolivia 

Panochthus sp.† Non-selective feeder 
(Vizcaíno et al. 2011) Bolivia 

G
ly

pt
od

on
tid

ae
 

Glyptodon clavipes † Undetermined Peru, 
Bolivia  

M
yl

od
on

tid
e 

Lestodon armatus † 
C3 vegetation 
(Czerwonogora et al. 
2011) 

Bolivia 

Sc
el

id
ot

he
rii

na
e 

Catonyx chiliensis † 
C3 vegetation 
(Domingo et al. 
2012) 

Ecuador, 
Peru, 
Bolivia 

Glossotherium sp.† Bulk feeder (Bargo 
and Vizcaíno 2008) 

Ecuador, 
Peru, 
Bolivia 

Scilodon sp.† Undetermined Peru 

M
eg

at
he

rii
da

e 

Megatherium americanum † 

Browser, fruits and 
woody plants (Bargo 
2001, Carretero et al. 
2004) 

Peru, 
Bolivia  

Megatherium tarijensis† Grazer (Pujos and 
Salas 2004) Peru 

Megatherium sundti† Undetermined Peru 

Eremotherium sp.† 

C3 and C4 plants, 
mixing grass, herbs, 
leaves, and fruits 
(Viana et al., 2011; 
de Melo Franca et al., 
2014; Dantas et al. 
2013) 

Ecuador, 
Peru, 
Bolivia 

Diabolotherium 
nordenskioldi † Undetermined Peru 
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Mammalian diversification in South America has previously been 

considered to be the result of the glacial aridity including the concentration 

(glacial) and expansion (interglacial) of tropical rainforest vegetation 

(Haffer, 1969; Haffer & Prance, 2001). The hypothesized multiple 

contractions and expansions of habitat created temporally allopatry and 

therefore served as a “species pump” promoting special diversification 

through vicariance (Haffer, 1969). Webb & Rancy (1996) hypothesized that 

during glacial times the populations of megafauna expanded because 

savannas replaced large forested areas and contracted during interglacials. 

Rossetti et al., (2004) adopted this argument to explain the presence of 

varzeas near the main amazon channel dated to the last glacial maximum. 

However, fossil pollen records (Liu & Colinvaux, 1985; Colinvaux, 1996; 

Bush & Silman, 2004; Wang et al., 2017) revealed cooling not large-scale 

aridity as a glacial signature. Phylogenetic data have also failed to support 

the timing of radiations as being tied to ice ages, rather the rise of Andes and 

other Miocene phenomena seem to have played a larger roll (e.g. Hall & 

Harvey, 2002). Rivers, originally suggest as the structuring biogeographic 

units of Amazonia (Wallace, 1876), have repeatedly been suggested to be of 

importance (Ribas et al., 2011, 2018). Furthermore, the wide geographical 

distribution of the fossil record suggest that megafauna was adapted to a 
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variety of ecosystems such as coastal areas, rainforest, and punas (i.e., cold 

grasslands). 

 

DETECTING MEGAFAUNA IN SEDIMENTS 

Chronological uncertainties in the paleontological record halted the 

study of megafaunal extinctions in the Neotropics. To test the presence of 

megafauna in areas with dubious fossil chronologies or in areas where the 

fossil record is scarce to nonexistent, researchers adopted the use of a 

number of coprophilous fungus  present in sedimentary records as a means to 

indirectly assess Pleistocene megafaunal presence, the time of extinction, 

and the onset of pastoralism (Davis & Shafer, 2006; van Geel & Aptroot, 

2006; Gelorini et al., 2012; Johnson et al., 2015; Perrotti & van Asperen, 

2019). Over 20 coprophilous fungal types can be used to identify megafaunal 

presence or absence, but the types thought to provide the most reliable 

estimates are Sporormiella, Podospora, and Cercophora  (Baker et al., 

2013). Among these three genera, only Sporormiella is an obligate 

coprophile in which germination of the spores can only occur in the digestive 

system of herbivores (Ahmed & Cain, 1972). Podospora, on the other hand, 

is not an obligated coprophilous genus, but grows almost exclusively in 

herbivore dung, though occasionally in soils (Schlütz & Shumilovskikh, 

2017). Cercophora has the ability to grow in different substrates including 

dung and decaying vegetation (Perrotti & van Asperen, 2019).  
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The life cycle of Sporormiella ensures that its spores are moved by 

animals or water, not air, hence their dispersal ranges are limited, and when 

found indicate the local presence of herbivores (Raper & Bush, 2009; Baker 

et al., 2013). Davis & Shafer (2006) demonstrated that Sporormiella can 

exceed 20% of the pollen sum when megaherbivores are abundant. Deer, and 

rabbits could contribute smaller volumes of dung and Sporormiella to a 

system. Studies of systems with and without megaherbivores confirm a basic 

observation that if megaherbivores are present, Sporormiella will exceed 2% 

of the pollen sum (Davis & Shafer, 2006; Raper & Bush, 2009; Gill et al., 

2013; Raczka et al., 2016). Consequently, below this 2% threshold has been 

widely used to track the extinction of megafauna. Some researchers, 

especially those who do not appreciate Sporormiella analysis as an approach 

(i.e., Fiedel, 2018) , find fault with use of percentage-based assessments. 

Certainly, more work needs to be done on the best way to interpret 

Sporormiella signals across temporal sequences where local productivity is 

changing dramatically, but the technique appears to be robust when 

independent evidence is available to date extinctions in New Zealand and 

Madagascar (Robinson & Burney, 2008; Wood et al., 2011). An alternative 

or complementary approach to percentages is to use sudden declines in 

Sporormiella concentrations to estimate extinctions (Johnson et al., 2015; 

Raczka et al., 2018; Perrotti & van Asperen, 2019). 
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CLIMATIC DRIVERS IN THE NEOTROPICS.  

Multiple atmospheric, oceanic and topographic processes determine 

the climate in Mesoamerica and tropical South America. Precipitation 

depends mainly on changes in the position of the Intertropical Convergence 

Zone (ITCZ). The ITCZ is a belt of convective rainfall and low atmospheric 

pressure located over the equatorial oceans that oscillates seasonally between 

10° North and 1° South. When the ITCZ shifts towards the Northern 

Hemisphere (Waliser & Gautier, 1993; Wang et al., 2006; Peterson & Haug, 

2006) during the boreal summer (June- October), Mesoamerica receives 90% 

of its precipitation (Wang & Lee, 2007). The moisture release by the warm 

pool is transported into the continent via the Caribbean low-level jet (Wang 

& Lee, 2007). This jet bifurcates, with the northern branch delivering 

precipitation to the northern Gulf of Mexico (i.e., Yucatan Peninsula, 

northern Mexico and central US), while the southern branch carries moisture 

across the Central America Isthmus to the Pacific (Wang & Lee, 2007). 

In contrast, the maximum precipitation in tropical South America 

coincides with the southward migration of the ITCZ during the austral 

summer (October-February, Garreaud et al., 2009; Baker & Fritz, 2015). The 

strengthening of the easterly winds modulates the development of a high 

convection system, the South American Summer Monsoon (SAMS), which 

constitutes the source of moisture for tropical South America (Marengo et 

al., 2012). At the peak of the SASM (December-February), the differential 
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heat between the land and the ocean promotes the advection of moisture into 

the continent. Moisture is transported from east to the west across the 

Amazon basin via cycles of evapotranspiration and precipitation (Salati & 

Marques, 1984). In the west of the Amazon Basin, a low-level jet stream 

known as the South American low-level jet, redistributes the moisture across 

the eastern flank of the Andes (Marengo et al., 2004). Moreover, strong 

condensational heating in the west of the Amazon Basin intensifies the 

subsidence of the Nordeste Low, located in the upper troposphere of 

northeastern Brazil, resulting in aridity over the eastern Amazon Basin 

(Cheng et al., 2013). Thus,  arid conditions in the east contrast with humid 

conditions in the west of the Amazon Basin and the eastern flank of the 

tropical Andes (Cheng et al., 2013). 

Inter-annual variability caused by El Niño southern oscillation 

(ENSO) can disrupt the climatic systems of Mesoamerica and South 

America, prompting short-lived extreme drought or flood events (Curtis, 

2002; Garreaud et al., 2009; Baker & Fritz, 2015). For instance, El Niño 

events induce the driest summers in Central and tropical South America 

(Curtis, 2002; Vuille et al.,2000; Garreaud et al., 2009). While ENSO at one 

extreme and glacials at the other are thought to have been active for millions 

of years (Moy et al., 2002), other century to millennial-scale forcings also 

shaped climate. At millennial time scales, precipitation anomalies were 

driven by changes in sea-surface temperature, especially those of the Atlantic 
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Ocean. Dansgaard-Oeschger (DO) cycles (Bond et al., 1993; Dansgaard et 

al., 1993) and Heinrich (HE) events (Heinrich, 1988) constitute sources of 

climatic variability. Twenty-four D-O cycles occurred during the last glacial 

period. Each D-O cycle consisted of a rapid increase in temperature (i.e., 8–

16˚C) followed by a gradual cooling period that lasted a few millennia 

(EPICA, 2006). On the other hand, HE events were abrupt cooling episodes 

that caused the lengthening of some of the D-O cycles  (Bond et al., 1993). 

In the Neotropics the D-O cycles and HE events were perceived as 

rapid shifts in precipitation, with contrasting signals between Mesoamerica 

and tropical South America (Peterson et al., 2000; Baker et al., 2001b; 

Hodell et al., 2008; Cheng et al., 2013). In Mesoamerica, dry conditions 

were a norm during HE events, while wetter conditions prevailed in tropical 

South America (Fig. I.3, Peterson et al., 2000; Cruz et al., 2009; Hodell et 

al., 2008; Fritz et al., 2010; Groot et al., 2011; Mosblech et al., 2012; 

Kanner et al., 2012; Cheng et al., 2013; Baker & Fritz, 2015). This marked 

difference in precipitation patterns between Mesoamerica and tropical South 

America has been associated with the latitudinal shift of the ITZC (Peterson 

et al., 2000; Kanner et al., 2012; Mosblech et al., 2012; Cheng et al., 2013) 

driven by changes in the Atlantic meridional overturning circulation 

(AMOC, Peterson et al., 2000) and the height of the northern hemisphere ice 

sheets (Timmermann et al., 2005).  
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Figure I.3. Comparison of precipitation responses between Mesoamerica and 

the tropical Andes during HE events.  Magnetic susceptibility 
(purple) from Lake Petén-Itzá (Mesoamerica, Hodell et al., 2008). 
Isotopic δ 18O data from tropical Andes showing in green El 
Diamante (NAR), blue El Condor (ELC), and dark blue 
Pacupahuain speleothems. HE events highlighted in yellow. ELC 
and NAR from Cheng et al., 2013. Pacupahuain from Kanner et 
al 2012 

 

MESOAMERICA: CLIMATIC AND VEGETATION HISTORIES 

The only climatic and vegetation history from Mesoamerica spanning 

the last interglacial (128,000-115,000 calibrated radiocarbon years Before 

Present, hereafter thousands of years expressed as k cal BP) comes from El 

Valle, Panama (Bush and Colinvaux 1990, Shadik et al., 2017; Cárdenes-

Sandí et al., 2019). At this site, fossil pollen, diatom, and charcoal 
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reconstructions indicated the prevalence of lowland forest dominated by 

Melastomataceae and Urticaceae-Moraceae, favored by warmer-wet 

conditions and the absence of fire activity (Shadik et al., 2017; Cárdenes-

Sandí et al., 2019). Rapid cooling (ca. 2˚C) and decline in precipitation 

characterized the inception of the glacial period (Cárdenes-Sandí et al., 

2019). In southern Mesoamerica the cooling favored the downslope 

migration and expansion of Quercus into the lowlands (Bush & Colinvaux, 

1990; Bush et al., 1992). 

In northern Mesoamerica, pine-savannas dominated the early stages 

of the glacial landscape, but were replaced by pine-oak forest after 47 k cal 

BP (Correa-Metrio et al., 2012a). A detailed paleoecological record from 

Lake Petén-Itzá, Guatemala, provides a high-resolution image of the climatic 

complexity of the last 85 k yrs (Hodell et al., 2008; Correa-Metrio et al., 

2012 a,b). For much of the last glacial, temperature reconstructions indicated 

a 3˚C cooling of the air (Correa-Metrio et al., 2012b). Superimposed on this 

cooling, an extra 1–2 ºC temperature decline was observed during HE events 

(Correa-Metrio et al., 2012b; Cohuo et al., 2018). The cool temperatures of 

HE events were accompanied by reduced precipitation that resulted in low-

stand lake levels (Hodell et al., 2008; Escobar et al., 2012; Cohuo et al., 

2018).  

A novel climate was established at each of the six HE events, with 

different levels of cooling and dryness (Cohuo et al., 2018). The climatic 
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novelty prompted the formation of vegetation communities without modern 

analogs (i.e., Acacia-Poaceae shrublands, Correa-Metrio et al., 2012b). In 

the early stages of the HE events, the pine-oak forests were first replaced by 

seasonal scrub forest dominated by Celtis and Dodonaea. As the HE event 

progressed xeric taxa (i.e., Acacia and Poaceae) became more dominant 

forming non-analog xeric shrublands (Correa-Metrio et al., 2012a). For HE 

events 4 to 1, at least 50 % of the vegetation changed in comparison with pre 

and post HE event assemblages (Correa-Metrio et al., 2012a). 

The maximum temperature decline in Mesoamerica was observed at 

the LGM (24 - 18 k cal BP). Temperature depression in the lowlands was 

estimated at 4 - 5 ºC (Bush & Colinvaux, 1990; Correa-Metrio et al., 2012b, 

2013), and in the highlands between 5 - 8.5 ºC (Islebe & Hooghiemstra, 

1997; Lozano-García et al., 2005). Four independent proxies (magnetic 

susceptibility, diatoms, 13C and 18O from ostracods, and fossil pollen) call 

for the prevalence of moist conditions (Hodell et al., 2008; Correa‐Metrio et 

al., 2012a,b; Cohuo et al., 2018), contrary to previous interpretations of an 

extremely arid LGM (Leyden, 1984). The disparity in the interpretation of 

LGM conditions was reconciled by revisiting the chronology of Leyden to 

account for hard-water error in the 14C dating (Correa-Metrio et al., 2012b). 

Fossil charcoal data from Petén-Itzá showed that fire activity was a 

permanent feature of the glacial landscape in Mesoamerica, but was reduced 

during the LGM (Correa-Metrio et al., 2012b). Major vegetation disruptions 
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were observed at the onset of the deglacial period (18  k cal BP, Correa-

Metrio et al., 2012b) when moisture availability was severely reduced 

(Hodell et al., 2008; Escobar et al., 2012; Mays et al., 2017). Coincident 

with the drying, temperature oscillations of as much as  4 ºC, in about 100 

years (Correa-Metrio et al., 2012b), created rapid environmental change. 

Although the vegetation system kept shifting during the warm-wet Bølling-

Allerød and the cold-dry Younger Dryas, the most significant change 

occurred at the onset of the Holocene when precipitation increased and fire 

activity spiked (Hodell et al., 2008; Correa-Metrio et al., 2012a,b; Mays et 

al., 2017; Cohuo et al., 2018).  

 

THE TROPICAL ANDES: CLIMATIC VARIABILITY AND 

VEGETATION RESPONSES 

Climatic variability. The steep environmental gradients of moisture and 

precipitation afforded by the Andes have prompted fine-scale niche 

separation. The range of individual species tends to be small, with close 

congeners occupying adjacent habitats (Young et al., 2002). This region is 

recognized as both a biodiversity and conservation hotspot as it is threatened 

by habitat loss and climate change (Myers et al., 2000; Feeley et al., 2010; 

Bush, 2002; Mittermeier et al., 1998). 

In the tropical Andes dry-warm conditions characterized the 

interglacial stages (MIS 9, MIS7, MIS 5, and Holocene), and wet-cold 
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conditions dominated the glacial landscape (Hanselman et al., 2011). HE 

events during the last glacial cycle (120-117 k cal BP) triggered increases in 

precipitation from Ecuador to southern Bolivia (Fritz et al., 2004; Kanner et 

al., 2012; Mosblech et al., 2012; Cheng et al., 2013; Baker & Fritz, 2015). 

Intensification of the SASM modulated by precessionally-driven insolation 

maxima resulted in additional precipitation anomalies (i.e., increased 

precipitation during HE events) for the tropical Andes (Fritz et al., 2007; 

Baker & Fritz, 2015b). In the Andes of Peru and Bolivia, the increase in 

precipitation promoted the expansion of lakes and the formation of a series 

of paleolakes with highstands between 120 - 98, 95 - 80, at 47, 25 - 15 and 

finally from 13 - 11 k cal BP (Placzek et al., 2006; Blard et al., 2011; Baker 

& Fritz, 2015). 

The local LGM in the tropical Andes was earlier than in the northern 

hemisphere (34 - 21 k cal BP, Smith et al., 2005a). Isotopic records derived 

from speleothems, ice-cores, and lake sediments depict wetter-than-present 

conditions (Thompson et al., 1998; Seltzer, Rodbell & Burns, 2000; Kanner 

et al., 2012; Mosblech et al., 2012; Cheng et al., 2013). Consistent with 

isotopic data, increases in precipitation were also evident from diatom 

analysis and magnetic susceptibility which showed increases in precipitation 

that resulted in high-stand lake levels (Seltzer et al.,2000; Baker et al., 2001; 

Tapia et al., 2006; Hillyer et al., 2009). Estimates of temperature during the 

LGM indicated a decline of 5 – 7 ºC (Porter, 2001; Valencia et al., 2010; 
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Bush, Hanselman & Hooghiemstra, 2007) relative to modern. Wetter and 

colder conditions promoted glacier expansion in the tropical Andes (Rodbell 

et al., 2009). Snowline depression, ranging from 200 to 1350 m below 

estimated modern levels, was variable and sensitive to local topographic 

conditions (Mark et al., 2002; Smith et al., 2005; Rodbell et al., 2009). 

Glacial retreat began at 21 k cal BP, and this onset of deglaciation has been 

widely interpreted to indicate warming (Seltzer et al., 2002; Rodbell et al., 

2008). Recent analysis from Peru, however, suggest that it may have been 

decreased precipitation at c. 21 k cal BP rather than warming causing this 

first glacial retreat (Woods et al. in review). 

The path to deglaciation was erratic and full of brief climatic 

reversals that caused ice to advance or retreat. After the initial retreat, re-

stabilization of glaciers at 20 k cal BP indicated that cooler or wetter 

conditions had returned (Smith et al., 2005a). Warming conditions during 

HE-1 (18–15 k cal BP) caused renewed glacier retreat (Bromley et al., 

2016), but this was interrupted by a brief cold reversal between 16.1–16 k cal 

BP that caused glacial advance (Shakun et al., 2015;  Bromley et al., 2016). 

Reduction in moisture availability and increases in temperature during the 

Bølling-Allerød (15–13 k cal BP) favored the desiccation of paleolakes in 

the Altiplano region (Blard et al., 2011; Bromley et al., 2016). The Atlantic 

cold reversal (ACR) was another interruption to the warming trend at 14  k 

cal BP triggering glacier expansion (Jomelli et al., 2014).  
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The Younger Dryas, defined as being between 13 and 11.5 k cal BP 

(Alley, 2000) created ambiguous signals of precipitation and temperature 

change in the Andes. Speleothem and diatom analysis indicated wet 

conditions for the tropical Andes (Cheng et al., 2013; Baker & Fritz, 2015), 

whereas  ice-core records and magnetic susceptibility data suggested the 

prevalence of relatively dry conditions in northern Peru and southern Bolivia 

(Thompson et al., 1998; Seltzer et al., 2000; Bush et al., 2005). Moreover, 

cooling was documented in some Andean settings (Hansen & Rodbell, 1995; 

Weng et al., 2006), whereas no interruption of warming was evident at other 

Andean locations (Paduano et al., 2003; Bush et al., 2005). The weakening 

of the SASM during the early Holocene (9 - 4 k cal BP) induced dry 

conditions in the Andes of Peru and Bolivia (Bird et al., 2011; Baker et al., 

2001; Hillyer et al., 2009). Known as the Mid-Holocene dry events 

(MHDE), this period of intense drought resulted in a rapid decline of lake 

levels, and glacial retreat (Abbott et al., 1997; D’Agostino et al., 2002; Bird 

et al., 2011). 

Vegetation responses to climate change. The oldest palynological 

reconstruction for the tropical Andes is the suite of records from the high 

plains of Bogota. This long sedimentary sequence, which spans the entire 

Quaternary, was the first one to show the repeated influence of glaciations on 

high Andean floras (Groot et al., 2011; Hooghiemstra, 1984; Veer & 

Hooghiemstra, 2000).  
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In the southern tropical Andes, the longest palynological record is the 

370 k-year long LTO1-2B core from Lake Titicaca (Fritz et al., 2007). This 

record revealed wet episodes aligning with D-O events (Fritz et al., 2010), 

but did not show cooling during HE events (Hanselman et al., 2011). The 

colder-than-modern (~-5 - 7 ºC) glacial periods were characterized by 

biomass-limited landscapes dominated by low productive grasslands locally 

known as puna-brava, and semi-productive grasslands termed puna 

(Hanselman et al., 2011; Paduano et al., 2003). The arboreal vegetation 

during glacial times was limited and mainly represented by Polylepis forest 

(Gosling et al., 2008). Polylepis is the only tree that can grow at elevations 

above 5000 m (Ellenberg, 1958; Gosling et al., 2009). The representation of 

other Andean arboreal species during the peak of glaciations in the pollen 

record could be explained by wind transportation (sensu Hansen et al.,1984) 

or the presence of vegetation pockets in small sheltered areas with favorable 

climate conditions (i.e., microrefugia, sensu Rull et al.,1988; Rull 2004). 

During interglacials, the landscapes became more productive as 

forests and shrubland expanded upslope colonizing areas previously 

occupied by puna (Hanselman et al., 2005, 2011). At the same time the 

puna-brava was replaced in its lower distributional range by puna (Valencia 

et al., 2010; Paduano et al., 2003). At millennial timescales, moist conditions 

during interglacial stages favored the expansion of arboreal taxa and the 

formation of non-analog vegetation, i.e., during MIS 9 (330-300 kyr , 
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Hanselman et al., 2011). By contrast, during glacial stages, wetter conditions 

may have favored a slight increase in plant productivity favoring puna over 

puna-brava (Bush, Silman & Urrego, 2004; Hanselman et al., 2011). 

Pollen data derived from five lakes in the Peruvian Andes provided a 

detailed history of vegetation change predating the LGM. The records from 

Lakes Compuerta (7ºS), Junin (11ºS), Pacucha (13.6ºS), Caserococha (13ºS), 

and Titicaca (16ºS) recorded species turnover from the last glacial to the 

interglacial period (Paduano, 2001a; Weng et al., 2006; Hansen, Wright  Jr. 

& Bradbury, 1984; Valencia et al., 2010; Paduano et al., 2003; Hanselman et 

al., 2011). In these records the warm-wetter conditions of the deglacial 

period triggered asynchronous upslope migration of species, suggesting that 

migration was affected by local processes such as glacial advances and melt 

(Hansen et al.,1984; Paduano et al., 2003; Weng et al., 2006; Valencia et al., 

2010; Hanselman et al., 2011). A common pattern in sites located above 

4000 m (Junin, Caserococha, and Titicaca) is that the puna was never 

replaced by Andean forest (Hansen et al.,1984; Paduano, 2001; Hanselman 

et al., 2011). That habitat persistence was not the case at mid elevation sites. 

For example, at Lake Pacucha (3100 m above the sea level: asl) the puna 

gave way to a non-analog forest community formed by a mix of Andean and 

lowland forest taxa (i.e., Polylepis, Podocarpus, Acalypha, Valencia et al., 

2010). LGM grasslands were also replaced by forests at Lake Chochos (3285 

m as, Perul) and Lake Llaviucu (3150 m asl, Ecuador), although at these 
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locations the formation of non-analog communities were not observed (Bush 

et al., 2005). By contrast, the Refugio lakes (3400 m asl, Peru) showed the 

loss of Polylepis woodlands and their replacement by grasslands (Urrego et 

al., 2011). 

Millennial-scale changes in climate have not produced predictable 

patterns of vegetation change in the Andes as the effects appear to have been 

locally divergent (Paduano et al., 2003; Valencia et al., 2010). The strongest 

of all these climatic changes may have been the MHDE, which reduced the 

area of Lake Titicaca by 50%; more than at any time during the glacial. The 

effects of the MHDE on vegetation systems, however, varied across the 

tropical Andes (Mayle & Power, 2008). In southern Ecuador, palynological 

reconstructions from Lake Chorreras (3700 masl) and Lake Pallcacocha 

(4060 masl) showed no evidence of change in the vegetation during the 

MHDE (Hansen et al., 2003). However, at Lake Llaviucu (3115 m asl), 

located in the same region, the event was associated with subtle changes in 

the forest composition (Nascimento 2019). In the Peruvian Andes, the 

MHDE event triggered increases in dry-tolerant taxa at Lake Compuerta 

(3950m, Weng et al., 2006). At Lake Chochos (3285m) the event expanded 

of Polylepis and Podocarpus forest (Bush et al., 2005). By contrast, the 

record from Laguna Baja showed reductions in Podocarpus and increases in 

Alnus (Hansen & Rodbell, 1995). In southern Peru, neither Lake Pacucha nor 
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Lake Titicaca showed signs of vegetation change during the MHDE 

(Paduano et al., 2003; Valencia et al., 2010). 

 

FIRE ACTIVITY AND HUMANS IN THE ANDES 

From Ecuador to southern Bolivia fire activity increased in Andean 

sites after 15 kcal BP (Valencia et al., 2018). Charcoal reconstructions 

showed that fire was a part of the Andean systems during interglacial and 

glacial stages, but was biomass dependent (Paduano et al., 2003). Thus, 

interglacial stages probably favored fire activity because increasing 

temperatures increased local biomass and hence fuel availability (Hanselman 

et al., 2011). The spike in fire at 15 k cal BP differs from patterns observed 

during previous glacial stages (Valencia et al., 2018). The sustained fire 

activity observed after 15 k cal could not be explained by natural factors 

(White, 2013), especially in wet-punas or forested ecosystems where 

lightening could only char the striking zone and would not spread (Mayle & 

Power, 2008; White, 2013; Raczka et al., 2019). Hence, sustained fire 

activity hints at anthropogenic intervention in the landscapes (White, 2013; 

Rozas-Davila et al, 2016; Raczka et al., 2019). Moisture reduction and 

warmer conditions at the MHDE could have exacerbated the flammability of 

some the Andean systems.  

Anthropogenic fire activity has been hypothesized as the main driver 

transforming the Andean landscape during the Holocene. According to  
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Ellenberg (1958) the fragmented distribution of Polylepis woodlands in the 

modern Andean landscape has been the result of intensive human activity 

over millennia. Sylvester et al.,  (2014; 2017) suggested that in the absence 

of humans Polylepis might have grown intermixed with tussock grasslands, 

forming shrublands rather than mosaics of woodlands and grasslands seen 

today. The palynological record suggests that Polylepis had a fragmented 

distribution before the arrival of humans, but human activities exacerbated 

the fragmentation over the last millennia (Gosling et al., 2009; Valencia et 

al., 2018) 

To what extent early human occupants of the Andes used fire remains 

unknown.  So far, the increase in fire activity, which is time-transgressive 

between locations, appears to reflect human endeavor at least in the tropical 

Andes. Genetic evidence suggests that humans were present in the Americas 

by 20 k cal BP (Moreno-Mayar et al., 2018). The archaeological evidence 

placed humans above 4000 m elevation at 12.5 k cal BP ca. 7,000 years after 

the arrival of humans in the Americas (Rademaker et al., 2014; Capriles et 

al., 2016). However, the signature of fire suggests that humans were present 

in the Andean region between 15.6 and 14 k cal BP (Raczka et al., 2019). 
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CONCEPTUAL MEGAFAUNAL AND VEGETATION DYNAMICS 

IN THE NEOTROPICS. 

   Considering that prior to human arrival, climate forcing and natural 

fires were the major drivers shaping changes in Neotropical vegetation 

systems Figure I.4 offers a visualization of megafaunal dynamics from 

Pleistocene to Holocene. During the Pleistocene megafaunal populations 

were probably in sync with particular vegetation assemblages (i.e., 

grasslands). The response of megafaunal populations to particular vegetation 

types might have resulted in fluctuations of megafaunal abundances 

throughout time. Increases in temperature at the end of the Pleistocene and 

anthropogenic fires might have disrupted the vegetation system triggering 

drastic changes in the vegetation assemblages. Unable to cope with the rapid 

change in vegetation assemblages megafaunal populations became 

functionally extinct amid climate change and human pressure.  
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Figure I.4. Conceptual diagram of megafaunal and vegetation dynamics in 
the Neotropics driven by climate change and fire activity. 
Background color representing temperature transition from a cold 
Pleistocene (blue) towards a warmer Holocene (pink). Changes in 
the vegetation system (green line) denoted by A, B, and C. 
Megafaunal dynamics inferred from coprophilous fungus plotted 
as dash-red line. Changes in fire activity represented by black 
dash-dotted line.   
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RESEARCH GOALS 

 

Considering that changes in the temperature and precipitation 

differed between Mesoamerica and the tropical Andes during the last glacial 

cycle, and that genetic evidence place humans in the Americas at the end of 

the Pleistocene, this research aims to determine the influences of climate 

change and humans in the extinction of Pleistocene megafauna. First, I will 

explore megafaunal population dynamics in the absence of humans. Second, 

I will establish a time-window for extinction and determine the factor(s) 

influencing megafaunal loss. Finally, I will draft some hypotheses about 

regional patterns of extinction for the tropical Andes.  This study will be 

centered on the following questions: 

- Did climate instability affect the dynamics of megafaunal 

populations in the absence of humans? 

- Were megafaunal populations abundant in Neotropical 

ecosystems? 

- When did megafauna became extinct in the Neotropics and what 

were the cause(s) of megafaunal extinction? 

- Were patterns of megafaunal extinction evident in the 

Neotropics? 
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CHAPTER II 

WHEN THE GRASS WASN’T GREENER: MEGAFAUNAL  

ECOLOGY AND PALEODROUGHTS 

INTRODUCTION 

 

The isthmus of Central America is central to our understanding of 

biogeographic connectivity between North and South America, the spread of 

humans into South America, and the influence of climate change on seasonal 

tropical areas. Although devastating droughts in the Guatemalan lowlands 

have been linked to the demise of the classic Mayan civilization c. A.D. 900 

(Hodell et al., 2001; Haug et al., 2003), the  Pleistocene climatic on the 

peninsula were far more profound than those of the late Holocene (Leyden, 

1984; Leyden et al., 1993). Throughout the last ice age, sudden iceberg 

discharges caused quasi-periodic surges of freshwater into the North Atlantic 

(Heinrich, 1988). These pulses weakened the Atlantic meridional 

overturning circulation (AMOC) and resulted in much colder sea-surface 

temperatures in the North Atlantic (Heinrich, 1988; Timmermann et al., 

2005). These cold phases, known as Heinrich (HE) events, lasted ~1000 

years and were propagated through ocean-atmosphere connections into the 

tropics. The signature of the HE events in lowland Guatemala, was an 

expansion of savanna at the expense of woodlands (Correa-Metrio et al., 

2012a,b).  
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In the last ice-age at c. 28,000-20,000 years ago (hereafter thousands 

of years expresses as k BP if not base on 14C, if based on calibrated 14C ages 

they are listed as k cal BP), a c. 3–5 oC cooling, caused the modern tropical 

seasonal forest of lowland Guatemala to be replaced by oak-pine woodlands 

and savannas (Hodell et al., 2008; Bush et al., 2009; Correa-Metrio et al., 

2012a,b). Tropical floral elements probably remained in microrefugial 

locations, but most of the flora comprised taxa that are today restricted to 

montane regions (Correa-Metrio et al., 2013). A detailed paleoclimatic 

reconstruction from Lake Petén-Itzá suggested that the HE events cooled 

conditions by 2–4 oC and induced strong drying (Hodell et al., 2008; Correa-

Metrio et al., 2012b; Cohuo et al., 2018). 

While there is a growing body of evidence about ecological changes 

affecting plants, we know little about how these changes influenced animals. 

The Great American Interchange had allowed Laurentian (placental) 

mammals to flow south in a series of invasions, while there was relatively 

little counterflow of Gondwanan (marsupial) lineages northward (Webb, 

1976). This simple characterization of the interchange was made far more 

complex, by the early waves of placental mammals, such as sloths, that 

colonized South America, radiated in the new setting to become giant ground 

sloths, and then re-radiated northward during later phases of the interchange 

(MacFadden, 2006). Consequently, the last glacial paleofauna of Guatemala 

was rich in species with recent evolutionary roots in both North and South 
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America, i.e, Mammuthus columbi (Columbian mammoth), and 

Eremotherium sp. (Giant groundsloth) and the notoungulate Mixotoxodon, 

and Cuvieronius sp. (gomphothere),  Paleollama (giant llama) and Tapirus 

(tapir) (Dávila et al., 2019). In Guatemala, the fossils of Mammuthus did not 

co-occur in the same beds with Eremotherium and Mixotoxodon, leading 

Davila et al. (ibid.) to suggest that they were segregated ecologically; 

Mammoths were grassland specialists, while browsers such as 

Eremotherium, Mixotoxodon, and Cuvieronius favored woodlands. 

Landscapes, such as those around Lake Petén-Itzá, oscillated between 

savanna-like and woodland-like systems in the Pleistocene, because an 

associated turnover of megafaunal communities through time was suggested 

(II.1). Thus, the prediction would be that during the HE events when 

grasslands and savanna elements thrived around Petén-Itzá, Mammuthus 

would have been the dominant herbivores, but at other times, especially 

when oak forests were abundant, they would have been replaced by 

Eremotherium, Mixotoxodon, and Cuvieronius (hereafter browsers, (Dávila 

et al., 2019)). 
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Fig. II.1. Suggested Pleistocene ecological separations of megafauna 
according to prevailing vegetation types (after Davila 2019). (Left) 
Woodland corridor (purple) traversed by Cuvieronius, 
Eremotherium, and Mixotoxodon. (Right) Savanna corridor 
(orange) used by Mammuthus. White triangle marking the location 
of Lake Petén-Itzá. Colored circles showing the paleontological 
localities used to recreate megafaunal corridors. Figure modified 
from Dávila et al., (2019) 

 

The timing of the extinction of these large animals is poorly 

documented in Central America (Dávila et al., 2019). As is more broadly 

true of the neotropics as a whole, direct dating of megafaunal remains is rare 

in Guatemala. Only three species from Guatemala have radiocarbon dates 

within the last 20,000 years, but two of these, Cuvieronius and 

Glyptotherium, are clearly present in the early Holocene (Fig. II.2, Dávila et 

al., 2019). It is not known if the lack of deglacial ages for many of these 

megafauna is just a Signor-Lipps effect (Signor et al., 1982), or a 

consequence of rare organisms being hard to detect, or whether there is 

genuinely an earlier extinction of some taxa (Wroe & Field, 2006). 
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Figure II.2. Last known age for dominant megafaunal taxa in Guatemala 

(after Davila et. al., 2019). 
 

Use of the dung fungal marker Sporormiella to track megafaunal 

presence has become well-established (Davis, 1987; Robinson, Pigott 

Burney & Burney, 2005; Gill et al., 2009; Rozas-Davila, Valencia & Bush, 

2016; Perrotti, 2018; Raczka et al., 2019) and generally points to a cascade 

of falling populations during the deglacial. Functional extinctions and final 

extinctions of megafauna have been identified between 12.5 and 13.0 k cal 

BP in South America (Rozas-Davila et al., 2016; Metcalf et al., 2016; 

Raczka et al., 2018; Villavicencio & Werdelin, 2018; Raczka et al., 2019; 

Pino et al, 2020), and c. 12.9–12.7 k cal BP in North America (Robinson et 

al., 2005; Gill et al., 2009; Perrotti, 2018). Although not as explicitly linked 

to herbivore intestines, the fungal spores of Cercophora and Podospora also 
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appear to be linked to megafauna (van Geel, 2002; Baker et al., 2013; 

Perrotti & van Asperen, 2019) and have been used in paleo-herbivore 

reconstructions (Cugny et al., 2010; Johnson et al., 2015). 

Paleoecological records that seek to dissociate the effects of climate 

change on megaherbivores from human-induced hunting pressure often rely 

on charcoal to provide an index of human arrival (Gill et al., 2009; Rozas-

Davila et al., 2016; Raczka et al., 2019). In Guatemala, it is likely that the 

Pleistocene systems supported natural fire (Correa-Metrio et al., 2012 a,b), 

and so the use of charcoal is less informative than in the wet tropics. 

The timing of the arrival of people into the isthmus is also 

unresolved. Genetic data suggests that entry may be as early as 20 k cal BP 

(Moreno-Mayar et al., 2018), and humans are known to have occupied 

southern Chile by 15–18 k cal BP (Dillehay et al., 2015). Fluted points, the 

characteristic weapon of Clovis big-game hunters, have been found in 

Guatemala but have not been dated (Dávila et al 2019). Assuming that these 

tools belong to Clovis and that the chronology matches that of North 

America, the points would date to ~ 13.2–12.2 k cal BP (Waters & Stafford, 

2007).  

Here I will present an analysis of the fossil dung fungal markers, 

Sporormiella, Podospora and Cercophora, from 4 to 42 k cal BP from Lake 

Petén-Itzá, Guatemala. My goal will be to elicit ecological information about 

how megafauna used this landscape as climate changed. Specifically, I will 
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ask: How did megafaunal populations fluctuate in response to the climatic 

extremes within the last ice-age? And did climate or people induce the 

megafaunal extinction at Lake Petén-Itzá? 

 

PRIOR STUDY OF PETÉN-ITZÁ 

A 5.3 m core that spanned c.  8000 years, provided a Holocene 

history of Lake Petén-Itzá and provided a detailed image of the human 

alteration of the landscape (Islebe et al., 1996). Longer regional records from 

Lakes Salpeten and Quexil provided insights into the last glacial maximum, 

although they had chronological problems due to old carbonate error 

influencing their 14C dating (Leyden, 1984; Leyden et al., 1993, 1994). In 

2006, a consortium led by David Hodell and Mark Brenner from the 

University of Florida deployed the GLAD 800 drill rig to raise a series of 

cores from Lake Peten-Itza (Hodell et al., 2006, Fig II.3). Core PI-6, which 

was a composite of seven parallel sub-cores, provided an uninterrupted 

sedimentary sequence of the last 86,000 years. The uppermost portion (last 

45,000 years) was supported by a radiocarbon chronology, while older layers 

were dated through tephrachronology (Hodell et al., 2008; Kutterolf et al., 

2016). Unlike the other Petén records, the sediments from Lake Petén-Itzá 

did not suffer from the same dating errors, which was verified by checking 

ages against tephrachronological controls (Kutterolf et al., 2008).  
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Figure II.3. Digital elevation map of the Yucatan Peninsula showing the 
geographic location of Lake Petén-Itzá. (a) Location of the 
Yucatan Peninsula in Central America. (b) Bathymetric map of 
Lake Petén-Itzá showing the location of core PI-6 (white 
triangle) in reference from other coring sites (black circles). 
Figure modified from Correa-Metrio 2012b. 

 

Data for  13C and n-alkane isotopes, magnetic susceptibility, fossil 

pollen, charcoal, and diatoms have already been analyzed for this core and 

provide a strong framework of metadata for the megafaunal analyses (Hodell 

et al., 2008; Pérez et al., 2011; Correa-Metrio et al., 2012a,b; Escobar et al., 

2012; Pérez et al., 2013; Mays et al., 2017). Analysis of magnetic 

susceptibility from core PI-6 provided a clear signal of arid conditions during 

Heinrich events (HE), and the persistence of humid climates during the LGM 
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(Hodell et al., 2008). Lake-level reconstructions based on diatom and 

ostracod analysis depicted high-stand lake levels between 41 and 31 k cal 

BP, and during the 23-16 k cal BP period (Cohuo et al., 2018). Analysis of 

stable carbon isotope (13C) of total organic carbon, and long-chain n-alkenes 

detected strong regional droughts especially between c. 19 and 15 k BP, and 

again at 13-11 k BP (Fig. II.4, Mays et al., 2017). 

 

Figure II.4. Moisture variability at Lake Petén-Itzá. Magnetic susceptibility 
(left). Expanded view (right) showing δ 13C TOC (black line) 
and long-chain n-alkene (red line) over the 24 - 8 k cal BP 
period. Grey bars highlighting dry episodes. Figures taken from 
Hodell et al., (2008), and Mays et al., (2017) 
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The fossil pollen analyses revealed that during the last ice-age there 

was a general trend toward a drier setting as Melastomataceae-Quercus 

woodland gave way to a Pinus-savannas system about 60 k BP (Correa-

Metrio et al., 2012b). Between c. 48 and 24 k cal BP a Pinus-Quercus 

woodland existed with oscillations that broadly reflected millennial scale 

changes in Atlantic sea-surface temperatures (Correa-Metrio et al., 2012b). 

Wetter (warmer SSTs) conditions probably favored Quercus whereas drier 

(cooler SSTs) conditions probably favored Pinus.  

Temperature and vegetation reconstructions based on pollen analysis 

found significant changes in the vegetation assemblages associated with HE 

events (Bush et al., 2009; Correa-Metrio et al., 2012 a,b). These markedly 

cold, dry events exhibited an increase in the relative abundance of Poaceae 

and Acacia pollen (Bush et al., 2009; Correa-Metrio et al., 2012 a,b), but an 

overall decrease in pollen concentration, and by inference landscape 

productivity. Here, I explore the effects of the last four HE events and the 

LGM on the coprophilous fungus time-series derived from PI-6.  
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STUDY SITE 

 

Lake Petén-Itzá (16°55’ N, 89°50’ W) is the largest and deepest lake 

in the Yucatan, and therefore had the greatest probability of retaining water 

during times of lowered sea-level and drought (Hodell et al., 2006). The 

modern lake is a coalescence of at least two solution basins, as much as 160 

m deep (Fig.II.3), connected by shallows. Located in the lowlands of 

Guatemala, at 110 m elevation, the lake has no visible outlets and is fed by 

seasonal rainfall, runoff, and subsurface groundwater (Hodell et al., 2008; 

Escobar et al., 2012). The shallow lake margins along the southern edge of 

the basin are broad, extending several hundred meters into the lake before 

reaching 5 m in depth. By contrast, the northern shorelines are steep 

(Anselmetti et al., 2006). 

Mean annual temperature in the Yucatan Peninsula ranges from 24˚C 

in the west to 28˚C in the east (Durán-Garcia et al., 2016). Annual 

precipitation in the northwest of the peninsula is <600 mm yr-1, whereas in 

the southeast it exceeds 2000 mm yr-1 (Wilson, 1984; Durán-García et al., 

2016). This strong ecological gradient in which rainfall increases by a factor 

of three from north to south provides a basis for both high biodiversity and 

ecological sensitivity to climate change (Correa-Metrio et al., 2012b). 

Approximately 90% of precipitation falls during the boreal summer (June-

October) when the Intertropical convergence zone (ITCZ) shifts towards is 
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northern position bringing convective activity and rainfall to the northern 

hemisphere (Waliser & Gautier, 1993; Peterson & Haug, 2006). Moisture is 

transported from the Atlantic into the peninsula via the northern branch of 

the Caribbean low level jet that forms in the Caribbean sea (Hodell et al., 

2008). Precipitation during the winter is uncommon, as moisture from the 

Atlantic is diverted to the south hemisphere. However, episodic southward 

incursions of polar fronts provide occasional rain between December and 

February (Islebe et al., 2015). 

The vegetation reflects the complexity of the climate, soils, and 

geomorphology of the Yucatan Peninsula (Rzedowski, 2006; Islebe et al., 

2015; Torrescano-Valle & Folan, 2015). Tropical forest with affinities to the 

more equatorial neotropics covers the flat eastern, central, and southern areas 

of the peninsula (Islebe et al., 2015). Contrastingly, Pinus and Quercus 

forests, with centers of diversity in northern Mexico, dominate the 

mountainous regions of Mexico and Guatemala (Nixon, 2006; Rzedowski, 

2006). Tropical rainforest and tropical seasonal forest constitute the modern 

vegetation types of the Petén region (Fig. II.5).  
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Figure II.5. Modern vegetation types in the Yucatan Peninsula showing 
mountain forest (MF), Tropical rainforest (TRF), tropical 
seasonal forest (TSF), tropical semi-deciduous forest (TSDF), 
tropical deciduous forest (TDF), and scrub forest (SF).  White 
triangle marking the geographical location of Lake Petén-Itzá. 
(Figure from Correa-Metrio et al., 2012b) 
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METHODOLOGY 

 

Samples to determine coprophilous fungal content were analyzed from core 

PI-6 at ~170 yr resolution. Core PI-6 was retrieved in 2006 from the northern 

basin of Lake Petén-Itzá by the International scientific drilling project using 

the GLAD800 drilling rig (Hodell et al., 2006). The cores were transported 

to the US National Lacustrine Repository (LacCore) at University of 

Minnesota for further analysis and storage. Of the seven composite cores 

raised, PI-6 contained the most continuous stratigraphic sequence spanning 

the last 86,000 years. With 72.9 m of sediment the rate of accumulation of 

PI-6 allowed high-resolution (sub-decadal) analyses (Hodell et al., 2008). 

The core section used in this chapter corresponds to depths from 0–45m. An 

updated version of the chronology was published in Kutterolf et al., (2016). 

The chronology was developed using 44 accelerator mass spectrometry 

(AMS) 14C dates on organic terrestrial material (Fig. II.6).  
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Figure II.6. Chronology and sedimentation rates of core Petén-Itzá core PI-6. 
Triangles represent 14C ages taken from (Mueller et al., 2010). 
Open circles represent felsic and mafic ash beds constrained by 
linear interpolation assuming constant sedimentation (Kutterolf 
et al., 2016). Filled symbols showing tephra layers. Figure from 
Kutterolf et al., (2016). 

 

A total of 190 samples were analyzed for the presence of 

coprophilous fungus. Thirty-eight of the samples were counted from the 

batch used in pollen analysis by (Correa-Metrio, 2010). The other samples 

did not have enough residual material left from the prior pollen-counting and 

so 152 samples from the same depths as previously counted were re-ordered 

from the LacCore-Minnesota repository. Samples of 0.5 cm3 were prepared 

using standard palynological procedures to process pollen (Faegri & Iversen, 

1989), as they are also suitable for the preparation of coprophilous fungal 

spores (van Asperen et al., 2016). A tablet containing 9666 spores of the 

exotic Lycopodium was added at each sample to estimate concentration and 



 
 

47 

influx of spores (Stockmarr, 1971). Processed material was mounted in 

glycerol and scanned at 630x magnification using a Zeiss-Axioskop 

photomicroscope. Spore quantification was tallied to the pollen counts in 

(Correa-Metrio, 2010). The relative abundance of the coprophilous fungus 

was calculated as percentage of terrestrial pollen sum excluding 

overrepresented pollen types (i.e. Pinus and Quercus).  

Selected pollen types and fossil spores were plotted using C2 

(Juggins, 1991). Palatable taxa were selected from the pollen types identified 

in Correa-Metrio, (2010) based on published material (Table II.1). 

Spearman-rank correlations for multiple matrices were used to analyze 

possible associations of palatable taxa and coprophilous fungus. The test 

were performed in R (Core Team R, 2018) using the package “psych” 

(Revelle, 2019). Significance levels for multiple correlations were adjusted 

using a Bonferroni correction (Legendre & Legendre, 2012).   
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Table II.1 List of palatable taxa identified at Lake Petén-Itzá.   

 

  

  

PALATABLE 
TAXA BIBLIOGRAPHY 

Acacia 
Owen-Smith & Cooper, 1987; Owen-Smith & 
Chafota, 2012 

Combretaceae Owen-Smith & Cooper, 1987; Holdo, 2006; 
Owen-Smith & Chafota, 2012 

Apocynaceae Owen-Smith & Chafota, 2012 
Amaranthaceae Hansen, 1978; Walter et al., 2019 
Pterocarpus Holdo, 2006 

Lamiaceae, Vitex Owen-Smith & Cooper, 1987; Hofreiter et al., 
2000 

Poaceae Hofreiter et al., 2000; Walter et al., 2019 
Asteraceae Hofreiter et al., 2000; Walter et al., 2019 
Pinaceae Hofreiter et al., 2000 
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RESULTS 
 

ANALYSIS OF COPROPHILOUS FUNGI 

The sediments from Lake Petén-Itza contained spores of 

Sporormiella, Podospora, and Cercophora (Fig. II.7). Among the spores, 

Sporormiella values were consistently high (average 432 spore/cm3). 

Sporormiella concentration and percentage values declined after 30 k cal BP. 

In terms of relative abundance Sporormiella remained frequently below 2% 

of the pollen sum. Exceptions to the low percentages were observed at 

during the 32.2 - 29.4 period and latter between 18 and 15 k cal BP. 

Pododspora and Cercophora were not always present, but when 

present their abundances peaked during interstadials. Sporormiella 

concentration followed a similar pattern. By contrast the lowest values for 

Sporormiella, Podospora and Cercophora occurred during HE events (Fig. 

II.8). Peaks in spore abundances were observed either prior to or after each 

HE event.  
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Figure II.7. Concentration and percentage data for coprophilous fungal 

spores from Lake Petén-Itzá. Sporormiella (red), Podospora 
(golden), Cercophora (yellow). Grey bars highlighting HE 
events.  
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Figure II.8. Concentration of coprophilous fungus during HE events. 

Podospora* and Cercophora* abundances multiplied by 5 and 
10 respectively, Sporormiella abundances showed with not 
exaggeration. HE events highlighted in grey.  

 

 

A visual inspection of charcoal area concentrations derived from 

Correa‐Metrio et al., (2012b) and the Sporormiella concentration curve 

reveal contrasting signals (Fig. II.9). Throughout the PI-6 core, periods with 
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low Sporormiella concentration appear to correspond with increases in 

charcoal area. However, the Spearman-rank correlation test shows the lack 

of association between charcoal abundances and Sporormiella (rho=-0.05, 

p=0.54).  

 No significant correlations were observed between Sporormiella and 

selected palatable taxa. 

 

 

Figure II.9. Comparison of Sporormiella and charcoal time series from 
Petén-Itzá. Sporormiella presented as concentration. Charcoal 
particles (>180 µm) expressed as area. Charcoal graphic 
modified from Correa-Metrio et al., (2012b). 
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DISCUSSION 

 

The analysis of coprophilous fungus in the sediments of Lake Petén-

Itzá showed high abundances of Sporormiella and moderate to low 

concentrations of Podospora and Cercophora. This pattern has been shown 

experimentally, even when spores were incubated, the abundances of 

Podospora and Cercophora remained low (van Asperen et al., 2016).   

Before starting to interpret the data from Lake Petén-Itzá it is 

important to deal with a potential taphonomic issue. Because Sporormiella 

representation has been found to be sensitive to lake size (Raper & Bush, 

2009; Raczka et al., 2016), could the observed trends simply reflect 

changing lake volume? We know from magnetic susceptibility that the level 

of Lake Petén-Itzá changed a great deal. If lake level was the prime 

determinant of the coprophilous fungal signal, Sporormiella abundance 

would peak when magnetic susceptibility was low, but it did not. Not even in 

the deglacial period (18–11 k cal BP) where lake level was varying most 

strongly (Hodell et al., 2008; Escobar et al., 2012) was this pattern observed. 

If anything, the opposite pattern was evident (Fig. II.10). Therefore, lake-

level was not the major driver of the observed changes in this record, and we 

can move on to look at other climatic or biotic factors.  
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Figure II.10. Comparison of lake level fluctuations derived from ostracod 

18O (blue, Escobar et al., 2012), magnetic susceptibility (purple, 
Hodell et al., 2008) and coprophilous fungus abundance (color 
coded) during the deglacial period at Lake Petén-Itzá.  

 
Using Sporormiella as a proxy for megafauna was developed in 

grassland habitats of the western USA (Davis, 1987). In these habitats a >2% 

of the pollen sum threshold gave a good indication of when livestock were 

present. In subsequent studies this threshold has been used to determine the 

functional presence or extinction of Pleistocene megafauna in arctic, 

temperate, and tropical systems (Gill et al., 2009; Rozas-Davila et al., 2016; 
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Robinson et al., 2005; Van Der Kaars et al., 2017; Graham et al., 2016). 

However, the background threshold is subject to the amount of pollen 

produced and accumulated in sediments (Wood & Wilmshurst, 2013; Fiedel, 

2018). Thus, the relative abundance of Sporormiella may be diluted in 

systems where pollen production is very high.  

At Petén-Itzá the dominance of wind-pollinated trees such as Pinus, 

which is known to produce vast amounts of pollen, would swamp the 

potential Sporormiella signal. By excluding Pinus and Quercus from the 

pollen sum, a more sensitive fungal representation results. Whether a 2% 

sum is used in this context or a 1% sum, as used by Raczka et al. (2018), 

makes relatively little difference to the interpretation of data. Because no 

preparatory studies have been conducted on a lake of this size, I prefer not to 

rely heavily on such thresholds, but rather to look at variations in spore 

concentrations. The interpretation of Sporormiella concentrations is 

suggested to be a good alternative when there is doubt about the validity of a 

percentage-based threshold (Perrotti, 2018; Raczka et al., 2018). 

 

HOW DID MEGAFAUNAL POPULATIONS FLUCTUATE IN 

RESPONSE TO THE CLIMATIC EXTREMES WITHIN THE LAST 

ICE AGE?  

Dávila et al. (2019) suggested that the grass-dominated HE events 

may have benefitted Mammuthus and that these times would have provided a 
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‘mammoth corridor’ across the Petén. The coprophilous fungal data from 

Petén-Itzá clearly indicate that the HE events were times of very low 

megafaunal populations, or even that the populations were absent. The 

aridity associated with the HE events caused tree mortality, and species 

replacement with grasses, Celtis and Acacia flourishing. Acacia is nitrogen 

fixer, which is generally an adaptation to low nitrogen availability. Tropical 

forests are generally phosphate limited, but as they become drier they can 

become nitrogen limited (Wang et al., 2014; Pellegrini et al., 2016). These 

systems may have become so dry that they tipped from being in an 

‘accelerating mode’ spurring productivity through rapid nutrient cycling to a 

‘decelerating mode’ (Pastor, 2006) in which slowing nutrient cycling 

lowered megafaunal carrying capacity (Faith, 2011). Thus, a combination of 

low productivity and low-quality forage may have prevented Mammuthus 

from using these habitats even though they were grass-dominated. 

If the abundance of coprophilous fungi are compared with major 

vegetation types, most fungal peaks occurred during wooded or parkland 

conditions (Fig. I.11). The only peaks of fungi that aligned with grassland 

conditions were at c. 30 - 29 and 18 - 17 k BP. A peak of fungi at c 13.8-13.3 

k cal BP was in a mixed assemblage with relatively abundant trees and grass, 

suggesting a parkland setting. All of these grasslands lie at the edge of or 

outside HE events, and may represent transitional times when productivity 

and forage was improving in quantity and quality, but the system had not yet 
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reverted to a wooded state. If these separations were indicative of 

Mammuthus-versus browser-dominated systems, the window of opportunity 

for mammoths to have established populations around Petén-Itzá was even 

more restricted than envisaged by Dávila et al (2019). It appears that the 

majority of coprophilous spores contributing to this record were from 

browsers accessing the Quercus-dominated woodlands. Not all woodlands, 

however, were equally suitable for the megafauna. The portions of the record 

dominated by a mixed Pinus woodland at c. 42–39 k and 24 k BP lack 

coprophilous fungi. Despite of containing palatable taxa (Pinus and 

Poaceae), these woodlands may have been too dense for the megafauna, or 

too fire prone, but were apparently unsuitable.  
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Figure I.11. The paleocological record from Lake Petén-Itzá of coprophilous 

fungi and dominant vegetation types during HE events. Dotted 
lines bounding HE events. Yellow and green bars highlighting 
parkland and woodland conditions respectively. Vegetation 
types from Correa-Metrio et al., 2012a 

 

The finding that the cold-dry times produced landscapes that did not 

suit the megafauna presents a marked contrast to those reported elsewhere.  

In northwestern Europe, in a study spanning the last 60,000 years, faunal 

extinctions tended to coincide with the rapid onset of warm-wet conditions at 

the start of Dansgaard-Oeschger cycles (Cooper et al., 2015). Wet periods 

during the deglacial were linked to megafaunal extinctions in a wide range of 

boreal and Arctic settings (Rabanus-Wallace et al., 2017).  Similarly, Rozas-
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Davila et al., (2016) observed declines in megafaunal abundance that aligned 

with the abrupt deglacial transitions to wet conditions in the Peruvian Andes.  

The only other set of records that provide Sporormiella data from a 

lowland tropical setting are two records from Lakes Mares and Olhos 

D’Agua in south-eastern Brazil (Raczka et al., 2018). Unfortunately, the 

very slow sedimentation during the deglacial at these sites does not allow a 

detailed analysis of population trajectories. The reason for the slow 

sedimentation was that this was a dry time and so it might have been 

expected to have seen strong Sporormiella representation, but the trajectory 

of Sporormiella abundance was downward throughout this period. The only 

deviation from that trend was a doubling of Sporormiella abundance in the 

wet interval associated with the Bølling -Allerød interstadial. Overall, it 

seems that, like Petén-Itzá, in the cerrados of Brazil megafauna were not 

favored by dry conditions. 

It has been argued that one of the real risks of modern climate change 

is its rapidity. Data from speleothems, ice cores and the ocean have 

demonstrated that Pleistocene climates also changed very abruptly. Some 

estimates place the very rapid warming at the end of HEs as being c. 5 oC in 

a decade (McManus et al., 2004), and it was these warmings that led to 

megafaunal extinctions at high latitudes (Cooper et al., 2015). 

Climate change velocities, which is the inferred annual rate of 

migration needed to keep pace with climate change (Loarie et al., 2009), can 
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be calculated from fossil pollen spectra. Based on the proximity of uplands 

that species needing cooler temperatures would have as a source population, 

Correa-Metrio et al., (2013) calculated such rates in the Petén region for the 

last 86,000 years. Between 86 and 60 k cal BP the rates were stable at about 

300 m per year, which are considerably higher than the inferred 80-90 m per 

year estimated for North America (McLachlan et al., 2005). Rates started to 

increase between 60 and 40 k cal BP, but in the last 40 k yr they became 

highly erratic ranging between 120 and 480 m per year (Fig. II.12a). Correa-

Metrio et al. (2013) used this mismatch in the inferred and empirically 

observed migrational rates to argue for the importance of microrefugia in 

facilitating these population trends. 

A visual inspection of (Fig. II.12) revealed that periods of peak 

coprophilous fungal abundance tended to occur during periods of relatively 

low migrational rates. While very high inferred migrational rates 

corresponded to almost or complete absences of the fungal spores. It 

appeared from these data that the megafauna were negatively affected by 

rapid climate change. Most of these rapid events aligned with HEs and a 

sudden loss of grazing quality could have been the causal mechanism forcing 

migration away from the study area. If aridity were the causal stress, then 

migration northwards into a drier zone would not have been an option. 

Migration southwards or westwards into the mountains was probably the 

most likely route to find better food. Because the Yucatan is so flat, the 
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animals would have had to move a substantial distance, i.e. >100 km to find 

markedly different habitats. 

 

 

 

 

 

 

 

 

 

 

Figure II.12. Climate change velocities and abundances of coprophilous 
fungus for Lake Petén-Itzá over the last 40,000 years. Panel a) 
climate change velocities expressed as probability density 
function of temperature change with red and blue colors 
representing maximum and minimum probabilities respectively. 
Panel b) Concentration of coprophilous fungus showing 
Sporormiella (red), Podospora (gold), and Cercophora 
(yellow). Dashed purple boxes marking periods of rapid climate 
change and low abundances of dung spores. Panel a) was 
modified from Correa-Metrio et al., 2013. 

 

DID CLIMATE OR PEOPLE INDUCE THE MEGAFAUNAL 

EXTINCTION AT LAKE PETÉN-ITZÁ? 

A growing consensus suggests that megafaunal population collapses 

were complex, playing out over tens of thousands of years, but there is a 
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common finding that the survivors were eliminated by people. At Petén-Itzá 

each of the HE events could have been a time when species were lost from 

the fauna, either through total, regional, or purely local extinction. In looking 

for the final signal of megafaunal loss the record suggests two potential 

times. One is at 13.3 k cal BP and the other at 8.5 k cal BP. The 13.2 k cal 

BP decline took place during a period when megafaunal populations had 

been consistently present during a wet period. The population collapse 

occurs just before a rapid transition to a drier system. It is possible that the 

system was flickering before tipping to a new state (sensu Wang et al., 

2012), and that these changes are undetected in the paleoecological record. 

Alternatively, the timing of this loss of megafauna is squarely within the 

period when humans should have been moving through Central America. 

There is no clear uptick in fire activity or other key marker of human 

involvement.  

The megafauna were lost from the Petén-Itzá record for almost 3k yrs 

until a cluster of samples appeared that contained coprophilous fungi around 

c. 10.3 until 8.5 k cal BP. The vegetation at this time is the modern seasonal 

forest, and so it was possible that if this late cluster did reflect megafauna it 

was either a woodland species that survived later than those known from 

paleontological records or is a record of species that are still extant, e.g. tapir 

and deer. On present evidence we cannot make a definitive statement about 

the involvement of humans in the extinction of megafauna in Guatemala.  
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CONCLUSIONS 

 

Three different coprophilous fungi provided a 42k-yr history of 

megafaunal response to vegetation and climate change. The Petén-Itzá 

megafaunal record revealed strong responses to climate but with population 

declines or abandonment during cold, dry events these were of the opposite 

signature to those found in colder locations. One possibility was that these 

warm, dry locations may have become nitrogen-limiting, which in turn 

limited productivity and carrying capacity. The majority of megafaunal 

occurrences were during times when Quercus-dominated woodlands were an 

important landscape component, but megafauna were absent when Pinus was 

dominant. 

The megafauna were negatively affected by rapid climate change, 

and the accelerating severity of those changes in the late glacial are likely to 

have played a role in at least some extinctions. Two ages stand out as times 

when megafauna may have gone extinct 13.3 k BP for the Quercus-

dominated habitats, and 8.5 k BP for the seasonal tropical forest. That 

humans played a direct role in these extinctions is likely, but it cannot be 

demonstrated from this record. 
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CHAPTER III 

27,000 YEARS HISTORY OF CLIMATE CHANGE AND 

MEGAFAUNA IN THE CUSCO REGION 

INTRODUCTION 

The collapse of megafaunal (animals weighing > 50 kg) populations 

at the end of the last ice-age in the Americas has been linked to substantial 

ecosystem change (Gill et al., 2009; Rozas-Davila et al., 2016). A persistent 

question has been the relative roles of climate change and people in the 

extinction of the megafauna. In the northern latitudes, the extinction event 

coincided with strong warming, forest expansion, the occurrence of no-

analog floras, and increased fire frequency (Gill et al., 2009). A similar 

pattern was described for settings within the modern Andean forest biome 

(Rozas-Davila et al., 2016; Raczka et al., 2019). At Lake Pacucha, the loss 

of megafauna was shown to be the result of a series of population declines 

that began as early as 21 thousands of calibrated radiocarbon years before 

present (hereafter k cal BP, Rozas-Davila et al., 2016). Abrupt warm and wet 

events appeared to be catastrophic to at least some of the species present, a 

finding consistent with studies in Europe and North America (Gill et al., 

2009; Cooper et al., 2015). That early decline was followed by a partial 

recovery but foreshadowed an overall slide toward extinction. Within this 

pattern, an increase in charcoal is evident at c. 15.8 k cal BP and is 

interpreted to reflect humans arriving in the high Andes. Thus, while the 
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decline of Andean megafauna began with abrupt climate change it ended 

amid fire and hunting-pressure created by humans (Rozas-Davila et al., 

2016). In southern Chile, there was no evaluation of the floral response but 

the collapse of megafauna at c. 12.5 k cal BP was suggested to be the result 

of a synergy between climate change and human arrival (Metcalf et al., 

2016). Despite commonalities in ecological pattern, the onset of the 

population declines leading to extinction ranged from 15.6 to 12.5 k cal BP. 

In the cerrado vegetation of southeastern Brazil, the extinction event also fell 

within this range at 12.8 k cal BP. Like the Andes, the extinctions coincided 

with increased fire occurrences, but although the entire late glacial period 

was a time of non-analog floras, the loss of megafauna did not result in a 

very strong change in vegetation cover in this part of Brazil (Raczka et al., 

2018). 

More data detailing the megafaunal extinction event are needed from 

all settings in South America, but as hypotheses are begging to be answered 

regarding the death of the megafauna, there is growing interest in how they 

lived. Although it is known that some of the megafauna were woodland 

dwellers (MacFadden, 2006) it appears from all the available paleoecological 

records that the strongest representation of the megafauna was in the 

grasslands or parkland settings rather than in forested landscapes (Webb & 

Rancy, 1996; Webb & Barnosky, 1989; MacFadden & Shockey, 1997). 

When the extinction occurred, an ecological vacuum would have been 
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created as most large browsers and grazers were lost from the ecosystems. 

An uptick in evolutionary pace has been suggested as species responded to 

newly available niche space (Smith et al., 2018), but it may also have been 

simply optimal to be one of the surviving species as competition was 

reduced. 

In the high Andes of Peru, very limited data exist on the diversity of 

megafauna that lived in the terminal Pleistocene. The bones of a wide variety 

of large herbivores such as glyptodonts (Kalafatovich, 1955; Marshall et al., 

1984), have been found there, but as none has been dated it is not known if 

they survived prior interglacial or interstadials (sensu Wroe et al.,2006). We 

know even less about the abundance of these animals than about their 

extinction. Were the highland grasslands a Serengeti-like environment in 

which relatively large herds of animals ranged across the region, with 

modern counterparts being bison or African elephants? Alternatively, were 

the Andean megafauna more akin to the solitary or family-sized groups of 

south-east Asian modern megafauna, e.g., Indian elephant, white rhino, and 

Banteng cattle? 

When megaherbivores are abundant they become ecosystem 

engineers: African elephants smash trees and maintain open grasslands 

(Marchant, 2010; Asner et al., 2016), bison reduce the height of grasses and 

biomass, thereby reducing fuel-load and fire frequency (Fuhlendorf et al., 

2009), whereas wildebeest and zebra exert different grazing pressures 
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favoring grasses or forbs (McNaughton, 1985). It has been estimated that 

large megafaunal populations of the past altered nutrient budgets (Doughty 

et al., 2013; Doughty et al., 2016), methane fluxes (Smith et al., 2016), and 

permafrost depths in Alaska (Doughty et al., 2010). At lower population 

densities these effects would be reduced, perhaps eliminated, and so in 

coming to an understanding of the Pleistocene world, gleaning any 

information about megafaunal population size is valuable. 

Another important, but understudied area is the conditions under 

which some animals survived the initial extinction event. While the majority 

of the megafaunal species are thought to have died out within the 

Pleistocene, a few fossils of extinct South American megafauna have been 

dated as late as 8 k cal BP (Barnosky & Lindsey, 2010). Camelids and tapir 

were the only ones to survive into modern times, and they have disparate 

niche requirements: camelids in high grasslands and tapir in mesic forest. Of 

the four genera that survived into the Holocene, but went extinct soon after, 

their ecology is poorly known. Smilodon (sabre-toothed tiger) was an 

ambush predator that specialized in open-ground herbivores (Bocherens et 

al., 2016). Glyptodon in the genus Doedicurus and two giant ground sloths 

Catonyx and Megatherium were all tolerant of a broad range of conditions 

(Mcdonald & Perea, 2002), and it was perhaps such generalist tendencies 

that permitted late survival. Of these four, the only Holocene fossil known 

from Peru is Catonyx, which was recovered from a dry coastal setting; none 
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is known to have survived until the Holocene in the Andes (Barnosky & 

Lindsey, 2010; Villavicencio & Werdelin, 2018).  

Here I present a 26,000-year record from Lake Qoricocha that spans 

the 10,000 years prior to human arrival in the Andes, the decline of 

megafauna, the rise of pastoralism, and the climatic changes from full glacial 

to modern conditions. Prior, megafaunal evidence in this region is sparse, but 

undated bones of Gliptodontidae have been found in the vicinity of Lake 

Qoricocha. 
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STUDY SITE 

Lake Qoricocha is located 13˚25’55” S, 71˚57’18” W at 4000 m 

above the sea level in a small mountain range that separates the Cusco and 

Vilcanota valleys in the Western cordillera of the Peruvian Andes. The range 

is composed of sandstone interspersed with reddish-sedimentary rocks 

(Carlotto et al., 1996). The lake is a closed system without any inlets or 

outlets. The surface area of the lake is approximately 1.39 km2 and the lake 

has a maximum depth of 20 m. The lake margins shelve gradually across 

broad shallows 0.2–0.4 m depth before deepening more rapidly (Fig III.1).  

 

 

Figure III.1. Location and bathymetry of Lake Qoricocha, Peru. Inset map 
showing the geographic location of Lake Qoricocha (red circle) 
in relation to South America. Bathymetric map in blue ramp 
with darkest blue representing maximum depth (20 m).  The 
yellow circle marks the coring site. Dashed-line and red line 
marking the lake catchment and elevation respectively.    
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Mean annual precipitation reported from the closest weather station is 

631 mm yr-1 (Perry et al., 2014) with > 80% of the rain falling during the 

austral summer (December-March). Mean annual temperature is 11.9 ºC, but 

frost is common at night.  

The modern vegetation is dominated by a variety of grasses 

(Aciachne spp., Calamagrostis spp,, Festuca spp,, Agrostis spp., Bromus 

spp.) and sedges (Cyperaceae). Herbs and forbs from the families 

Asteraceae, Valerianaceae, Caryophyllaceae, Rosaceae, and Campanulaceae 

are present in lower abundances than the grasses. The smooth morphology of 

the terrain surrounding the lake allow the formation of bofedales (i.e., bog-

like communities) where members of the families Plantaginaceae, 

Gentianaceae, and Brassicaceae form cushions. Domesticated llamas, 

alpacas, and sheep graze in the area. A small area of the knoll to the east of 

the lake still produces potatoes, but abandoned terraces suggest more 

widespread agricultural efforts in the past. The earliest evidence of 

agriculture in the area goes back to 4–3 k cal BP (Chepstow-Lusty, 2011; 

Mosblech et al., 2012), but terracing expanded under Wari (c. A.D. 700-

1100) and Incan (c. 1400-1534) rule (Mitchell, 1985; Guillet et al., 1987; 

Bergh & Castillo, 2012). 
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METHODOLOGY 

 

Using a modified Colinvaux-Vohnout piston corer (Colinvaux et al., 

1999) two sediment cores (QO2, QO3) were raised from Lake Qoricocha in 

the summer of 2016. The coring rig was deployed from an anchored platform 

in approximately 15 m of water. The coring site was located about 500 m 

from the northeast shore in a flat section of the lake basin. Three, one-meter 

long drives were recovered from QO2, and 5 from QO3. All drives were 

sealed and shipped to the Florida Institute of Technology for further analysis. 

Analysis of ancient DNA (aDNA) was one of the priorities for this set of 

cores. Protocols dictated that cores should be split, measured, and 

photographed at high resolution to create a composite core. This process 

requires long exposure to room temperatures in non-sterilized conditions, 

which would be unsuitable for aDNA recovery and increase the potential for 

cross contamination of DNA fragments. Thus, I opted to align and visually 

correlate the cores to minimize the exposure of sediments to harmful 

conditions. The correlation between cores QO2 and QO3 was based on a 

series of organic and clay bands containing black particles. The result of the 

visual correlation was a 5 m-long composite core (QO-2016). After the 

correlation, the sediment was sliced at 1-cm intervals, with each sample 

being bagged individually. The material was shipped to the McMaster 

University Ancient DNA Center in Canada for aDNA sampling and analysis 
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under the supervision of Dr. Hendrik Poinar. Analysis of pollen and non-

pollen palynomorphs covered in this chapter were conducted on the residual 

material. The chronology for Lake Qoricocha was developed using 10 

accelerator mass spectrometry (AMS) C14 dates derived from bulk organic 

sediment subsamples. Ages were calibrated using SHcal13 curves (Hogg et 

al 2013). A depth-age model was built using Bacon (Blaauw et al., 2019) 

software in the R environment (R Core Team, 2018). Bacon produces a 

depth-age model based on accumulation rates calculated using Bayesian 

analysis.  

Pollen and Sporormiella analyses were based on the analysis of 148 

samples. The samples were taken at ~200-year resolution and ~70-year 

resolutions for QO3 and QO2, respectively. I chose to increase the resolution 

in core QO2 to detect: 1) the background input of Sporormiella in the 

absence of megafauna, and 2) the onset of pastoralism in the area. Samples 

of 0.5 cm3 were processed using standard protocols for pollen analysis 

(Faegri & Iversen, 1989). A spike of exotic Lycopodium spore was added at 

the beginning of the process to estimate pollen concentration (Stockmarr, 

1971) and influx. Processed samples were mounted using glycerol and 

safranin stain. Counts were made at 640 x magnification using a Zeiss-

Axioskop photomicroscope. The target value for each sample was 300 

terrestrial pollen grains or 2000 Lycopodium spores in samples with low 

pollen concentrations. Pollen types were identified using the Neotropical 
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pollen database (Bush & Weng, 2007), which contains more than 5000 

species. Sporormiella spores were counted alongside pollen and expressed as 

concentration (spores per cm3) or % of the pollen sum (Davis & Shafer, 

2006). 

 The analysis of diatoms was constrained to the 26.3–8.3 k cal BP 

period (Core QO3) to evaluate the impact of lake-level fluctuations on the 

Sporormiella signal (Raper & Bush, 2009). A total of 86 samples were taken 

at ~200-year resolution and processed following standard procedures 

(Battarbee, 1986). Prepared samples were mounted in Naphrax and observed 

under 1000 x magnification using a Zeiss Axioskop. Counts were made until 

400 frustules were reached. 

The analysis of charcoal particles was carried out at 1-cm resolution 

for both QO2 and QO3 cores. Samples of 0.5 cm3 were treated using 

NO4P2O7 (modified Clark & Patterson, 1997). Sodium Pyrophosphate 

(NO4P2O7) is a potent deflocculant that has no negative effects on charcoal 

preservation. After treatment, the resulting slurry was cleaned with water and 

sieved using a 180 µm mesh. The remaining material was placed in a petri 

dish for observation. Charcoal particles were separated from organic and 

inorganic debris using an Olympus stereo macroscope. Cleaned particles 

were photographed at 20x magnification and the area of the particles 

calculated using the software ImageJ (Rasband, 2005). 
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Loss-on-ignition analysis (LOI) was used to determine the organic, 

CO3, and silica content of the sediment following a modified version of Dean 

(1974). LOI analysis was conducted in 0.5 cm3 samples at 1 cm resolution 

for cores QO2 and QO3 (N = 488). Samples were placed in dry crucibles and 

exposed to 105˚, 550˚and 950 ˚C temperatures at intervals of 12, 4, and 2 

hours respectively. The weight differences were used to estimate the % 

weight of each component (Heiri et al., 2001). 

CONISS (Grimm, 1987) was used to identify zones in the fossil 

pollen data, and Detrended Correspondence Analysis (DCA, Hill (1979) was 

used to identify trends in vegetation community change. The DCA analysis 

was based on pollen percentages of 148 samples and pollen types that 

attained >5% of abundance in at least one sample and types present in ≥ 10 

samples (Birks & Gordon, 1985), resulting in the inclusion of 41 terrestrial 

pollen types. Euclidean distances were calculated as the distance between 

DCA scores of each sample relative to the basal sample (Orlóci et al., 2002; 

Urrego et al., 2009; Correa-Metrio et al., 2012a). 

Stratigraphically constrained cluster analysis (CONISS, Grimm 

(1987) was used to identified possible zones in the diatom data. The 

ecological separation of the zones was accomplished through DCA analysis 

in a matrix constituted by 83 samples and 31 diatoms species per sample. 

Euclidean distances of the first three axes of the DCA, as for the pollen, were 

used to determine changes in diatoms communities. 
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The percentages and concentrations of fungus associated with dung, 

Sporormiella, Podospora, and Cercorphora were compared with fossil 

pollen and diatom time-series to address possible influences of megafauna in 

the terrestrial and aquatic systems. Visual inspection and Spearman rank 

correlation test were performed to determine the association between 

Sporormiella and charcoal particles.  

All statistical analyses were conducted in the software R (R Core  

Team, 2018) using packages “rioja” (Juggins, 2017) , and “vegan” (Oksanen 

et al., 2019). Proxies and analysis results were plotted in C2 (Juggins, 1991). 
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RESULTS 

AGE MODEL AND SEDIMENT STRATIGRAPHY 

From c. 490-301 cm the sediments were composed of silty clays with 

irregular laminations (Fig III.2). Between 300 and 183 cm the sediment was 

darker and more organic than other sections of the core, though still rich in 

clays and silts. A clay-rich band with soft black particles was found between 

182 and 178 cm. The uppermost band (177- 162 cm) in QO3 was similar in 

color (dark brown) and content (macrophytes) to the bottom-band from QO2.  

 

Figure III.2. Age model, sedimentation rates, and stratigraphy from Lake 
Qoricocha, Peru. Panel A) bottom-right: QO2 age-model based 
on three 14C dates obtained; top-left: QO3 age-model based on 
seven 14C dates. Both Age models were obtained using Bacon 
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(Blaauw et al., 2019). Purple shadows represent calibrated 14C 
dates. Stippled lines show 95% confidence intervals based on 
1000 iterations. Red curve shows the best model for each core 
based on weighted mean age for each depth. In QO3 age-depth 
model was corrected (orange line) using linear interpolation. 
Panel B) Stratigraphy for QO2 (right), and QO3(left). O-C: 
organic with clays; O-M: organic with macrophyts, C-S: clays 
and silts. Stars mark sediments containing black particles. 

 

Three radiocarbon dates from QO2 indicated that the upper 160 cm 

of the core spanned the period from 1.2–7.0 k cal BP period (Table III.1). 

The sedimentation rate was 0.27 mm yr-1 across the core (Figure III.2). The 

sediment was characterized by a series of green-brownish bands with high 

content of organic and clay material. The sediment was poorly consolidated 

in the first 20 cm. The 140 - 160 cm band was rich in macrophytes (Figure 

III.2).  
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Table III.1 Radiocarbon dates and calibrated ages for Lake Qoricocha. 
Radiocarbon dates were calibrated using SHcal13 curves in 
Bacon (Blaauw et al., 2019).  

 

 

A series of brownish bands characterized core QO3 (160–490 cm) 

(Figure III.2). The results of 7 radiocarbon dates from core QO3 indicated that 

the 192–490 cm section spanned the 7.5–26.3 k cal BP period (Table III.1). 

The radiocarbon dates showed no reversals and all dates were accepted for 

constructing a chronology. Rapid sedimentation rates were observed at the top 

(192–232 cm, 0.39 mm yr-1) and in the middle (342–436 cm, 0.23 mmyr-1) of 

the core. Such low sedimentation rates (0.07 mm yr-1) were observed in the 

232–291 cm section (Figure III.2), that a hiatus was suspected. Biotic data 

were used to identify a major transition in all proxy data at 237 cm consistent 

Lab ID Depth 
(cm) C14 ages Standard 

deviation 

Calibrated C14 ages 

MIN. MAX. MEAN 

QO2.2 2 1650 15 1429 1613 1547 

QO2-78 78 3920 20 4236 4441 4351 

QO2-154 154 6190 25 6786 7136 7023 

QO3-192 192 6420 45 7063 7436.4 7318.6 

QO3-230 230 7250 65 7917 9297.6 8249.6 

QO3-291 291 14500 190 14950.4 17780.9 16808.6 

QO-342 342 16450 120 19252.3 20185.9 19785.2 

QO3-394 394 17800 310 21143.1 22430.7 21796.9 

QO3-436 436 19550 340 22961.4 24407.5 23674.7 

QO3-490 490 22000 470 25381.1 27285.2 26.337 
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with a temporal discontinuity. Thus, the hiatus was set between 13.8 and 8.3 

k cal BP. 

Although the combined radiocarbon dates from cores QO2 and QO3 

fit in a coherent stratigraphic order, I did not combine the dates into a single 

chronology and in all diagrams a divider identifies the transition between 

cores. 

 

DIATOM-BASED ZONATION  

The CONISS cluster analysis of diatom data identified two zones  

(QOD-I, and QOD-II) for the period constrained between 26.3 and 8.3 k cal 

BP. Two additional subzones were identified within Zone QOD-1 (Figure 

III.3). 

DIATOM SUBZONE QOD-I.a 488–337 cm (26.3–19.4 k cal BP) 

The section was characterized by high abundances of benthic 

diatoms. The bottom (26.3–24 k cal BP) of the section was dominated by 

Nitzschia and Gomphonema which combined abundances accounted for 40% 

of the total of diatoms. Cocconeis and Cavinula dominated the assemblage 

for the 24–21.1 k cal BP period. Gomphonema and Nitzschia regained 

dominance after 21 k cal BP with Gomphonema peaking 48% at 21 k cal BP, 

and Nitzschia reaching 39% at 20.3 k cal BP. Small peaks (10%) of 

planktonic (Aulacoseira and Discostella), and tycoplanktonic (Staurosira 

construens) diatoms were observed at 23.3 k cal BP.  
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DIATOM SUBZONE QOD-I.b 337–239 cm (19.4–13.8 k cal BP)  

Benthic diatoms accounted for almost 98% of the abundance with 

Cocconeis placentula (22 - 45%), C. klamathensis (6 - 22%), and Cavinula 

scuitiformis (3 - 29%) dominating the entire section. Gomphonema and 

Nitzschia abundances remained <10%. Planktonic types account for less than 

10% of the diatom abundance. The complex Staurosira, Staurosirella and 

Fragilaria showed a brief increase at 17.3 k cal BP. Aulocoseira began to 

increase at 15 k cal BP and gained maximum abundance of 60% at 13.8 k cal 

BP. 

DIATOM ZONE QOD-I 235–162 cm (8.5–8.3 k cal BP)  

This zone was characterized by a spike of planktonic diatoms with the 

exception of Discostella. The two species of Cocconeis declined in abundance, 

whereas Cavinula scutiformis peaked in the zone.  
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Figure III.3. Diatom abundances and sediment components at Lake 
Qoricocha, Peru. Dark-blue and turquoise silhouettes 
representing planktonic and benthic diatoms respectively. 
Black-dashed line demarking diatom zonation. Organic, 
carbonate and silica components in black.   
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DCA ORDINATION AND EUCLIDEAN DISTANCES FOR DIATOMS 

Detrended Correspondence Analysis was run on 71 diatom samples 

filtered down to 31 taxa. The eigenvalues for the first 3 axes were 0.261, 

0.159 and 0.081 respectively. The Holocene and Pleistocene samples were 

clearly separated in the first axis of the DCA plot (Fig. III.4). Samples from 

the early (~18 to 26.3 k cal BP) and late Pleistocene (<18 kcal BP) were also 

segregated on the second axis of the DCA with little overlap. 

. 

 

 

 

 

 

 

 

 

 

 

Figure III.4 Detrended Corresponded Analysis of diatoms from Lake 
Qoricocha. Open green-squares samples corresponding to 
Pleistocene samples (26.3 - 18 k cal BP). Red circles showing 
samples from the Holocene.   

 



 
 

83 

The Axis 1 scores plotted against time showed scores ranging between 

0 and 0.5 standard deviations of species turnover during the 26.5–13.8 k cal 

BP period (Figure III.5). The largest peak was observed at 17.2 k cal BP and 

was driven by increases in planktonic diatoms (Staurosira contruens, 

Staurosirella leptostauron, and the complex Fragillaria-Fragilarimorpha). 

Euclidean distances changed from 0.5 to 1.5 at 20 kcal BP. Species turnover 

values fell back to 0.5 SD after 20.5 k cal BP. A second peak in Euclidean 

distance (1 SD) was observed at 15 kcal BP. After the hiatus the values spiked 

to 2 standard deviations of species turnover. 

 

 

 

Figure III.5. Summary diagram showing the sum of planktonic diatoms (dark-
blue), sum of benthic diatoms (turquoise), DCA Axis-1scores, 
Euclidean distances for the first 3-axes, sediment composition 
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including organic, carbonates, and silica derived from LOI 
analysis, and summer insolation calculated for 13ºS using 
AnalySeries (Paillard et al., 1996).    

 

FOSSIL POLLEN AND CHARCOAL ZONATION  

Building on the chronology of the 10 calibrated ages, the pollen data 

from cores QO2 and QO3 were pooled into a single matrix that contained 

148 samples and 41 pollen types. The CONISS cluster analysis segregated 

the samples into two zones (QO-I, and QO-II) that did not reflect the 

transition between cores, i.e., it was not an artifact of the coring. The 

analysis showed the presence of two additional subzones in zone QO-II 

(Figure III.6).  

POLLEN ZONE QO-1.A: 488–320 cm (26.3–17.2 k cal BP) 

Pollen concentration ranges between 5900 and 13,800 grains/cm3. 

Poaceae dominates the pollen spectra with 35% of abundance, followed by 

Asteraceae (20%), Polylepis (10%), and Alnus (10%). Among the forbs 

Plantago (7%), Caryophyllaceae (6%), Amaranthaceae (6%), and 

Brassicaceae (5%) constitute the most abundant taxa. The abundance of 

Asteraceae declines steadily from 20% at 20 k cal BP to 8 % at 13.8 k cal 

BP. Vallea abundances remain < 2%, but reached 11% at 18.7 k cal BP. 

Pollen from the Urticaceae-Moraceae complex showed a 3-fold increase at 

23.3 k cal BP. Pediastrum and Isoëtes are absent in the section, but charcoal 

particles < 0.2 mm/cm3 are present. The abundance of silica ranges from 76–

97% while organic content is 3–23%.  
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Figure III.6. Summary diagram for Lake Qoricocha showing relative 
abundances of fossil pollen, aquatic spores, charcoal particles 
(>180 µm), abundances of organic, carbonates and silica 
content, and 13ºS solar insolation curve. Red triangle marking 
core separation.    
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Continue from figure III.6 

 

 

POLLEN ZONE QO-1.B: 488–320 cm (- 17.2–13.8 k cal BP) 

Poaceae still dominated the pollen spectra with abundances ranging 

from 20 to 53%. Polylepis and Asteraceae open the section with 0.3 and 2% 

respectively, but rebound to previous values after 17 k cal BP. Alnus remained 

< 3% across the section. Asteraceae experienced a steady decline from 12% at 

16.7 k cal BP to 6 % at 13.8 k cal BP. Plantago reached its maximum 

abundance (6-11%) during this period. Caryophyllaceae, Brassicaceae and 

Amaranthaceae declined to < 3%. An abrupt peak of 9% in Acalypha was 

observed at 17.1 k cal BP, prior to this date the values were < 2%. Podocarpus 

was largely absent in the record. Low abundances of Myriophyllum (< 1%) 

were observed in the section and Pediastrum was absent. A peak in charcoal 
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particles was observed at 16.1 k cal BP. By 14 k cal BP the amount of charcoal 

particles doubled. Pollen concentrations spiked to 40,000 grains/cm3 at 17.1 k 

cal BP, but declined to 20,000 at 16.8 k cal BP. The content of silica steadily 

declined towards the top of the section (from 80 to 56%), whereas the organic 

content increased up to 41%. Carbonates (CO3) ranged from 0.2 and 2.2%. 

 

POLLEN ZONE QO-2.A: 488 – 320 cm (8.4 – 2.6 k cal BP) 

The section was marked by an increased abundance of Poaceae (53–71%), 

and a sharp decline in Polylepis abundances (< 1.5%). Alnus was almost 

absent in the first part of the section (8.4–4.6 k cal BP), and only gained 

abundance (1–4%) after 4.6 k cal BP. Hedyosmum occurred at low 

abundances (< 1%) in this section, with peaks of 3% at 2.9 and 3.7 k cal BP. 

Acalypha ranged from 4 to 10% during the 8.9- 3.8 k cal BP period, but 

began to decline after 3.8 k cal BP. Podocarpus was largely absent in the 

record reaching a maximum abundance (2.5%) in this section. Cyperaceae, 

an indicator of wetlands, increased up to 6%. Asteraceae, Melastomataceae, 

Ericaceae and Vallea exhibited their lowest abundances for the entire core.  

Plantago abundances rapidly declined after 5.5 k cal BP. A decline in 

Amaranthaceae abundance coincided with the appearance of Zea mays 

(maize) at 4.09 k cal BP (1.5%). Peaks of maize of 0.7% and 0.3% were 

observed at 4.01 and 3.9 k cal BP, respectively. Pediastrum (46%) appeared 

in the system at 7.1 k cal BP and was present at high abundances (3–57%) 
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until 5.9 k cal BP. Pediastrum disappeared from the record between 5.8 and 

5.1 k cal BP, but appeared again at low abundances (< 8%) during the 5-2.6 

k cal BP period. Peaks with high abundances of Pediastrum (22–122%) were 

observed between 4.3–4.1 k cal BP period, and at 3 k cal BP (17%). 

Myriophyllum was mostly absent and when present remained <0.5%. 

Charcoal exhibited a 5-fold increase between 8.9 and 8 k cal BP. An increase 

in organic content accompanied the charcoal surge. The abundance of 

organic content became more erratic during the 7–2.6 k cal BP period. Silica 

content declined at the bottom of the section, but began to increase again 

after 6 k cal BP.   

POLLEN SUBZONE QO-2. B 2 32–2 cm (2.6–1.5 k cal BP) 

The subzone exhibited a decline in pollen concentration from 41,000 to 

27,500 grains/cm3. Poaceae abundances fell below 56%. Polylepis, 

Podocarpus, and Hedyosmum remained <1%. Acalypha exhibited its highest 

values (10 to 18%) for the entire core. Ambrosia and Alnus increased up to 6 

and 8% respectively. Plantago, Brassicaceae and Amaranthaceae 

abundances declined. Caryophyllaceae increased from 0.3 to 5.3 %. 

Cyperaceae retained abundances similar to those observed in the previous 

subzone. Pediastrum increased from 1% at the bottom to 96% at the top of 

the section. Myriophyllum was present in most of the samples but remained 

below 1.2%. The largest peaks of charcoal (2.2–9.7 mm2/cm3) were observed 

between the 2.6–2.27 k cal BP period. Most of the section contained charcoal 
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particles < 2 mm2/cm3. The organic content fluctuated between 15–35% 

across the section. An 86% peak in organic content was observed at 1.75 k 

cal BP.  

DCA ORDINATION AND EUCLIDEAN DISTANCES FOR POLLEN  

Detrended Correspondence Analysis was run on 148 samples from 

Lake Qoricocha using a total of 41 taxa. The eigenvalues of the first axes 

(0.210) explained >5 times the variance of the second (0.046) and third axis 

(~10 times; 0.022). The DCA Axis-1 clearly separated the samples that 

belong to the Pleistocene from the ones in the Holocene (Figure III.7). DCA 

Axis-2 further grouped the Pleistocene samples into those belonging the 

early (26.3 to 18 k cal BP) and late Pleistocene (<18 k cal BP). 



 
 

90 

 

Figure III.7. Detrended Correspondence Analysis (DCA) of fossil pollen for 
Lake Qoricocha. (Golden) early Pleistocene samples, (Yellow) 
late Pleistocene samples, (Green) mid-Holocene samples, 
(Olive) late Holocene samples. 

 

The Axis-1 scores plotted against time showed moderately high 

scores during the 26.3–13.8 k cal BP period with a tendency to decline after 

19 k cal BP (Figure III.8). Low Axis-1 scores were observed from 8.4 to 1.5 

k cal BP. The scores from Axis-2 showed the opposite trend, with a rapid 

increase in scores at 19 k cal BP, and moderate values between 8.4 and 2.5 k 

cal BP with a tendency to decline after 3 k cal BP. The Euclidean distances 
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relative to the basal sample and plotted against time showed distances 

ranging from 0.2–0.8 during the 26.3–13.8 k cal BP period, with values 

increasing after 18.2 k cal BP and peaking at 17.1 k cal BP. For the 8.4–1.5 k 

cal BP period Euclidean distances were above 1 SD. 

 

Figure III.8. Composite graphic showing statistical analyses of fossil pollen 
from Lake Qoricocha accompanied by charcoal data, and 
insolation curve for 13ºS. 

 

ANALYSIS OF COPROPHILOUS FUNGI 

Three genera of coprophilous fungi (Sporormiella, Cercorphora and 

Podospora) were found in the sediments of Lake Qoricocha. Among them, 

Sporormiella was the most abundant in terms of concentration and relative 

abundance, followed by Podospora. The curves of Sporormiella percentage 

and concentration displayed three phases (Figure III.9). 
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PHASE 1 (26.3–19.5 k cal BP). Sporormiella concentration fluctuated 

between 600-1500 grains/cm3 with an average of 976 spores/cm3. The 

percentages ranged from 5 to 22%. This phase starts with low values of 

Sporormiella that increase towards 22.2 k cal BP (1500 spore/cm3). After 

22.2 k cal BP Sporormiella decline for 1700 years reaching a minimum 

value of 500 spores/cm3 at 18 k cal BP. The phase ends with signs of 

increases in Sporormiella abundance. Podospora concentration ranged from 

0–259 spores/cm-3 and the relative abundance remained <2.6%. Cercorphora 

was absent throughout the phase.  

 

PHASE II (19.5–13.8 k cal BP). Average Sporormiella concentration was 

500 spore/cm3 and percentages ranged between 2% and 18%. Maximum 

Sporormiella concentration (1400 spores/cm3) was attained at 19 k cal BP. 

Over the next 2500 years Sporormiella fluctuated between 700 and 1400 

spores/cm3. After 16.5 k cal BP the concentration steadily decline, falling to 

400 spores/cm3 at 13.8 k cal BP. The phase ends with Sporormiella values of 

2.5%. Podospora concentration declined to <63% spores/cm3 or an 

equivalent to <0.6% of the pollen sum. Cercorphora was present in only 2 

samples at 0.3% of the pollen sum.  
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Figure III.9. Coprophilous fungi detected at Lake Qoricocha presented as 
concentration (spore/cm3), and relative abundance in relation to 
terrestrial pollen sum (%). Dashed-line demarking phases I and 
II. Red triangle marking separation of cores QO2 and QO3.   

 

PHASE III (8.4 – 1.5 kcal BP). The phase starts with low Sporormiella 

concentration (400 spore/cm3), and <2 % relative abundances. Spore 

concentration fluctuated greatly between 7 and 1.5 k cal BP with multiple 

highs and lows. Maximum peaks of Sporormiella (1000 spores/cm3) were 

observed at 3.8 and 1.5 k cal BP. Values of >2% are observed after 1.6 k cal 

BP. Between c. 8.4 and 6.4 k cal BP concentrations of Podospora increased 
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from 0 to 1000 spores/cm3. Cercorphora concentrations trend upwards 

towards the top of the phase, but the relative abundance remained < 1%. 
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DISCUSSION 

 

This record provides a 26,000-year history of landscape change from 

the modern puna region of Southern Peru. A temporal hiatus in deposition 

interrupts the record between 13.8 and c. 8.4 k cal BP. Although the 

landscape around Qoricocha is glaciated, that activity probably occurred 

during the stadial of MIS 4, i.e., much earlier in the last ice-age than in the 

LGM (Mercer & Palacios M., 1977; Goodman et al., 2001; Bush, 2002). The 

absence of moraines and the near continuous sedimentation of pollen at Lake 

Qoricocha supports the glaciological inference that glaciers did not descend 

into this landscape at the LGM. Because this valley system was not ice-

covered at the peak of the last glacial, the Qoricocha sediments are unusual 

in that they are not heavily diluted by glacial outwash. Consequently, even in 

the full glacial, pollen samples are countable and provide unusual insights 

into the local vegetational history. Fossil diatom and limnological data 

provide some independent assessments of climatic change. 

 

ENVIRONMENTAL INTERPRETATIONS BASED ON 

LIMNOLOGICAL CHARACTERISTICS. 

The low Planktonic-Benthic ratio (P:B) from the Pleistocene of Lake 

Qoricocha suggest the presence of a shallow lake (i.e., >90% benthic 

diatoms: (Fig. II.5). Multiple paleoclimatic reconstructions from the tropical 
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Andes show the full glacial and early deglacial periods to have been a time 

of varying lake level (Tapia et al., 2006; Hillyer et al., 2009) including 

marked highstands such as those of paleolakes Minchin (ending about 22 k 

BP) and Tauca, which peaked around 16.2 and ended about 14.2 k cal BP 

(Blard et al., 2011; Placzek et al., 2011). Reduced evaporation under cold 

conditions and an enhanced South American summer monsoon (Baker et al., 

2001; Seltzer et al., 2002; Cheng et al., 2013) promoted high lake levels. The 

hiatus in sedimentation corresponded with the early Holocene peak of 

insolation and seasonality (Baker & Fritz, 2015). The deepening of the lake 

at c. 8.4 k cal BP could have been a purely climatic response or could have 

been due to local tectonic activity. 

The other significant changes in the aquatic system revealed by the 

diatom analysis were at 26.3–24 k cal BP, and 21.5–20 k cal BP. These 

changes were manifested by increases of Gomphonema and Nitzschia, taxa 

favored by increased nutrient availability (Potapova & Charles, 2002). The 

peaks of these taxa were interpreted to indicate increased local productivity, 

reflecting warmer and wetter conditions. These events would have 

effectively flanked the peak of the LGM, locally constraining it to 23.3–20.9 

k cal BP.  

The analysis of Euclidean distances suggested a brief change in the 

diatom flora between 21.5 and 20.5 k cal BP (Fig. III.5), but we could not 

assert if this change was related to warmer conditions or to an increase in 
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nutrient input. Andean diatoms were relatively insensitive to lake 

temperature, and far more sensitive to nutrient status, mixing regimes, and 

salinity (Benito et al., 2018; Fritz et al.,, 2019). In the Holocene, after c. 8. 4 

k cal BP, the CO3 content increased briefly from 1 to 8% suggesting a shift 

toward evaporation as a significant factor in the hydrological budget (Figure 

III.5). The reduced regional precipitation and increased temperatures 

documented elsewhere during the MHDE could have accounted for this 

change. Based on the analysis of DCA scores and Euclidean distance, the 

change across the hiatus was the largest shift in the aquatic system between 

26.3 and 7.1 k cal BP. Thus, the diatoms provided a climatic overview of 

warm-cold oscillations prior to 21 k cal BP, and a marked transition to a 

wetter setting between c. 13.8 and 8.4 k cal BP. 

 

THE VEGETATION RECORD 

The most striking feature of this record is the transition from a 

Polylepis and Asteraceae-rich setting prior to c. 13.8 k cal BP to one 

dominated by Poaceae when the record resumes at after 8.4 k cal BP (Fig. 

III.10). A ratio of Asteraceae (wet): Poaceae (dry) percentages has been used 

as a proxy for past moisture in high Andean systems and, in this instance, it 

fit with the inferred wet/dry transitions in the diatom data (Fig. III.10) and 

suggested that between 20 k cal BP and 13.8 k cal BP there was a steady 
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decline in effective moisture availability interrupted by one strong dry event 

at 17 k cal BP.  

The very low pollen concentrations in zone QO-1.1 coupled with 

high proportions of Asteraceae, moderate values for Polylepis, and high 

values for long-distance taxa such as Alnus, suggested a low productivity 

setting consisting of marshy grasslands with scattered Polylepis woodlands. 

Although Asteraceae is a very abundant and diverse family of plants in such 

wet puna settings, there is one particular genus that co-occurs with Polylepis. 

Gynoxys is a large shrubby aster that can fill the subcanopy space in some 

Polylepis woodlands. Unfortunately, Gynoxys pollen cannot be separated 

with confidence from other Asteraceae, and so we cannot make a direct 

measurement of its abundance.  

Pollen concentrations of >10,000 grains/cm3 and high abundances of 

Polylepis, Asteraceae and Poaceae indicated that the basin was not a barren 

glacial foreland as described from settings such as Lake Titicaca (4000 m) 

(Paduano et al., 2003). The cold conditions forced downslope migrations of 

1000–1500 m for many taxa, with the net effect that treeline moved 

downslope (Urrego et al., 2005). An exception to this pattern was Polylepis 

(Gosling et al., 2009), the only species currently able to form woodlands 

above the treeline (Kessler, 2002, 2006; Gosling et al., 2009). Today, 

Polylepis can grow to 5200 m elevation (Fjeldså et al., 1996; Kessler, 2002) 

and so to find them at 4050 m elevation in the LGM does not preclude strong 
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cooling. The abundance of Polylepis pollen at Qoricocha is about 8-12% in 

zone QO1.1 and this aligns well with other high Andean settings such as 

Khomer Kocha, Bolivia that had c. 10% Polylepis at 16 k cal BP (Williams 

et al., 2011), and the Salar de Uyuni, Bolivia, which had about 12-21% 

Polylepis during the LGM (Chepstow-Lusty et al., 2005). In these settings 

this amount of Polylepis pollen coupled with puna indictors, such as 

Caryophyllaceae, Brassicaceae, Amaranthaceae, Asteraceae, Plantago, and 

Iresine, suggest a mosaic of modern woodland.  

 

 

Figure III.10. Dominant pollen types, Asteracea: Poaceae ratio, and Euclidean 
distance analysis of diatoms from Lake Qoricocha.  

 

To try to put this pollen representation in perspective, today, 

Qoricocha has <1% Polylepis pollen but no Polylepis woodlands are visible 
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within 5 km of the lake using, Google Earth. Around Lago Chorreras, (3690 

m elevation) in Ecuador, the modern cover of Polylepis woodland occupies 

about 1–2.5% of the area within 1 km of the lake (data from Google Earth), 

but about 5% of the pollen is from Polylepis (Hansen et al., 2003). At 

Pallcacocha, Ecuador (4200 m), which has ~2% Polylepis pollen in the 

modern assemblage, the nearest Polylepis woodlands were more than 1 km 

from the lake and occupied 3.2 ha within a circle with an area 800 ha 

centered on the lake, i.e. 0.25%. Thus a 10% Polylepis pollen abundance 

probably translates to a spatial coverage of ~5% Polylepis woodland cover 

within 1 km of the lake. This magnitude of coverage is consistent with the 

estimates of Gosling et al., (2009) and Valencia et al., (2018) in assessing 

past Polylepis dominance. 

Valencia et al., (2018) suggested that once fire was in the landscape, 

Polylepis became confined to relatively steep areas that would have been 

protected from fire, but that in settings with rolling landscapes, such as 

Qoricocha, Polylepis would not have found refuge. This assessment is 

consistent with the pattern observed. Thus, the mid- and late-Holocene 

patterns can be explained in terms of fire, but it does not answer the 

question: Why was Polylepis not more abundant when there was no fire. 

Polylepis was a consistent landscape component, but never dominated the 

landscape, despite a lack of fire. Ellenberg (1958) suggested that the natural 

landscape of the Andes should have been Polylepis woodlands, and that 
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these were replaced by grasslands under human management, but this does 

not appear to fit these data. The proportion of Polylepis pollen was too low 

for this to have been a Polylepis-dominated habitat. Sylvester et al., (2014, 

2017) suggested that Polylepis should have formed widespread shrublands 

intermixed with large tussock-forming grasses to form a low diversity 

habitat. We cannot discount this hypothesis but observe that the component 

parts of bofedales are present, and so it is likely that there was a mosaic of 

wetlands, with Polylepis communities in the drier uplands (Gosling et al., 

2008). Even so, Polylepis was relatively scarce. If the megafauna were 

preventing Polylepis recruitment, why did Polylepis abundances fall even as 

megafaunal abundances appeared to be dropping post 17 k cal BP? Although 

huge progress has been made in pollen identifications, and new 

understandings emerge as we include megafaunal ecologies in our 

interpretations, determining if the pollen of a given plant comes from one 

clump of a species or a scatter of that species across the landscape remains 

unresolved. 

Regionally, a cooling of c 5 - 7 ºC would be expected at the LGM 

relative to modern conditions (Hooghiemstra, 1984; Bush & Silman, 2004; 

Valencia et al., 2010). Other records indicate a regional warming took place 

between c. 21 and 19 k cal BP (Rodbell et al., 2008), but the first sign of 

warming based in fossil pollen is at 20 k cal BP when Asteraceae values start 

to fall and there is a slight increase in Polylepis. Statistically the zone 
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boundary for warmer landscape is drawn at c. 18 k cal BP when the new 

system appears to be established, whereas the age of 19 k cal BP might be 

identified as when the previous system shows the first sign of transition. The 

shift towards warmer and drier conditions continues as Amaranthaceae and 

Caryophyllaceae decline and Weinmannia, Plantago, Azorella and Poaceae 

increase. This gradual transition ended with the sedimentary hiatus, because 

when sedimentation began again at 8.4 k cal BP, Polylepis was virtually 

eliminated from the record.  

 

THE LIFE AND DEATH OF MEGAFAUNA 

Here I tracked the abundances of three non-pollen palynomorphs that 

are suggested to be proxies for megafaunal presence. Podospora and 

Cercophora although found in herbivore dung, but are not as obligately tied 

to dung as Sporormiella (Loughlin et al., 2018; Perrotti & van Asperen, 

2019). Podospora tended to be most abundant when Sporormiella were also 

abundant, but there were certainly peaks of Sporormiella that were not 

replicated in the Podospora curve (Fig. III.9). Thus, it could be that only 

some species of herbivore produce Podospora, or only some graze types. 

This relationship is unclear and is further muddied by the continued presence 

of Podospora after Sporormiella has declined. It is entirely possible that 

Podospora is not tracking dung, but some other decomposing organic-rich 

detritus such as algal mats. Cercophora was absent from this record until the 
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late Holocene, suggesting that either suitable conditions or hosts were 

missing from this landscape until near-modern times.  

The prior studies of megafaunal decline in the Andes indicate that it 

was a complex process made up of multiple declines and recoveries prior to 

a local extinction. The period of decline began as early as 20 k cal BP 

(Rozas-Davila et al., 2016) and widespread extinction is common to all 

records by ~12.5 k cal BP (Metcalf et al., 2016; Rozas-Davila et al., 2016; 

Villavicencio & Werdelin, 2018; Raczka et al., 2019, Rozas-Davila in 

review). In each case, an increase in charcoal coincided with the decline of 

the megafauna. The case of Lake Qoricocha offered strong parallels to the 

other sites with a marked decline in abundance between 22 and 20 k cal BP, 

followed by a population recovery to a peak at 19 k cal BP that was 

sustained until c. 17 k cal BP (Fig. III.11). Thereafter, a downward 

population trajectory was initiated. The first peak of charcoal was at c. 16.2 k 

cal BP, with a larger and more sustained peak from 14–13.8 k cal BP. This 

onset of fire, is entirely temporally consistent with charcoal records from 

Lake Pacucha (16.2 k cal BP) and Llaviucu (14.8 k cal BP), both of which 

were interpreted as likely indicators of human activity (Raczka et al. 2018). 

It seems likely that as at Lake Pacucha, the decline in megafauna preceded 

human presence, but it was the arrival of humans that forced them into 

extinction. 
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Figure III.11. Comparison of Sporormiella concentration, and percentages 
with abundance of charcoal particles from Lake Qoricocha. 
Black dotted-line marking 2% of spore abundances. Projected 
values of Sporormiella concentration marked by orange-dotted 
arrows. 

 

In all previously studied settings, the transition in vegetation that 

accompanied the extinction was a switch from ice-age grasslands to 

Holocene forests. The Lake Qoricocha record offers an intriguing contrast to 

these sites as the site was a woodland-grassland complex during the LGM, 

but it became more open in the Holocene (Fig. III.10). An abundance of 

Sporormiella spores > 2% of the pollen sum, is often used as an indicator of 
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megafaunal presence, and the timing when this value falls below 2% defines 

local extinction (Davis & Shafer, 2006).  

At Qoricocha there was a clear downward trend in the abundance of 

Sporormiella and Podospora after c. 17 k cal BP (Fig. III.9). Within this 

trend there were some erratic (usually single point) upticks in abundance, but 

these were most likely to be stochastic variations in taphonomic processes 

transporting spores into the lake. Sporormiella abundances varied between c. 

3 and 5% in the samples before the hiatus and so had not quite dipped below 

the 2% threshold. The overall trajectory of decline would have probably led 

to Sporormiella breaching the 2% threshold between 13.5 and 12.5 k cal BP. 

This pattern fitted the observed functional extinction at Llaviucu of 12.8 k 

BP but was somewhat later than that event at Pacucha (15.6 k cal BP), 

although it aligned with the inferred complete extinction at 12.5 k cal BP at 

that site. 

In the Andes, determining when megafauna disappeared from the 

record is sometimes complicated by the presence of megaherbivores that 

survived the event, e.g., the camelids. If camelid populations increased to fill 

the niche of lost megaherbivores, the 2% threshold may not be applicable. At 

Lake Llaviucu, where Sporormiella were relatively rare and seldom occurred 

above 3% of the pollen sum Raczka et al., (2019) used concentrations of 

Sporormiella as this was independent of percentile data. 
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At Lake Llaviucu Raczka et al., (2019) established a non-megafaunal 

baseline for Sporormiella abundance by looking at the peak of representation 

between 11 and 9 k cal BP, i.e., assuming that the megafauna had gone 

extinct by then, to set a threshold. At Lake Qoricocha, this portion of the 

Holocene was missing, but the period from 8.4 to 7 k cal BP, i.e. before 

herding camelids began (Moore, 2016) was available for comparison. At 

Lake Qoricocha, the concentration data were used to project when the falling 

representation of Pleistocene Sporormiella might have intersected the 

Holocene baseline values. The Sporormiella concentration data were spiky 

with considerable variance surrounding a central tendency. If the peaks were 

set aside as probably largely caused by taphonomic variation, and the general 

baseline in both the Holocene and the Pleistocene was observed, the 

Pleistocene Sporormiella amounts would reach those of the early Holocene 

around 13–12.5 k cal BP. Clearly, these projections are simple 

extrapolations, but they show the trajectory of the system before human 

arrival and both percentile and concentration-based estimates point to 

functional extinction between 13.5 and 12.5 k cal BP. These dates are 

entirely consistent with prior estimates (Metcalf et al., 2016; Rozas-Davila, 

Valencia & Bush, 2016; Raczka, Bush & De Oliveira, 2018; Villavicencio & 

Werdelin, 2018; Raczka et al., 2019).  

Modern megaherbivores (cows and horses) at high densities are 

known to prevent Polylepis survival and regeneration, while at low densities 
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Polylepis can survive (Teich et al., 2005). Given that the density of 

megafauna was not sufficient to eliminate the Polylepis and that the decline 

in megafauna after 17 k cal BP did not result in increased Polylepis 

abundance, I infer that Pleistocene megafauna existed at low densities. If 

these animals were always relatively rare, they would have been more 

vulnerable to extinction than species that were relatively abundant (Berec et 

al., 2007). Such a distinction may be the simplest explanation of why many 

genera of megafauna went extinct while the herd-forming camelids survived. 

 

FIRE, HUMANS, AND THE REMAINDER OF THE HOLOCENE 

The Qoricocha data suggest that people were present as early as 14 k 

cal BP in the high Andes, which was consistent with the report of probable 

human activity at Lake Llaviucu at 14.8 k cal BP (Raczka et al. 2018). The 

earliest known archaeological evidence for people in the high Andes dated to 

c. 12.5 k cal BP (Rademaker et al., 2014), but early detection of humans is 

far more probable with micro-fossils such as charcoal than finding datable 

archeological evidence. Fire was integral to early human survival in the 

Andes, including heating and cooking at hearth, but the fires detectable in 

paleoecological records would have been active manipulation of the 

landscape. Fires may have been used both to drive game (Bird et al., 2008; 

White, 2013; Welch, 2014) and to improve grazing and agriculture 

(Archibald et al., 2012). The high Andes would have offered good site-lines 
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for hunting, and been an easier area to colonize than the steep slopes of the 

forested Andean flanks (Rademaker et al., 2014; Chala-Aldana et al., 2018). 

Indeed, after expanding from the coastal region, it was likely that the next 

place to be occupied by humans was the high Andes. 

When the Qoricocha record resumed at 8.4 k cal BP, the massive 

increase in fire activity clearly indicates human manipulation of the 

landscape (Fig III.6). The mid-Holocene Dry Event (MHDE) (Baker et al., 

2001; Ekdahl et al., 2008; Baker & Fritz, 2015) was not so strong locally that 

it prevented the lake from filling (Fig. III.3). This anomaly cannot be 

reconciled on present evidence, but a distinct possibility is that local tectonic 

activity created subsidence that deepened the lake.  

Fire is known to structure the modern distribution of Polylepis 

woodlands (Kessler, 2006; Cierjacks et al., 2008; Toivonen et al., 2017). 

Polylepis woodland abundance was on a downward trajectory since 17 k cal 

BP, but they disappeared from the lake catchment within the period of the 

hiatus. Just as the increase of fire activity at Lake Qoricocha would have 

resulted in the rapid reduction of Polylepis woodlands it promoted puna-

grassland and puna shrubland composed of fire-resistant taxa, such as 

Poaceae, Azorella, Plantago, Ambrosia, Ageratina, Vallea, Ericaceae, and 

Melastomataceae (Fig. III.6). Sporormiella was very rare in the mid 

Holocene, suggesting that camelid populations were low (Fig. III.11). 
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The pollen record from Lake Qoricocha suggested that the MHDE 

lasted until 7 k cal BP (Fig. III.6). The warmer and drier conditions resulted 

in a negative precipitation:evaporation balance causing the decline of 

moisture-demanding taxa (i.e., Asteraceae, Alnus, Hedyosmum). A 

fluctuating lake level, manifested by increases in CO3 content (Fig. III.6), 

could have established shallow evaporitic margins. The flooded lake margins 

favored the formation of a fringing vegetation dominated by Cyperaceae. 

Post 7 k cal BP, the reduction of CO3 content suggested deeper or at least 

less evaporitic conditions. However, the continued use of fire in the 

landscape prevented any rebound of Polylepis woodlands, and puna-

grasslands became the dominant community in the basin. Signs of intensified 

human modification of the landscape encompassed the explosion of human 

populations (Goldberg et al.,2016) supported by the domestication of plants 

at 7 k cal BP (Pearsall, 2008), and animals (Stahl, 2008). At Lake Qoricocha 

the Sporormiella values rebounded after 7 k cal BP, and the relative 

abundance reached 2% at 6.5 k cal BP (Fig. III11). The stability of 

Sporormiella concentration and the presence of 2% of spores in the sediment 

could indicate management of camelids in the basin.  

Increases of Amaranthaceae and Ambrosia, in records from Lake 

Pacucha, Lake Huaypo and Lake Marcacocha are interpreted to indicate the 

cultivation of Chenopodium quinoa (quinoa) (Valencia et al., 2010; 

Chepstow-Lusty, 2011; Mosblech et al., 2012). The ages vary, between sites, 
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but cultivational practices were clearly spreading in the southern Peruvian 

highlands between c. 5.5 and 3.5 k cal BP. Maize (Zea mays) was introduced 

into Andean landscapes at least 6000 years ago, but in southern Peru it 

became a more important crop around 3 k cal. BP (Mosblech et al., 2012). 

The data from Lake Qoricocha suggest that agricultural practices could have 

started as early as 6.6 k cal BP based on increased abundances of 

Amaranthaceae and Ambrosia (Fig III.6). Links have been suggested 

between the onset of corralling camelids and the domestication of 

Amaranthaceae, such as quinoa (Pearsall, 2008). The dung and disturbed 

setting in a corral might promote growth of these pseudocereals, and their 

population densities made them more attractive to harvest (Pearsall, 2014). 

The coincident timing of finding increased Amaranthaceae pollen and 

Sporormiella is consistent with this proposed mechanism. It is possible that 

maize was introduced to this setting as early as 6 k cal BP (Fig. III.6), but the 

grains found prior to 4 k cal BP were only 72 µm in diameter. This size is 

commonly used to define maize pollen in archaeological settings (Whitehead 

& Langham, 1965), but in prior Andean studies 80 µm has generally been 

used as the lower limit for maize identification (Mosblech et al., 2012). The 

samples that are 4 k cal BP or younger contain Poaceae pollen that are > 80 

µm and these can be assigned to maize with a high degree of confidence.  

 To find maize at Qoricocha is a little surprising as the lake sits at an 

elevation of 4050 m above sea-level, and the limit for modern maize has 
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been suggested to be 3550 m asl. While the size of Z. mays pollen grains 

limits their dispersal to a few meters (Jarosz et al., 2003), finding pollen in 

the sediment may not indicate that maize was grown on site. An alternative 

possibility is that the grains were washed into the lake as corn was processed 

(sensu Mosblech et al., 2012). 

Mosblech et al., (2012) concluded that more sophisticated 

management of the forest, specifically afforestation with Alnus, started at 1.3 

k cal BP Cusco. The record from lake Qoricocha showed a steady increase of 

Alnus after the end of the MHDE, but the abundances suddenly increased 

between 1.58 and 1.5 k cal BP suggesting possible human management of 

the forest beginning at the onset of the Wari empire (c.1.6 k cal BP).  
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CONCLUSIONS 

 

The landscape surrounding Qoricocha was not glaciated at the LGM, 

but rather supported a mosaic of wetlands, grasslands and Polylepis 

woodlands. Fire was absent during the LGM, being first detected about 16 k 

cal BP and doubling in intensity at 14 k cal BP. The presence of 

Sporormiella spores at relatively high concentrations are indicative of 

megafaunal presence, but a population decline is evident beginning c. 17 k 

cal BP, and leads to an inferred functional extinction between 13.5 and 12.5 

k cal BP. That Polylepis woodlands survived megafaunal grazing is taken as 

evidence that these herbivore populations were relatively small, perhaps with 

ecologies more akin to the modern small herbivores groups of Asia than the 

herds of Africa.   

As at other sites a peak of charcoal is evident before the functional 

extinction, and it is inferred that humans were present in the Andes as early 

as 14 k cal BP. Humans hunting and landscape alteration were probably 

responsible for the recovery failure of the megafaunal population to recover. 

In the Holocene, the return of Sporormiella to the record would be consistent 

with herding beginning c. 6.5 k cal BP, with cultivation of quinoa and maize 

evident shortly thereafter.   
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CHAPTER IV 

 
PLEISTOCENE MEGAFAUNAL EXTINCTION IN THE 

GRASSLANDS OF JUNIN-PERU 

 
INTRODUCTION 

The relative impacts of climate, early humans and megafaunal 

extinction on Andean landscapes remains part of the uncertainty over what 

constitutes the ‘natural’ vegetation of the Andes. Suggestions for what 

constituted the natural vegetation cover of the high Andes, i.e. the land above 

modern tree-line, c. 3600 m above sea-level (as-l), range from widespread 

Polylepis woodlands (Ellenberg, 1958) through scrublands (Sylvester et al., 

2014; Sylvester et al., 2017) to grasslands (Van Der Hammen & 

Hooghiemstra, 2000). 

The coming and going of glaciers is known to have repeatedly 

impacted these landscapes (van der Hammen, 1974; Hooghiemstra, 1984; 

Veer & Hooghiemstra, 2000; Hanselman et al., 2011), with downslope 

displacement of species occurring during glacials. At the peak of major 

glaciations, the high Andes cooled 7–9 ºC compared with interglacial 

temperatures (Bush et al., 2001; Bush, Silman & Urrego, 2004; Valencia et 

al., 2010). During interglacials the high Andes became more densely 

vegetated, but there is little consistency between interglacial floras 

(Hanselman et al., 2011) as prior interglacials differed in orbital geometry 
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(Cheng et al., 2016), in precipitation feedbacks with the oceans, and in the 

severity of the preceding ice-age (Bush et al., 2010). Arguably, because 

insolation patterns in the interglacial between 424,000 and 327,000 Before 

Present (Marine isotope stage 11, MIS 11) were most similar to the 

Holocene, this interglacial should be the best proxy for Holocene conditions 

in the absence of humans. Unfortunately, to date, there are no high Andean 

records that reach back this far. Prior studies of Andean systems, however, 

do include numerous sites that provide data for both the last glacial and the 

deglaciation. 

The glacial cooling caused glaciers and ice-caps to expand 

downslope descending ~200–1350 m below estimated modern levels (Smith 

et al., 2005a), depending upon topography and local precipitation (Porter, 

2001). One consequence of this local variability, was that although the 

Altiplano and Junin Plain supported large paleolakes within the last glacial, 

neither area was ice-covered (Smith et al., 2005b; Hanselman et al., 2011). 

During the last glacial maximum, which in the Andes was from c. 

28,000–22,000 of radiocarbon calibrated years Before Present (hereafter k 

cal BP, Smith et al., 2005b), the land near the ice margin was a glacial 

foreland that supported scattered grasses and forbs. The traditional view is 

that these high plains were areas of low productivity with relatively large 

amounts of bare ground that would extend downslope until conditions were 

warm enough to support a richer or denser grassland (Reese & Liu, 2005; 
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Hanselman et al., 2011).  An emerging idea is that while the glacial fringe 

may have been such a barren setting, that microrefugia of grasslands and 

shrublands could have persisted in sheltered settings even close to the ice-

front (McLachlan, Clark & Manos, 2005; Birks & Willis, 2008; Feurdean et 

al., 2013; Raczka et al., 2019). The presence of these remnants sped the 

successional recovery of the system when the climate warmed. Here I 

investigate the fossil pollen history of Lake Junin during the last deglacial 

and early Holocene. Of particular interest are questions relating to the 

vegetation and climate changes before and after human arrival and 

surrounding the megafaunal extinction. 

A fossil pollen record from Lake Junin, Peru (Hansen et al., 1984), 

provided evidence of a glacial-age low productivity grassland, that 

occasionally supported Polylepis woodland, before deglacial warming 

caused a more productive grassland to form at the site. That study did not 

document Sporormiella spores as a proxy for megafaunal presence, nor 

documentedcharcoal as a likely proxy for human activity. 

 

CLIMATE CHANGE IN THE DEGLACIAL OF PERU 

The deglaciation of the high Andes in Peru and Bolivia began 

between 23 and 22 k cal BP (Seltzer et al., 2000). The strong temperature 

oscillations associated with HE events were less marked in Bolivia and Peru 

compared with high latitudes (Paduano et al., 2003; Van Breukelen et al., 



 
 

116 

2008), nevertheless high latitude influences were evident. The warming 

appears to have proceeded steadily until the onset of the Antarctic Cold 

Reversal of 14.5–12.9 k cal BP. Some, but not all records, suggest a cooling 

of several degrees associated with that event (Raczka et al., 2019), prior to a 

resumption of warming. In this dry setting, glaciers were likely to be limited 

by precipitation rather than temperature, and so wetter conditions induced 

glacial expansion (Smith et al., 2005b; Rodbell et al., 2009). Because 

precipitation was so variable over small spatial scales (Smith et al., 2008), 

glacial expansions and contractions were similarly variable. Nevertheless, 

overall, glacial expansions were noted at c. 21.2, 16.2 and 13.4 k cal BP 

(Jomelli et al., 2014; Shakun et al., 2015b; Bromley et al., 2016; Mark et al., 

2017). In general, the timing of these events aligned more closely with 

Antarctic chronologies and forcing, i.e., the influence of the Antarctic Cold 

Reversal, rather than with North Atlantic events such as the Younger Dryas 

(12.5 - 11.9 kcal BP, Jomelli et al., 2014; Mark et al., 2017; Raczka et al., 

2019). 

The climate perturbations probably influenced the upslope expansion 

of Andean forests. Modern Andean tree-line forms between 3400 and 3700 

m asl (Young, 1993). Above this elevation are shrublands and grassy puna 

with patches of Polylepis woodland. The productivity of these grasslands is 

precipitation dependent, but generally declines with elevation until glacial 

forelands are reached c. 5000 m elevation. During the last ice age, the 1000 
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to 1500 m descent of the treeline and glaciers (Clapperton, 1972; van der 

Hammen, 1974), shifted these systems downslope, but also mixed elements 

to produce no-analog floras (Valencia et al., 2010; Bush et al., 2011). 

 

HUMAN ARRIVAL IN THE ANDES 

Little consensus exists over the date of human arrival in the Andes or 

of the capacity for small initial populations to shape ecosystems (Fiedel, 

2017). Humans are known to have occupied coastal Chile by 18–15 k cal BP 

(Dillehay et al., 2015), and the archaeological record initially suggested a 

gradual migration of humans from the Pacific coast into the highlands 

(Lynch, 1980; MacNeish, 1983; Ravines, 1972; Aldenderfer, 1988; Cardich, 

1964; Aldenderfer, 2004). New archaeological discoveries from Peru and 

Bolivia suggested that humans began to inhabit areas above 4000 m as early 

as 12.8 kcal BP (Rademaker et al., 2014; Capriles et al., 2016). The new 

archaeological evidence increases the probability of human-megafaunal 

coexistence in the region (Villavicencio & Werdelin, 2018). No evidence 

exists, however, of exploitation of megafauna in the tropical Andes. Clovis 

spear points, the archetypal megafaunal hunting technology of North 

America (Martin, 1967), are not known from South America (Roosevelt et 

al., 2002), and the only kill-site known from South America is located in 

Argentina (Politis et al., 2019). 
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Finding campsites, kill sites, and tools in datable contexts is very 

challenging, and it has previously been suggested that microfossils of 

charcoal from lake sediments provides a more sensitive proxy for human 

activity than those classic archaeological indicators (Valencia et al., 2010; 

Rozas-Davila et al., 2016; Raczka et al., 2019). Natural fire in high Andean 

ecosystems is truly rare (White, 2013). Lightning strikes do not tend to char 

more than their immediate surroundings, and if they register in 

paleoecological records they occur as isolated peaks rather than as a 

continuous occurrence through time. Thus, when charcoal becomes a 

continuous feature of the paleoecological record, especially if this occurs 

against a backdrop of increasing precipitation, humans are the most likely 

explanation (Bush, et al., 2011). On this basis human activity in the high 

Andes is suspected to have begun around 14.6 k cal BP in Ecuador, and as 

early as 15.8 kcal BP in Central Peru (Raczka et al., 2019; Rozas-Davila et 

al., 2016). 

 

MEGAFAUNAL EXTINCTION IN THE ANDES 

Megafauna, defined as animals weighing >44 kg, were an important 

component of Pleistocene faunas in South America. In a parallel extinction 

in Europe, the loss of species did not occur in a single definable event, but 

was progressive and sporadic, with losses occurring during warm, wet events 

over 30,000 years (Cooper et al., 2015). In North America, deglacial 
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warming around 14 kcal BP seems to have triggered major population 

declines (Guthrie, 2001; Robinson et al., 2005; Gill et al., 2009, 2012). 

Humans clearly hunted some of the North American megafauna (Martin, 

1967; Halligan et al., 2016; Perrotti, 2018), though the importance of that 

hunting, as a cause of actual extinction, remains debated (Grayson et al., 

2001; Brook & Bowman, 2002; Lima-Ribeiro & Diniz-Filho, 2013). 

In South America, although the fossil record and the paleoecological record 

are far poorer than those of North America, extinction appears to have been 

more profound. About 83% of megafauna went extinct in South America 

compared with c. 70% in North America, with 53 genera disappearing in the 

south compared with 34 in the north (Barnosky & Lindsey, 2010; Brook & 

Barnosky, 2012). The pattern of this extinction is still open to question, as 

only 15 megafaunal genera in South America have reliable ages, placing 

their continued existence into the last 25,000 years (Barnosky & Lindsey, 

2010; Metcalf et al., 2016; Villavicencio & Werdelin, 2018). Of these, about 

four survived into the early Holocene, but all were extinct by about 9000 

years ago. Clearly, the 38 undated genera also may have persisted into the 

late Pleistocene but that needs to be determined. 

A study of bone fragments and ancient DNA from deposits in 

Patagonia, suggested a major reduction in megafaunal abundance and 

diversity about 12.28 +/-0.11 kcal. BP (Metcalf et al., 2016). The collapse of 
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megafaunal populations in Patagonia was linked to warming coupled with 

human presence. 

The dung fungus, Sporormiella, has been shown to provide a useful 

proxy to estimate changes in megaherbivore presence and even population 

size (Raper & Bush, 2009; Bakker et al., 2016; Raczka et al., 2016). Prior 

studies in South America established that megafaunal populations began to 

decline in abundance as early as 21 k cal BP (Rozas-Davila et al., 2016). 

These earliest population collapses appear to have been related to warmer 

and wetter conditions with an ensuing, but temporary, recovery during drier 

times. Subsequent megafaunal declines at 15.8 kcal BP in Peru, 14.3 kcal BP 

in Andean Ecuador, marked a more direct path to extinction (Rozas-Davila 

et al., 2016; Raczka et al., 2019). Determining when the animals went 

‘extinct’ is imprecise. Functional extinction, when the Sporormiella 

abundance drops below a local threshold of 1 or 2% of the pollen sum, 

depends on local conditions (Davis, 1987; Davis & Shafer, 2006). Major 

declines in Sporormiella concentration also can be a valuable indicator 

(Graham et al., 2016b). An added uncertainty is that surviving camelids and 

tapir could also have contributed Sporormiella, thus a natural ‘background’ 

amount of Sporormiella is to be expected. This background input can be 

used to calibrate a local extinction threshold of the Pleistocene megafauna. 

Raczka et al., (2019) identified the maximum early to mid-Holocene 

abundance (percentile or concentration) of Sporormiella as being the amount 
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that could be contributed by species that survived the extinction, anything 

above that value was inferred as the megafaunal contribution.  

The two prior records of fossil Sporormiella from the Andes (Rozas-

Davila et al., 2016; Raczka et al., 2019) were both from what are now 

Andean forest settings at c. 3000 m as-l. In this study, I report on a 

paleoecological record from Lake Junin at 4200 m as-l, that is too high for 

Andean forest to have grown. If the megafauna were displaced upward by 

habitat loss as forests encroached on grassland (sensu Owen‐Smith, 2013), 

the extinction age at Junin might be expected to be later than at the lower 

sites. This observation prompts the research question: Did habitat loss due to 

plant migration during Holocene warming influence the timing of apparent 

megafaunal extinction at the Andean forest-Puna ecotone? 
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STUDY SITE 

 

Lake Junin (11º01’S;76º07’W) lies within the Junin plateau formed 

between the eastern and western cordillera of the central Peruvian Andes 

(Fig. IV.1). The lake has an approximate modern area of 145 km2, but is 

shallow with a maximum depth of 12 m (Seltzer et al., 2000). Wide, shallow 

lake margins allow the formation of permanent dense marshes dominated by 

Scirpus totora (totora sedge) that can be 5 km wide (Seltzer et al., 2000). 

The area surrounding the marshes is grassland vegetation locally term puna, 

interrupted by hybrid terrestrial-aquatic communities known as bofedales 

(Polk et al., 2019) that transition into well drained soils on mountain slopes. 

Plantago sp. constitutes the dominant species of bofedales in the area 

(Fonkén, 2014; Polk et al., 2019), Apiaceae and Caryophyllaceae are part of 

the bofedal, but tend to grow better in drained soils. At the edges of the 

plateau a mixture of grasses and small woody shrubs (i.e., Asteraceae, 

Ericaceae, Melastomataceae, and Ephedra) form the puna-shrubland that 

separates the puna from the Andean forest represented by Podocarpus, 

Hedyosmum and Alnus, among others. 
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Figure IV.1. Digital elevation map of the Junin plains showing the contour of 
Lake Junin (blue), and coring site (red circle) 

 

Mean annual temperatures on the Junin plateau are about 10ºC 

(Hijmans et al., 2005), with a diurnal range that often exceeds 20 ºC. Most of 

the annual precipitation (1000 mm) falls during the austral summer months 

(December through March) and has a strong Atlantic signature (Burns et al., 

2019). This precipitation pattern is consistent with enhanced easterly trade 

winds and the increase in the South Atlantic sea surface temperatures that 

promotes a shift of the Intertropical Convergence Zone (ITCZ) toward the 

southern hemisphere (Zhou & Lau, 1998; Garreaud & Aceituno, 2001; Vera 

et al., 2006). The displacement of the ITCZ and the development of the 

South American Summer Monsoon (SASM) during the austral summer 

contribute to the advection of moisture from the ocean into the continent. A 

process of organized convection recirculates the moisture over the Amazonia 

that later is funneled towards the eastern Andean flank via the South 
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American Low-Level Jet stream with wind speeds above 12 ms-1 (Saulo et 

al., 2000). The moisture flux in the eastern slope is maintained all year round 

by easterly and northwesterly winds that travel perpendicular to the slope 

during the dry season. However, moisture transportation enhanced during the 

austral summer. 

Although the age of the lake formation has yet to be determined, 

Lake Junin remained ice-free during multiple glaciations and may have 

accumulated sediment for more than 50,000 years (Rodbell et al., 2017). 

Changes in magnetic susceptibility (MS), organic carbon content,   18O, 

and diatom assemblages obtained from JU96-A depict the transition from a 

cold-wet Pleistocene into a warm-dry late Pleistocene-early Holocene 

(Seltzer et al., 2000; Tapia et al., 2006). Unlike many Andean lakes whose 

deglacial sediments were comprised of rock flour until c. 15 k cal BP, at 

Junin this phase ended c. 20 k cal BP (Seltzer et al., 2000; Tapia et al., 

2006). Here we present a detailed analysis of the deglacial and early 

Holocene beginning at 20 k cal BP.  
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METHODODOLOGY 

 

Sporormiella, fossil pollen and microscopic charcoal were sampled 

from core JU96-A at 200 years resolution. The 19 m sediment core JU96-A 

was raised from a sedge mat located close to the western shoreline (Seltzer et 

al., 2000) using a modified Livingstone Piston Corer (Wright, 1983). The 

water depth at the coring site was 3m (Seltzer et al., 2000). Uncalibrated 

ages available in Seltzer et al., (2000) were re-calibrated in R using the 

package Bacon 2.2 and the SHcal13 curves. Southern hemisphere calibration 

curves were preferred over mix Incal-SHcal13 (Marsh et al., 2018) because: 

(1) Lake Junin lies outside of the mixed Incal-SHcal13 curve area, and (2) 

the study is focused on processes operating at long temporal scales (sensu 

Marsh et al., 2018). 

Standard palynological procedures were used to prepare fossil pollen 

and Sporormiella samples and spiked with Lycopodium to estimate 

concentration and influx of pollen and Sporormiella (Stockmarr, 1971; 

Faegri & Iversen, 1989). A total of 300 terrestrial pollen grains were counted 

per sample using a Zeiss Axiolab at 630x and 1000x. In samples with low 

pollen concentrations, the pollen counts stopped when 2000 Lycopodium 

spores were counted. The Neotropical Pollen Database (Bush & Weng, 

2007) and published references were used for pollen identification (Markgraf 
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& D’Antoni, 1978). Charcoal particles <180µm were counted in pollen 

slides and tallied to Lycopodium counts. 

Pollen and Sporormiella abundances were plotted using C2 (Juggins, 

1991). Pollen zonation was determined using cluster analysis CONISS 

(Grimm, 1987). The temporal fluctuations in pollen assemblages were 

analyzed with Non-metric multidimensional scaling (NMDS) for 3 

dimensions using square root transformed abundance of the 38 terrestrial 

pollen types. The pollen types from the pollen diagram were grouped 

according to their provenance into ‘local’ and ‘regional’ species. Local 

species (LS) were categorized into grasses, sedges, bofedal taxa and non-

bofedal taxa based on published literature (Weberbauer, 1945; Fonkén, 

2014). Further statistical analysis was focused on the LS groups as 

Sporormiella offers a local signal of megafauna; thus megafaunal effects 

have to be measured at the local level.  

Ecological changes within the LS group (i.e., puna-grasslands vs 

puna-shrubland) were identified using Bayesian change point analysis (BCP) 

for multiple variables. Multiple-response permutation procedures (MRPP) 

was used to test differences between pre- and post- megafaunal extinction 

samples in the LS group. MRPP is a nonparametric test of differences 

between groups based on a permutation test of among and within-group 

dissimilarities (McCune et al., 2002). The method uses a weighted mean 

within group distance for groups (observed ) and then approximates the 
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distribution of observed  to a Pearson type III distribution (McCune et al., 

2002). The observed  is compared to an expected mean  calculated for all 

possible partitions of the data using permutations (McCune et al., 2002). The 

“mrpp” function built into the package vegan (Oksanen et al., 2019) 

calculates the significant test as the fraction of permuted deltas that are less 

than the observed delta with a sample correction. The p-value is calculated 

by numerical integration of the Pearson type III distribution (McCune et al., 

2002). The MRPP analysis further test the effect size independently of the 

sample size. This is achieved by calculating the chance-corrected within 

group agreement (A) that compares the homogeneity within-group with the 

random expectation (McCune et al., 2002). When A=1 all sample units are 

identical within groups, values <0.1 are preferable and commonly observed 

for communities (McCune et al., 2000; McCune et al., 2002). 

The relationship between Sporormiella and LS groups was 

determined using Spearman rank correlation for multiple matrices following 

Rozas-Davila et al., (2016). All statistical analyses were performed in R 

3.2.4. using packages rioja (Juggins, 2017), vegan (Oksanen et al., 2019), 

bcp (Erdman & Emerson, 2007), and psych (Revelle, 2013). 
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RESULTS 

 

AGE MODEL 

Little variation was observed between the updated and old versions 

of the JU96-A chronologies (Table IV.1, Fig IV.2). The CONISS analysis 

indicated the presence of four pollen zones (JU96-A I-IV, Fig IV.3).  

 

Table IV.1. Radiocarbon dates for JU96-A presented in Seltzer et al. 2000. 
Dates were calibrated using SHCal13 curves in Bacon 2.2 

Lab ID Depth 
(cm) C14 ages Standard 

deviation 

Calibrated 14C ages 

MIN. MAX. MEAN 

AA-24001 41 520 40 444.8 618.7 531.1 

OS-16053 49 680 30 555 678.1 605.4 

OS-16054 194.5 1820 40 1682.2 2007.1 1808.6 

OS-16055 388 3880 45 4091.6 4434.1 4285.1 

OS-16056 595 5760 60 6439.7 7377.1 6711 

OS-16057 804 8640 40 9515.8 12267.5 10522 

OS-16052 959 12950 150 15156.9 16080.4 15613.6 

AA-24002 978.5 13560 95 15914.1 16698.9 16298.6 

AA-24003 1079 17795 145 18613.4 21279.2 19974.4 

OS-18137 1474 25700 330 28174.9 30425 29420.9 

AA-24004 1840 39020 1045 35365.3 39110.6 37179.4 
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Figure IV.2. Chronology and lithography from JU96-A. (A) Updated 
chronology based in 11 14C dates. (B) Representation of the 
lithostratigraphic units presented in Seltzer et al., 2000. 
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PALEOECOLOGICAL ZONES  

JU96-A-I (1079–1023 cm; 19.99–17.9 k cal BP). Pollen concentration 

ranged from 600 to 39,000 grains/cm3 with about 15% of pollen grains being 

broken or corroded (Fig. IV.3). Poaceae pollen dominated the zone (47%), 

whereas Podocarpus and Alnus were the most abundant woodland species. 

Polylepis was poorly represented (~1%). Plantago, a bofedal indicator, 

ranged from 1 to 3%. Species growing in well drained soils such as Apiaceae 

and Caryophyllaceae declined in abundance as bofedal species became 

prevalent. The aquatic genus Myriophyllum ranged between 0.6–7.2%, 

whereas the quillwort, Isoëtes, was either absent or at values of <1%. 

Sporormiella was observed in all the samples of the section, however the 

concentration was variable (15–270 spores/cm3). The representation of 

Sporormiella declined from bottom (3%) to top (<1%). Microcharcoal 

particles were absent in most of the samples. 

 

JU96-A-II (1023–935 cm; 17.89–14.8 k cal BP). Pollen concentration 

ranged between ca. 6000–24,000 grains/cm3. Pollen preservation remained 

low as Poaceae still dominated the pollen spectrum. Cyperaceae and 

Plantago abundances increased at the top of the section as Caryophyllaceae 

and Apiaceae declined in abundance. Alternanthera, Solanaceae and 

Ephedra reached maximum abundances. Woodland species declined in 

abundance with the exception of Alnus that reached ~10%, whereas 
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Polylepis disappeared from the pollen record. Myriophyllum abundances 

declined, and Isoëtes abundances remained low. Sporormiella was present in 

most samples with peak abundances < 2.1%, whereas concentrations ranged 

between c. 23 and 254 spores/cm3. Occasional microcharcoal concentration 

occurred in the middle of the section.  
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Figure IV.3. Pollen zonation JU96-A showing vegetation systems (color-

coded taxa), Sporormiella abundances, regional charcoal 
signature, NMDS Axis-1 scores. The carbon content curve was 
modified from Seltzer et al., 2000. 
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Figure IV.3. Continued 
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JU96-A-III (935–815 cm; cal. 14.79–10.8 k cal BP). Pollen concentration 

ranged between 1,000-27,000grains/cm3. Pollen preservation increased 

towards the top of the section. Poaceae and Cyperaceae reached maximum 

abundances (61% and 3% respectively). Plantago abundances declined as 

species growing in drained areas increased in abundance, e.g., 

Caryophyllaceae, and Amaranthaceae Woodland species showed a sharp 

decline in abundances, although Alnus abundances remained high before 

declining at the top of the section. Myriophyllum abundances remained 

below 1%, whereas the maximum Isoëtes abundance (1.6 %) occurred at 

14.04 k cal BP. Sporormiella was found at <1.3% during this period with 

concentrations reaching a maximum value of 287 spores/cm3 at 12.6 k cal 

BP before declining to 45 spores/cm3 at the top of the section. Microcharcoal 

concentration increased from 35 to 1000 particles/cm3, as every sample 

showed an elevated occurrence of charcoal.  

JU96-A-IV (815-596 cm; cal. 10.79-6.7 k cal BP). Pollen concentration 

ranged from ca. 4,000 to 12,000 grains/cm3. Pollen was well preserved at the 

bottom of the section, but preservation declined after c. 8.7 k cal BP. 

Poaceae abundances were still high (56%) as Cyperaceae declined in 

abundance to < 2%. Plantago rebounded up to 3% at the bottom of the 

section and declined towards the top. Apiaceae, and Caryophyllaceae peaked 

in the section. Woodland species, e.g., Podocarpus, Hedyosmum, Myrsine, 

and Myrica showed increased abundances. Isoëtes was absent until 9 k cal 
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BP, and maximum abundance (2.8%) occurred at 7.4 k cal BP. Sporormiella 

concentration declined (0-81 grains/cm3) and remained <1%. Microcharcoal 

doubled in concentration compared with the previous zone. 

 

STATISTICAL ANALYSIS 

The NMDS ordination for 3 dimensions separated the samples in 

JU96-I (19.9-17.9 k cal BP) from those in JU96A-II (17.9-14.8 k cal BP) 

without overlaps (Fig.IV.4). The zones JU96-A-II and JU96A-III had a 

minimal overlap, likewise zones JU96A-III AND JU96A-IV.  

 

Figure IV.4. Non-metric multidimensional scaling analysis of fossil pollen 
data for 38 taxa from Lake Junin, core JU96-A. Color coded 
zones and their respective age range are depicted in the lower 
panel within the diagram. 
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Pollen zones JU96-A-II and JU96-A-III had minimal overlap in 

ordination space, likewise zones JU96-A-III and JU96-A-IV. Axis 2 in the 

NMDS ordination separated forest from open landscapes. Podocarpus, 

Hedyosmum, and Myrsine had negative scores on Axis-1, whereas 

Urticaceae-Moraceae and Acalypha had positive scores. 

The multivariate BCP analysis on puna-grasslands, puna-shrubland, 

and Sporormiella percentages detected highly significantly changes at 17.9, 

12.4, 7.6 and 6.9 K cal BP (posterior probability=1). The results from the 

MRPP analysis of the LS pollen types indicated that vegetation assemblages 

were significantly different after 12.4 k cal BP (groups =2, A= 0.004, p < 

0.001, Fig. IV.5).  

 

 Figure IV.5. Differences within and between groups calculated with MRPP 
analysis for two groups of the LS pollen types. The red line 
marks the position of the weighted mean within groups 
(observed ), the bars on the right side of the red line represent 
the frequency of expected  obtained by permutation.  
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No significant correlations were found between pollen types on the 

LS group and Sporormiella abundances.  
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DISCUSSION 

 

THE PALEOECOLOGICAL RECORD OF JU-96A 

The fossil pollen record of JU-96A was essentially similar to that of 

the core analyzed by Hansen et al., (1984). The cores were collected near to 

one another and show many palynological and sedimentological similarities. 

Poaceae were dominant throughout both records and accounted for similar 

proportions of the record (c. 50–60% in most samples). The early deglacial 

distinguishes the two records, with a discrepancy in representation occurring 

at a time when the sediments became very organic. In Hansen et al.’s record 

a peak of 60% organic matter (compared with most values of about 2–5%) 

occurred at c. 18 k cal BP and coincided with extremely low pollen 

concentrations in which Polylepis was an important (15%) component. This 

same spike of organic material is present in JU96-A, although it is only 30% 

organic, has relatively high pollen concentrations, and is not associated with 

such high Polylepis values (Fig. IV.3). The records were collected from the 

lake edge and would not be as completely mixed as would be expected in a 

core from the center of the lake (Davis, 1973). Small-scale variability is to be 

expected between samples, even ones collected just a few meters apart, 

especially if the water levels were lower. 

The inorganic C signature (Fig. IV.3) at Junin provides an 

approximation of the balance between precipitation and temperature causing 
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evaporation. The proportion of carbonate in the sediments increases as 

evaporation becomes a more important component of the hydrological cycle. 

In a lake of this size, this proxy provides a broad picture of that evaporitic 

balance, but will not capture short-term climatic changes. The O18 isotopic 

record from El Condor cave (Cheng et al., 2013) is 500 km from Junin, but 

provides a regional signature of precipitation change. A proxy that we 

suggest relates to local climate change is the proportion of Alnus pollen in 

the record. Alnus is a tree with a modern upper elevational limit close to 

3200 m elevation, about 900 m lower than Lake Junin, but nevertheless this 

tree routinely accounts for c. 10–15% of the pollen recovered. Alnus pollen 

is carried upslope by prevailing winds from the Amazon that also transports 

moisture. Four factors influence Alnus representation: local pollen 

productivity, the size of the Alnus population, the proximity of the 

population, and wind strength. The first three of these variables would be 

expected to increase somewhat from the base of the record until about 14 k 

cal BP, because warming should increase local productivity and the Andean 

forest is migrating upslope in response to deglacial warming. Thus, for any 

period in the record there is a background normal amount of Alnus pollen 

likely to arrive at Junin. Marked, brief, negative departures from that 

background are likely to reflect short-term changes in the fourth variable: 

convective wind strength. Consequently, I tentatively view these negative 

departures as times that were cold and/or dry. 
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The zonation using CONISS captured the beginning of a transition at 

14.4 k cal BP that reached its peak ~13 k cal BP. This transition coincides 

with the intensification of the Antarctic Cold Reversal, and appears to have 

been a very strong oscillation from wet to dry conditions. A cooling 

signature is not evident as this period stands out in the NMDS analysis as a 

time when there is a peak representation of woodland taxa carried upslope by 

convective winds. But strong inferred drought events, indicated by reduced 

Alnus inputs are centered on 13.1 and 12.2 k cal BP (Fig. IV.6). An MRPP 

analysis of the local vegetation indicated that there was a significant change 

in the assemblage before and after 12.3 k cal BP. Overall, I interpret the data 

to indicate a system that was progressively warming, and one in which 

evaporation was increasing in importance. The Atlantic Cold Reversal was a 

generally dry time, that ended abruptly at c. 13 k cal BP as the system 

became wetter, though strong, possibly multidecadal reductions in 

convective activity were a persistent but irregular feature of the new 

conditions. 
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Figure IV.6. Comparison of Alnus abundances from Lake Qoricocha with 

isotopic  18O from El Condor speleothem (Cheng et al., 2013). 
Grey bars showing reductions in Alnus and dry episodes. 

 

THE TIMING OF THE MEGAFAUNAL EXTINCTION ON THE 

JUNIN PLATEAU 

Sporormiella abundances were remarkably low (< 300 spores/cm3,  

3%) throughout the record in comparison with those observed at Lake 

Pacucha and Lake Llaviucu (Rozas-Davila et al., 2016; Raczka et al., 2019). 

The most likely explanation is that the other records are based on cores from 

the deepest point in the lake where there would have been focused 
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sedimentation. Core JU96-A was raised from an essentially random point 

within a gently shelving basin, and so had a more local signature.  

In the context of Lake Junin the immediate concern was whether 

changes in lake area accounted for changes in the Sporormiella signal. 

Sporormiella peaked during times that the Alnus curve indicated to have 

been dry (Fig. IV.7), and it declined in abundance sharply between c. 13 and 

12.75 k cal BP, during a wet event immediately following the Atlantic Cold 

Reversal. However, there was not a broader trend of low values associated 

with a wet early deglacial, i.e. 18–14 k cal BP compared with the drier 

period from 12–9 k cal BP. Hence, I consider it likely that the Sporormiella 

curve is influenced by lake size, but that this signature is secondary to the 

presence/absence of megafauna. If a 2% value for Sporormiella relative to 

terrestrial pollen is taken as a functional extinction threshold, only three 

samples in the entire sequence exceed that criterion, the last of which was at 

15.2 k cal BP, which matches the functional extinction inferred at Lake 

Pacucha (Rozas-Davila et al., 2016). Given, the low abundance of 

Sporormiella in this record, that threshold value, probably should not be used 

to indicate extinction, but perhaps indicates the last time the megafaunal 

populations could respond positively to favorable (dry, cool) conditions. 

Alternatively, if the peak early-mid Holocene concentration of Sporormiella 

is used as the threshold to define the functional extinction (after Raczka et 

al., 2019), this metric identifies the boundary between 13 and 12.7 k cal BP 
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as the time of population collapse. Between 12.5 and 12 k cal BP was 

another very low series of values for Alnus suggesting a cool, dry, 

oscillation, but this time there was no corresponding increase in 

Sporormiella. This break in the Sporormiella peak-Alnus low pattern 

suggests the extinction had already occurred. 

 

Figure IV.7. Megafaunal extinction, and the climatic signature at Lake Junin. 
Grey-dotted lines mark positive response of Sporormiella to dry 
cool episodes derived from  18O (Cheng et al., 2013) and 
carbon analysis (Seltzer et al., 2000). Turquoise solid-line and 
(*) marks a shift in vegetation communities determined by 
MRPP analysis. 

 

Lastly, the MRPP analysis identifies the strongest vegetation change 

in the pollen assemblage at c. 12.4 k cal BP during one of the few phases that 

has no Sporormiella representation (Fig. IV.7). This period could mark the 

transition from a flora grazed by megafauna to one grazed by camelids. In 
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lake records where the Sporormiella signal is strong, these three measures 

would be likely to coincide and provide a definitive answer. At Junin, 

however, the flat-bottomed nature of the lake, its size, and the presence of a 

wide fringing marsh all suppress that megafaunal signature. Consequently, in 

this record we must make somewhat tentative statements, but we suspect the 

populations were in decline after 15.2 k cal BP. We also suspect that their 

abundance at the site was positively influenced by dry events and negatively 

influenced by wet events (Cooper et al., 2015; Rozas-Davila et al., 2016; 

Metcalf et al., 2016; Raczka et al., 2019). Further, the functional extinction 

of remaining megaherbivores took place between 13 and 12.3 k cal BP, 

bracketing the prior estimates of c. 12.8 k cal BP at Lake Llaviucu (Raczka 

et al., 2019), and 12.3 k cal BP in Patagonia (Metcalf et al., 2016). 

 

FIRE, VEGETATION CHANGE AND MEGAFAUNAL EXTINCTION 

The vegetation changes between zones around Lake Junin were 

statistically significant (Fig. IV.8), but none of them rose to the level of 

biome replacement. Lake Junin lies well above modern treeline and so the 

vegetation changes of the past would have ranged from varying density of 

grasslands, or if Sylvester et al., (2014, 2017) were correct between 

grasslands and shrublands. The treelets and shrubs that would have been 

most likely to feature in a shrubland were Polylepis and Gynoxys 

(Asteraceae), with Anacardiaceae, Proteaceae, Melastomataceae, as lesser 
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elements. In addition to grasses, the ground cover would have included 

Lupinus, Gentiana, and assorted other Asteraceae. None of these taxa 

showed systematic changes during the period of this record, and the low 

abundance of Polylepis in this record, but its brief abundance in Hansen et 

al., (1984), was consistent with a predominantly grassy puna with occasional 

(and ephemeral) Polylepis patches or shrublands.  

 

 

 

 

 

 

 

 

 

Figure IV.8. Paleoecological proxies from Lake Junin compared with 
Isotopic 18O from El Condor (Cheng et al., 20013), and z-
scores for clastic sediment flux (Rodbell et al., 2008). 
Multivariate BCP data for Sporormiella, puna-grassland, and 
puna-shrubland along with posterior probabilities highlighting 
episodes of ecological change. Turquoise (*) marks pre- and 
post- megafaunal vegetation assemblages after MRPP analysis. 

 

Fire is known to be an occasional natural event in high Andean 

grasslands as lightning strikes and dry conditions can result in charcoal 

deposition to lake sediments long before humans arrived (Hanselman et al., 
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2011). In this record from Lake Junin, sporadic fire events are evident prior 

to 15 k cal BP (Fig. IV.8). But around 14.4 k cal BP there is a transition to a 

steady occurrence of charcoal in the sediments. Is this evidence of an early 

human presence on the Junin Plateau or simply a shift to a more fire-prone 

system? The overall setting was becoming more productive, warmer 

(Rodbell et al., 2008) and drier (Cheng et al., 2013) during this time, all of 

which could contribute to the observed fire signature. In the much wetter 

setting of Lake Llaviucu, Raczka et al., (2019) attributed a very similar 

increase in fire to human activity. Regional fire activity appears to have 

intensified again at c. 13 k cal BP (Fig. IV.8), when the amount of charcoal 

is an order of magnitude greater than when there were similar pollen 

concentrations at 14.4 k cal BP. This peak in charcoal coincides with the last 

peak of Sporormiella that I attribute to the megafauna, and the pollen sample 

with the highest value, i.e. the most extreme, on Axis-1 of the NMDS. This 

increase in fire activity, when charcoal concentrations rise so markedly 

above any previously level, could be another indicator of human activity. At 

Junin, on present evidence, we must reserve judgement on when humans first 

influenced this landscape, but we strongly suspect that at least by 13 k cal BP 

they were present. Ongoing research on prior interglacials from a long core 

raised from Lake Junin may help resolve the natural range of fire frequency 

of this region.  
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I attribute the loss of megafauna to the synergy of climate change and 

human activity, but cannot determine from this dataset if humans co-existed 

with megafauna for 1400 years or if the extinction followed quickly after 

human arrival. We can observe that the onset of regular fire suggest human 

presence at Lakes Pacucha and Llaviucu, at ~16 and 14.3 k cal BP, 

respectively (Rozas-Davila et al., 2016; Raczka et al., 2019), were similar to 

the date of 14.4 k cal BP from Junin. Functional megafaunal extinction based 

on the 2% pollen sum threshold was suggested for Pacucha as early as 15.8 k 

cal BP, although a further drop in Sporormiella abundance at c. 12.8 k cal 

BP may have signaled a more complete extinction. The dates from Junin 

match those of Llaviucu closely, with first regular fire at 14.4 k cal BP, and 

megafaunal extinction at c. 13 k cal BP. Thus, we find no evidence to 

suggest a consistent pattern of megafaunal survival at higher elevations. On 

the contrary we find remarkably similar ages for loss of these animals across 

strong ecological gradients of temperature and precipitation.  

 

  



 
 

148 

CONCLUSIONS 

 

A 20,000 year fossil pollen history of Lake Junin, from core JU96, 

provides a deglacial record of warming. The influx of rock-flour to this lake 

ended early relative to many other Andean lakes, and warming is evident 

early in the record. By 18 k cal BP the landscape biomass was sufficient to 

support occasional fires. A transition to more frequent fire activity occurred 

at c. 14.3 k cal BP, coinciding with the onset of the Antarctic Cold Reversal. 

Megafaunal presence was inferred from Sporormiella spore abundance, but 

the taphonomic conditions of a flat- bottomed lake and broad marsh meant 

that both percentage and concentration values were lower than in other 

published records. The strength of Alnus pollen inputs, blown in from long 

distance, was used as a local indicator of convective activity and suggested 

to be weak when conditions were dry or cold. Sporormiella peaks coincided 

with low values of Alnus, through the early part of the record, but the last 

time that Sporormiella increased during a dry event was at c. 13 k cal BP. 

We infer that there was still a population of at least some megafauna at this 

time. Later dry events showed no such response. The last major peak of 

Sporormiella at 13 k cal BP coincided with a much higher charcoal 

concentration than seen previously in the core. Throughout the warm, wet 

interval that followed the Antarctic Cold Reversal, charcoal is present in the 

sediment. On present evidence we cannot say for certain that this extinction 
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was caused by humans, but we consider a synergy between human actions 

and warm wet conditions that were unsuitable for megafauna to be a likely 

explanation. The last peak of Sporormiella at 13 k cal BP provides a 

maximum age for the extinction, while a marked change in vegetation and 

complete absence of Sporormiella from the record at 12.3 k cal BP, probably 

provides a minimum age for the event. We find no evidence to suggest that 

the megafauna survived longer in the grassy highlands than in Andean forest 

settings. 
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CHAPTER V 

SYNTHESIS AND CONLCUDING REMARKS 

This dissertation focused on the extinction of Pleistocene megafaunal 

herbivores in the Neotropics. Special attention was paid to extinctions in the 

Yucatan Peninsula and the Tropical Andes where megafaunal histories were 

reconstructed using three coprophilous fungus (i.e., Sporormiella, 

Podospora, and Cercophora). The time and cause(s) of extinction at each 

site was determined using a multiproxy approach combining dung spores, 

fossil pollen, charcoal, and diatoms when possible.  

 

DID CLIMATIC INSTABILITY AFFECT THE DYNAMICS OF 

MEGAFAUNAL POPULATIONS IN THE ABSENCE OF HUMANS? 

 The latitudinal shift in the position of the ITCZ triggered contrasting 

climates between the northern and southern hemispheres during the last ice-

age. In the Yucatan peninsula, the warm-wet climates that governed the 

interstadials favored the dominance of woodlands, whereas the cold -dry 

conditions of HE events supported the formation of savanna-type systems 

(Hodell et al., 2008; Correa-Metrio et al., 2012a,b). These contrasting 

vegetation systems were hypothesized to have favored corridors for the 

dispersal of browsers during interstadials and grazers during HE events 

(Dávila et al., 2019). Following this logic the Yucatan Peninsula was 

suggested to have supported megafaunal populations at all times. The 
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42,000-year reconstruction of coprophilous fungi from Lake Petén-Itzá, 

however, suggested limited megafaunal presence during interstadial, and the 

possible absence of megafaunal populations at the height of HE events. 

Furthermore, the reduced concentration of Sporormiella, Podospora, and 

Cercophora during HE events indicated that cold-dry conditions were 

unfavorable for the persistence of megafauna in the Yucatan region. In 

searching for a mechanism to explain the absence of megafaunal populations 

during HE events, I hypothesized that aridity limited the availability of 

nitrogen, lowering plant productivity and forage quality and quantity of the 

system, and thereby reducing the carrying capacity for megafaunal 

populations.  

 A further comparison between the dung fungi record and 

reconstructed climate change velocities for the area (Correa-Metrio et al., 

2013) showed absences and lower abundances of coprophilous spores during 

periods of increasing climate change velocities, suggesting that rapid climate 

change was detrimental to megafaunal populations. The findings from Lake 

Petén-Itzá are in agreement with published material from Eurasia, North and 

South America with respect to the adverse effects of rapid climate change on 

megafaunal populations, but contrast in terms of the impact of stadials 

(Cooper et al., 2015). The data from Cooper et al., (2015) indicates that 

warmer conditions during interstadials were responsible for the megafaunal 

loss.  
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 In the Peruvian Andes, a more “European pattern” was evident as 

warmer and wetter conditions were responsible for the initial decline of 

megafaunal populations at Lake Pacucha between 21 and 19 k cal BP 

(Rozas-Davila et al., 2016). I found a similar response in the 26 k year-

record from Lake Qoricocha, which revealed drops in Sporormiella 

concentration between 22-19 and after 17 k cal BP aligning with local and 

regional indicators of warm-wet conditions. At Lake Junin, also located in 

the Peruvian Andes, the Sporormiella record suggested that an overall 

decline in megafaunal abundances was temporally reversed during dry 

episodes, but that these reversals of fortune were not enough to sustain 

populations.  

 In summary, it appears that climate change shaped the dynamics of 

megafaunal populations in the absence of humans. Megafaunal populations 

were found to be sensitive to cold-dry episodes in the Yucatan Peninsula, 

and warm-wet conditions in the tropical Andes. This mismatch of responses 

could be attributed to differences in megafaunal composition, but clearly 

warrants further investigation.  

 

WERE MEGAFAUNAL POPULATIONS ABUNDANT IN 

NEOTROPICAL ECOSYSTEMS? 

 The Pleistocene sediments of Lake Qoricocha were rich in the pollen 

of Polylepis, a genus known for its sensitivity to herbivory (Toivonen et al., 
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2017). The same sediments in which Polylepis was found also contained the 

spores of Sporormiella, suggesting the co-existence of megafaunal and 

Polylepis. As Polylepis is both palatable to modern megafauna, and sensitive 

to herbivore browsing, the long term survival of Polylepis suggest 

possibilities such as: that i) Polylepis was inaccessible, ii) contra modern 

observations it was not favored by megafauna, or iii) megafaunal populations 

were not large enough to impact it. Given the rolling landscapes around Lake 

Qoricocha lacks cliffs and other strong physical barriers, the most plausible 

explanation for the survival of Polylepis to megafaunal herbivory was that 

megafaunal populations were small or that the animals were not gregarious.  

 The animals known to have existed in the High Andes included giant 

ground sloths and glyptodont, whose closest modern relatives are giant 

armadillos, which are solitary animals (Carter et al., 2016). Paleolama went 

extinct, yet other large camelids survived, raising the question was this 

simply a function of body-size ecology? Many social mammals can have 

close relatives that are relatively solitary., e.g., African vs. Indian elephants 

or ancestral European cattle vs. Banteng cattle (Nowak & Walker, 1999). A 

general pattern is that forested animals are solitary, whereas plains animals 

form herds. Polylepis woodlands would not have formed forests, but may 

have impacted sight-lines enough to negate the benefits of herd behavior. 

The surviving camelids, vicugna, guanaco, and alpaca are all herd animals 

that prefer to live in high, dry, grasslands. The ecology of Paleolama is 
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unknown, but a working hypothesis is that it was more solitary, perhaps 

living in or around Polylepis thickets.  

 Such solitary ecologies could help to explain the relative low 

abundances of coprophilous fungus observed at Lake Junin, and Lake Petén-

Itzá. In analyzing the effects of megafaunal extinction in South America, 

Barnosky et al., (2016) concludes that shifts in the vegetation system 

occurred only if the extinct megafauna was a) an ecosystem engineer or b) 

the ecosystem contained plants susceptible to ecological release. An 

alternative explanation could involve the social behavior of megafauna. 

Rozas-Davila et al., (2016) found that trampling had a negative effect on 

shrubs, whilst herbivory favored the abundances of forbs. Neither Lake Junin 

nor Lake Petén-Itza showed evidence of associations between megafauna 

and palatable plants or species prone to trampling. If megafauna had 

primarily solitary behaviors their departure from the ecosystem might not 

have resulted in marked changes in the vegetation system. Moreover, having 

solitary behavior might have reduced survival chances, in the face of 

heightened predation.  
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WHEN DID MEGAFAUNA BECOME EXTINCT IN THE 

NEOTROPICS AND WHAT WERE THE CAUSE(S) OF 

MEGAFAUNAL EXTINCTION? 

Searching for the timing and causes of megafaunal extinction in the 

Neotropics, I analyzed three lakes, one located in the Yucatan Peninsula 

(Lake Petén-Itza), and two from the Tropical Andes (Lake Junin, and Lake 

Qoricocha). Lakes Junin and Qoricocha share similarities in their climatic 

histories, but contrast with the climate that governs Lake Petén-Itzá. The 

vegetation systems around these lakes reflect the contrasting climates. At 

Lake Petén-Itzá the high-resolution climatic and vegetation reconstruction 

indicated that the cold-dry climates during HE events triggered rapid plant 

turnover that transformed woodlands into savanna-type systems (Hodell et 

al., 2008; Correa-Metrio et al., 2012 a,b). The reconstruction of megafaunal 

histories indicated that megafaunal presence was scarce before HE events, 

and became absent during HE events. A prolonged absence of coprophilous 

fungus after 13.8 k cal BP signaled the time of functional extinction of 

megafauna at Lake Petén-Itzá. This timing of extinction coincided with 

intensification of dry conditions in the region, and encompassed the period 

of human arrival on the continent (20-18 Kcal BP, Moreno-Mayar et al., 

2018; Dillehay et al., 2015). Unfortunately, we could not determine the exact 

timing of human arrival in the region, but megafauna-human coexistence 

appears to have been likely. 
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 In the Tropical Andes, the 26,000-year long record from Lake 

Qoricocha depicted a cold-wet system where grasslands, bofedales, and 

Polylepis woodlands or shrublands form part of the glacial landscape. In this 

system the drop in Sporormiella abundance between 22 and 19 k cal BP and 

after 17 k cal BP were interpreted as signs of lowered megafaunal 

populations. The timing of these events coincided with similar observations 

from Lake Pacucha, suggesting that megafaunal dynamics were probably 

controlled by climate. A hiatus between 13.8 and 8.4 k cal BP prevented us 

from determining the time of functional extinction of megafauna at 

Qoricocha. Projections of Sporormiella abundance during the glacial stage 

and the period before the onset of pastoralism, however, suggest that 

extinction may have occurred c. 12.5 k cal BP. If our projections are correct, 

the time of extinction occurred 2500 years after the first sign of human 

activity in the area, inferred from the increase of charcoal particles.  

Although glacial retreat began c. 21 k cal BP, none of these records 

show a strong thermal response until c. 17 k cal BP. Thereafter, an upslope 

migration of Andean forest taxa (Valencia et al., 2010) may have reduced 

the area of puna-grassland. Alternatively, Sarmiento (2012) suggests that the 

Andean grasslands are a construct of human activity, and like the isolated 

Polylepis woodlands, a product of fire patterning in the landscape (Valencia 

et al., 2018). If this is the case, Sylvester et al.’s (2014, 2017) contention that 

Polylepis and grasses grew as a shrubland prior to human arrival is worth 
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further investigation, especially in moderately dry settings. The implication 

being that grasslands, far from being lost to upslope tree migration in the 

early Holocene, actually expanded their area. 

At the wetter setting of Lake Junin, vegetation reconstruction showed 

that puna-like grasslands dominated the system at 4000 m elevation. The 

megafaunal histories in the area, indicated that megafaunal populations 

responded positively to relatively dry events during the deglacial. The 

analysis of Sporormiella abundance allowed us to bracket the megafaunal 

extinction as occurring between c. 13 and 12.5 k cal BP. This period 

encompasses the time that humans are known to have occupied the Andes 

(Rademaker et al., 2014; Capriles et al., 2016). At this site, we inferred that 

together climate change and humans both contributed to the extinction of 

megafauna. Megafaunal populations were already falling, probably as a 

response to wet-warm conditions, when humans arrived in the system. The 

increased hunting pressure, habitat alteration by fire, and ongoing climate 

change provided a synergy that prevented the kind of rebound that had saved 

megafaunal populations from prior populations lows before the last glacial 

period.  
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WERE PATTERNS OF EXTINCTION EVIDENT IN THE 

NEOTROPICS? 

 Habitat loss and fragmentation has been linked to megafaunal 

population collapse in Europe, North America, and the tropical Andes 

(Gould, 1973; Guthrie, 1984; Gill et al., 2009; Lorenzen et al., 2011; Rozas-

Davila et al., 2016). A case in point for the tropical Andes is the record from 

Lake Pacucha where reduction of the puna-grassland coincided with the 

decline of megafaunal populations (Rozas-Davila et al., 2016). In our record 

from Lake Junin that sits 800 m above the limit of the treeline, the 

palynological reconstruction indicated that grasslands dominated the 

landscape over the last 20,000 years. In this setting the reconstruction of 

megafaunal histories was complicated by the shape and size of the lake basin 

and by the broad marsh system surrounding the lake. Despite the 

complications, we were able to bracket the period of megafaunal extinction 

between 13 and 12.3 k cal BP. The time of extinction at Lake Pacucha was 

estimated at 13.8 k cal BP, and for Lake Llaviucu at 12.5 k cal BP. Thus, we 

find no evidence to suggest that the megafauna survived longer in the grassy 

highlands than in Andean forest settings. 

Prior to this study one site in Ecuador (Lake Llaviucu) and one site in 

Peru (Lake Pacucha) suggested that humans and the synergistic effects of 

humans and climate change were forces driving the megafaunal extinction in 

the Tropical Andes (Rozas-Davila et al., 2016; Raczka et al., 2019). A third 
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record from southern Peru (Lake Huiñaimarca) present parallels with the 

megafaunal dynamics from Lake Pacucha, but a hiatus between 20.1 and 

11.5 k cal BP limited (Raczka, 2017) potential inferences about the causes of 

extinction.  

This dissertation added two megafaunal records for the Peruvian 

Andes. The analysis of Lake Junin suggests that megafaunal extinction was 

the result of the synergistic effects of climate change and humans. I inferred 

a similar cause of extinction at Lake Qoricocha, despite the hiatus between 

13.8 and 8.5 k cal BP. The Sporormiella histories from this lake shared 

striking similarities with Lake Pacucha.  At Lake Qoricocha the rapid 

reduction of Sporormiella coincided with increases in local fire activity 

during warm-wet climates that suggest megafauna-human co-existence. 

Although more research is needed, Lake Junin, Lake Pacucha, and Lake 

Qoricocha all suggested that megafaunal loss occurred quite abruptly over a 

large section of the Peruvian Andes, and at a time that showed no marked 

climatic events. The synergy of prior population decline due to climate 

change and the transformation of landscapes through fire and hunting 

pressure, reshaped the ecology of the Andes and, arguably, heralded the sixth 

mass extinction. 
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