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ABSTRACT 

 
TIMING AND CONSEQUENCES OF PLEISTOCENE MEGAFAUNAL 

POPULATION COLLAPSE IN SOUTH AMERICA 
 

by Marco Felipe Raczka, B.S., University of Guarulhos; 
M.B., University of Guarulhos 

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

 

A key question for ecologists and paleontologists studying the extinction of 

the Pleistocene megafauna is: what caused the extinction of these animals? Was the 

extinction of megafauna caused solely by human-hunting pressure, or was it a 

consequence of climate change? Could these extinctions be caused by a 

combination of both factors? Was this wave of extinction temporally uniform 

across South America? Despite the recent surge of research on this subject, these 

questions remain largely unanswered. 

Spores of Sporormiella, a genus of obligate coprophilous fungi, are now 

widely used to detect mega-herbivore presence and even estimate their abundance 

in paleoecological reconstructions. However, this proxy has never been tested in 

neotropical systems. Mud-water interface samples from nine lakes in Southeastern 

Brazil were collected to validate the accuracy of Sporormiella for detecting the 

presence of megaherbivores in a tropical context. The sites were chosen based on 

lake size and basin morphometry. To investigate the paleoecology of megafaunal 

population collapse, Sporormiella was analyzed in four sites. Two lakes spanning 
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the last ~22 kcal BP were selected in Southeastern Brazil, a region considered to be 

important for archaeological and paleontological investigations. Two other sites 

were in the high Andes: Lake Huiñaimarca, in the Altiplano region on the 

Peru/Bolivia border, with a record that spanned the last ~30 kcal BP, and Lake 

Llaviucu, in Ecuador, where the critical interval between 14.9 and 9 kcal was 

investigated.  

The analysis of the mud-water interface of nine neotropical lakes indicated 

that spores of Sporormiella are a very sensitive proxy for large herbivore presence, 

proving to be an important paleoecological proxy measure for identifying the 

presence, and with appropriate metadata, the abundance of mega-herbivores.  

The pollen, charcoal, and Sporormiella analysis from the fossil records of 

the two lakes in Southeastern Brazil depicted a decline of Sporormiella abundance 

at c. 14.4 kcal BP, with the final extinction occurring between c. 12 and 11.5 kcal 

BP. No evidence was found of major ecological or climatic events coincident with 

the loss of megafauna. The data from Southeastern Brazil indicated that the 

collapse of megafaunal populations were consistent with humans playing a major 

role in the megafaunal extinction of the region. In the Andes, however, megafauna 

populations were responding to episodes of climate upheaval. Climatic events, such 

as the Tauca highstand (between 18 and 14 kcal BP), coincided with a marked 

decrease in the abundance of Sporormiella spores at Lake Huiñaimarca. However, 

at Lake Llaviucu the signal of Sporormiella was found to have occurred much later 

than at Huiñaimarca. At Lake Llaviucu, where fire was a regular component of the 
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landscape from the inception of the lake at 14.6 kcal BP, which indicated early 

human occupation. Megafaunal populations survived longer that at Lake 

Huiñaimarca, collapsing only at c. 12.6 kcal BP. 

Overall, the data revealed that the extinction of the Pleistocene megafauna 

was very heterogeneous, with some locations responding more to climatic changes 

than others. Nonetheless, final extinction of the megafauna probably did not occur 

until c. 12 -10 kcal BP, with strong evidence of co-existence with humans for 

several millennia.    
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“A oportunidade, ela não bate em sua porta. É preciso 

se dedicar e se esforçar porque ela chega no seu colo.” 

 

Adenor Leonardo Bachi 
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CHAPTER I 
 
 

SCOPE OF RESEARCH 
 
 

INTRODUCTION 
 
 
 

In the Last Ice Age, which ended c. 11,700 kcal BP (calibrated 14C years 

before present = kcal BP), megafauna, defined here as fauna weighing >44 kg,  

were part of almost every ecosystem, inhabiting a range of different landscapes 

from rainforest swamps to the tundra (Johnson 2002). But near the end of the 

Pleistocene epoch, an extinction event occurred that caused the disproportionate 

loss of these large-bodied creatures (Martin & Steadman 1999; Johnson 2002).  

Arguably, this was the most extreme extinction of large animals since the K-T 

boundary. In North America, about 35 genera (73% of the megafauna) died out, but 

surviving herbivores included: grizzly and black bear (Ursus arctos and Ursus 

americanus), musk ox (Ovibos moschatus), American bison (Bison bison), and 

pronghorn antelope (Antilocapra americana). In South America, an estimated 46 

out of 58 genera (79.6 %) of the fauna (Wroe et al. 2004) were lost, leaving just 

Tapir (Tapirus) in the lowland forests, and Spectacled Bear (Tremarctos ornatus), 

Vicugna (Vicugna vicugna), Alpaca (Vicugna pacos), and Guanaco (Lama 

guanicoe) as herbivorous megafauna in the Andes (Barnosky & Lindsey 2010; 

Martin & Klein 1984; Martin & Steadman 1999). 
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 Researchers have been arguing for decades over the cause of the extinction. 

Unfortunately, the extinction took place in a phase of exceptionally large 

environmental changes, such as the retreat of the Laurentide ice sheet and the 

colonization of the Americas by humans (Martin & Klein 1984; Martin 2005). 

Consequently, teasing apart the potential influence of human influence from 

climatic causes has proven difficult. Environmental change (Macphee 1999; 

Grayson & Meltzer 2002) and human hunting pressure, also known as Overkill or 

Blitzkrieg, (Martin 1973; Miller et al. 1999) are the two leading explanations of the 

extinction of the megafauna. Additional hypotheses have also been postulated, such 

as extra-terrestrial meteorite impact and diseases (Lyons et al. 2004; Firestone et al. 

2007), but those found little support among the scientific community.  

  In South America, the majority of megafaunal fossils are associated with 

high latitude and high altitude grasslands, but it has been suggested that the lack of 

fossils in lowland forest settings is a result of taphonomy and sampling bias rather 

than genuine distribution (Webb & Rancy 1996). An alternative view was that the 

presence of megafauna along the main Amazon channel bore witness to the loss of 

forest and expansion of savannas (Rossetti et al. 2004); a finding at odds with 

recent empirical data of ice-age climate and vegetation (Wang et al. 2017). It has 

been suggested that these large animals strongly influenced their habitats.  Based 

on the influence of large herbivores today, such as elephant-maintained savanna 

(Doughty et al. 2016), these herbivores, may have played a role in determining fire  
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frequency, and habitat heterogeneity (Staver et al. 2009). Consequently, this 

massive loss of large herbivores may have induced major ecological modifications 

that are still felt today (McNaughton et al. 1989; Augustine & McNaughton 1998). 

With the arrival of European explorers to the Americas, domesticated megafauna 

such as cows, horses, and oxen, were introduced to many areas. An important 

question for ecologists is whether the newly introduced species offer a functional 

replacement for the extinct megafauna. Both in pre-history and in modern times, 

megafauna produce a wide range of effects on terrestrial ecosystems that can 

disturb and alter the functioning of the ecosystem (Ripple & Van Valkenburgh 

2010; Sridhara et al. 2016). Some of these effects are direct, such as the removal 

and consumption of vegetation, while other effects are indirect, such as alterations 

of rates of nutrient cycling (McNaughton 1985; MacFadden 1997; Johnson 2009; 

Smith et al. 2010; Doughty et al. 2013; Augustine & McNaughton 1998). 

 Traditionally, fossilized bones were the only evidence used to study and 

examine the extinction of the megafauna (Webb et al. 1984). Despite the 

importance of fossilized material, they were a limited source of information, and in 

most cases provided an undated and temporally discontinuous record for the 

presence of a species (Borrero 2009). Because of the limitations of ecological 

analysis based on fossilized bones, a new source of data was needed. The discovery 

of a proxy for megafauna that was strongly related to megafaunal occurrence and 
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that was found in temporally continuous and datable paleoecological archives, was 

an important addition to the paleoecological toolkit. 

Spores of Sporormiella (Fig. I.1), a genus of obligate coprophilous fungi are 

found in the digestive system of herbivores. These spores have been widely used to 

detect herbivore presence and even to estimate their abundance in paleoecological 

reconstructions (Robinson et al. 2005; Davis & Shafer 2006; Gill et al. 2009; Gill et 

al. 2012). Though the technique was pioneered in the Great Plains of the USA 

(Davis et al. 1977; Davis 1987), Sporormiella analysis has been extensively used to 

reconstruct the presence of Moas in New Zealand (Wood et al. 2011), giant 

tortoises in the Galapagos (Froyd et al. 2013), and giant lemurs, elephant birds and 

pygmy hippopotami in Madagascar (Burney et al. 2003). Sporormiella has also 

been used to reconstruct environmental changes in Rome during the Roman Period 

(van Geel et al. 2003). 

 
Figure I.1. Photomicrograph of a single Sporormiella cell (terminal segment) 

showing the aperture in s-shape. This aperture is unique from 
Sporormiella type and it facilitates the identification of the spore.  
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Despite the growing literature concerning the significance of spores of 

Sporormiella in Quaternary sediments, few studies have been conducted in modern 

settings to measure the reliability of spores of Sporormiella as a proxy for 

megafauna (Raper & Bush 2009; Etienne et al. 2012; Gill 2014). Because of their 

size and ecology, modern megafauna, such as cows, horses and oxen, can serve as 

equivalents for the Pleistocene megafauna and can be used to calibrate the 

signatures of Sporormiella in paleoecological sediments. Sporormiella is known to 

be a common element of lake sediments in localities with modern cattle presence, 

particularly in samples collected near the shoreline (Raper & Bush 2009). The 

signatures of Sporormiella relative to megafaunal density in modern sediment, 

however, had not previously been tested in the Neotropics. 

 In this introductory chapter, I outline the state of knowledge of the 

extinction of megafauna with an emphasis on the Americas. I will also introduce 

the leading hypotheses for the demise of the megafauna, again with special 

attention paid to North and South America. A synthesis of the importance of the 

megafauna and the possible ecological consequences of their extinction will be 

presented. Sporormiella will be considered as a tool to investigate the presence of 

megafauna in past environments. 
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LITERATURE REVIEW 
 
 
 

 The Pleistocene epoch (c. 2,600,000 to 11,700 years ago) was marked by 

massive climatic oscillations and recurrent glacial cycles (c. 22 in the last 2.5 

million years) that disturbed ecosystems all over the globe (Flint 1971). The 

Pleistocene also saw, in the extinction of megafauna, what can be argued as the 

most profound shift in terrestrial faunas since the K-T boundary (Raup 1986). 

 If megafauna survived the highly unstable glacial climates of Marine 

Isotope Stage 3 (Imbrie et al. 1984; Petit et al. 1999a) and perhaps as many as 22 

prior glacial/interglacial cycles in the Quaternary period (Fig. I.2), why was the end 

of the Pleistocene so different? Clearly, these animals  were capable of adapting to 

the changing environment around them (Martin 2005). Nevertheless, the very end 

of the Pleistocene epoch appears to have been the last occurrence of many species 

of megafauna in the Americas. 
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Figure I.2. Marine Isotope Stage (MIS) timescale for the last million years. The 
warmer stages are indicated by odd-numbers, while colder stages are 
indicated by even-numbers. Roman numerals indicate glacial 
terminations. The red-shaded bar indicates the interval where the 
majority of the megafauna went extinct in the Americas. Modified from 
museum.state.il.us. Data from (Lisiecki & Raymo 2005). 

 
 
CLIMATE VERSUS ANTHROPOGENIC FORCES AS A CAUSE FOR 
EXTINCTION 
 
 

 Although the extinction of the megafauna was observed worldwide, this 

event did not happen synchronously, but rather seemed to coincide with the arrival 

of humans (Steadman et al. 2005). The clearest cases are the extinctions from 

oceanic islands, such as the Moas in New Zealand that went extinct following 

human arrival (Wood et al. 2011). Giant lemurs, elephant birds and the pygmy 
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hippopotamus in Madagascar also showed a collapse after human arrival in the 

island (Burney et al. 2003).   

 The largest island, Australia, is probably another example of human-

induced extinctions, but many of the issues relating to uncertain chronologies that 

plague the discussion of the New World extinctions are also evident in Australia.   

 

Figure I.3. Summary of the numbers of megafaunal genera that went extinct on 
each continent. The figure shows the lack of data for South America in 
comparison with other continents (Barnosky et al. 2004, page 71). 

 In Australia, 88 species of megafauna are found in paleontological records. 

Of these, only eight have dated remains younger than 39,000 years ago (Wroe et al. 

2006; Wroe et al. 2013). Those advocating a human-induced extinction point to the 

arrival of humans in Australia about 50,000 years ago, and the coincident collapse 
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of megafaunal populations. Support comes from the sudden decline in Sporormiella 

abundance at sites as far apart as Lynch’s Crater in the northeastern rain forests and 

southwestern Australia (van der Kaars et al. 2017; Rule et al. 2012), and also from 

the disappearance of giant ratite bird’s eggs (Genyornis newtoni) from the fossil 

record of central Australia (Miller et al. 1999). The overall consensus is that the 

majority of the Australian megafauna shows an abrupt decline between 50 - 40 kcal 

BP (Johnson et al. 2015, van der Kaars et al. 2017). Those questioning a human-

induced extinction suggest that strong climate change had gradually dried out 

Australian landscapes over about 400,000 years, and it was between 70,000 and 

50,000 years ago that the system finally tipped from being mesic to semi-desert and 

desert (Wroe et al. 2013). Pollen records all show major vegetation transformations 

in this period, and isotopic data from eggshells of ratites indicates a long, gradual 

dietary shift in response to changing vegetation (Miller et al. 2005). Although few 

megafauna survived past 39,000 years ago, the evidence that many species died out 

at 50,000 years ago is somewhat conjectural. Only 21 species, about 30% of the 

megafauna known from the Pleistocene of Australia, have dated fossils younger 

than the last interglacial. Thus all 80 species could have gone extinct between 

50,000 and 40,000 years ago (8 were known to survive this period), or it may have 

been as few as 13. 
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Table I.1. Extinct and living genera of terrestrial megafauna >44 kg adult body 
weight) of five continents. Adapted from Wroe (2004). 

 
Continent Extinct Living Total % Extinct 
Africa 7 42 49 14.3 
Europa 15 9 24 60.0 
North America 33 12 45 73.3 
South America 46 12 58 79.6 
Australia 19 3 22 86.4 

 
 In Africa, the megafauna experienced far lower rates of extinction than in 

Australia or the Americas. Although Africa lost some of its megafauna (Barnosky 

et al. 2004), the African continent is still home to a variety of large animals that 

survived the pronounced wet and dry phases of the African Pleistocene (deMenocal 

2008). The survival of large animals in Africa has frequently been attributed to the 

long co-evolution between humans and megafauna (Flannery 1999; Martin & Klein 

1984). Part of that co-evolution was to learn to fear humans as hunters. Without the 

advantage of attacking naïve prey, humans could not exert the same level of 

hunting pressure in Africa as on other continents (Koch et al. 2006; Martin, Paul & 

Stuart, Anthony 1995).  

 In Northern Europe, where there had been several hundred thousand years 

of hominid presence, ancient DNA and radiocarbon data suggest that human 

presence probably had a key role on megafaunal metapopulations by interfering in 

the connectivity between subpopulations during times of warming (Cooper et al. 

2015). These events were wet or dry according to locality, but aligned to periods of 

population replacement among megafauna aggravating the effects of climate 
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change and promoting extinction during the rapid climatic oscillations of  Marine 

Isotope Stages 3 and 4 (Cooper et al. 2015).   

 In North America, 73% of megafaunal genera went extinct during the time 

of human arrival and rapid climate change (Wroe et al. 2004). When Martin 

proposed the Overkill hypothesis, he suggested that specialist big-game hunters, the 

Clovis, were the first inhabitants of the Americas. Encountering naïve prey, they 

swept across North America causing a wave of extinction. Refined dating of Clovis 

sites has reduced the duration of the Clovis culture to approximately 400 to 250 

radiocarbon years (Waters & Stafford 2007; Carlson et al. 2016). Such a short 

temporal window raises questions about the credibility of this culture causing the 

extinction. At the same time, it is now observed that Clovis did not extend into 

South America, and yet the extinctions took place there as well. Further problems 

with Martin’s hypothesis come from evidence of  pre-Clovis people in the 

Buttermilk Creek site in Texas (Waters, Forman, et al. 2011), Page-Ladson site in 

Florida (Halligan et al. 2016), and Paisley Caves in Oregon (Gilbert et al. 2008). If 

these ages are accepted, then previously discarded ages for ‘early’ sites in eastern 

North America, such as the Meadowcroft Rockshelter (Adovasio et al. 1978), 

dating to c. 16 kcal BP should be reconsidered. Clearly the presence of people 

overlapping with megafauna for thousands of years undermines the concept of 

naïve prey falling easy victim to Clovis hunters.  
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 The Pleistocene epoch was a time of major climatic and landscape 

transformations. Millennial scale temperature and ocean oscillations (Dansgaard-

Oeschger = D-O cycles) (Dansgaard et al. 1993) and Heinrich events (Bond et al. 

1992; Grootes & Stuiver 1997) were important drivers of landscape 

transformations during the Pleistocene. The retreat of the glaciers, which 

rearranged vegetation assemblages all over the continent (Davis 1985; Overpeck et 

al. 1985) and the impact of the Younger Dryas event profoundly influenced 

terrestrial ecosystems (Dansgaard et al. 1989). Both climatic changes and the 

expansion of the Clovis are consistent with the timing of the extinction of North 

American megafauna (Barnosky et al. 2004; Martin 2005). Kill-sites, where a 

corpse was cut up, are rare finds in archaeology, but they are important as they 

definitively link particular species to human hunters. In all, only four species have 

been found in these sites, mammoth, mastodon, horse and bison. These sites have 

also provided the earliest dates for human presence in Beringia at c. 16 kcal BP 

(Goebel et al. 2008) and Florida at c. 14.5 kcal BP (Webb et al. 1984).  

 The ability of an assumed growing human population to hunt the 

megafauna, combined with the very slow breeding rates of these large animals, was 

used to support the idea that humans were fundamental to the Pleistocene 

megafauna extinctions (Barnosky et al. 2004). It is important to note that not all the 

megafauna had to be eradicated to start a human-induced extinction process. If a 

few important taxa were hunted to extinction, a trophic and ecological cascade 
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could be put in motion, disrupting ecosystems and driving other megafauna to 

extinction, even if they were not the primary targets of hunting (Martin 1973; 

Haynes 2009). 

 A contentious debate continues over the causes of the extinction in North 

and South America. Evidence from paleontological sites located in northeastern 

Brazil led some researchers to propose the extinctions of the Pleistocene megafauna 

were caused by the establishment of cold and dry climate conditions during the 

Last Glacial Maximum (Cartelle & Hartwig 1996). The lack of human evidence 

coupled with increasing temperatures prior to the Pleistocene/Holocene boundary 

followed by intense wet periods (Coltorti et al. 1998; Ficcarelli et al. 2003), and an 

early c. 17 -15.8 kcal BP Sporormiella decline in the tropical Andes, also led 

researchers to proposed a climatic-induced extinction (Rozas-Dávila et al. 2016). 

 The majority of megafaunal herbivores are thought to have been grassland 

or forest edge creatures rather than deep forest animals. The closure of forests over 

grasslands as a result of more mesic conditions in the terminal Pleistocene, may 

have resulted in habitat loss, prompting the extinction (De Vivo & Carmignotto 

2004). 

 In this latter scenario, the last phase of Andean warming might be expected 

to coincide with the final extinction, placing that event at c. 11.7 kcal BP 

(Colinvaux et al. 1997). All these uncertainties about the timing and the effects of 
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climate change coupled with the poor chronological data, leave considerable 

uncertainty for the generalizability of a climate-based extinction in South America. 

 Cione et al. (2009) observed that the megafauna were a diversified and 

specialized group that had not undergone any significant decline in populations 

during the previous climate oscillations of the Pleistocene. The key question that 

proponents of a climate-based extinction must answer is ‘Why now?’. What made 

this period so dangerous to the megafauna? 

 The alternative explanation, which is based on human-induced landscape 

change, and hunting, also has problems to overcome. Some kill sites are known in 

South America, but none in the Andes. Burney & Flannery (2005) argued that 

hunting by humans probably caused the extinction of ground-sloths in South 

America at the end of the Pleistocene. The weakness of an extinction exclusively 

conducted by humans in South America is that human populations probably took 

several thousands of years to expand their range throughout the entire continent 

after the initial arrival in coastal Chile, c. 18 -14 kcal BP (Dillehay et al. 2015). The 

dense forest and the high Andes may have slowed colonization. For many years, it 

was believed that physiological challenges delayed human occupation of the High 

Andes until after the onset of the Holocene (Dillehay et al. 2008; Aldenderfer 

2008). Newly discovered tool workshops in the high Andes (4355 meters above sea 

level) place humans in this landscape at c.12.8 kcal BP (Rademaker et al. 2014). 

Also, supporters of extinction caused by anthropogenic factors (Cione et al. 2009; 
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Fiedel 2009) claim humans could have transformed Andean ecosystems through 

fire, thereby inducing novel habitats that did not support these animals. If this was 

the case, the population declines in megafauna could have predated the onset of the 

Holocene, but not the arrival of people. 

 The lack of direct evidence of kill sites, and the growing body of data 

suggesting the population declines began before human arrival pose problems for 

the human-based explanation. Cione and Eduardo (2003) proposed that alterations 

in the climatic conditions, such as the Last Glacial Maximum, would have triggered 

population collapses, leading megafaunal populations to the brink of an extinction 

event from which they could have recovered in the absence of people. The arrival 

of humans, however, tipped the balance toward extinction. Other authors have 

supported this hybrid view (e.g. Metcalf et al. 2016; Lima-Ribeiro et al. 2013; 

Lima-Ribeiro et al. 2012), although there was no further evidence to support it prior 

to the study of megafaunal extinction at Lake Pacucha, Peru (Rozas-Davila et al. 

2016). 

 In southeastern Brazil, the history of colonization by humans and the 

occupation of the Lagoa Santa region by megafauna is better documented than in 

the Andes. Paleontological studies regarding the megafauna began in the 1830s 

with the Danish naturalist Peter Wilhelm Lund (Hurt 1960). Despite almost 200 

years of study, little more than a species list has emerged for the megafauna. Little 

is known of their ecology or the chronology of their demise (G Lessa et al. 1998; M 
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A T Dantas et al. 2005; Hubbe et al. 2007; Ximenes 2009; Oliveira et al. 2009; 

Marinho et al. 2010; Hubbe et al. 2013; Cartelle & Hartwig 1996). 

  

THE INFLUENCE OF MEGAFAUNA ON ECOSYSTEMS 
 
 

 Large herbivores can shape terrestrial ecosystems through both positive 

(seed dispersal) and negative (grazing) effects on vegetation (Dirzo & Miranda 

1991). While some of these influences on ecosystems can be direct, such as the 

removal and consumption of vegetation, others can be indirect, such as changes in 

the rates of nutrient cycling and altering nutrient availability, seedling success, and 

sward height, (Ripple & Van Valkenburgh 2010; McNaughton 1985; MacFadden 

1997; Augustine & Mcnaughton 1998). Because these animals speed the cycling of 

nutrients, their sudden loss has been suggested to have reduced the flux of P in 

Amazonia, the main limiting nutrient of rainforests, by as much as 98% (Doughty 

et al. 2013). 

 The use of modern megafauna, such as cattle, although not a perfect analog, 

could serve as a model for the large herbivores lost during the Pleistocene. Modern 

megafauna are known to influence landscapes and, for some authors, they are seen 

as ecosystem engineers (Johnson 2009; Haynes 2009). In African ecosystems 

modern megafauna have been shown to modify the environment (Fritz et al. 2002). 

Herd animals influenced the heterogeneity and openness of the African landscape 

and the height of grasses; perhaps offering an analogy to the ice-age Neotropics 
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(Okullo & Moe 2012; McNaughton 1985). For example, it was found in a South 

African National Park that the density of woodland cover expanded after the 

exclusion of elephants from the environment (Trollope et al. 2008). On the other 

hand, when grazers were excluded of the study area, the development of tall grass 

was observed, increasing fuel loads, and leading to an elevated fire frequency 

(Archer 1990). 

 

Figure I.4. Photograph taken at two locations adjacent to Lake Pedrinha, MG. A) 
Picture showing an area of dynamic grazing activity that reveals the 
sparse number of trees and taller grasses. B) Picture showing an area 
without grazing activity with more occurrences of trees, shrubs, and 
some tall grasses. Photo by Marco F. Raczka. 
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Given the importance of modern large herbivores to ecosystem function, the 

loss of the megafauna at the end of the Pleistocene probably induced substantial 

changes to the vegetation. The loss of gomphotheres, glyptodonts, and ground 

sloths, are assumed to have changed the frequency of fire occurrence, caused re-

assortment of plant assemblages, and affected the growth of plants, which in turn 

probably led to modifications in the form and development of individual plants 

(Knapp et al. 1999), and competition between species (Beaune et al. 2013).  

 Seed dispersal is another ecological process greatly affected by large 

herbivores (Sridhara et al. 2016; Sekar et al. 2015; Janzen & Martin 1982). A 

disruption in this ecological balance, such as the loss of megafauna, can have 

profound consequences on the resilience of ecosystems (Terborgh 2013). 

With the sudden disappearance of the largest carnivores and herbivores, 

smaller animals and plants were released from two ecological process that  

potentially balances the system; predation and competition (Smith et al. 2010). 

Extinctions can create significant ecological, even evolutionary, rearrangements 

that can allow minor groups to develop and expand (Raup 1994; Jansen et al. 

2012). The cascading effects of the megafauna extinctions may take millennia to be 

fully apparent, and may still be ongoing (Augustine & McNaughton 1998; Bello et 

al. 2015). 

For most of the 20th century, fossilized bones were the only evidence of the 

demise of the Pleistocene megafauna (Webb et al. 1984). Fossils are rare, and in 
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most of the cases only provide discontinuous records that seldom go beyond 

identifying the organism (Borrero 2009). Exceptions to this occur where there are 

extremely well-preserved bodies, such as the frozen carcasses of bison and 

mammoth (Guthrie 2013). In those cases a wealth of data can be obtained from 

stomach contents, DNA- analysis, isotopic chemistry, and tooth, tusk, or antler 

wear (Zazula et al. 2009). In cases where large fauna are preserved, such as the La 

Brea Tar Pits or Hall’s Cave, food web analyses and evolutionary trends may be 

inferred (Smith et al. 2016). Such deposits, however, are not known from South 

America. 

The discovery that Sporormiella spores, which fossilize in lake sediments 

represent megafaunal herbivore presence, and even to some extent their abundance 

(Gill et al. 2013), offered a valuable new tool for paleoecologists. Sporormiella 

offered a proxy measure that potentially accrued continuously, depending upon the 

depositional processes of the lake (Doughty et al. 2016). 

 

DETECTING MEGAFAUNA USING SPORORMIELLA AS A PROXY 
 

 
Since the 1980s, obligate coprophilous fungi, especially Sporormiella 

(Figure 1.3), have been used frequently as a proxy for extinct megafauna 

occurrence (Davis & Shafer 2006; McGlone 2012; Johnson et al. 2015). 

Sporormiella analysis was first introduced as a paleoecological tool for sediments 

from lakes in the western United States by Owen Davis (Davis 1987; Davis et al. 
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1977). Davis observed that spores of Sporormiella were abundant in Pleistocene-

aged sediments and again in near-modern sediments. Conversely, during the mid-

Holocene, roughly from 11to 3 kcal BP, Davis (1987) noticed an almost total 

absence of these spores and made the connection that the Sporormiella presence 

indicated the presence of Pleistocene megafauna and European livestock. This 

insight by Davis stimulated further studies, which found the same pattern of 

declining Sporormiella abundances at the end of the Pleistocene (Robinson et al. 

2005; Davis & Shafer 2006; Gill et al. 2009; van Geel et al. 2011; Gill et al. 2012; 

Rule et al. 2012). 

Investigators looked for Sporormiella spores in others settings, and also it 

became evident that these spores were unambiguously tied to the presence of large 

herbivores whether on islands or continents. In New Zealand, the peats of forest 

bogs revealed that Sporormiella abundance declined shortly after human arrival. 

The reduction in Sporormiella matched the independently established time of the 

extinction of native Moa, the giant flightless herbivorous birds endemic to New 

Zealand. Likewise, in Madagascar, Burney et al. (2003) found declines in 

Sporormiella abundance at the time of human arrival, which was coincident with 

megafaunal declines of hippopotamus, giant lemur and elephant birds. 

Despite the consistency in the results, it was only in 2009 that the first study 

was designed to test the reliability of Sporormiella spores as indicators of 

megafauna in modern settings (Raper & Bush 2009). Because the source of the 
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Sporormiella is the dung released by herbivores, the abundance of spores in 

sediment is likely to be affected by the abundance of animals in the region, by 

transportation of the spores through physical agents after defecation, and by 

physical characteristics of the lake basin (van Geel & Aptroot 2006). Studies 

carried out in Florida lakes showed a strong relationship between the presence of 

cattle and horses (the analog for megafauna) and Sporormiella. Also, the study 

revealed that distance from shoreline influenced the abundance of spores of 

Sporormiella that were recovered (Raper & Bush 2009). Sporormiella spores do 

not become airborne, and consequently have a different taphonomy compared with 

that of pollen. The spores are either directly defecated into the shallows or are 

washed in by overland flow. The thick cell walls may mean that the spores sink 

relatively quickly and are not re-suspended in the water column during overturn. 

High concentrations of spores were found at the margins of Florida lakes that had 

livestock around them. Spore abundance fell exponentially with increasing distance 

from shoreline (Raper & Bush 2009). An analysis carried out in dammed and 

natural lakes in the Great Plains of  Midwestern USA, suggested that the decline of 

spores from shoreline to the center was linear (Parker & Williams 2012). However, 

this pattern was not supported for lakes in the French Alps, where a study 

suggested that the abundance of Sporormiella spores were a function of flows that 

transported plumes of Sporormiella into deep water (Etienne et al. 2012). It is very 
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likely that the shape of the basin, and the rainfall regime, influence the shape of the 

decline in Sporormiella abundance toward the center of the lake.  

In another study based around modern megafauna, the relationship between 

spore abundance and the density of grazing animals was investigated (Gill et al. 

2013). At the Konza Prairie Biological Station, Gill et al. (2013) found that 

Sporormiella abundance was correlated with the number of grazing herbivores, 

suggesting that it can be used as a proxy  measure of Pleistocene megafaunal 

abundance. It should be noted that all the tests conducted in the USA have been in 

temperate systems, and no study has been conducted in a forested setting. 

This study, (Chapter II) is the first analysis of Sporormiella abundance 

relative to the presence of grazing herbivores in flat-bottomed Neotropical lakes. In 

Chapter III, I provide the first record of Sporormiella in lake sediments with 

Pleistocene ages for southeastern Brazil, a region considered to be one of the most 

important locations for archaeological and paleontological studies (Berbert-Born 

2002). In Chapters IV and V, data are presented on the history of Sporormiella 

relative to vegetation and climate change from two high-elevations lakes, one 

located in the Altiplano grasslands of the Andes, and the other in the upper Andean 

forests of southern Ecuador. 
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RESEARCH GOALS 
 
 
 

This research was designed to advance the understanding of the megafaunal 

extinction and its ecological consequences in South America. First, I aimed to 

validate Sporormiella as a reliable proxy for megafauna in sub-tropical flat-

bottomed lakes under different intensities of land use. Second, the fossil record of 

two lakes in an area of high occurrence of paleontological sites in southeastern 

Brazil were used to infer the timing of the collapse of the megafauna using 

Sporormiella spores, changes in fire frequency using micro particles of charcoal, 

and changes in vegetation using fossil pollen for the last ~23 kcal BP. Third, the 

timing of the megafaunal extinction in the high central Andes was explored, 

examining the sediments of Lake Huiñaimarca. Forth, the sediments of Lake 

Llaviucu, a moist Andean forest setting in the Ecuadorian Andes was explored. The 

last part of this study draws a parallel among all sites analyzed to investigate if 

extinction events were synchronous across South America and if the consequences 

of the extinction generated similar outcomes in the landscape. The specific 

questions this research addresses include: 

 

1. Is Sporormiella a reliable proxy to indicate the presence of large herbivores 

around Neotropical lakes? 
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2. Is Sporormiella a suitable tool for identifying the timing of the Pleistocene 

megafauna extinction? 

3. Had Pleistocene megafaunal populations collapsed prior to human arrival in 

southeastern Brazil? 

4. Is there any relationship between megafaunal density, rise of novel floras, 

and altered fire regimes? 

5. Did the extinction of the megafauna happen simultaneously across South 

America? 
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CHAPTER II 
 
 

SPORORMIELLA AS A TOOL FOR DETECTING THE PRESENCE OF LARGE 
HERBIVORES IN THE NEOTROPICS 

 
 

INTRODUCTION 
 
 
 

Spores of Sporormiella, a genus of coprophilous fungi, are now widely 

applied to detect large herbivore presence and even used to estimate their 

abundance in paleoecological reconstructions (Robinson et al. 2005; Davis & 

Shafer 2006; Gill et al. 2009; Gill et al. 2012). Though pioneered in the Great 

Plains of the USA (Davis et al. 1977; Davis 1987), Sporormiella has been used to 

reconstruct the presence of Moas in New Zealand (Wood et al. 2011), Giant 

tortoises in the Galapagos (Froyd et al. 2013), Giant lemurs, elephant birds and 

pygmy hippopotami in Madagascar (Burney et al. 2003). 

Despite the emergent scientific interest concerning the function and 

reliability of Sporormiella in Quaternary sediments, very few studies have been 

conducted in modern settings to assess the consistency of the spores as a proxy for 

megafauna (Raper & Bush 2009; Etienne et al. 2012; Gill et al. 2013). Modern 

megafauna, such as cows, are analogs of Pleistocene megafauna and can be used to 

calibrate Sporormiella signatures in paleoecological sediments. According to Raper 

and Bush (2009), Sporormiella is a common component of lake sediments in 

localities where presence of modern cattle are constant, particularly samples 
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collected near the shoreline. The dispersion of Sporormiella into lake sediments is 

likely affected by the abundance of animals in the region, transportation of the 

spores by physical agents after defecation, and physical characteristics of the lake 

basin. An exponential decline in spore concentration with increasing distance from 

shoreline was suggested by Raper and Bush (2009) for the shallow flat-bottomed 

lakes of Florida. Parker and Williams (2012) found that in dam and natural basin 

lakes in the US Great Plains, Midwestern USA, the decline from shoreline to the 

center was linear. Higher concentrations of Sporormiella at the shoreline possibly 

result from the relatively heavy spore structure that causes the fungus cell to sink 

rapidly. A study of mountain lakes in the French Alps suggested that the 

Sporormiella concentrations were a function of flow that transported plumes of 

Sporormiella into deep water. 

    No study of Sporormiella occurrence has yet been undertaken in South 

American systems. The presence of a suite of mid-sized rodents and herbivores that 

are commonly found around lakes, e.g. capybara, agouti, paca, and deer could 

complicate the use of Sporormiella as a marker of Pleistocene megafauna. Here we 

aim to: (1) test the association between Sporormiella concentrations in modern 

sediments and the presence of introduced European animals, (2) Determine if the 

use of livestock has a significant impact on Sporormiella concentrations; and (3) 

test whether Sporormiella declines with distance from the shoreline. 
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The relationships between Sporormiella and the land-use by cattle in 

surroundings lakes are assessed through two different analyses. First, Sporormiella 

and three different level of land-use were tested with a Two Way ANOVA, and 

second, the distance from shoreline for each lake category was analyzed using a 

generalized linear model. The specific research questions addressed in this chapter 

are: 

 

1. Is there a significant difference in the abundance of Sporormiella recovered 

between cattle and no cattle locations? 

2. Is Sporormiella abundance significantly higher in locations at the shoreline 

than in samples located at the center of the lake? 
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STUDY AREA 
 
 
 

To compare the signature of spores of Sporormiella under different 

gradients of cattle densities, we selected nine flat-bottomed lakes across 

southeastern Brazil, in the São Paulo and Minas Gerais States (Fig. II.1). All lakes 

selected for this study lie between 600 and 1100 meters of elevation, and they are 

all located in the domain of the cerrado (Goodland & Pollard 1973; Ratter et al. 

1997), and the Atlantic rain forest ecosystems (Morellato & Haddad 2000). The 

lakes are characterized by natural depressions in the surface topography and the 

dissolution of the bedrocks is the possible cause for the formation of various lakes 

and caves in this region (Auler 1995). Also, these locations were selected based on 

accessibility to the lakes and authorization to collect all the samples. The permits 

for collecting the samples were giving by the State Forestry Institute (IEF/MG), 

and the office of Project Management and Research of the Minas Gerais State 

(GPROP) through the authorization UC 044/13. 
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Figure II.1: Image of SE Brazil showing the study area. The lakes from which mud-
water interface samples were collected are: 1 = Lake Serra Negra; 2 = 
Lake Rocha; 3 = Lake Branca; 4 = Lake Maria; 5 = Lake Guilto; 6 = 
Lake Fora; 7 = Lake Araçá; 8 = Lake Pedrinha; 9 = Lake Sumidouro. 
SP = São Paulo; MG = Minas Gerais; RJ = Rio de Janeiro; ES = 
Espirito Santo. 
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METHODS 
 
 
 

DATA SET 
 
 
To examine the association between megafauna abundance and 

Sporormiella representation in lake sediment archives, we sampled nine lakes with 

different levels of cattle use in the adjacent landscape (Table II.1). All samples 

were collected using an Ekman Dredge from an inflatable boat. After the release of 

the dredge, samples were obtained using an evergreen tube with 40 ml of volume. 

After this step, all the samples were sealed, labeled, and transported to the 

laboratory for further investigation. 

Table II.1: Attributes and characteristics of each lake. Lakes marked with an 
asterisk are also being analyzed for paleoecological reconstructions. 

 
Lake masl Lat./Long. # Samples Category 
Araça 806 19°31'48 S/44°6'28W 20 High 
Maria 760 23°6'41 S/ 46°31'25W 8 High 
Pedrinha 702 19°33'42 S/44°7'21W 12 High 
Guilto 720 19°28'48 S/44°9'1W 20 Medium 
For a 700 19°26'48 S/44°11W 20 Medium 
Rocha* 645 21°52'40 S/47°5'19W 8 Low 
Serra Negra* 1170 18°53'31 S/ 46°49'29W 9 Low 
Lake Branca* 710 21°54'12 S/ 47° 1'46W 11 Low 
Lake Sumidouro 648 19°32'20 S/ 43°56'32W 12 Low 

 
All the lakes analyzed in this chapter were relatively small, ranging in size 

from 100 to 150 linear meters from the margin. The only exception is Lake Serra 

Negra that exceed 400 meters. Lakes were classified according to the intensity of 
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use by livestock activity. High-use lakes were characterized by regular visits by 40 

or more cattle or horses visiting the lake per day. Medium-use lakes were defined 

as a lake where ~10 cattle or horses use the lake per day. Low-use was defined as 

0-5 cattle or horses using the lake surroundings per day. Due to limited access to 

private properties, it was not possible to get an even number of lakes across all 

categories of lakes, and our totals were three high-use lakes, two medium-use lakes, 

and four low-use lakes. 

 

Figure II.2: Photograph of Lake Pedrinha showing the exact moment when farmers 
start to release cattle around the lake. Photo by Marco F. Raczka. 

 
In each lake, we also tested whether the abundance of Sporormiella spores 

was affected by the distance from the lake shoreline (Raper & Bush 2009). For this 

approach, each selected lake was divided into concentric rings representing 

intervals of distance from the lake shoreline (Fig. II.3). The outermost ring 
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represented 2.5 m from shoreline, the second interval was 15 m from the shoreline, 

then 35 m, and the last one was 50 m. The number of samples collected within each 

ring was proportional to the surface area of the ring. Consequently, more samples 

were collected in the outermost ring than in the inner rings. It is important to 

observe that at Lake Maria, samples from 35 and 50 m distances were unavailable 

due to a fence that prevented boat access to the center of the lake. All the sample 

locations within each ring were randomly selected. 143 samples were collected, but 

during the transportation to the laboratory, 23 samples were contaminated. A total 

of 120 samples were analyzed for this study. 

 

Figure II.3: Sketch diagram of the sampling method used showing the concentric 
rings guiding sampling. Each ring represents a given distance from the 
lake shoreline. The number of samples from each ring was proportional 
to its surface area. 
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SUBSAMPLING 
 
 

From each sample collected, 1.0 cm3 of sediment was subsampled and 

processed following standard protocols for palynological analyses (Faegri & 

Iversen 1989). All the samples were also separated by density using sodium 

metatungstate. This method was used to concentrate the palynomorphs to increase 

the resolution in all the samples analyzed. In each sample, a spike of an exotic 

marker containing 18,583 of spores of Lycopodium clavatum was added. This 

technique was used to determine spore and pollen concentrations (Stockmarr 1971). 

In each sample, 300 pollen grains were counted using a Zeiss Axioskop at 

magnifications of 630x and 1000x as this typified the sampling effort applied to 

paleoecological samples (Colinvaux et al. 1996; Colinvaux et al. 1997; Ledru et al. 

1998; Colinvaux et al. 1999; Absy et al. 1991; Ledru 1993). Sporormiella spores 

were identified by consulting photographs and through physical descriptions (van 

Geel & Aptroot 2006; Davis & Shafer 2006; van Geel et al. 2011). 

 

STATISTICAL ANALYZES 
 
 

Sporormiella abundances (concentration and percentages of spores) were 

calculated for each sample for all lake categories. The spore abundances were 

compared across all distance intervals within the concentric rings, and between all 

livestock densities categories (high cattle use, medium cattle use, and low cattle use 
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lakes). Each sample location was considered to be an independent data point. Once 

the abundance of each sample was found, the data were analyzed using a 

generalized linear model (Gelman & Hill 2007) from the package stats using the 

statistical program R (R Core Team 2015). Distance from the shoreline was the 

predictor to determine if the mean of the samples at each segment from each lake 

was significantly different from another.  

A Two-Way ANOVA was also performed to investigate if a significant 

difference existed among lakes supporting high, medium or low livestock use. The 

Two Way ANOVA was conducted using the statistical analyses software SPSS© 

version 16.0 (SPSS Inc., Chicago IL). 
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RESULTS 
 
 
 

Sporormiella spores were present in 97 out of the 120 samples analyzed. At 

lake categorized as high cattle use, Sporormiella abundance ranged from 19 to 146 

spores per sample, which corresponded to 6.3 and 48.6 % of the total pollen sum, 

respectively. At locations in the medium and low cattle use categories, the highest 

number of spores found per sample was also 19, which represents 6.3% of total 

pollen sum. 

When plotted as a conventional graphical representation of the distribution 

of the data, it is rapidly visible that the percentages of Sporormiella spores were 

significantly higher at locations with high cattle use in comparison with locations 

with medium and low use (Fig. II.4). 

Figure II.4: Percentage data for Sporormiella representation relative to the pollen 
sum. Each value represents an average for the given distances from the 
nearest shoreline. The letters after the names of the lakes denote the 
category of each lake: H = High cattle use; M = Medium cattle use, and 
L = Low cattle use. 
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Concentrations values of Sporormiella spores in lakes considered high 

cattle use ranged from 1203.9 to 6741.5 spores per cm3. On the other hand, at 

locations in the medium and low cattle use categories, the analyzes showed a much 

lower concentration of spores, with values oscillating from 0 to 338.7 spores per 

cm3. In all instances, samples positioned at the shoreline of the lakes had 

concentrations values of Sporormiella significantly higher than samples close to the 

center of the lake. The Two Way ANOVA analysis performed for concentrations of 

Sporormiella (Two Way ANOVA was also done for percentages values and 

showed equal p value < 0.001) per cm3 also showed that high cattle densities 

locations were significantly different from locations with medium and low cattle 

densities (p < 0.001; Table II.2; Fig. II.5). 

 

Table II.2: Two Way ANOVA for concentration data. Dependent Variable: 
 Sporormiella. 
 
Source Type III Sum 

Sqrs. 
df Mean Square F Sig. 

Intercept 48.140 1 48.140 1157.061 .001 
Category 85.560 2 42.780 1028.234 .001 
Distance 15.109 3 5.036 121.054 .001 
Category * 
Distance 

25.449 6 4.241 101.946 .001 

Error .915 22 .042   
Total 194.422 34    
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Figure II.5: Average concentrations of Sporormiella across all distances for all the 
three different use categories of lakes. High cattle use category were 
siginificantly different from Medium and Low use category (p value < 
0.001). 

 
The generalized linear model analysis applied to the percentage and 

concentration data allowed us to identify the variance among distances within each 

lake category. The results showed that the abundance of Sporormiella spores 

followed the same pattern for all lake categories. Furthermore, the analysis 

demonstrated that as the distance from the shoreline increased, the abundance of 

spores decreased. At lakes in the high cattle use category (Figure 5, A and D), the 
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percentage and concentration of Sporormiella were significantly different, with p 

values < 0.001 across all distances sampled (Table. II.3 and II.4). 

Table II.3: Summary of the results for the generalized linear model on percentage 
data for all the distances for each lake category. 

 

 
Table II.4: Summary of the results for the generalized linear model on 

concentration data for all the distances for each lake category. 
 

 Distances Estimate 
Std. 

Error t value Pr(>|t|) Signif. 
codes 

H
ig

h 

2.5 -0.59793  0.05793 -  -10.322  4.83e-05  *** 
15 -0.63843  0.08809  7.247  -0.000351  *** 
35 -1.25848  0.11496 -  -10.947  3.45e-05  *** 
50 -2.00163  0.14578 -  13.730  9.28e-06  *** 

M
ed

iu
m

 2.5 -4.1872  0.2159 -  19.393  4.17e-05  *** 
15 -1.0565 0.4220  - 2.503 0.0665 . 
35 -1.8062 0.5686 -3.176 0.0337  * 
50   -2.9021  0.9334   3.109 0.0359  * 

Lo
w

 

2.5 0.0627  0.4395 0.143 0.8889   + 
15 -1.1621  0.6712 -1.731 0.1090   + 
35 -2.0111  0.7969  -2.524 0.0267  * 
50 -3.1982  1.1837  -2.702 0.0192  * 

 Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  0.1 ‘ +’  

 Distances Estimate 
Std. 

Error t value Pr(>|t|) Signif. 
codes 

H
ig

h 

2.5 -5.02812  0.04217 - 119.230 2.35e-11 *** 
15 -0.45213 0.06753 -6.695 0.000539 *** 
35 -0.96383 0.09336 -10.324 4.83e-05 *** 
50 -1.62970 0.12348 -13.198 1.17e-05 *** 

M
ed

iu
m

 2.5 -0.9780 0.2670 -3.662 0.0215  * 
15 -1.2564 0.4831 -2.600 0.0600  . 
35 -2.0741 0.6324   -3.280 0.0305  * 
50   -3.1944 1.0092   -3.165 0.0340  * 

Lo
w

 

2.5 -2.6338 0.4004 -6.577 2.62e-05 *** 
15 -0.8123 0.7037   -1.154 0.2708 + 
35 -1.5196 0.9047   -1.680 0.1189 + 
50 -2.2227 1.2120 -1.834 0.0916 . 

 Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  0.1 ‘ +’  
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In terms of distance from the shoreline, samples located at the edge of the 

lake had values notably higher than all the other samples. There was an evident 

pattern showing the decrease of Sporormiella spores abundance toward the center 

of the lake. In medium and low cattle use categories, the same pattern of decreasing 

abundance of Sporormiella toward the center of the lake was observed, however, in 

these two categories (medium and low use of lakes) the maximum abundance of 

Sporormiella decreased to values less than 1.8 % (338.73 spores per cm3 of 

sediment) of the total pollen sum. Although all categories exhibited the same 

tendency for Sporormiella abundance to decline toward the center of the lake, the 

variance between samples was markedly lower at locations with medium and low 

cattle use, especially for samples at 15, 35, and 50 m from the shoreline (Figures 

II.6 B-F). 
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Figure II.6: Generalized linear model analysis for concentration (A-C) and 
percentage data (D-F) for all distances in each lake category. 
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DISCUSSION 
 
 
 

Based on modern samples collected in areas with high, medium, and low 

cattle use our results validate Sporormiella as a robust proxy to predict past grazing 

activities in ancient lake records, as previously suggested by (Davis 1987), and 

later observed by others researches (Burney et al. 2003; Robinson et al. 2005; 

Davis & Shafer 2006; Gill et al. 2009). In essence, large numbers of livestock 

resulted in more spores of Sporormiella being deposited to the center of a lake than 

low densities of livestock.  

 The presence of small- and medium-sized herbivores, other than 

domesticated livestock, appeared to have very little influence on the abundance of 

Sporormiella spores. As these animals probably support Sporormiella, even 

following an extinction event Sporormiella representation may not decline to zero. 

Our results are consistent with the 2% detection threshold suggested by Davis 

(1987), in which Sporormiella occurrence at >2% of the pollen sum was a reliable 

indicator of megafaunal presence. This 2% value has been used to indicate the 

possible functional extinction of megafauna from the catchment area of lakes (Gill 

et al. 2009; Parker & Williams 2012; Gill et al. 2013; Johnson et al. 2015). All 

samples from locations with high cattle use had Sporormiella values greater than 

2 %, even for samples located in the center of the lake. On the other hand, at 

locations with medium and low cattle use, which could be similar to a functional 



42 
 
 

 

extinction of megafauna in the past, the highest value of the highest average of 

Sporormiella was 1.8 % of the total pollen sum. 

Distance from the shoreline played an important role in the number of 

spores recovered. It was previously suggested that due to their density, and the 

clumping of spores as they are released, Sporormiella would have had a limited 

dispersal range (Parker & Williams 2012). Consequently, spores of Sporormiella 

would be expected to be concentrated at the margins of lakes. Our results, along 

with those of Raper and Bush (2009), support this observation. Similarly, our data 

are consistent with most other studies in that they show Sporormiella spore 

concentrations and percentages of the pollen sum declining toward the center of the 

lake. 

 Raper and Bush (2009) noticed a weak relationship between the percentages 

of Sporormiella and distance from the shoreline at Corner Lake, a location with 

high cattle activity. This observation could be an artifact of the sampling method 

applied by those authors, who used a linear transects as a representation of the 

entire shoreline. To prevent this, the collection of modern samples in our study 

differed from the method applied by Raper and Bush (2009). We randomly selected 

samples around the lake to avoid collecting samples closer to a source of 

Sporormiella, or to accidentally select any spot that cattle were avoiding. 

Sample location and livestock use are two factors to consider when 

analyzing the percentages and concentrations of Sporormiella in modern settings at 
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any location. Similarly, the morphology of the basin should also be properly 

evaluated. Etienne et al. (2012), observed that Sporormiella abundance at Lake 

Allos is strongly related to stream flooding, and the authors suggest that a single 

core obtained at the center of a lake could be a misrepresentation of megafaunal 

presence in fossil records. Etienne et al. (2012), however, performed their analysis 

very close to the course of a stream, thereby, emphasizing the role that moving 

water could play an important role in dispersing Sporormiella. Their study 

underlines the care needed in selecting a site for any kind of paleoecological 

reconstruction, as the biases they found in Sporormiella distribution would apply 

equally to other proxies. 

One pair of lakes in our study provided some further insights into the 

importance of stream flow on Sporormiella inputs. Lake Pedrinha a site with high 

cattle use had a small inflowing stream that during the wet season would have the 

capacity to produce flood surges. We chose a coring location, as we would for any 

paleoecological reconstruction that was not aligned with the stream and its alluvial 

fan. A comparison of the Sporormiella concentrations observed in sediments from 

this lake was not significantly different to those documented from Lake Araça, 

which is also a high cattle use location, but lacking a stream input. Because 

Sporormiella spores settle out quite quickly, representative samples can be 

collected by avoiding areas of stream activity. 
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CONCLUSION 
 
 
 

Our results from nine lakes and a total of 120 samples analyzed indicated 

that spores of the coprophilous fungi Sporormiella are a very sensitive proxy for 

detecting large herbivore presence around lakes and peat bogs. Sporormiella spores 

are an important paleoecological proxy measure for identifying the presence, and 

with appropriate metadata and methods, the abundance of megaherbivores. The 

abundance and concentration of Sporormiella spores can be used to assess the 

timing of the functional extinction of the late-Pleistocene megafauna in the 

Neotropics. 

Distance from the source of dispersion, in this case the shoreline of the lake, 

plays an important role in the abundance of spores recovered. As the distance 

towards the center of the lake increases, the number of spores of Sporormiella 

decreases considerably. Therefore, the location of the core relative to 

paleoshorelines is important for paleoecological reconstructions. To overcome this 

issue, the best choice is to collect multiple cores across the basin under analysis, 

cores close to the shoreline of a lake or using independent proxies for lake depth 

such as fossil diatom abundances coupled with bathymetric models could be used 

to refine analyses. 

As previously stated by some authors (Baker et al. 2013; Johnson et al. 

2015), the study of the coprophilous fungi Sporormiella offers an immense 
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opportunity for a complete approach to understand the past environment: 

ecosystem and biodiversity of megafauna. Extinctions are extremely complicated 

processes and are seldom caused by a single, distinct event. In most cases, 

extinctions are a consequence of a major event that culminates in cascading effects 

that disturb entire systems (Raup 1994; Raup 1986). We may never identify a 

single cause for the loss of the Pleistocene megafauna, however, we should make 

use, as much as we can, of any tool available to understand these extinctions; 

analysis of Sporormiella is certainly one of those tools. 
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CHAPTER III 
 
 

HUMANS AS FACTOR IN THE MEGAFAUNAL EXTINCTION IN 
SOUTHEASTERN BRAZIL 

 
 

INTRODUCTION 
 
 
 

The deglacial period, c. 22,000 – 12,500 before present, was a period of 

rapid change in composition and structure of terrestrial environments that coincided 

with a major extinction of large mammals (Barnosky et al. 2004; Koch & Barnosky 

2006b; Barnosky & Lindsey 2010; Alroy 2001; Fiedel 2009; Villavicencio et al. 

2016). At the end of the Pleistocene, c. 59 species of megafauna, accounting for 

79.6% of large sized animals (44 kilograms or more) went extinct in South 

America (Wroe et al. 2004; Barnosky et al. 2004). In fact, the only large herbivore 

in Brazil that survived this mass extinction event was the tapir (Steadman et al. 

2005). The proportion of megafauna lost from the South America fauna was higher 

than on any other continent, and the loss of grazers and browsers may have 

contributed to changes in vegetation cover (Doughty et al. 2016). Representatives 

of megafauna were major ecosystem engineers crucial for ecosystem functions such 

as seed dispersal (Giombini et al. 2016; Janzen & Martin 1982; Sridhara et al. 

2016), reduction of fuel load (Knapp et al. 1999), and nutrient cycling (Doughty et 

al. 2013; Feeley & Terborgh 2005). The loss of this unique group of animals may 

have induced transformations in the landscape, including the formation of no-
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analog communities (Gill et al. 2009), and had repercussions that are still felt today 

(Owen-Smith 1987; Doughty et al. 2013). 

The cause of the megafaunal extinction has been debated for many decades 

(e.g Barnosky et al., 2004; Cione et al., 2009; Feranec et al., 2011; Martin, 1973). 

Multiple conflicting hypotheses have been proposed, ranging from widespread 

auto-immune diseases (Stevens 1997), to a meteorite impact that triggered abrupt 

climatic changes such as the rapid cooling of the Young Dryas Event c.12.5 kcal 

BP (Firestone et al. 2007). The two most widely cited hypotheses are that (1) 

humans induced extinction (Mosimann & Martin 1975; Martin 1973; Koch & 

Barnosky 2006b; Brook & Bowman 2004), and (2) climatic change produced 

extinction (Cione et al. 2003; Coltorti et al. 1998). Of these causes, extraterrestrial 

impact (Firestone et al. 2007) seems the least likely, while the other three need not 

be mutually exclusive. A modern analog to megafaunal loss is perhaps found in the 

decline of amphibians that results from the effects of human-induced habitat loss 

(Stuart et al. 2004), climate change (Rozas-Dávila et al. 2016; Gill et al. 2009; 

Ficcarelli et al. 1997) and chytridiomycosis (Kilpatrick et al. 2010). While it can be 

argued that all three of these agents of population decline are the product of human 

activity, it is the synergy of these different forces that is detrimental to a wide range 

of amphibian species. Such ecological synergy weighing on the megafaunal 

populations was suggested by Diamond (1989). A multiproxy-approach study 

carried out in the southwestern Patagonia, Chile, also pointed to a synergy between 
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climate and humans to explain the disappearance of some of the megafauna animals 

at the end of the Pleistocene (Villavicencio et al. 2016).   

Although the extinction of the megafauna is well documented globally, and 

few studies conducted in South America showed robust data beyond pure 

description of fossil records (Villavicencio et al. 2016; J. Weinstock et al. 2009), 

the majority of data in South America, particularly in Brazil, are descriptive 

(Cartelle & Hartwig 1996; Mário André Trindade Dantas et al. 2005; Lopes et al. 

2005; Hubbe et al. 2007; Dantas et al. 2011; Ghilardi et al. 2011). Most studies 

have focused on the latest survival of taxa, rather than on the ecological change 

surrounding the extinction. While well-dated remains are very limited, many 

species are thought to have survived into the early Holocene, such as Catonyx 

cuvieri, Smilodon populator, Megatherium americanum, and various edentates 

(Hubbe et al. 2007; Long et al. 1998; Borrero et al. 1998; Neves & Pilo 2003). 

Paleoecological archives are a powerful tool for understanding ecological 

change. Fossil pollen data can be used to evaluate whether a given community or 

population underwent compositional or structural changes. Glacial-age sediment 

records from lakes in southeastern Brazil suggest that cool and humid forest, rich in 

Podocarpus, Myrsine and Araucaria dominated this area (De Oliveira 1992; Ledru 

1993; Ledru et al. 2015; Behling 1997a; Behling 1997b). Toward the end of the 

Pleistocene, cold-related forest elements declined in abundance and were replaced 

by taxa adapted to warmer conditions. 
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During the termination of the last ice-age no-analog floras have been 

reported from North America, the Andes, and the Amazon Basin (Overpeck et al. 

1992; Hermanowski et al. 2012; Bush et al. 2005; Colinvaux et al. 1996; Cárdenas 

et al. 2011; Hooghiemstra & Van der Hammen 2004; Velásquez-R. & 

Hooghiemstra 2013). These combinations of currently allopatric taxa living in 

sympatry during glacial stages may reflect no-analog climates (Williams & Jackson 

2007), differential migration rates (Gill et al. 2012), or a general disequilibrium of 

climate and vegetation change in response to rapid warming (Correa-Metrio et al. 

2012; Harrison & Sanchez Goni 2010). 

The presence of cold-tolerant taxa at numerous palynological settings in SE 

Brazil suggested a c. 5o C cooling during the Late Glacial relative to modern 

(Pessenda et al. 2009; Barberi et al. 2000) and were consistent with temperature 

estimates based on noble gas concentrations (Stute et al. 1995). Isotopic data from 

speleothems collected in Botuverá cave demonstrated the precessional control of 

summer (DJF) insolation over precipitation in southern Brazil (Cruz et al. 2007; 

Cruz et al. 2006; Bernal et al. 2016).  These data suggested that the Late Glacial 

was relatively wet, and the early Holocene was drier. 

The timeframe of the decline of Pleistocene megafauna overlapped with the 

volatile period of landscape evolution, community restructuring, and with the 

arrival of humans in SE Brazil. To explore the influences of these factors on 
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megafaunal extinction, we investigated two sediment cores from the Lagoa Santa 

region. 

Sporormiella, a coprophilous fungus that grows and reproduces in the dung 

of herbivorous animals (Bell 1983), was used in prior studies to assess changes in 

megafaunal abundance through time (Davis 1987; Davis & Shafer 2006; Gill et al. 

2009). In modern settings, Sporormiella was shown to be an excellent proxy for 

large herbivores (Raper & Bush 2009; Gill et al. 2013). Comparison among lakes 

with different levels of usage by livestock activities demonstrated that Sporormiella 

was a consistent component of surface sediments at locations frequently visited by 

livestock (Raczka et al. 2016). On longer timescales (>1000 years), Sporormiella 

became an important tool for detecting the past presence of large herbivores (Davis 

1987; Davis & Shafer 2006; Gill et al. 2009). Similarly, extinction events were 

identified through falling values of Sporormiella (Burney et al. 2003; Wood & 

Wilmshurst 2012; Gill et al. 2009). In North America, the consensus was that the 

Sporormiella decline coincided with the onset of the Bølling-Allerød warm period 

at c.14 kcal BP (Gill et al. 2009), but in the high Andes, researchers found a much 

earlier decline, first occurring at c. 21 kcal BP, with extinction occurring as early as 

c. 15.8 kcal BP (Rozas-Dávila et al. 2016). The two-step decline of megafauna in 

the high Andes was attributed primarily to ecological changes in the environment 

(Rozas-Dávila et al. 2016). 
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The collapse of megafaunal populations was linked to the formation of no-

analog plant communities (Gill et al. 2009; Gill et al. 2012). Those changes may 

have come about as a result of altered seed dispersal, fire regimes, or invasions 

(Jansen et al. 2012; Janzen & Martin 1982; Giombini et al. 2016). Here we 

investigated the megafaunal decline through analysis of Sporormiella ascospore 

cell, pollen, and charcoal recovered from ancient lake sediments that spanned the 

time of megafaunal extinction and human arrival in southern Brazil. We sought to 

answer two questions:  

 

1. Did the decline in Sporormiella abundance occur before the arrival of 

humans to the Lagoa Santa region? 

2. Was the decline of Sporormiella spores coincident with the formation of 

no-modern analog assemblages in the pollen spectra? 
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STUDY AREA 
 
 
 

 The Lagoa Santa region is a karstic landscape located in the south of Minas 

Gerais State, SE Brazil. The climate of the region is primarily controlled by the 

southern subtropical jet stream and polar air masses (Nimer 1989). During winter, 

the dominance of the South Atlantic Anticyclone and the absence of the Atlantic 

Polar frontal system result in reduced regional cloud cover and monthly average 

temperatures ranging from 13 to 15 oC. In summer, regional temperatures rise and 

cloud cover increases due to the more southern position of the ITCZ (Intertropical 

Convergence Zone) and deep convection over Amazonia (Marengo 1995). Summer 

average temperatures reach 27-28 oC. Precipitation is strongly seasonal with c. 

88 % of the 1500 mm annual precipitation falling between November and March 

(Lucas & Abreu 2004). 

 Prior to European colonization in the 16th century, the vegetation was 

dominated by a mosaic of semi-deciduous forest and cerrado (Warming & Ferri 

1973). The most abundant woody species were Acacia polyphylla (Fabaceae), 

Astronium fraxinifolium (Anacardiaceae), Cassia ferruginea (Fabaceae), Cedrela 

fissilis (Meliaceae), Chorisia speciosa (Malvaceae), Hymenaea stilbocarpa 

(Fabaceae), Protium heptaphyllum (Burseraceae), Tapirira guianensis 

(Anacardiaceae), Vochysia tucanorum (Vochysiaceae), and more locally Caryocar 
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brasiliensis (Caryocaraceae), Qualea grandiflora (Vochysiaceae), and Kielmeyera 

coriacae (Clusiaceae). 

The karst landscape of the Lagoa Santa region is rich in caves and sink 

holes, where bones have collected. Consequently, the region is one of the most 

important locations for paleontological and archaeological studies in South 

America (Berbert-Born 2002). Caves within the region, such as Lapa Vermelha IV 

have provided the oldest records of human occupation in Brazil (16  - 12.7 kcal BP 

–via optically-stimulated luminescence) (Neves & Hubbe 2005; Neves et al. 1999; 

Feathers et al. 2010). The Lagoa Santa region is also distinguished by a vast 

diversity of paleontological sites, in many cases, with both megafauna and human 

remains (Hubbe et al. 2013). The region has been a target of paleontological and 

archaeological studies for more than 150 years, starting with the Danish naturalist 

Peter W. Lund (Cartelle 1994; Lund 1844). Despite an immense diversity of 

megafaunal fossils in such a small area, the majority of data are descriptive (Gisele 

Lessa et al. 1998; Cartelle et al. 2008; Cartelle & Hartwig 1996; Mário André 

Trindade Dantas et al. 2005; Marinho et al. 2010). Few quantitative studies assess 

the landscape (Ghilardi et al. 2011; Pires et al. 2014) or climatic conditions within 

which these animals lived. Some examples of megafauna recovered from the caves 

of Lagoa Santa include: Glyptodontidae, Megalonichidae, Mylodontidae, 

Tapiridae, Tayassuidae, Equidae, Gomphortheriidae, Ursidae, Camelidae, 

Megatheridae (Fig. III.1) (Dutra et al. 1998). A causal linkage of human and 
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megafaunal co-occurrence beyond taphonomic coincidence or that caves were 

favored by both entities, has yet to be made. 

The lakes upon which this study is based, Lake Mares (19°39'46.54"S/ 

43°59'17.67"W) and Lake Olhos d’Agua (19°38'53.24"S/ 43°54'35.24"W), are both 

shallow, c. 2.6 m and 3.5 m at the deepest point, respectively. The modern lakes are 

similar in size, both occupying c. 2 km2, and are thought to be oligotrophic (De 

Oliveira 1992). 

 
Figure III.1: Map of the study area in Minas Gerais state showing the locations of 

Lake Mares and Lake Olhos d’Agua, and the major paleontological 
site inside the Lagoa Santa protected area. The diversity of the 
megafauna found at the sites consist of Glyptodontidae (Gly), 
Megalonichidae (Me), Mylodontidae (My), Tapiridae (Ta), 
Tayassuidae (Tay), Equidae (Eq), Gomphortheriidae (Gom), Ursidae 
(Ur), Camelidae (Cam), Megatheridae (Meg) (Dutra et al. 1998). 
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METHODS 
 
 
 

 Sediment cores were recovered using a Colinvaux–Vohnout coring rig 

operated from a floating platform (Colinvaux et al. 1999). The Lake Olhos d’Agua 

core was collected in 2005 and the one from Lake Mares in 2008. The lithologies 

of the cores were described, and sediments sub-sampled for palynological analysis. 

 Fossil pollen was prepared following standard procedures as described by 

Faegri & Iversen (1989). An exotic marker, Lycopodium clavatum, was added to 

calculate pollen concentration (Stockmarr 1971). A total of 300 pollen grains were 

counted per sample. Charcoal and Sporormiella were counted alongside pollen. 

Every charcoal particle > 25 µm was tallied. Smaller pieces were not included to 

minimize inclusion of particles that might have broken during the chemical 

preparation. The age of each core was established with 14C (AMS) dating 

performed by Beta Analytic, Inc., and the chronology was established using the 

package Bchron (Parnell 2016) with statistical program R (R Core Team 2015). 

Pollen diagrams were made using Tilia/TiliaGraph version 2.0.41. The detrended 

correspondence analysis (DCA) was calculated using every taxa found with 

abundance greater than 1% of the total pollen sum. The DCA was performed with 

the R-package vegan (Oksanen et al. 2007) and the species richness (Evenness) 

calculation were completed using every taxa found, including rare taxa, with the 

software PAST version 3.11 (Hammer et al. 2001).  
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RESULTS 
 
 
 

CHRONOLOGIES AND LITHOLOGY 
 
 

The radiocarbon chronology of Lake Mares and Lake Olhos d’Agua 

provide inferred rates of accumulation. We found no evidence to suggest a 

sedimentary hiatus at Lake Mares (Figs. III.2a and III.2b), however, a possible 

hiatus was observed at Lake Olhos d’Agua between c. 15 and 12 kcal BP (between 

1.6 and 1.5 m core depth). 

At Lake Mares, the sediment was characterized by the presence of sandy 

gray clay (12.5/N) in the basal portion of the core, below 2.22 m. Overlaying these 

sediments was a black organic clay (5Y2.5/1) between 2.22 m and 1.4 m. From 

1.40 m to 1.0 m depth, the sediments were a sandy gray clay (12.5/N) overlaying 

by a layer of black organic clay from 1.0 cm to 0.4 m (5Y2.5/1). Between 0.4 m to 

about 0.28 m core depth, a layer of sandy gray clay (12.5/N) was evident. The 

uppermost 0.28 m of sediment was a brown organic clay (10YR 4/2), which 

probably reflected the unconsolidated sediment of the modern lake bottom. 

The oldest sediment of Lake Olhos d’Agua was dark grey clay containing 

some quartz particles from 1.8 to 1.61 m. Overlying this deposit was a thin layer of 

fine sand between 1.61 and 1.59 m depth. A layer of black organic clay (2.5Y2/0) 

was present between 1.59 and 1.5 m. Overlying this layer was a dark gray clay 
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(2.5Y3/D) from 1.5 to 1.16 m. A black organic clay (2.5Y 2/0) formed the 

remainder of the core. 
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Figure III.2: Age model from Lake Mares (a) and Lake Olhos d’Agua (b). The 

chronology was generated using Bchron (Parnell 2016), and it was 
based on the probability density function for all calibrated radiocarbon 
ages. The stratigraphic descriptions of the sediments include Munsell 
color values. 
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POLLEN ZONES 
 
 

LAKE MARES c. 23.5 – 12 kcal BP. Asteraceae (8% - 20%), Eryngium 

(6% - 13%), Cyperacee (c. 16%), and Poaceae (27% - 42%) were the most 

abundant pollen types in most samples. A diversity of arboreal pollen types was 

also found, including: Alchornea, Anacardiaceae, Apocynaceae, Araucaria, 

Arecaceae, Bignoniaceae, Caryocar, Ericaceae, Ficus, Hedyosmum, Ilex, 

Melastomataceae, Fabaceae (M), Myrsinaceae, Myrtaceae, Peixotoa, Podocarpus, 

Protium, Psychotria, Rubiaceae, Sapindaceae, Schefflera (e.g. Didymopanax), 

Sebastiania, Symplocos, and Vernonia. The majority of the arboreal pollen types 

were individually c. 1-3% of the pollen sum between 23.5 and 12 kcal BP. Some 

terrestrial herbs were represented in low percentages (c. 1%), e.g. Gomphrena. 

Aquatic taxa, e.g. Alismataceae, Eichornia, Hyptis, and Ludwigia were present, 

generally with percentages below 3%. Sporormiella values in this interval were c. 

13-20% while charcoal particles were rare (Fig. III.3).
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Figure III.3: Pollen diagram of the percentage data for the most abundant pollen taxa recovered from the sediments of 

Lake Mares. 5x exaggeration is show for values <5%. Total pollen concentration is expressed in grains per 
cm3. DCA Axis 1 sample scores plotted against time in units of standard deviation of species turnover. 
Charcoal is expressed as percentages of the total pollen sum.
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LAKE MARES c. 12 – 8 kcal BP. Poaceae was the most abundant pollen 

type with values between 30% and 40%. Asteraceae, which started this zone with 

percentages of c.19%, progressively dropped to 14%. Most arboreal elements 

(Alchornea, Anacardiaceae, Apocynaceae, Arecaceae, Bignoniaceae, Caryocar, 

Ficus, Melastomataceae, Fabaceae (M), Myrsinaceae, Peixotoa, Protium, 

Psychotria, Rubiaceae, Schefflera (e.g. Didymopanax), Sebastiania, and Vernonia) 

in this zone fluctuated between 0 and 5%. The most abundant woody taxa between 

12 and 8 kcal BP were Protium, Alchornea, Bignoniaceae, Caryocar, Ilex, 

Melastomataceae, Myrtaceae, and Rubiaceae. Although Podocarpus maintains a 

constant value of c. 1% throughout this period, Araucaria dropped from c. 2% to 

zero at c. 7.1 kcal BP. 

Cyperaceae, taken to represent wetland species, fluctuated between 6% and 

17%. No other aquatic type exceeded 2%. Sporormiella showed values between 0 

and 3% from the beginning of this zone onwards. Charcoal particles peaked almost 

at the same time that Sporormiella declined (Fig. III.3). 

LAKE OLHOS D’AGUA  c. 23 – 12 kcal BP. Poaceae (as high as 57%) 

and Asteraceae dominated the pollen spectra. A sample at the top of this zone had a 

spike of Cyperaceae (58%). Compared with Holocene-aged samples, the basal 

sediments of Lake Olhos d’Agua were relatively rich in cold-tolerant arboreal taxa, 

such as Podocarpus (2% - 5%), Myrsine (2% - 6%) and Araucaria (0 - 4%). 

Sporormiella spores were abundant, with values around 15.6 % and concentrations 
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up to 4200 spores per cm3. Micro particles of charcoal, ranging from 25-50 µm in 

size, reached a maximum of c. 2000 particles per cm3 (Fig. III.4). 
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Figure III.4: Pollen diagram of the percentage data for the most abundant pollen taxa recovered from the sediments of 

Lake Olhos d’Agua. 5x exaggeration is show for values <5%. Total pollen concentration is expressed in 
grains per cm3. DCA Axis 1 sample scores plotted against time in units of standard deviations of species 
turnover. Charcoal is expressed as percentages of the total pollen sum. The gray band represents the possible 
hiatus in this sediment record.
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LAKE OLHOS D’AGUA  c. 12 – 8 kcal BP.  In this zone, the most 

abundant arboreal taxa were Araucaria, Myrsine, Caryocar, Myrtaceae, and 

Arecaceae. Podocarpus ranged in this zone with low values between 0 to 1%. 

Symplocos, previously absent, appears with c. 1% in this period. Poaceae 

maintained high abundance, with a slight oscillation between 44% and 51% of the 

pollen sum. Asteraceae, on the other hand, fluctuated throughout this interval from 

5% to 24%. 

Aquatic taxa were represented only by Alismataceae, which started this 

zone with values c. 3%, dropped to zero, and then increased to c. 2%. The decline 

in Sporormiella spores, from c. 6% to 1% was followed by an increase in charcoal 

particle concentration (Fig. III.4). 

 

LAKE MARES AND LAKE OLHOS D’AGUA c. 8 kcal BP TO MODERN 
 
 

During the last c. 8 kcal BP, Sporormiella spores at Lake Mares were 

virtually absent and did not showed values above 1 % until modern times. At Lake 

Olhos d’Agua, Sporormiella spores reached 3.6% c. 1 kcal BP and c. 4% c. 650 

kcal BP. Charcoal particles, on the other hand, increased significantly in both 

pollen records and were a very common component in almost every sample 

analyzed. A detailed description of the flora for both lakes for the last 8 kcal BP is 

given by (Raczka et al. 2013). 
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DCA AXIS 1 VS AXIS 2 

 
 
DCA was performed on the percentile fossil pollen data from both lakes. At 

Lake Mares, DCA Axis 1 (eigenvalue 0.215, axis length 1.43) separated the 

samples from the bottom of the record (Pleistocene), characterized mainly by 

Podocarpus, Araucaria, and Ericaceae on the negative extreme of the axis from 

samples from the top of the sediment column (Holocene), characterized by 

Acalypha, Apocynaceae, Celtis, and Cecropia on the positive extreme of the first 

axis. Axis 2, (eigenvalue 0.09, axis length 1.05) separated the samples in the 

middle of the sediment record (early Holocene – mid-Holocene) represented by 

Asteraceae, Sebastiania, Poaceae, and Myrtaceae from those of the Pleistocene. 

At Lake Olhos d’Agua, the DCA analysis showed a very similar pattern to 

that of Lake Mares. Samples scores on Axis 1 (eigenvalue 0.238, axis length 1.81), 

placed the samples from the bottom of the sediment record (Pleistocene) to the 

negative side of Axis 1, with the Late Holocene samples at the positive extreme. 

Just as with Lake Mares, Axis 2 (eigenvalue 0.13, axis length 1.56) separated early 

Holocene and mid-Holocene samples from Pleistocene-aged ones (Figs. III.5 and 

III.6). 
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Figure III.5: DCA results of the fossil pollen data of Lake Mares. Closed symbols 

represent samples with Sporormiella presence, and open symbols 
represent samples in which Sporormiella was not recorded. Squares = 
samples with Pleistocene ages; Circles = samples with Early to mid-
Holocene ages; Triangles = samples with Late Holocene ages.  Species 
characterizing the extremes of Axes are shown. 
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Figure III.6: DCA results of the fossil pollen data of Lake Olhos d’Agua. Closed 

symbols represent samples with Sporormiella presence, and open 
symbols represent samples in which Sporormiella was not recorded. 
Squares = samples with Pleistocene ages; Circles = samples with Early 
to mid-Holocene ages; Triangles = samples with Late Holocene ages.  
Species characterizing the extremes of Axes are shown. 
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DISCUSSION 
 
 
 

 Fossil pollen and Sporormiella were well preserved in both of the Lagoa 

Santa records. The Sporormiella abundance data (percentage of spores in relation to 

the total pollen sum) for the Lagoa Santa lakes were twice as high as in the 

Northern Hemisphere (Gill et al. 2009), but this does not translate to a difference in 

megafaunal population density. The proportion of Sporormiella in a sedimentary 

record reflects the abundance of megafauna, the amount of pollen released by the 

local vegetation, the size of the lake, and its basin morphometry. Comparisons of 

abundance are meaningful within a lake record, but are of less use between records 

unless these other variables are controlled. 

The multivariate analysis of the pollen records provided similar results in 

both lakes (Figs. 3 and 4). The Late Holocene samples were seen to differ most 

strongly from those of the Pleistocene and early Holocene-aged samples. A clear 

separation of samples was evident based on age and, to a lesser extent, whether 

samples contained Sporormiella spores. DCA Axis 1, for both lakes appeared to 

reflect a gradient of decreasing temperature, separating taxa related to cold climates 

(Pleistocene) from those of warmer settings (Holocene), while Axis 2 represented 

decreasing precipitation (Figs. III.5 and III.6).  
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THE LAST GLACIAL MAXIMUM (23.5 – 12 kcal BP) 
 
 

Araucaria and Podocarpus, are regular components of the Late-glacial 

pollen records at both Lakes Mares and Olhos d’Agua. Pollen grains of these 

genera are not found in the modern Lagoa Santa Region and are restricted to high 

elevations or higher latitudes in Brazil (Fig. III.7) (Behling 1995; Behling 1997a; 

Behling 1997b). These taxa are cold-tolerant and their presence suggests a cooling 

relative to modern of about 5 oC. These findings are consistent with data for the 

downslope or northward expansion of these cold-tolerant taxa in other cerrado 

settings (Ledru 1993; Salgado-Labouriau et al. 1997; Barberi et al. 2000). 
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Figure III.7: Trends in vegetation cover for sites where pollen records indicate the 
modern occurrence of Podocarpus and Araucaria. Note the modern 
occurrence at higher elevation or higher latitude than the Lagoa Santa 
sites. The pollen datasets from Lagoa Campestre de Salitre, Morro de 
Itapeva, Serra da Boa Vista, and Serra Campos Gerais were 
downloaded from the Neotoma (http://www.neotomadb.org/). 

 
These forest elements (Araucaria and Podocarpus) and an abundance of 

Cyperaceae between c. 23 and 12 kcal BP indicated a moister and cooler climate 

than present. However, the rapid increase in sedges (Cyperaceae) c. 17.8 kcal BP at 

Lake Olhos d’Agua, possibly represented a falling lake level and expanding marsh 

between c. 17.8 and 15.6 kcal BP. While this lowering of lake level may even have 

led to a hiatus in deposition between c. 15 and 12 kcal BP at Lake Olhos’ d’Agua, 
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it did not appear to alter forest composition, nor was it evident at Lake Mares. Such 

an apparently local pattern of lowered lake level in a shallow system was probably 

more indicative of warming or intensified seasonality increasing evaporation, than 

strong drought. Similar patterns of cold-tolerant taxa in the deglacial period were 

evident in other areas of central Brazil within what are now cerrado habitats 

(Salgado-Labouriau et al. 1997). In terms of vegetation composition and climate, 

high percentage values of pollen of herbaceous taxa also suggested the presence of 

a mosaic of forest and savanna under a relatively cool climate. 

Large herbivores were probably important ecosystem engineers in such 

parkland settings, impeding woody regeneration and maintaining open areas 

(Augustine & Mcnaughton 1998; Ripple & Van Valkenburgh 2010; Bakker et al. 

2016). The diversity of pollen types during the LGM (Fig. III.8) appears to have 

been stable without significant change. Poaceae and Asteraceae were the most 

abundant pollen types throughout the LGM period in both sediment records. While 

these elements could represent savanna grasslands, they are also abundant 

components of lakes, rivers and swamp vegetation (Ledru et al. 2015) and semi-

open forests where grasses dominates (Wanderley et al. 2001; Behling 2002). The 

persistence of trees coupled with elements indicative of moisture in the Lagoa 

Santa region indicate conditions moist enough to support woodland, but declining 

in aquatic indicators suggest a gradual drying of the climate between 19 and 11 

kcal BP. 



72 
 
 

 

WAS THE DECLINE OF SPORORMIELLA SPORES COINCIDENT WITH THE 
FORMATION OF NO-MODERN ANALOG ASSEMBLAGES IN THE POLLEN 
SPECTRA? 
 
 

At Lake Olhos d’Agua, Sporormiella appears to have begun its decline in 

abundance by c.15 kcal BP. Sporormiella  fell below the 2% threshold used to 

mark the extinction (Davis & Shafer 2006) at c. 11.1 kcal BP. At Lake Mares, the 

initial decline of Sporormiella started at c. 14.4 kcal BP, with extinction occurring 

c. 12 kcal BP. These dates were later than the Sporormiella decline recorded at 

Lake Pacucha, Peru, where the herbivore population decline started at c. 21 kcal BP 

and the final extinction was reached at 15.8 kcal BP (Rozas-Dávila et al. 2016). 

The Lagoa Santa data were also later than those of Appleman Lake, Indiana, where 

the decline started early as 16 kcal BP, with extinction reached at c. 13.7 kcal BP 

(Gill et al. 2009). 

In North America and the Andes, the extinction of the megafauna coincided 

with the establishment of no-analog floras. These communities were formed by the 

coexistence of cold-tolerant and cold-sensitive arboreal species, which are not 

currently sympatric. In Lagoa Mares and Olhos d’Agua we identified Podocarpus 

and Araucaria as cold-tolerant taxa whose ranges were extended during the last 

glacial. The association of Caryocar, a bat-pollinated tree (Gribel & Hay 1993) 

typically found in cerrado ecosystems, with the cold-tolerant taxa suggested that a 

landscape configuration with no-modern analog existed near Lake Mares and Lake 

Olhos d’Agua. Unlike the no-analog floras seen in the Andes and North America, 
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where ice-age grasslands gave way to deglacial woodlands, Lakes Olhos d’Agua 

and Lake Mares supported woodland vegetation throughout the terminal ice age. 

Whereas the arrival of forests, coincident with the collapse of megafaunal 

populations, gave rise to no-modern-analog settings in the Andes and North 

America, the Lagoa Santa settings sustained no modern-analogs from the onset of 

the records at c. 23 kcal BP until 8 kcal BP. These data suggest that, at least in this 

setting, the no-modern analog assemblages were due to no-analog climates or 

megafaunal presence, rather than rapid climate change or the loss of megafauna. 

The consequences of the extinction of large herbivores from the landscape 

and the role that large herbivores might have played on the vegetation remains a 

puzzle (Doughty et al. 2016). The defaunation that took place at the end of the 

Pleistocene (Young et al. 2016) affected species composition and probably 

vegetation structure. While some plant species probably benefited from reduced 

grazing and trampling, others might have suffered negative effects from increased 

competition or reduced seed dispersal. After the megafaunal extinction, humans 

and small rodents may have taken on the role of seed disperser for some species 

(Iob & Vieira 2008; Guimarães et al. 2008).  

In both our study lakes, the increase of some taxa such as Arecaceae, 

Lithraea, Melastomataceae, Ficus, and Caryocar were coincident with the final 

decline of Sporormiella, which could reflect the lack of herbivory in the system. 

Notably the cold-tolerant taxa, such as Araucaria and Podocarpus survived later 
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into the Holocene than there is evidence of megafauna. Perhaps these were refugial 

populations that lingered for a few thousand years before the warmer and drier 

conditions of the mid-Holocene extinguished them. 

 

DID THE DECLINE IN SPORORMIELLA ABUNDANCE OCCUR BEFORE 
THE ARRIVAL OF HUMANS TO THE LAGOA SANTA REGION? 
 
 

Spores of Sporormiella were abundant in the Lake Mares and Lake Olhos 

d’Agua sediment records until c. 12 kcal BP (Figs. 3, 4, and 8). It made little 

difference whether the 2% threshold of Davis and Shafer (2006) or concentration 

(spores per cm3) (Fig. III.8) was used to estimate the timing of population collapse. 

Based on these data, the most constrained dates for the decline in megafaunal 

population showed that it was initiated by c. 14.4 kcal BP and the extinction was 

reached at c. 12 kcal BP (Fig. III.8). 
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Figure III.8: Comparison between (a) biodiversity index (Evenness analysis) 
showing the quantitative estimate if the samples biodiversity; (b) 
Sporormiella concentration data; (c) charcoal percentage data. Lake 
Mares above the line and Lake Olhos d’Agua bellow the line. The `0` 
represents samples counted with no charcoal found; and (d) Botuvera 
cave stalagmite ratios of oxygen isotopes. The gray-shade area denotes 
the interval of earliest human occupation for Lagoa Santa and the 
dotted black line represents the extinction of the megafauna. 
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The earliest known occupation of South America by humans is documented 

at Monte Verde, southern Chile, with a suggested age of 18.5 – 14.5 kcal BP 

(Dillehay et al. 2008; Dillehay et al. 2015). If these were foundational human 

populations, the process of colonization might have continued through coastal 

exploration (Dillehay 1999) with an unknown rate of spread into the interior. In the 

Lagoa Santa region, the arrival of humans is contentious as the material that is 

dated via optically-stimulated luminescence provides a range of credible ages 

ranging from 16 to 12.7 kcal BP (Feathers et al. 2010; Neves et al. 2003). 

The Lagoa Santa lakes were unusual, among those studied so far to 

investigate megafaunal population collapse, in that there was not a biome change 

within the record. Most other records feature a transition from grassland to forest at 

the time of the megafaunal loss, but at Lagoa Santa it was a remarkably constant 

occurrence of cool cerrado woodland throughout the deglacial and early Holocene. 

Indeed, the climate around Lagoa Santa region was cold and only showing a 

slight signal of drying at the time of the inferred extinction (c.12 kcal BP). No 

significant changes in the vegetation were perceived in our analysis (DCA and 

diversity index) to support an extinction based on climatic changes. Our data 

indicate that the megafaunal population decline at Lagoa Santa overlaps temporally 

and spatially with human presence in the region (Fig 8). 

In other ecological records, fire is an abrupt and obvious signature of human 

presence, especially in systems that are seasonally flammable. It has also been 
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suggested that the loss of megafauna resulted in decreased grazing, which led to 

increased fuel loads and elevated fire frequency (e.g. Gill et al. 2009). No such 

abrupt change in fire frequency is evident in these records. Charcoal is present as a 

rare component in almost all samples from Lake Mares with the most notable 

increase in charcoal frequency occurring at c. 7.2 kcal BP. At Lake Olhos d’Agua, 

charcoal was absent from the oldest samples, but occurred in all samples after c. 

15.6 kcal BP. Again there was a mid-Holocene strengthening of charcoal 

representation. The fire–signal in both sites was present, but relatively weak, and 

did not coincide with a major change in vegetation type. We found no compelling 

evidence in this system that the loss of megafauna increased fire-frequency. 

Similarly, a growing human presence from c.12,000 years onward might have been 

expected to dramatically change the environment, but there is little evidence of 

such change at these sites. 

 Although a few megafaunal kill-sites have been recognized in South 

America (Bryan et al. 1978; Politis et al. 1995), data are still too scarce to indicate 

robustly that humans were a significant factor in megafaunal population declines 

(Prado et al. 2015). Our data from the Lagoa Santa region, however, are 

inconsistent with rapid climatic or ecological change. While it is abundantly clear 

that humans and megafauna co-existed in South America for thousands of years 

(Hubbe et al. 2009; Hubbe et al. 2007; Fariña & Castilla 2007; Neves & Pilo 2003), 
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we tentatively conclude that the megafaunal decline during the deglacial period in 

the Lagoa Santa region was attributable to hunting by humans. 

Two important caveats need to be added. The first is that we do not know 

when the majority of Pleistocene megafauna died out. On a continent basis, dates 

only exist for 15 out of the 52 genera that went extinct (Barnosky & Lindsey 2010) 

and it cannot be assumed that all of the undated taxa survived to the terminal 

Pleistocene. The second is that our inability to separate Poaceae species could mask 

strong differences in the quality of graze. 
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CONCLUSION 
 
 
 

 Our analysis reinforced that spores of Sporormiella preserved in lake 

sediments provide a powerful tool for detecting the presence of large herbivores in 

past ecosystems. The data gathered from Lake Mares and Lake Olhos d’Agua point 

to a initial decline of Sporormiella abundance c. 14.4 kcal BP, with the final 

extinction occurring between c. 12 and 11.5 kcal BP. The age interval of our 

suggested extinction, overlapped with the oldest human evidence for Lagoa Santa 

region, c. 16 – 12.7 kcal BP (Feathers et al. 2010). Although this was a period of 

rapid warming in much of South America, there was not the scale of vegetation 

change around these study sites to point to ecological pressure inducing extinction. 

The unusually stable ecosystems of the Lagoa Santa region held no-analog floras 

from the onset of the record until long after the extinction of the megafauna. The 

data from Lagoa Santa region were not consistent with parallel studies from North 

America and the Andes that found the decline of Sporormiella to be simultaneous 

with a marked increase in the abundance of charcoal particles and the establishment 

of novel floras. With little evidence of strong impacts of climate change, vegetation 

change or burning, we suggest that the most parsimonious explanation of 

megafaunal population collapse in this setting was human hunting. Perhaps the 

most valuable lessons learned from this study are that the collapse of megafaunal 
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populations did not induce the same results across different ecosystems, and that 

the role of humans in that collapse may be spatially heterogeneous. 
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CHAPTER IV 
 
 

THE HISTORY OF MEGAFAUNAL POPULATIONS IN THE ALTIPLANO 
REGION, CENTRAL ANDES 

 
 

INTRODUCTION 
 
 
 

The pattern and timing of Andean megafaunal population decline remains 

open to debate. Rozas-Dávila (2016) suggested that at Lake Pacucha, Peru, 

megafaunal populations were already in decline prior to their final demise due to 

climate stress. Resolving whether this was a local or regional phenomenon calls for 

further investigation.  In this chapter, I investigate the timing of the extinction at a 

site located c. 800 m higher than Lake Pacucha, in the Bolivian Altiplano. 

Numerous studies have described the megafauna and their extinction in 

South America (García et al. 2008; Coltorti et al. 1998; Politis & Messineo 2008; 

Prado et al. 2015; Haynes 2009; Villavicencio et al. 2016; Weinstock et al. 2009; 

Barnosky & Lindsey 2010; Barnosky et al. 2004). Despite making progress in 

investigating the extinction of the Pleistocene megafauna, we still have a very 

inadequate understanding of the timing, causes, and consequences of this event 

(Borrero 2009). So far, only two studies have applied the use of Sporormiella as an 

indicator of megafaunal abundance in South America, those being from Lake 

Pacucha (Rozas-Dávila et al. 2016), and southeastern Brazil (Chapter III). The 

abundance of Sporormiella spores remains our best proxy to determine herbivore 
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abundances in past environments (Raczka et al. 2016; Raper & Bush 2009; Gill et 

al. 2013; Parker & Williams 2012; Wood et al. 2011; Burney et al. 2003). The 

possibility of using long sedimentary records to reconcile megafaunal population 

variability, habitat sensitivity, and climate change, provides an exciting path for 

Andean paleoecology. 

The earliest explanation of megafaunal extinctions was based on climate 

change (Kowalski 1967; Guilday 1967). Nonetheless, in the late 1960s and early 

1970s, Paul Martin (Martin 1973; Martin & Wright 1967) advocated that Clovis 

hunters were responsible for an overkill, and this became the predominant, though 

often challenged, explanation (Surovell et al. 2015; Grayson & Meltzer 2003; Yule 

et al. 2009). Among the most plausible challenges, were continued support for 

climate-based scenarios (Gill et al. 2009; Wroe et al. 2006; Ficcarelli et al. 2003; 

De Vivo & Carmignotto 2004), ecological cascades (Ripple & Van Valkenburgh 

2010), and hybrid explanations that invoked more than one of these factors 

(Metcalf et al. 2016).  

The most serious challenge to human-induced extinction is the scarcity of 

kill-sites (McGlone 2012), the evidence that Clovis were not the first inhabitants of 

the Americas (Waters & Stafford 2007; Waters, Stafford, et al. 2011; Bourgeon et. 

al 2017; Dillehay et al. 2008; Dillehay et al. 2015), and evidence of megafaunal 

decline preceding widely accepted ages for human arrival (Rozas-Dávila et al. 

2016; Gill et al. 2009). Contrastingly, the weakness of the climate-based extinction 
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is that there is no singular event that has been identified as so stressful that it would 

cause many species across a range of ecologies to go extinct (Saltré et al. 2016). 

The other major criticism of this explanation, can be summarized as ‘why now?’. 

Of the >20 interglacials of the Pleistocene, why was the last one associated with the 

extinction? 

Recent explanations have either emphasized the joint actions of climate 

change and human activities (Pires et al. 2015; Pires et al. 2014), or ecological 

cascades resulting in major changes in vegetation cover and nutrient cycling 

(Doughty et al. 2016; Wolf et al. 2013; Doughty et al. 2013). The interplay between 

climate change and anthropogenic activities, such as fire and deforestation, may 

have been a major threat to biodiversity (Myers et al. 2000) and could have been a 

key factor in the extinction of the Pleistocene megafauna in the Andes (Cione et al. 

2009). 

 
PALEOECOLOGICAL DATA 
 
 

In South America, the high Andes provides an exceptional opportunity to 

explore faunal community change because so many large herbivores (about 30 

genera) are argued to have been suddenly removed from the landscape (Barnosky et 

al. 2004). It should be noted, however, that only c. 8-12 of those 30 genera have 

reliably dated fossils with firm evidence of survival later than c. 20,000 years ago 

(Hubbe et al. 2013; Hubbe et al. 2007). 
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Studies documenting the effects of the extinction on natural environments 

are rare, especially for South America (Barnosky et al. 2004; Barnosky & Lindsey 

2010).  Conversely, for North America, the scientific literature examining the 

consequences of major extinctions and faunal turnover (Gill 2014; Gill et al. 2012; 

Barnosky et al. 2015) portrayed how ecosystems responded to rapid changes in the 

natural balance of the environment. The major findings included that no-analog 

(Overpeck et al. 1989) plant assemblages were created by the loss of megafauna, 

and there was a marked increase of charcoal in the fossil record (Gill et al. 2012). 

These findings can form the basis of predictions for what may be expected in South 

America, but the ecological contexts of Midwestern plains and the High Andes 

could result in a very different outcome. 

 A paleoecological record from Lake Pacucha, located at 3100 m elevation, 

in the central Andes, provided a 25 kcal yr record of vegetation and Sporormiella 

change. Rozas-Dávila et al. (2016) used lowered Sporormiella abundance to 

suggest that the first evidence of megafaunal population loss occurred around 21 

kcal BP, shortly after the local onset of deglaciation (Seltzer et al. 2002). These 

data formed the first evidence of megafaunal population collapse in the high Andes, 

and took place c. 8 kcal BP before the first evidence of human arrival in the high 

Andes (Rademaker et al. 2014). What is not clear from the record of Lake Pacucha 

is whether this decline was a local abandonment by megafauna due to a climate 

stress or if it represented a regional trend of population collapse. Local 
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abandonment could have resulted in populations being displaced upslope or 

downslope of Lake Pacucha. Available habitats upslope of the super-puna 

documented at Lake Pacucha at 21 kcal BP would have been glacial forelands or 

Polylepis woodlands. On the other hand, downslope habitats would have been puna 

or Andean forest.  

 The Pacucha record documented a rapid recovery of megafauna populations 

around 17 kcal BP, when Sporormiella abundances returned near to their last 

glacial maximum maxima. The permanent collapse of the megafauna, or their 

functional extinction, occurred c.15.8 kcal BP (Rozas-Dávila et al. 2016). When the 

final collapse occurred at c.15.8 kcal BP, Pacucha was surrounded by puna, with 

Andean forest beginning to encroach from below. Thus, at this time, upslope would 

have been puna and super puna, while downslope would have been Andean forest. 

This evidence of a two-stage process, the first population collapse at c. 21 

kcal BP, and then the functional extinction at c.15.8 kcal BP, strongly suggests 

that climate and habitat change played a role. If humans alone were driving these 

patterns, a very early occupation of the Andes, long before any archaeological 

evidence of humans in the Americas, would need to be invoked. 

In this chapter, I explore the possible consequences of the Pleistocene 

megafaunal extinction in the central Andes in a higher elevation setting at Lake 

Huiñaimarca (3810 m) which lies c. 800 m upslope of Lake Pacucha. The specific 

research questions addressed in this chapter are: 
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1. Did the Sporormiella decline at Lake Huiñaimarca coincide 

 with that of Lake Pacucha? 

2. Did the Sporormiella decline at Lake Huiñaimarca coincide  

   with a major climate event in the High Andes? 

3. Was there a relationship between Isöetes and megafaunal   

   abundance? 
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STUDY AREA 
 
 
 

  Lake Huiñaimarca lies in the Altiplano of the central Andes, at 3810 masl 

(16°15’30.02 S; 68°43’58.35 W). The Altiplano region is a broad inter-Andean 

plateau formed by tectonic uplift that occupies c. 200,000 km2 of the Central Andes 

(Isacks 1988). The climate in the region is classified as semi-humid to the north 

portion with greater aridity in the south (Hanselman et al. 2011). Lake Huiñaimarca 

is a sub-basin of the adjacent and much larger Lake Titicaca, the highest great lake 

in the world, whereas Lake Titicaca has a maximum modern water depth of c. 230 

m, much of Lake Huiñaimarca is about 10 - 20 m deep, but to the northwestern side 

of the lake is the deeper Chua Basin, where water depth reaches 40 m. The Strait of 

Tiquina connects Lakes Titicaca and Huiñaimarca (Fig IV.1) across a sill with a 

water depth of c. 22 m. The outlet to the Desaguadero River is again controlled by 

a sill that has a modern water depth of just 6 m. Thus if water level drops by c. 6 m 

this system becomes purely evaporitic in its water loss, while a 22 m drop in lake 

level makes it a completely closed basin system. The lake system has also had 

significant highstands, in which water flowed out of Titicaca through Huiñaimarca 

and south into the Altiplano to form vast paleolakes. The largest of these, Lake 

Tauca, formed between 18,000 and 14,000 years BP (Fig. IV.2), and was over 100 

m deep. 
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Figure IV.1. Location of the records collected by the ICDP program. Core LT01-
3B, in the sub-basin of Lake Tititcaca, was raised from the deepest 
point of Lake Huiñaimarca (Chua Basin) at a depth of c. 40 m. Image 
downloaded from (http://www.nasa.gov last accessed 19 December 
2016). 

 

Rio Desaguadero 
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Figure IV.2: Reconstruction of Paleolake levels in the last 30,000 years by Blard et 
al. (2011; Fig. 8A). 

 
The mean annual temperature in the region is c. 8 °C. The lowest 

temperature during the year reaches c. −8 °C in July while the maxima could reach 

as high as c. 19 °C in November. Precipitation in the region is strongly influenced 

by the timing and strength of the South American Summer Monsoon (SASM) 

(Fritz et al. 2007; Cruz et al. 2009). The wet season lasts from December to 

February, while the peak of the dry season is between June and March. 

 The modern vegetation around Lake Huiñaimarca is characterized by a 

moist puna/sub-puna grasslands rich in Poaceae, Asteraceae, Acaena, Ericaceae, 

Polygonaceae, Melastomataceae, Polylepis, and Polypodiaceae (Graf 1981). 
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Modern mud-water interface samples collected from lakes across the Altiplano, 

contain pollen spectra that reflect the abundance of these taxa (Hanselman 2007). 
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METHODS 
 
 
 

DATA SETS 
 
 

Overlapping cores from Lake Huiñaimarca were collected in 2001 during 

the Lake Titicaca drilling program. Cores were raised using the GLAD800 platform 

from the International Continental Scientific Drilling Program (ICDP: 

http://www.icdp-online.org/) in a project overseen by Paul Baker, Sheri Fritz and 

Geoffrey Seltzer. The total core length of the Huiñaimarca sub basin was c. 119 m 

below the mud-water interface (hereafter core depth). The sediment from Lake 

Huiñaimarca is deposited in the National Lacustrine Core Facility (LacCore: 

http://lrc.geo.umn.edu/laccore/) at the University of Minnesota.  

The chronology of the last 30 kcal BP of the Huiñaimarca record was 

established using 11 AMS 14C dates from core LT01-3B (Tab. 1). All the 

radiocarbon dating was performed by the National Ocean Science Accelerator Mass 

Spectrometry laboratory (NOSAMS).  

The initial analysis of the Huiñaimarca GLAD2-LT01-3B pollen record was 

conducted by Gosling et al. (2008). Sporormiella was quantified in some of the 

older samples in that analysis, but no record was made of Sporormiella in the 

sediments of the last 30,000 years.  For the present study, 68 additional samples 

from core GLAD2-LT01-3B were ordered from LacCore for palynological analysis 

(Fig IV.3). The 1 cm3
 subsamples for pollen analysis were treated using standard 
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protocols (Faegri & Iversen 1989). A spike of exotic Lycopodium clavatum, 

containing approximately 9,666 spores, was added to allow calculation of pollen 

concentration (grains per cm3) (Stockmarr 1971). At the end of the chemical 

processing, residual clays were removed through a sodium metatungstate (specific 

gravity = 2.0) density separation. This method was used to concentrate 

Sporormiella and smaller palynomorphs (Krukowski 1988). Residues were found 

to be free from Sporormiella. All samples were analyzed for pollen, charcoal, and 

Sporormiella using a transmitted light microscope at magnifications of 400 and 

1000x. 

Pollen counts were made until a sum of 200 hundred grains was reached. In 

a few samples, however, where pollen preservation was too poor to reach 200 

pollen grains, pollen was counted until a sum of 1000 to 2000 Lycopodium 

clavatum was reached. Pollen data were expressed as percentages of the pollen sum 

and concentrations as grains per cm3.  

Magnetic susceptibility, total organic carbon, biogenic silica, and calcium 

carbonate data from the more extensively studied Lake Titicaca core GLAD2-

LT01-2B are presented. The δ18O isotope record from NGRIP are also used for 

comparisons with Atlantic circulation (http://www.ncdc.noaa.gov last accessed 3 

January, 2017). 
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STATISTICAL ANALYZES 
 
 
All the pollen, charcoal, and Sporormiella data from Lake Huiñaimarca 

were treated and graphed using C2 software (Juggins 2003). The chronology of the 

sediment record was stablished using the package Bchron (Parnell 2016) with 

statistical program R (R Core Team 2015). 

  STRATIGRAPHY. The stratigrapy of the Lake Huinaymarca core has been 

described previously by Gosling et al. (2008). Here we highlight the uppermost 6 m 

of the record, which spans about 40,000 years. The stratigraphy (Fig. IV.2) is based 

on notes made by the core opening team http:// http://lrc.geo.umn.edu/laccore/, and 

from observation of high-resolution images of the core (Fig. IV.3). 
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Figure IV.3. Lake Huiñamiarca LT01-3B sediment record. The image shows the 

sections (1H-1 to 3H-1) from where the 68 subsamples were taken. 
Lithostratigraphic units were described according to the organic and 
mineral content. Oldest material is to the right. 
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Figure IV.4. A summarized stratigraphy for the upper 6 m of the Lake Huiñamiarca 
LT01-3B sediment core. All depths are expressed in meters below 
lake floor. 

 

 The sediments of the Core LT01-3B were mostly well sorted clays that 

differed in color and texture. Between 6.35 m to ~ 4.86 cm the gyttja was mostly 

light brown/brown (7.5YR 4/3). Overlaying these sediments was a dark reddish 

gray clay (7.5YR 5/1) between 4.86 m and 3.47 m. From 3.47 m to 2.01 m depth, 

the sediments were a clay with mottled and sandy layers (sand and silt size). 

Between 2.01 and 0.89 m were darker gray gyttjas laminated with organic layers. 

From 0.89 m to the top, the sediment was a gray gyttja showing faint laminations.  
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RESULTS 
 

 
 
THE HUIÑAIMARCA SEDIMENT RECORD 
 
 

CHRONOLOGY. Eleven radiocarbon dates were available to generate the 

chronology of the LT01-3B (Table 1) sediment record, and there were 30 

previously published ages from core LT01-3A (Gosling et al. 2008). The depth-age 

curves of the two cores were broadly consistent with one another (Fig. IV.4). The 

ages on Core LT01-3A confirmed that the basin contained a complete Holocene 

sedimentary sequence. 

 

 

Figure IV.5. Calibrated radiocarbon ages for sediment cores from Lake 
Huiñaimarca. Data from cores LT01-3A (Gosling et al. 2008) and B 
are shown. 
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Table IV.1. Radiocarbon ages for the sediments of Lake Huiñaimarca core LT01-
3B.  
 

Sample code depth 14C 14C 
error 

Calibrated ages 
Max.        Mean     Min. 

13C 

AA46954 1.70 m 3400 40 3554 3596 3673  

135315 3.65 m 16700 80 19848 20099 20361 -24.28 

135316 4.65 m 22800 170 26605 
 

27095 27441 
 

-25.87 

135317 4.96 m 24700 220 28171 28695 29223 -26.01 

AA46955 5.44 m 23700 260 28541 28254 27967  

AA46955 5.44 m 23340 330 28204 27874 27544  

135318 5.47 m 21100 140 25058 25406 25727 -23.12 

135319 6.26 m 23400 180 27294 27569 27828 -25.39 

AA46956 8.74 m 21850 210 26511 26301 26091  

AA46957 11.47 m 27360 320 32533 32213 31893  

AA46957 11.47 m 24780 280 29887 29607 29327  

 
No ages, however, were obtained in either core in the period between c. 

20,110 and 11,550 cal BP. Such a gap indicated a sedimentary hiatus or 

inconsistent sedimentation. The usual reason for such a gap is that the lake dries 

out, but in this instance the gap covers the period when Lake Tauca formed. Lake 

Tauca was a highstand that occupied the Altiplano from modern Lake Poopó, 

southwards, derived from water that flowed out of Lake Huiñaimarca. Clearly, the 

period when Tauca formed was not a dry event, and the most plausible alternative 

explanation for the sediment anomaly in Huiñaimarca is that the flow of water 

through the Straits of Tiquina (Fig. IV.1) was enough to prevent fine particle 

settlement. Paul Baker and Sheri Fritz (pers. comm.) estimate that to generate the 

Tauca highstand, the flow through the straits of Tiquina would have increased by a 

factor of 8 and this may have exceeded the velocity at which fines settle out 
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(Hjulstrom 1939). This section of the core from c. 3 m to 3.6 m depth is comprised 

of silts with no apparent depositional structure rather than fine clays. It is not clear 

from the stratigraphy if this section represents one or more turbidite flows. Based 

on 14C dates available on core LT01-3A and on the known history of Lake Tauca, 

the onset of regular sedimentation resumed some time between c. 14 kcal BP and 

11 kcal BP. Recognizing this uncertainty, I have assigned 14 kcal BP as the time 

when regular sedimentation resumed, because this would have been the time when 

flow was reduced through the Chua Basin. 

 
POLLEN ANALYSIS 
 
 
Local pollen zones Huin 1-3 are identified based on gross changes in the pollen 

concentration. 

Zone Huin 1 (6.3 m – 3.6 m core depth; >27 kcal BP to 20.1 kcal BP). 

Poaceae was the most abundant taxon in this pollen zone, with percentages ranging 

from 43% to 98 %, while Asteraceae ranged between 0% and 22 %, with a distinct 

peak at 25.5 kcal BP (Fig. IV.7), before gradually declining to the end of this zone, 

with values < 2%. Brassicaceae began this zone with percentages of c. 10%. 

Amaranthaceae, Caryophyllaceae, Apiaceae, Plantago, were all present but 

inconsistent in abundance during the most basal portion of the record, with sporadic 

peaks up to 15%. However, all these taxa dropped to zero c. 23 kcal BP. The shrub 

and arboreal spectra were rare in this pollen zone. Podocarpus, 
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Moraceae/Urticaceae, Hedyosmum, Alnus started this pollen zone with values 

around 4%, but dropped to zero c. 23 kcal BP. All the other arboreal taxa, such as 

Melastomaceae, Acalypha, Alchornea, Myrtaceae, Ericaceae, Clethra, and Myrica 

were represented by less than 2% of the total pollen sum. Isoëtes had constant 

values above 4000 grains per cm3. Sporormiella had high values oscillating 

between 11 and 61 %, with a peak at c. 26 kcal BP. The concentrations of 

Sporormiella followed the same pattern as the percentage values throughout this 

zone. 

Zone Huin 2 - Tauca phase (3.6 m –3.0 m core depth; c. 20.11 -14 kcal BP). 

This pollen zone was characterized by extremely low pollen concentrations. Within 

this zone the pollen was dominated by Polylepis and Asteraceae, while Poaceae 

were noticeably scarce. Further interpretation cannot be made due to uncertainties 

over pollen preservation and taphonomy. Isoëtes and Sporormiella had a very 

similar curve, with both starting this period with high values, but declining with 

abundances after HE2, falling to < 4%. Around 14.4 kcal BP, charcoal 

concentration (particles greater than 25µm) increased in abundance to 4000 

particles per cm3. The data for Isoëtes and Sporormiella appeared to have more 

consistent structure than that of the pollen in this zone. Sporormiella concentrations 

fell to zero within this zone. 

Zone Huin 3 (3 m – 0.01 m core depth; 14 – 0 kcal BP). When 

sedimentation returns to that of a low-flow system, Polylepis and Asteraceae are 
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the most abundant taxa, but this dominance quickly gave way to Poaceae, though 

grasses  had lower abundances compared with the previous zones with values 

between 37% and 60%. After their initial decline, Asteraceae and Brassicaceae 

increased steadily, from 11% to 23 %, and 1% to 2%, respectively. Amaranthaceae 

slowly increased its abundance in this zone, peaking at c. 6kcal BP (30%). 

Amaranthaceae then declined, but remained at c. 7%. Malvaceae, Caryophyllaceae, 

and Apiaceae were poorly represented with values < 1%. Polylepis was present at 

c. 4% for most of this zone, with its representation falling to <1% around 4 kcal 

BP. The arboreal component, represented by Podocarpus, Moraceae/Urticaceae, 

Hedyosmum, Alnus, Melastomaceae, Alchornea, Ericaceae, and Weinmannia, 

ranged from 1% to 3%. During the Holocene, Isoëtes was poorly represented, and 

did not exceed 300 grains per cm3. Sporormiella was present at low numbers 

throughout the late deglacial and early Holocene. Sporormiella rose to 26% of the 

pollen sum about 8 kcal BP. Although later increases in Sporormiella were about 

the same in terms of percentage of pollen, concentrations of Sporormiella increased 

markedly between 5 kcal BP and 3 kcal BP. Concentrations of charcoal particles 

per cm3 show a strong and consistent presence after c. 11.5 kcal BP.
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Figure IV.6. Percentage fossil pollen diagram plotted by depth for the most abundant herb, tree, and shrubs pollen taxa 
and Sporormiella spores from the sediments of Lake Huiñaimarca, Bolivia. Isoëtes is expressed as spore 
concentrations (spores per cm3).



102 
 
 

 

 
 

 
 

Figure IV.7. Percentage fossil pollen diagram plotted by age for the most abundant herb, tree, and shrubs pollen taxa of Lake 
Huiñaimarca, Bolivia. On the right side of the diagram, values for Isoëtes, Poaceae, Polylepis Amaranthaceae, 
Sporormiella, and charcoal are given as concentration (cm3). Ages for samples in the Tauca period are only 
indicative of order, not of known ages.
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DISCUSSION 
 
 

 
Ice advanced to within c. 100 m vertically of Lake Huiñaimarca at the peak 

of the last ice age (Baker et al. 2001; Seltzer et al. 2002), and so the periphery of 

the lake would have been a glacial foreland of very low productivity. Cooler than 

modern temperatures, and atmospheric concentrations of CO2 at c. 180 ppm (Petit 

et al. 1999b), would both have played a role in reducing productivity in these 

glacial forelands. The low productivity high Andean landscape was not unique to 

the Altiplano, but has been reported from equivalent settings in Colombia 

(Hooghiemstra & Van der Hammen 2004; Groot et al. 2011), Ecuador (Colinvaux 

et al. 1997) and Peru (Hansen et al. 1994). 

Remarkably, the megafaunal populations seem to have thrived in this setting. 

Relatively high values of Sporormiella between c. 40 – 21 kcal BP were followed 

by a marked decline in Sporormiella spores abundance that took place within the 

Tauca highstand. A caveat must be stated, and that we cannot tell for sure if this 

was one or more species occupying the landscape at any time in the past. Similarly, 

although we can draw inferences, we cannot determine with certainty if the 

observed pattern reflects a sequential loss of taxa over time or the synchronous, 

catastrophic, collapse of many species. 
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DID THE SPORORMIELLA DECLINE AT LAKE HUIÑAIMARCA COINCIDE 
TEMPORALLY WITH A MAJOR CLIMATE EVENT IN THE HIGH ANDES? 
 
 
  Wet, cold conditions are known to have dominated the Altiplano landscape 

for much of the last glacial period (Baker & Fritz 2015; Wirrmann & Mourguiart 

1995). A series of highstands that flooded the Salar de Uyuni to depths as great as 

120 m above the modern floor have been identified.  

Baker et al. (2001), suggested that the highstands were determined by the c. 

22,000-year precessional cycle of orbital variation (Imbrie et al. 1992). Such cycles 

were evident in lake level records across South America (Hooghiemstra & van der 

Hammen 1998; Bush et al. 2002). Isotopic data from speleothems, with greater age 

control than available from lake sediments, showed that high insolation during the 

wet season, generally corresponded to increased precipitation (Cruz et al. 2005; 

Wang et al. 2004; Wang et al. 2017).  

Superimposed on this long-term pattern, were the much shorter, sharper 

climate events related to ice-rafting in the North Atlantic, Heinrich Events (HE) 

and Dansgaard-Oeschger (D-O) cycles. HE events were manifested in the Andes 

primarily as wet events, with a gradual return to drier conditions as the D-O cycle 

progressed (Baker & Fritz 2015). In the Lake Titicaca record, grain size and 

biogenic silica were correlated with these millennial-scale cold events in the North 

Atlantic (Fritz et al. 2010). Dry times (cold in the N. Atlantic) in the Andes tended 

to result in greater productivity and hence increased biogenic silica deposition. 
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Isoëtes spore abundance had an opposing signature and was suggested to be related 

to increased offshore transport by hyperpycnal flows during wet intervals. These 

flows were in turn related to warm events in the North Atlantic (Hanselman et al. 

2011). The important message from the prior work is that the glacial period 

induced an overall cooling in excess of 5 oC in the Altiplano (Paduano et al. 2003), 

but that the oscillations in north Atlantic temperatures were manifested as wet 

(warm N. Atlantic) and dry (cold N. Atlantic) events. 

The fossil pollen record showed that during the last ice age the vegetation 

around Lake Huiñaimarca was composed of a mixed assemblage of species 

characteristic of puna and super-puna vegetation (Gosling et al. 2008, Fig. IV.6). 

Sporormiella abundance seemed to respond to the effects of HEs and D-O cycles 

climatic events. The data are tentative, but suggest that Sporormiella abundances 

fell after HE events, reaching a nadir during the middle of D-O events, prior to 

staging a recovery toward the end of those events. For different reasons 

(presumably), D-O events were times of megafaunal loss in northern Europe. 

There, the warming immediately following an HE event initiated the D-O cycle, 

and extinctions occurred in the middle of that cycle as the warming transitioned 

back to cooler temperatures (Cooper et al. 2015).  Warming events were also 

suggested as key drivers of Holarctic megafaunal extinctions in the Late 

Pleistocene of South America (Metcalf et al. 2016). 

  During the glacial maximum, locally between c. 28 and 22 kcal BP (Smith 
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et al. 2005; Seltzer et al. 2002), the sediment record of Lake Huiñaimarca suggested 

a generally wet setting. Lacustrine proxies, such as calcium carbonate in Lake 

Titicaca were very low between 40 and 21 k cal BP and together with the high 

values in the concentration of Isoëtes, suggested that the Altiplano area near Lake 

Huiñaimarca had a positive water balance during this period. Sporormiella 

concentrations remained high until c. 21 kcal BP, indicating favorable conditions 

for megafaunal populations. Likewise, the high percentages of grasses and regular 

occurrence of herbs (Fig IV.7) suggested the dominance of grassland, although 

productivity was low. Wet oscillations may have boosted productivity, but if 

conditions became too wet, thermoregulation in such cold conditions may have 

been problematic for these animals (Parker & Robbins 1985). 

   The onset of the Lake Tauca phase between c. 21 kcal BP and 14 kcal BP, 

is longer than the duration of the highstand, which is thought to have lasted from c. 

17 kcal BP to 14 kcal BP.  One possibility is that the high flow rates that initiated 

the highstand removed some of the less consolidated mud-water interface. An 

alternate explanation is that the build up of flow began several thousands of years 

before the highstand reached its maximum level. This latter explanation is not 

preferred as the Tauca highstand appears to coincide with HE1 (18.2 - 15 kcal BP 

with a peak at 16.8 kcal BP) (Menviel et al. 2011). During the period from c. 21 - 

14 kcal BP, the quality of the Huiñaimarca pollen record may have been 

compromised.  
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  A sudden increase of Polylepis and Asteraceae during the Tauca period was 

a time of extremely low pollen concentrations. As few as 1190 grains/cm3 were 

counted in these samples, and while an increase in Asteraceae and Polylepis is 

likely to have occurred in response to wetter conditions, the scale of that change 

could be exaggerated. Variations in the composition of the floral assemblage was 

also noticed in Lake Titicaca for the same period (Hanselman 2007), with a small 

peak of Polylepis registering there at c. 19 - 18 kcal BP (Paduano et al. 2003). 

Sporormiella abundance dropped during the Polylepis phase, mimicking the first 

decline of Sporormiella spores at Lake Pacucha, Peru (Rozas-Dávila et al. 2016). 

  It is important to recognize that Sporormiella and Isöetes share similar 

transport mecahnisms from source to sediment, and that they differ from that of 

pollen. Neither Sporormiella nor Isöetes have a strong airborne input. Isöetes are 

aquatics that produce their spores underwater, and Sporormiella spores are derived 

from dung deposited in, or close to, the lake margin. Consequently, the spores of 

both genera are washed from the littoral zone into deeper water by basal flows, 

such as hyperpycnal or turbidite flows.  Thus, it is quite possible that while the 

great majority of pollen settling to the surface of the lake was washed through the 

system without being deposited, a higher proportion of Sporormiella and Isöetes 

were deposited. Such taphonomic differences, may explain why the pollen record 

looks so unbalanced and erratic through this period, whereas the Sporormiella and 

Isöetes curves show some coherence, and also appear to reflect interpretable trends.  
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    Although the trend toward lower Sporormiella abundances is evident, and 

Sporormiella have fallen to 6% of the pollen sum at the end of the Tauca phase, the 

precise timing of this decline is uncertain. What can be stated with some confidence 

is that the major decline in megafauna occurred within the Tauca phase, and long 

before the increase in charcoal production that probably indicates human activity in 

this basin. A climate-driven megafaunal population collapse coincident with wet, 

warming conditions is inferred. 

 

DID THE SPORORMIELLA DECLINE AT LAKE HUIÑAIMARCA COINCIDE 
TEMPORALLY WITH THAT OF LAKE PACUCHA? 
 

 
At Lake Pacucha, Peru, there was an initial population collapse at c. 21 kcal 

BP, followed by a recovery and a subsequent decline to functional extinction at c. 

15.8 kcal BP (Rozas-Dávila et al. 2016). The decline of Sporormiella at 

Huiñaimarca  between c. 21 and 14 kcal BP spanned the inferred population 

collapse at Pacucha.  Dating uncertainty, however, is going to prevent a more 

rigorous test of the synchrony of timing between sites.  Nevertheless, some other 

features of the two records provide indirect evidence suggesting similar histories 

(Fig. IV.8). 
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Figure IV.8. Fossil pollen diagram from lake Pacucha (gray) and Huiñaimarca 
(green). Charcoal at Lake Pacucha was measured by area 
(mm2/mm3).Huiñaimarca “Tauca” phase highlighted in blue. 

  
In both records Sporormiella and Isöetes appear to co-vary. If the co-

variance within a record were absolute, a purely taphonomic relationship would be 

suspected, but these records are similar in broad trend while differing in detailed 

response.  For example, at Pacucha, the Sporormiella appears to lead rather than be 

truly synchronous with the Isöetes response. At Huiñaimarca, prior to the Tauca 

phase Sporormiella and Isöetes appeared to co-vary more tightly than in Pacucha, 

but major increases in abundance of Sporormiella tended to increase one sample 

earlier than Isöetes. 

If Sporormiella were truly leading the Isoëtes response, the most obvious 

relationship would be that of grazing, as Isöetes is a major component of wet 
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pastures (Baied & Wheeler 1993). If that were the case, however, as megafaunal 

abundance rose one would expect Isöetes abundance to be reduced, which is the 

opposite of the observed pattern. Consequently, it may be that both animals and 

plants were responding to a common forcing, such as temperature. Certainly the 

ultimate decline of Isöetes at these sites is thought to be a temperature driven 

response as its main habitat distribution today is between c. 4200 and 4700 m 

elevation (Ybert 1989). 

The c. 800 m elevational difference between sites and differently shaped 

lake basins means that inter-site coherence would not be expected, indeed it is 

possible that as the lower, warmer setting of Pacucha would have been abandoned 

before that of Huiñaimarca. At Pacucha the loss of megafauna coincided with the 

expansion of Polylepis. The pollen record at Huiñaimarca has serious shortcomings 

during the Tauca phase, but it certainly suggests that within this period and 

immediately afterward that Polyelpis was an important floral component. 

    

LAKE LEVEL CHANGE AND PASTORALISM AT HUIÑAIMARCA 
 

 
 Sporormiella was almost always >2% of the pollen sum in this record. 

Although a large decline in Sporormiella indicated the loss of megafauna, the 

presence of camelids that survived the extinction probably accounted for the low 

residual level of the fungus. 
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In Chapter 2, lake area was shown to influence Sporormiella representation. 

Because of the spillway into the Rio Desaguadero, the opportunity for Huiñaimarca 

to rise above its modern level was very limited. Hence past highstands did not 

cause a retreat of the grazing area relative to the coring site, and would have had 

little effect on Sporormiella representation. During low stands, however, 

Huiñaimarca would have become a closed basin and the contraction of the lake 

could have led to expansive marshes. Marshes suitable for grazing would have 

occurred closer to the coring site and hence been a source of higher inputs of 

Sporormiella. 

 The Mid-Holocene Dry Event (MHDE) is well documented in the Altiplano 

(Baker et al. 2001; Paduano et al. 2003; Hanselman et al. 2005; Ekdahl et al. 2008) 

and caused lowered lake levels from c. 9 - 4.5 kcal BP. At Lake Titicaca, water 

level dropped by as much as 100 m, shrinking the size of the lake by 50% (Baker et 

al. 2001). In Huiñaimarca an equivalent drying would be expected, though the 

Chua Basin is known to have been a depositional basin throughout this period 

(Ybert 1992; Gosling et al. 2008).The influence of the MHDE is evident in the 

increase of Amaranthaceae pollen. Although this family includes pseudo-cereals 

such as Chenopodium quinoa (quinoa), in this context it is very probable that the 

pollen belonged to salt-tolerant plants that dominated the dry phases of previous 

interglacials documented in Lake Titicaca (Hanselman et al. 2011). The peak of 

Amaranthaceae pollen at c. 6 kcal BP coincided with the lowest levels of lakes on 
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the Altiplano, which occurred between 6 and 5.5 kcal BP (Ekdahl et al. 2008; 

Hillyer et al. 2009; Cross et al. 2001; Valencia et al. 2010). This lowstand 

coincided with high levels of Sporormiella, but these were probably an artifact of 

the smaller lake size, and closer source of dung to the coring site. The peak of 

Sporormiella after 4.5 kcal BP, may however, represent strong evidence of 

pastoralism. Huinaimarca was probably close to its modern size by c. 4.4 kcal BP 

(Cross et al. 2001), Amaranthaceae was declining, and yet the Sporormiella was 

holding steady at much higher concentrations than those of the early Holocene. It 

was also at this time that fire intensity increased. Some fire had been present during 

the MHDE, but under the wetter late glacial conditions charcoal particles increased 

in concentration by an order of magnitude (note log scale in Fig. IV.6). Pastoralism 

is known to have been introduced to the central Andes by c. 6 kcal BP (Capriles & 

Tripcevich 2016), but this is the first paleoecological record of Sporormiella 

indicating pastoralism in the Andes. The increase in Sporormiella spores at Lake 

Huiñaimarca occurred around the same time of the beginning of the control of 

llamas and alpacas at Telarmachay rockshelter, in the high Andes (Stahl 2008). The 

period of high Sporormiella values was also consistent with human population 

expansion during the mid-Holocene in the region (Goldberg et al. 2016). 
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CONCLUSIONS 
 
 
 

 The chronology of the Lake Huiñaimarca record limited the specificity with 

which research questions could be addressed, but the data provided robust evidence 

that megafauna populations were responding to episodes of climate upheaval in the 

high Andes. Climatic events, particularly the wet events associated with Heinrich 

Events led to lowered abundances of Sporormiella spores. Megafaunal populations 

were able to recover after the climate upheavals of the full glacial, but the Lake 

Tauca stage, which corresponded to HE1 created conditions from which 

megafaunal populations did not rebound. Whether the apparent extinction was local 

or regional cannot be determined from a single site. The apparent abandonment of 

Huiñaimarca took place during a warmer and wetter period than the full glacial, a 

time of increased productivity. This observation suggests that the habitat, which 

appears to have been more wooded than the full glacial was unsuitable for these 

large animals. 

 The survival of camelids is inferred from the continued presence of 

Sporormiella throughout this record. These animals, probably existing as wild 

groups, are suggested to account for high values of Sporormiella associated with a 

shrinking water body during the MHDE. When wet conditions returned, charcoal 

and Sporormiella rose in abundance, indicating that pastoralism was being 

practiced. It is not possible to say whether pastoralism was taking place during the 
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MHDE, a possibility that should be entertained, but the signature of human activity 

at 4.4 kcal BP is strong. 
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CHAPTER V 
 
 

THE TIMING OF MEGAFAUNAL EXTINCTION IN A MOIST ANDEAN 
FOREST OF ECUADOR 

 
 

INTRODUCTION 
 
 
 

  Several studies have suggested that the extinction of the Pleistocene 

megafauna was the result of the combined effect of climate, ecological turnover, 

and human actions (Martin & Klein 1984; Metcalf et al. 2016). This argument is 

supported by previous studies in South America (Cione et al. 2003; Cione et al. 

2009). In this chapter, I investigate the timing of the extinction of the Pleistocene 

megafauna at Lake Llaviucu, a moist Andean forested setting at 3100 m in the 

Ecuadorian Andes. This lake lies ~800 m lower than Huiñaimarca (Chapter IV), but 

its valley was filled with a glacier until c. 14.6 kcal BP.   

 The Pleistocene megafauna have long been argued to be primarily grazers 

or forest edge browsers (Webb & Rancy 1996), and their status as animals of 

forested settings has not been clear. The refugial hypothesis (Haffer 1969) 

influenced biologists and archaeologists, and some of the most enthusiastic 

proponents of Amazonian refugia were vertebrate paleontologists who saw the arid 

glacial grasslands as suitable settings for megafauna. The idea of open areas 

expanding during dry and cold glacial cycles led researchers to propose that during 

the Quaternary, mammal populations fluctuated in abundance following the 
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expansion and contraction of grasslands, a hypothesis named as the zig-zag model 

(Cione et al. 2003). Arid phases were time of megafaunal expansion, whereas 

during warm and wet interglacial periods, the zig-zag model predicted the collapse 

of large herbivores populations. With the arrival of humans, the model also 

predicted that anthropogenic forces, such as hunting and landscape modification 

would intensify the pressures on large herbivore populations. 

 However, each glacial-interglacial cycle is different from one another, 

shows much internal heterogeneity of climate (Hanselman et al. 2005; Wang et al. 

2004; Cruz et al. 2009), and should not be seen in a simple binary response, such as 

dry versus wet. We know now that glacials were not dry enough to fragment forests 

in Amazonia, though the structure and composition of forests were very likely to 

have changed (Wang et al. 2017). Regional effects of climatic variability (Prell & 

Kutzbach 1987), and rapid climate change within these long-term cycles would 

also have created spatial and temporal heterogeneity that could have structured 

mammalian populations. During unpredictable conditions, large animals with slow 

reproductive rates, such as the megafauna, would have struggled to maintain their 

environmental fitness (Barnosky et al. 2004; Koch & Barnosky 2006a). Indeed, 

Grayson and Meltzer (2003) suggested that the unstable nature of the last glacial 

cycle, with rapid climate changes such as D-O cycles, Heinrich events, and the 

extremes of the LGM, may have ensured that populations of large herbivores were 

on a path to extinction (Grayson & Meltzer 2003). Negative effects of late 
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Pleistocene climate change have been demonstrated for megafaunal population 

dynamics in North America. Graham et al. (1996) showed that climatic fluctuations 

during the Late Quaternary reduced diversity of megafaunal communities. Also, 

Guthrie (2003)  analyzed the size of individuals of two species of horse in Alaska 

and demonstrated that between 30 kcal BP and 11 kcal BP individuals suffered a 

reduction of ~14% in their average size.  

Humans have been cited as the cause of the megafaunal extinction (Martin 

1973; Fiedel 2009), and this hypothesis was supported in southeastern Brazil 

(Chapter III), but not at Huiñaimarca (Chapter IV).  Humans are thought to have 

largely avoided wet Andean forests (Bonavia 2000). Steep slopes and dense forest 

would have made hunting in these settings especially difficult, and so it is not clear 

that humans would be expected to be part of megafaunal demise in Andean forest 

settings. 

If the Pleistocene megafaunal extinction was in fact a consequence of a 

combination of climate and human activities, a long-term population collapse 

would be anticipated before humans arrived, as suggested by Gill et al. (2009). 

Vegetation community response, as a result of climate change, could have had 

strong impacts on the ecology of entire populations of animals (Guthrie 2001; 

Johnson 2009). What is not clear yet, is how these changes may or may not have 

affected the populations of megafauna in the past. It is known that at least some 

megafaunal populations survived for thousands of years in the presence of humans; 
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leaving unanswered why they eventually went extinct (Hubbe et al. 2007; 

Villavicencio et al. 2016). Indeed, the examples where megafauna survived into the 

Holocene, they seemingly co-existed with early human settlers (Villavicencio et al. 

2016; Barnosky & Lindsey 2010; Hubbe et al. 2009). 

Climate instability, and consequently, landscape modification may have 

caused populations of large herbivores to migrate to more favorable areas. The 

challenge is to identify what those areas might have been. Populations of 

megafauna probably collapsed at Lakes Huiñaimarca and at Pacucha (Rozas-Dávila 

et al. 2016) during the Heinrich 1 event. If this were a site abandonment, as 

opposed to a simple extinction, the megafauna might have migrated upslope, 

although the slope of mountains dictates that above the inter-Andean plateaus (the 

elevation of Huinaimarca) land area falls abruptly. Another possibility is that the 

species, or at least some of them, survived in the upper Andean treeline. The 

transition from glacial foreland and puna to Andean forest is captured in the Lake 

Llaviucu fossil record and allows me to test if these animals survived in treeline 

habitats. 

The specific research questions addressed in this chapter are: 

1. Did the landscape surrounding Lake Llaviucu offer a refuge for 

megafaunal populations? 

2. Was the Sporormiella decline at Lake Llaviucu induced by humans 

or climate change? 
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STUDY AREA 
 
 
 

 Lake Llaviucu (2°50'34.74"S and 79° 8'46.76"W), sometimes referred to as 

Surucucho (Colinvaux et al. 1997), is a moraine-dammed lake that lies at ~3115 m 

elevation  (Fig V.1 and V.2). 

 

Figure. V.1: A c. 320o image of Lake Llaviucu taken in 2009.  Deltaic region is to 
the left, outlet to the right. Note the Andean forest with the tree line 
locally occurring now at c. 3700-3400 m elevation (Photos M. Bush). 

 

Mean annual average temperature is estimated to be c. 14 oC, with an 

annual precipitation of c. 1050 mm (Valencia et al. 2016). The effective moisture of 

this site is increased by low-level cloud that saturates the valley, but is not counted 

as precipitation. When measured in August 1988, the surface temperature of the 

lake was c. 9 oC, and measurable amounts of dissolved oxygen were recorded with 

a YSI meter to c. 11 m water depth (Colinvaux et al. 1997). Lake Llaviucu has an 

average water depth of 14 m and is fed by a small stream that enters through a 

deltaic formation. A weirabout 1m high has been built to regulate outflow through 
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a small stream at the southern end of the lake. The flow through the lake is 

relatively small compared with its volume, facilitating some stratification of the 

water column (Colinvaux et al. 1997). The modern vegetation around Lake 

Llaviucu is characterized by an Andean forest rich in Weinmannia, Alnus, 

Podocarpus, Rubiaceae, Hedyosmum, Urticaceae, and Myrsine (Mosblech 2012). A 

modern marsh upstream of the lake is dominated by Poaceae and Cyperaceae and is 

grazed by domesticated llama. The forest on the eastern shore of Lake Llaviucu 

exhibited trees bearing scratches characteristic of Andean bear (Tremarctos 

ornatus) (M. Bush pers. comm.). 

 

 

Figure V.2. Google Earth satellite image of Lake Llaviucu, Ecuador. 
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PRIOR STUDY OF THE SITE 
 
 
  The lake was originally cored by Mark Bush and Paulo de Oliveira in 1988. 

A low-resolution fossil pollen record was interpreted as glacial age low 

productivity grasslands, and becoming a puna, with a transition to woodland about 

13 kcal BP (Colinvaux et al. 1997). The dating at the base of the 1988 core was 

uncertain as there were a number of age reversals in the bulk carbon 14C assays. 

This uncertainty led to the suggestion of alternate chronologies one with a c. 30 

kcal BP lake formation and the other with a c. 15 kcal BP formation. The 

chronologies converged about 12 kcal BP where the ages became more reliable. 

          In 2009, Eric and Nikki Mosblech re-cored the lake (Fig. V.3), setting up 

the raft so close to the original coring site that an attached rope from an abandoned 

anchor was found floating near the coring site. This finding confirmed that the 

1988 and 2007 core sites were within a few meters of each other. Mosblech 

conducted a detailed analysis of the fossil pollen and charcoal on the lake. 

Accelerator mass spectrometry (AMS) 14C dates provided better age control and 

lake formation was confirmed to be c. 14 kcal BP. The original pollen record was 

confirmed, to be broadly accurate, but far more detail was evident in Mosblech’s 

analysis (Mosblech 2012). 
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Figure. V.3: Raising a sediment core from lake llaviucu in 2009. Note the low 
hanging clouds, and the grassy deltaic region in the background 
(Photo M. Bush). 

 

 The most recently published studies on the lake have centered on near-

modern changes in the diatom flora. Short (60cm) cores raised by Michelutti et 

al.(2016) document the rapid rise of importance of Discotella stelligera and 

attribute it to climate change altering the thermal structuring of this lake. 
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METHODS 
 
 
 

DATA SETS 
 
 

An 11.9 m-long sediment core from Lake Llaviucu was collected in 2009 

using a Colinvaux-Vohnout piston sampler from a raft of inflatable boats. The 

coring location was in the deepest portion of the basin, and was within a few meters 

of that used by Colinvaux et al. (1997).  

The chronology of the Lake Llaviucu record was based on nine bulk 

sediments samples submitted for AMS (accelerator mass spectrometry analysis) at 

Woods Hole Oceanographic Institution (NOSAMS). According to Mosblech 

(2012), reversals were detected in the most basal samples due to glacial rock flour 

and very low carbon content. 

Pollen and spores were previously analyzed by Mosblech (2012). 

Subsamples of 0.5 cm3 were taken every 1-3 cm along the Pleistocene and early 

Holocene portion of the core. Preparation followed standard protocols (Faegri & 

Iversen 1989; Colinvaux et al. 1999). Samples in the interval between 14 and 9 kcal 

BP that had been counted by Mosblech were re-counted for Sporormiella. Spores 

were counted until a total of 300 pollen grains was reached. Charcoal counts were 

completed using an Olympus stereoscope at 20x magnification. Charcoal fragments 

were then photographed with a digital camera connected to the stereoscope. Using 

the image software ImageJ (Rasband 1997) the surface area were calculated.    
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RESULTS 
 

 
 
THE LLAVIUCU SEDIMENT RECORD 
 
 
 STRATIGRAPHY AND CHRONOLOGY. The sediment of Lake Llaviucu, 

from bottom up, the first 4 m was constituted by gray clay followed by 4 m of 

layered black gyttja and clay. The upper portion (~3 m) of the sediment was 

constituted by a more organic black gyttja. For this chapter, I use the radiocarbon 

dates obtained by Mosblech (2012) and constructed the chronology (Fig. V.5) using 

the package Bacon (Blaauw & Christeny 2011) with statistical program R (R Core 

Team, 2015). 

 

Figure V.4. A summarized stratigraphy for the 11.9 m of the Lake Llaviucu 
sediment record. 
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Figure V.5. Lake Llaviucu Bayesian age model output from Bacon, based on the 
probability density function for each calibrated radiocarbon age 
obtained. 

 
 
POLLEN ANALYSIS 
 
 
 The pollen data from Lake Llaviucu was performed, and described in detail, 

by Mosblech (2012). Here, I selected all the taxa that occurred at >2% and 
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calculated the concentration (pollen grain per cm3) for each of these taxa. 

Sporormiella data during the period of the formation of the lake, c. 14.6 kcal BP 

until c. 9 kcal BP for comparison. 

 This interval was selected because most extinctions are assumed to have 

occurred in South America by 9 kcal BP (Barnosky et al. 2004; Hubbe et al. 2007). 

During this interval, the herb spectra was dominated by Poaceae (between c. 41,853 

and 4067,61 grains per cm3), Asteraceae (79,414 – 681,37 grains per cm3), and 

Cyperaceae (31,765 – 511,27 grains per cm3). Other herbs were represented by 

Brassicaeae, Apiaceae, and Thalictrum (Fig. V.6). The most abundant Andean 

arboreal taxa were Podocarpus, Polylepis, Moraceae/Urticaceae, Melastomataceae, 

and Alnus with concentrations values greater <150,000 per cm3 (Fig. V.6). Isoëtes 

was well represented throughout this interval with a marked increase c. 13 kcal BP, 

between c. 14.6 and 12.5 kcal BP, Sporormiella spores consistently maintained 

concentrations values >100 grains per cm3. However, after c. 12.5 kcal BP, 

Sporormiella spores exhibited a significant decline, with values falling to between 

<85,000 and 21,896 grains per cm3. Overall, a reduction in the concentration of 

nearly all taxa was observed ~11.6 kcal BP that was reflected in the total pollen 

concentration (Fig. V.6). The charcoal profile from this record showed a regular 

fire frequency throughout the entire sediment record. However, the fire frequency 

showed a marked increase after 12.6 kcal BP, which was coincident with the 

decline in the Sporormiella spores abundance (Fig. V.8).
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Figure V.6: Concentration of arboreal fossil pollen recovered from the sediments of Lake Llaviucu. Total pollen 
concentration is also presented. All pollen data from this record were analyzed by Mosblech (2012). 
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Figure V.7: Concentration of fossil pollen from Andean herbs, ferns, the algae Pediastrum, Isoëtes, and Sporormiella 
recovered from the sediments of Lake Llaviucu. Total pollen concentration is also presented. All pollen data 
from this record were analyzed by Mosblech (2012). 
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Figure V.8: Percentages of fossil pollen from Andean herbs, Isoëtes, and Sporormiella concentration recovered from the 

sediments of Lake Llaviucu. Total pollen concentration is also presented. All pollen data from this record 
were analyzed by Mosblech (2012).
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Figure V.9. Sedimentary charcoal values from Lake Llaviucu. The data were 
normalized to set the maximal value to 1 for better visualization of the 
pattern of fire frequency. The yellow line is Sporormiella concentration 
(spores per cm3). 

 
 

BAYESIAN CHANGE-POINT ANALYSIS (BCP) 
 
 

Multivariate Bayesian change-point analysis was performed (Fig. V.9) on 

the DCA Axis 1 and 2 and for Sporormiella percentage data using the BCP 

package (Erdman and Emerson, 2012). The analysis revealed the pattern of 

variation in Sporormiella through the pollen record. A major decline in the BCP 

occurs between 12.6 and 11.6 kcal BP 
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Figure V.10. Multivariate Bayesian change- point analysis (BCP) performed 

on DCA Axis 1 (green) and 2 blue, and for Sporormiella 
percentages (red). 
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DISCUSSION 
 
 

 
The deglaciation of the llaviucu valley occurred at c. 14.6 kcal BP, 

markedly later than the deglaciation of the landscapes around Lakes Huinaimarca 

(Chapter IV) and Pacucha (Rozas-Dávila et al. 2016; Valencia et al. 2010). 

Whereas the other two sites were in drier settings, where ice caps were the primary 

glacial feature, a valley glacier fed from above was maintained long after the initial 

warming at Llaviucu. At a regional scale, the deglaciation of Llaviucu was not 

unusual, as the wet valleys of the Andes commonly sustained glaciers until c. 14 

kcal BP (Rodbell et al. 2008; Smith et al. 2005). From an ecological standpoint, 

however, the two deglaciations were very different. In the drier settings, 

temperature was the primary driver of deglaciation, and so as the system gradually 

warmed so there was an upslope migration of species (Gosling et al. 2008, Valencia 

et al. 2010). In these wetter valleys, much of the warming had already occurred 

prior to deglaciation, meaning that species were migrating upslope and pressing up 

toward the glacier. Apart from newly debris exposed as the glacier retreated, the 

system was not a super-puna or glacial foreland setting.  Such settings would 

probably have existed at this elevation at the peak of the ice age (c. 27 kcal - 21 

kcal BP), but by 14.6 kcal BP the valley was a Polylepis woodland. The 20% of 

Polylepis pollen (Fig. V.7) regularly recorded between 14.6 and c. 12.8 kcal BP is 

as high as any seen in pollen records from Andean systems (Hansen 1995; Weng et 
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al. 2004; Chepstow-Lusty et al. 2005) and twice the highest amount recorded in 

modern pollen samples from this region (Hansen et al. 2003). These data strongly 

suggest that the slopes of the hills were covered in Polylepis. The Poaceae 

signature is remarkably stable despite changes in forest assemblage, with only one 

period, between c. 13 and 12.5 kcal BP standing out as suggesting more open 

landscapes. 

 

Figure. V.11. Polylepis growing around Lake Toreadora at 3925 m above sea-level, 
11 km from Lake Llaviucu (Photo M. Bush). Dense tangles of low 
Polylepis stems would have been impenetrable for most 
megaherbivores. 

 

 Lake Llaviucu provided a history of the vegetation and the population of 

megafauna between c. 14.6 kcal BP and 9 kcal BP. The pollen data showed a 
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transition from Polylepis woodland to Andean forest that began c. 13.4 kcal BP, 

and was largely completed by 12 kcal BP. Within this same period Sporormiella 

representation fell markedly, which was also evident in the BCP analysis (Fig. 

V.9). 

 
DID THE LANDSCAPE SURROUNDING LAKE LLAVIUCU OFFER A 
REFUGE FOR MEGAFAUNAL POPULATIONS? 
 
 
 The highest concentrations of Sporormiella documented between c. 14.6 

and 13.5 kcal BP occurred during the period when the valley sides were inferred to 

have supported Polylepis. In other settings Polylepis has been suggested to have 

been a poor habitat for megafauna (Chapter IV, Rozas-Davila et al. 2016). It was 

possible that the Sporormiella at Llaviucu were derived from a specialist in 

Polylepis habitats, but an alternative hypothesis is that the Polylepis woodland was 

largely unexploited by the megafauna. Several observations support this latter idea. 

First, the site today supports a population of llama of about 8-20 animals that only 

use the deltaic lands, and which provide about the same amount (5% of the pollen 

sum; K. Horn pers. comm.) of Sporormiella as documented at any time in the 

Pleistocene (3-8%). Second, the percentages and concentrations of Sporormiella in 

these sediments covaried tightly, suggesting that there was not an issue of changing 

pollination syndromes potentially biasing results. Given this finding, the 

concentrations of 100 and 480 spores per cm3 and percentages of c. 3-8% of 

Sporormiella in the Pleistocene were about one fifth of those documented at 
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Pacucha. An obvious variable could be lake size, even though Llaviucu is a smaller 

lake with a sampling point just 80 m from the shore compared with c. 500 m at 

Pacucha. Sediment focusing could be different between the two sites, but at face 

value, Llaviucu ought to yield a higher proportion of Sporormiella than Pacucha 

(Raper and Bush 2009, Chapter II). Third, if only a small population of animals 

were present, this could have accounted for the very erratic record of occurrence 

prior to c. 13 kcal BP. From these observations, I hypothesize that the megafauna 

were always scarce in this valley, probably feeding on the grasslands, not within 

the forests. 

 If Llaviucu were to have played an important role as a refugium, higher 

concentrations of megafauna would be expected. It is certainly possible that at the 

LGM the landscape in the Llaviucu valley was more open and hospitable for 

megafauna, but by the time the megafauna needed a refugium from climate change 

or hunting, Llaviucu offered a suboptimal habitat.  

 
WAS THE SPORORMIELLA DECLINE AT LAKE LLAVIUCU INDUCED BY 
HUMANS OR CLIMATE CHANGE? 
 
 
 The highest peak of megafaunal occurrence at Llaviucu is likely to have 

been under full glacial conditions, when the area would have most probably 

supported puna grassland. When the record begins at c. 14.6 kcal BP, some of the 

megafaunal decline may easily have occurred already. The record, though does, 

include the history of the final path to functional extinction.   
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Bayesian change point analysis (Fig. V.9) identified the onset of a 

significant transition at 12.6 kcal BP. The Sporormiella representation fell rapidly 

at this point, never again rising to match concentrations of the period from 14.6 – 

12.6 kcal BP. The megafaunal population collapse was, however, not as simple as 

that documented in the Midwest of the USA (Gill et al. 2009), or even at Lake 

Pacucha (Rozas-Davilaet al. 2016). In those records, the megafauna were 

effectively eliminated permanently, but at Llaviucu, after the initial collapse at 12.6 

kcal BP, there is a recovery, with Sporormiella reaching 5% of the pollen sum. 

Another collapse at c. 12.5 kcal BP follows this brief peak. Thereafter, however, 

Sporormiella is maintained at c. 1-3% of the pollen sum, such that it does not 

persistently lie below 2%, which is the threshold for functional extinction (Davis 

1987). The most parsimonious explanation for the observed pattern is that camelids 

survived the extinction event and persisted in this valley throughout the early 

Holocene. 

There is no abrupt change in the flora at 13.2 kcal BP that suggests an 

obvious cause for the first collapse. The second collapse at c. 12.5 kcal BP does 

align to increased Isoëtes occurrence, which probably indicates wetter conditions 

(Chapter IV) that coincide with the Younger Dryas event, also known as Heinrich 

Event (HE) 0. Heinrich events were identified as times of wet events that induced 

population collapse at both Huinaimarca and Pacucha (Chapter IV). 

The best evidence of what caused the megafaunal populations to falter 
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comes from the charcoal record. Polylepis forests are fire-sensitive systems and are 

quickly lost from landscapes with fire. The Llaviucu valley was a fern rich 

environment (Fig. V.10) filled with fire-sensitive trees. The cloud-soaked nature of 

the valley, and its protection from lightning, meant that fire was an improbable 

feature of this landscape. Nevertheless even at 14.6 kcal BP macrocharcoal was 

recovered from these sediments. If the Polylepis was not burning, it is very likely 

that the deltaic grasslands were the area that supported fire. Fire cannot occur 

without an ignition source, and in this context I infer that humans were that source. 

Fire was sporadically present between 14.6 and 12.5 kcal BP, and there appears to 

be a negative correlation between fire and Sporormiella abundance during this 

interval. 

Human hunters periodically occupying the land might have killed of the 

animals or simply caused them to retreat out of the valley. After c. 12.5 kcal BP fire 

becomes a much more regular component of the landscape and this coincides with 

the transition from what are inferred to be a mixed megafaunal assemblage to a 

camelid assemblage. Hence, though climate played a role in limiting the numbers 

of megafauna that survived as late as 14.6 kcal BP at Llaviucu, I suggest that the 

megafaunal extinction at Llaviucu was caused by hunters. 

  For this hypothesis to be true, humans would had to have occupied this site 

about 2000 years earlier that the earliest known archaeological material. 

Accessibility and resources would have been key determinants of early occupation. 
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Llaviucu lies in a valley that connects to a large inter-Andean system of valleys that 

has been both a modern and Incan access route. Llaviucu is the lowest-lying lake in 

the region, is far more protected than the higher lakes, and its easy access to both 

Puna and Andean forest resources would have made this a prime site for early 

colonization. 
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CONCLUSIONS 
 
 
 

 Lake Llaviucu deglaciated relatively late, because it was such a wet setting. 

By the time Lake Llaviucu formed at 14.6 kcal BP, Polylepis forest grew on the 

hillsides providing a poor habitat for megafauna. Megafauna are inferred to have 

survived at low densities in the deltaic grasslands upstream of the lake. Here, the 

animals survived until c. 13.2 kcal BP. Although the sediment record from Lake 

Llaviucu only provides a small glimpse of the extinction process, it is evident that 

megafaunal populations persisted longer at lower elevations than in high altitudes 

settings, where functional extinction appears to have occurred before 15 kcal BP.  

Evidence of fire in this very wet setting suggests human use of the landscape since 

the inception of the lake. A final decline in Sporormiella concentrations at ~ 12.5 

kcal BP overlapped with archeological data for human occupation of the Andes. 

Human hunters are suggested to have occupied this landscape at least 2000 years 

earlier than expected based on accepted archaeological evidence. It is also 

suggested that humans co-existed with megafauna, albeit via occasional use of the 

site, for those 2000 years, before an increase in fire-frequency and loss of 

megafauna suggests a more intensive use of the landscape and functional extinction 

of megafauna other than camelids. 
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CHAPTER VI 
 
 

SYNTHESIS AND CONCLUDING REMARKS 
 

 
 

 This dissertation investigated the collapse of megafaunal populations at the 

end of the last ice age, an extinction event that profoundly shaped New World 

assemblages.  At sites in southeastern Brazil and the Andes, I used fossil spores of 

the dung fungus Sporormiella recovered from lake sediment as a proxy for 

megafaunal presence. I compared the Sporormiella record with that of pollen and 

charcoal to investigate the timing and causes of the extinction event. The emphasis 

of this research was on South America, because this continent was most affected by 

the megafaunal extinction, and yet had the poorest paleoecological record of the 

event. 

 In this dissertation I first investigated the reliability of Sporormiella as a 

megafaunal proxy in Neotropical systems before conducting the analysis of fossil 

material. I then went on to analyze the fossil pollen, charcoal and Sporormiella 

records from sites in lowland Brazil, and the high Andes. 

 
IS SPORORMIELLA A RELIABLE PROXY TO INDICATE THE PRESENCE 
OF LARGE HERBIVORES AROUND NEOTROPICAL LAKES? 
 
 
 Modern mud-water interface samples collected from the flat-bottomed lakes 

in southeastern Brazil (see Chapter II), were analyzed for their Sporormiella 
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content. Two basic questions were being investigated: 1) Would Neotropical lake 

systems behave in a similar way to lakes in North America in terms of the 

deposition and movement of Sporormiella?  And 2) Did the number of grazing 

animals influence the amount of Sporormiella recorded, or was this effectively a 

presence-absence signal?  

The data from the lakes in SE Brazil showed that Sporormiella spores have 

a tendency to concentrate close to the source of dispersion, as previously observed 

in North American systems (Raper & Bush 2009; Gill et al. 2013; Parker & 

Williams 2012). Although Sporormiella spores are a common component of lake 

archives, and can easily be found alongside pollen and other palynomorphs in the 

sediment, the taphonomic processes leading to their representation in the center of a 

lake are different to those of most pollen.  While most pollen arrive to the 

landscape aerially, and are then deposited, re-suspended and re-deposited during 

lake overturn and mixing, Sporormiella, have a much stronger relationship to 

fluvial transport. The spores are washed into the shallows and sink readily. 

Transport to the center of the lake is through hyperpycnal transport and turbidite 

flows or similar. The lack of re-suspension leads to strong shore-to-center gradients 

of representation that is generally lacking in pollen. Sediment cores collected from 

the edge of lakes would undoubtedly have higher Sporormiella spore 

concentrations than those collected in the lake center. Unfortunately, cores from the 

edge of lakes, are often from shallow water, and consequently may have very 
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complex chronologies if the lake shallowed. Pragmatically, the deepest point in the 

lake will still be the best setting to obtain a sedimentary record, even though it 

might be suboptimal for Sporormiella reconstructions. 

My analysis also revealed the sensitivity of Sporormiella spores in detecting 

the abundance of herbivores around water bodies. Sporormiella concentrations 

were higher when the lake margin supported abundant grazing animals, compared 

with lakes that had moderate numbers or few grazing animals. 

Another important point raised from the research in Chapter II, was the light 

shed on the discussion of how to express the values of Sporormiella spores. In most 

Sporormiella studies to date, results are reported as the percentage of Sporormiella 

relative to the pollen sum.  In landscapes with relatively constant pollen production 

across habitat types, this is a good estimate. If, however, a change in habitat were to 

influence productivity in a markedly different way from pollen production, for 

example, going from a primarily anemophilous (wind-pollinated) to entomophilous 

(insect-pollinated) community could suddenly increase the apparent abundance of 

Sporormiella, even though there was no change in animal density. Our data for 

Sporormiella spores were given in percentage of the total pollen sum and 

concentration per cm3 showed a close correlation. In particular, the measures in 

settings with high and medium cattle use co-varied consistently across the distance 

intervals. The close equivalence of the results showed that the interpretation of 

spore counts can be made using either percentage or concentration, and that 
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decision can be made on the basis of the overall paleoecological record. 

 
THE SPORORMIELLA RECORD OF SOUTH-EASTERN BRAZIL 
 

 
In Chapter III, I provided the first paleoecological records of changes in 

Sporormiella spore abundance from the Neotropical lowlands.  I analyzed data 

derived from two sediment records from southeastern Brazil. Sediment cores were 

collected from Lake Mares and Lake Olhos D’Agua in 2005 and 2008, 

respectively. Both lakes yielded relatively short cores, but ones that were >30,000 

years old. Pollen and Sporormiella were well-preserved, but Sporormiella was only 

abundant in samples older than c. 12.5 kcal BP. Unlike records previously 

published from North America and from the Andes (Gill et al. 2009, Rozas-Davila 

et al. 2016), the decline in megafauna at this site was not followed by non-analog 

vegetation types. The reason for this was that almost the entire history of these sites 

indicated the presence of a flora without modern analog, and the megafaunal 

extinction passed almost without leaving a floristic trace. In the same way, the 

decline in megafauna did not coincide with a change in fire regime.  

 
HAD PLEISTOCENE MEGAFAUNAL POPULATIONS COLLAPSED PRIOR 
TO HUMAN ARRIVAL IN SOUTHEASTERN BRAZIL? 
 

 
 The two records from Southeastern Brazil demonstrated that climate-

induced extinction was not the cause of the disappearance of the megafauna, at 

least for Lagoa Santa region. The pollen profile did not portray any dramatic 
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changes in the vegetation assemblages that would indicate habitat modification that 

could displace megafauna population from the region.  The dating of the 

megafaunal collapse to c. 12.5 kcal BP is a little early for most accepted occupation 

ages of the Lagoa Santa Region, but recent work has somewhat earlier dates 

(Feathers et al. 2010), that could overlap with the decline. As so many other records 

are continuously pushing back the date for human occupation of the Americas (e.g. 

Rademaker et al. 2015) it is very likely that the earlier age estimates for Lagoa 

Santa will be verified. The most significant changes in the pollen assemblages 

(decline of cold-tolerant taxa) happened at least 3 to 4 kcal BP after the 

Sporormiella decline. 

 
CAUSES AND TIMING OF ANDEAN MEGAFAUNAL COLLAPSE 
 
 
 Two lakes from contrasting settings were investigated in the high Andes. 

High in the puna grasslands, Lake Huiñaimarca, has provided a long record of 

climate and vegetation change (Gosling et al. 2008), and in the upper Andean forest 

Lake Laviucu has provided a deglacial history (Colinvaux et al. 1997; Mosblech 

2012). Neither of these sediment records had been analyzed for their glacial to 

Holocene Sporormiella content. Prior studies on the ecology of the megafauna had 

stressed that these were primarily grazers or forest-edge browsers rather than forest 

animals. At Huiñaimarca, I was able to observe Sporormiella abundance as the 

habitat shifted from glacial foreland through super puna to puna grassland, a 
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gradient of increasing productivity. In contrast, at Lake Llaviucu the relatively late 

deglaciation resulted in a rapid transition from puna to Andean forest.  

The Lake Huiñaimarca sediment record proved to be discontinuous, across 

the critical interval of c. 21 kcal BP to 14 kcal BP. Within this period the decline in 

Sporormiella abundance was evident, but a firm chronology could not be attached 

to the local extinction of megafauna. The period of decline was within the very wet 

Lake Tauca period (18 kcal-14 kcal BP) and was completed long before the earliest 

archaeological date for humans in the high Andes. The timing of this event was 

very similar to that observed at Lake Pacucha, Peru, where there was a two-stage 

decline that began at c. 20 kcal BP and was complete at 15.8 kcal BP. What is 

noteworthy is that Pacucha lies 800 m lower than Huiñaimarca, was never 

glaciated, and so the richer habitat (Pacucha) seemed to lose its megafauna at 

approximately the same time as the higher one. A further commonality, was that 

the megafaunal collapse took place during a Polylepis woodland stage at each 

setting; a habitat that may be limited to a few millennia as glacials start and end 

(Gosling et al. 2008). Based on these observations the most probable cause of 

megafaunal population collapse during the glacial in the high Andes was climate 

instabilities, in particular the increase in wet events.  

One possibility is that the rapid climate changes led populations of large 

herbivores to migrate to lower elevations, i.e. even further downslope than Lake 

Pacucha. Although Lake Llaviucu lies at about the same elevation as Lake Pacucha 
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its location in a wet Ecuadorean valley has led to a very different history. Whereas 

Pacucha was unglaciated, Llaviucu was formed by a glacial moraine by retreating 

ice c. 14.8 kcal BP.  At Llaviucu the pattern of Sporormiella decline was clear with 

percentages and concentrations collapsing by about 12.5 kcal BP. This age was in 

line with ages for the earliest known occupation of the Andes at c. 12.8 kcal BP 

(Rademaker et al. 2014). What was even more striking was that charcoal was found 

in almost all sediment samples from Llaviucu. This valley is so wet that natural fire 

is very unlikely. The Llaviucu data point to an as yet undocumented occupation of 

the Andes by humans with impacts evident by c. 14.5 kcal BP. 

A further point that came from this study was that while the trend of 

Sporormiella decline in Llaviucu was apparent, the number of Sporormiella 

encountered in this setting was never more than 2% of the pollen sum. The most 

likely explanation was that the megafauna were never abundant in this forested 

setting, and it certainly did not provide a refuge for animals displaced from puna 

settings.  

 
DID THE EXTINCTION OF THE MEGAFAUNA HAPPEN 
SIMULTANEOUSLY ACROSS SOUTH AMERICA? 

 
 
Three out of four lakes analyzed (Lake Mares, Lake Olhos d’Água, and 

Lake Llaviucu) demonstrated the last decline in the abundance of Sporormiella 

spores in a relative short interval from 14.5 to 12.5 kcal BP (Fig VI.1). The 

exception was Lake Huiñaimarca, where the interpretation of the timing of the 
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Sporormiella decline is limited by a hiatus in the sediment.  

In the records from Southeastern Brazil, the period when Sporormiella 

spores showed the most marked decline, representing the final extinction of 

megafauna, occurred at the same interval of the presence of early human settlers in 

the region. At Lake Llaviucu, the most marked decline in Sporormiella abundance 

happened was temporally simultaneous with the decline in SE Brazil, c. 12.6 kcal 

BP. However, in the Lake Llaviucu basin, no evidence has been found of such 

ancient archaeological sites. Neverthless, the charcoal pattern in such a moist 

setting, is strong evidence for early human occupation of the region. 

Lake Huiñaimarca, the longest record of this study, revealed reductions in 

the abundance of Sporormiella spores at the onset of the formation of the megalake 

known as Tauca, which may have forced out megafaunal populations. The 

coincidence of the functional extinction at lake Pacucha in a similar time interval, 

suggests that this was a regional phenomenon, though more data points are needed. 

This migration away from the High Andes, or local abandonment, is not interpreted 

as the final extinction of these animals, as they are known to occur for thousands of 

years in other regions of the Andes. 
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Figure VI.1. Sporormiella percentage curves for all lakes analyzed in this study and 
Sporormiella curve for Lake Pacucha. The blue dashed line marks the 
oldest evidence of human occupation for South America in Monte 
Verde, Chile (Dillehay et al. 2015). The red dashed line marks the oldest 
evidence of human occupation at 4435 m altitude (Rademaker et al. 
2014). 
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 Although this study had strong evidence that Sporormiella spores is a 

trustworthy proxy for detecting megafauna presence, and combined with pollen and 

charcoal particles, Sporormiella can provide important information about past 

oscillations on the populations of megafauna.  

With regard to the relationship between megafaunal extinction and 

coprophilous fungi, this technique can be enhanced. For instance, incorporating 

other potential coprophilous fungi types, as well as, multiple cores per lake to get 

an even better picture of past environments may offer fruitful results in future 

work. It is unlikely that the extinction of the megafauna occurred simultaneously 

across South America. Possibly, the species diversity at each setting analyzed was 

different from one another. Also, the ecological requirements from those species 

inhabiting the highlands of Lake Huiñaimarca most likely were different than those 

inhabiting the open vegetation of the cerrado ecosystem in southeastern Brazil. 

Probably the most important message is that local ecology would have played an 

important role in the habitat use by species, the survival of species, vulnerability to 

climate change, accessibility to humans, and desirability as a human settlement site. 

Given these variables, it is most unlikely that there will be a single history that can 

describe the fate of the >50 genera of megafauna that went extinct on a continental 

scale.  

  

 
 



150 
 
 

 

LITERATURE CITED 
 
 
 

Absy, M.L. et al., 1991. Mise en évidence de quatre phases d’ouverture de la forêt 
dense dans le sud-est de l’Amazonie au cours des 60 000 dernières années. 
Première comparaison avec d’autres régions tropicales. Comptes rendus de 
l’Académie des sciences. Série 2, Mécanique, Physique, Chimie, Sciences de 
l’univers, Sciences de la Terre, 312(6), pp.673–678. 

Adovasio, J.M. et al., 1978. Meadowcroft Rockshelter, 1977: An Overview. 
American Antiquity, 43, pp.632–651. 

Aldenderfer, M., 2008. High elevation foraging societies. In The Handbook of 
South American Archaeology. pp. 131–143. 

Alroy, J., 2001. A Multispecies Overkill Simulation of the End-Pleistocene 
Megafaunal Mass Extinction. Science, 292, pp.1893–1896. 

Archer, S., 1990. Development and Stability of Grass / Woody Mosaics in a 
Subtropical Savanna Parkland , Texas , U . S . A . Journal of Biogeography, 
17(4), pp.453–462. 

Augustine, D.J. & Mcnaughton, S.J., 1998. Ungulate effects on the functional 
species composition of plants communities: herbivore selective and plant 
tolerance. The Journal of Wildlife Management, 62(4), pp.1165–1183. 

Augustine, D.J. & McNaughton, S.J., 1998. Ungulate Effects on the Functional 
Species Composition of Plant Communities: Herbivore Selectivity and Plant 
Tolerance. The Journal of Wildlife Management, 62(4), pp.1165–1183. 

Auler, A., 1995. Lakes as a speleogenetic agent in the karst of Lagoa Santa, Brazil. 
Cave and Karst Science, 21(3), pp.105–110. 

Baied, C.A. & Wheeler, J.C., 1993. Evolution of high Andean puna ecosystems: 
environment, climate, and culture change over the last 12,000 years in the 
Central Andes. Mountain Research and Development, pp.145–156. 

Baker, A.G., Bhagwat, S.A. & Willis, K.J., 2013. Do dung fungal spores make a 
good proxy for past distribution of large herbivores? Quaternary Science 
Reviews, 62(0), pp.21–31. 

Baker, P.A. et al., 2001. The history of South American tropical precipitation for 
the past 25,000 years. Science, 291, pp.640–643. 

Baker, P.A. & Fritz, S.C., 2015. Nature and causes of Quaternary climate variation 
of tropical South America. Quaternary Science Reviews, 124, pp.31–47. 

Bakker, E.S. et al., 2016. Combining paleo-data and modern exclosure experiments 
to assess the impact of megafauna extinctions on woody vegetation. 
Proceedings of the National Academy of Sciences, 113, pp.847–855. 

Barberi, M., Salgado-Labouriau, M.L. & Suguio, K., 2000. Paleovegetation and 
paleoclimate of “Vereda de Águas Emendadas”, central Brazil. Journal of 
South American Earth Science, 13, pp.241–254. 



151 
 
 

 

Barnosky, A.D. et al., 2004. Assessing the Causes of Late Pleistocene Extinctions 
on the Continents. Science, 306, pp.70–75. 

Barnosky, A.D. et al., 2015. Variable impact of late-Quaternary megafaunal 
extinction in causing ecological state shifts in North and South America. 
Proceedings of the National Academy of Sciences, pp.1–6. 

Barnosky, A.D. & Lindsey, E.L., 2010. Timing of Quaternary megafaunal 
extinction in South America in relation to human arrival and climate change. 
Quaternary Internat., 217, pp.10–29. 

Beaune, D. et al., 2013. Doom of the elephant-dependent trees in a Congo tropical 
forest. Forest Ecology and Management, 295(0), pp.109–117. 

Behling, H., 1995. Investigations into the late Pleistocene and Holocene history of 
vegetation and climate in Santa Catarina (S Brazil). Vegetation History and 
Archaeobotany, 4, pp.127–152. 

Behling, H., 1997a. Late Quaternary vegetation, climate and fire history from the 
tropical mountain region of Morro de Itapeva, SE Brazil. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 129, pp.407–422. 

Behling, H., 1997b. Late Quaternary vegetation, climate and fire history of the 
Araucaria forest and campos region from Serra Campos Gerais, Paraná State 
(South Brazil). Review of Palaeobotany and Palynology, 97(96), pp.109–121. 

Behling, H., 2002. South and southeast Brazilian grasslands during Late 
Quaternary times: A synthesis. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 177, pp.19–27. 

Bell, A., 1983. Dung fungi: an illustrated guide to coprophilous fungi in New 
Zealand, Victoria University Press. 

Bello, C. et al., 2015. Defaunation affects carbon storage in tropical forests. Science 
Advances, 1(11), pp.1–11. 

Berbert-Born, M., 2002. Carste de Lagoa Santa , MG Berço da paleontologia e da 
espeleologia brasileira. In C. Schobbenhaus et al., eds. Sítios geológicos e 
paleontológicos do Brasil 1. Belo Horizonte, pp. 415–430. 

Bernal, J.P. et al., 2016. High-resolution Holocene South American monsoon 
history recorded by a speleothem from Botuver?? Cave, Brazil. Earth and 
Planetary Science Letters, 450, pp.186–196. 

Blaauw, M. & Christeny, J.A., 2011. Flexible paleoclimate age-depth models using 
an autoregressive gamma process. Bayesian Analysis, 6(3), pp.457–474. 

Bonavia, D., 2000. The role of the Ceja de Selva in the cultural development of 
pre-Columbian Peru. The Inca World: The Development of Pre-Columbian 
Peru, AD, 10001534, p.121131. 

Bond, G. et al., 1992. Evidence for massive discharges of icebergs into the North 
Atlantic ocean during the last glacial period. Nature, 360(6401), pp.245–249. 

Borrero, L.A., 2009. The elusive evidence: The archaeological record of the South 
America extinct megafauna. In G. Haynes, ed. American megafaunal 
extinctions at the end of the Pleistocene. USA: Springer, pp. 145–168. 



152 
 
 

 

Borrero, L.A. et al., 1998. The Pleistocene – Holocene Transition and Human 
Occupations in the Southern Cone of South America. Quaternary 
International, 49/50, pp.191–199. 

Bourgeon et. al, L., 2017. Earliest Human Presence in North America Dated to the 
Last Glacial Maximum: New Radiocarbon Dates from Bluefish Caves, 
Canada. Plos One, 12(1), p.e0169486. 

Brook, B.W. & Bowman, D.M.J.S., 2004. The uncertain blitzkrieg of Pleistocene 
megafauna. Journal of Biogeography, 31, pp.517–523. 

Bryan, A.L. et al., 1978. An El Jobo Mastodon Kill at Taima-taima, Venezuela. 
Science, 200, pp.1275–1277. 

Burney, D.A., Robinson, G.S. & Burney, L.P., 2003. Sporormiella and the late 
Holocene extinctions in Madagascar. Proceedings of the National Academy of 
Sciences, 100, pp.10800–10805. 

Bush, M.B. et al., 2005. A 17 000-year history of Andean climate and vegetation 
change from Laguna de Chochos, Peru. Journal of Quaternary Science, 20, 
pp.703–714. 

Bush, M.B. et al., 2002. Orbital forcing signal in sediments of two 
Amazonianlakes. Journal of Paleolimnology, 27, pp.341–352. 

Capriles, J.M. & Tripcevich, N., 2016. The Archaeology of Andean Pastoralism. 
Cárdenas, M.L. et al., 2011. The response of vegetation on the Andean flank in 

western Amazonia to Pleistocene climate change. Science (New York, N.Y.), 
331(6020), pp.1055–8. 

Carlson, K.A. et al., 2016. Tightening Chronology of Paleoindian Bison Kill Sites 
on the Northern and Southern Plains. PaleoAmerica, 2(2), pp.90–98. 

Cartelle, C., 1994. Tempo passado: mamíferos do Pleistoceno em Minas Gerais, 
Minas Gerais: Editora Palco. 

Cartelle, C. & Hartwig, W.C., 1996. A new extinct primate among the Pleistocene 
megafauna of Bahia, Brazil. Proceedings of the National Academy of 
Sciences, 93, pp.6405–6409. 

Cartelle, C., De Iuliis, G. & Pujos, F., 2008. A new species of Megalonychidae 
(Mammalia, Xenarthra) from the Quaternary of Poço Azul (Bahia, Brazil). 
Comptes Rendus - Palevol, 7, pp.335–346. 

Chepstow-Lusty, A. et al., 2005. Vegetation and climate change on the Bolivian 
Altiplano between 108,000 and 18,000 yr ago. Quaternary Research, 63(1), 
pp.90–98. 

Cione, A.L., Eduardo, P.T. & Soibelzon, L., 2003. The Broken Zig-Zag : Late 
Cenozoic large mammal and tortoise extinction in South America. Revista del 
Museo Argentino de Ciencias Naturales, 5, pp.1–19. 

 
 
 
 



153 
 
 

 

Cione, A.L., Tonni, E.P. & Soibelzon, L., 2009. Did humans cause the Late 
Pleistocene-Early Holocene mammalian extinctions in South America in a 
context of shrinking open Areas? In G. Haynes, ed. American Megafaunal 
Extinction at the End of the Pleistocene. Reno, Nevada: Springer, pp. 125–
144. 

Colinvaux, P.A. et al., 1996. A Long Pollen Record from Lowland Amazonia : 
Forest and Cooling in Glacial Times. Science, 274, pp.85–88. 

Colinvaux, P.A., De Oliveira, P.E. & Moreno, E., 1999. Amazon Pollen Manual 
and Atlas, Netherlands: hardwood academic publishers. 

Colinvaux, P. a et al., 1997. Glacial and Postglacial Pollen Records from the 
Ecuadorian Andes and Amazon. Quaternary Research, 48(1), pp.69–78. 

Coltorti, M. et al., 1998. The last occurrence of Pleistocene megafauna in the 
Ecuadorian Andes. Journal of South American Earth Sciences, 11, pp.581–
586. 

Cooper, A. et al., 2015. Abrupt warming events drove Late Pleistocene Holarctic 
megafaunal turnover. Science express, 349(July), pp.1–8. 

Correa-Metrio, A. et al., 2012. The influence of abrupt climate change on the ice-
age vegetation of the Central American lowlands. Journal of Biogeography, 
39, pp.497–509. 

Cross, S.L. et al., 2001. Late Quaternary climate and hydrology of tropical South 
America inferred from an isotopic and chemical model of Lake Titicaca, 
Bolivia and Peru. Quaternary Research, 56(1), pp.1–9. 

Cruz, F.W. et al., 2007. Evidence of rainfall variations in Southern Brazil from 
trace element ratios (Mg/Ca and Sr/Ca) in a Late Pleistocene stalagmite. 
Geochimica et Cosmochimica Acta, 71, pp.2250–2263. 

Cruz, F.W. et al., 2005. Insolation-driven changes in atmospheric circulation over 
the past 116,000 years in subtropical Brazil. Nature, 434(7029), pp.63–66. 

Cruz, F.W. et al., 2009. Orbitally driven east-west antiphasing of South American 
precipitation. Nature Geosci, 2(3), pp.210–214. 

Cruz, F.W. et al., 2006. Reconstruction of regional atmospheric circulation features 
during the late Pleistocene in subtropical Brazil from oxygen isotope 
composition of speleothems. Earth and Planetary Science Letters, 248, 
pp.495–507. 

Dansgaard, W. et al., 1993. Evidence for general instability of past climate from a 
250-kyr ice-core record. Nature, 364, pp.218–220. 

Dansgaard, W., White, J.W.C. & Johnsen, S.J., 1989. The abrupt termination of the 
Younger Dryas climate event. Nature, 339(6225), pp.532–534. 

Dantas, M.A.T. et al., 2011. Megafauna do Pleistoceno Superior de Sergipe, Brasil: 
Registros Taxonômicos e Cronológicos. Revista Brasileira de Paleontologia, 
14, pp.311–320. 

Dantas, M.A.T., Zucon, M.H. & Ribeiro, A.M., 2005. Megafauna pleistocênica da 
fazenda elefante, gararu, sergipe, brasil. Geociências , 24(3), pp.277–287. 



154 
 
 

 

Dantas, M.A.T., Zucon, M.H. & Ribeiro, A.M., 2005. Megafauna pleistocênica da 
Fazenda Elefante, Gararu, Sergipe, Brasil. Geociências, 24, pp.277–287. 

Davis, M.., 1985. Climatic Instability, time lags, and community 
disequilibrium.pdf. 

Davis, O.K., 1987. Spores of the Dung Fungus Sporormiella: Increased bundance 
in Historic Sediments and before Pleistocene Megafaunal Extinction. 
Quaternary Research, 28, pp.290–294. 

Davis, O.K., Kolva, D.A. & Mehringer, P.J., 1977. Pollen analysis of Wildcat 
Lake, Whitman County, Washington: the last 1000 years. Northwest. Sci, 51, 
pp.13–30. 

Davis, O.K. & Shafer, D.S., 2006. Sporormiella fungal spores, a palynological 
means of detecting herbivore density. Palaeogeo. Palaeocli. Palaeoeco., 237, 
pp.40–50. 

deMenocal, P.B., 2008. Palaeoclimate: Africa on the edge. Nature Geosci, 1(10), 
pp.650–651. 

Diamond, J.M., 1989. Quaternary megafaunal extinctions: Variations on a theme 
by Paganini. Journal of Archaeological Science, 16, pp.167–175. 

Dillehay, T.D. et al., 2008. Monte Verde: Seaweed, Food, Medicine, and the 
Peopling of South America. Science, 320, pp.784–786. 

Dillehay, T.D. et al., 2015. New Archaeological Evidence for an Early Human 
Presence at Monte Verde, Chile. PLoS ONE, 10. 

Dillehay, T.D., 1999. The Late Pleistocene cultures of South America. 
Evolutionary Anthropology, 7, pp.206–216. 

Dirzo, R. & Miranda, A., 1991. Altered patterns of herbivory and diversity in the 
forest understory: a case study of the possible consequences of contemporary 
defaunation. In Plant-animal interactions: evolutionary ecology in tropical 
and temperate regions. New York: Wiley, pp. 273–287. 

Doughty, C.E., Faurby, S. & Svenning, J.-C., 2016. The impact of the megafauna 
extinctions on savanna woody cover in South America. Ecography, pp.213–
222. 

Doughty, C.E., Wolf, A. & Malhi, Y., 2013. The legacy of the Pleistocene 
megafauna extinctions on nutrient availability in Amazonia. Nature 
Geoscience, 6, pp.761–764. 

Dutra, G.M., Horta, L.S. & Berbert-Born, M.L.C., 1998. APA Carste de Lagoa 
Santa - MG, Belo Horizonte. 

Ekdahl, E.J. et al., 2008. Holocene multidecadal- to millennial-scale hydrologic 
variability on the South American Altiplano. The Holocene, 18(6), pp.867–
876. 

Etienne, D. et al., 2012. Influence of sample location and livestock numbers on 
Sporormiella concentrations and accumulation rates in surface sediments of 
Lake Allos, French Alps. Journal of Paleolimnology. 

 



155 
 
 

 

Faegri, K. & Iversen, J., 1989. Textbook of pollen analysis 4th ed., Caldwell, NJ: 
The Blackburn Press. 

Fariña, R.A. & Castilla, R., 2007. Earliest evidence for human-megafauna 
interaction in the Americas. Bar International Series, 1627, p.31. 

Feathers, J. et al., 2010. How old is Luzia? luminescence dating and stratigraphic 
integrity at lapa Vermelha, Lagoa Santa, Brazil. Geoarchaeology, 25, pp.395–
436. 

Feeley, K.E. & Terborgh, J.W., 2005. The effects of herbivore densityon soil 
nutrients and tree growth in tropical forest fragments. Ecology, 86, pp.116–
124. 

Feranec, R.S. et al., 2011. The Sporormiella proxy and end-Pleistocene megafaunal 
extinction: A perspective. Quaternary International, 245, pp.333–338. 

Ficcarelli, G. et al., 2003. A model for the Holocene extinction of the mammal 
megafauna in Ecuador. Journal of South American Earth Sciences, 15(8), 
pp.835–845. 

Ficcarelli, G. et al., 1997. Hypothesis on the cause of extinction of the South 
American mastodonts. Journal of South American Earth Sciences, 10, pp.29–
38. 

Fiedel, S., 2009. Sudden Deaths : The Chronology of Terminal Pleistocene 
Megafaunal Extinction Terminal Pleistocene Extinction : In G. Haynes, ed. 
American Megafaunal Extinction at the End of the Pleistocene. Reno, Nevada: 
Springer, pp. 21–37. 

Firestone, R.B. et al., 2007. Evidence for an extraterrestrial impact 12,900 years 
ago that contributed to the megafaunal extinctions and the Younger Dryas 
cooling. Proceedings of the National Academy of Sciences, 104, pp.16016–
16021. 

Flannery, T.F., 1999. Debating Extinction. Science , 283(5399), pp.182–183. 
Flint, R.F., 1971. Glacial and Quaternary geology, john Wiley & Sons. 
Fritz, H. et al., 2002. Megaherbivores influence trophic guilds structure in African 

ungulate communities. Oecologia, 131(4), pp.620–625. 
Fritz, S.C. et al., 2010. Millennial-scale climate variability during the Last Glacial 

period in the tropical Andes. Quaternary Science Reviews, 29(7–8), pp.1017–
1024. 

Fritz, S.C. et al., 2007. Quaternary glaciation and hydrologic variation in the South 
American tropics as reconstructed from the Lake Titicaca drilling project. 
Quaternary Research, 68, pp.410–420. 

Froyd, C.A. et al., 2013. The ecological consequences of megafaunal loss: giant 
tortoises and wetland biodiversity. Ecology Letters, 17, pp.144–154. 

García, A., Martínez Carretero, E. & Dacar, M.A., 2008. Presence of Hippidion at 
two sites of western Argentina. Diet composition and contribution to the study 
of the extinction of Pleistocene megafauna. Quaternary International, 180(1), 
pp.22–29. 



156 
 
 

 

van Geel, B. et al., 2003. Environmental reconstruction of a Roman Period 
settlement site in Uitgeest (The Netherlands), with special reference to 
coprophilous fungi. Journal of Archaeological Science, 30(7), pp.873–883. 

van Geel, B. et al., 2011. Mycological evidence of coprophagy from the feces of an 
Alaskan Late Glacial mammoth. Quaternary Science Reviews, 30(17–18), 
pp.2289–2303. 

van Geel, B. & Aptroot, A., 2006. Fossil ascomycetes in Quaternary deposits. Nova 
Hedwigia, 82(3–4), pp.313–329. 

Gelman, A. & Hill, J., 2007. Data analysis using regression and 
multilevelhierarchical models, Cambridge University Press New York, NY, 
USA. 

Ghilardi, A.M., Fernandes, M.A. & Bichuette, M.E., 2011. Megafauna from the 
Late Pleistocene-Holocene deposits of the Upper Ribeira karst area, southeast 
Brazil. Quaternary International, 245, pp.369–378. 

Gilbert, M.T.P. et al., 2008. DNA from Pre-Clovis Human Coprolites in Oregon, 
North America. Science, 320(5877), pp.786–789. 

Gill, J.L. et al., 2012. Climatic and megaherbivory controls on late-glacial 
vegetation dynamics: a new, high-resolution, multi-proxy record from Silver 
Lake, Ohio. Quaternary Science Reviews, 34, pp.66–80. 

Gill, J.L., 2014. Ecological impacts of the late Quaternary megaherbivore 
extinctions. New Phytologist, 201(4), pp.1163–1169. 

Gill, J.L. et al., 2013. Linking abundances of the dung fungus sporormiella to the 
density of bison: Implications for assessing grazing by megaherbivores in 
palaeorecords. Journal of Ecology, 101, pp.1125–1136. 

Gill, J.L. et al., 2009. Pleistocene Megafaunal Collapse, Novel Plant Communities, 
and Enhanced Fire Regimes in North America. Science, 326, pp.1100–1103. 

Giombini, M.I., Bravo, S.P. & Tosto, D.S., 2016. The key role of the largest extant 
Neotropical frugivore (Tapirus terrestris) in promoting admixture of plant 
genotypes across the landscape. Biotropica, 48, pp.499–508. 

Goebel, T., Waters, M.R. & O’Rourke, D.H., 2008. The Late Pleistocene Dispersal 
of Modern Humans in the Americas. Science, 319(5869), pp.1497–1502. 

Goldberg, A., Mychajliw, A.M. & Hadly, E.A., 2016. Post-invasion demography of 
prehistoric humans in South America. Nature, pp.1–14. 

Goodland, R. & Pollard, R., 1973. The Brazilian Cerrado Vegetation: A Fertility 
Gradient. Journal of Ecology, 61(1), pp.219–224. 

Gosling, W.D. et al., 2008. Glacial-interglacial changes in moisture balance and the 
impact on vegetation in the southern hemisphere tropical Andes 
(Bolivia/Peru). Palaeogeography, Palaeoclimatology, Palaeoecology, 259(1), 
pp.35–50. 

Graf, K., 1981. Palynological investigations of two post-glacial peat bogs near the 
boundary of Bolivia and Peru. Journal of Biogeography, 8, pp.353–368. 

 



157 
 
 

 

Graham, R.W. et al., 1996. Spatial Response of Mammals to Late Quaternary 
Environmental Fluctuations. Science, 272. 

Grayson, D.K. & Meltzer, D.J., 2003. A requiem for North American overkill. 
Journal of Archaeological Science, 30(5), pp.585–593. 

Grayson, D.K. & Meltzer, D.J., 2002. Clovis Hunting and Large Mammal 
Extinction : A Critical Review of the Evidence. , 16(4). 

Gribel, R. & Hay, J.D., 1993. Pollination ecology of Caryocar brasiliense 
(Caryocaraceae) in Central Brazil cerrado vegetation. Journal of Tropical 
Ecology, 9, pp.199–211. 

Groot, M.H.M. et al., 2011. Ultra-high resolution pollen record from the northern 
Andes reveals rapid shifts in montane climates within the last two glacial 
cycles. Climate of the Past, 7(1), pp.299–316. 

Grootes, P.M. & Stuiver, M., 1997. Oxygen 18/16 variability in Greenland snow 
and ice with 10−3 - to 10 5 -year time resolution. Journal of Geophysical 
Research: Oceans, 102(C12), pp.26455–26470. 

Guilday, J.E., 1967. Differential extinction during late Pleistocene and recent 
times, Yale University Press. 

Guimarães, P.R., Galetti, M. & Jordano, P., 2008. Seed dispersal anachronisms: 
Rethinking the fruits extinct megafauna ate. PLoS ONE, 3. 

Guthrie, D.R., 2001. Origin and causes of the mammoth steppe: A story of cloud 
cover, woolly mammal tooth pits, buckles, and inside-out Beringia. 
Quaternary Science Reviews, 20(1–3), pp.549–574. 

Guthrie, D.R., 2003. Rapid body size decline in Alaskan Pleistocene horses before 
extinction. Nature, 426(6963), pp.169–171. 

Guthrie, R.D., 2013. Frozen fauna of the mammoth steppe: the story of Blue Babe, 
University of Chicago Press. 

Haffer, J., 1969. Speciation in amazonian forest birds. Science, 165(3889), pp.131–
137. 

Halligan, J.J. et al., 2016. Pre-Clovis occupation 14 , 550 years ago at the Page-
Ladson site , Florida , and the peopling of the Americas. Science Advances, 2. 

Hammer, Ø., Harper, D.A.T. & Ryan, P.D., 2001. PAST—Paleontological 
STatistics software. Package for education and data analysis. Paleontologia 
Electronica. 

Hanselman, J.A. et al., 2011. A 370,000-year record of vegetation and fire history 
around Lake Titicaca (Bolivia/Peru). Palaeogeography, Palaeoclimatology, 
Palaeoecology, 305(1–4), pp.201–214. 

Hanselman, J.A., 2007. A 370,000-yr history of vegetation and climate change 
around Lake Titicaca (Bolivia/Peru). 

Hanselman, J.A. et al., 2005. Contrasting pollen histories of MIS 5e and the 
Holocene from Lake Titicaca (Bolivia/Peru). Journal of Quaternary Science, 
20(7–8), pp.663–670. 

 



158 
 
 

 

Hansen, B.C.S., 1995. A review of lateglacial pollen records from Ecuador and 
Peru with reference to the Younger Dryas event. Quaternary Science Reviews, 
14(9), pp.853–865. 

Hansen, B.C.S. et al., 2003. Late-glacial and Holocene vegetational history from 
two sites in the western Cordillera of southwestern Ecuador. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 194(1), pp.79–108. 

Hansen, B.C.S., Seltzer, G.O. & Wright, H.E., 1994. Late Quaternary vegetational 
change in the central Peruvian Andes. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 109(2–4), pp.263–285. 

Harrison, S.P. & Sanchez Goni, M.F., 2010. Global patterns of vegetation response 
to millennial-scale variability and rapid climate change during the last glacial 
period. Quaternary Science Reviews, 29, pp.2957–2980. 

Haynes, G., 2009. American Megafaunal Extinctions at the End of the Pleistocene 
(Vertebrate Paleobiology and Paleoanthropology) Chapter 1, 

Hermanowski, B., da Costa, M.L. & Behling, H., 2012. Environmental changes in 
southeastern Amazonia during the last 25,000yr revealed from a 
paleoecological record. Quaternary Research, 77, pp.138–148. 

Hillyer, R. et al., 2009. A 24,700-yr paleolimnological history from the Peruvian 
Andes. Quaternary Research, 71(1), pp.71–82. 

Hjulstrom, F., 1939. Transportation of detritus by moving water: Part 1. 
Transportation. 

Hooghiemstra, H. & van der Hammen, T., 1998. Neogene and Quaternary 
development of the neotropical rain forest: the forest refugia hypotesis, and 
literature overview. Earth-Science Reviews, 44, pp.147–183. 

Hooghiemstra, H. & Van der Hammen, T., 2004. Quaternary Ice-Age dynamics in 
the Colombian Andes: developing an understanding of our legacy. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
359(1442), pp.173–181. 

Hubbe, A., Hubbe, M. & Neves, W., 2007. Early Holocene survival of megafauna 
in South America. Journal of Biogeography, 34, pp.1642–1646. 

Hubbe, A., Hubbe, M. & Neves, W.A., 2009. New Late-Pleistocene Dates for the 
Extinct Megafauna of Lagoa Santa , Brazil. Current Research in the 
Pleistocene, 26, pp.154–156. 

Hubbe, A., Hubbe, M. & Neves, W. a., 2013. The Brazilian megamastofauna of the 
Pleistocene/Holocene transition and its relationship with the early human 
settlement of the continent. Earth-Science Reviews, 118, pp.1–10. 

Hurt, W.R., 1960. The cultural complexes from the Lagoa Santa region, Brazil. 
American Anthropologist, 62(4), pp.569–585. 

Imbrie, J. et al., 1992. On the structure and origin of major glaciation cycles 1. 
Linear responses to Milankovitch forcing. Paleoceanography, 7(6), pp.701–
738. 

 



159 
 
 

 

Imbrie, J.D. et al., 1984. The orbital theory of Pleistocene climate: support from a 
revised chronology of the marine 18O record. In A. L. Berger et al., eds. 
Milankovitch and Climate. Dordrecht, Netherlands: Reidel, p. 269–305. 

Iob, G. & Vieira, E.M., 2008. Seed predation of Araucaria angustifolia 
(Araucariaceae) in the Brazilian Araucaria Forest: Influence of deposition site 
and comparative role of small and “large” mammals. Plant Ecology, 198, 
pp.185–196. 

Isacks, B.L., 1988. Uplift of the central Andean plateau and bending of the 
Bolivian orocline. Journal of Geophysical Research: Solid Earth, 93(B4), 
pp.3211–3231. 

Jansen, P.A. et al., 2012. Thieving rodents as substitute dispersers of megafaunal 
seeds. Proceedings of the National Academy of Sciences, 109, pp.12610–
12615. 

Janzen, D.H. & Martin, P.S., 1982. Neotropical anachronisms: the fruits the 
gomphotheres ate. Science, 215, pp.19–27. 

Johnson, C.N., 2002. Determinants of loss of mammal species during the Late 
Quaternary “megafauna” extinctions: life history and ecology, but not body 
size. Proceedings. Biological sciences / The Royal Society, 269(1506), 
pp.2221–7. 

Johnson, C.N., 2009. Ecological consequences of Late Quaternary extinctions of 
megafauna. Proceedings of the Royal Society B: Biological Sciences, 
276(1667), pp.2509–2519. 

Johnson, C.N. et al., 2015. Using dung fungi to interpret decline and extinction 
ofmegaherbivores: Problems and solutions. Quaternary Science Reviews, 110, 
pp.107–113. 

Juggins, S., 2003. C2 Program Version 1.4. Department of Geology, University of 
Newcastle: Newcastle upon Tyne, UK. 

van der Kaars, S. et al., 2017. Humans rather than climate the primary cause of 
Pleistocene megafaunal extinction in Australia. Nature Communications, 8, 
p.14142. 

Kilpatrick, A.M., Briggs, C.J. & Daszak, P., 2010. The ecology and impact of 
chytridiomycosis: an emerging disease of amphibians. Trends in Ecology and 
Evolution, 25, pp.109–118. 

Knapp, A.K. et al., 1999. North Keystone Role of Bison in American Tallgrass 
Prairie. BioScience, 49, pp.39–50. 

Koch, P.L. & Barnosky, A.D., 2006a. Late Quaternary Extinctions: State of the 
Debate. Annual Review of Ecology, Evolution, and Systematics, 37, pp.215–
250. 

Koch, P.L. & Barnosky, A.D., 2006b. Late Quaternary Extinctions: State of the 
Debate - Supplemental Material. Annual Review of Ecology, Evolution, and 
Systematics, 37, pp.215–250. 

 



160 
 
 

 

Koch, P.L., Barnosky, A.D. & Barnosky, D., 2006. Late Quaternary Extinctions: 
State of the Debate - Supplemental material. Annual Review of Ecology, 
Evolution, and Systematics, 37, pp.215–250. 

Kowalski, K., 1967. The Pleistocene extinction of mammals in Europe. Pleistocene 
Extinctions: The Search for a Cause, Yale University Press, New Haven, 
pp.349–364. 

Krukowski, S.T., 1988. Sodium metatungstate: a new heavy-mineral separation 
medium for the extraction of conodonts from insoluble residues. Journal of 
Paleontology, 62(2), pp.314–316. 

Ledru, M. et al., 2015. Long-term Spatial Changes in the Distribution of the 
Brazilian Atlantic Forest. Biotropica, 48, pp.159–169. 

Ledru, M.-P., Salgado-Labouriau, M.L. & Lorscheitter, M.L., 1998. Vegetation 
dynamics in southern and central Brazil during the last 10,000 yr B.P. Review 
of Palaeobotany and Palynology, 99, p.131 142. 

Ledru, M.., 1993. Late Quaternary environmental and climatic changes in central 
Brazil. Quaternary Research, 39, pp.90–98. 

Lessa, G. et al., 1998. Novos achados de mamíferos carnívoros do Pleistoceno 
Final-Holoceno em grutas calcárias do Estado da Bahia. Acta Geologica 
Leopoldensia, 46/47, pp.157–169. 

Lessa, G. et al., 1998. Novos achados de mamíferos carnívoros do Pleistoceno final 
- Holoceno em grutas calcárias do Estado da Bahia. Acta Geológica 
Leopoldensia, 46/47, pp.157–169. 

Lima-Ribeiro, M.S. et al., 2013. Climate and humans set the place and time of 
Proboscidean extinction in late Quaternary of South America. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 392, pp.546–556. 

Lima-Ribeiro, M.S. et al., 2012. Potential Suitable Areas of Giant Ground Sloths 
Dropped Before its Extinction in South America: the Evidences from 
Bioclimatic Envelope Modeling. Brazilian Journal of Nature Conservation, 
10(2), pp.145–151. 

Lisiecki, L.E. & Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally 
distributed benthic D 18O records. Paleoceanography, 20(1), pp.1–17. 

Long, A., Martin, P.S. & Lagiglia, H.A., 1998. Ground sloth extinction and human 
occupation at Gruta del Indio, Argentina. Radiocarbon, 40, pp.693–700. 

Lopes, R.P. et al., 2005. Barrancas Fossilíferas do Arroio Chuí, RS. Importante 
megafauna pleistocênica no extremo sul do Brasil. In M. Winge et al., eds. 
Sítios geológicos e paleontológicos do Brasil 1. Brasilia-DF: CPRM, pp. 699–
704. 

Lucas, T.P.B. & Abreu, M.L., 2004. Caracterização climática dos padrões de 
ventos associados a eventos extremos de precipitação em Belo Horizonte-MG. 
Cadernos de Geografia, 14, pp.135–152. 

Lund, P.W., 1844. Carta escripta de Lagoa Santa a 21 de abril de 1844. Revista do 
Instituto Histórico e Geográfico Brasileiro, 6, pp.334–342. 



161 
 
 

 

Lyons, S.K. et al., 2004. Was a “hyperdisease” responsible for the late Pleistocene 
megafaunal extinction? Ecology Letters, 7(9), pp.859–868. 

MacFadden, B.J., 1997. Origin and evolution of the grazing guild in New World 
terrestrial mammals. Tree, 12(5). 

Macphee, R.D.E.E., 1999. Extinctions in near time: Causes, contexts and 
consequences, New York.: Kluwer/Plenum. 

Marengo, J.A., 1995. Interannual variability of deep convection over the tropical 
South American sector as deduced from ISCCP C2 data. International Journal 
of Climatology, 15, pp.995–1010. 

Marinho, F. et al., 2010. Mamíferos do Pleistoceno Superior de Afrânio, 
Pernambuco, nordeste do Brasil. , 2, pp.1–11. 

Martin, Paul, S. & Stuart, Anthony, J., 1995. Mammoth extinction: two continents 
and Wrangel Island. Radiocarbon, 37(1), pp.7–10. 

Martin, P.S., 1973. The Discovery of America. Science, 179, pp.969–974. 
Martin, P.S., 2005. Twilight of the mammoths: Ice Age extinctions and the 

rewilding of America, Univ of California Press. 
Martin, P.S. & Klein, R.G., 1984. Quaternary extinctions: A prehistoric revolution, 

Tucson: University of Arizona Press. 
Martin, P.S. & Steadman, D.W., 1999. Prehistoric extinction on islands and 

continents. In R. D. E. MacPhee & H.-D. Sues, eds. Extinctions in Near Time. 
Springer, pp. 17–56. 

Martin, P.S. & Wright, H.E., 1967. Pleistocene extinctions; the search for a cause. 
McGlone, M., 2012. The Hunters Did It. Science, 335(6075), pp.1452–1453. 
McNaughton, S.J., 1985. Ecology of a Grazing Ecosystem: The Serengeti. 

Ecological Monographs, 55(3), pp.259–294. 
McNaughton, S.J. et al., 1989. Ecosystem-level patterns of primary productivity 

and herbivory in terrestrial habitats. Nature, 341(6238), pp.142–144. 
Menviel, L. et al., 2011. Deconstructing the Last Glacial termination: The role of 

millennial and orbital-scale forcings. Quaternary Science Reviews, 30(9–10), 
pp.1155–1172. 

Metcalf, J.L. et al., 2016. Synergistic roles of climate warming and human 
occupation in Patagonian megafaunal extinctions during the Last Deglaciation. 
Science Advances, 2(6). 

Michelutti, N. et al., 2016. Equatorial mountain lakes show extended periods of 
thermal stratification with recent climate change. Journal of Limnology, 75(2), 
pp.403–408. 

Miller, G.H. et al., 2005. Ecosystem Collapse in Pleistocene Australia and a Human 
Role in Megafaunal Extinction. Science, 309(5732), pp.287–290. 

Miller, G.H. et al., 1999. Pleistocene Extinction of Genyornis newtoni: Human 
Impact on Australian Megafauna. Science, 283(5399), pp.205–208. 

Morellato, L.P.C. & Haddad, C.F.B., 2000. Introduction: The Brazilian Atlantic 
Forest. Biotropica, 32, pp.786–792. 



162 
 
 

 

Mosblech, N.A.S., 2012. Central andean vegetation response to rapid paleoclimate 
changes. Florida Institute of Technology. 

Mosimann, J.E. & Martin, P.S., 1975. Simulating overkill by Paleoindians. 
American Scientist, 63, pp.304–313. 

Myers, N. et al., 2000. Biodiversity hotspots for conservation priorities. Nature, 
403(6772), pp.853–858. 

Neves, W.A. et al., 2003. Early Holocene human skeletal remains from Santana do 
Riacho, Brazil: implications for the settlement of the New World. Journal of 
human evolution, 45, pp.19–42. 

Neves, W.A. et al., 1999. Lapa vermelha IV Hominid 1: morphological affinities of 
the earliest known American. Genetics and Molecular Biology, 22, pp.461–
469. 

Neves, W.A. & Pilo, L.B., 2003. Solving Lund’s dilemma: new AMS dates 
confirm that humans and megafauna coexisted at Lagoa Santa. Current 
Research in the Pleistocene, 20, pp.57–62. 

Neves, W. a & Hubbe, M., 2005. Cranial morphology of early Americans from 
Lagoa Santa, Brazil: implications for the settlement of the New World. 
Proceedings of the National Academy of Sciences, 102, pp.18309–18314. 

Nimer, E., 1989. Climatologia do Brasil, Rio de Janeiro: IBGE, Departamento de 
Recursos Naturais e Estudos Ambientais,. 

Oksanen, J. et al., 2007. The vegan package. Community ecology package, 10. 
Okullo, P. & Moe, S.R., 2012. Large herbivores maintain termite-caused 

differences in herbaceous species diversity patterns. Ecology, 93(9), pp.2095–
2103. 

Oliveira, É., Barreto, A. & Alves, R., 2009. Aspectos sistemáticos, 
paleobiogeográficos e paleoclimáticos dos mamíferos fósseis do Quaternário 
de Fazenda Nova, PE, nordeste do Brasil. Gaea - Journal of Geoscience, 5(2), 
pp.75–85. 

De Oliveira, P.E., 1992. A palynological record of Late Quaternary vegetational 
and climatic change in southeastern Brazil. The Ohio State University. 

Overpeck, J. et al., 1989. Climate change in the circum-North Atlantic region 
during the last deglaciation. Nature, 338(6216), pp.553–557. 

Overpeck, J.T., Webb, R.S. & Webb Iii, T., 1992. Mapping eastern North 
American vegetation change of the past 18 ka: No-analogs and the future. 
Geology, 20, pp.1071–1074. 

Overpeck, J.T., Webb, T. & Prentice, I.C., 1985. Quantitative interpretation of 
fossil pollen spectra: Dissimilarity coefficients and the method of modern 
analogs. Quaternary Research, 23(1), pp.87–108. 

Owen-Smith, N., 1987. Pleistocene Extinctions: The Pivotal Role of 
Megaherbivores. Paleobiology, 13, pp.351–362. 

 
 



163 
 
 

 

Paduano, G.M. et al., 2003. A vegetation and fire history of Lake Titicaca since the 
Last Glacial Maximum. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 194(1–3), pp.259–279. 

Parker, K.L. & Robbins, C.T., 1985. Thermoregulation in ungulates. Bioenergetics 
of wild herbivores, pp.161–182. 

Parker, N.E. & Williams, J.W., 2012. Influences of climate, cattle density, and lake 
morphology on Sporormiella abundances in modern lake sediments in the US 
Great Plains. Holocene, 22(4), pp.475–483. 

Parnell, A., 2016. Bchron: Radiocarbon dating, age-depth modelling, relative sea 
level rate estimation, and non-parametric phase modelling. R package version 
4.1. 1; 2015. 

Pessenda, L.C.R. et al., 2009. The evolution of a tropical rainforest/grassland 
mosaic in southeastern Brazil since 28,000 14C yr BP based on carbon 
isotopes and pollen records. Quaternary Research, 71, pp.437–452. 

Petit, J.R. et al., 1999a. Climate and atmospheric history of the past 420,000 years 
from the Vostok ice core, Antarctica. Nature, 399(6735), pp.429–436. 

Petit, J.R. et al., 1999b. Climate and atmospheric history of the past 420,000 years 
from the Vostok ice core, Antarctica. Nature, 399(6735), pp.429–436. 

Pires, M.M. et al., 2015. Pleistocene megafaunal interaction networks became more 
vulnerable after human arrival. Proceedings of the Royal Society B: Biological 
Sciences, 282(1814), p.20151367. 

Pires, M.M. et al., 2014. Reconstructing past ecological networks: The 
reconfiguration of seed-dispersal interactions after megafaunal extinction. 
Oecologia, 175, pp.1247–1256. 

Politis, G., Prado, J.L. & Beukens, R.P., 1995. The human impact in Pleistocene-
Holocene extinctions in South America- The Pampean case. In E. Johnson, ed. 
Ancient Peoples and Landscapes. Lubbock: Museum of Texas Tech 
University, pp. 187–205. 

Politis, G.G. & Messineo, P.G., 2008. The Campo Laborde site: New evidence for 
the Holocene survival of Pleistocene megafauna in the Argentine Pampas. 
Quaternary International, 191(1), pp.98–114. 

Prado, J.L., Martinez-Maza, C. & Alberdi, M.T., 2015. Megafauna extinction in 
South America: A new chronology for the Argentine Pampas. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 425, pp.41–49. 

Prell, W.L. & Kutzbach, J.E., 1987. Monsoon variability over the past 150,000 
years. Journal of Geophysical Research, 92(D7), p.8411. 

R Core Team, 2015. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing. 

Raczka, M.F. et al., 2016. Sporormiella as a tool for detecting the presence of large 
herbivores in the Neotropics. Biota Neotropica, 16. 

 
 



164 
 
 

 

Raczka, M.F. et al., 2013. Two paleoecological histories spanning the period of 
human settlement in southeastern Brazil. Journal of Quaternary Science, 
28(2), pp.144–151. 

Rademaker, K. et al., 2014. Paleoindian settlement of the hihg-altitude Peruvian 
Andes. Science, 346(6208), pp.466–469. 

Raper, D. & Bush, M., 2009. A test of Sporormiella representation as a predictor of 
megaherbivore presence and abundance. Quaternary Research, 71, pp.490–
496. 

Rasband, W.S., 1997. ImageJ. US National Institutes of Health, Bethesda, MD. 
Ratter, J. a., Ribeiro, J.F. & S., B., 1997. The Brazilian Cerrado Vegetation and 

Threats to its Biodiversity. Annals of Botany, 80, pp.223–230. 
Raup, D.M., 1986. Biological extinction in earth history. Science, 231(4745), 

pp.1528–1533. 
Raup, D.M., 1994. The role of extinction in evolution. Proceedings of the National 

Academy of Sciences, 91(15), pp.6758–6763. 
Ripple, W.J. & Van Valkenburgh, B., 2010. Linking Top-down Forces to the 

Pleistocene Megafaunal Extinctions. BioScience, 60, pp.516–526. 
Robinson, G.S. et al., 2005. Landscape Paleoecology and megafaunal extinction in 

southeastern New York State. Ecological Monographs, 75(3), pp.295–315. 
Rodbell, D.T. et al., 2008. Clastic sediment flux to tropical Andean lakes: records 

of glaciation and soil erosion. Quaternary Science Reviews, 27(15–16), 
pp.1612–1626. 

Rossetti, D.F. et al., 2004. Reconstructing habitats in central Amazonia using 
megafauna, sedimentology, radiocarbon, and isotope analyses. Quaternary 
Research, 61(3), pp.289–300. 

Rozas-Dávila, A., Valencia, B.G. & Bush, M.B., 2016. The functional extinction of 
Andean megafauna. Ecology, 97, pp.2533–2539. 

Rule, S. et al., 2012. The Aftermath of Megafaunal Extinction: Ecosystem 
Transformation in Pleistocene Australia. Science, 335(6075), pp.1483–1486. 

Salgado-Labouriau, M.L. et al., 1997. Late Quaternary vegetational and climatic 
changes in cerrado and palm swamp from Central Brazil. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 128, pp.215–226. 

Saltré, F. et al., 2016. Climate change not to blame for late Quaternary megafauna 
extinctions in Australia. Nature communications, 7, p.10511. 

Sekar, N., Lee, C. Lo & Sukumar, R., 2015. In the elephant’s seed shadow: The 
prospects of domestic bovids as replacement dispersers of three tropical Asian 
trees. Ecology, 96(8), pp.2093–2105. 

Seltzer, G.O. et al., 2002. Early Warming of Tropical South America at the Last 
Glacial-Interglacial Transition. Science, 296(5573), pp.1685–1686. 

Smith, F.A. et al., 2010. The Evolution of Maximum Body Size of Terrestrial 
Mammals. Science, 330. 

 



165 
 
 

 

Smith, F.A. et al., 2016. Unraveling the consequences of the terminal Pleistocene 
megafauna extinction on mammal community assembly. Ecography, 39(2), 
pp.223–239. 

Smith, J.A. et al., 2005. Early Local Last Glacial Maximum in the Tropical Andes. 
Science, 308(5722), pp.678–681. 

Sridhara, S. et al., 2016. Frugivory and Seed Dispersal by Large Herbivores of 
Asia. In F. S. Ahrestani & M. Sankaran, eds. The Ecology of Large Herbivores 
in South and Southeast Asia. Netherlands: Springer, pp. 121–150. 

Stahl, P.W., 2008. Animal domestication in South America. In The Handbook of 
South American Archaeology. pp. 121–130. 

Staver,  a C. et al., 2009. Browsing and fire interact to suppress tree density in an 
African savanna. Ecological applications, 19(7), pp.1909–19. 

Steadman, D.W. et al., 2005. Asynchronous extinction of late Quaternary sloths on 
continents and islands. Proceedings of the National Academy of Sciences, 102, 
pp.11763–11768. 

Stevens, W.K., 1997. Disease Is New Suspect in Ancient Extinctions. New York 
Times. 

Stockmarr, J., 1971. Tablets with spores usedin absolute pollen analysis. Pollen et 
Spores, 13, pp.615–621. 

Stuart, S.N. et al., 2004. Status and trends of amphibian declines and extinctions 
worldwide. Science, 306, pp.1783–1786. 

Stute, M. et al., 1995. Cooling of Tropical Brazil (5 degrees C) During the Last 
Glacial Maximum. Science, 269, pp.379–383. 

Surovell, T.A. et al., 2015. Test of Martin’s overkill hypothesis using radiocarbon 
dates on extinct megafauna. Proceedings of the National Academy of Sciences, 
pp.1–6. 

Terborgh, J., 2013. Using Janzen-Connell to predict the consequences of 
defaunation and other disturbances of tropical forests. Biological 
Conservation, 163, pp.7–12. 

Valencia, B.G. et al., 2010. From ice age to modern: a record of landscape change 
in an Andean cloud forest. Journal of Biogeography, 37(9), pp.1637–1647. 

Velásquez-R., C.A. & Hooghiemstra, H., 2013. Pollen-based 17-kyr forest 
dynamics and climate change from the Western Cordillera of Colombia; no-
analogue associations and temporarily lost biomes. Review of Palaeobotany 
and Palynology, 194, pp.38–49. 

Villavicencio, N.A. et al., 2016. Combination of humans, climate, and vegetation 
change triggered Late Quaternary megafauna extinction in the Última 
Esperanza region, southern Patagonia, Chile. Ecography. 

De Vivo, M. & Carmignotto, A.P., 2004. Holocene vegetation change and the 
mammal faunas of South America and Africa. Journal of Biogeography, 
31(6), pp.943–957. 

 



166 
 
 

 

Wanderley, M.G.L., Shepherd, G.J. & Giulieti, A.M., 2001. Flora fanerogâmica do 
Estado de São Paulo Vol. 1., Sao Paulo: FAPESP/Ed. Hucitec. 

Wang, X. et al., 2017. Hydroclimate changes across the Amazon lowlands over the 
past 45,000 years. Nature, 541(7636), pp.204–207. 

Wang, X. et al., 2004. Wet periods in northeastern Brazil over the past 210 kyr 
linked to distant climate anomalies. Nature, 432(7018), pp.740–3. 

Warming, E. & Ferri, M.G., 1973. Lagoa Santa e a vegetação de cerrados 
brasileiros., Sao Paulo: Edusp. 

Waters, M.R., Stafford, T.W., et al., 2011. Pre-Clovis Mastodon Hunting 13,800 
Years Ago at the Manis Site, Washington. Science, 334, pp.351–353. 

Waters, M.R., Forman, S.L., et al., 2011. The Buttermilk Creek Complex and the 
Origins of Clovis at the Debra L. Friedkin Site, Texas. Science, 331(6024), 
pp.1599–1603. 

Waters, M.R. & Stafford, T.W., 2007. Redefining the Age of Clovis: Implications 
for the Peopling of the Americas. Science, 315(5815), pp.1122–1126. 

Webb, S.D. et al., 1984. A Bison Antiquus Kill Site, Wacissa River, Jefferson 
County, Florida. American Antiquity, 49(2), pp.384–392. 

Webb, S.D. & Rancy, A., 1996. Late Cenozoic evolution of the Neotropical 
mammal fauna. Evolution and environment in tropical America, pp.335–358. 

Weinstock, J. et al., 2009. The Late Pleistocene distribution of vicuñas (Vicugna 
vicugna) and the “extinction” of the gracile llama (“Lama gracilis”): New 
molecular data. Quaternary Science Reviews, 28(15–16), pp.1369–1373. 

Weinstock, J. et al., 2009. The Late Pleistocene distribution of vicuñas (Vicugna 
vicugna) and the “‘extinction’” of the gracile llama (“‘Lama gracilis’”): New 
molecular data. Quaternary Science Reviews, 28, pp.1369–1373. 

Weng, C., Bush, M.B. & Silman, M.R., 2004. An analysis of modern pollen rain on 
an elevational gradient in southern Peru. Journal of Tropical Ecology, 20(1), 
pp.113–124. 

Williams, J.W. & Jackson, S.T., 2007. Novel climates, no-analog communities, and 
ecological surprises. Front. in Ecol. and Environ., 5, pp.475–482. 

Wirrmann, D. & Mourguiart, P., 1995. Late Quaternary Spatio-temporal 
Limnological Variations in the Altiplano of Bolivia and Peru. Quaternary 
Research, 43(3), pp.344–354. 

Wolf, A., Doughty, C.E. & Malhi, Y., 2013. Lateral Diffusion of Nutrients by 
Mammalian Herbivores in Terrestrial Ecosystems. PLoS ONE, 8(8), pp.1–10. 

Wood, J.R. et al., 2011. Sporormiella as a proxy for non-mammalian herbivores in 
island ecosystems. Quat. Sci. Rev., 30(7–8), pp.915–920. 

Wood, J.R. & Wilmshurst, J.M., 2012. Wetland soil moisture complicates the use 
of Sporormiella to trace past herbivore populations. Journal of Quaternary 
Science, 27, pp.254–259. 

 
 



167 
 
 

 

Wroe, S. et al., 2013. Climate change frames debate over the extinction of 
megafauna in Sahul (Pleistocene Australia-New Guinea). Proceedings of the 
National Academy of Sciences, pp.1–5. 

Wroe, S. et al., 2004. Megafaunal extinction in the late Quaternary and the global 
overkill hypothesis. Alcheringa: An Australasian Journal of Palaeontology, 
28, pp.291–331. 

Wroe, S., Field, J. & Grayson K, D., 2006. Megafaunal extinction: climate, humans 
and assumptions. Trends in Ecology & Evolution, 21(2), pp.61–62. 

Ximenes, C.L., 2009. Tanques Fossilíferos de Itapipoca, CE. In M. Winge, ed. 
Sítios Geológicos e Paleontológicos do Brasil. Brasília: CPRM, p. 515. 

Ybert, J.-P., 1989. New data on the palaeohydrology of lake Titicaca during the 
recent Quaternary, according to palynological studies. 

Ybert, J.P., 1992. Ancient lake environments as deduced from pollen analysis. In 
Lake Titicaca: A Synthesis of Limnological Knowledge. p. 49–62. 

Young, H.S. et al., 2016. Patterns, causes and consequences of Anthropocene 
Defaunation. Annual Reviews of Ecology, Evolution, and Systematics, 47, 
pp.333–358. 

Yule, J. V. et al., 2009. The puzzle of North America’s Late Pleistocene 
megafaunal extinction patterns: Test of new explanation yields unexpected 
results. Ecological Modelling, 220(4), pp.533–544. 

Zazula, G.D. et al., 2009. A late Pleistocene steppe bison (Bison priscus) partial 
carcass from Tsiigehtchic, Northwest Territories, Canada. Quaternary Science 
Reviews, 28(25–26), pp.2734–2742. 

 


	Front page final
	Complete final

