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ABSTRACT 

 

 

ROLES OF HOLOCENE CLIMATE AND PASTORALISM IN SHAPING 

ANDEAN LANDSCAPES 

 

by Courtney Shadik 

B.S. Florida Institute of Technology, 2015 

 

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

 

 

 

 The Holocene (c. 11,700 years ago – present) was a time rich in Andean 

climatic, environmental, and cultural changes. Assemblages were reforming after 

the last ice age, millennial scale wet and dry events caused the largest changes in 

lake level of the last 100,000 years, and humans came to dominate the landscape. 

Against the backdrop of ecological change, this study asks the following questions- 

Was the onset of camelid domestication associated with mid-Holocene aridity? Are 

modern, high-elevation vegetation assemblages a product of manufactured 

landscapes? What are the long-term effects of intense agropastoralism on 

paleoecological reconstructions of Andean landscapes? Did Holocene agropastoral 

domesticates coevolve? 

  The study sites are located on the eastern flank of the Andes in climatically 

distinct regions: central Ecuador, and southern Peru. Lake sedimentary records 

from these sites span c. 8000 years ago – present, encompassing the peak of the 

Mid-Holocene Dry Event (c. 9000 – 4000 years ago). Using a multiproxy approach 
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combining the coprophilous fungus Sporormiella, fossil pollen, charcoal, X-Ray 

fluorescence (XRF), and sediment color, this study examined trends in pastoralism 

and climate, and subsequent landscape modification from agropastoralism.  

 A c. 7000-year XRF and sediment color history is presented for Acopia in 

the highlands of southern Peru. Drought was found to be an integral part of this 

system with landscape structure heavily influenced by erosion. Erosion increased 

with intensifying agropastoralism, but decreased c. 2200 BP. At this time, erosional 

inputs were mostly clay indicating erosion of subsoil rather than topsoil, suggesting 

the onset of terracing at c. 2200 BP. The data offer valuable insight into previously 

observed chronological problems in high Andean records. Extensive 14C age 

reversals in the last 2000 years are explained by past terracing erosion.  

One proxy, sediment color, has been used to provide indices for rainfall 

anomalies associated with El Niño Southern Oscillation. Analyses of Acopia lake 

sediment comparing sediment color with XRF suggest that red intensity in 

sediment studies may not align with assumed trends in precipitation, and sediment 

color must be tested geochemically before use in paleoclimate reconstructions. 

 The Acopia record also provided a c. 7000-year history of herding, 

cultivation, and vegetation. Here, the vegetation composition was impacted early-

on by fire, but was later controlled by intense herding and maize cultivation. The 

onset of camelid domestication here was not associated with mid-Holocene aridity. 

The c. 4300-year record of herding and maize cultivation, combined with terracing 
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activities beginning c. 2200 years ago created a landscape altered physically and 

ecologically by human activity. This manufactured landscape may represent an 

ecological tipping point at Acopia.  

Also presented is a c. 8000-year record of vegetation change from 

Rodeococha in central Ecuador. Here, fire is present in small amounts throughout 

the history. Only two maize grains were found in the sequence, and there was no 

signal of pastoralism until c. 1600 years ago. At Rodeococha, human occupation 

was limited by volcanic activity, and this high, wet landscape, was not modified as 

intensely as Acopia. Despite human presence, vegetation responded to taphonomic 

changes as the lake fluctuated between a peatland and a lake. This suggests that in 

combination, long-term human modification and less resilient systems may be 

necessary to create manufactured landscapes. 

 Lastly, the study presents an analysis of synchronicity between quinoa and 

camelid domestication in Andean paleoecological records. Eight sites with 5 

records of both quinoa and Sporormiella were analyzed to test hypotheses of 

coevolution between mid-Holocene domesticates. I determined that temporally 

overlapping adoption of new technologies does not necessarily indicate 

coevolution. The results support independent inventions of pastoralism in the 

northern and southern tropical Andes. In hypotheses of agropastoral links, it is 

important to consider local-scale variation as the Andes represent a climatically and 

culturally diverse system.  
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CHAPTER I 

SCOPE OF THE RESEARCH 

 

INTRODUCTION 

 

The invention of agriculture, the domestication of livestock, and consequent 

transition from nomadic to settled lifestyles are all key milestones in human 

history. As the Andes is recognized as a site of independent agricultural invention 

(Bruno 2006; Piperno 2011) and animal domestication (Barreta et al. 2013; 

Goñalons 2008), the timing of the transition to settled occupation is of significance 

to understanding the shaping of Andean ecosystems. The extent to which climate 

was an agent of change in ancient Andean culture and social innovation is actively 

debated. Millennial-scale drought in the mid-Holocene (Baker and Fritz 2015) 

coincided with bursts of technological innovation, e.g., canal construction for 

irrigation (Dillehay et al. 2005) or abandonment of marginal lands (Núñez et al. 

2001; 2002). Shorter or more abrupt climate changes may have spurred major 

cultural transitions throughout Central and South America. Chronic droughts or 

floods may have triggered the collapse of major civilizations including the Maya in 

Central America (Hodell et al. 2005), the Moche on the coast of Peru (DeMenocal 

2001; Shimada et al. 1991), and the Tiwanaku in the south-central Andes (Ortloff 

and Kolata 1993). Conversely, climate change may have underlain the expansion of 

civilizations, such as the Wari and the Inca (Chepstow-Lusty et al. 2009). The Wari 

expanded their control over southern Peru during a period of drought due to their 
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adept irrigation practices and use of terraced agriculture (Branch et al. 2007). 

Similarly, the Incan expansion is suggested to have been fueled by increased 

productivity during a period of warming (Chepstow-Lusty et al. 2009). Not all 

archaeologists embrace the importance of climate as a factor influencing culture, 

and condemn such ‘environmental determinism’ (Coombes and Barber 2005; 

Erickson 1999) as undervaluing the importance of human ingenuity and societal 

pressures. 

Responses to natural crises included population dispersal, changing 

economic strategies, or shifts in land use patterns (Dillehay and Kolata 2004). For 

example, before collapse, the Moche civilization adapted to a series of severe 

droughts and floods in the 6th century AD by moving their capital north and 

adopting new agricultural technologies (Shimada et al. 1991; Weiss and Bradley 

2001). Åkesson et al. (2020) provided an Andean example of where climate change 

influenced the local behavior of a community, but emphasized that people made 

deliberate choices about how to respond to the new stresses. At Laguna de los 

Condores in the Chachapoyas region of northeastern Peru, decadal-scale droughts 

provided repeated opportunities for agricultural expansion into a wet forested area. 

Intervening wet periods drove abandonment of maize cultivation within the valley 

and forest regrowth, a pattern that occurred several times between c. 2000 and 800 

calibrated 14C years ago (hereafter cal BP). After 800 cal BP as climates became 

even wetter (Bird et al. 2011b), a deliberate decision appears to have been made to 
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allow forests to regrow on slopes facing a large mortuary site (Matthews-Bird et al. 

2017).  

One of the greatest cultural transitions to occur in the Andes was the 

transition to maize agriculture made possible by wet events in dry Andean puna 

environments (Weng et al. 2006). Contrastingly, in moist high-elevation sites it was 

warm, dry, episodes that were associated with increased maize use (Chepstow-

Lusty 2011). Expansion of maize agriculture into montane forest and mid- 

elevation sites on the wet slopes of the Andes were attributed to people taking 

advantage of drier periods (Bush et al. 2015b; Matthews-Bird et al. 2017). Thus, it 

is clear that starting conditions played a role in determining local response to a 

climatic event. 

Despite a rich array of archaeological evidence, the history of camelid use 

in the Andes remains poorly known. Critically, when and how wild Andean 

camelids became domesticated is still actively debated (Goñalons 2008; Moore 

2016). Camelids play a central role in both past and present Andean societies. As 

the only two large herbivores domesticated within South America, the llama and 

alpaca provide important primary (i.e., meat) and secondary (i.e., fiber, 

transportation, dung) animal products to herding communities (Goñalons 2007; 

Marshall and Capriles 2014; Yacobaccio 2007).  

Unlike Europe, Africa, and Asia, the Andes lacked a diverse megafauna that 

could be tamed (Diamond 1997). The only large Andean animals suitable for meat 

production or for use as beasts of burden were the camelids: Vicugna vicugna 
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(vicuña; about 45 - 55 kg) and Lama guanicoe  (guanaco; 100 - 130 kg; Stahl 

2008). The two domestic forms are Vicugna pacos (alpaca) and Lama glama 

(llama). Llama, the largest of the camelids, is undoubtedly a domesticated species, 

while the genetic history of the alpaca points toward an unintentional hybridization 

between llama and vicuña (Yacobaccio and Vilá 2016).  

With climatic conditions impacting other aspects of Andean societies as 

previously described, one of the most overlooked aspects in domestication models 

is the ecological impact of climate change on early pastoralism (Moore 2016). With 

the extermination of all other megafaunal grazers in the Andes (Barnosky and 

Lindsey 2010), in the early Holocene an expansion of grasslands in the high Andes 

(Hansen et al. 1994a), allowed South American camelids to expand their 

populations without competition. Although the camelids are adapted to the dry, 

high elevations of the Andes, they do require water. Llamas and guanacos have a 

lower water requirement, resulting in larger possible geographic ranges than vicuña 

and alpaca (Goñalons 2008). These latter species need to drink daily, and have a 

preference for soft succulents, forbs, and grasses in their diet (Franklin 1983; 

Goñalons 2008; Stahl 2008). Preferred grazing areas are high altitude wetlands, 

known as bofedales that are highly vulnerable to climate change (Squeo et al. 

2006b). The tendency of these areas to dry up completely during arid periods has 

led some archaeologists to suggest that extreme drought in the Middle Holocene 

may have resulted in the concentration of both humans and wild camelids around 

high altitude lakes (Grosjean et al. 2003; Núñez et al. 2001; 2002). Thus, the 
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prolonged concentration of humans and camelids may have facilitated early 

Andean camelid domestication (deFrance 2016). 

Understanding how and when Andean camelids became domesticated 

would provide critical insights into the history of human alteration of Andean 

landscapes.  Long-term disturbance associated with agropastoralism, and fire used 

to promote grazing quality, may have created the ‘manufactured landscapes’ that 

we categorize as modern punas and páramos (Sarmiento 2012b). Grazing, 

especially when combined with agriculture or terracing, impacts vegetation 

composition (Dorrough et al. 2007; Struelens et al. 2017a), increases erosion 

(Bajard et al. 2020; Kiage and Liu 2009), and leads to eutrophication of available 

freshwater resources (Costa-Böddeker et al. 2012; Hall et al. 1999b). 

Understanding the cumulative effects of grazing, fire, and the long-term 

management of these landscapes, is critical for the conservation of vulnerable 

montane habitats, and for our interpretation of paleoecological records. 

 

THEORIES ON THE RISE OF ANDEAN CAMELID PASTORALISM 

Current hypotheses for why and how Andean pastoralism developed range 

from environmental to social explanations. Those invoking environmental change 

as prompting pastoralism suggest that camelids may have been domesticated to 

buffer risk (Hesse 1982; Yacobaccio 2004). Hesse (1982) suggested that 

domestication arose as a social response to less predictable availability of wild 

plant and animal resources as climate oscillations increased in intensity and 
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frequency. Domestication in this context would stabilize protein availability, and 

provide transport animals if migration was necessary (Yacobaccio 2004). 

Criticisms of this theory highlight the time necessary to establish a herd 

(Aldenderfer 2008) as domestication is a gradual process rather than an immediate 

social change (Wing 1978b). Additionally, early pre-llama ancestors may have 

been too small to be beasts of burden and only used as a protein source (Wing 

1978b). 

Social transitions as a result of environmental change are not universally 

accepted, as many archaeologists believe in the human capacity to adapt and 

overcome environmental constraints through innovation (Erickson 1999). These 

critics argue that major cultural transitions can be attributed to social turmoil (i.e., 

warfare) rather than environmental determinism (Erickson 1999; Roosevelt 2013a). 

In the context of camelid domestication, supporters of a social transition to 

domestication argue that human decisions are responsible for the rise of Andean 

pastoralism. One theory is that wild camelids were first idolized as deities and 

domesticated as a result of new ideologies and religions (Cauvin 2000; Yacobaccio 

2004). Other thoughts include the rise of domestication as a form of status. 

Aldenderfer (2008) suggested that animal husbandry was a form of labor allocation 

that augmented the status of men over women, as women were equally able to 

provision resources through agriculture. 

 Camelid domestication is associated with increasing social complexity 

within hunter-gatherer groups, and thus would not necessarily be driven by 
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environmental stress (Yacobaccio 2004). Yet, environmental factors can provide 

constraints, challenges, and opportunities that influence agricultural and pastoral 

activities (Chepstow-Lusty 2011). Therefore, it is likely that the aridity of the mid-

Holocene may have played a role in the development of pastoral activities as 

resources would have been concentrated in mesic areas such as bofedales 

(Yacobaccio 2004). Paleoecological studies, however, have suggested that the 

modern bofedales in the southern Andes are a relatively young landscape feature, 

only forming in the past 1000 years (Earle et al. 2003; Squeo et al. 2006b) and that 

these sites were dry in the mid-Holocene (Aldenderfer 1990; Grosjean et al. 2007a) 

when pastoralism was invented.  

 

MODERN AND HOLOCENE DRIVERS OF ANDEAN CLIMATE 

Andean precipitation is controlled by moisture transported into the Amazon 

Basin via the South American Low-Level Jet (SALLJ), which moves moisture west 

from the tropical Atlantic Ocean, and south along the eastern flank of the Andes 

(Rowe et al. 2002; Vera et al. 2006). Austral summer insolation creates convective 

updrafts entraining moisture-filled easterlies from the Amazon Basin that provide 

wet season precipitation (Garreaud and Aceituno 2001). For three months a year, a 

rapid southward shift of convection cells and weakened westerlies creates a 

monsoon-like climate during austral summer, known as the South American 

Summer Monsoon (SASM; Garreaud 2009; Garreaud et al. 2009; Zhou and Lau 

1998). The wet season over the eastern Andes is occasionally interrupted by week-
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long breaks in rain as the Bolivian High pressure cell expands and reduces 

convection over the eastern flank of the Andes (Chen et al. 1999b; Chepstow‐Lusty 

et al. 2003; Garreaud et al. 2009; Rowe et al. 2002).  

The strength of the SALLJ is directly influenced by the position of the 

Inter-tropical Convergence Zone (ITCZ) and the intensity of the South Atlantic 

Convergence Zone (SACZ) (Garreaud 2009; Garreaud et al. 2009). Moisture is 

then transported by the SACZ along the eastern base of the Andes (Vuille et al. 

2000). Currently, the latitudinal movement of the ITCZ is controlled by insolation 

where moisture increases over the South American continent during periods of 

increased differences in land-sea temperatures (Biasutti et al. 2003). Cooler North 

Atlantic sea surface temperatures (SSTs) result in a southward (northward) 

migration of the ITCZ, lower (higher) rainfall in northern South America, and 

higher (lower) rainfall in the central Andes (Abbott et al. 1997; Baker et al. 2001a; 

Bird et al. 2011b; Peterson and Haug 2006; Seltzer 1993), resulting in changes to 

the strength of the SASM. Likewise, the SACZ is weakened in austral winter 

allowing polar air to flow toward the Bolivian High. A stronger Bolivian High in 

austral summer is displaced southward, resulting multiday periods of intense 

rainfall on the usually dry Bolivian and Peruvian Altiplano (Garreaud 2009; 

Lenters and Cook 1997; Vuille 1999). 

The ITCZ is also influenced on decadal to millennial scales by changes in 

sea surface temperatures or salinities of the North Atlantic Ocean. These changes 

affect the position and strength of the Atlantic Meridional Overturning Circulation 
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(AMOC), resulting in climatic changes in the Andes (Bond et al. 1997; Dansgaard 

et al. 1993; Heinrich 1988; Wang et al. 2014). While these events were strongest in 

the Pleistocene, weaker Bond Events possibly accounted for Holocene climatic 

anomalies at 8200 cal BP, 4200 cal BP and 1400 cal BP (Bond et al. 1997). While 

not defined in most paleoecological records, precipitation anomalies were recorded 

in Peruvian cave calcite (speleothem) records from 8200 cal BP (Cheng et al. 2009) 

and 1400 cal BP (Bird et al. 2011b; Kanner et al. 2013). Furthermore, the Bond 

Event at 4200 cal BP was suggested to be the driver of wetter conditions ending the 

Mid-Holocene Dry Event (MHDE) in the Andes (Marchant and Hooghiemstra 

2004). 

On a subdecadal scale, coupled atmosphere-ocean interactions in the 

tropical Pacific manifest as El Niño-Southern Oscillation (ENSO; Zebiak and Cane 

1987). ENSO produces brief periods of extreme drought or flood events occurring 

in irregular 2 – 7 year cycles (Baker and Fritz 2015; Garreaud et al. 2009). The 

warm (El Niño) and cold (La Niña) phases are driven by changes in Walker 

Circulation in the Pacific Ocean. El Niño events occur when trade winds in the 

Pacific are weakened or reversed, increasing Pacific SSTs which then lead to 

increased convection and precipitation on the west coast of Ecuador and Peru 

(Garreaud 2009). When Pacific trade winds increase in strength, warm SSTs are 

pushed west resulting in stronger upwelling of cool water off the west coast of 

South America. The interaction of these warm or cool Pacific SSTs with the ITCZ 

has also been linked to Atlantic SST anomalies (Münnich and Neelin 2005). In the 
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Andes, strengthened Walker Cells in the eastern Pacific (La Niña) are associated 

with extreme dry events in austral autumn in the eastern equatorial Andes and 

northern Peruvian Andes (Segura et al. 2019). In contrast, SST anomalies similar to 

those during warm ENSO periods (El Niño) are related to dry events in the 

Southern tropical Andes (8° – 20° S; Segura et al. 2019; Vuille et al. 2000). 

Enhanced convection over the central Pacific increases the temperature in the upper 

tropical troposphere, accelerating westerlies over the Southern tropical Andes 

(Garreaud and Aceituno 2001; Segura et al. 2019). Over longer periods of time, the 

Pacific Decadal Oscillation (PDO), an ENSO-like pattern of Pacific temperature 

change occurring at frequencies of 15 – 25 years (Mantua and Hare 2002), may 

enhance (prevent) the impacts of ENSO if in-phase (out-of-phase; Wang et al. 

2014). 

Within the Holocene (11,700 cal BP to present; Mayewski et al. 2004), the 

migration of the ITCZ, and variability in the PDO and ENSO contributed to periods 

of climatic instability in the Andes (Abbott et al. 2003). The early Holocene 

witnessed the transition to near modern temperatures by c. 13,000 cal BP (Moy et 

al. 2002), accompanied by a small increase in precipitation in the Central Andes 

between 11,000 and 10,000 cal BP (Hansen et al. 1994a; Nascimento et al. 2020). 

This pattern soon reversed as most multi-proxy evidence from Andean sites began 

to reveal a drier period known as the Mid-Holocene Dry Event (MHDE). 

During the MHDE, warming in the northern hemisphere caused the ITCZ to 

remain in its northern range, weakening the SASM, bringing less rain to the Andes 



11 

 

(Abbott et al. 2000; Mayle et al. 2000; Nascimento 2019; Seltzer et al. 2000). This 

drying caused lowered lake levels throughout most of the Peruvian Andes (Bush et 

al. 2004; Hansen et al. 1994a), and resulted in the near-complete melting of high 

Andean glaciers (Abbott et al. 1997). Some of the earliest evidence for Mid-

Holocene drying comes from Lake Junín in the central Andes which was driest 

around 10,000 cal BP (Seltzer et al. 2000), whereas Lake Titicaca in the south-

central Andes was 90 m lower than modern between 8000 and 4400 cal BP with its 

peak lowstand at c. 5500 cal BP (Baker et al. 2001a; Baker et al. 2001b). Evidence 

for vegetation response to increasing precipitation is evident after c. 5500 cal BP 

(Baker et al. 2005; Bush et al. 2015b; Valencia et al. 2010). The remainder of the 

Holocene did not experience another event as extensive as the Mid-Holocene Dry 

Event, but still experienced shorter temperature and precipitation fluctuations 

(Hansen et al. 1994a) including the Medieval Climate Anomaly (Thompson et al. 

2013), the Little Ice Age (Apaéstegui et al. 2014), and periodic increases in ENSO 

activity (Conroy et al. 2008; Moy et al. 2002). As the MHDE is not a synchronous 

“event” and this study analyzes relationships of human activity with local climate, 

aridity within the Holocene is discussed in terms of local aridity rather than the 

MHDE as a whole. 

 

DETECTING PASTORALISM IN THE ARCHAEOLOGICAL RECORD 

 

Current methods to assess the history of Andean camelids focus on remains 

found in the archaeological record, but direct interpretations remain unclear due to 
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issues with the proxies themselves. Most evidence of the presence of past camelids 

involve osteometric variability, tooth and bone morphology, and osteopathology 

(Goñalons 2008; Wheeler 1982). Identifying remains from later stages of 

domestication is easier because generations of captive breeding produced bones 

more similar to modern species. Nevertheless, the initial identification of 

specimens remains problematic due to small skeletal differences among early 

domesticates and the wild South American camelid species (Goñalons and 

Yacobaccio 2006b; Wing 1978a; 1978b).  

Skeletal remains are also analyzed in terms of overall body size as the 

transition to large-boned camelids generally indicates the presence of selective 

breeding (Cartajena et al. 2005; Goñalons and Yacobaccio 2006b; Olivera and 

Elkin 1994; Wing 1972). Signs of past herding are also inferred from abundant 

remains of small camelids suggesting mortality among young animals, which is 

argued to reflect diseases acquired in corrals. Yet, this theory is criticized for its 

assumption that size bias represents disease rather than the preferential hunting of 

small individuals (Moore 2016).  

In most cases of early camelids in the archaeological record, bones cannot 

be identified further than “camelid”, and so a distinction between “llama” and 

“guanaco” cannot be made. In these situations, camelid remains are interpreted in 

combination with other remains from the archaeological record. Camelid 

exploitation has been inferred by using the ratio of camelid to cervid (i.e., deer) 

remains (Moore 2016; Stahl 2008). This method is based on the assumption that 
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people would have been choosing to manage camelids rather than equally hunting 

both wild camelids and deer. However, this method is criticized on the basis that 

there were most likely seasonal biases in the hunting of camelids or deer as their 

breeding seasons differ. Consequently, the accumulation of bones of wild camelids 

and deer are not simultaneous, and cannot accurately reflect animal management or 

a true preference of wild camelids over deer (Browman 2016; Moore 2016). 

Other remains besides bones are also used to re-create histories of 

domestication. Archaeological fibers are considered to be a sign of animals 

domesticated for fine fibers (Núñez et al. 2006; Wheeler 1995). However, these 

fibers are difficult to identify as there are few modern camelid fiber analogs to 

archaeological fibers because many pre-conquest camelid breeds were lost after 

Spanish invasion (Moore 2016). The lack of modern analogs to these fibers reduces 

the ability to detect which fibers come from domesticated vs wild camelids. 

Presence of corrals are also used as indicators of past herding, but are often 

overlooked in field studies (Browman 2016; Moore 2016) and remain difficult to 

date (Browman 2016; Goñalons and Yacobaccio 2006b; Moore 2016).  

Furthermore, analyzing camelid remains at a large scale quantitatively is 

limited by the availability of direct radiocarbon dates. Although the chronological 

context of excavation layers are anchored using radiocarbon dating, it is common in 

many sites for the camelid data, within multiple layers, to be reported in relation to 

chronological or cultural phases (Goñalons 2008). For example, although lower 

layers from the initial studies of Uchcumachay Cave were dated to the early 
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Holocene, upper layers including camelid bones were cross-dated to layers in 

surrounding sites with radiocarbon control from bones, charcoal, or other artifacts 

by matching similar lithic assemblages (Wheeler et al. 1976). This type of dating 

resulted in an age range for domesticated camelid use between 9000 and 7500 cal 

BP, with intensification after 7500 cal BP in the Junín region. These large age 

ranges are common at many sites, especially in the Central Andes, as individual 

dates from charcoal or other organic material are used for age reference when 

analyzing phases in large layers of archaeological site deposits. 

Although all of these proxies provide valuable evidence of camelid use 

through time, they leave large gaps in the history of Andean camelid domestication. 

In particular, the early transition from wild to domestic individuals is poorly 

documented and, as the timing of that is uncertain, it has not been possible to detail 

the effect of the transition to pastoral lifestyles across the landscape.  

 

THE TIMING OF CAMELID DOMESTICATION IN ARCHAEOLOGICAL 

RECORDS 

 Although first domestication ages remain uncertain, the use of domestic 

camelids was widespread throughout the Andes by 4000 cal BP (Goñalons 2008; 

Moore 2016). Initially, domestication was thought to have originated in the Central 

Andes and radiated throughout the rest of the Andes; however, parallel trends in the 

south-central Andes over a broad area have led some archaeologists to consider the 

possibility of separate domestication events (Goñalons 2008). Because of 
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previously described problems in determining wild from domestic camelid remains, 

there are variations in the way remains are described in terms of social importance. 

Early records often cite domestication as the appearance of increased camelid 

remains at a site, with intense domestic practices later (Bruford et al. 2003; 

Wheeler 1995). More recent studies and reviews of early records accept a period of 

exploitation of wild individuals, rather than early domestication, in a version of a 

more commonly accepted prey pathway of domestication (Zeder 2012).  

In the central Andes, most records associated with domestication were 

centered around the puna of Junín, but still had variable records within short 

distances (Goñalons 2008). The caves of Telarmachay and Uchcumachay suggested 

an increased importance of camelids through time between 9000 and 7500 cal BP 

with intensification after 7500 cal BP (Wheeler et al. 1976; Wheeler 1985). At 

Telarmachay (Wheeler 2000), changes in mortality patterns after 4800 – 3700 cal 

BP were suggested from the increased ratio of newborn remains that may have 

resulted from death by bacterial infection under unsuccessful corralling conditions. 

Despite this evidence, some authors argued that the early variability in death 

profiles was not a result of year-round use of camelids, but rather due to variations 

in seasonal occupation of wild individuals as observed in nearby sites Pachamachay 

and Panaulacua (Kent 1983; Moore 1989; Moore 2016). Studies of remains from 

Pachamachay and Panaulauca cited stable camelid use through the early to mid-

Holocene (Kent 1983; Moore 1989) with evidence of age-class management at 
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Panaulauca, where camelid remains found between 4600 and 3600 cal BP represent 

larger individuals than those predating 4600 cal BP (Moore 1989).  

Like the central Andes, south-central sites also recorded increased camelid 

use through time (Goñalons and Yacobaccio 2006b; Yacobaccio 2004). Not all 

excavations document camelid remains between 10,000 and 8500 cal BP, but 

between 8500 to 5300 cal BP camelids are represented at almost all sites (Goñalons 

2008). Asana (Aldenderfer 1998) in southern Peru, and Huachicochana III 

(Fernández Distel 1986) and Quebrada Seca 3 (Elkin 1996) in northwest Argentina 

were some of the earliest sites (c. 10,000 – 8000 cal BP) in this region, where over 

80% of faunal remains were from camelids. Of note was that Quebrada Seca 3 also 

included small camelids, perhaps indicating young being reared. Goñalons and 

Yacobaccio (2006b), however, argue that the variability in death profiles in the 

early to mid-Holocene at Quebrada Seca 3 (Elkin 1996) is indicative of seasonal 

occupation of the site and subsequent opportunistic hunting rather than early 

management. Asana and sites in northern Chile show similar changes in age-class 

mortality after 4800 to 3700 cal BP, interpreted as the initial phases of 

domestication in this region (Aldenderfer 1998; Hesse 1982; Núñez et al. 1999; 

Wheeler 2000). Large camelid remains indicative of domestication were widely 

distributed across the area just south of Lake Titicaca and Chiripa, Bolivia by 4500 

to 3500 cal BP (Webster 1993; Whitehead 2007).  
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Unlike other regions, the Northern Andes do not follow the same trend in 

camelid domestication. Less archaeological evidence of pastoral practices has been 

found in the Northern Andes than from the central and south-central regions, and 

therefore this region is seldom considered in the discussion of initial camelid 

domestication. Most evidence of camelids in northern Peru and Ecuador is from the 

Pacific coast, perhaps reflecting animals brought by caravans from the Andes 

(Pozorski and Pozorski 1979). Analyses of bone and tooth stable isotopes, 

however, support local breeding in the western lowlands between 1900 and 1200 

cal BP (Dufour et al. 2014; Goepfert 2012; Miller and Gill 1990; Vásquez Sánchez 

et al. 2001). Genetic evidence has proposed the northern subspecies of the guanaco 

(Lama guanicoe cacsilensis) that ranges from 8° to 20° S as an ancestor of the 

llama and partial ancestor of the alpaca (Goñalons 2008; Gonzalez et al. 2006; 

Wheeler et al. 2006), and therefore regions within this range, north of the Junín 

region of Peru, should not be discounted as being undisturbed by Holocene 

pastoralism. 

 

AGROPASTORAL LINKS 

Whereas animal domestication is one form of human innovation during the 

Holocene, it is thought to be tightly linked to forms of agricultural domestication. 

Camelid meat would serve as a source of protein in a starch-driven diet, and 

provide food insurance for rising populations when potato crops failed (Jensen and 

Kautz 1974). An argument has also been made that quinoa domestication 
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(Chenopodium quinoa) was linked through co-evolution with camelid 

domestication (Kuznar 1995; Pearsall 2008). Quinoa is an Andean staple crop 

adapted for cold, dry climates that was grown at high elevation with potatoes and 

other Andean tubers (Chepstow‐Lusty et al. 2003; Pearsall 2008) before the 

adoption of maize (Cusack 1984b). The Amaranthaceae family, in which quinoa 

belongs, is linked to landscape disturbance (Hansen and Rodbell 1995), and was 

first connected to plant domestication by Anderson (1952). Corralling practices, in 

which manure-rich, disturbed habitats facilitated growth of Chenopodium, would 

have provided an optimal environment for quinoa production. Corrals would also 

have provided optimal areas for seed harvesting, and when abandoned, provide 

areas for seed sowing (Pearsall 2014).  

The archaeological and paleoecological data report varying ages for 

evidence of quinoa domestication. In the south-central Andes, quinoa seeds dated 

to 3450 cal BP were found at the Chiripa site in Bolivia (Bruno and Whitehead 

2003). Other archaeological evidence supports the domestication of quinoa in this 

area south of Lake Titicaca by at least 3500 cal BP (Aldenderfer 1999a; 

Aldenderfer 2008; Bruno and Whitehead 2003; Pearsall 2008).  

Fossil pollen data suggest a more variable record of quinoa presence from 

this region. Cultivation of quinoa from Laguna Marcacocha was evident at 4000 cal 

BP in the Cuzco area. Although quinoa cannot be identified to the species level 

using light-microscopy, high levels of Amaranthaceae pollen (which would include 

quinoa) dropped when maize was introduced to the landscape at 2800 cal BP 
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(Chepstow-Lusty et al. 2004a; Chepstow‐Lusty et al. 2003). Other lake records 

from the region suggest a similar history of reliance on quinoa giving way to maize. 

The Huaypo record provided evidence of human presence in the landscape with 

already-high levels of Amaranthaceae at the base of the record at 4400 cal BP, and 

a transition to maize agriculture at 2800 cal BP (Sublette Mosblech et al. 2012). At 

Pacucha, quinoa domestication was suggested at 5500 cal BP from a peak of 

Amaranthaceae pollen, higher fire frequency, and loss of arboreal taxa after a lack 

of Amaranthaceae pollen in earlier dry periods (Valencia et al. 2010). 

Amaranthaceae at Pacucha decreased only after a transition to maize agriculture at 

3000 cal BP (Valencia et al. 2010). 

 In central Peru, around the Junín region, there is much less variability 

between archaeological and paleoecological records. Quinoa seeds recovered from 

Pachamachay and Panaulauca caves dated to 4950 cal BP (Bruno 2006), and other 

archaeological evidence from the region points to quinoa domestication by 4000 cal 

BP (Bruno and Whitehead 2003; Pearsall 1983; 2014). Fossil pollen data support a 

similar timing of quinoa domestication. Records from Lagunas Junín, Tuctua, and 

Paca witnessed the highest levels of Amaranthaceae pollen c. 4000 cal BP, and 

were interpreted as indicating quinoa cultivation (Hansen et al. 1994a). 

 Evidence of quinoa cultivation from northern Peruvian sites is much more 

variable and lacks support from paleoecological studies. The first evidence of 

quinoa-like chenopods is from archaeological sites in the Nanchoc Valley dated at 

8000 and 7500 cal BP (Dillehay et al. 2007). Descriptions of Chachapoya diet from 
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archaeological settings, such as Kuelap or Monte Vuido (2350 cal BP), include 

quinoa as a dietary staple in areas above 3500 m (Guengerich 2014; Narváez 2013; 

Toyne et al. 2017). Other evidence of quinoa from the north such as 

Amaranthaceae remains in Manachaqui cave are dated c. 1670 cal BP (Pearsall 

1996). Isotopic analysis of the Los Pichudos people on the western side of the 

Andes (2860 masl) supports a C3 diet (quinoa and potatoes) with little C4 (maize) 

input between 480 – 415 cal BP (Toyne et al. 2017). Paleoecological records from 

the region are scarce and variable. Permanent occupation is inferred in the region 

since 9000 cal BP from La Compuerta (Weng et al. 2006), but the high-elevation, 

wetter, site of Laguna de Chochos showed little sign of human presence before 

modern (Bush et al. 2005). The only palynological evidence of quinoa in northern 

Peru exists from Laguna Baja, where Amaranthaceae and Ambrosia abundances 

increased between 5600 – 4000 cal BP.  The Laguna Baja data were interpreted as 

settlement and agricultural disturbance rather than direct evidence of quinoa 

agriculture (Hansen and Rodbell 1995). 

 

LASTING EFFECTS OF DOMESTIC PRACTICES ON ANDEAN 

LANDSCAPES 

Erosion is a well-documented issue in areas subject to intense burning, 

agriculture, and herding. The detrimental effects of these practices are exacerbated 

in mountainous regions where the instability of steep slopes increases the risk of 

major erosive events (Bustamante Becerra and Bitencourt 2007; Coppus et al. 
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2003). The Andes is no exception to the presence of human-induced erosion, 

especially as humans have been present in this landscape for over 10,000 years 

(Dillehay 2002; Lynch 2014). 

In high-elevation Andean environments, severe erosion is triggered by 

landscape degradation and the loss of vegetation that stabilizes slopes. Vegetation 

loss can be a direct result of land clearance from fire, but is usually a result of 

heterogeneous land use where fire is used as a management practice (Sarmiento and 

Frolich 2002). Fire alone results in detachment and transport of soil (Moody et al. 

2008) as regular burns reduce woody vegetation to promote grass growth for 

grazing animals (Bustamante Becerra and Bitencourt 2007). Heavy grazing, in 

combination with frequent burning, creates bare patches that increase erosion, 

reduce nutrient and water availability, and create temperature fluctuations on the 

soil surface (Manzano et al. 2000). This erosion pressure increases when herding is 

allowed on fallow or abandoned fields as vegetation growth is suppressed by 

trampling and grazing (Harden 1996). In the Ecuadorian Andes, Harden (1996) 

quantifies rates of erosion and suggests that cultivated plots show high 

heterogeneity in runoff, but overall runoff decreases along a landuse gradient from 

abandoned/fallow field, cultivated field, recently created field, pasture land, and 

forest.  

 Regardless of the type of land use, increased erosion is also a result of 

altered hydrology from human practices. Trampling by hooves is known to reduce 

the size and number of soil pores, which decreases the permeability of soil to water 
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(Manzano et al. 2000). An overall reduction of water retention subjects the land to 

aeolian erosion as well as runoff erosion (Podwojewski et al. 2002), which further 

limits vegetation growth. Without vegetation present to aggregate top- soil, water-

flow velocity increases and exposes clay-rich Andean subsoils (Molina et al. 2007). 

Degraded areas subject to clay erosion have accelerated rates of runoff as the clay 

encrusts the land surface, further reducing the capacity for water storage or soil 

retention (Molina et al. 2007). Over time, these processes contribute to irreversible 

desertification and sensitivity of the landscape to erosion (Coppus et al. 2003; 

Leamy et al. 1984; Podwojewski et al. 2002). 

 The cultivational strategies used for crops commonly grown in the high 

Andes such as quinoa, corn, and potatoes are considered highly erosive (Arnáez et 

al. 2015; Felipe-Morales 1987; Inbar and Llerena 2000; Nadal‐Romero et al. 2013). 

To reduce erosion and landscape degradation, pre-Colombian humans began 

terracing to retain water and soil, reduce the slope gradient, and control the 

overland flow of water (Tarolli et al. 2014). The earliest known terraces in the 

Andes are from the Colca Valley of Peru, dated 1300 – 1700 cal BP (Denevan et al. 

1987). As of 1990 AD, the terraced area in Peru alone covered approximately 2 

million ha (Gonzales de Olarte 1989; Inbar and Llerena 2000).  

 Maintaining terraces is labor-intensive, and narrow terraces are impossible 

to work with machinery, with the result that 60 – 90%  of terraces are now 

abandoned (Inbar and Llerena 2000).  When maintained, terraces perform the 

intended function of soil and water retention, but when abandoned, neglected walls 
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supporting terrace edges break down (Londoño 2008) resulting in mass soil 

movement and landslides (Arnáez et al. 2015; Lesschen et al. 2008). These effects 

are worse in semiarid regions because vegetation is often sparse (Arnáez et al. 

2015). Attempts to reverse large-scale erosion have been attempted, such as mass 

Eucalyptus planting in Peru in the 1970s (Millones 1982), but rainfall simulation 

studies have suggested that erosion rates at sites where Eucalyptus was planted is 

still greater than on terraced sites, but less than on bare slopes (Inbar and Llerena 

2000).   

When terrace abandonment is combined with the other impacts of fire, 

grazing, and cultivation, the effects of landscape degradation may be exacerbated. 

It is common practice for abandoned terraces to be used by grazing livestock, but 

these fields experience extreme erosion when over-grazed (Arnáez et al. 2015; 

Harden 1996; Okayasu et al. 2010). Understanding the duration of these activities 

and their effects on Andean landscapes is vital for the interpretation of 

paleoecological records, especially deriving credible chronologies for lakes 

surrounded by terracing.  

 

MULTIPROXY APPROACH TO DETECTING LANDSCAPE CHANGES 

 To re-create past-landscape changes in high elevation Andean systems, a 

series of high-resolution multiproxy analyses are frequently employed. Biological 

proxies including fossil Sporormiella, pollen, and charcoal provide a history of 

human activity through time. Other proxies analyzed including X-Ray 
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fluorescence, sediment pixel color, and loss-on-ignition provide insight into 

physical changes in a landscape. 

 SPORORMIELLA AS A PROXY FOR HERBIVORE ABUNDANCE. A 

key paleoecological proxy in the detection of large herbivores is a fungal spore of 

the genus Sporormiella. Sporormiella is a coprophilous fungus found only on the 

dung of herbivores, and is easily identified by its sigmoid aperture (Ahmed and 

Cain 1972; Davis and Shafer 2006). The life cycle of Sporormiella is dependent on 

herbivore ingestion (Rule et al. 2012). Spores germinate on herbivore dung and 

form fruiting bodies on the surface. The fruiting bodies of Sporormiella release 

ascospores in a gelatinous mass that sticks to nearby vegetation, which is then eaten 

by herbivores (Wicklow et al. 1980). The spores pass through the digestive system 

of herbivores and are excreted in dung to restart the life cycle. This type of spore 

release results in two main dispersal modes of Sporormiella: short-distance spore 

release and herbivore transportation (Ahmed and Cain 1972; Davis and Shafer 

2006). Therefore, spores that are washed into lakes and preserved in sediments are 

considered a local signal as long-distance dispersion of spores is ineffective (van 

Geel et al. 2003). 

Preserved Sporormiella has functioned as an indicator of both wild and 

domesticated herbivores. Although the spore is found on a variety of herbivore 

dung  (e.g. Ebersohn and Eicker 1997; Wood et al. 2011), spore numbers are most 

affected by the presence of large herbivores (Baker et al. 2013). This relationship 

has proven useful in understanding patterns of megafaunal extinction events in 
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North America (Davis et al. 1984; Gill et al. 2009; Robinson et al. 2005), South 

America (Raczka et al. 2017; 2018; Raczka et al. 2019a; Rozas‐Davila et al. 2016), 

Australia (Rule et al. 2012), and Madagascar (Burney et al. 2003). Where large 

herbivores are not naturally present, Sporormiella abundances indicate the 

existence of domesticated herbivores. In North America, Sporormiella relative 

abundance rarely exceeded 1% throughout the Holocene with the exception of sites 

with a history of animal management (Davis and Shafer 2006). Similarly, 

Sporormiella has served as an indicator of domestication events all over the world 

including grazing activity in Italy (Finsinger 2001), sheep presence in the French 

Alps (Etienne et al. 2013), and woodland grazing in Greenland (Schofield and 

Edwards 2011).  

The relationship between Sporormiella and herbivore presence has since 

spurred studies relating Sporormiella abundance to herbivore density. The result of 

these studies suggested that only a relative abundance, not the exact numbers of 

herbivores, can be determined from Sporormiella counts in cores. In the United 

States, the highest percentages of Sporormiella were associated with sites where 

livestock were corralled or where there was highly localized grazing (Davis and 

Shafer 2006; Parker and Williams 2012; Raper and Bush 2009). Davis and Shafer 

(2006) concluded that a relative abundance of 2 – 4% was indicative of livestock 

presence. Gill et al. (2009) also concluded that abundances were not standard for 

specific herd sizes, but reported significantly higher Sporormiella percentages from 

bison herds greater than 300 individuals with a cutoff in relative abundance of 
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2.8% for domestication. In Neotropical landscapes, Rackza et al. (2016) reached 

similar conclusions based on lake use and cattle density. In this study, a decrease in 

Sporormiella relative abundance was observed over a gradient of high, medium, 

and low animal use of lakes with very little impact from small herbivores, 

supporting the 2% herbivore detection threshold (Davis 1987; Raczka et al. 2016). 

Overall, spore production increases with biomass of dung, making it a useful proxy 

for herbivore abundance (Johnson et al. 2015). Furthermore, using Sporormiella as 

a proxy for camelid domestication provides a solution to uncertain osteological 

identification in the archaeological record as wild camelid family groups rarely 

exceed a dozen individuals (Vilá and Roig 1992). Therefore, increased presence of 

Sporormiella indicates domestic herd presence. 

 CHARCOAL AND POLLEN. Fossil charcoal and pollen provide insights 

into biological changes occurring in the landscape. Charcoal is used here as an 

indicator of fire occurrence, frequency, and intensity. In high-elevation Andean 

ecosystems, humans use fire to clear woody vegetation, promote better vegetation 

for grazing animals, and clear areas for agriculture (Sarmiento 2012b). Pollen is 

used to reconstruct the vegetation history in an area, also providing a proxy for 

maize and quinoa cultivation. 

 SEDIMENT PROXIES. Other proxies analyzed to understand the physical 

effects of domestic practices on a landscape included sediment pixel color, XRF, 

and loss-on-ignition (LOI). Sediment color (light versus dark) has been used 

previously to track runoff regimes in landscapes and to make inferences about 
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paleoclimate (Moy et al. 2002; Rodbell et al. 1999) or land use (Bush et al. 2017). 

XRF provides high-resolution elemental data useful for detecting a myriad of 

landscape and limnological changes, including erosion (Davies et al. 2015; Hahn et 

al. 2014), precipitation (Chen et al. 1999a; Xu et al. 2010), particle size of erosion 

(Dypvik and Harris 2001; Kylander et al. 2011), and drought events (Åkesson et al. 

2020; Haberzettl et al. 2007; Jouve et al. 2013; Raczka et al. 2019a). LOI provides 

an additional record of sedimentary organic versus carbonate content. 
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RESEARCH GOALS 

 This research aims to determine when and where major landscape 

modification from intense agropastoralism began in Peru and Ecuador. Connections 

will also be investigated between animal and plant. Specifically, this study 

addresses the following research questions: 

1) Was the onset of camelid domestication associated with mid-Holocene aridity?  

2) Are modern, high-elevation vegetation assemblages a product of a manufactured 

landscape? 

3) What are the long-term effects of intense agropastoralism on paleoecological 

reconstructions of high-elevation Andean landscapes? 

4) Did Holocene agropastoral domesticates coevolve? 
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CHAPTER II 

EROSION, EARLY TERRACING, AND DETECTING HUMAN 

AMPLIFICATION OF CLIMATE SIGNALS IN THE PERUVIAN ANDES 

 

 

INTRODUCTION 

The steep slopes of mountainous regions promote soil instability 

(Bustamante Becerra and Bitencourt 2007; Coppus et al. 2003) and prompt 

landslides (Clark et al. 2016). When people start to alter these lands with fire, 

agriculture, and herding, the probability of severe soil erosion is greatly increased 

(Rolando et al. 2017).  As people have been altering Andean landscapes for at least 

12,000 years (Raczka et al. 2019a), it is likely that there is a long history of human-

induced erosion (Dillehay 2002; Lynch 2014). The first landscape changes by 

hunter-gatherers were probably centered around fire (White 2013). By the early-

mid-Holocene there is evidence for domestication of camelids and the local 

invention of agriculture (Piperno 2011; Piperno and Dillehay 2008). Thus, by the 

mid-Holocene, it is likely that Andean landscapes were subject to the combined 

effects of burning, agriculture, and herding. The combination of these forms of land 

use remove the vegetation cover, compact the soil, wash away nutrients and, as 

water flow velocity increases, cause so much soil erosion that Andean clay subsoils 

are exposed (Molina et al. 2007). Over time, these processes contribute to 

irreversible desertification and sensitivity to erosion in the landscape (Coppus et al. 

2003; Leamy et al. 1984; Podwojewski et al. 2002). 
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 As a response to soil degradation, ancient humans developed terracing. 

When maintained, terraces supported agriculture on steep hillslopes by reducing the 

slope gradient, increasing water infiltration, and decreasing the surface flow and 

velocity of water, all which reduced soil erosion (Tarolli et al. 2014). Terracing 

Andean hillsides was common in dry and semiarid areas of high elevation with 

intense erosive processes (Inbar and Llerena 2000). In Peru alone, it is estimated 

that one half to one million hectares of the highlands were converted to terraced 

agriculture by pre-Columbian populations (Erickson 1992b). Despite terraces being 

so abundant, it is not known when this technology was employed in the Andes.  

 The dating of terraces is challenging because of biotic churning of soils, the 

uncertainty that biotic material beneath a rock wall accurately reflect when the wall 

was built, and the possibility that the first generation of terracing was completely 

replaced by later installations (Acabado 2009; Inbar and Llerena 2000). Lake 

sediments offer a continuous sedimentary record, although the onset of terracing 

has to be inferred from changes in proxies for erosion. Quantification of changes in 

the relative abundance of chemical elements in lake sediment via X-Ray 

fluorescence (hereafter XRF) can provide a high-resolution record of changing 

conditions in and around the lake through time (e.g., Åkesson et al. 2020; Elbert et 

al. 2012; Nascimento et al. 2020; Rothwell 2015; Stansell et al. 2010). Signatures 

of erosion can be traced through the inputs of terrigenous lithogenic elements, e.g., 

Fe, Ti, K, Al, Rb, Zr, and Si (Davies et al. 2015; Hahn et al. 2014). Ratios of some 

elements can also reflect erosion. In lake systems dominated by terrigenous input, 
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Rb/Sr reflects the dominance of physical erosion over chemical weathering (Xu et 

al. 2010). This process has been closely linked with precipitation, and the ratio has 

proven useful in tracking the intensity of Asian summer monsoons (Chen et al. 

1999a; Xu et al. 2010). The particle size of erosion can also be traced using Zr/Rb. 

Rb is often found in clay materials, and Zr is often found in medium to coarse silts 

and sand; therefore the ratio of Zr to Rb is a proxy for the erosion of coarse 

particles (Dypvik and Harris 2001; Kylander et al. 2011). The ratio of Ca/Ti is 

useful in tracking drought events in a lake record. Increases in Ca concentration 

usually reflect reduced precipitation, longer water retention times in the lake, and 

more evaporative conditions (Brown 2011). When normalized by Ti, which is of 

purely terrigenous origin and does not dissolve within a lake, the ratio of Ca to Ti 

can track intense drought events where high evaporation levels are coupled with 

low precipitation (Åkesson et al. 2020; Haberzettl et al. 2007; Jouve et al. 2013). 

Here, I use XRF analyses to identify a series of changes in erosion and the 

signatures of terracing within the catchment of a high-elevation Andean lake. 

 Although pixel analysis provides extremely high-resolution data, the 

records previously described all make the assumption that that lighter-colored 

sediments are associated with increased runoff. Bush et al. (2017) tested this 

assumption in an elemental analysis of sediments at Lake Sauce, but the 

relationship of pale sediments being related to increased runoff has not been tested 

in a high elevation landscape subject to intense human modification. This study 

presents analyses of a sediment core from Lake Acopia, southern Peru, and 
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provides a record of erosion in the past 7100 years in a high-elevation landscape 

subject to thousands of years of burning, cultivation, and herding. A sub-annual red 

intensity pixel analysis, in combination with XRF data, reveal the impacts of 

human land use on erosive properties within the catchment.  

Prior studies of high-resolution pixel color data have focused on the use of 

the red, green, blue (RGB) additive color model, along with grayscale values, that 

represent the colors of light, creating white at each value’s highest intensity. 

Subtractive color models, such as the cyan, magenta, yellow, darkness (CMYK) 

scale is another metric that can be derived from the same images, and although it is 

more intuitively related to the colors we perceive than the RGB spectrum 

(Ibraheem et al. 2012; Rosi et al. 2016; Schrödinger 1920; Trussell et al. 2005), it 

has not received as much attention.  

To determine the long-term effects of erosion and human practices on 

paleoecological reconstructions of high-elevation Andean landscapes, I specifically 

address the questions: 

1) When did terracing begin at Acopia? 

2) Do additive and subtractive color models provide similar assessments of     

terrigenous input into a basin? 

3) Is there evidence of human amplification of climate signals at Acopia?  
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STUDY AREA 

Lake Acopia lies at 3715 m above sea level (hereafter m a.s.l.) on the 

northeastern flank of the Andes in southern Peru, approximately 70 km southeast of 

Cusco. Mean annual precipitation in the Cusco area is 631 mm (Perry et al. 2014), 

with a mean annual temperature of approximately 12.8 °C (Galan et al. 2011). The 

lake has a closed basin with a mostly flat bottom, averaging around 20 m deep 

except for a depression in the west-central portion of the basin that reaches 98 m 

depth (Figure II.1). The basin is bordered by the Acopia Municipalidad to the 

north, farmland and pastures to the east and south, and a steeper slope with 

Eucalyptus to the west. Eucalyptus is a nonnative tree, only cultivated in this 

landscape within the past 50 years (Luzar 2007). The humans present in this region 

have been cultivating domestic crops since c. 7500 cal BP (Dillehay et al. 2007; 

Pearsall 2008) and practicing agroforestry since c. 650 cal BP (Chepstow-Lusty 

and Winfield 2000), planting high elevation Andean forest taxa to control soil 

erosion in cleared landscapes (Hastorf et al. 2005). 
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Figure II. 1: Panel A: Relative location of Acopia (red star) in relation to the 

Andes and other sites mentioned within the chapter: Pallcacocha (A), 

Llaviucu (B), Sauce (C), Miski (D), Marcacocha (E), Huaypo (F), 

Pacucha (G) Cerro Llamoca (H), Colca Valley (I), and Titicaca (J). 

Panel B: Bathymetry of Acopia with coring location indicated by star. 

Panel C) Satellite image of Acopia showing pastures, forested area, 

and the settlement adjacent to modern Lake Acopia (image from 

Google Earth). 
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METHODS 

DATA COLLECTION. In 2008, a sediment core was raised from Lake 

Acopia in 19.5 m of water using a Colinvaux-Vohnout piston corer (Colinvaux et 

al. 1999). Eight drives (7.74 m) of sediment were recovered before hitting a 

methane pocket in the sediment, halting the coring process. All cores were sealed in 

the field and sent back to Florida Institute of Technology where core descriptions 

were recorded before storage at 4 °C. Eight bulk sediment samples were shipped to 

Woods Hole Oceanographic Institute NOSAMS (National Ocean Sciences 

Accelerator Mass Spectrometry) for AMS (accelerator mass spectrometry) dating. 

The package “bacon” version 2.2 (Blaauw and Christen 2011a) was used to create 

the Acopia age model in R 4.0.2 (R Development-Core-Team 2020) using the 

IntCal13 calibration curve (Reimer et al. 2013). 

Loss-on-ignition at 108 subsampled locations along the core followed the 

protocol of Heiri et al. (2001b). Subsamples were heated to 550 °C for 4 hours to 

determine organic content, and at 950 °C for 2 hours to quantify carbonate content. 

XRF data were gathered to document erosion from bulk elemental data. The 

archive half of the core was scanned with an Avaatech XRF core scanner (Richter 

et al. 2006) at the University of Miami, Rosenstiel School of Marine and 

Atmospheric Science. Each refrigerated core was brought to room temperature 

before analysis to reduce condensation on the sediment surface. The core surface 

was then gently scraped with a glass slide, to present a fresh surface for scanning. 

Each core was covered with 0.4-µm-thick Ultralene® to prevent contact between the 
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XRF detector and the sediment surface. The XRF detector read elemental 

composition at 10 kV and 30 kV at a current of 1000 µA for 20 seconds every 2 

mm along the core.  

The archive half of the core was imaged using a GEOTEK core logger at 

the University of Florida. Each photo was processed using ImageJ software version 

1.51k (Rasband 1997) where the red, green, and blue (hereafter RGB) color 

intensity were extracted for a transect of pixels down the center of the core. RGB 

values were converted to the cyan, magenta, yellow, and black scale (hereafter 

CMYK) in R version 4.0.2 (R Development-Core-Team 2020). 

A total of 108, 0.5-cm3 sediment subsamples were analyzed for pollen, 

Sporormiella, and maize presence at the same locations as LOI. Pollen samples 

were prepared using standard palynological procedures (Faegri and Iversen 1989), 

and after initial counts were made  filtered through a 55-µm mesh to facilitate 

extended counting for large grains, such as maize. Pollen grains and spores were 

identified with a Zeiss Axioskop photomicroscope at x630 magnification; maize 

was identified as Poaceae grains > 80 µm. Full pollen-count results are discussed 

in-depth in Chapter III but are referenced briefly in results of the chronology. 

Sediment subsamples of 0.5 cm3 for charcoal analysis were taken 

continuously every centimeter along the core. The subsamples were filtered with 

water through a 180-µm mesh to separate macrocharcoal from other material within 

the sediment. The particles on the mesh were transferred to a petri dish for 

identification and quantification. All charcoal was identified at x20 magnification 
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on an Olympus stereoscope, and surface area was quantified using ImageJ software 

(Rasband 1997). 

EROSION ANALYSIS. Major changes in mean erosion, using the Ti 

record, were determined using the “changepoint” package in R version 2.2.2 with 

the BinSeg method (Killick and Eckley 2014). The number of meaningful change 

points was determined from the diagnostic plot created in the “changepoint” 

package where the addition of a true change point improves model fit. Changes in 

erosion patterns, as indicated by the true changepoints, were analyzed in 

combination with maize presence, charcoal, and Sporormiella influx as proxies of 

human landscape disturbance.  

SEDIMENT COLOR AND PIXEL COLOR ANALYSIS. Sediments were 

separated into 3 color categories: brown, red, and tan. A total of 36 locations, 

twelve locations per color, were sampled along the core for XRF composition. 

Sampled bands were > 5 mm width to avoid overlap in sediment color bands from 

the 2 mm XRF scanning resolution, and no samples were taken from the same 

continuous color band. The XRF data were analyzed using Principle Components 

Analysis (hereafter PCA) to determine the main drivers of bulk elemental 

composition using the R package “vegan” version 2.5-6 (Oksanen et al. 2013). The 

PCA was run with terrigenous bulk elements including Al, Si, K, Ti, Fe, Rb, and Zr 

as well as other ecologically relevant elements including Ca, Sr, Br, and Mn. 

 Differences in pixel color by sediment color group were determined with a 

Kruskal-Wallis test followed by a Dunn test. A Spearman correlation among all 
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pixel colors and XRF elements was performed to determine whether associations 

exist between pixel color and erosion elements of the XRF. Finally, a Morlet 

wavelet was used to determine if periodicity exists in significant pixel colors at a 6 

month resolution using the “biwavelet” package version 0.20.19 in R (Gouhier et 

al. 2019). Cross wavelets and wavelet coherence were performed to determine the 

variations between significant pixel color values and red values used in previous 

literature (Bush et al. 2017; Moy et al. 2002).  

 

RESULTS 

CHRONOLOGY AND STRATIGRAPHY. Four out of the eight bulk 

sediment 14C dates from NOSAMS were accepted and used to create the “bacon” 

age model (Table II.1; Figure II.2). The presence of Eucalyptus pollen, a nonnative 

tree cultivated within the past 50 years (Luzar 2007), in the topmost sample (1 cm 

depth) confirmed that the top of the core is modern. The four dates that were 

rejected as outliers came from the upper 120 cm of sediment; accepting them would 

have meant rejecting as many or more other ages. The consequences of accepting 

the two ages at 120 and 81 cm are dealt with in Table A-1 and Figure A-1. The 

resulting age model has a total core age range of c. 7140 – -50 cal BP. 
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Table II. 1: Results of AMS dating of 8 bulk sediment samples from Lake Acopia, 

Peru. Ages were calibrated with Calib 8.2 (Stuiver et al. 2017). 

Lab ID 
Depth 

(cm) 

14C (yr BP)      

± 1 σ 
cal BP 2σ range 

Median 

age cal 

BP 

13C 

OS-135406*   7 5,070 ± 40 5660 – 5897 5817 -27.51 

OS-125490*   71 4,500 ± 20 5159 – 5287 5167 -25.5 

OS-126479*   81 2,610 ± 20 2698 – 2757 2749 -24.35 

OS-135405*   120 3,140 ± 25 3222 – 3383 3368 -27.23 

OS-125489   156 2,480 ± 20 2633 – 2701 2589 -25.4 

OS-125503   365.5 3,070 ± 20 3283 – 3345 3291 -25.84 

OS-125504   578 4,180 ± 20 4570 – 4823 4728 -25.91 

OS-125505   698 5,610 ± 25 6298 – 6407  6372 -26.69 

*Indicates rejected radiocarbon date      
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Figure II. 2: The chronology for the sediments of Lake Acopia developed using 

“bacon” age modelling (Blaauw and Christen 2011a) and the IntCal13 

calibration curve (Reimer et al. 2013). Calibrated 14C dates (blue) are 

shown with the age-depth model. For the transparent blue shapes 

heights display the 1 σ range of the calibrated ages, and widths display 

the most probable range of calibrated ages used in the age model 

iterations. Darker greys indicate more likely calendar ages. Grey 

dotted lines depict 95% confidence intervals. The red dotted line 

depicts the best model based on the weighted mean age for each 

depth.  
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Sediment layers within the Acopia core were mostly clay, though some 

intervals had higher concentrations of darker colored gyttja (Figure II.3). High 

carbonate contents and low organic contents coincided with lighter colored clays, 

and sandier sediment in the basal section of the core (774 to 700 cm). Above 700 

cm depth, darker sediment was deposited, but carbonate and organic patterns did 

not align until after 650 cm depth. Sedimentation rates were highest between 565 

cm and 150 cm with rates of 0.15 to 0.2 cm/yr, and were lowest in the top 150 cm 

of the record with a rate of 0.05 cm/yr. 
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Figure II. 3: Stratigraphy of the Lake Acopia sediment scaled by age. The right three panels portray 

sedimentation rate, percent organic content, and percent carbonate content from left to right, 

respectively. 
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X-RAY FLUORESCENCE. Changepoint analysis found 4 main changes in 

the mean of the Ti record of Acopia as indicated by the diagnostic plot (Figure 

II.4). These major depositional changes occurred at c. 2290, 3090, 3900, and 5360 

cal BP. These ages were used to define zones in the XRF data for ease of 

interpretation below. Only Ti and Fe are described as they are representative of an 

array of terrigenous bulk elements that all follow the same trends; these included 

Al, Si, K, Ti, Fe, Rb, and Zr. Overall, Ti, Fe, and Rb/Sr all appear inversely related 

to patterns of Ca.  
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 Changepoint diagnostic plot. The number of true change points in a sequence 

occurs where the “elbow” of the plot indicates a substantial increase in 

the test statistic. 
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XRF zone 1 spans the period from c. 7140 to 5360 cal BP (Figure II.5). Ti, 

Fe, and Rb/Sr are all consistently low, and had their lowest values of the record. 

Ca, Ca/Ti, and Zr/Rb are consistently higher in this zone over others. The 50 year 

mean of Ca values reaches the highest peak in the record at c. 6510 cal BP 

decreasing steadily until c. 5360 cal BP. Ca/Ti reaches a peak for the record here at 

c. 6860 cal BP, and Zr/Rb is consistently higher in this zone than in others. 

Charcoal influx peaks at c. 3540 cal BP within this zone are commonly about 0.5 

mm2cm-2yr-1 from c. 5940 to 5360 cal BP. No maize pollen is found within this 

zone, and Sporormiella is absent or at very low abundances. 

XRF zone 2 lasts from c. 5360 to 3900 cal BP. Ti, Fe, and Rb/Sr all become 

more variable within this zone. Mean Ti values remain higher here than in the 

previous zone. Values of Ti, Fe, and Rb/Sr values remain fairly constant from c. 

5360 to 4750 cal BP, reach a the lowest values of the zone from c. 4750 to 4400 cal 

BP, peak within the zone from c. 4400 to 4200 cal BP, and decrease again after c. 

4200 cal BP until the end of the zone at 3900 cal BP. Ca values remain mostly low 

within this zone, but exhibit peaks between c. 4750 to 4380 cal BP and c. 4200 to 

4000 cal BP. Ca/Ti shows the same pattern of peaks as Ca, but has values close to 

zero before c. 4750 cal BP. Zr/Rb peaks between c. 4630 and 4540 cal BP 

coinciding with the highest peak in charcoal influx for the record. Charcoal influx 

is high between c. 4880 – 4580 cal BP and c. 4330 – 3940 cal BP. One maize grain 

is found in this zone at c. 4380 cal BP, and Sporormiella influx begins to increase 

after c. 4520 cal BP. 
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 XRF zone 3 lasted from c. 3900 to 3090 cal BP. Ti, and Fe had the highest 

consistent values of the record within this zone, including the highest mean Ti 

values. Rb/Sr remained constant at relatively high levels except for a large peak of 

0.3 at c. 3170 cal BP. Ca, Ca/Ti, and Zr/Rb consistently had their lowest values 

within this zone. Charcoal influx remained low except for a peak at c. 3440 cal BP. 

Maize pollen was found consistently, and Sporormiella influx had its largest peaks 

at c. 3640 and 3290 cal BP. 

 XRF zone 4 spanned the period of c. 3090 to 2290 cal BP. Mean Ti values 

showed a decrease here with trends followed closely by Fe, and Rb/Sr. These 

values decreased in the first part of the zone at c. 2940 cal BP before rising to the 

peak of the zone at c. 2620 cal BP. Ca, Ca/Ti, and Zr/Rb values remained low in 

this zone as well as charcoal influx. Maize presence remained constant. 

Sporormiella influx dropped to almost zero at c. 2960 cal BP before rising again to 

peak within the zone at c. 2580 cal BP; Sporormiella remained present in lower 

abundances in this zone than the last.  

 XRF zone 5 covered the rest of the record from c. 2290 to -45 cal BP. Mean 

Ti values decreased in this zone to almost zone 2 levels (c. 5360 to 3900 cal BP), 

but were less variable here than in zone 2. Fe and Rb/Sr both followed the same 

trends as Ti with a decrease in values at c. 2230 cal BP, before becoming fairly 

constant in the rest of the zone. Rb/Sr is the only one of these variables to show 

increases in values around c. 180 cal BP. Ca, Ca/Ti, Zr/Rb, and charcoal all 

remained constantly low within this zone except for a small peak in all values at c. 



47 

 

 

2180 cal BP. Maize was present in this zone until c. 1780 cal BP, and then after c. 

230 cal BP. Sporormiella influx rose to c. 100 per mm2cm-2yr-1 at c. 1780 cal BP 

and remained at those values until the end of the record.  
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Figure II. 4: Selected XRF proxies and ratios. All items shown illustrate raw values in gray with a 50-year running 

mean in black. Horizontal green dashed lines illustrate where changepoint analysis (Killick and 

Eckley 2014) indicated a change in mean Ti values shown as red vertical lines. Blue + indicates 

maize presence. 
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SEDIMENT COLOR ANALYSIS. The PCA of bulk XRF elements 

sampled by sediment color showed a full separation of tan and red colored 

sediments along axis PC1 (Figure II.6). The bulk elemental composition for brown 

sediments showed no separation from the tan or red sediment composition. Axis 

PC1 explained 74.12% of the overall variation in XRF bulk element composition 

with an eigenvalue of 8.15. The positive end of PC1 was characterized by the 

terrigenous elements Si, Al, Fe, K, Ti, Rb, and Zr. The negative end of the axis was 

characterized by Ca and Sr. Axis PC2 explained 10.86% of the overall variation in 

XRF bulk element composition with an eigenvalue of 1.19. The positive end of 

PC2 was characterized by Mn, and the negative end was characterized by Br. 

  



50 

 

 

5
0
 

 

Figure II. 5: A) Biplot of PC1 and PC2 of the XRF bulk element composition PCA 

colored by brown, red, and tan sediments. B) PC1 plotted against 

time. C) PC2 plotted against time. Sample locations indicated by 

corresponding colored dots. 

  



51 

 

 

5
1
 

Differences in measured pixel color values among sediment color groups 

were tested with a series of Kruskal-Wallis tests per pixel color with a Dunn test 

post-hoc (Table II.2). All pixel colors showed significant differences by sediment 

color in red-brown and tan-brown sediment groups, but only the magenta pixel 

color showed a significant difference among all 3 sediment color groups. The 

magenta pixel value was also the only pixel color value to display highest values 

for red sediments rather than tan sediments. The exception to this was the K (black) 

value of the CMYK scale which showed the highest median and mean values for 

the brown sediments.  
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Table II. 2: Kruskal-Wallis results of pixel color value by sediment color group. 

All Kruskal-Wallis tests were significant, so only within group 

differences are shown by the post-hoc Dunn test, with significantly 

different values shaded in gray. Median, median absolute deviation 

(MAD), and mean pixel values for each sediment color group are 

recorded in the last 3 columns respectively.  

Pixel 

Color 

Dunn Test 

significance (p) 

between sediment 

color groups 

Median Value 

of Sediment 

pixel Color 

MAD of 

Sediment 

pixel  Color 

Mean Value of 

Sediment pixel 

Color 

Red 

Red-Brown 0.0001 Brown 64.54 Brown 9.00 Brown 65.30 

Tan-Brown 0.0000 Red 117.97 Red 5.97 Red 119.60 

Tan-Red 0.2488 Tan 133.07 Tan 35.09 Tan 159.86 

Green 

Red-Brown 0.0005 Brown 64.77 Brown 9.03 Brown 62.59 

Tan-Brown 0.0000 Red 86.31 Red 4.12 Red 89.93 

Tan-Red 0.1941 Tan 122.43 Tan 37.97 Tan 140.65 

Blue 

Red-Brown 0.0002 Brown 52.31 Brown 8.00 Brown 52.73 

Tan-Brown 0.0001 Red 80.76 Red 6.89 Red 79.22 

Tan-Red 0.3856 Tan 89.57 Tan 25.02 Tan 105.55 

Grayscale 

Red-Brown 0.0001 Brown 59.38 Brown 6.92 Brown 60.21 

Tan-Brown 0.0000 Red 92.86 Red 5.46 Red 96.25 

Tan-Red 0.2427 Tan 115.02 Tan 31.67 Tan 135.35 

Cyan 

Red-Brown 0.0006 Brown 1.47 Brown 1.47 Brown 3.31 

Tan-Brown 0.0006 Red 0.00 Red 0.00 Red 0.00 

Tan-Red 0.5000 Tan 0.00 Tan 0.00 Tan 0.00 

Magenta 

Red-Brown 0.0000 Brown 1.28 Brown 1.28 Brown 5.91 

Tan-Brown 0.0248 Red 25.15 Red 2.44 Red 24.79 

Tan-Red 0.0064 Tan 13.84 Tan 8.19 Tan 14.90 

Yellow 

Red-Brown 0.0028 Brown 18.38 Brown 5.29 Brown 20.52 

Tan-Brown 0.0002 Red 31.79 Red 4.76 Red 33.74 

Tan-Red 0.2308 Tan 37.59 Tan 6.05 Tan 36.00 

Black (K) 

Red-Brown 0.0001 Brown 74.12 Brown 2.81 Brown 73.64 

Tan-Brown 0.0000 Red 53.74 Red 2.34 Red 53.10 

Tan-Red 0.2488 Tan 47.82 Tan 13.76 Tan 37.31 

RGB and Grayscale values range 0 to 255 

CMYK values are percentages 
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Correlations among core pixel colors and XRF bulk elements from the 36 

subsampled sediment color locations show no significant correlations between 

pixel colors and XRF elements except for magenta (Figure II.7). Magenta has a 

significant positive correlation with all terrigenous elements (p < 0.05, rho ≥ 0.48) 

including Zr, Rb, Fe, Ti, K, Si, and Al. Magenta pixel color is negatively associated 

with Br (p < 0.05, rho = -0.42).  

 

 

Figure II. 6: Correlations among measured pixel colors and XRF elements. The 

absence of X in a square indicates a significant correlation between 

variables (p < 0.05). Color indicates correlation strength (rho) with 

blue positive and red negative. 
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RED VS. MAGENTA PIXEL COLOR WAVELETS. To reduce the effect 

of noise on overall trends, descriptions of red and magenta intensity are 

descriptions of the 50-year running mean of values. Red intensity values are highest 

from c. 7140 BP to 6400 cal BP, with elevated red values extending until c. 5900 

cal BP (Figure II.8). Except for a peak in red intensity at c. 4500 cal BP, the rest of 

the red intensity values for the record remain between 80 and 120. The red intensity 

wavelet displays three main time periods of significant periodicity. The period from 

c. 7140 to 5900 cal BP displays a significant periodicity of 1 to 16 years, the period 

from c. 4700 to 2200 cal BP displays a significant periodicity of mostly 1 to 4 

years, but up to 8 years at times, and the period from c. 2200 to 250 cal BP displays 

a significant periodicity of 2 to 8 years.  

 Magenta percentage values show a different trend through time than red 

intensity. Values remain at c. 10% from c. 7140 to 5600 cal BP, then reach almost 

0% around c. 5500 cal BP. From c. 5500 cal BP, magenta pixel values increase 

steadily, reaching c. 28% by c. 3200 cal BP. After c. 2200 cal BP, magenta values 

stay fairly steady at about 10% until c. 1200 cal BP when values begin to steadily 

rise again. The magenta wavelet shows larger periods of significance at a 256 year 

periodicity and above throughout the entire record. A 1 to 2 year significant 

periodicity occurs periodically from c. 7140 to 2200 cal BP, but consistently from 

2200 cal BP until the end of the record at c. -45 cal BP. 
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Figure II. 7: Wavelet analysis of Acopia core red and magenta pixel values. A) 50-year running mean of Acopia 

red intensity, B) 50-yr running mean of Acopia magenta %, C) Morlet wavelet analysis of Acopia 

red intensity, and D) Morlet wavelet analysis of Acopia magenta %. In wavelets, significant 

periodicity is displayed with the black outline, and white shaded area indicates the cone of influence. 
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 The cross wavelet of the Acopia red and magenta wavelets reveal 

significant periods of high common power throughout the record (Figure II.9). 

From c. 7140 BP to 6600 cal BP, the periodicity of common power is 1 to 16 years. 

Significant periods of high common power also occur from c. 5000 cal BP to the 

end of the record at c. -45 cal BP at a periodicity of 1 to 4 years. A significant 

period of high common power also occurs from c. 5000 to 2200 cal BP at a 

periodicity of 256 to 512 years. All significant periods of high common power less 

than a 16-year periodicity are antiphase (arrow pointing left) between the red and 

magenta wavelet. Significant periods larger than 16-years periodicity are mostly in-

phase (arrow pointing right) between the red and the magenta wavelets. 

 The wavelet coherence of the Acopia red and magenta wavelets reveal 

periods of significant local correlation of periodicity between the two wavelets. 

While significant correlations between the two wavelets appear throughout the 

record, there are few significant periods of local correlation under a 2-year 

periodicity. Most significant periods under a 16-year periodicity are antiphase (left 

arrows), while most significant periods over a 16-year periodicity are in-phase 

(right arrows).  
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Figure II. 8: Comparison of Acopia red intensity and magenta % wavelets A) 

Cross-wavelet of red and magenta wavelets, B) Wavelet coherence of 

red and magenta wavelets. Significant areas are outlined in black, and 

the white shaded area indicates cone of influence. Arrows on 

significant areas show an antiphase pattern when pointing left, and an 

in-phase pattern when pointing right. 
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DISCUSSION 

CHANGES IN LAKE LEVEL AT THE MACRO SCALE. The XRF and 

sedimentary record from Lake Acopia provides a history of erosion in response to 

fire, human land use, and climate throughout the mid- and late-Holocene. The 

sediment chemistry and high-resolution core imagery allow for a detailed 

reconstruction of erosion patterns within the lake catchment.  

Loss-on-ignition and lithology indicate that the coring location within Lake 

Acopia was within an ephemeral marsh-like system from the beginning of the 

record at c. 7140 BP until 6400 cal BP. The light, sandy deposits present until c. 

6400 BP suggest the absence of a permanent lake at this time (Figure II.3). Such 

sand/clay-rich systems are common where periodic drying causes sediments to 

partially oxidize (Pfeiffer et al. 2018). Around c. 6400 cal BP, a wetter system 

formed as signatures of a strongly evaporitic system, i.e. low organic carbon and 

high carbonate values weakened, and darker laminated gyttja began to be 

deposited. Organic carbon and carbonate values fully transition from antiphase 

evaporitic patterns (Figure II.3) to in-phase patterns after c. 5900 cal BP suggesting 

a cessation of strong drought impacts upon the coring location and an expansion of 

the water body into a larger lake.  

The regional charcoal record indicates that humans were most likely 

burning this landscape before the start of the Acopia record (Paduano et al. 2003; 

Valencia et al. 2010). Although fire is a natural part of the landscape, the 

continuous presence of charcoal in high quantities points to human influence on the 
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fire regime. The charcoal record suggests that fire is present from the beginning of 

the sequence in low amounts, most likely as a result of the small water body 

present before the lake expanded c. 5900 cal BP. The small body of water would 

have been detecting only local fire at this time, and the record may represent the 

uneven deposition of local charcoal from a marsh-like system at the coring site. 

With the expansion of the water body into a larger lake at c. 5900 cal BP, a more 

regional signal of fire can be detected for the area around Acopia. Drier intervals, 

as illustrated by higher Ca levels, and periods of intense drought, illustrated by 

higher Ca/Ti, witnessed greater burning in the landscape. During these events, the 

reduced moisture enhanced flammability of the fuel load and the capacity of 

humans to burn the landscape. Local moisture increased between c. 4300 and 4000 

cal BP and is reflected in reduced levels of charcoal after c. 4000 cal BP.  

PATTERNS OF EROSION. The input of terrigenous material into the 

Acopia lake basin was reflected in the patterns of terrigenous bulk XRF elements 

through the mid- and late-Holocene. As all terrigenous bulk elements Ti, Fe, Al, Si, 

K, Rb, and Zr in the Acopia sediments show similar trends, these elements will be 

referred to collectively as terrigenous elements.  

 The zones created from the changepoint analysis in mean Ti levels at first 

reflect low precipitation in the transition from the mid- to late-Holocene, but then 

changes in human land use after c. 5360 cal BP. From c. 7140 to 5360 cal BP, 

mean Ti levels and overall terrigenous inputs remained low. Elevated Ca revealed 

more evaporitic conditions for this entire period, and Ca/Ti revealed periods of 
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drought from c. 7140 to 6460 cal BP and c. 6200 to 5890 cal BP (Figure II.5). 

These local periods of drought coincide with regional patterns of drought as 

recorded at nearby Lakes Consuelo (Urrego et al. 2010), Pacucha (Hillyer et al. 

2009b), and Miski (Nascimento et al. 2019a). While the quantity of terrigenous 

input remained low in this period, the relative size of terrigenous input as reflected 

by Zr/Rb is large here compared with the rest of the record. The larger grain size 

indicated by the Zr/Rb ratio would be consistent with periods of standing water 

interspersed with dry periods of evaporitic deposits and coarser clastic 

sedimentation (Handford 1982; Pfeiffer et al. 2018). These highest values of Zr/Rb 

in XRF zone 1 occurred from c. 7140 to 6400 cal BP reflecting the ephemeral 

marsh-like setting present in the beginning of this record. After c. 6400 cal BP, 

patterns in Zr/Rb followed patterns of charcoal influx suggesting that burning 

became the agent controlling the deposition of the coarse sediment fraction. Lower 

Ca/Ti values after c. 5400 cal BP suggested a deeper lake system and coincided 

with regional isotopic records indicating increased precipitation (Figure II.10; Bird 

et al. 2011a; Kanner et al. 2013). 
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Figure II. 9: Proxies from Acopia compared with those for regional precipitation. 

All solid black lines display the 50-year running mean for the record. 

Gray lines display raw values. A) Acopia pixel red intensity, B) 

Acopia drought record (Ca/Ti), C) Huagapo speleothem δ18O 
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(Kanner et al. 2013), D) Pumacocha sediment δ18O (Bird et al. 

2011a), E) Acopia pixel magenta %, F) Acopia soil erosion (Rb/Sr), 

G) Acopia terrigenous input represented by Ti with red bars shown 

for mean Ti values per changepoint section and maize presence 

indicated by +. Red and blue shaded areas represent local relative 

drier and wetter periods respectively as indicated by Ca/Ti. Vertical 

dotted line indicates time of hypothesized terrace building around 

Acopia. 

 

 

THE ONSET OF CULTIVATION. After c. 5400 cal BP, mean Ti levels 

increased and terrigenous input into the lake became more variable. Increased 

precipitation was reflected in elevated levels of terrigenous input and decreased Ca 

values (Figure II.5). Greater variance in Rb/Sr values after c. 5400 cal BP 

suggested greater variability in soil runoff. A spike in the Ca/Ti record between c. 

4600 and 4450 cal BP indicated a return to drought-prone conditions. This event 

marked a division within the core, from when people appeared to have a relatively 

minor ongoing impact, to a system where they increasingly altered the landscape. 

The largest peak of charcoal coincided with the drought, but subsequently large 

fires became rarer, perhaps suggesting a decrease in available fuel. The first 

detected maize presence occurred directly after this drought at c. 4380 cal BP, as 

did an increase in the coprophilous fungus, Sporormiella, probably reflecting 

camelid herding. Importantly, that first occurrence of maize was accompanied by a 

pulse of erosion, i.e., the largest peak of terrigenous input within XRF zone 2 (c. 

5360 – 3900 cal BP). The input of red clay material also began c. 4380 cal BP 

suggesting the expansion of landscape clearance beginning to erode the clay subsoil 
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common in the Andes (Molina et al. 2007) at this time. No other evidence of maize 

cultivation was discovered until after c. 3900 cal BP, and erosion values decreased 

between c. 4100 and 3900 cal BP despite fire being used regularly, as illustrated by 

increased charcoal influx.  

 The influence of human activity on erosion intensified after c. 3900 cal BP. 

The highest mean levels of Ti occurred between c. 3900 and 3090 cal BP as maize 

cultivation became constant in the landscape and increased Sporormiella influx 

suggests that herding activity intensified (Figure II.5). Terrigenous input and soil 

erosion (Rb/Sr) only decreased slightly from c. 3090 to 2290 cal BP as maize 

cultivation remained constant in the landscape, but herding intensity decreased. If 

precipitation was the main driver of erosion patterns in this record, an overall 

steady increase in erosion through time would be expected as precipitation shows 

sustained increased throughout the late Holocene (Fig II.10), but this was not what 

the Acopia data revealed. 

The time-period from c. 2290 to -50 cal BP stands out in the Acopia data 

because the mean levels of terrigenous input (Ti) and soil erosion (Rb/Sr) 

decreased almost to the level of XRF zone 2 (c. 5360 to 3900 cal BP). Thus, despite 

evidence of intense landuse and increasing precipitation, the amount of erosion 

paralleled that of an earlier time with a less disturbed landscape (Figure II.10). The 

reduced erosion is not simply explained by grazing or cultivation changes. Herding 

was quite constant during this period, and while maize cultivation was not constant 
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throughout the period, it was still present until c. 1700 cal BP and after c. 300 cal 

BP.  

The combination of maintained human influence and increasing 

precipitation should have resulted in higher levels of erosional input, i.e., closer to 

those experienced between c. 3900 and 2290 cal BP, rather than c. 5360 to 3900 cal 

BP. Another difference of erosion before and after c. 2290 BP is the change from 

deposition of red clay-rich sediments to the accumulation of organic-rich lake muds 

or gyttjas that began between c. 2400 and 2200 cal BP. As reddish clay is a 

common subsoil for Andean landscapes (Molina et al. 2007), its deposition 

suggests that humans were eroding the subsoil of the landscape.  

Landscape management within the Cusco region is attributed most 

commonly to the Wari and Inca. The Inca were thought to have managed Alnus as a 

way to stabilize landscapes (Chepstow-Lusty and Winfield 2000). The Wari and 

Inca were also well known for their practices of irrigation and terracing (Branch et 

al. 2007; Staller 2016); practices that stabilized landscapes, but that would have 

produced pulses of erosion within the landscape as they were built. The change in 

erosion patterns between c. 2400 and 2200 cal BP to more organic sediments and 

overall less runoff, despite the continuous use of the landscape and increasing 

precipitation led me to suggest that humans may have been terracing this landscape 

by c. 2200 cal BP.  As cultivation and herding are highly erosive processes, 

terracing would have been a reasonable solution for soil and water retention in the 

landscape.  
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 Terracing in southern Peru is known to predate the Inca, but the onset of its 

use is not known. The earliest terraces may have been earthen rather than of stone 

construction, with a goal of retaining soil or water (Pearsall 2008; Posthumus and 

Stroosnijder 2010). Branch et al. (2007) dated stone-walled terraces near Cuzco to 

c. 1300 cal BP, whereas in the drier setting of the Colca valley most terraces lie 

above 3600 m elevation and are between c. 1300 and 1700 years old (Denevan et 

al. 1987). However, two older 14C ages of c. 2400 and 3000 years from the Colca 

valley (Denevan et al. 1987) could have reflected earlier terracing though this was 

uncertain (Guillet et al. 1987; Sandor and Eash 1995). Hence the suggestion for 

terracing at Lake Acopia beginning c. 2200 cal BP is certainly early, but it lies 

within the range that has been discussed previously. 

EROSION LINKS TO CHRONOLOGICAL CONTROL. The Acopia 14C 

record is complicated by reversals in the top 1.2 m of sediment (Table II.1), but the 

age reversals present in the last 2000 years of the record may provide insight into 

land use. Because Eucalyptus is a nonnative tree only cultivated in this landscape 

within the past 50 years (Luzar 2007), the presence of Eucalyptus pollen in the 

sample at 1 cm depth indicates a modern age for the core top.  

Age reversals are not uncommon in series of 14C dates from paleo 

sequences where people have induced landscape erosion (Bush et al. 2016; Rowe et 

al. 2003; Schittek et al. 2015). In these systems, erosion creates an influx of “old 

carbon” from the landscape that contaminates the signal of 14C that accumulates in 

lake sediments. Similar patterns have also been described in Europe with the 
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expansion of Neolithic agriculture (Edwards and Whittington 2001) and in periods 

of farming and grazing expansion around Lake Baringo, Kenya (Kiage and Liu 

2009). Dating basement soils, i.e., C horizons in Amazonia and the Andes 

commonly produces 14C ages in excess of 15,000 years (e.g. Bush et al. 2007), and 

thus these subsoils contain a substantial “old carbon” component. 

At Acopia, the two ages with problematic dates between 81 and 120 cm 

indicate inputs of old carbon. The amount of contamination needed to produce the 

observed age offsets, inferred to be in error by c. 1530 and 1500 years respectively, 

could indicate the erosion of soil into the basin (Mathewes and Westgate 1980; 

Rowe et al. 2003). The two overlying dates from 7 and 71 cm that were in excess of 

4000 14C years, were inferred to be in error by c. 5650 and 4170 years, respectively 

(Table II.1). This larger error suggests a larger input of old material, or the input of 

older material. As all four of these problematic dates occur within the period of 

overall decreased terrigenous input, I hypothesize that the age reversals present in 

the top 1.2 m of sediment are further evidence of terracing present in the landscape.  

The hypothesized influence of a terraced landscape on erosion and old 

carbon input is illustrated in Figure II.11. After vegetation is cleared to create areas 

for cultivation or to promote grazing, the soil surface profile is disturbed, and more 

prone to erosion (Moody et al. 2008). Erosion will increase the influx of “old 

carbon” from sediments, which will increase in age as deeper soils and clay 

subsoils are eroded. In the attempt to decrease erosion and increase water retention, 

humans built bench terraces in this region of the Andes (Inbar and Llerena 2000). 
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Bench terraces are created by digging out a portion of soil from upslope, and using 

that material to fill the terraced structure below (Dorren and Rey 2004). This would 

result in a sediment profile as seen at Acopia where red clays from eroded Andean 

subsoil (Molina et al. 2007) are deposited with landscape disturbance, and 

continuous 14C reversals of increasing age occur until modern. Therefore, the age 

reversals present in the top 1.2 m of sediment are mostly related to the input of 

older material from subsoil rather than topsoil. The final chronology of the Acopia 

record from c. 7140 – -50 cal BP was chosen to minimize the impacts of old carbon 

influx from soil erosion on the overall age sequence. 
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Figure II. 10:  Hypothesized influence of terracing upon Andean landscapes and 

old carbon input.  
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 Further discussion of the top two 14C ages at 7 and 71 cm with the largest 

age reversals is necessary as the inferred error of these ages were large and 

occurred within a period of increasing Rb/Sr. While all age reversals were under 

the influence of older material being washed into the lake, the erosion patterns 

shown by the XRF data suggest an additional process impacting the age reversals at 

7 and 71 cm. Overall terrigenous input did not increase between c. 2200 cal BP (c. 

150 cm depth) and modern (top of the core), but the values of Rb/Sr began to 

increase c. 1000 cal BP. Increased values of Rb/Sr suggest more intense weathering 

in the landscape associated with clay input, as Rb is mostly associated with fine 

silts and clays (Jin et al. 2006; Xu et al. 2010). The interpretation of the Rb/Sr 

record alone could be interpreted as terrace degradation, as terrace abandonment 

causes intense erosional input (Inbar and llerena 2000, Arnaez et al. 2015, Tarolli et 

al. 2014). However, the interpretation of Rb/Sr along with the uniform record of 

terrigenous input after c. 2200 cal BP, suggests a change in the type of material 

eroded rather than the overall quantity of material eroded. When compared with 

sediment stratigraphy, red clays began depositing again c. 1100 cal BP coincident 

with the increase in Rb/Sr. Therefore, the increasing age reversals in the top two 

ages of the core interpreted with Rb/Sr and red clay deposit could reflect an 

expansion of terracing around Lake Acopia. The expansion of terracing would have 

exposed more clay subsoil to erosion (Figure II.11), even though overall quantities 

of erosion have decreased. Increasing Rb/Sr began c. 550 cal BP during the period 

of Inca expansion (Covey 2008), and could reflect more terracing within the 
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landscape through clay exposure. The trough in Rb/Sr c. 420 cal BP occurred at the 

time of Spanish conquest of the Incan civilization (Hemming 1970), and may be 

the consequence of temporary terrace abandonment. 

The adopted age model suggests a period of very rapid sedimentation 

between c. 3200 and 2200 cal BP and coincides with the highest abundances of 

maize in the record at a time when low Sporormiella abundance suggest fewer 

animals visiting the lake. Increased land area used for crop cultivation is likely to 

have increased erosion, as documented at this time at Lakes Huaypo (Mosblech et 

al. 2012), Marcacocha (Chepstow-Lusty et al. 1996), and Sauce (Bush et al. 2017).  

 USING PIXEL COLOR TO TRACK CLIMATE SIGNALS. Pixel color 

analysis of high resolution core images has previously allowed for the investigation 

of patterns present in sediment cores at annual or subannual resolutions (Bush et al. 

2016; Bush et al. 2017; Moy et al. 2002; Rodbell et al. 1999). In these past records, 

gray or red has been the pixel color of choice to track pulses of terrigenous material 

as grayscale values reveal the input of lighter material into a core (Rodbell et al. 

1999), and red has been suggested to reflect the input of terrigenous material that is 

often redder from a higher Fe content than autochthonous material (Bush et al. 

2016; Moy et al. 2002). At both Pallcacocha (Moy et al. 2002) and Sauce (Bush et 

al. 2016), the patterns revealed by red pixel sediment color have suggested the 

increased influence of ENSO events at the sites as wavelet analyses detected 

terrigenous input at a 2 to 8 year periodicity. However, the results from the Acopia 
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pixel color analysis suggest a different interpretation of the red pixel value than 

previously described.  

 In the analysis of visible color groups, brown, red, and tan, the red 

sediments were associated with higher values of terrigenous elements as expected. 

The PCA of relevant XRF bulk elements to limnological studies illustrated in 

Figure II.6 showed complete separation of red and tan colored sediments along 

PC1. While red was associated with terrigenous elements along the positive end of 

PC1, the tan sediments were associated with Ca and Sr in the negative direction of 

PC1. As increased levels of calcium reflect more evaporitic conditions (Brown 

2011), and Sr readily replaces Ca in carbonate structures (Xu et al. 2010), the tan 

sediment color is reflecting drier conditions in the core. Brown sediments show no 

true separation from the other two sediment colors by XRF bulk element 

composition, but do show more variation along PC2. PC2 is forced in the positive 

direction by Mn, often associated with changes in redox potential (Kylander et al. 

2011; Melles et al. 2012), and in the negative direction by Br, commonly associated 

with total organic carbon (Fedotov et al. 2012; Unkel et al. 2010). PC2 is thus 

reflecting variations in redox conditions of the lake as the inverse relationship of 

Mn and organic carbon reflects the oxidation of organic material in the reduction of 

Mn oxides (Froelich et al. 1979). As the pixel color analysis is centered upon the 

influx of terrigenous material, further discussion will be based solely upon 

terrigenous input.  
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 If, assuming red pixel values are an accurate representation of red sediment 

color, the PCA results illustrated in Figure II.6 suggest that red pixel values should 

accurately represent terrigenous input. However, a further analysis of the pixel 

values reveals different trends. The Kruskal Wallis test by pixel color results 

displayed in Table II.2 reveal that RGB and grayscale pixel values are significantly 

different between brown sediments and red sediments, and brown sediments and 

tan sediments, but there is no difference in pixel values between red and tan 

sediments. Furthermore, red and grayscale pixel values of each sediment color 

group are consistently higher in tan than red sediments (Table II.2). This finding 

suggests that when tracking increasing red or grayscale values in the Acopia 

sediment, the highest pixel values will be associated with tan sediments, or drier 

conditions, rather than terrigenous input, as illustrated in Figure II.10 with the 

strong connection of red intensity to Ca/Ti trends. Also, the trend of lowest red or 

grayscale values in brown sediments, middle values in red sediments, and highest 

values in tan sediments is counterintuitive to the way we would interpret “drier” 

events from PC1. If red pixel values were tracking terrigenous input delivered to 

the lake via runoff, and the XRF elemental data suggest tan sediments as the driest 

conditions, we would expect red and grayscale values to increase on the gradient 

from tan, brown, and then to red. The missing connection between red or grayscale 

pixel colors and sediment color is further supported by the correlation matrix 

illustrated in Figure II.7. Red, green, blue, and grayscale pixel values, while all 
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significantly correlated to each other, are not correlated to any XRF elements in this 

analysis, including all of the terrigenous bulk elements.  

 When trying to track terrigenous input from core photo pixel color, the lack 

of connection to RGB and grayscale values could be a result of the difference 

between color of light (additive color models) and physical color (subractive color 

models; Rosi et al. 2016; Schrödinger 1920). When analyzing photos, RGB values 

explain the intensity of each red, green, and blue in the contribution to overall color 

of light. RGB pixel values range from 0 to 255, with 255 being the brightest; if all 

red, green, and blue values are equal to 255, then white light is created (Figure 

II.12). Therefore, RGB values independently are not tracking the physical color of 

the sediment, but rather the overall brightness of the sediment, hence the strong 

correlation of RGB to grayscale values (Figure II.7). For example, Table II. 3 

illustrates measured pixel color values in relation to visible color. While the second 

color may appear the ‘most red’ out of the three colors shown, it does not have the 

highest red value. This is because the tan colored box in Table II.3 is brighter than 

the others and will therefore have higher values of all RGB pixel values. Therefore, 

the RGB pixel values are all referring to brightness, as in the color of light that 

makes up the perceived color, rather than physical color.  
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Figure II. 11: Conceptual diagram of color models and their interpretation in terms 

of sediment color: A) Additive RGB color model and B) Subtractive 

CMYK color model. 
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Table II. 3: Example of RGB and CMYK pixel values in relation to tan, red, and 

brown physical colors as seen in the Acopia sediment profile. 

Color Red Green Blue Cyan Magenta Yellow K (Darkness) 

  243 248 140 2% 0% 44% 3% 

  136 29 18 0% 79% 87% 47% 

  101 68 45 0% 33% 55% 60% 

 

 

 

 

 To avoid the issue of pixel color as a reflection of brightness, the RGB pixel 

values can be converted to the cyan, magenta, yellow, and darkness (CMYK) scale, 

a subtractive color model (Figure II.12). The CMYK color scale reflects the 

physical color of an object where values of 100% saturation for all 4 values create 

black. In this color scale, the cyan, magenta, yellow, and darkness values reflect the 

actual saturation of each color. When converted to this scale, the core pixel values 

for Acopia reveal trends better related to terrigenous input (Table II.2). Like the 

RGB pixel colors, cyan, yellow, and darkness show significant differences between 

red and brown sediments and tan and brown sediments, but not between tan and red 

sediments. The only pixel color to show both a significant difference among all 

three sediment color groups and increasing values on the gradient of driest to 

wettest (tan, brown, then red) is magenta. This observation is supported by the 

correlation matrix in Figure II.7 where magenta is the only pixel color significantly 

associated with any bulk elements, and is positively correlated with all terrigenous 
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bulk elements. Furthermore, magenta percentages closely track the values of Rb/Sr 

after c. 4500 cal BP until the end of the record at c. -50 cal BP (Figure II.10).  The 

example provided in Table II.3 illustrates the increasing magenta pixel values with 

the color of sediment (red) associated with terrigenous input. Therefore, in the 

analysis of Acopia sediments, the additive and subtractive color models do not 

provide similar records of terrigenous input into Acopia. In terms of pixel core 

sediment color, magenta should be used to track terrigenous input as it is the only 

color to accurately track the difference among sediment color groups and the only 

pixel color reflecting the input of terrigenous material into the lake. 

COMPARING RED AND MAGENTA WAVELETS AND DETECTING 

HUMAN AMPLIFICATION OF CLIMATE SIGNALS AT ACOPIA. When 

comparing the Acopia red and magenta pixel value wavelets, two contrasting 

patterns emerge. If analyzing the red intensity wavelet without other sediment 

analyses, the red intensity record of Acopia may be interpreted as revealing human 

amplification of climate signals (Figure II.13). If interpreted from c. 5900 cal BP 

until modern when Acopia existed as a larger water body, constant significant 

periodicity between 0 and 4 years, sometimes reaching 8 years, is visible with the 

onset of herding in the landscape c. 4400 cal BP. This periodicity switches to a 2 to 

8 year periodicity after c. 2200 cal BP, the suggested onset of terracing in this 

landscape. The start of significant periodicity commonly associated with ENSO 

events with intensified land use may lead to the conclusion of climate signal 

amplification.  The presence of significant events during times when other records 
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suggest ENSO to be quiescent between c. 7140 and 5900 cal BP, however, 

highlight some of the issues with using red intensity to track ENSO events in this 

record.  

 

 

 

  

Figure II. 12: Acopia red (A) and magenta (B) pixel value wavelets plotted with 

periods of major landscape disturbance. Llama silhouettes represent 

periods of high Sporormiella influx (double llama = peak influx), 

maize indicates maize presence, and fire indicates landscape 

burning. 
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Considering the previously described relationships between red, magenta, 

and terrigenous input, however, the use of red intensity is not logical. The sediment 

color analysis from Acopia suggests that red intensity is tracking bright sediments 

of multiple colors that may be a product of both wet and dry events, but with 

nonlinear trends to those expected in a wet to dry gradient.  

Analyzing periodicity in color intensity using wavelets of magenta pixel 

values, correlated with terrigenous bulk XRF elements (Figure II.7), reveals a very 

different pattern than that of red intensity. While significant periodicity occurred 

randomly throughout the record, significant periods of 0 to 2 years became constant 

after c. 2200 cal BP. No 2 to 8 year periodicities commonly associated with ENSO 

events were detected in this record. While an argument can be made that ENSO 

events may not have been strongly manifested in this landscape, the larger concern 

is that the red intensity and magenta pixel value wavelets can suggest different 

influences of humans upon the landscape. If interpreted without further XRF and 

sediment analysis, the red intensity record could be possibly interpreted as 

reflecting ENSO activity with intense land use after c. 5000 cal BP; the magenta 

pixel values, now known to follow trends of terrigenous input in the Acopia record, 

suggest no more than a possible amplification of seasonal precipitation signals from 

the exposure of clays after terracing began (Figure II.11). When comparing these 

two wavelets, the cross wavelet analysis indicated an inverse relationship of all 

significant areas of common power under a 16-year periodicity and the wavelet 

coherence indicated inverse relationships of local correlation under a 16-year 
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periodicity (Figure II.9). These inverse patterns further support the pixel results of 

red intensity tracking drought as magenta intensity tracked runoff events (i.e., 

precipitation).  

The observation of pixel intensity representing one proxy, (i.e., drought) 

rather than another terrigenous input may be site specific. When the same CMYK 

transformation and wavelet analysis is tested on the Sauce pixel record from Bush 

et al. (2017), there are no large differences between red intensity and magenta % 

records (Figure II.14). Although the wavelet coherence does not suggest much local 

correlation between the two Sauce wavelets, the cross wavelet results show periods 

of high common power within the time period of intensified agricultural activity 

from c. 2200 cal BP until present. Most arrows of the cross wavelet between red 

and magenta are pointing right, suggesting that the significant periods of high 

power at Sauce are in-phase.  
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Figure II. 13: Pixel wavelets from Sauce, Peru (Bush et al. 2017). Shaded white area is the cone of influence. 

Areas outlined in black are areas of significant periodicity. A) Red intensity Morlet wavelet, B) 

Magenta Morlet wavelet, C) Cross wavelet detecting areas of similar high power between red and 

magenta wavelets with arrows showing phase relationships, D) Red and magenta wavelet 

coherences showing local correlations between red and magenta wavelets. 
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The contrasting patterns in the pixel analysis between Sauce and Acopia 

could be a result of the regional setting of each lake. Lake Sauce is a lowland 

Amazonian site at the foot of the northern Peruvian Andes and it is possible may 

have a different subsoil than the south-central high-elevation Andes. It is also a site 

that is considerably wetter than Acopia, and may therefore not have brighter 

colored sediments deposited as a result of frequent drought. Bush et al. (2017) 

analyzed subsamples of different colored sediments at Sauce, finding that lighter 

colored sediments corresponded with terrigenous elements including Fe, Al, Si, and 

K. The initial analysis of sediments at Sauce therefore supported the use of red 

intensity as a reliable record of terrigenous input. Tracking the input of terrigenous 

input directly, would be the most ideal method, but would include considerable 

XRF scanning time depending on core length to achieve a resolution fine enough 

for annual and subannual analyses. Although Ti inputs can be used to indicate 

amplification of ENSO signals with the intensification of agropastoralism 

(Nascimento et al. 2020), the very high-resolution analyses required may be cost-

prohibitive on longer cores. Color-based pixel analysis remains a less expensive 

option to produce potentially sub-annual data and is shown to be a reliable option. 

The differences between the pixel records of Sauce and Acopia therefore 

emphasize the importance of analyzing sediment composition before assuming that 

red intensity will track terrigenous input into a lake. Given this uncertainty, the 

CMYK scale performs consistently and should be the preferred method of color 

quantification. 
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CONCLUSIONS 

 The data from Acopia support the existence of a landscape extensively used 

by humans through the mid- to late-Holocene. Although fire was continuous in the 

landscape until the late-Holocene, maize cultivation and herding were present 

earlier, and produced considerable erosion around Acopia. Erosion continued to 

increase with intensified land use until c. 2200 cal BP when the quantity of erosion 

decreased, but clay deposition increased. The decreased terrigenous input c. 2200 

cal BP until present, despite the continuous use of the landscape and increasing 

precipitation through the late-Holocene, led to the suggestion of the onset of 

terracing at this time. I also present the hypothesis that high elevation Andean 

landscapes that were subjected to intense erosion and switched to a system of 

terracing would exhibit increasing 14C age reversals from the onset of terracing due 

to the influence of “old carbon” in exposed clay subsoils. Erosion patterns from 

cores that exhibit intense age reversals near the top of the core should be 

investigated further for evidence of terracing. Overall, the data presented from 

Acopia support that the long-term effect of agropastoralism in this landscape was 

intense erosion. The extreme erosion from agropastoralism culminated in the 

physical transformation of the landscape by past humans though terracing in an 

attempt to reduce erosion. 

 In the analysis of pixel color to uncover human amplification of climate 

signals, the Acopia sediment record suggests only the amplification of seasonal 

precipitation after the onset of terracing at c. 2200 cal BP. More importantly, the 
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color analysis of this record uncovered major potential inconsistencies if it is 

assumed that red intensity is an indicator of terrigenous input. Rather, it is 

necessary to analyze sediment composition from individual sites before assuming 

one particular pixel color correlates with terrigenous input. Existing records of red 

or grayscale intensity without a sediment analysis should be interpreted cautiously 

as these proxies may not be tracking runoff. At least in this case, magenta as a 

measurement of sediment color, provided a better proxy for subsoil erosional inputs 

than the RGB spectrum.  
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CHAPTER III 

CULTIVATION AND PASTORALISM IN A MANUFACTURED LANDSCAPE 

OF THE PERUVIAN ANDES 

 

INTRODUCTION 

During the Holocene (11,700 cal BP to present), Andean cultures 

transitioned from nomadic to settled lifestyles. Part of this transition was the 

independent invention of agriculture (Bruno 2006; Piperno 2011) and animal 

domestication (Goñalons and Yacobaccio 2006c). These societal innovations took 

place against a backdrop of both climatic and ecological change.  

Glacial cooling gave way to warmer climates in the tropical Andes between 

c. 21,000 and 14,000 calibrated 14C years before present (hereafter cal BP; Smith et 

al. 2005). Indeed, the regional warming associated with deglaciation was probably 

more or less complete by c. 14,000 cal BP, but precipitation and seasonality 

continued to change. Oscillations in precipitation driven by fluctuations in both 

Pacific and Atlantic sea-surface temperatures resulted in substantial changes in the 

volume and surface area of Peruvian lakes (Baker and Fritz 2015; Hillyer et al. 

2009a; Placzek et al. 2006). Initially, the Holocene was warm, wet, and highly 

seasonal, with a trend towards drier and less seasonal conditions into the mid-

Holocene. Lakes shrank to their smallest sizes between 8000 and 5000 cal BP, 

before attaining near-modern sizes in the late Holocene (after ~4200 cal BP). 

Ecologically, Andean systems were still responding in the late glacial and 

early Holocene to the upslope migration of species in response to deglaciation and 
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warming (e.g., Valencia et al. 2010). The return of tree species to the high Andes 

was still ongoing at c. 12,000 cal BP, when humans were entering the landscape 

(Raczka et al. 2019a). Newly arrived humans rapidly exterminated the remaining 

Pleistocene megafauna and promoted fire activity (Barnosky and Lindsey 2010; 

Metcalf et al. 2016; Raczka et al. 2019b; Rozas-Davila et al. 2016). Both these 

actions may have favored smaller grazing mammals, such as vicuña and guanaco, 

which could have occupied niches vacated by megafaunal grazers (sensu Smith et 

al. 2016). The path to domestication for these wild species has been the subject of 

considerable debate as the history of pastoralism in the high Andes is poorly 

known. Here we present the first multi-proxy study expressly addressing the 

ecological impacts of pastoralism-vegetation-climate interactions in the high, dry, 

grasslands, known as Puna. 

MANUFACTURING THE ANDEAN LANDSCAPE. Modern Andean 

grasslands are fire-adapted systems that appear to have been shaped by thousands 

of years of human activity (Sarmiento 2012a). Natural fires in modern systems can 

be ignited by lightning under extremely dry conditions. However, the resulting fires 

are small and tend to burn out when they encounter trees or crags (Román-Cuesta 

et al. 2011; Troll 1968; Young and Leon 2007). Although these grasslands are fire-

maintained habitats, humans start the great majority of fires (White 2013). A 

sudden increase in charcoal occurrence in the late Pleistocene seems to be a reliable 

signal of human arrival in the Andes (Bush et al. 2005; Paduano et al. 2003). 

Increased fire frequency would have reduced woodland cover in the Puna 
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grasslands and stabilized or even depressed the tree-line (Lutz et al. 2013; Urrego et 

al. 2011a).  

Crops such as squash, peanuts and beans were introduced to the Andes by c. 

10,000 – 9000 cal BP (Piperno 2011; Piperno and Dillehay 2008), and were 

eventually supplemented by quinoa (Chenopodium quinoa) and maize (Zea mays). 

Fire then became part of agricultural maintenance to clear fields of stubble, clear 

sightlines, reduce snake populations, and promote grazing for game animals 

(Aragão et al. 2007; Bush et al. 2015a; Malhi et al. 2010; Oliveras et al. 2014). 

Bringing game animals into domestication may have developed independently at 

multiple locations along the Andes.  

Camelids, like people, need water, and access to this precious resource in 

the dry Andean highlands may have been integral to early animal domestication. 

Llamas and guanacos have a lower water requirement than vicuña and alpaca, 

resulting in larger possible geographic ranges (Goñalons 2008). Vicuña and alpaca 

need to drink daily and have a preference for soft succulents, forbs, and grasses in 

their diet (Franklin 1983; Goñalons 2008; Stahl 2008). Preferred grazing areas are 

the high-elevation herbaceous wetlands, locally known as bofedales, that are highly 

vulnerable to climate change (Squeo et al. 2006a). The tendency of these areas to 

dry up completely during arid periods has led some archaeologists to suggest that 

drought conditions in the mid-Holocene may have resulted in the concentration of 

both humans and wild camelids around high altitude lakes (Grosjean et al. 2003; 

Núñez et al. 2001; 2002). One hypothesis is that the prolonged concentration of 
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humans and camelids may have facilitated early Andean camelid domestication 

(deFrance 2016).  

PALEOECOLOGY AS A TOOL TO TRACE DROUGHT AND 

PASTORALISM. Drought or dry events within the mid-Holocene in the south-

central Andes of Peru and Bolivia are well documented in paleoecological records. 

Detailed seismic surveys of Lake Titicaca revealed a wave-cut bench at 90-m 

below modern level that was dated to between c. 8000 and 3600 cal BP 

(D'Agostino et al. 2002). This period coincided with the period of maximum mid-

Holocene drying at various Andean sites detailed in Figure III.1, and included in 

Figure III.2. 
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Figure III. 1: Mid-Late Holocene drying trends in Andean sites: Huascaran 

(Thompson et al. 1995), Sajama (Thompson et al. 1998b), Cerro 

Llamoca (Schittek et al. 2015), Lakes Llagunillas and Umayo 

(Ekdahl et al. 2008), Lake Miski (Nascimento et al. 2019a), Lake 

Titicaca (Tapia et al. 2003b), Refugio lakes (Urrego et al. 2011a), 

Lake Pacucha (Hillyer et al. 2009a; Valencia et al. 2010), Lake 

Consuelo (Urrego et al. 2010), and Amazonian Lakes Gentry, Parker, 

Vergas, and Werth (Bush et al. 2007), with earliest known agro-

pastoral indicators shown. Red bar indicates warmest period, gray 

bars indicate driest period of record. Single * indicates the start of 

Amaranthaceae cultivation, ** indicates the transition to maize 

agriculture. Black bar at beginning of record bar indicates the start of 

the record. Events listed are: 1) Date when camelid remains become 

common in most Andean archaeological sites (Goñalons 2008); 2) 

Earliest dated archaeological evidence of Andean chenopod (Dillehay 

et al. 2007); 3) Earliest dated archaeological evidence of Peruvian 

maize (Grobman et al. 2012); 4) Earliest Holocene Sporormiella in 

paleo record indicating presence of domesticated animals (Rozas 

Davila, 2020); 5) Increase in Amaranthaceae pollen at Lake Junín, 

Peru (Hansen et al. 1994a); and 6) Lake Huaypo fills in (Sublette 

Mosblech et al. 2012). 
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Prior to the European introduction of sheep, cattle, and horses, pre-

Columbian grazing pressures were limited to llama and alpaca herds (Baied and 

Wheeler 1993). The effects of these animals on past ecosystems are unknown, but 

artificially high densities of any hoofed grazer would be expected to increase soil 

erosion and produce changes in the vegetation community through selective 

feeding and seed dispersal. If densities of grazers are too high, however, they can 

further stress the system through overgrazing (Quiroz and Saatchi 1998; Struelens 

et al. 2017b).  

Based on studies of modern (Adler and Morales 1999; Coppus et al. 2003) 

and past (Bajard et al. 2020; Kiage and Liu 2009) grazing in Andean grasslands, 

the signatures of pastoralism would be expected to include increased erosion, 

leading to eutrophication (Costa-Böddeker et al. 2012; Hall et al. 1999b), a 

lowering of vegetation height to create a close-cropped sward (Barros et al. 2014; 

Molinillo and Monasterio 2006), and the favoring of disturbance taxa, leading to a 

flora rich in opportunists and pioneers (Dorrough et al. 2007; Erickson 1992a). The 

introduction or increase in fire frequency, which commonly co-occurs with 

pastoralism (Ramsay and Oxley 1996) would favor fire-tolerant species.  

The best paleoecological proxy for fire frequency is the temporal signature 

of charcoal in lake sediments (Valencia et al. 2016; Whitlock and Larsen 2002). If 

fires increased in frequency and burned wood, larger sedimentary inputs of 

charcoal would be expected, but areas that become deforested and burn grasses 

rather than wood could produce less char (Kennard and Gholz 2001). Lastly, 
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increased dung in the catchment is likely to be reflected in fungal coprophiles, such 

as Sporormiella (Davis and Shafer 2006). Sporormiella abundances in lake 

sediments have been used to identify pastoralism in North America (Davis and 

Shafer 2006), Africa (Ebersohn and Eicker 1997), Europe (Finsinger 2001), and 

Madagascar (Burney et al. 2003). Beyond these local factors, there could be also 

larger-scale changes that alter the hydrodynamics of bofedales and grazed fields 

(Squeo et al. 2006a) or that alter plant species dominance from landscape-level 

grazing and burning (Gordon and Prins 2008). 

The concept of manufactured landscapes in South American ecosystems has 

been adopted by researchers of lowland Amazonia where it has been hypothesized 

that desirable plant species may owe their abundance to pre-historic forest 

enrichment by humans (Balée 1993; Clement et al. 2015; Roosevelt 2013b). While 

this idea is still actively debated, based on the scale of impact at low elevations 

(Bush and McMichael 2016; Bush and Silman 2007; Lombardo et al. 2020a; 

McMichael et al. 2012; McMichael et al. 2017), the prolonged presence of humans 

in Andean landscapes supports the idea that manufactured landscapes may be more 

likely and widespread in high elevation Andean landscapes (Bush et al. 2015a; 

Sylvester et al. 2017).  

Here we use a highly-resolved, 7000-year paleoecological record from Lake 

Acopia, southern Peru, to address a series of research questions: 

1) When did animal domestication begin at Acopia? 

2) Is there an association between herding intensity and drought intensity? 
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3) What is the main driver of vegetation change in an occupied landscape? 

4) Is the area surrounding Acopia a manufactured landscape? 

 

 

 

 

  



92 

 

9
2
 

 

Figure III. 2: Location of Acopia (red star) in relation to other sites discussed 

within the Chapter III text. 
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STUDY AREA 

A full description of the Acopia basin morphology can be found in Chapter 

II (Figure II.1, p. 33). Humans have been present in the region for >10,000 years 

(Dillehay 2002; Lynch 2014; Núñez et al. 2002; Sandweiss et al. 1998). These 

early Holocene occupants began plant domestication and agriculture about 7500 cal 

BP, growing potatoes and possibly quinoa at the time (Dillehay et al. 2007; Pearsall 

2008). Around c. 2845 cal BP, maize agriculture increased in the region around 

Lake Huaypo (Sublette Mosblech et al. 2012), becoming a staple crop between 950 

and 450 cal BP (Covey 2008). The people of the Cusco area have been practicing 

agroforestry since about 650 cal BP (Chepstow-Lusty and Winfield 2000), planting 

high altitude or Andean forest taxa such as Polylepis, Alnus, and Escallonia to 

control soil erosion in cleared landscapes (Hastorf et al. 2005). At Acopia (Figure 

II.10, p. 60), maize cultivation was evident at c. 4380 cal BP, but did not become 

constant in the landscape until c. 3900 cal BP. Signals of maize cultivation at 

Acopia remained until c. 1780 cal BP, but did not appear again until after c. 230 cal 

BP. However, the lapse in time with no signal of maize cultivation present could 

have been a result of maize pollen being trapped in agricultural terraces, as 

terracing is thought to have begun c. 2200 BP (Chapter II, p. 29).  

The largest known civilizations to inhabit this region were the Wari and 

Inca. Both the Wari and Inca expansions have been linked to the exploitation of 

novel climate conditions (Chepstow-Lusty et al. 2009). The Wari civilization left 

extensive archaeological remains in the Cusco region between 1350 and 950 cal BP 
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(Bauer and Jones 2003; Covey 2008). Wari techniques of irrigation and terraced 

agriculture aided their expansion after a period of droughts from 1388 to 1356 cal 

BP (Branch et al. 2007; Thompson et al. 1985). Later, from 550 to 418 cal BP, the 

Cusco region was the center of Incan development (Sublette Mosblech et al. 2012). 

Chepstow-Lusty et al. (2009) also linked the period of Incan expansion around 550 

cal BP to a warming period, made possible by improvements on Wari land 

management practices (Covey 2008). The Incan civilization fell to Spanish 

invasion around 418 cal BP (Hemming 1970). 

 

METHODS 

I analyzed a total of 108, 0.5-cm3 sediment subsamples from the 7.74-m 

Acopia sediment core for pollen and Sporormiella. Pollen samples were spiked 

with 10,260 exotic Lycopodium spores (Stockmarr 1971), prepared using standard 

palynological procedures (Faegri and Iversen 1989), and counted until 300 total 

grains were identified or 2000 Lycopodium spores counted, which ever came first. 

Sporormiella was excluded from the pollen sum, but it is expressed here both as a 

proportion of that sum and as influx. Pollen and spores were identified with a Zeiss 

Axioskop photomicroscope at x630 magnification. Identification of pollen types 

was completed using the modern pollen reference collection at Florida Institute of 

Technology and the Neotropical pollen database (Bush and Weng 2007). Extended 

maize counts were completed on each of the pollen subsamples, identified as 

Poaceae grains > 80 µm. 
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X-Ray fluorescence (hereafter XRF) data were gathered to reconstruct a 

drought index and document erosion from bulk elemental data. The archive half of 

each core was scanned with an Avaatech XRF core scanner (Richter et al. 2006) at 

the University of Miami, Rosenstiel School of Marine and Atmospheric Science. 

Each refrigerated core was brought to room temperature before analysis to reduce 

condensation on the sediment surface. The core surface was then gently scraped 

with a glass slide, to present a fresh surface for scanning. Each core was covered 

with 0.4-µm-thick Ultralene® to prevent contact between the XRF detector and the 

sediment surface. The XRF detector read elemental composition at 10 kV and 30 

kV at a current of 1000 µA for 20 seconds every 2 mm along the core.  

Subsamples of 0.5 cm3 for charcoal analysis were taken continuously every 

centimeter along the core. The subsamples were filtered with water through a 180-

µm mesh to separate macrocharcoal from other material within the sediment. The 

particles on the mesh were transferred to a petri dish for identification and 

quantification. All charcoal was identified at x20 magnification on an Olympus 

stereoscope, and surface area was quantified using ImageJ software (Rasband 

1997). 

STATISTICAL ANALYSIS. Fossil pollen data were ordinated using 

Detrended Correspondence Analysis (DCA; Hill and Gauch 1980) in the R package 

“vegan” (Oksanen et al. 2013). The pollen data were split into zones for description 

using CONISS cluster analysis (Grimm 1987), also in the R package “vegan.”  
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Onset of, and changes in, herding intensity were identified using Bayesian 

change-point analysis on Sporormiella influx using the BCP package in R (Erdman 

and Emerson, 2007). All statistical analyses to this point were completed in R 

version 4.0.2 (R Development-Core-Team 2020) 

The relative contributions of environmental variables to the vegetation 

assemblage were tested with a detrended canonical correspondence analysis 

(DCCA) using Canoco 5.1 software (ter Braak and Šmilauer 2018). The vegetation 

assemblage at every sample depth was the response variable and charcoal influx 

(fire), Sporormiella influx (herding), Ca/Ti (drought), Rb/Sr (soil erosion), Zr/Rb 

(erosion particle size), maize presence, and the smut fungus Thecaphora were the 

environmental variables.  

 

RESULTS 

POLLEN ANALYSIS. The chronology and stratigraphy for the Acopia 

core are described in Chapter II (Figure II.2, p. 40; Figure II.3, p. 42). Hierarchical 

clustering analysis split the Acopia fossil pollen record into three zones.  

 Zone ACP1 spanned the period from c. 7140 cal BP – 4450 cal BP (Figure 

III.3). Pollen concentrations were higher in this zone than the others until c. 4450 

cal BP when pollen numbers dropped below 10,000 grains/cm3. Pollen 

concentrations reached a peak for the entire record within this zone at c. 4580 cal 

BP. Poaceae dominated the record in this zone, generally occurring at 60 – 80% 

abundance. Plantago was abundant at 10 – 20%, and Asteraceae remained mostly 
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within 2 – 12%. Ambrosia reached peak abundance for the record of 9% at c. 5290 

cal BP. Amaranthaceae was extremely variable throughout the zone with absences 

or low abundances from c. 5700 – 5400 cal BP, and c. 4650 – 4450 cal BP. 

Otherwise, Amaranthaceae remained between 10 – 20% abundance. Forest taxa 

including Moraceae/Urticaceae, Acalypha, and Alnus all stayed constant under 5% 

abundance throughout the zone, and all other pollen taxa were either absent or < 

2% abundance in this zone. Cyperaceae remained nearly constant throughout the 

record after c. 6460 cal BP. Sporormiella was absent or less than 2% abundance of 

the pollen sum in this zone. No maize was found in this zone. Charcoal surface area 

was higher in this zone than all others in the record with peaks at c. 6340 cal BP, c. 

5940 cal BP, c. 4735 cal BP, and c. 4560 cal BP.  
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Figure III. 3: Acopia pollen assemblage with taxa over 2% abundance in 5 or more 

samples. Lines on plots show x5 multiplier. Puna vegetation shown 

in black, forest (non-local) vegetation shown in green, aquatics 

shown in blue, and spores shown in brown. The dashed red line on 

the Sporormiella plot marks the 2% abundance. Tick marks on maize 

plot show sampling resolution for extended maize, + indicates maize 

presence (red + indicates maize found in initial 300 grain pollen 

count). 

 

  

Zone ACP2 spanned the period from c. 4450 cal BP to 2100 cal BP. Total 

pollen concentrations were low in this zone. Poaceae abundances were variable, but 

had slightly lower percentage abundances than ACP1, with values mostly between 

30 and 60%, with one larger peak of 65% at c. 2730 cal BP. Plantago remained at 

c. 10% within the zone except for the period between c. 3780 – 3050 cal BP where 

its abundance was rare. Asteraceae abundances were less variable than in ACP1 

and stayed at c. 15% abundance, while Ambrosia remained at <2% abundance. 

Amaranthaceae pollen were highest in this zone with three large peaks reaching c. 

35%, before abundances began to decrease at c. 2820 cal BP. Moraceae/Urticaceae 

and Acalypha were low in this zone, but Alnus began to increase over time ending 

the zone at 10% abundance. Schinus type was consistently present in low 

abundance. The fungal spore Thecaphora appeared during this zone reaching 

abundances as high as c. 20%, but it dropped below c. 5% at c. 3050 cal BP. 

Sporormiella abundance was high in the first half of the zone, equivalent to 20 – 

30% of the pollen sum, but decreased by c. 2490 cal BP to between 2 – 5%. Maize 



100 

 

1
0
0
 

was found throughout this zone with grains found in the initial 300 grain pollen 

count between c. 3050 – 2825 cal BP. Charcoal amounts remained low with two 

peaks at c. 4200 cal BP and c. 3450 cal BP. 

 Zone ACP3 spanned the period from c. 2100 cal BP to present. Pollen 

concentrations throughout this zone remained low. Poaceae had its lowest 

abundances within the record between c. 30 – 50%, while Plantago (10%) and 

Asteraceae (20%) increased in abundance. The second largest peak in Ambrosia 

occurred at c. 1480 cal BP within this zone. Amaranthaceae occurrence was 

relatively low in this zone at < 10%. Acalypha (5%) and Alnus (10%) reached their 

highest abundances of the record. Brassicaceae, Dodonaea, and Apiaceae appeared 

during this time with Brassicaceae pollen accounting for c. 10 – 20% of the pollen 

sum, reaching its peak abundance of c. 32% at c. 390 cal BP. Thecaphora 

abundance was variable occurring between c. 0 – 20% throughout the zone. 

Sporormiella percent abundance was highest in this zone reaching c. 63% of the 

pollen sum at c. 390 cal BP. Maize was only found in three samples within this 

zone at c. 1780 cal BP, then not again until c. 230 cal BP. A single grain of 

Eucalyptus pollen was found in the top sample of the core. Charcoal remained low 

within this zone. 

DCA scores did not show a wide range of scores, falling within a range of 

two standard deviations of species turnover (Figure III.4). Axis 1 was characterized 

by Brassicaceae and Dodonaea at the positive extreme, and grass at the negative. 

This axis effectively separated samples in zone ACP3, having positive scores, from 
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samples in the other zones. On Axis 2 of the DCA the positive end related to high 

amounts of Amaranthaceae and occurrence of Zea, while the negative end related 

to higher amounts of Plantago. This axis created a further subdivision of the data 

with most samples from zone ACP2 having positive scores and most from zone 

ACP1 having negative scores. The sample showing the greatest difference from all 

others occurred at c. 390 cal BP where the sample differed from the most similar by 

0.5 standard deviations of species turnover.  
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Figure III. 4: DCA axis 1 (eigenvalue = 0.1348) and axis 2 (eigenvalue = 0.1043) 

of pollen taxa. Pollen zone from CONISS hierarchical clustering 

displayed by color. Triangle shape indicates the presence of herding 

in the landscape. 
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ONSET OF HERDING AT ACOPIA. Bayesian change point analysis was 

used to determine when major changes in Sporormiella densities indicated that 

herding began at Acopia. Sporormiella influx first increased over a 0.95 posterior 

probability of change at c. 3900 cal BP (Figure III.5). Results for the same analysis 

completed with Sporormiella percent abundance and concentration can be found in 

the Appendix showing similar trends. 

 

 

 

 

Figure III. 5: Bayesian change point analysis results of Sporormiella influx (spores 

per cm2 per yr) at Acopia. Top: data points with posterior mean (line) 

of Sporormiella influx. Bottom: Posterior probability of change. 
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ASSOCIATION BETWEEN HERDING INTENSITY AND DROUGHT. 

To determine whether there was an association between drought intensity and 

herding intensity, a Spearman correlation was performed between the ratio of Ca to 

Ti and Sporormiella influx. Only time points in the Ca/Ti record matching those of 

the time points in the 108 Sporormiella concentration record were used. Although 

the result was statistically significant with a negative association between the two 

variables, the rho indicated weak association strength (p < 0.001, r = -0.46, Figure 

III.6). Results for the same analysis completed with Sporormiella percent 

abundance and concentration can be found in the Appendix with similar trends. 

 

 

 

 

Figure III. 6: Spearman correlation between Ca/Ti and Sporormiella influx. Panel 

A: Raw values, Panel B: Panel A displayed with Ca/Ti log 

transformed. 
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VEGETATION DCCA. The relative contribution of environmental 

variables to the vegetation assemblage was tested using a DCCA. The eigenvalues 

for the first two ordination axes were 0.0781 and 0.022 (Figure III.7). The positive 

end of Axis 1 is characterized by charcoal influx, Ca/Ti, and Zr/Rb while the 

negative end of Axis 1 is characterized by Sporormiella influx and Thecaphora. 

Little variation occurred along Axis 2, but the positive end was characterized by the 

presence of maize cultivation, Rb/Sr, and Sporormiella influx. Zone ACP1 of the 

pollen assemblage separated mostly from Zones 2 and 3 along Axis 1, but no clear 

separation of zone ACP2 from zone ACP3 occurred along any environmental 

gradient.  
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Figure III. 7: Detrended Canonical Correspondence Analysis (DCCA) of Acopia 

pollen assemblage against various environmental variables. Maize is 

based on presence/absence in extended counts and is therefore 

independent of the fossil pollen data. 
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DISCUSSION 

PALEOECOLOGICAL OVERVIEW. The multiproxy sedimentary record 

from Lake Acopia provides a history of herbivore usage, crop cultivation and 

vegetation responses to changes in fire frequency and climate throughout the mid- 

and late-Holocene. The lake varied in size throughout this time, but the habitat 

around the lake was consistently a grassland. The sediment chemistry provides a 

local index relating to local drought (Ca/Ti ratios, Figure III.8), which largely 

reflected evaporation/precipitation changes (Jouve et al. 2013). Having such a 

localized proxy for drought allows a stronger linkage to observed vegetation 

changes than reliance on a regional proxy for precipitation from speleothems or ice 

cores (Kanner et al. 2013; Thompson et al. 1998b).  A grass-dominated system was 

maintained throughout the transition of the lake from an ephemeral marsh setting to 

a larger water body, even though the representation of disturbance-related 

herbaceous and shrub taxa increased.  
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Figure III. 8: Environmental proxies analyzed from Acopia. XRF ratios show a 

50-year running mean. Pollen zones are separated by color. A) 

Thecaphora % abundance (human disturbance and moisture), B) 
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Sporormiella influx (herding intensity) with + indicating presence of 

maize cultivation, C) Ca/Ti (drought intensity), D) Rb/Sr (soil 

erosion), E) Zr/Rb (relative grain size of erosion), F) Charcoal influx 

(fire), and G) Pollen type richness. 

 

 

 

 A full discussion of the Acopia chronology can be found in Chapter II (p. 

64), but pollen results displaying an alternate chronology can be found in Appendix 

A. An obvious concern of the presence of age reversals is if the eroded material 

contained reworked microfossils. In this dry setting, however, oxidation would be 

rapid and pollen survival in soil would be measured in months rather than years 

(sensu Havinga 1967). The evidence for this is i) that the pollen signatures continue 

to change in the upper portion of the lake, i.e. the variability is not smoothed by re-

worked material; ii) the abundance of small delicate grains, such as Brassicaceae, 

indicates in-situ deposition; iii) an increase in Asteraceae that is consistent with 

climate change rather than massive over-representation due to destruction of other 

pollen types, iv) and a lack of degraded Filicales or trilete fern spores that would 

indicate selective preservation.  

We cannot be certain that the lake chemistry record is unaffected by 

reworked material in the period between 3000 cal BP and modern because of the 

presence of age reversals in the top of the core. However, we do not see evidence of 

mid-Holocene material being reworked as large sand grains, as described by Zr/Rb 

(Kylander et al. 2011), are absent from the top of the core (Figure III.8). We also 
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ran the DCCA excluding the last 2000 years and found nothing that would 

influence our interpretation of the record (see Appendix A).  

The adopted age model suggests a period of very rapid sedimentation 

between c. 3200 and 2200 cal BP (Figure II.3, p. 42) and coincides with the highest 

abundances of maize in the record at a time when low Sporormiella abundance 

suggest fewer animals visiting the lake. Increased land area used for crop 

cultivation is likely to have increased erosion, as documented at this time at Lakes 

Huaypo (Mosblech et al. 2012), Marcacocha (Chepstow-Lusty et al. 1996), and 

Sauce (Bush et al. 2017). The peak vegetation disturbance and the highest peak in 

Sporormiella percent abundance is within the period of Incan occupation, c. 550 to 

450 cal BP, as cited in the nearby site of Marcacocha (Chepstow-Lusty 2011).  

Fire is a transformative agent in Andean landscapes and is a major 

component of the local ecology of other settings in the late Pleistocene. When the 

Acopia record begins, fire is presumably already present based on regional patterns 

and because fire is so rare in the absence of people, by inference, people were also 

present at Acopia. Thus, it is likely that the transformative influence of fire has 

already been manifested, and so it is not surprising to see relatively little vegetation 

change linked to observed fire events. While vegetation turnover is low throughout 

the record, changes in DCA Axis 1 begin to show variations when Sporormiella 

reached over 2% abundance. Moreover, DCA Axis 1 follows all major trends of 

Sporormiella levels throughout the record, suggesting herding intensity as the main 
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driver for changes in vegetation. Species richness initially increased with the onset 

of herding and maize agriculture and continued to increase throughout the record. 

 ANIMAL AND AGRICULTURAL DOMESTICATION AT ACOPIA. The 

Sporormiella record provides a proxy for the presence of large grazing animals. In 

the mid-Holocene environment around Acopia, the only animals large enough to 

leave a substantial Sporormiella footprint would have been camelids. The low 

influxes of Sporormiella prior to c. 4380 cal BP provide a background level of 

Sporormiella abundance that is constant and low (Figure III.8). A tenfold increase 

in Sporormiella representation between c. 4350 and 2950 cal BP is inferred to 

represent the local onset of herding. Sporormiella percent abundance rose above 

2% in c. 4350 cal BP, whereas BCP indicated a significant change in Sporormiella 

influx at c. 3900 cal BP.  

 It is important to distinguish between the two metrics for the onset of 

herding as they suggest an offset of animal domestication by nearly 450 years. The 

use of Sporormiella as a proxy for the presence of large herbivores has been tested 

in numerous modern landscapes (e.g., Angel and Wicklow 1975; Davis and Shafer 

2006; Etienne et al. 2013; Gill et al. 2013; Raczka et al. 2016; Raper and Bush 

2009), and is a valuable asset in determining relative abundance of herbivores in a 

landscape through time (e.g., Gill et al. 2009; Raczka et al. 2018; Rozas‐Davila et 

al. 2016; Rule et al. 2012). While the 2% baseline for Sporormiella has been 

previously cited as indicating the presence of large herbivores (Burney et al. 2003; 

Davis 1987; Gill et al. 2009; Robinson et al. 2005), the metric was originally 
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created for identifying megafaunal extinctions. This fact combined with the 

dependency on pollen concentration for percent calculations suggests that the 2% 

cutoff may not be appropriate alone to use as an index for the presence of 

domesticated camelids in the Andes. As Sporormiella influx is calculated 

independently of pollen concentration, major changes in spore influx can 

supplement percent abundance information and provide an independent proxy for 

testing landscape interactions. Thus, a range between the 2% marker and a 

significant change in influx for an onset of domestication is provided here from c. 

4350 to 3900 cal BP.  

 While Sporormiella has been used as an indicator of domestic grazing 

pressure, other records using Sporormiella as a proxy for domestic herbivore 

abundance are rare in the Andes (Table III.1). Records from Lake Challacaba, 

Bolivia, in the Cochabamba Basin and Laguna Marcacocha, Peru, are limited to the 

past c. 4000 years. Within this time period, Challacaba did not witness an increase 

in Sporormiella until 1340 cal BP (Williams et al. 2011b). At Marcacocha, an 

increase in oribatid mites attributed to pastoralism occurred much later at 550 cal 

BP with the rise of the Incan Empire (Chepstow-Lusty et al. 2009). While a 

Sporormiella record exists for Marcacocha, the proxy was only analyzed for the 

last  c. 1200 years of the record, and has the highest Sporormiella concentration at 

c. 1200 cal BP in the oldest sample (Chepstow-Lusty et al. 2019). At Lake 

Pacucha, Peru, a deglacial record of Sporormiella declines to <1% abundance from 

the absence of large herbivores by the end of the record at c. 8000 cal BP, but the 
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Sporormiella record does not extend until modern to analyze mid to late Holocene 

herding activity (Rozas‐Davila et al. 2016).  

Few Sporormiella records spanning longer periods within the Holocene 

exist, but provide more useful age ranges when comparing the onset of herding at 

Acopia from 4350 to 3900 cal BP with broader Andean trends. After the extinction 

of Andean megafauna, the Sporormiella record from Lake Qoricocha in the Cusco 

region (Fig. III.1, Table III.1) reported low abundances of spores within the mid-

Holocene, suggesting that camelid populations were low (Rozas Davila 2020). 

While concentrations were variable at this site, percent abundance of Sporormiella 

reached over 2% at c. 6500 cal BP, but not again until c. 3500 cal BP, paralleling 

trends observed at Caserococha (Paduano 2002). Khomer Khocha, Bolivia, records 

Sporormiella present over 2% abundance between c. 9500 – 7700 cal BP, but reach 

3% to 7% abundance from 7700 – 7000 cal BP (Williams et al. 2011a), and is < 2% 

for the remainder of the record. Further north, in Ecuador, the Sporormiella record 

from a record at Lake Llaviucu recorded percent abundances rising above 2% at c. 

6100 cal BP (Nascimento 2019), far earlier than that recorded at Acopia.  
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As quinoa was a staple crop within the Andes during the time period of the 

Acopia record (Pearsall 2008), it was most likely cultivated around the lake. The 

Amaranthaceae from Acopia includes Chenopodium spp., one of which was the 

pseudocereal C. quinoa. Peaks in the abundance of Amaranthaceae in the marsh 

phase of the record were likely to reflect marshland species, but as lake level rose 

and the marsh receded, peaks of Amaranthaceae between c. 4350 and 2800 cal BP 

increased and could have reflected cultivation. 

The Acopia record of probable quinoa cultivation, which began c. 4350 cal 

BP, fell within the range of cultivation ages from other Andean sites. At Pacucha 

(Figure III.2), quinoa domestication was suggested to have begun c. 5500 cal BP 

from increased abundances of Amaranthaceae, higher fire frequency, and the loss 

of arboreal taxa (Valencia et al. 2010). Likewise, at Lake Huaypo, spanning the 

past 4400 years, Amaranthaceae cultivation was inferred at the beginning of the 

record (Sublette Mosblech et al. 2012). Quinoa cultivation was also evident at c. 

4150 cal BP at nearby Lake Marcacocha (Chepstow-Lusty et al. 2004b; Chepstow‐

Lusty et al. 2003). 

The Acopia record is similar to these other regional records in the timing of 

onset of quinoa cultivation and that it reflects a progression from quinoa to maize 

that is completed by c. 2800 cal BP, but it differs in showing a slower transition 

between the two crops. For example, Pacucha, Huaypo, and Marcacocha suggest a 

transition from quinoa to maize agriculture at c. 3000 cal BP, 2800 cal, BP, and 

2550 cal BP respectively (Chepstow-Lusty et al. 2004b; Chepstow‐Lusty et al. 



116 

 

1
1
6
 

2003; Sublette Mosblech et al. 2012; Valencia et al. 2010). In each of these cases, 

the apparent switch from pseudocereal to cereal appears to be abrupt. At Acopia, 

which is drier than the other settings, both maize and Amaranthaceae are cultivated 

together for at least 1500 years with Amaranthaceae possibly increasing in 

importance toward the end of this period, before the shift to maize cultivation at 

2800 cal BP. Maize cultivation at Acopia begins at c. 4380 cal BP but does not 

become constant in the landscape until c. 3840 cal BP. The highest abundances of 

maize pollen are found after 3200 cal BP, thus overlapping with the end of the 

suggested Amaranthaceae cultivation phase.   

IS THERE AN ASSOCIATION BETWEEN HERDING INTENSITY 

AND DROUGHT INTENSITY? In the discussion of Andean camelid 

domestication, hypotheses involving climatic factors suggest that mid-Holocene 

aridity in the central Andes may have facilitated domestication by concentrating 

humans and wild camelids around available water sources (deFrance 2016; 

Grosjean et al. 2003; Núñez et al. 2001; 2002). However, the data from Acopia, 

including the DCCA analysis, suggest an inverse relationship between drought and 

herding intensity as measured by Ca/Ti and Sporormiella influx. Levels of 

Sporormiella are related more to higher Rb/Sr, indicative of soil and clay erosion 

(See Chapter II; Xu et al. 2010), and Thecaphora levels which are both related to 

increased moisture. Herding becomes a consistent feature in the landscape when 

decreased Ca/Ti ratios indicate increased lake depth. Herbivore abundance appears 
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to decrease for a short time c. 2200 BP when Ca/Ti suggests the presence of a small 

local drought and decrease in lake level (Figure III.8).  

 The onset of pastoralism between c. 4350 and 3900 cal BP at Acopia occurs 

after the mid Holocene drought has ended and as lake levels are approaching 

modern levels. Sporormiella rises above 2% abundance directly after an arid period 

in the transition to the late Holocene, and all other peaks leading up to the change 

in Sporormiella concentration coincide with low values of drought. Indeed, 

Sporormiella abundance is negatively correlated with drought values at Acopia. 

This same pattern is seen at Challacaba where the increase in Sporormiella is 

associated with a change from drier to wetter conditions (Williams et al. 2011b). 

Oribatid mites at Marcacocha increase during a minor arid period, but the patterns 

of this proxy and Sporormiella vary as the mites are not dung obligates and could 

be feeding on decaying vegetation at the edge of the lake (Chepstow-Lusty et al. 

2019). The onset of Holocene Sporormiella at Lake Qoricocha, Peru, occurred 500 

years after peak evaporative stress when Cyperaceae levels indicate deeper water 

conditions around the lake margin (Rozas Davila 2020). The record at Lake 

Llaviucu in Ecuador shows the first increase in Sporormiella within a drier period; 

however, levels do not decrease with increasing moisture through the Holocene, 

and do not decrease below 2% until the onset of European arrival (Nascimento 

2019).  

When comparing Sporormiella trends, it is likely that pastoralism followed 

patterns of local rather than regional patterns of Andean climate. While regional 
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trends indicate a gradual increase in precipitation through the late Holocene 

(Kanner et al. 2013), local trends from XRF data point to more variable moisture 

conditions after the mid-Holocene at both Acopia and nearby Cerro Llamoca 

(Schittek et al. 2015). The tendency of humans to favor specific land uses, such as 

maize agriculture, during drier periods in naturally wet settings has been 

documented in the northern Andes and Amazonia (Åkesson et al. 2020; Bush and 

Colinvaux 1988; Bush et al. 2015b; Matthews-Bird et al. 2017). In naturally arid 

settings, such as the Cusco region, aridity may have played a different role, 

opposite to that expected by the hypothesis of aridity driving pastoralism. For 

example, while drier events may have facilitated maize agriculture in wetter 

northern Andean latitudes, it was the wet events that have been associated with 

maize agriculture in dry Andean Puna environments (Weng et al. 2006). Like maize 

agriculture, the adoption of pastoralism across the Andes probably differed in 

response to local climate. The wide range of climatic settings in the tropical Andes 

provides such different environmental gradients that adopting a technology such as 

pastoralism would have been stimulated by local, time-transgressive climatic 

opportunities rather than from large-scale climate change. 

TERRACING AND VEGETATION CHANGE. The main drivers of 

vegetation change at Acopia varied through time, but they were all closely linked to 

human-caused landscape disturbance. The DCCA of fossil pollen and 

environmental variables produced a substantial separation of pre-cultivation and 

herding samples (Zone ACP1) from later samples. Within pollen zone ACP1, or the 
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period from c. 7140 – 4450 cal BP, the DCCA vectors for fire (charcoal), drought 

(Ca/Ti), and in-wash of coarse sedimentary material (Zr/Rb) aligned with the 

positive values on Axis 1 (Figure III.7). The mid-Holocene aridity in the beginning 

of the record is marked by high Zr/Rb inputs, which reflect deposition of coarse or 

sandy material (Kylander et al. 2011). Periods of high Zr/Rb are also related to 

higher levels of charcoal influx suggesting that large amounts of burning 

contributed to the erosion of larger grained material. The lower lake levels reflected 

by higher Ca/Ti are related to charcoal influx (Figure III.8) supporting increased 

burning during drier periods. The dry conditions would have made an already arid 

grassland easier to clear by burning, thus increasing the potential for erosion.  

As conditions became wetter in the late Holocene around c. 4400 BP, the 

pollen spectra change and are grouped at the negative end of Axis 1. This grouping 

aligns with the presence of Sporormiella and Thecaphora spores in the sediment 

(Figure III.8). Sporormiella occurred for the first time in the Acopia record at c. 

4450 cal BP and was negatively associated with drought events (Figure III.6). 

Thecaphora, a smut fungus common to grasses, cereals, and tubers (Hooker 1981; 

Vánky et al. 2008) occurred for the first time c. 4550 BP, but not in high abundance 

until c. 3800 BP. Prior studies have linked Thecaphora to human disturbance in 

landscapes that supported grazing animals, agriculture, and that experienced soil 

erosion (Carrión and Van Geel 1999; Carrión et al. 2018; Davis 1992), but this 

fungus would have grown best in moist environments (Cisneros 1988); 

(Piepenbring 2002). The vectors for Thecaphora and Sporormiella spores in the 
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negative direction of Axis 1 (Figure III.7) reflect both the continued influence of 

human impact through time, and a gradient of increasing moisture throughout the 

late Holocene (Figure III.8, Figure III.9). 
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Figure III. 9: Andean climate records compared with selected proxies from Lake 

Acopia. A) Sajama ice core δ18O record (Thompson et al. 1998b), B) 

Huagapo speleothem δ18O (Kanner et al. 2013), C) Lake Titicaca 

benthic diatoms (Tapia et al. 2003b), D) Acopia DCA Axis 1, E) 

Acopia DCA Axis 2, F) Acopia pollen species richness, G) 

Sporormiella % abundance at Acopia, H) Alnus % abundance at 

Acopia, and I) Amaranthaceae % abundance at Acopia with + 

indicating presence of maize cultivation.  
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The influence of cultivation on the landscape is shown by Axis 2 of the 

DCCA, which is driven mainly by the presence of maize. As maize agriculture 

continued intermittently throughout this record, the separation of zones 1 and 3 is 

weak in this analysis. Rb/Sr is positively associated with Axis 2 as it would be 

influenced by pulses of weathering and erosion in the landscape (Chen et al. 

1999a). Like Sporormiella, Rb/Sr also varies along Axis 1 because it is positively 

influenced by precipitation and runoff (Chang et al. 2013; Chen et al. 1999a). Pre-

terracing cultivation practices are known to have had significant erosive impacts 

upon Andean landscapes (Posthumus and Stroosnijder 2010) that would have been 

exacerbated by the increased precipitation of the late Holocene.  

As noted above, Acopia is unusual in having a record suggesting prolonged 

co-cultivation of maize and Amaranthaceae until c. 2800 cal BP. Also, at Acopia, 

there is a c. 3800 year history of herding, with a transition to a land use dominated 

by livestock between c. 1700 and 1200 cal BP. It is possible that this is not a true 

transition from primarily arable land to pastures as the onset of terracing at Acopia 

c. 2200 BP (Chapter II) could be limiting the inwash of maize pollen into the lake. 

However, even if there is not a transition in primary land use, the increased amount 

of Sporormiella still suggests an increased importance of herding in the area. If this 

truly was a change in land use, one possibility is that the emphasis on herding may 

have been a strategy to avoid the influence of the smut fungus Thecaphora on crop 

yields, but Thecaphora appears more closely linked to herding disturbance at 

Acopia. Rather, a short-lived decrease in precipitation as recorded in the Huagapo 
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speleothem (Kanner et al. 2013) c. 1400 cal BP (Figure III.9) could have triggered 

the change in land use from one of mixed agro-pastoral practices to predominantly 

herding. After c. 1200 cal BP, Brassicaceae and Dodonaea both increase at Acopia 

in a similar manner to that seen at Huaypo. While this transition was attributed to 

agroforestry practices at Huaypo, it is possible that both settings responded in a 

similar manner to intensified landscape disturbance.  

The paleoecological record from Acopia suggests that it was a site shaped 

by fire in the early Holocene, and later by agro-pastoral practices. Charcoal and the 

prevalence of grass in the first c. 2800 years of the record are consistent with both 

the fire-adapted Puna grassland system (Román-Cuesta et al. 2011), and a system 

actively burned by humans to clear the land for cultivation and domestic purposes 

(Aragão et al. 2007; Malhi et al. 2010). In the latter portion of the record, major 

vegetation changes occur as a result of cultivation and herding. Moderate grazing 

can have the effect of increasing species richness (Dorrough et al. 2007), which fits 

with the pollen data (Figure II.9), and increased erosion (Branch et al. 2007; 

Coppus et al. 2003).  

IS THE AREA SURROUNDING ACOPIA A MANUFACTURED 

LANDSCAPE? Humans have occupied the Cusco region for over 10,000 years 

(Dillehay 2002; Lynch 2014), and within that time have practiced burning (Bush et 

al. 2015a; Román-Cuesta et al. 2011), agriculture (Pearsall 2008; Sublette 

Mosblech et al. 2012), landscape management (Chepstow-Lusty and Winfield 

2000; Hastorf et al. 2005), and herding (Baied and Wheeler 1993; Goñalons 2008). 
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These practices raise the probability that the Puna represents a human 

manufactured landscape (Sylvester et al. 2017).  

Landscape management within the Cusco region is attributed most 

commonly to the Wari and Inca. The Inca were thought to have managed Alnus as a 

way to stabilize landscapes (Chepstow-Lusty and Winfield 2000). The Wari and 

Inca were also well known for their practices of irrigation and terracing (Branch et 

al. 2007; Staller 2016), practices that stabilized landscapes, but that would have 

produced pulses of erosion within the landscape as they were built. The erosion 

evidence from Acopia led us to hypothesize the onset of terracing c. 2200 cal BP 

(See Chapter II). 

While much support for the existence of manufactured landscapes comes 

from existing physical structures such as terraces (Staller 2016), it is important to 

also consider the scale of different land uses on a landscape. Although landscape 

modification may have become more structured with the presence of the Wari and 

Inca, landscape modification is likely to have predated the onset of this record. 

While agriculture may impact vegetation assemblages by the burning of cropland 

or terracing, the impact of a stationary practice is different than the impact of a 

nonstationary practice like herding. The tendency for domestic herds to trample 

land (Dorrough et al. 2007), overgraze areas (Quiroz and Saatchi 1998; Struelens et 

al. 2017b), or graze preferentially (Catorci et al. 2014) wherever they are in a 

landscape, allows for a much larger range of human impact than would be expected 

from agriculture alone. Therefore, the area surrounding Acopia became a 
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manufactured landscape as a result of early burning to clear the landscape, 

intensified cultivation, and the adoption of pastoralism after the period of mid-

Holocene aridity. 

 

CONCLUSIONS 

 Acopia lake sediments have provided the first single-site record of 

independent proxies in the Cusco region for local drought, herding, maize 

agriculture, and vegetation for the time period of c. 7140 – present. Three very 

strong droughts influenced the ecosystem within the last 5000 years and dominated 

the pattern evident in the charcoal record. At this site, herding began with 

cultivation within periods of increased moisture in the Holocene, rather than 

periods of drought as previously hypothesized. The timing in patterns of cultivation 

and herding are closely related to local patterns of climate variation rather than 

regional variability. This finding suggests that analyzing local variability in climate 

is vital to understanding complex patterns of cultivation and pastoralism across the 

Andes.  

The area surrounding Acopia was most likely an occupied landscape over 

the entire span of the record and showed evidence of intense modification 

throughout. Although the early vegetation was shaped by fire, vegetation after the 

mid-Holocene was driven by human impacts. While agriculture may have impacted 

local vegetation in the immediate vicinity of a water resource or lake, grazing 

pressures from herding would have affected a much broader area. The continuous 
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signatures of fire, cultivation, herding, and changes in erosion support the 

conclusion that the area surrounding Acopia was a manufactured landscape. 
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CHAPTER IV 

HOLOCENE VOLCANIC ACTIVITY AND VEGETATIONAL CHANGE IN 

ECUADOR 

 

 

INTRODUCTION 

 The manufactured landscapes of the Andes are suggested to be systems 

modified by human-induced disturbances such as fire, grazing and deforestation 

(Sarmiento 2012b). Even in the absence of human disturbance, natural disturbances 

ranging from volcanic activity, through landslides, to climate change may have pre-

adapted ecosystems to withstand such impacts. The volcanic arc of Ecuador is 

composed of both active and historically active (i.e., Holocene and Pleistocene) 

volcanoes (Bablon et al. 2020; Hall et al. 2008). Repeated eruptions throughout this 

time created an environment rich in ash deposits on which the high-elevation, 

endemic species rich páramo vegetation of the region has developed (Podwojewski 

et al. 2002). 

Ash deposits from past eruptions are recorded in lake sediments as tephra 

bands that can be used to align volcanic eruptions in sediment cores. These bands 

can then be analyzed geochemically to determine their similarity and source as the 

presence of the same tephra band across multiple sites adds an additional age 

control to sediment cores (Lowe 2011). For example, Rodbell et al. (2002) created 

a tephrochronology for lakes in Cajas National Park, cross correlating six major 

Holocene eruptions across six Ecuadorian bog and lake sediment cores. Deposits 

are then compared with each other and dated eruptions of known origin by their 
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percent weight of geochemical composition of various oxides (e.g, Hall and Mothes 

2008; Hall et al. 2017; Mothes and Hall 2008). Alternatively, when geochemical 

composition data by weight cannot be easily determined, the bulk chemical 

composition from X-Ray fluorescence (hereafter XRF) of tephra deposits has been 

used to characterize tephra (Arcusa et al. 2020; Davies et al. 2015; Mayr et al. 

2019).  

In addition to being volcanically active, the mid- to late-Holocene in the 

Andes witnessed major changes in climate. A series of asynchronous arid events 

between c. 9000 and 4000 cal BP occurred throughout the Andes as a result of 

northern hemispheric warming leading to a northernmost position of the 

Intertropical Convergence Zone (ITCZ) and a weakening of the South American 

summer monsoon (SASM; Abbott et al. 2000; Baker et al. 2001b; Kanner et al. 

2013; Seltzer et al. 2000; Tapia et al. 2003a; Theissen et al. 2008; Thompson et al. 

1998a). The mid- Holocene dry event appears to have been manifested most 

strongly in the southern neotropics, with relatively modest or no changes evident in 

Ecuador (Abbott et al. 2003) (Hansen et al. 2003; Nascimento et al. 2019b; Urrego 

et al. 2011b; Weng et al. 2002). In the Ecuadorian Andes, patterns of mid-Holocene 

climate dynamics are poorly defined as the majority of paleoecological records 

come from a small region of southern Ecuador near Cajas and Podocarpus National 

Parks (e.g., Brunschön and Behling 2009; Colinvaux et al. 1997; Hansen et al. 

2003; Jantz and Behling 2012; Nascimento et al. 2020; Niemann et al. 2009; 

Rodbell et al. 1999; Villota et al. 2012).  
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 A long history of human occupation exists from high elevations in the 

southern Ecuadorian Andes and at lower elevations in the central Ecuadorian 

Andes. The area of Cajas National Park in the south is rich in Incan and pre-Incan 

archaeological sites. An Incan road that runs close to Lake Llaviucu indicates a pre-

Colombian history of trade in the region (Colinvaux et al. 1997; Sarmiento 2002). 

Analysis of the sediment record from Lake Llaviucu suggested human presence in 

the region beginning with increased charcoal and the megafaunal decline at 12,800 

cal BP (Raczka et al. 2019a), followed by evidence of maize cultivation by 6000 

cal BP (Colinvaux et al. 1997; Nascimento et al. 2020). Nearby, maize cultivation 

was recorded in the sediments of Lake Chorreras by 7000 cal BP (Hansen et al. 

2003), and both Lakes Llaviucu and Chorreras had continuous land use after c. 

4000 cal BP. 

An existing paleoecological record from Llanganates National Park in 

Central Ecuador provided a reconstruction of páramo vegetation within the past c. 

4100 cal BP from a peat bog in the Anteojos Valley (Villota et al. 2015). No major 

vegetation changes occurred in the 4100 year-long record as the flora was 

dominated by páramo vegetation (i.e., Poaceae, Asteraceae, and Cyperaceae). Only 

a small change in vegetation was observed c. 2100 cal BP as a slight increase in the 

proportion of páramo relative to forest taxa was thought to reflect cooler and wetter 

conditions. The current study investigates a sediment core from Rodeococha, also 

within Llanganates National Park. The Rodeococha core provides a paleoecological 

history of the past 8000 years allowing for the reconstruction of volcanic activity, 
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vegetation response to climate change, and human impacts within the mid-

Holocene in the high-elevation central Ecuadorian Andes. Questions addressed here 

include: 

1) Did pollen spectra change as tephra bands were deposited in the 

Rodeococha core? 

2) Were patterns of mid-Holocene aridity apparent in the vegetation record of 

Rodeococha? 

3) Is there evidence of past human landscape modification in the area 

surrounding Rodeococha in Llanganates National Park? 

 

STUDY AREA 

Rodeococha is located on the eastern slope of the eastern Cordillera 

(Cordillera Real) of the Andes in central Ecuador (1° 06’ 18.8” S, 78° 21’ 47.4” W) 

at 3640 m elevation (Figure IV.1). The lake is located within Llanganates National 

Park, established in 1996. The basin is c. 0.1 km2 with a surrounding hilly páramo 

landscape consisting of mostly wet grasslands, wetlands, and marsh. The 

surrounding area has been identified as a mixture of herbaceous páramo, cushion 

bog páramo, and a dwarf bamboo páramo to the southeast separated from the site 

by unclassified páramo (Vásquez and Larrea 2000). Mean annual precipitation in 

Llanganates is 1300 mm with the driest months from June to September and the 

wettest and coldest months from January to April (Villota et al. 2015). Mean annual 

temperature within the park ranges from 3 °C to 13 °C (INAMHI 2012). The region 
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is heavily impacted by tropical easterlies bringing moist air masses from the 

Amazon Basin (Beck et al. 2008). Current human land use including agriculture 

and herding is restricted to the limits of the National Park (Chiriboga et al. 2000). 

The Ecuadorian Andes is a region rich in volcanic activity, lying above the 

convergence of the Nazca and Antarctic plates with the South American plate (Hall 

et al. 2008). Volcanoes of the Eastern Cordillera were more active during the 

Holocene than those of the Western Cordillera with eruptions of Eastern Cordillera 

volcanoes characterized by large pyroclastic flows preserved in lakes and sediments 

as tephra deposits (Hall et al 2008). Volcanoes with a history of Holocene eruptions 

from the area include Cotopaxi (Hall and Mothes 2008), Tungurahua (Hall et al. 

1999a), Cayambe (Samaniego et al. 2005), Antisana (Bourdon et al. 2002), Sangay 

(Monzier et al. 1999), and El Reventador (Samaniego et al. 2008). Rodeococha is 

directly between Cotopaxi to the northwest and Tungurahua to the southwest. 

Near Llanganates National Park, artifacts from the Inga archaeological site 

date to 9000 BP at 2520 m a.s.l (Bell 1971), but no evidence of long-term human 

occupation was found in the Antejos Valley record from 3980 m a.s.l (Villota et al. 

2015). 
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Figure IV. 1: Rodeococha in relation to other Andean records and volcanoes. 
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METHODS 

In July of 2017, two sediment cores were raised from Rodeococha in 8.4 m 

of water. Fourteen centimeters of sediment including the mud-water interface were 

recovered with a Universal sampler, then extruded and sealed in the field (hereafter 

Core 1). Two drives (1.47 m) of sediment were recovered using a Colinvaux-

Vohnout piston corer (Colinvaux et al. 1999) before the coring hole was lost 

(hereafter Core 2). The cores were sealed in the field and shipped back to Florida 

Institute of Technology where core descriptions were recorded, and cores were 

stored at 4 °C. Five bulk sediment samples from Core 2 raised using the Colinvaux-

Vohnout sampler were shipped to Woods Hole Oceanographic Institute NOSAMS 

(National Ocean Sciences Accelerator Mass Spectrometry) for AMS (accelerator 

mass spectrometry) dating. The package “bacon” version 2.2 (Blaauw and Christen 

2011b) was used to create the Rodeococha Core 2 age model in R version 3.6.1 (R 

Development-Core-Team 2020) using the IntCal13 calibration curve (Reimer et al. 

2013). Large tephra bands were excluded from the age-depth model as they 

represent instantaneous deposition of material from volcanic eruptions. 

I analyzed 14, 0.5 cm3 sediment subsamples from Core 1 for pollen and 

Sporormiella and a total of 87, 0.5 cm3 sediment subsamples from Core 2 for 

pollen, Sporormiella, and loss-on-ignition (hereafter LOI) Pollen samples were 

spiked with 10,260 exotic Lycopodium spores each (Stockmarr 1971), prepared 

using standard palynological procedures (Faegri and Iversen 1989), and counted 

until 300 terrestrial grains were identified or 2000 Lycopodium spores counted, 
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which ever came first. Aquatic pollen, Sporormiella, and other spores were also 

counted, and are expressed here as a percent of local taxa. Pollen and spores were 

identified with a Zeiss Axioskop photomicroscope at x630 magnification. 

Identification of pollen types was completed using the modern pollen reference 

collection at Florida Institute of Technology and the Neotropical pollen database 

(Bush and Weng 2007). Spores were identified using Hooghiemstra (1984). 

Extended maize counts were completed on each of the pollen subsamples from 

Core 2, identified as Poaceae grains > 80 µm with the proper maize surface pattern. 

LOI for each subsample followed the protocol of Heiri et al. (2001a). Subsamples 

were heated to 550 °C for 4 hours to determine organic content, and at 950 °C for 2 

hours to quantify carbonate content. 

Pollen data were summarized using non-metric multidimensional scaling 

(NMDS), reducing species composition into ordination space (Kruskal 1964). The 

NMDS on pollen samples with more than 50 pollen grains in 2000 Lycopodium 

was performed in R version 4.0.2 (R Development-Core-Team 2020) in the 

“vegan” package version 2.5-6 (Oksanen et al. 2013). Only terrestrial taxa were 

included using the Bray-Curtis dissimilarity index. Pollen data were split into zones 

for description using CONISS cluster analysis (Grimm 1987) also in the R package 

“vegan.” 

Sediment subsamples of 0.5 cm3 for charcoal analysis were taken 

continuously every centimeter along Core 2. The subsamples were filtered with 

water through a 180 µm mesh to separate macrocharcoal from other material within 
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the sediment. The particles on the mesh were transferred to a petri dish for 

identification and quantification. All charcoal was identified at x20 magnification 

on an Olympus stereoscope, and surface area was quantified using ImageJ software 

(Rasband 1997). 

XRF data were gathered by scanning the archive half of the core with an 

Avaatech XRF core scanner (Richter et al. 2006) at the University of Miami, 

Rosenstiel School of Marine and Atmospheric Science. Each refrigerated core was 

brought to room temperature before analysis to reduce condensation on the 

sediment surface. The core surface was then gently scraped with a glass slide, to 

present a fresh surface for scanning. Each core was covered with 0.4-µm-thick 

Ultralene® to prevent contact between the XRF detector and the sediment surface. 

The XRF detector read elemental composition at 10 kV at a current of 800 µA for 

20 seconds, and at 30 kV at a current of 800 µA for 30 seconds every 2 mm along 

the core. The XRF data were analyzed using Principle Components Analysis 

(hereafter PCA) to determine the main drivers of sediment type using the R 

package Vegan version 2.5-6 (Oksanen et al. 2013). The PCA was run with 

terrigenous bulk elements including Al, Si, K, Ti, Fe, Rb, and Zr as well as other 

ecologically relevant elements including Ca, Sr, Br, and Mn. A separate PCA on 

only tephra bands using volcanically associated elements, Si, Ti, Al, Mn, Fe, Mg, 

Ca, K, Cr, S, Sr, P, Zr, Rb, and Cu, was run to determine if the tephra bands present 

in the Rodeococha core differed by bulk element composition. All PCAs were run 

on the z-scores of XRF data. 
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RESULTS 

 CHRONOLOGY AND STRATIGRAPHY. All five bulk sediment 14C 

dates from NOSAMS were accepted and used to create the Bacon age model for 

Core 2 (Table IV.1, Figure IV.2). The age model suggested that the soft surface of 

the lake was not captured as the top of Core 2 core as it did not reach modern. Core 

1 provides a history of presumably more recent sediments as it captured the mud-

water interface, but its sediments have not been dated. No discernable overlap 

between the data from both cores is present. Three large tephra layers from 15.4 – 

22 cm, 89 – 90 cm, and 118 – 120 cm were removed from the Rodeococha Core 2 

age model as they represent periods of instantaneous deposition from volcanic 

eruptions. The resulting age model for Core 2 has a total core age range of c. 7900 

– 1300 cal BP. 

  

 

 

Table IV. 1: Results of AMS dating of five bulk sediment samples from Core 2 of 

Rodeococha, Ecuador. Ages were calibrated with Calib 8.2 (Stuiver 

et al. 2021). 

Lab ID 
Depth 

(cm) 

14C (yr BP) ± 1 

σ 

cal BP 2σ 

range 

Median age cal 

BP 

OS-147120   6 1,750 ± 15 1598 ‒ 1679 1645 

OS-147432   53 2,510 ± 20 2495 ‒ 2598 2582 

OS-147433   83 3,840 ± 30 4150 ‒ 4315 4246 

OS-138069   117.5 5,520 ± 30 6280 ‒ 6358 6312 

OS-138070   146.5 7,060 ± 30 7834 ‒ 7961 7890 
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The sediment layers from Rodeococha were mostly organic gyttja with 

short intervals of volcanic tephra deposition and coarse sand as illustrated in Figure 

IV.2. Three large bands of tephra deposition occurred throughout the core. Smaller 

tephra bands < 1 mm in width and tephra mixed into sediment occurred in the 

section between 80 and 90 cm depth. Reddish brown gyttja mostly occurred in the 

bottom 40 cm of the core.  
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Figure IV. 2: The chronology for the sediments of Core 2 of Rodeococha 

developed using Bacon age modelling (Blaauw and Christen 2011b) 

and the InCal13 calibration curve (Reimer et al. 2013). Calibrated 14C 

dates (blue) are shown with the age-depth model. For the transparent 

blue shapes heights display the 1 σ range of the calibrated ages, and 

widths display the most probable range of calibrated ages used in the 

age model iterations. Darker grays indicate more likely calendar ages. 

Gray dotted lines depict 95% confidence intervals. The red dotted 

line depicts the best model based on the weighted mean age for each 

depth. Sediment stratigraphy is displayed at the bottom with light 

blue areas depicting large tephra bands removed from the age model.  
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 LOI data indicated high organic content from 147 – 78 cm depth (Figure 

IV.3). Organic content remained mostly between c. 25% and 45% but reached 

almost 50% at its peak at 123.7 cm depth. Carbonate percentages remained low, 

less than 8% throughout the record, but were consistently highest within the period 

from 147 – 78 cm. After 78 cm depth, organic content decreased to between c. 5% 

and 25% except for a few peaks up to c. 30% at 74, 62.5, 57.5, and 3 cm. Carbonate 

content also decreased to less than 1% after 78 cm except for 2 peaks at 5% and 4% 

at 74 and 61 cm, respectively. 

 

 

 

 

 

 

 

 

 

 



 

 

1
4
0
 

 
Figure IV. 3: Rodeococha Core 2 LOI (% weight) and selected XRF indicators in counts per second (CPS). 

Zones Rodeo 1 and Rodeo 2 defined by pollen zonation. Gray shaded areas show the location of 

the 3 large tephra bands. The blank area present in the XRF record represents extruded samples for 

which scanning could not be completed. 
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The PCA of ecologically relevant bulk XRF elements showed little 

separation of sediment types along axes PC1 and PC2 except for pure tephra 

sediments that separated along the positive axis PC1 and negative axis PC2 (Figure 

IV.4). Axis PC1 explained 64.88% of the overall variation in XRF bulk element 

composition with an eigenvalue of 7.14. The positive end of PC1 was characterized 

by Ti, Sr, Ca, Zr, Rb, K, Al, and Si (Figure IV.4). The negative end of PC1 was 

characterized by Fe and Br. Axis PC2 explained 13.46% of the overall variation in 

XRF bulk element composition with an eigenvalue of 1.48. The positive end of 

PC2 was characterized by Mn and Fe, and the negative end characterized by Si, Al, 

and Br. Analyzed by sediment type, brown gyttja and reddish brown gyttja were 

mostly associated with high levels of Br, dark brown gyttjas by Fe and Mn, and 

tephra by Si and Al (Figure IV.5). 
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Figure IV. 4: PC1 and PC2 of the PCA of XRF bulk element composition by 

sediment type. All forcing arrows scaled to 30% of original size. 
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TEPHRA BAND ANALYSIS. The PCA of the three large tephra bands by 

bulk element composition of volcanic associated elements revealed differences in 

tephra composition among the three bands (Figure IV.5). PC1 explained 52.82% of 

the total variation in tephra bulk element composition with an eigenvalue of 7.92, 

and PC2 explained 10.03% of the variation with an eigenvalue of 1.50. PC1 was 

driven in the negative direction by Si, Al, K, Rb, Zr, Ca, Ti, and Sr and in the 

positive direction by S and Fe. PC2 was driven in the negative direction by P, Cr, 

Mn, Fe, and Cu, and in the positive direction by Mg. The earliest tephra band from 

118 – 120 cm did not separate in bulk element composition from the largest tephra 

band from 15.4 – 22 cm, but did separate from the smallest band from 89 – 90 cm. 

The smallest tephra band from 89 – 90 cm mostly separated from the other two 

main bands, driven by higher amounts of Mg and S. The largest tephra band from 

150.4 – 22 cm separated mostly from the other tephra bands along PC1, and was 

characterized by large amounts of Si, Al, K, Rb, Sr, Ca, Ti, and Sr. 
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Figure IV. 5: PCA of 3 large tephra bands within Rodeococha core including 

volcanically associated elements. 
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 POLLEN NMDS AND HIERARCHICAL CLUSTERING. Hierarchical 

clustering analysis split the Rodeococha pollen data from Cores 1 and 2 into two 

zones. The zones are described as Core 2, 147 cm to 78 cm as Rodeo 1, and Core 2, 

78 cm to 0 cm and Core 1 as Rodeo 2. The NMDS plot illustrated in Figure IV.6 

displays Core 1 separate from Rodeo 2 even though clustering analysis placed them 

within the same group based on community composition. The NMDS of pollen 

samples reached its best solution after 20 permutations with a stress of 0.12. Axis 1 

of the NMDS mostly separated zone Rodeo 1 from zone Rodeo 2 with the negative 

end of Axis 1 characterized by increased abundance of Poaceae and the positive 

end driven by increased abundances in Alchornea and Acalypha. Axis 2 of the 

NMDS is driven in the negative direction by the increased abundance of local 

pollen types, and in the positive direction by the increased abundance of regional 

pollen types. The following descriptions of pollen zones describe local pollen as a 

percentage of all local types and regional pollen as a percentage of all regional 

types.  
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Figure IV. 6: NMDS of Rodeococha pollen colored by Pollen Zone. Core 1 is 

displayed with a separate color but is still part of zone Rodeo 2. 
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 POLLEN ZONE RODEO 1: 147 – 78 CM. Zone Rodeo 1 (Figure IV. 8) 

was characterized by higher pollen concentrations and the predominance of local 

pollen (55 – 80% of total sum). Local pollen in this zone was characterized by 

Poaceae (50 – 70%), Hedyosmum (3 – 20%), Tibouchina (4 – 20%), Asteraceae (5 

– 9%), and Vallea (5 – 8%). Plantago and Myrsine remained up to c. 5% until c. 

120 cm when they both dropped below 5% of the local pollen sum for most of the 

rest of the zone. All other terrestrial local taxa remained under 5% except for a peak 

in Solanaceae (9.5%) at 135 cm. Aquatic taxa Cyperaceae (0 – 10%) and 

Myriophyllum (0 – 2%) remained low within this zone, and Isöetes fluctuated 

between 0 and 13,000 grains per cm3. Spores were a lower percentage of the local 

pollen sum in this zone except for two Cyathea types (type 1:1 – 15%, type 2: 0 – 

5%) and Huperzia (1 – 6%). 

 The regional pollen in this zone (20 – 40% of total sum) remained lower 

than the local pollen input. Moraceae/ Urticaceae accounted for 20 – 40% of the 

regional pollen sum until 120 cm where it dropped below c. 15% for the rest of the 

zone. Acalypha rose from c. 30% to 55% within this same period. Alchornea 

fluctuated between 10 – 20% through the zone except for a peak of c. 40% at 94 

cm. Weinmannia remained under 10% in this zone except for a peak of 18% at 132 

cm. Podocarpus and cf. Senefeldera were steady between 5 – 10% of the regional 

sum from 147 – 117 cm, but below 5% in the rest of the zone. Other regional taxa 

including Miconia, cf. Cannabaceae, Apiaceae, and Cecropia fluctuated between 4 
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– 8% of the regional sum. Charcoal was scarce throughout the record, but small 

macrocharcoal < 0.5 mm2/cm3 were found throughout this zone. 

Si and Al remained low in the zone except for the highest peaks in locations 

with tephra, and some lower peaks in locations without tephra at 143, 134, and 100 

cm. Ti and Ca showed similar patterns throughout the zone with highest peaks at 

143, 134, 122, and 99 cm. Br followed the pattern of organic LOI and was 

consistently higher in this zone that Rodeo 2, but variable with the lowest values at 

143, 134, 122, and 100 cm. Fe decreased slowly through the zone with lowest 

values at 143, 134, and 117 cm. Mn remained consistently low within the zone. 
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Figure IV. 7: Fossil pollen of local pollen types around Rodeococha, Ecuador. Items shaded in yellow are 

terrestrial taxa as a percent of all local terrestrial taxa, and items shaded in blue are aquatic taxa as a 

percentage of all local taxa. Taxa displayed are those found > 2% abundance of total terrestrial 

pollen. Maize presence indicated with + with maize sampling resolution indicated with tick marks. 

White gap indicates cutoff of Core 1 from Core 2. 
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Figure IV. 8: Fossil pollen of regional pollen types around Rodeococha, Ecuador. Taxa shown are terrestrial taxa as 

a percent of all regional taxa. Taxa displayed are those found > 2% abundance of total terrestrial 

pollen. White gap indicates cutoff of Core 1 from Core 2. 
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Figure IV. 9: Fossil spores and other proxies recorded from Rodeococha, Ecuador. Brown items are the most 

abundant spores displayed as a percent of local taxa. Yellow, green, and blue items show local, 

regional, and aquatic taxa respectively as a percent of total pollen. Gray bars indicate tephra bands. 

White gap indicates cutoff of Core 1 from Core 2. 
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POLLEN ZONE RODEO 2: 78 – 0 CM OF CORE 2 AND CORE 1. Zone 

Rodeo 2 was characterized by lower pollen concentrations, increased regional 

pollen (30 – 63% of total sum), and decreased local pollen (37 – 83% of total sum) 

as compared with Rodeo 1. Local pollen in this zone was characterized by Poaceae 

(30 – 72%), Hedyosmum (5 – 35%), Tibouchina (5 – 20%), Asteraceae (4 – 18%), 

and Vallea (5 – 10%). Plantago, Myrsine, and Alnus peaked in the zone near the 

top of Cores 1 and 2. Morella and Solanaceae remained consistently present, but 

under 5% abundance in the zone. Thalictrum increased slowly to 15% abundance at 

48 cm before dropping to < 2% of the local sum for the rest of the zone. 

Amaranthaceae increased in this zone to 10 % at 43 cm. On average, all local 

pollen types, with the exception of Poaceae increased in Rodeo 2 from Rodeo 1. 

Two maize grains were identified in this zone at 55 and 45 cm depth. Cyperaceae 

(5 – 33%) and Myriophyllum (0 – 30%) increased in this zone from the last. Isöetes 

reached its highest concentration of the record in the beginning of this zone from 

78 cm to 63 cm before decreasing in concentration to absence by the end of the 

zone. Cyathea types and Huperzia spores increased slightly in this zone. All other 

spores remained low in abundance except for Sporormiella which reached 2% of 

the local pollen sum at 12.5 cm. 

 Total regional pollen increased in pollen zone Rodeo 2 compared with 

Rodeo 1. Moraceae/Urticaceae decreased in this zone to between 7 and 22%, and 

increased again at the end of the zone at c. 5 cm to 40%. Acalypha remained high 

through most of the zone between 30 and 60% until decreasing at c. 5 cm. 
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Alchornea increased up to 50% of the regional sum in this zone. Regional taxa 

including Weinmannia, Podocarpus, Miconia, Apiaceae, cf. Cannabaceae, and 

Anacardiaceae remained constant from Rodeo 1. A peak of 20% in cf. Senefeldera 

occurred in this zone at 15 cm, and Cecropia peaked with a value of 15% at 30 cm 

depth. At the end of the zone, cf. Periandra reached 6% of the regional sum at 2 

cm, and Meliaceae sp. was only present in the top of Core 1 at 10% abundance. The 

highest charcoal peak of the record occurred at 55 cm, but no charcoal was found 

above 28 cm in Core 2. 

 XRF bulk elements became more variable in Rodeo 2 than in Rodeo 1. Si 

and Al showed similar trends with higher variability than in Rodeo 1, and had the 

highest peak of the record in the 15.4 – 22 cm tephra band. Ti and Ca also showed 

similar patterns with higher variability in the upper zone than the lower one. Values 

of both Ti and Ca slowly increased to a peak at 40 cm with other higher peaks at 46 

and 29 cm. Br still followed the pattern of organic LOI but was lower in zone 

Rodeo 2 than in Rodeo 1. Fe remained similar on average to Rodeo 1 with the 

lowest values at 40 cm and within the 15.4 – 22 cm tephra band. The highest Fe 

values occurred in the top 10 cm of Core 2. Mn became more variable in Rodeo 2 

than Rodeo 1 with peaks at 35 cm, 32 cm, and within the top 10 cm of Core 2. 
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DISCUSSION 

CHRONOLOGY OF RODEOCOCHA. Although two cores were recovered 

from Rodeococha, no discernable overlap exists between Core 1 and Core 2. The 

Universal piston sampler used to collect Core 1 is better at capturing the most 

recent and softest lake sediments compared with the Colinvaux-Vohnout coring rig. 

While currently no chronological control exists for Core 1, the presence of a 

Meliaceae type pollen, up to c. 16% abundance of regional taxa that does not exist 

in the record of Core 2, and other non-aligning patterns in pollen abundance 

between cores, suggest a younger age for Core 1 than Core 2. The top of Core 2 

dates to c. 1300 cal BP. The lack of loose and watery sediments, usually present 

near the mud-water interface of a lake, in Core 2 suggests that the soft sediments of 

the mud-water interface were not collected in the coring process. The following 

discussion will therefore be based on the dated material of Rodeococha Core 2. 

Core 2 provides a sedimentary history spanning from c. 7900 – 1300 cal BP. 

OVERVIEW OF BASIN MORPHOLOGY. The sedimentary record from 

Rodeococha provides a history of volcanic activity and vegetation composition 

throughout the mid- to late-Holocene in the Ecuadorian Andes, but the data also 

represent a history of changing basin morphology in the past 7900 years. Loss-on-

ignition data indicate that the coring location within Rodeococha was within a 

peatland for most of the time between c. 7900 and 3900 BP. Within this time, 

organic content fluctuated, but regularly reached values up to 35 – 50%. Organic 

LOI of these values often indicate the presence of a peatland, reflecting the high 
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amounts of organic matter accumulation that occurred in these systems (Hribljan et 

al. 2016). The 35 – 50% organic material by weight was consistent with average 

organic LOI from local bogs around nearby Cotopaxi volcano (Chimner and 

Karberg 2008). The peat present in the record was highly decomposed as there 

were few macroscopic pieces of organic material evident; therefore classifying the 

peat in Core 2 of Rodeococha as a sapric peat (Zinck and Huber 2011). High pollen 

concentrations of local taxa dominated this time period, a pattern common among 

peatland palynological records (Villota et al. 2015). Troughs in organic 

composition, pollen concentration, and increased Isöetes from c. 7900 to 3900 cal 

BP probably reflect occasional wet periods that flooded the peat setting creating a 

short-lived water body. 

The presence of a peatland from c. 7900 to 3900 cal BP is supported by 

terrigenous runoff elements from the XRF bulk element data. Terrigenous elements 

Si, Al, Ti, and Ca remain low with high organic content, and peak when organic 

content decreases. The decreased organic material and increased terrigenous input 

suggest periods of increased rainfall that would have produced runoff and 

temporarily filled in the basin, preventing peat accumulation. Patterns of Br, often 

associated with organic material (Davies et al. 2015), also follows patterns of 

organic LOI and inversely tracks Ti and Ca.  

After c. 3900 cal BP, paleoecological proxies showed a hydrological 

transition of the coring location of Rodeococha from a periodic peatland to a 

permanent lake. Decreased sediment organic content pointed to the decomposition 
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of organic material rather than accumulation as peat. While still showing 

fluctuations thorough time, Br followed a similar pattern, was less abundant in 

Rodeo 2 than Rodeo 1. Si, Al, Ti, and Ca became more variable, but showing an 

overall upward trend in abundance after c. 3900 cal BP, pointing to increased 

terrigenous input to the basin. While Fe levels remained mostly constant through 

the record, with peaks matching those of organic material, Mn increased with Fe 

after c. 3900 cal BP suggesting periods of increased lake levels where redox 

potential was reduced as bottom conditions became more anoxic.  

Pollen concentrations after c. 3900 cal BP were on average about four times 

lower than in zone Rodeo 1 with an increased input of regional pollen. This pattern 

suggests the presence of a larger water body after c. 3900 BP as a lake collects 

pollen from a large source area compared with that of a peatland (Jackson and 

Lyford 1999; Jacobson and Bradshaw 1981). Isöetes trends throughout the record 

also support lake expansion after c. 3900 BP. Concentrations of Isöetes fluctuated 

between 0 and 10,000 grains per cm3 until c. 3800 cal BP when values increase to 

16,000 to 24,000 grains per cm3. Isöetes is an obligate aquatic quillwort that can 

grow when submerged up to 4 m water depth (Cleef 1981; Paduano et al. 2003). 

The increase in Isöetes concentration c. 3800 – 3900 cal BP until c. 2900 cal BP 

may reflect basin expansion until reaching a depth after c. 2500 cal BP that reflects 

an environment too deep for Isöetes growth. These data suggest that during the 

Mid-Holocene Dry Event this lake was smaller and shallower than the modern 

setting, but it did not appear to dry out. 



157 

 

1
5
7
 

VOLCANIC TEPHRA AT RODEOCOCHA. The presence of tephra 

deposits throughout the record, including small bands and mixed sediments, 

pointed to a long history of volcanic activity recorded in the Rodeococha sediments 

from the Holocene. Three large tephra bands were identified at c. 6240 cal BP (118 

– 120 cm), c. 4450 cal BP (89 – 90 cm), and c. 1900 cal BP (15.4 – 22cm). While 

tephra deposits detected by scanning XRF are not directly comparable with 

geochemical XRF by weight, the scanning XRF data can still provide information 

on the tephra composition comparable with other scanning XRF data (Kylander et 

al. 2012). Trends in XRF bulk elements recorded in Rodeococha Core 2 represent 

multiple processes through time as basin morphology changed, but the tephra 

signatures were still distinguishable from other sediments because of their heavily 

silicified composition. Elements such as Si and Al increased with terrigenous input, 

but they peaked in tephra bands. Therefore, the XRF data can be used to identify 

major tephra deposits at Rodeococha, and also differentiate, to some extent, 

volcanic sources. 

The first of these large tephra deposits dated to c. 6240 cal BP. Depths 

scanned throughout this tephra band did not group together as one band, but rather 

had a variety of different bulk element signatures. The lack of coherence among 

tephra in this band suggests that it may be a result of intermixing ash falls from 

multiple simultaneous eruptions or originate from a single eruption with multiple 

stages of ash composition. Due to the broad range of signatures acquired from this 

tephra band, matching this event to an eruption with a similar composition is not 
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currently possible. Additionally, there are no recorded eruptions from this time 

period on the Eastern Cordillera of Ecuador, but Patricia Mothes (personal 

communications) suggested that ash from this time period may coincide with a 

young, previously unknown and unpublished volcano currently being studied in 

Llanganates National Park. 

 The second larger tephra band was dated to c. 4450 cal BP and was 

followed by a series of smaller bands (< 1 mm) and sediment mixed with tephra 

from c. 4450 – 3950 cal BP (79 – 89 cm). The 4450 cal BP band was characterized 

by smaller sized glass shards, lower amounts of Si, Al, Rb, K, Ti, Ca, Sr, and Zr, 

and increased levels of S than the c. 1900 cal BP event. While the large tephra 

bands most likely provide a record of local eruptions from instantaneous 

deposition, the smaller tephra bands and sediment mixed with tephra present from 

c. 4450 – 3950 cal BP may have represented a period of increased regional volcanic 

activity that deposited ash into the basin, but which did not markedly alter the rate 

of sediment accumulation. It is likely, however, that the tephra deposits present 

between c. 4450 and 3950 cal BP could result from a series of prolonged smaller 

local eruptions. Indeed, the Colorado Canyon Rhyolite Episode of Cotopaxi 

occurred between 4500 cal BP and 4000 cal BP (Figure IV.I; Hall and Mothes 

2008). The onset of this episode was characterized by a large lapilli fall (i.e., 

medium-sized silicified ash), which is most likely recorded in the 89 – 90 cm 

tephra band. After 4000 cal BP, eruptions were more andesitic (less silicified) with 

eruption cycles averaging one per century (Hall and Mothes 2008), the transition to 
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this volcanic episode is probably recorded in the mixed tephra and sediment 

deposition from 79 – 89 cm at Rodeococha. 

 The 1900 cal BP band is characterized by the highest amounts of Si, Al, Rb, 

K, Ti, Ca, Sr, and Zr. The large particle size, increased Si content, and decreased Fe 

content suggest that this is a rhyolitic tephra (Balascio et al. 2015). According to a 

preliminary visual analysis by Patricia Mothes, the large, silicified content of this 

band is most similar to an ash fall from Cotopaxi c. 2800 cal BP. However, the 

1100-year disagreement in the age model of Rodeococha prompts speculation of 

the timing of this eruption. Without precise geochemistry of oxides by weight, this 

cannot be confirmed nor falsified at this time. Rather, Arcusa et al. (2020) present a 

scanning XRF tephrochronology from lakes within Cajas National Park where a 

tephra layer of similar thickness (13.3 cm) was identified, dating to 2027 ± 141 cal 

BP from Lake Fondococha, characterized by large glass shards, and high Sr and Si 

counts. Arcusa et al. (2020) suggested that the closest dated eruptions that would 

correspond to this event were the Tungurahua 2020 cal BP eruption (Venzke 2013) 

or a Cotopaxi eruption dated to 2023 ± 107 cal BP (Barberi et al. 1995). The 

similarity in XRF composition and age between this tephra layer and that dated to 

c. 1900 cal BP at Rodeococha suggests a similar origin. 

 MID-HOLOCENE ARIDITY AND VEGETATION DYNAMICS. The 

vegetation at Rodeococha from c. 7900 – 1300 cal BP was dominated by a 

grassland páramo system. Overall, there were no major episodes of species 

turnover, only changes in composition of the existing community through time. All 
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vegetation changes observed in the NMDS were driven by the input of local vs 

regional pollen that closely followed the patterns of peatland to lake transitions. 

Peatland time periods, characterized by high organic composition, were dominated 

by grasses and other local pollen; periods of lake presence saw a decrease in 

grasses and total local pollen input with an increase in regional mid-elevation and 

lowland forest taxa dispersed upslope by wind. As lakes capture pollen from a 

larger source area than peatlands (Jacobson and Bradshaw 1981), the increase in 

regional pollen types was expected as the lake enlarged. While the vegetation 

around Rodeococha did not reveal any substantial changes through time in terms of 

composition, the impact of moisture availability did change the aquatic 

environment. 

 The vegetation changes observed at Rodeococha, which occurred as a result 

of the peatland-lake transition, followed trends of regional precipitation. After c. 

4500 cal. BP regional precipitation increased in this region of the Andes (Bakker et 

al. 2008; Brunschön and Behling 2009; Hansen et al. 2003) and was manifested in 

the transition from a peatland to a lake at Rodeococha (Figure IV.10; Van 

Breukelen et al. 2008). The permanent transition at Rodeococha occurred at c. 3900 

cal BP when records from the Tigre Perdido speleothem (Van Breukelen et al. 

2008) and the Cariaco Basin % Ti record (Haug et al. 2001) suggested that an 

increase in the variability of precipitation compared with the time before 4000 cal 

BP was caused by elevated ENSO activity. Moy et al. (2002) suggested this time 

period of increased ENSO activity to be as early as 5000 cal BP from the lake 
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sediments of Laguna Pallcacocha, 200 km to the southwest. The change to wetter 

conditions at c. 4000 cal BP also resonates among regional pollen records. The 

Guandera Biological Reserve (Bakker et al. 2008) recorded this transition between 

c. 5320 – 2160 cal BP with the increase in forest taxa, Laguna Chorreras (Hansen et 

al. 2003) at c. 4000 cal BP with the increase of moist forest elements, and Cerro 

Toledo at c. 4700 cal BP with increasing Cyperaceae (Brunschön and Behling 

2009). 

 While major trends at Rodeococha followed patterns of regional 

precipitation, the XRF data suggest a series of local events as well. The ratio of 

Ca/Ti, while generally a proxy for drought (Brown 2011), should be interpreted in 

the Rodeococha record as a proxy for drier periods. Ca and Ti are both indicators of 

terrigenous runoff in this record, but the ratio of the two can point to periods of 

higher evaporation and lower precipitation as Ca will still accumulate in highly 

evaporative conditions (Åkesson et al. 2020; Haberzettl et al. 2007; Jouve et al. 

2013). While Ti is often used as a proxy for precipitation from terrigenous runoff 

(Davies et al. 2015; Nascimento et al. 2020), it is highly associated with tephra 

deposits at Rodeococha. To remove the influence of tephra deposits on the Ti 

record, I use a ratio of Ti/Si as all tephra deposits are highly silicified (Figure 

IV.10). The result is a ratio of Ti/Si that presents a pattern able to track 

precipitation through terrigenous runoff. Likewise, to account for the impact of 

volcanically added Ti on the Ca/Ti signal, Ca/Ti/Si is instead displayed in Figure 

IV.10 as a proxy for relatively drier conditions. Throughout the record, times with 
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the highest organic content (peatlands) coincided with drier periods shown by 

higher Ca/Ti/Si or lower Ti/Si, only two larger relatively dry events occurred at c. 

2300 cal BP and 1700 cal BP. However, these peaks were not coincident with any 

regional trends, and only the 1700 BP drier period seems to have induced 

vegetation change in the form of increased inputs of regional (forest) taxa (Figure 

IV.10). Local wet periods before the transition to a lake existed with peaks in Ti/Si 

at c. 6000 cal BP, 6300 cal BP, and 5500 cal BP. After the permanent transition 

from a peatland to a lake at c. 3900 BP, Ti/Si increased reflecting the regional 

patterns of increased precipitation.  
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Figure IV. 10: Regional precipitation record from A) the Cariaco Basin (Haug et 

al. 2001) and B) Tigre Perdido speleothem (Van Breukelen et al. 

2008) compared with selected proxies from Rodeococha C) Ti/Si, 

D) Ca/Ti/Si, E) Percent organic weight, F) NMDS axis 1, G) NMDS 

axis 2, H) Aquatic pollen totals, I) regional forest pollen totals, and 

J) local pollen totals. Dotted line indicates pollen zone cut-off, and 

the gray lines are the 3 large tephra bands. 
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Although the lake expanded, and the pollen source area changed as the mid-

Holocene drying gave way to a wetter late Holocene, there is little evidence of any 

change in the local vegetation around Rodeococha. The lack of terrestrial 

vegetation change at Rodeococha and little change in XRF proxies suggested that 

the mid-Holocene aridity was not severe enough to be registered palynologically. 

Aquatic vegetation did increase after the transition from a peatland to a lake, but as 

a result of increased marginal area around an expanding lake. This pattern of little 

vegetation change is similar to the pattern observed in the 4100 BP record from 

Llanganates National Park where grass, Hedyosmum, and other local taxa 

dominated the record except for the long range input of Acalypha and 

Moraceae/Urticaceae (Villota et al. 2015). Therefore, the vegetation changes 

observed at Rodeococha were a result of regional moisture levels affecting the 

catchment size, and a reflection of the peatland-lake transition. The major changes 

observed reflected a changing aquatic environment. 

 The overall lack of change in the pollen record also meant that the tephra 

deposition episodes did not induce marked vegetation responses. The ashfalls were 

relatively minor and appear to have originated from fairly distant volcanoes: 

Cotopaxi is 46 km north of the coring location and Tungurahua is 29 km to the 

southwest. Nutrient supply from such ashes would undoubtedly influence the 

ecology of the system, but as such ashfalls have been taking place for millions of 

years in the Andes, this is the evolutionary norm rather than the exception. 

Consequently, our documentation of the ash layers may be of considerable interest 
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to volcanologists and geomorphologists, but they did not shape the Holocene 

ecology of this landscape. 

 EVIDENCE OF HUMAN MODIFICATION AROUND RODEOCOCHA. 

Little evidence of human activity was detected in the Rodeococha record. Charcoal 

remained low throughout the record, suggesting little burning of the landscape. 

However, the burning that was present was most likely human induced as this is a 

naturally wet landscape not likely to burn on its own. Two grains of Zea mays were 

found at c. 2700 cal BP (55 cm) and c. 2430 cal BP (45 cm), the former occurring 

with the largest charcoal peak in the record. While maize is indicative of human 

presence, the low amounts of charcoal and short-lived period for the presence 

maize suggests a very short time of human use of Rodeococha in the past.  

Evidence of herding from Sporormiella percentages over 2% abundance did 

not occur until c. 1350 BP at Rodeococha. As proxies toward the top of the core 

indicate slightly drier conditions, Sporormiella over 2% could reflect spore 

concentration within a smaller lake (Raper and Bush 2009); however, Sporormiella 

over 2% was not present as the lake formed so it is unlikely that the c. 1350 BP 

peak would have been the concentration of Sporormiella from naturally occurring 

animals in the landscape. The earlier presence of humans and cultivation 

discovered at nearby sites Llaviucu, with maize detected at 6000 cal BP (Colinvaux 

et al. 1997; Nascimento et al. 2020), and Chorreras, with maize detected at 7000 cal 

BP (Hansen et al. 2003), was not detected at Rodeococha. This disparity in ages is 

most likely because humans would not have been using a peatland as regularly as 
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they would use a lake. Both Llaviucu and Chorreras were used continuously after c. 

4000 cal BP, and yet even after Rodeococha became a lake after 3900 cal BP, it 

appears to have been used sparingly.  

The attempt to use the landscape around Rodeococha could have been a 

reflection of increasing population sizes, but the site may have become too wet for 

continuous occupation. At present, the area surrounding Rodeococha is mostly a 

cushion plant bog/swamp that is difficult to navigate. Åkesson et al. (2020) 

document that wet areas that were marginal for occupancy in the Andes were used 

during dry events. Thus, the periods associated with maize cultivation may have 

been time-windows that were a little warmer or drier. The XRF data, however, do 

not provide a clear indicator of drought associated with these events. Another 

possibility is that the volcanic activity present on the Eastern Cordillera within the 

Holocene may have limited the extent to which people were able to use the 

landscape. At Rodeococha, charcoal is present in the landscape until the large 

tephra deposit c. 1900 cal BP. After the tephra deposit, burning is not resumed, but 

a Sporormiella increase suggests that the site may have been reoccupied with 

limited use. Similar processes have been observed near Macas, Ecuador in the 

Upano Valley where mound building was interrupted by the eruption of Sangay 

(Rostain 2012). Ash deposits are believed to have destroyed settlements, causing 

abandonment at the site c. 1550 – 1350 cal BP, with resettlement by a different 

culture between 750 – 150 BP (Rostain 2012). Therefore, even though the area has 

been surrounded by anthropogenic activity through the Holocene, there is no 
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widespread evidence of intense human landscape modification around Rodeococha. 

As this record begins in a landscape that has probably already been modified by 

burning, it is not possible to determine whether the onset of fire caused a major 

transition in vegetation. 

 

CONCLUSIONS 

 The sediment record from Rodeococha provided a history of volcanic 

deposition and moisture availability through the last 8000 years in central Ecuador. 

No changes in vegetation occurred with the deposition of tephra bands, even 

though fire was absent in the landscape after the 1900 cal BP tephra band. While 

the first tephra band discovered within the Rodeococha core at c. 6240 cal BP is 

inconclusive in origin, it is likely that the last two tephra bands at c. 4450 and 1900 

cal BP originate from eruptions of the Cotopaxi volcano. Their distinct XRF 

signatures provide preliminary information allowing for the distinction of their 

origin.  

No evidence of major changes in local vegetation associated with mid-

Holocene aridity was detected in this record, however, lake level was controlled by 

regional moisture availability. Changing lake size as wetter late Holocene 

conditions caused the lake to expand provided the strongest change in the fossil 

pollen signature. Thus, the vegetation signal recorded in the Rodeococha sediments 

was the result of a transition in source area of pollen as a peatland mire became a 

lake, rather than a direct influence of moisture availability on the vegetation itself. 
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If moisture was the main driver of vegetation composition, evidence of species 

turnover would be expected, but few changes in turnover occurred. There were 

some variations, however in the vegetation types already present. Furthermore, 

there was little evidence of intense human-induced landscape modification in the 

landscape surrounding Rodeococha from c. 7900 – 1300 cal BP.  

The lack of vegetation change despite humans in this landscape did not 

support the existence of a manufactured landscape around Rodeococha. The results 

presented here suggest that while the aquatic systems in this region may change, 

the páramo vegetation is resilient to moisture fluctuations in the absence of human 

activity. Occasional use of the site, exemplified by a record of burning and limited 

maize agriculture, did not induce large changes in the fossil pollen signature. This 

pollen record from the lake suggested the páramo vegetation was highly resilient to 

disturbances ranging from low intensity human use to ashfall events. Although 

humans were present in this landscape, their relatively-low intensity of land use in 

an area that experienced minimal stress from drought was not enough to alter the 

area to a similar extent to that seen at Acopia. 
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CHAPTER V 

SYNCHRONICITY AMONG HIGH ANDEAN HOLOCENE DOMESTICATION 

EVENTS 

 

 

INTRODUCTION 

The Andes is recognized as a site of independent agricultural invention 

(Bruno 2006; Piperno 2011) and animal domestication (Barreta et al. 2013; 

Goñalons 2008). Crops native to the high Andes include potatoes (Solanum 

tuberosum), other tubers (e.g., oca, mashwa, ullucuc, jicama), various legumes, 

squashes, gourds, and pseudocereals including quinoa (Chenopodium quinoa), 

cañahua (Chenopodium pallidicaule), and amaranth (Amaranthus caudauts; 

Pearsall 2008). Domesticated animals native to South America include the guinea 

pig (Cavia porcellus), llama (Lama glama), and alpaca (Vicugna pacos; Stahl 

2008). Hypothesized connections between agricultural and animal domestication of 

the region are common, as camelid (llama and alpaca) meat would fill necessary 

dietary roles otherwise missing in early agropastoral societies. For example, initial 

domestication of camelids has been suggested to occur simultaneously with 

potatoes and other Andean tubers (Chepstow‐Lusty et al. 2003; Pearsall 2008) as 

camelid meat would serve as a source of protein in a starch-driven diet. 

Additionally, camelid meat could have provided food insurance for rising 

populations when potato crops failed (Jensen and Kautz 1974). 

Among the existing hypotheses connecting animal and plant domestication 

in the Andes, a leading argument links quinoa and camelid domestication. Both 
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quinoa and llamas share a modern home range in the Andes (Figure V.1) with the 

ability to survive in cold, dry, high-elevation Andean environments (Cusack 1984a; 

Riek et al. 2019). Modern diversity of quinoa varieties is greatest in the south 

central Andean highlands, and this region is therefore suggested as the center of 

domestication (Gandarillas 1974; Jacobsen and Mujica 2002). Likewise, this region 

is hypothesized as a center of camelid domestication (Goñalons 2008). Models of a 

mutualism between quinoa and camelids are based on weed-domestication theory, 

or the camp follower hypothesis, originally suggested by botanists (Anderson 1952; 

Sauer 1952). In this theory, plants that eventually became domesticates were those 

that propagated near human habitation as a result of disturbance and seed disposal 

in waste heaps (Anderson 1952; Kuznar 1993). In the hypothesis of quinoa and 

camelid mutualism, the family Amaranthaceae, to which quinoa belongs, is linked 

to landscape disturbance (Hansen and Rodbell 1995). Seeds of chenopods would be 

carried into corrals in the fur and feces of camelids. Corralling practices where 

manure-rich, disturbed habitats facilitated growth of Chenopodium, would have 

provided an optimal environment for quinoa production. Corrals would also have 

provided optimal areas for seed harvesting, and, when abandoned, provided area for 

seed sowing (Pearsall 2014). 
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Figure V. 1: Modern quinoa (blue) and llama (red) ranges in the Andes. Redrawn 

from Pearsall (2008), Kadwell (2001), and Wheeler (1995). 
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Multiple forms of this hypothesis support a mutualistic model between 

quinoa and camelids that relies on a process of slow seed sowing by camelids, 

harvesting of seeds by humans, and subsequently intentional cultivation of quinoa. 

In one variation of the camp follower hypothesis, Kuznar (1993; 1995) and Marsh 

(2016) argue that camelids would have been domesticated before quinoa as full 

herds would have been necessary for the interaction to occur. This version of the 

hypothesis is rooted in a modern study of chenopods in the Asana valley of Peru 

where there was 117 times more Chenopodium inside versus outside pastoral sites 

(Kuznar 1993). In this study, Kuznar (1993) also suggested that grazing would 

promote wild growth of chenopods, as camelids eat down the perennial shrubs and 

grasses that easily choke out Chenopodium species.  

Alternatively, Pearsall (2014) argued that the mutualism between camelids 

and quinoa could exist in simultaneous domestication. In this model, long-term 

hunting of wild camelids and manipulation of wild populations would have led to 

the tending of a semi-domesticated ancestor of the llama (Wheeler Pires-Ferreira et 

al. 1976; Wing 1978b). The tending of a wild llama ancestor would have provided 

the proper disturbance-rich environment for chenopods as well as the corralled area 

for easy harvesting. In this model, domestication of quinoa and llamas would exist 

in a feedback loop as the relationship between the animals and plants evolve 

together rather than in a cause-and-effect manner. Pearsall (2014) argued that this 

type of coevolutionary model is supported in archaeological data from Panaulauca 

where the changes in Chenopodium seed size increases as camelid remains increase 
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through time. Archaeologists suggest that domestic camelids were in wide use by c. 

4500 – 4000 cal BP (eg. Goñalons 2008; Goñalons and Yacobaccio 2006a; Stahl 

2008; Wheeler 2012; Yacobaccio and Vilá 2016), and domestic quinoa by 3500 – 

3000 cal BP (eg. Bruno 2001; Bruno 2006; Bruno and Whitehead 2003; Langlie et 

al. 2014; Planella et al. 2015). As little emphasis has been placed on developing 

refined chronologies, the range between the initiation of pastoralism and quinoa 

cultivation would be within the contextual error in most of the archaeological sites.  

Here, I test the hypothesis of domesticated camelid and quinoa coevolution 

in the Andes by analyzing the synchronicity of events through the Holocene. If 

camelid domestication and quinoa coevolved, events should be synchronous within 

the same record and the same regions. If patterns between camelids and quinoa 

emerge as asynchronous, especially if quinoa cultivation predated camelid herding, 

the hypothesis of coevolution will not be supported. Specifically, I address the 

questions:  

1) Was quinoa domestication synchronous across sites? 

2) Was camelid domestication synchronous across sites? 

3) Did quinoa and camelid domestication occur simultaneously?  

 

METHODS 

 The methods used to determine synchronicity in this analysis of 

Sporormiella and quinoa in paleoecology records closely follow those of Parnell et 

al. (2008) with some minor adjustments for standardization and model semi-
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automation. The details of this method are described below in three steps: 1) 

identify the event depth, 2) generate the Bayesian age model, and 3) calculate 

probable time differences among events. All analyses were completed in R v. 4.0.2 

(R Development-Core-Team 2020). The full R code used to complete these 

analyses, including custom functions, can be found in Appendix B.  

IDENTIFYING THE EVENT DEPTH. The first step in the process of 

identifying synchronous events in a pollen record is to identify the event depth. The 

event depth is the core depth at which the first sign of the domestication event can 

be identified. This depth is defined as the rational limit, or the location of the first 

rapid increase in the proxy abundance, as opposed to the empirical limit, which is 

the point at which a proxy is consistently present (Smith and Pilcher 1973). I follow 

the precedent of Parnell et al. (2008) using the transition to the rational limit rather 

than the empirical limit of an event as the boundary definition, as the empirical 

limit is difficult to identify in paleoecological records (Watts 1973). Rather than 

doing this “by eye” as in Parnell (2008), I automated this process using the 

suggestions for event depth determination therein. 

 The EventDepth function created for this step requires input values of a 

depth vector (x), an aligning proxy vector in percent abundance (y), and the 

specification of whether the input y value should go through a smoothing process 

before identifying the event (smooth = TRUE or FALSE). The smoothing option is 

present specifically for identifying the depth of quinoa cultivation in an 

Amaranthaceae curve. Because quinoa pollen cannot be visually separated from 
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other similar Amaranthaceae pollen types, they are all counted together in pollen 

analysis. Therefore, a record of quinoa cultivation in this analysis is inferred when 

peaks of Amaranthaceae rise above background levels. A vector of quinoa is then 

created from the vector of Amaranthaceae percent abundance. If smooth = TRUE 

for an Amaranthaceae record, the x and y vectors are first arranged in order of 

descending sample depth (past to present). A background level of Amaranthaceae is 

then inferred from the data by fitting a smoothed curve using a spline interpolation. 

Both the smoothing parameter and the degrees of freedom are locally defined in 

this step (cv = TRUE in the smooth.spline function), so as to minimize the 

prediction sum of squares (PRESS) because optimal values will change depending 

on the record analyzed. Amaranthaceae peaks beyond a background level are then 

calculated by subtracting the values of the smoothed curve from the values of the 

original Amaranthaceae curve. All negative values are set to zero, and the resulting 

curve of peaks beyond background are considered quinoa cultivation. 

 After smoothing or if smoothing is set to FALSE, as Sporormiella is not 

smoothed to create a background level, the event depth can be determined. As 

suggested by Parnell et al. (2008), the transition to the rational limit can be found 

by fitting a logistic curve between the minimum and maximum percent abundance 

of the rational limit. From bottom to top of the core, a data subset is created from 

the first sample that reaches ≥ 2% abundance plus and minus 5 samples. A logistic 

curve is then fit to the dataset using the nls2 function (Grothendieck 2013) with the 

data subset providing a matrix of model fit starting values for a (the asymptote), b 
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(the slope of the logistic curve), and c (the depth of greatest growth). The depth of 

the event depth is then given as the c value in the final fitted model.  

 IDENTIFICATION OF PROBABLE AGE RANGE OF EVENT IN 

BCHRON. Once the event depth for the record has been identified, the most 

probable age range for the event can be determined using BChron (Haslett and 

Parnell 2008). Bayesian methods, such as those used in BChron, are ideal for this 

type of analysis because the Monte Carlo iterations produce numerous possible 

chronologies with age estimates within 14C control, referred to as stochastic linear 

interpolation. For every paleo record, an age model was created from accepted 14C 

ages as published using BChron. An output of 10,000 iterations of estimated ages 

were created for use in the next step of pairwise differences of events among sites.  

 PAIRWISE CALCULATION OF PROBABLE TIME DIFFERENCES 

AMONG EVENTS. After the 10,000 age iterations were created in the BChron 

output, the iterations were compiled in a single file to feed into the pairwise 

calculation of probable time differences among events. The function written to 

complete this step can be found in Appendix B. Each set of 10,000 iterations was 

compared with every other site and proxy by subtracting the iterations to develop a 

period of probable event difference Figure V.2. The 95% credible interval 

(Kruschke 2014) of the posterior time difference was calculated using the package 

bayestestR (Makowski et al. 2019) and individual plots of probable time difference 

created with ggplot2 (Wickham 2016). All individual result plots can be found in 

Appendix C but are summarized in the results section.  



177 

 

1
7
7
 

 

Figure V. 2: Conceptual figure of synchronous and asynchronous events. 

Examples of generalized A) asynchronous and B) synchronous 

probability density functions of event ages. C) Detecting 

synchronicity in the pairwise analysis occurs when the 95% highest 

density region, or credible interval, of the difference in event iterations 

between 2 events overlaps with zero (Parnell et al. 2008). 
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 RECORD SELECTION FOR ANALYSIS. To be included in the analysis 

of paleo records, site records had to meet the following requirements.  

1) Records must reach an age of at least 6000 cal BP and must be the product 

of sedimentary deposition in a lake. As the hypotheses being tested depend 

on events occurring within the mid-Holocene, only records reaching the 

mid-Holocene are appropriate for analysis. Otherwise, event ages may be 

underestimated. Records were cut off at a mean age of 8000 BP for this 

analysis as the archaeological literature suggests that camelid management 

before this time is highly unlikely (Goñalons 2008; Goñalons and 

Yacobaccio 2006a; Moore 2016; Yacobaccio and Vilá 2016). The 8000 BP 

cutoff also removes any possible impact of few remaining megafauna in the 

early-Holocene. Although, megafauna were considered functionally extinct 

by c. 12,800 BP (Raczka et al. 2019a; Rozas‐Davila et al. 2016), there are 

some reports of early-Holocene megafaunal remains (Marshall et al. 1984; 

Pujos and Salas 2004; Steadman et al. 2007). 

2) Sporormiella records must reach greater than or equal to 2% within the 

record. This percentage is commonly used in studies of Sporormiella and 

animal density in landscapes (Davis 1987; Davis and Shafer 2006; Gill et al. 

2013; Raczka et al. 2016). 

3) Amaranthaceae records must reach greater than or equal to 2% abundance 

after background smoothing step when defining the event depth. This 

threshold was chosen for uniformity between proxies, in addition to being a 
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common threshold for including in discussions of ecologically significant 

taxa. 

4) Sporormiella increases within records must be pre-conquest to avoid the 

influence of European introduced domestic animals.  
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RESULTS 

 The analysis of sites with paleoecological records of agropastoralism 

revealed regionally grouped synchronous events. Fourteen synchronous pairs were 

identified out of the 45 tested. Most synchronous events were quinoa-Sporormiella 

pairs, representing 9 out of the 14 events; quinoa-quinoa pairs made up 3 out of 14 

synchronous events, and Sporormiella-Sporormiella pairs accounted for 2 events. 

The events had considerable overlap and were grouped to show 5 synchronous 

events over the study area (Figure V.3). The mean dates with the 9% credible 

interval (CI) for all events are also reported in Table V.2.  

The earliest and southernmost synchronous event was the similar timing in 

Titicaca quinoa (CI: 6640 – 7620 cal BP) with Khomer Khocha Sporormiella (CI: 

7240 – 8500 cal BP). The next group chronologically included Lake Titicaca 

quinoa, Acopia quinoa (CI: 6310 – 7460 cal BP), and Qoricocha Sporormiella (CI: 

5640 – 7060 cal BP). Acopia quinoa, Qoricocha Sporormiella, and Pacucha quinoa 

(CI: 5280 – 6150 cal BP) composed the third group. The fourth group included the 

northernmost site, Llaviucu Sporormiella (CI: 4960 – 6220 cal BP) with Qoricocha 

Sporormiella and Pacucha quinoa. The final, largest, and latest group 

chronologically included Qoricocha quinoa (CI: 4230 – 4480 cal BP), La 

Compuerta quinoa (CI: 2650 – 5040 cal BP), Acopia Sporormiella (CI: 3880 – 

4690 cal BP), and Caserococha Sporormiella (CI: 2700 – 4440).  
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Figure V. 3: Summary of quinoa and Sporormiella event synchronicity among 

Andean paleo records. Green text indicates quinoa credible interval 

(CI) of event age, red text indicates Sporormiella CI of event age, and 

matching numbers indicate synchronous events in chronological order 

of events. 

 

  



183 

 

1
8
3
 

Table V. 2: Bayesian model outputs of mean and 95% credible interval (CI) of 

events by proxy at each site included in synchronicity analysis in 

calibrated years BP. 

 

 

 

 

 

 

 

 

 

 

 Despite the widespread use of quinoa and pastoralism, only two of the 

paleoecological records, Acopia and Qoricocha, provided analyses where both 

quinoa pollen and Sporormiella spores were quantified. Neither Acopia nor 

Qoricocha recorded synchronous events between these proxies at the same site. 

Sporormiella at Qoricocha increased c. 6500 cal BP, preceding the rise of quinoa at 

c. 4360 cal BP, by c. 2140 years. At nearby Acopia, these same proxies showed the 

opposite pattern. The overlapping probability density of ages of each site can be 

seen in Figure V.4. The mean of all Sporormiella ages was 5690 cal BP, and the 

mean of all quinoa ages was 5540 cal BP. Combined probability densities of 

Site Name Event Proxy 

Mean 

Event Age 

cal BP 

CI of Event 

cal BP 

Llaviucu Sporormiella 5570 4960 – 6220 

La Compuerta quinoa 3950 2650 – 5040 

Qoricocha 
Sporormiella 6510 5640 – 7060 

quinoa 4360 4230 – 4480 

Caserococha Sporormiella 3550 2700 – 4440 

Acopia 
Sporormiella 4370 3880 – 4690 

quinoa 6620 6310 – 7460 

Pacucha quinoa 5710 5280 – 6150 

Titicaca quinoa 7050 6640 – 7620 

Khomer Khocha Sporormiella 7810 7240 – 8500 
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Sporormiella events compared with quinoa events can be seen in Figure V.5 with 

chronological groups sharing high densities of age. 

 

 

 

 

Figure V. 4: Probability densities of all events analyzed in the pairwise 

comparison. Dashed lines are Sporormiella records and solid lines are 

quinoa records. In chronological order, color are: Khomer Khocha 

(light green), Titicaca (black), Qoricocha (red), Acopia (blue), 

Pacucha (purple), Llaviucu (gold), La Compuerta (dark green), and 

Caserococha (cyan). 
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Figure V. 5: Combined probability densities of all Sporormiella (red) and quinoa 

(black) events analyzed in the pairwise comparison.  

 

 

 

DISCUSSION 

 It is often difficult to identify when remains in archaeological records 

represent the onset of plant or animal domestication as the morphotypes of wild 

progenitors grade into that of domesticates (Goñalons and Yacobaccio 2006a; 

Moore 2016). The continuous deposition and temporal resolution of lake sediment 

records can reveal changes in relative and absolute abundance of proxies that can 

offer a different perspective in testing hypotheses of domestication and agropastoral 

coevolution from that of archaeology. In the comparison of eight sedimentary 
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sequences, I did not find evidence of synchronous, regionwide, quinoa and camelid 

domestication events across the Andes. I did find, however, some regional 

patterning, that was consistent with the hypotheses of independent inventions of 

pastoralism in the northern and southern tropical Andes.   

 If the domestication processes had been tightly linked and synchronous, we 

would have expected: 1) the sites with both proxies to have synchronous events, 

and 2) the same regions to have synchronous events. Quinoa and Sporormiella, 

however, did not arise synchronously at Acopia and Qoricocha, the only sites with 

both proxies. Additionally, the chronological order of inception events at each site 

was reversed. Cultivation of quinoa began at Qoricocha at c. 4360 cal BP, 

compared with c. 6620 cal BP at Acopia, whereas Qoricocha herding began at c. 

6510 cal BP, compared with c. 4370 cal BP at Acopia. At a regional scale, 

Sporormiella and quinoa events were mostly asynchronous with each other in the 

northern and central Andes, but in the southern Andes there was more overlap. 

 In the south-central Andes seven synchronous quinoa and Sporormiella 

events across locations, suggest that quinoa and herding may have coevolved. DNA 

studies of extant camelids (Kadwell et al. 2001) and the archaeological literature 

has suggested multiple centers of domestication for the llama including one in 

central Peru in the Junín region, and another in the south-central Andes in the 

Altiplano of Peru and Bolivia (Goñalons 2008; Goñalons and Yacobaccio 2006a). 

It is possible that the latest dates for first peaks of Sporormiella around Acopia and 
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Caserococha could be the result of the migration of practices south from central 

Peru or north from the Titicaca region. Likewise, the trend in decreasing quinoa age 

moving north could be a result of technological radiation moving north from the 

south-central Andes. The origination of quinoa cultivation in the dry Altiplano is 

consistent with the ecology of early types (Chepstow‐Lusty et al. 2003; Pearsall 

2008) as it would have been restricted in northern Peru and Ecuador to dry 

locations (Bazile et al. 2016). La Compuerta lies on the western, drier side of the 

northern Peruvian Andes (Betancourt et al. 2000; Placzek et al. 2001; Weng et al. 

2006) and did have a long history of quinoa cultivation prior to the adoption of 

maize. The relatively late onset of quinoa cultivation at La Compuerta (c. 5040 – 

2650; Figure V.3) probably reflects the migration of its cultivation northward along 

the dry western edge of the highlands.  

 My data suggest that Sporormiella initiation events were asynchronous with 

each other, and asynchronous with quinoa events, but that Sporormiella and quinoa 

events were regionally synchronous in the south-central Andes. The lack of site-

specific synchronous events where data for both proxies are available does not 

suggest a strong link between the two, but perhaps overlapping radiations from 

centers of domestication as both quinoa and Sporormiella share a similar average 

age from all sites. Ideally, more sites with both quinoa and Sporormiella proxies 

would help resolve this apparent issue, as well as sites to bridge the gap between 

the Cuzco region of Peru and northern Peru. 
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 DOMESTICATE INCEPTION AND ALTERNATE HYPOTHESES. The 

one main trend that does stand out when evaluating the timing of domestication 

events through the Andes in paleoecological records is the average age of camelid 

domestication events and quinoa domestication events. The synchronous events in 

the south-central Andes supports Pearsall’s (2008) hypothesis that quinoa and 

camelids could have coevolved, but was geographically restricted. Again, however, 

quinoa and Sporormiella were asynchronous at sites with both proxies, and there 

seems to be trends in chronological movement rather than strict site linkages.  

 The strength of this analysis lies in testing simultaneous events through time 

in paleoecological records, but it cannot accurately test Kuznar’s (1993) hypothesis 

that camelid domestication preceded quinoa cultivation. To test this hypothesis 

properly, more sites with both Sporormiella and Amaranthaceae records would be 

needed to test cause-and-effect relationships at individual sites and across the 

Andes. The result from Acopia, a site that does not conform to the camelid first 

model, may also call into question the connection between quinoa and camelids at 

all. Traditional forms of the camp follower hypothesis are linked to human 

disturbance that could occur in the absence of camelid domestication, as weedy 

taxa can also grow preferentially in human waste heaps (Anderson 1952).  

 Intriguingly, the average timing of quinoa and camelid domestication events 

recorded in this study are considerably older than accepted domestication ages from 

the archaeological literature. Reviews of camelid archaeological data of the Andes 

conclude that domesticated camelids were in use by c. 4500 – 4000 BP cal (eg. 
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Goñalons 2008; Goñalons and Yacobaccio 2006a; Stahl 2008; Wheeler 2012; 

Yacobaccio and Vilá 2016) as opposed to the average age of camelid domestication 

events of 5690 BP from these Sporormiella records. Likewise, domestication 

estimates of quinoa from archaeological records are mostly between 3500 – 3000 

cal BP (eg. Bruno 2001; Bruno 2006; Bruno and Whitehead 2003; Langlie et al. 

2014; Planella et al. 2015) rather than the c. 5540 cal BP suggested by these pollen 

data. Moore (2016) estimates that it would take hundreds of years to tame animals 

enough to herd them into corrals, with exponentially evolving domestic products 

(i.e., fibers, pack animals) only able to be produced once animals are in a fully 

domesticated form. 

 Regarding the difference in timing between the paleoecological records in 

this analysis and the ages recorded in archaeological literature, it is possible that the 

paleoecological record gives a glimpse of the early stages of domestication where 

herds were being formed mainly for subsistence before selective camelid breeding, 

or where quinoa was being regularly harvested without yet reaching the seed size of 

modern individuals. The emergence of unidentified Amaranthaceae, classed 

informally as chenopods, about 5000 cal BP in archaeological records from the 

highlands of Peru and northern Chile (Aldenderfer 1999b; Kuznar 1993; Nordstrom 

1990; Pearsall 1992) potentially supports the earlier emergence of quinoa in this 

study. As it is difficult to discern wild versus early domesticated individuals in both 

quinoa and camelid archaeological records, the analysis of the paleoecological data 

may be offering a sensitive tool to evaluate early domestication in the pollen and 



190 

 

1
9
0
 

spore records. Because pollen and spores are produced in their millions the 

probability of early detection of a rare practice is much higher in studying lake 

sediments than the probability of finding well-preserved organic remains in the 

relatively sparse archaeological contexts that have been researched. A parallel can 

be found in the early detection of Amazonian maize pollen (Bush et al. 1989) or 

Andean crop phytoliths (Perry et al. 2006; Piperno 2011) that predated 

archaeological estimates by more than 2000 years. 

 

CONCLUSIONS 

 The current study tested the hypothesis of synchronous quinoa and camelid 

domestication. The results provided here suggest that trends of quinoa and 

Sporormiella were highly regional. Moreover, the events suggest that although a 

link between quinoa and camelids may have existed in the south-central Andes, that 

link most likely did not hold true for the Andes as a whole. The timing in events by 

location rather suggests that quinoa most likely radiated from one location as 

opposed to the multiple locations hypothesized in camelid domestication.  

 In the south-central Andes, ecological conditions were suitable for quinoa 

cultivations, whereas areas of Ecuador and northern Peru were too wet. Early peaks 

in Sporormiella in both regions suggest camelid domestication by at least c. 6500 – 

6000 cal BP. The high, dry plains around Lake Titicaca appear to have supported 

the early adoption of both quinoa and pastoralism c. 7000 BP, although these could 
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have been independent, parallel inventions. An age-trend in the adoption of quinoa 

is consistent with a radiation of this crop northwards by the late mid-Holocene.  

 The ages of the inferred onset of both quinoa cultivation and pastoralism are 

approximately 2000 years earlier than widely reported in the archaeological 

literature. These data provide new hypotheses of the timing of cultivation and 

pastoralism to be tested both in future paleoecological studies and archaeological 

explorations, and add weight to the emerging view of the complexity of agricultural 

innovation in the Neotropics.  
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CHAPTER VI 

SYNTHESIS AND CONCLUDING REMARKS 

 

 This study investigated climatic links to pastoralism and the long-term 

effects of agropastoral adaptations on Andean landscapes. Herding and land-use 

histories were reconstructed in two climatically different regions of the Andes 

using the coprophilous fungus Sporormiella, fossil pollen, charcoal, XRF, and 

sediment color where applicable. Both the northern Andes of Ecuador and the 

south-central Andes of southern Peru have rich cultural histories in high-elevation 

landscapes. The timing of the local adoption of pastoralism, and subsequent onset 

of intense landscape modification was analyzed in the context of the local 

manifestation of mid-Holocene aridity. Additionally, hypotheses linking different 

origins of agropastoralism were tested.  

 

WAS THE ONSET OF CAMELID DOMESTICATION ASSOCIATED WITH 

MID-HOLOCENE ARIDITY? 

 Frequent droughts brought about by the MHDE were hypothesized to have 

concentrated humans and wild camelids around high-elevation lakes, aiding 

Andean camelid domestication (deFrance et al. 2016; Grosjean et al. 2007b). If this 

hypothesis was true, increases in Sporormiella at the study sites should have 

occurred with drought as the local concentration of camelids would have been 

reflected in spore abundance. At Acopia in southern Peru, however, where local 
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drought was a substantial part of the Holocene climate, the effects of drought on 

herding suggested the opposite trend. Pastoralism began c. 4350 cal BP around 

Acopia as local moisture began to increase, with similar trends observed around 

nearby lakes as well. Even during short periods of drought after the establishment 

of herds, the herding signal was linked to wetter periods rather than drier periods, 

when a smaller lake size would be expected to concentrate, not dilute, Sporormiella 

in the sediment record.  

 When making hypotheses at an Andean scale, the suggestion that dry, puna-

adapted wild camelids may have accessed similar water sources as humans is not 

unreasonable. However, this hypothesis ignores local-scale variability and 

generalist adaptations of wild camelids. The period referred to as the MHDE was 

not a single event throughout the Andes, but rather a time of increased probability 

of decadal, even multidecadal droughts, occurring.  As today, those events were not 

manifested uniformly giving rise to strong spatial and temporal variability in 

drought severity between the northern and southern tropical Andes (Abbott et al. 

1997; Hansen et al. 1994b; Nascimento 2019). Consequently, if climatically-driven, 

a uniform, and synchronous, trend to pastoralism across the Andes is unlikely. Wild 

camelids are able to change their diet between wet and dry seasons (Borgnia et al. 

2010), can compensate for short periods of low water supply by increasing their 

food intake (Gerken et al. 2019), and can migrate slightly downslope in periods of 

drought (Bonavia 2009). While drought may have been more common within the 

mid-Holocene, increased local moisture in naturally arid settings, such as the Cusco 
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region, may have provided the best opportunities for herding attempts. The wide 

range of climatic settings in the tropical Andes provides such different 

environmental gradients that adopting pastoralism as a technology would have been 

stimulated by local climatic opportunities as opposed to large-scale climate change.  

 

ARE MODERN, HIGH-ELEVATION VEGETATION ASSEMBLAGES A 

PRODUCT OF A MANUFACTURED LANDSCAPE? 

 The prolonged presence of humans in Andean landscapes suggests that 

modern landscapes may be manufactured. In other words, the modern vegetation 

has been shaped by the actions of both past and present humans (Sylvester et al. 

2017). At the two study sites presented here, Rodeococha and Acopia, both the 

degree of human impact and the vegetation response to that impact varied. While 

humans were in the Rodeococha landscape for most of the 8000 cal BP period, as 

suggested by charcoal presence, their continuous presence was limited by wet 

conditions and volcanic activity. While the lake itself and small vegetation changes 

were sensitive to local moisture availability, no major changes in vegetation 

community composition occurred through the record. Maize found at c. 2700 cal 

BP and c. 2430 cal BP may have been a reflection of the use of a wet region during 

a warmer or drier episode (e.g., Åkesson et al. 2020), and signals of herding did not 

occur until c. 1350 BP. Even though the area around Rodeococha was surrounded 

by anthropogenic activity through the Holocene, there was no impact of intense 
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human land use on vegetation from the beginning of the record, although fire was 

present throughout the entire record. 

 Unlike the Rodeococha record, the Acopia record provided a long history of 

intense landscape modification by past humans. At Acopia, there is a record of c. 

6600 years of quinoa cultivation, c. 4350 years of herding, c. 3840 years of maize 

cultivation, and possibly c. 2200 years of terrace building. Although major periods 

of drought were present throughout the 7000-year history, the main driver of 

vegetation change was burning early-on, and cultivation and herding thereafter. The 

onset of grazing produced increased species richness common to many grazed 

systems (Dorrough et al. 2007), and intense erosion with the highest intensity of 

agropastoralism (Branch et al. 2007; Coppus et al. 2003). The vegetation at Acopia 

was completely shaped by intense anthropogenic landscape modification. 

 As there is an ongoing debate as to when a landscape becomes 

manufactured (Lombardo et al. 2020b; McMichael et al. 2017), it is difficult to 

predict whether early burning or agropastoralism contribute more to permanent 

changes in vegetation. Rather than a sudden change, it is more likely that 

disturbance from both fire and agropastoralism continued and intensified through 

time to create a tipping point in the vegetation assemblage. While vegetation may 

recover from periodic burns, or the impact of light herding, the vegetation at 

Acopia suggest that truly transformative effects on a landscape occur under intense 

use through time. Intense herding is known to create changes in hydrology 
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(Manzano et al. 2000) and contribute to irreversible desertification (Coppus et al. 

2003; Leamy et al. 1984; Podwojewski et al. 2002). Combined with terrace 

building to reduce erosion, a landscape physically altered by humans emerges. 

Therefore, in high-elevation Andean environments such as Acopia, the 

compounding land-use through time leading to changes in physical landscape 

structure alongside vegetation structure, may represent a manufactured tipping 

point. 

 

WHAT ARE THE LONG-TERM EFFECTS OF INTENSE 

AGROPASTORALISM ON PALEOECOLOGICAL RECONSTRUCTIONS OF 

HIGH-ELEVATION ANDEAN LANDSCAPES? 

Thousands of years of intense burning, agriculture, and herding pose serious 

threats to mountainous regions where the instability of high slopes increases the 

risk of major erosive events (Bustamante Becerra and Bitencourt 2007; Coppus et 

al. 2003). To combat erosion from cultivation, ancient Andean humans began 

building terraces. At Acopia, XRF data suggest that terracing began c. 2200 cal BP 

after an intense period of maize cultivation and herding contributing to the highest 

erosion within the c. 7000 year Acopia history. While terracing reduced sediment 

input, the nature of eroding sediment changed. Older subsoils are increasingly 

eroded as they are exposed during the terracing process. I suggest that these 

processes provide an identifiable signal in sedimentary records that allows the 

identification of onset of terracing.    
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 When analyzing landscapes with intense modification, 14C age reversals are 

not uncommon as erosion creates an influx of “old carbon” (Edwards and 

Whittington 2001; Kiage and Liu 2009). However, the Acopia record is the first to 

show a potential mechanism by which extreme, and worsening, age reversals may 

appear in Andean systems. The presence of Eucalyptus pollen offered a modern age 

control point to reconstruct the time period of age reversals. The combination of 

decreased overall erosion, and increased clay erosion within the last c. 2200 years 

of the record led me to suggest the onset of terracing at that time. Terrace building 

would have exposed Andean clay subsoil while also decreasing overall erosion in 

the system. The exposed subsoil would then be the contributor of “old carbon” in 

this system.  

 Although this is the first example of the impact of terracing on 

chronologies, it is neither my nor others’ first experience with age reversals in 

high-elevation Andean records (M. B. Bush personal communications). Our 

experience in dating some records with terraces remaining in the landscape is a 

trend in age reversals generally around c. 2000 cal BP. The Acopia record offers 

the first explanation of why we see this phenomenon in paleoecological records, 

and it provides reason to reexamine previously set-aside records for evidence of 

early terracing.  

Previously recorded effects of intense land use over time in the Andes and 

Amazonia have resulted in both the amplification of climate signals (e.g., Bush et 
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al. 2017; Nascimento et al. 2020), and issues in chronological control (e.g., Bush et 

al. 2016; Rowe et al. 2003; Schittek et al. 2015). However, the XRF and color 

record from Acopia has added a different perspective to the interpretation of 

paleoecological records with intense histories of land use. While red or grayscale 

values of sediment color have been used to trace ENSO activity or wet events (Moy 

et al. 2002; Rodbell et al. 1999), the Acopia color record compared with the record 

from Sauce, Peru (Bush et al. 2017) suggests that sediment color does not have the 

same interpretation in every record. Therefore, it is necessary to analyze color 

bands geochemically before using sediment pixel color in past climate 

reconstructions. 

 

DID HOLOCENE AGROPASTORAL DOMESTICATES COEVOLVE?  

 When considering the history of agropastoral activities in the Andes, 

camelid and quinoa domestication has been hypothesized to be tightly linked to 

versions of the camp-follower hypothesis (Anderson 1952; Kuznar 1993; Pearsall 

2014). To test of this hypothesis using eight Andean sites, I determined that 

coevolution between quinoa and pastoralism was unlikely, but if present, was 

geographically restricted to southern Peru. It is more likely that the overlap of 

quinoa and herding in paleoecological records stems from overlapping areas of 

technological radiation.  
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 The study of quinoa and pastoralism reinforced the need to consider local 

ecological attributes as well as societal pressures in developing hypotheses that cut 

across such a highly environmentally heterogenous area. The Andes are a 

climatically and culturally diverse system where some technologies may be more 

applicable than others depending on location or cultural acceptance. When 

considering these variations, it is unlikely that the same connections are made on a 

large scale. Rather, it is the combined influence of local variations in climate and 

culture that determine efficiency of agropastoral practices. 

 This dissertation investigated hypothesized interactions among mid-

Holocene climate, pastoralism, agriculture, and landscape structure. The analysis of 

Acopia in the southern Peruvian Andes suggested no link between herding intensity 

and drought intensity. However, in comparison with Rodeococha, the extent and 

duration in which agropastoralism was used in the Acopia landscape played a 

significant role in changes in high-elevation Andean vegetation. Additionally, using 

the XRF record of the Acopia lake sediments, I was able to suggest a potential 

mechanism by which extreme age reversals in Andean lake sediments came about. 

Such intense agropastoralism in this area has manufactured a landscape both 

physically and ecologically.   

Knowing how long Andean landscapes have been undergoing intense 

agropastoral transformations is essential for understanding current erosion and 

landslide risks. As urbanization within the past century has resulted in the 

abandonment of ancient terraces (Inbar and Llerena 2000), the risk of landslides 
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increases with time (Arnáez et al. 2015; Lesschen et al. 2008; Londoño 2008). 

These effects are exacerbated in arid regions because of naturally sparse vegetation 

(Arnáez et al. 2015). With ongoing climate change, and possible increases in aridity 

(Anderson et al. 2011), landscapes that have a long history of intense modification 

are at risk of deterioration. 
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APPENDIX A: INFORMATION RELAVENT TO CHAPTERS II AND III 

CHRONOLOGY 

An alternative age model including additional 14C AMS dates was explored as an 

option for use in the Acopia interpretation. This other model included two more 

dates at 81 and 120 cm that were excluded from the age model chosen for the main 

text due to age reversals (Table A-1). This alternative model resulted in larger 

uncertainties near the end of the core (Figure A1) and placed the time of peak 

disturbance as far as 300 years earlier than peak occupation within the region 

(Figure A-1). 

 

 

 

Table A-1: Radiocarbon dates included in age model with 6 radiocarbon dates. 

Lab ID 
Depth 

(cm) 

14C (yr BP)      

± 1 σ 
cal BP 2σ range 

Median 

age cal 

BP 

13C 

OS-135406*   7 5,070 ± 40 5660 – 5897 5817 -27.51 

OS-125490*   71 4,500 ± 20 5159 – 5287 5167 -25.5 

OS-126479  81 2,610 ± 20 2698 – 2757 2749 -24.35 

OS-135405   120 3,140 ± 25 3222 – 3383 3368 -27.23 

OS-125489   156 2,480 ± 20 2633 – 2701 2589 -25.4 

OS-125503   365.5 3,070 ± 20 3283 – 3345 3291 -25.84 

OS-125504   578 4,180 ± 20 4570 – 4823 4728 -25.91 

OS-125505   698 5,610 ± 25 6298 – 6407  6372 -26.69 

*Indicates rejected radiocarbon date      
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Figure A-1: The chronology for the sediments of Lake Acopia developed using 6 

radiocarbon dates in Bacon (Blaauw and Christen 2011a) using the 

IntCal13 calibration curve (Reimer et al. 2013). Calibrated 14C dates 

(blue) are shown with the age-depth model. Darker greys indicate 

more likely calendar ages. Grey dotted lines depict 95% confidence 

intervals. The red dotted line depicts the best model based on the 

weighted mean age for each depth. 
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Figure A-2: Acopia pollen plotted with 6 date age model. Horizontal red bar is the time of peak disturbance at 

Acopia. Blue horizontal bar indicates timing of peak occupation in the region. The 6 date age model 

places the time of peak disturbance at Acopia 300 years before other regional records. 
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Figure A-3: CONISS hierarchical clustering tree of 108 pollen samples in Acopia. 
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Figure A-4: Spearman correlation between Ca/Ti and Sporormiella concentration. 

Panel A: Raw values, Panel B: Panel A displayed with Ca/Ti log 

transformed. 

 

 

 

 

Figure A-5: Spearman correlation between Ca/Ti and Sporormiella concentration. 

Panel A: Raw values, Panel B: Panel A displayed with Ca/Ti log 

transformed. 
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Figure A-6: BCP of Sporormiella concentration at Acopia. Top: Data points 

plotted with line of posterior means of Sporormiella concentration. 

Bottom: Posterior probability of change. 
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Figure A-7: BCP of Sporormiella percent abundance at Acopia. Top: Data points 

plotted with line of posterior means of Sporormiella percent 

abundance. Bottom: Posterior probability of change. 
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Figure A-8: Acopia pollen DCCA run without the influence of the sedimentation 

of the last 2000 years of the record. Axis 1 is still characterized by 

drought, larger particle erosion, and fire in the positive direction and 

herding, Thecaphora, and erosion in the negative direction. Axis 2 is 

still characterized by the presence of cultivation. There is no change 

between the DCCA run on the record without age reversals and with 

age reversals suggesting that changes in erosion and sedimentation 

rate at the top of the core are not influencing pollen deposition and 

pollen trends in the record. 
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APPENDIX B: R CODE FOR CHAPTER V SYNCHRONICITY ANALYSIS 

 

Event Depth function written to define the domestication event in paleo records. 

EventDepth <- function(x,y,smooth=FALSE){ 

  outlist <- list() 

  ts <- data.frame(x=x,y=y) 

  ts <- dplyr::arrange(ts,desc(x)) 

  if(smooth==TRUE){ 

    sm <- smooth.spline(ts$x,ts$y,cv=TRUE) 

    smout <- data.frame(x=sm$x,y=sm$y) 

    smout <- dplyr::arrange(smout,desc(x)) 

    ts$y <- ts$y-smout$y 

    ts$y[ts$y<0] <- 0 

    outlist <- list(smParms=sm) 

  } 

  maxDepth <- dplyr::filter(ts,y>=2) %>%  

    dplyr::summarise(maxdepth=max(x)) 

  rnum <- which(ts$x==maxDepth$maxdepth) 

  proxpoints <- ts %>% 

    slice((rnum-5):(rnum+5)) 

  outlist[["proxpoints"]] <- proxpoints 

  fo <-proxpoints$y ~ a/(1 + exp(b * (proxpoints$x-c))) 
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  st1 <- expand.grid(a=seq((max(proxpoints$y,na.rm=TRUE)-

(max(proxpoints$y,na.rm=TRUE)*0.25)),max(proxpoints$y,na.rm=TRUE),len=25

), 

                     b=seq(0.2,0.8,len=25), 

                     c=seq(proxpoints[4,1],proxpoints[6,1],len=25)) 

  mod1 <- nls2(fo,start=st1,algorithm="brute-force") 

  outlist[["nlsout"]] <- mod1 

  outlist[["nlscoef"]] <- coef(mod1) 

  return(outlist) 

} 
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Pairwise function written for pairwise comparison of domestication events.  

Pairwise <- function(z,plot=TRUE){ 

  combs <- data.frame(combn(1:length(z),2)) 

  for(i in 1:length(combs)){ 

    out <- z[,combs[1,i]]-z[,combs[2,i]] 

    HDR95 <- ci(out,method="HDI",ci=0.95) 

    dens <- density(out) 

    densdf <- data.frame(dens$x,dens$y) 

    if(plot==TRUE){ 

      densplot <- ggplot()+ 

        geom_line(data=densdf,mapping=aes(x=dens.x,y=dens.y),size=0.5)+ 

        labs(x="Age Difference", 

             y="Density", 

             title="Probability Density of Event Age Differences", 

             subtitle=paste(colnames(z)[combs[1,i]],"x",colnames(z)[combs[2,i]],sep=" 

"))+ 

        scale_x_continuous(limits=c(-8000,8000))+ 

        

geom_area(data=densdf,mapping=aes(x=dens.x,y=dens.y),fill=if_else(between(0,H

DR95$CI_low,HDR95$CI_high),"forestgreen","gray"))+ 

        geom_vline(xintercept = 0, size=0.5)+ 

        geom_vline(xintercept = HDR95$CI_low,color="royalblue",size=0.5)+ 
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        geom_vline(xintercept = HDR95$CI_high,color="royalblue",size=0.5)+ 

        theme( 

          panel.background=element_blank(), 

          axis.text=element_text(size=8,color="black",family="sans"), 

          axis.title=element_text(size=10,family="sans"), 

          axis.line=element_line(color="black",size=0.5), 

          axis.ticks=element_line(color="black",size=0.5), 

          axis.ticks.length=unit(5,"pt"), 

          legend.key=element_blank(), 

          legend.title=element_blank() 

        ) 

      fname <-  

paste0(colnames(z)[combs[1,i]],"_x_",colnames(z)[combs[2,i]],".tiff") 

      ggsave(filename=fname,plot=densplot,units="in",dpi=300,width=6,height=4) 

      print("Plots saved to working to current working directory.") 

    } 

    getmode <- function(v) { 

      uniqv <- unique(v) 

      uniqv[which.max(tabulate(match(v, uniqv)))] 

    } 
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    outfin <- 

list(difference=out,HDR95=HDR95,diffdensdf=densdf,mode=getmode(out),summ

ary=summary(out,na.rm=TRUE)) 

    fname2 <- 

paste0(colnames(z)[combs[1,i]],"_x_",colnames(z)[combs[2,i]],".RData") 

    save(outfin,file = fname2) 

  } 

} 
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APPENDIX C: OUTPUTS OF INDIVIDUAL PAIRWISE SITE COMPARISONS 

IN CHAPTER V 

 

Age differences on x axis are reported as 1st site – 2nd site with highest 

density range (HDR) displayed between vertical blue lines. Events are synchronous 

when the 95% HDR crosses a difference of 0. Events are color coded green for 

synchronous and gray for asynchronous.  

 

 

 

 Figure C-1: Acopia quinoa-Pacucha quinoa 
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Figure C-2: Acopia quinoa-Qoricocha Sporormiella 

 

Figure C-3: Acopia quinoa-Titicaca quinoa 



261 

 

 

2
6
1
 

  

Figure C-4: Acopia Sporormiella-Caserococha Sporormiella 

 

Figure C-5: Acopia Sporormiella-La Compuerta quinoa 
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Figure C-6: Acopia Sporormiella-Qoricocha quinoa 

 

Figure C-7: Caserococha Sporormiella-La Compuerta quinoa 
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Figure C-8: Caserococha Sporormiella-Qoricocha quinoa 

 

Figure C-9: Khomer Khocha Sporormiella-Titicaca quinoa 
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Figure C-10: Llaviucu Sporormiella-Pacucha quinoa 

 

Figure C-11: Llaviucu Sporormiella -Qoricocha Sporormiella 
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Figure C-12: Qoricocha quinoa- La Compuerta quinoa 

 

Figure C-13: Qoricocha Sporormiella- Pacucha quinoa 
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Figure C-14: Qoricocha Sporormiella- Titicaca quinoa 

 

Figure C-15: Acopia quinoa- Acopia Sporormiella 
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Figure C-16: Acopia quinoa- Caserococha Sporormiella 

 

 

Figure C-17: Acopia quinoa- Khomer Khocha Sporormiella 
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Figure C-18: Acopia quinoa- La Compuerta quinoa 

 

Figure C-19: Acopia quinoa- Llaviucu Sporormiella 
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Figure C-20: Acopia quinoa- Qoricocha quinoa 

 

Figure C-21: Acopia Sporormiella- Khomer Khocha Sporormiella 
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Figure C-22: Acopia Sporormiella- Llaviucu Sporormiella 

 

Figure C-23: Acopia Sporormiella- Pacucha quinoa 
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Figure C-24: Acopia Sporormiella- Qoricocha Sporormiella 

 

Figure C-25: Acopia Sporormiella- Titicaca quinoa 
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Figure C-26: Caserococha Sporormiella- Khomer Khocha Sporormiella 

 

Figure C-27: Caserococha Sporormiella- Llaviucu Sporormiella 
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Figure C-28: Caserococha Sporormiella- Pacucha quinoa 

 

Figure C-29: Caserococha Sporormiella- Qoricocha Sporormiella 
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Figure C-30: Caserococha Sporormiella- Titicaca quinoa 

 

 

Figure C-31: Khomer Khocha Sporormiella- La Compuerta quinoa 
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Figure C-32: Khomer Khocha Sporormiella- Llaviucu Sporormiella 

 

Figure C-33: Khomer Khocha Sporormiella- Pacucha quinoa 
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Figure C-34: Khomer Khocha Sporormiella- Qoricocha quinoa 

 

Figure C-35: Khomer Khocha Sporormiella- Qoricocha Sporormiella 
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Figure C-36: Llaviucu Sporormiella- La Compuerta quinoa 

 

Figure C-37: Llaviucu Sporormiella- Qoricocha quinoa 
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Figure C-38: Llaviucu Sporormiella- Titicaca quinoa 

 

Figure C-39: Pacucha quinoa- La Compuerta quinoa 
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Figure C-40: Qoricocha quinoa- Pacucha quinoa 

 

Figure C-41: Qoricocha quinoa- Qoricocha Sporormiella 
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Figure C-42: Qoricocha quinoa- Titicaca quinoa 

 

Figure C-43: Qoricocha Sporormiella- La Compuerta quinoa 
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Figure C-44: Titicaca quinoa- La Compuerta quinoa 

 

 

Figure C-45: Titicaca quinoa- Pacucha quinoa 


