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ABSTRACT 

 

 

HUMANS, VEGETATION, AND DROUGHT IN  

LATE HOLOCENE AMAZONIA 

 

By Christine Michelle Åkesson, B.S., Lund University;  

M.S., Lund University 

 

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

 

The resilience and adaptation of past societies to climate change remain 

unclear, especially in the tropical cloud-forests of the Andes and the aseasonal 

forests of lowland western Amazonia. Long thought to have been too humid for 

significant human settlement, a new image of cloud-forests is emerging in which 

they supported human settlements for millennia. Anthropogenic disturbance, such 

as forest clearance, fire activity, and land-use has been suggested to have 

intensified during times of drier climates. Even so, the mid-elevational Andes and 

western Amazonia probably supported smaller pre-Columbian populations than 

settings with a distinct dry season. Uncertainties persist, however, regarding the 

spatial and temporal extent of pre-Columbian occupation in western Amazonia. 

Prior paleoecological studies have reported human disturbance in this region as 

temporally discontinuous, with localized disturbance strongly influenced by 

distance from rivers, lakes, or seasonal flood-plain/savanna settings. The trajectory 
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of Amazonian population growth is often portrayed to be exponential in the late 

Holocene, leading to the expectation that peak occupation and disturbance were 

interrupted by European colonization. Some recent studies from Amazonia point to 

peaks of land clearance occurring in the period 1150–950 cal. yr BP rather than 

around 450 cal. yr BP, perhaps complicating the simple narrative of steady 

population growth prior to collapse after European contact.  

Here, I derive paleoecological data from a mid-elevation lake, Lake 

Condores, in the Peruvian cloud-forest and from two lakes in lowland Amazonia, 

Lakes Ayauchi and Kumpaka. I use high-resolution pollen, phytolith, charcoal, 

sediment chemistry, and diatom data to provide detailed reconstructions of past 

land-use and connections to climate. By investigating the anthropogenic impacts of 

these settings over the past 2100–2500 years, I ask the key questions: Were times 

of drier climate characterized by more severe human disturbance? Did human 

manipulation of the lake basins peak at the time of European arrival?  

Lake Condores, Peru, was characterized by forest clearance, burning, and 

maize cultivation from the onset of the record ca. 2085 cal. yr BP until ca. 850 cal. 

yr BP, where increased times of land-use were associated with profound droughts. 

Forest regrowth and reduced maize cultivation reshaped the valley after 850 cal. yr 

BP, shortly preceding the start of burial activity in adjacent cliff tombs about 700 

cal. yr BP amid a long-term shift to wetter conditions. In Ecuador, Lake Ayauchi 

provided a 2460-year long history of continuous maize cultivation until 550 cal. yr 

BP where fire was actively used as a tool for land clearance and forest suppression. 
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Lake Kumpaka, Ecuador, was the least impacted of the three sites and provided a 

2460-year history of discontinuous maize cultivation. Sparse evidence of fire usage 

suggested a preference for slash-and-mulch rather than slash-and-burn to clear 

forest. At Kumpaka, maize cultivation ceased ca. 750 cal. yr BP, long before 

European contact. Increased land-use at Ayauchi and Kumpaka coincided with 

periods of drier conditions whereas wetter periods were characterized by 

abandonment or reduced land-use.  

Neither of the three sites showed indications of a steady population growth 

interrupted by European arrival; rather, land-use appeared to peak before 650 cal. 

yr BP. Old-growth forest elements remained abundant (>40%), as intensified 

periods of land-use and forest clearance alternated with times of less intense land-

use or abandonment. Overall, I find evidence of people exploiting these wet 

western Amazonian settings, opportunistically expanding into previously forested 

areas during dry events, but abandoning marginal areas or changing land-use as 

conditions became too wet. These data support both the importance of the 

environment in shaping human actions, and also the capacity for humans to 

prioritize their actions and adapt to new conditions. 
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CHAPTER I 

 

SCOPE OF RESEARCH 

 

  

INTRODUCTION 

 

 

The response of human populations to climate change can cause cultures to 

diverge. Importantly, the responses of people in the past to the same extreme event 

is likely to have differed according to their local starting conditions. In the very dry 

Andean highlands of northern Chile and northwestern Argentina, the mid-Holocene 

dry event (MHDE) caused a regional exodus and a period of ‘silence’ with a lack of 

evidence of human occupation in the archaeological record as this region became 

even drier (Núñez et al. 2001, Núñez et al. 2002, Moreno et al. 2009). The same 

series of droughts in the wetter central Andes, however, may have prompted 

population growth and the development of cultivation (Chepstow-Lusty et al. 

2003). The drier conditions may further have promoted opportunistic exploitation 

of forests that were otherwise too wet to inhabit (McMichael et al. 2012a, Bush et 

al. 2016, Bush et al. 2017). 

Wetter periods could have also had both locally positive or negative effects. 

During the late Holocene, 3450 calibrated years before present (hereafter cal. yr 

BP) to modern time, in central America, anomalously high precipitation favored the 

expansion and dominance of the Mayan culture, whereas their ultimate collapse at 
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ca. 1150–950 cal. yr BP has been linked to the occurrence of severe droughts 

(Hodell et al. 1995, Haug et al. 2003, Hodell et al. 2005, Kennett et al. 2012).  

The Tiwanaku culture, a civilization dependent raised-field cultivation in 

which furrows were flooded to moderate night-time temperatures (Binford et al. 

1997), emerged on the shores of Lake Titicaca and expanded with a change to 

wetter conditions after ca. 1650 cal. yr BP. The raised-field cultivation around Lake 

Titicaca, however, was the product of the precipitation : evaporation balance, which 

relied on a predictable lake level. With falling lake levels of Lake Titicaca between 

850–550 cal. yr BP, the Tiwanaku civilization collapsed (Ortloff and Kolata 1993, 

Abbott et al. 1997, Binford et al. 1997). Another example of cultural dependence 

on climate was the complex field systems in valleys along the Pacific coast of Peru 

that characterized the Moche culture (ca. 1850–1250 cal. yr BP). The Moche 

harnessed what little water there was for irrigation. A series of extreme El Niño–

Southern Oscillation (ENSO) events is linked to the collapse of that culture 

(Shimada et al. 1991). The attribution of cultural transitions to climate is, however, 

actively debated and referred to as ‘neo-environmental determinism’ by the 

opposing view that argue that the effect of climate on human societies has not been 

demonstrated (Freilich 1967, Erickson 1999, Coombes and Barber 2005). Climate 

events co-occurring with cultural transitions are merely viewed as unrelated events 

and societal changes are instead linked to internal and/or external conflicts as well 

as to economic, political, societal, and technological factors. 
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The cloud-forests of the tropical Andes were once thought to have been too 

wet to sustain an independent pre-Columbian occupation, but recent archaeological 

(Church 1994, von Hagen 2002, Wild et al. 2007, Narváez 2013, Guengerich 2014) 

and paleoecological (Mosblech et al. 2012, Bush et al. 2015b, Loughlin et al. 2018) 

findings suggest the opposite, as early semi-permanent settlements have been dated 

to ca. 3950 cal. yr BP (Church 1996). These steep and cloud-shrouded slopes 

remain understudied; especially the connection in these settings between cultural 

transitions and climate change. In lowland Amazonia, abundant archaeological 

evidence of pre-Columbian earthworks, geoglyphs, mound building, and terra 

pretas (Roosevelt 1991, Erickson 2000a, Heckenberger et al. 2003, Neves et al. 

2004, Erickson 2006, Glaser and Woods 2004, Neves and Petersen 2006, Lehmann 

et al. 2007, Pärssinen et al. 2009, Schaan et al. 2012) point to growing human 

impacts in the late Holocene (Goldberg et al. 2016). The extent to which 

Amazonian landscapes were modified by pre-Columbian people is, however, a 

topic of controversy, as these archaeological data tended to be concentrated in 

forest areas with a strong dry season, seasonally flood-plain/savanna settings, and 

beside rivers. Archaeological and paleoecological findings from wetter aseasonal 

forest of western Amazonia instead showed signs of sparse pre-Columbian 

occupation with smaller settlements that were temporally and spatially 

discontinuous (Bush et al. 2007b, McMichael et al. 2011, Roucoux et al. 2013, 

McMichael et al. 2015b, Kelly et al. 2018). Furthermore, some recent studies from 
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western Amazonia suggested that land clearance did not peak with the arrival of 

Europeans around 450 cal. yr BP but rather in the period 1150–1050 cal. yr BP 

(Bush et al. 2015a, Bush et al. 2016, McMichael and Bush 2019). It is possible that 

in these very wet settings, pre-Columbian people opportunistically increased their 

land-use pressure during drier periods, which could offer an explanation for the 

intermittent use of more marginal sites (Bush et al. 2015a, McMichael and Bush 

2019). 

In this dissertation, I will assess the anthropogenic and climatic impacts 

during the last 2500 years of one lake setting in the mid-elevational Andes and two 

lake settings in lowland western Amazonia. In Chapter II, I will investigate the 

2100-year history of a mid-elevational valley located in the tropical cloud-forest of 

Peru. The valley has a rich record of archaeological findings dating back to ca. 

800–350 cal. yr BP, which have been linked to the Chachapoya culture and the 

Incan Empire. I will examine whether land-use coincided with the rise of the 

Chachapoyas and the Incas, or if cultivation predates the iconic archaeological 

findings of the valley. Chapter III will explore the effects of land-use and climate in 

a near-river setting of western Amazonia during the past 2500 years. In Chapter IV, 

I will investigate the effects of land-use in a remote western Amazonian site during 

the past 2500 years. The records introduced in Chapters III and IV will be 

compared in Chapter V. Chapter VI will synthesize the findings that emerge from 

this study. 
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LITERATURE REVIEW 

 

 

MODERN CLIMATE PATTERNS 

  

In the tropical regions (approximate boundary: 30˚N and 30˚S), diurnal 

processes are more important than seasonal changes for controlling atmospheric 

circulation patterns, climate, weather, and temperature (Hastenrath 2012). Most of 

the atmospheric circulation over the tropics is directed and controlled by an easterly 

lower-tropospheric wind regime and a pair of convective cells existing on each side 

of the Equator, known as the Hadley cells (Atkinson et al. 1991, Hastenrath 2012). 

Fed by warm air from the sub-tropics, the southern Hadley cells cause air masses to 

ascend in the equatorial region with subsidence between 20˚S and 30˚S. The 

ascending branch of the Hadley circulation cells is known as the Intertropical 

Convergence Zone (ITCZ) and is marked by strong convection that can bring vast 

amounts of rain (Waliser and Gautier 1993, Hastenrath 2012). The southern 

hemisphere’s Hadley cell is at its strongest during the Boreal summer (when the 

northern hemisphere’s Hadley cell is at its weakest) extending well into the 

northern hemisphere, thereby moving the ITCZ northwards (Hastenrath 2012). The 

opposite pattern occurs during Austral summer and this interchange between the 

northern and the southern hemisphere gives rise to the wet and dry seasons of the 

tropical region.  

In the Pacific, an east–west directed circulation known as the Walker 

circulation causes a westward movement of warmer surface water that results in an 
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upwelling of cooler water toward the east coast of South America (Wang 2004, 

Hastenrath 2012). The Walker circulation is, however, not constant, and weakened 

or strengthened trade winds result in circulation conditions known as El Niño and 

La Niña, respectively (Fig. I.1). 

 

 

 

Figure I.1. Walker circulation during El Niño events in the Pacific Ocean with 

warmer sea surface temperatures (orange) and cooler sea surface 

temperatures (light blue) (Illustrator: Fiona Martin (2014), NOAA 

Climate.gov). 

 

 

During El Niño conditions (Fig. I.1), the trade winds are weakened resulting 

in less transportation of warmer surface water westwards and thereby a significant 

warming of sea-surface temperatures (SSTs) off the coast of South America. 

During La Niña conditions, stronger trade winds results in more warmer surface 

water being transported westwards, thereby increasing the upwelling off cooler 
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water of the coast of South America. The interplay between El Niño and La Niña is 

known as the Southern Oscillation and usually has a periodicity ranging from 2 to 7 

years (Garreaud et al. 2009). El Niño conditions result in wetter conditions in 

western Amazonia and drier conditions in eastern Amazonia (Williamson et al. 

2000, Nepstad et al. 2004, Jiménez-Muñoz et al. 2016). The Amazon basin has, 

during the last few decades, experienced unusually large drought events derived 

from strong El Niño–Southern Oscillation (ENSO) events, as in 1997/1998 and 

2015/2016. The effects of ENSO events were particularly strong in the eastern 

region of Amazonia (Nepstad et al. 2004, Jiménez-Muñoz et al. 2016). 

Moisture is transported to the Amazon basin and the eastern Andes mainly 

by northeastern trade winds from the tropical Atlantic Ocean; consequently 

precipitation is strongly influenced by SSTs (Marengo 1992, Vuille et al. 2003). 

The circulation of rain that falls in eastern Amazonia, and is evapotranspired to 

reenter the atmosphere, accounts for as much as 50% of rain falling in western 

Amazonia (Salati and Vose 1984). The intense heating of the continent in the 

austral summer sets up deep-cell convection with dual moisture sources that are 

derived directly from the ocean and that are recycled by evapotranspiration. With 

continued climate warming there is a risk that tropical North Atlantic SST will rise 

and contribute to weaken northeastern trade winds, ultimately leading to less 

moisture being transported across Amazonia to the Andes, resulting in drought 

conditions (Marengo 1992). A further risk to the natural precipitation pattern is 
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deforestation. Deforested areas do not produce as much evapo-transpirative 

moisture as forests, and could reduce ‘downstream’ rainfall by about 20% (Shukla 

et al. 1990). In the 21st century, droughts induced by anomalous Atlantic SSTs have 

already occurred in the Amazon basin, for example in 2005, 2010, and 2015, with 

floods in 2016, when the western part of Amazonia was particularly affected 

(Phillips et al. 2009, da Costa et al. 2010, Lewis et al. 2011, Jiménez-Muñoz et al. 

2016). The trend of global warming is expressed by rising temperatures in 

Amazonia, but in terms of precipitation a climatic destabilization seems to be an 

accurate description (Lovejoy and Wilson 2019). 

 

CLIMATE DURING LATE HOLOCENE 

 

During the mid-Holocene, the Andes experienced a sustained period of increased 

drought conditions, known as the mid-Holocene dry event (MHDE; 8000–4000 cal. 

yr BP), which coincided with decreased ENSO strength (Moy et al. 2002, 

Sandweiss 2003). The drought-prone period of the MHDE was succeeded by 

increased precipitation during the late Holocene after 4000 cal. yr BP (Mayle et al. 

2000, Mayle and Power 2008, van Breukelen et al. 2008). The wetter conditions of 

the late Holocene have been linked to increased ENSO activity and a strengthening 

of the South American summer monsoon (Fig. I.2) (Moy et al. 2002, Kanner et al. 

2013). This increased ENSO activity lasted until ca. 1200 cal. yr BP, before 

declining in frequency (Moy et al. 2002). Prolonged droughts alternating with  
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Figure I.2. Climate data during late Holocene, including the δ18O records from 

Palestina Cave, Peru (purple curve) (Apaéstegui et al. 2014); Tigre Perdido 

Cave, Peru (brown curve) (van Breukelen et al. 2008);  Lake Pumacocha, 

Peru (green curve) (Bird et al. 2011); Huagapo Cave, Peru (blue curve) 

(Kanner et al. 2013); and Quelccaya (black curve) (Thompson et al. 2013). 

The red color index from Lake Pallcacocha, Ecuador (red curve) (Moy et al. 

2002) is also included. Orange shaded area denotes the Medieval Climate 

Anomaly (MCA) and light blue area denotes the Little Ice Age (LIA) (Bird 

et al. 2011, Kanner et al. 2013, Ledru et al. 2013). 
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wetter conditions were recorded by precipitation records from the Quelccaya Ice 

Cap, Peru, during the last 1500 years (Thompson et al. 2013) and further by the 

stalagmite records of Tigre Perdido Cave (van Breukelen et al. 2008) and Palestina 

Cave (Apaéstegui et al. 2014) (Fig. I.2, p. 9). Distinct dry and wet periods recorded 

by the Quelccaya Ice Cap, Peru, were 1410–1340 cal. yr BP (dry), 1300–1220 cal. 

yr BP (dry), 1190–910 cal. yr BP (wet), 910–460 cal. yr BP (dry), 900–230 cal. yr 

BP (wet), and 230–90 cal. yr BP (dry) (Thompson et al. 2013). The Medieval 

Climate Anomaly (MCA; 1000–700 cal. yr BP) and the Little Ice Age (LIA; 400–

150 cal. yr BP) were two globally recognized climate events also characterizing the 

last 1500 years, including the tropical Andes and Amazonia (Bird et al. 2011, 

Kanner et al. 2013, Ledru et al. 2013). The MCA marked prolonged arid conditions 

with strong decadal-scale droughts in the region, and the LIA where characterized 

by increased precipitation. Wetter conditions were recorded by Peruvian δ18O 

records from Lake Pumacocha, Tigre Perdido Cave, and Palestina Cave after 750 

cal. yr BP (Fig. I.2, p. 9) (van Breukelen et al. 2008, Bird et al. 2011, Apaéstegui et 

al. 2014).  

 

HUMANS DURING MID- TO LATE HOLOCENE IN THE ANDES AND 

AMAZONIA 

 

The mid-Holocene dry event (MHDE) is thought to have caused 

displacements of Andean populations in the driest settings in the Andean highlands 

of northern Chile and northwestern Argentina where archaeological records were 
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characterized by abandonment and a lack of evidence of human occupation, often 

described as a ‘silent’ archaeological record (Núñez et al. 2001, Núñez et al. 2002, 

Moreno et al. 2009). In the adjacent mesic settings of the central Andes, however, 

this period was characterized by high mobility, large numbers of settlements, and 

the adaptation of various cultivars, including squash (ca. 9240–7660 cal. yr BP), 

quinoa (ca. 8000–7500 cal. yr BP), and maize (ca. 7000–6000 cal. yr BP) (Dillehay 

et al. 2007, Aldenderfer 2008, Piperno 2011). Camelid domestication is also 

thought to have begun as early as ca. 5950 cal. yr BP, within the MHDE (Stahl 

2008).  

The onset of more humid and stable conditions in the tropical Andes and 

Amazonia after the MHDE at ca. 4000 cal. yr BP (Cross et al. 2000, Baker et al. 

2001, Polissar et al. 2013), were associated with increased evidence of human 

occupation and may have been an important factor in the transition from hunting 

and gathering to cultivation (Hansen et al. 1994, Dillehay et al. 2005, Valencia et 

al. 2010, Sublette Mosblech et al. 2012, Marsh 2015). New technologies were 

developed with the transition to cultivation and agropastoralism, including raised 

fields, irrigation canals, terracing, sunken gardens, and advance ceramics (Erickson 

2000b, Chepstow-Lusty et al. 2003, Dillehay et al. 2005, Marsh 2015). Between ca. 

2850–2250 cal. yr BP, a shift in cultivar preference from quinoa to maize 

cultivation is notable in the Andes (Chepstow-Lusty et al. 2003, Pearsall 2008, 

Valencia et al. 2010). Maize increased in importance and has been linked to wetter 
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conditions in dry portions of the Andes (Sublette Mosblech et al. 2012). 

Agroforestry began in the region after 550 cal. yr BP, or perhaps even earlier, by 

the Inca (Chepstow-Lusty et al. 2003).  

The Andes preceded Amazonia in the adaptation and cultivation of maize, 

where maize was first documented at ca. 4550 BC in Bolivia (Brugger et al. 2016). 

The earliest evidence of maize cultivation in Amazonian Ecuador has been 

documented at ca. 6500 cal. yr BP (Bush et al. 1989). The human occupation of 

western Amazonia following the MHDE, including a transition from hunting and 

gathering to sedentary living and the development of cultivation ca. 4000 cal. yr BP 

(Clement et al. 2015). The agricultural expansion of Amazonia was characterized 

by pre-Columbian village structures, anthropogenic soils referred to as terra pretas, 

aquacultures, geoglyph constructions, raised fields, and berms (Fig. I.3) (Erickson 

2006, Pärssinen et al. 2009).  

The Incan Empire was the last Andean state to develop before European 

arrival (Covey 2008), and both the Andes and Amazonia experienced substantial 

population losses following European conquest after 350 cal. yr BP (Erickson 

2006). The scale and impact of the Andean and Amazonian pre-Columbian 

populations is, however, actively debated and population estimates range from 1–

10 million people (Meggers 1954, Bush et al. 2007b, Clement et al. 2015, 

McMichael et al. 2015b). 
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Figure I.3. Amazonian locations with Amazonian Dark Earths (ADE; terras pretas; 

black circles), geoglyphs (yellow circles), archaeological sites (red circles), 

and lake sediment records containing evidence of ancient human activity 

(blue circles). Amazonian regional divisions are marked in white: CA = 

central, EA =  eastern, GS = Guiana Shield, SA = southern, WAN = 

northwestern, WAS = southwestern (from McMichael et al. (2017)). 

 

 

 

Covering ~6 million km2, Amazonia is estimated to harbour around 16,000 

tree species were only 227 tree species account for 50% of all individual trees (ter 

Steege et al. 2013). These 227 tree species are referred to as hyperdominant 

species. Past human activity has been suggested to have contributed to the floristic 

composition and structure of modern Amazonian forests (Clement et al. 2015), 
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where large landscape modifications would have played a major role in the 

distribution and enrichment of ‘desirable’ species (Roosevelt 2013, Clement et al. 

2015, Levis et al. 2018, Levis et al. 2017). Whether the abundances of these plants 

were caused by ancient human activity or simply naturally occurring is unclear 

(McMichael et al. 2017). Alternative views have suggested other explanations for 

the disproportional occurrence of hyperdominant trees, for example Pleistocene 

cooling (Colinvaux 1989) and moisture availability (Bush and McMichael 2016). 

 

THE RISE OF CHACHAPOYA CULTURE IN THE PERUVIAN CLOUD-

FOREST 

 

Inhabiting areas of the tropical Andean cloud-forest, the Chachapoyas 

region stretched from northern to southern Peru nearly 300 km (5°30’S to 8°30’S) 

following the Marañon and Huallaga Rivers (Church and von Hagen 2008). A 

diverse number of societies within the region developed shared cultural traditions 

during millennia, which ultimately became the basis for grouping them into the 

Chachapoya culture. It is, however, unknown if they regarded themselves as a 

united group, but they were referred to as the Chachapoya by their Inca conquerors. 

Chachapoya settlements have been found across the region, for example at Gran 

Pajatén, Monte Viudo, Condores, and Kuelap (Fig. I.4) (Church 1994, von Hagen 

2002, Wild et al. 2007, Narváez 2013, Guengerich 2014). The distinctive 

architectural style of the Chachapoya appeared ca. 1050 cal. yr BP and was 

characterized by mountain ridge-top settlements, interments of the dead in nearly 
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unreachable cliff tombs, stone terraces, circular dwelling, stone sculptures, masonry 

mosaics, and iconography with unique symbols (Fig. I.4) (von Hagen 2002).  

 

 

 

Figure I.4. Chachapoya house reconstructions and the settlement of Kuelap 

(photos: Mark Bush, 2010). (A) A reconstruction house in the style of the 

Chachapoya. (B–D) Photographs from the Chachapoya settlement of 

Kuelap.  
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PRIOR EVIDENCE FROM ECUADOR OF INTERMITTENT SITE 

OCCUPATION  

 

The trajectory of increasing population size in Amazonia after ca. 5000 cal. 

yr BP (Goldberg et al. 2016) might lead to an expectation that once a site was 

occupied it would continue to be occupied through time. Evidence supporting such 

views come from known long-term occupation of highlands settings such as 

Marcacocha, Peru (Chepstow-Lusty et al. 2003), or the occupation sites of the 

upper Xingu (Heckenberger 2012). In the Amazonian lowlands, however, 

McMichael et al. (2012b) documented many sites apparently only being used 

temporarily or intermittently. A celebrated archaeological site in the Upano Valley 

of lowland Ecuador revealed two distinct stages of occupation (Figs. I.5–I.6). 

In the eastern foothills of the Ecuadorian Andes, the Upano Valley stretches 

between two parallel mountain ranges with the Andes to the west and the Viej 

Cordillera de Cutucú to the east (Figs. I.5–I.6) (Rostain 2012). The Upano Valley 

contains the Upano River, which joins the Santiago River further downstream, both 

of which are overshadowed by the active Sangay volcano (2.00˚S, 78.34˚W; 5230 

m elevation) (Monzier et al. 1999, Rostain 2012).  

The first communities of the Upano Valley belonged to the Sangay culture 

that established in the valley ca. 2650 cal. yr BP (Rostain 2012). This community 

produced poor-quality pottery and the archaeological findings dated to between 

2650 and 2450 cal. yr BP suggest that the occupation of the valley was not dense. 

Following this initial occupation, mound complexes were built in the valley  
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Figure I.5. Aerial view of mounds from the Upano Valley, Ecuador (from Rostain  

(2012)).  

 



18 

 

 
 

 

Figure I.6. Map of the Upano Valley, Ecuador, showing the location of the Upano 

River, Sangay volcano, archaeological sites (black circles), and modern 

towns (white squares) (from Rostain (2012)).  

 

 

 

between 2450 and 2150 cal. yr BP by the Upano culture, which at some 

localities of the valley were replaced by the Kilamope culture (Rostain 2012). The 

pottery of the Upano and the Kilamope cultures are similar to each other, but with 

distinct differences making a distinction between the cultures possible. The 
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occupation of the Upano Valley ceased at ca. 1550–1350 cal. yr BP, possibly due to 

an eruption of the Sangay volcano. A re-occupation of the valley occurred between 

1150 and 750 cal. yr BP by the Huapula culture (Rostain 2012). The Huapula did 

not continue the mound building but instead settled on the pre-existing mounds. 

During the archaeological excavations of the mound complexes and nearby 

villages, well-preserved domestic floors, with pits, pottery, post poles, hearths, and 

domestic tools were found. Seeds were dominated by maize, but also included Inga 

edulis, Prunus sp., Passiflora, and Rubus sp. (Rostain 2012). The key point here is 

that sites, which were clearly desirable locations, were periodically abandoned, 

which prompts the question: Why? 
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RESEARCH GOALS 

 

 

This research aims to enhance the understanding of the influence of climate 

on pre-Columbian cultures and land-use patterns. I will use pollen, phytoliths, 

charcoal, diatoms, and sediment chemistry to reconstruct the vegetational, 

limnological, and land-use history of three sites; one located in the mid-elevational 

cloud-forest of the Peruvian Andes and two located in the lowland tropical forest of 

Amazonian Ecuador. The specific research questions include: 

 

1. Do times of human activity in the paleoecological records correspond to 

known archaeological findings from the regions?   

2. Did human manipulation of the lake basins peak at the time of European 

arrival?  

3. Did changes in limnology coincide with known changes in land-use? 

4. Were times of drier climate characterized by more severe human 

disturbance?  

5. Did human disturbance amplify climate signals? 
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CHAPTER II 

 

2100 YEARS OF CLIMATE ADAPTATION IN THE  

CHACHAPOYAS REGION, PERU 

 

 

INTRODUCTION 

 

 

The transition from a purely hunter-gatherer lifestyle to an existence reliant 

on cultivation appears to have been gradual in South America (Goldberg et al. 

2016). The increasing role of crops in diet, the transition to a sedentary lifestyle, 

and pastoralism supplanting hunting as the primary source of meat, all increased 

the ecological footprint of humans. In the Andes, some of the earliest crops that 

were domesticated were squash (ca. 9240–7660 calibrated years BP, hereafter cal. 

yr BP), quinoa (ca. 8000–7500 cal. yr BP), and maize (ca. 7000–6000 cal. yr BP) 

(Dillehay et al. 2007, Piperno 2011). A period of profound droughts between ca. 

8000 and ca. 4000 cal. yr BP known as the mid-Holocene Dry event (Cross et al. 

2000, Baker et al. 2001, Polissar et al. 2013) are thought to have displaced Andean 

populations in the driest settings (Núñez et al. 2001). In adjacent mesic settings, 

however, this period saw the adoption of maize (Bush et al. 1989, Grobman et al. 

2012, Bush et al. 2016, Brugger et al. 2016) and quinoa agriculture (Valencia et al. 

2010) as Andean populations became increasingly dependent on crop cultivation.  

Prior archaeological and paleoecological studies have pushed back the onset 

dates for cultivation in both the high Andes and in the lowlands. Complex patterns 

of occupation, mound building (Roosevelt 1991, Heckenberger et al. 2008, Salazar 
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2008), geoglyphs (Pärssinen et al. 2009, Schaan et al. 2012), and land management, 

including irrigation canals (Dillehay et al. 2005) and terracing (Erickson 2000b), 

are known from these settings, but the steep, cloud-shrouded slopes of the mid-

elevation Andes remain poorly studied. Once thought to be too wet to sustain 

independent pre-Columbian occupation, the Andean cloud-forest has, in recent 

years, revealed discoveries suggesting the opposite (Mosblech et al. 2012, Bush et 

al. 2015b, Loughlin et al. 2018). Semi-permanent settlements in the upper Andean 

montane forest of northern Peru have been dated to ca. 3950 cal. yr BP (Church 

1996). Human populations grew, but northern Peru lacked apparent large-scale 

kingdoms or empires. Loosely-federated polities that shared cultural traditions 

emerged in the region after ca. 1150 cal. yr BP. It is not known if they regarded 

themselves as a structural group, but by ca. 480 cal. yr BP they were identified by 

the invading Incas as the Chachapoya (Church and von Hagen 2008). The 

Chachapoya region (5˚30’S, 8˚30’S) was occupied and conquered by the Inca State 

ca. 480 cal. yr BP. With the arrival of the Spanish in Peru 420 cal. yr BP, the 

Chachapoyan and Incan populations collapsed by over 90%, leaving many 

settlements abandoned (Church and von Hagen 2008).  

Many Chachapoyan-ascribed archaeological localities have recently been 

discovered deep within the cloud-forest and are easily recognized by their 

distinctive mountain ridge-top settlements, circular dwellings, and nearly 

inaccessible cliff-tombs (Church and von Hagen 2008, Muscutt et al. 1994, 
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Nystrom et al. 2005, Guengerich 2014). In 1997, one of these Chachapoyan 

archaeological sites was discovered near the modern town of Leymebamba, 

adjacent to Lake Condores (also known as the Lake of the Mummies) (von Hagen 

2002, Wild et al. 2007). The remains of more than 200 human mummies with grave 

artifacts were found in 1997 in cliffs overlooking the lake (Fig. II.1). The mortuary 

was near the ruins of a Chachapoyan village called Llaqtacocha located on the 

ridge northeast of Lake Condores (Fig. II.2). 14C-dating of the archaeological 

material near Lake Condores indicated that the site was occupied from ca. 800 until 

450 cal. yr BP, which would include both Chachapoyan and Incan phases (Wild et 

al. 2007, Cherkinsky and Urton 2014). 
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Figure II.1. Lake Condores, Peru (photos: Mark Bush, 2010). (A) Landscape view, 

note the yellow coring raft. The cliffs in the background are where the 

mummies were interred. (B) A mummy on one of the scaffolds used as 

open burial sites built onto the cliffs. 
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Figure II.2. The ruins of Llaqtacocha (photos: Mark Bush, 2010). (A) More than 

100 circular, ~3 m diameter homes have been mapped along the moraine 

ridge to the east of the lake (Fig. II.3, p. 29). (B) A matate (grinding stone) 

at Llaqtacocha, probably used to grind corn.  

 

 

A previously published paleolimnological study from Lake Condores, using 

fossil diatoms and X-ray fluorescence (XRF) analysis, by Matthews-Bird et al. 

(2017) revealed a lake system affected by both human activity and climate. At the 

beginning of the record, they documented that the lake was dominated by diatoms 

that were indicators of high productivity, such as Planothidium frequentissimum 
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and Amphora pediculus, and had a high terrigenous input (Ti, Si, and Fe), 

suggesting that the catchment was already impacted by human activity 2100 years 

ago. A shift in the diatom assemblage after ca. 1050 cal. yr BP to species associated 

with a less productive system, such as Cocconeis placentula and Tabellaria 

flocculosa, and a declining input of terrigenous material, suggested a change in 

land-use practices. Those changes preceded the mortuary activity by 200–300 

years, and trying to resolve what was happening in this transitional phase of land-

use is one of the themes of the fossil pollen and charcoal analysis presented here. 

That the lake became eutrophic between 2100 and 1050 cal. yr BP suggests 

that the catchment was used for crop cultivation 1000 years prior to the first 

evidence of burial activity. Why then did they change the use of the land? And why 

was there an apparent transition that took place 200–300 years earlier than the 

interment of mummies. Some scientists advocate that climate has played an active 

role in cultural overturn and the development of Andean societies (Shimada et al. 

1991, Ortloff and Kolata 1993, Abbott et al. 1997), but this sensitivity is rejected 

and referred to as ‘neo-environmental determinism’ by others who view internal or 

external societal conflicts and stimuli as the cause of cultural transition and 

collapse (Freilich 1967, Erickson 1999, Coombes and Barber 2005).  

In a summary analysis, an overview of fossil pollen and charcoal data for 

this site were reported (Åkesson et al. in review). Here, I present a detailed 

paleoecological record of fossil pollen, charcoal, and loss-on-ignition data to 
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reconstruct the vegetation and land-use history of Lake Condores, Peru. The new 

datasets are compared with the previously published paleolimnological record from 

the same lake (Matthews-Bird et al. 2017) and with the timing of the adjacent, 

independent archaeological records ascribed to the Chachapoyan culture and the 

Incan Empire (von Hagen 2002, Wild et al. 2007). I investigate whether the first 

signs of land-use at Lake Condores coincided with the rise of the Chachapoya and 

the Inca, or if there is evidence of an earlier pre-Columbian occupation and 

agriculture that predate the relatively young, archaeological findings from the 

valley. Cumulatively, I ask what was the probable relationship between climate 

change, cultural choices, and the cultivational history of the valley?  The key 

questions I will address in this study are: 

 

1. Was there evidence of an earlier pre-Columbian occupation and agriculture 

predating the archaeological findings of the valley? 

2. Was the emergence of the Chachapoyan culture associated with less intense 

land-use within the valley? 

3. Were pre-Columbian occupation and land-use patterns at Lake Condores 

affected by climate? 
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STUDY AREA 

 

 

Lake Condores (6°51’03.02” S, 77°41’43.28” W; 2860 m elevation; Fig. 

II.3) is located on the eastern flank of the Peruvian Andes in the Huallaga River 

drainage basin, with the Marañon River to the west and the Huallaga River to the 

east. Atlantic moisture is advected over Amazonia and transported by the South 

American Low Level Jet along the Andes, where the peak wet season occurs 

between November and April (Garreaud et al. 2009). The mean annual temperature 

of the region is 12–17°C and the mean annual precipitation range is 3200–4000 mm 

(Hijmans et al. 2005). Precipitation during the growing season exceeds 800 mm 

(measured at Leymebamba). Lake Condores is situated in a cloud forest setting 

where the modern vegetation is dominated by Araliaceae, Ericaceae, Hedyosmum, 

Lauraceae, Melastomataceae, Rubiaceae, Urticaceae, and Weinmannia.  

The lake lies in a moraine-dammed valley and is 2.3 km long and 700 m 

wide, with an area of 1.54 km2. The maximum water depth of Lake Condores is 60 

m. Water is delivered by small inlet streams and the lake is drained during high 

stands by an outlet to the east. With a Secci depth of 2 m, the water color is black. 

Lake Condores is surrounded by high, partly forested, rock cliffs (3000–3600 m 

elevation) and dammed to the north by a lateral moraine that is oriented west-east. 
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Figure II.3. Map of the study area of Lake Condores, Peru. (A) Map of the study 

area Lake Condores (star), Peru, and other paleoecological sites mentioned 

in the text: 1 = Lake Pallcacocha, Ecuador (Moy et al. 2002); 2 = Palestina 

Cave, Peru (Apaéstegui et al. 2014); 3 = Lake Pumacocha, Peru (Bird et al. 

2011); 4 = Huagapo Cave, Peru (Kanner et al. 2013); and 5 = Quelccaya Ice 

Cap,  Peru (Thompson et al. 2013). (B) Bathymetry map of Lake Condores 

showing coring location (star). (C) Google Earth satellite image of Lake 

Condores with nearby Lakes Quintecocha and Mona. The image also shows 

the location of the Chachapoya village of Llaqtacocha (yellow area), tomb 

cliffs, and modern grazing land.  
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The moraine, presumably deposited during the last ice-age, rises 160–40 m high 

above lake level, and decreases in elevation from west to east.  

This locality has an impressive archaeological record, with a dedicated 

museum in the nearest city, Leymebamba (Guillén 2003). Over 200 mummy 

bundles, quipos, and grave goods were recovered from mausolea carved into the 

cliffs surrounding the lake (Figs. II.1, p. 24; and Fig. II.3, p. 29) (von Hagen 2002, 

Wild et al. 2007). The mausolea had been sealed with local rock, effectively hiding 

them from grave-robbers. The interments apparently began as early as ca. 750 cal. 

yr BP based on a direct date on a bone. But mummies may not have been interred 

that early, as the earliest of the mummy bundles dates to 800 cal. yr BP, with the 

majority being ca. 500–410 cal. yr BP clearly overlapping the period of Incan 

imperialism (von Hagen 2002, Wild et al. 2007). Adjacent to Lake Condores, the 

Chachapoyan village, Llaqtacocha, consisted of around 130 circular homesites 

(Figs. II.2, p. 25; and Fig. II.3, p. 29) (von Hagen 2002). Despite once being a 

center of human activity, the area is today largely uninhabited, and is only being 

used for cattle grazing by a family from Leymebamba. 
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METHODS AND MATERIALS 

 

 

In July 2010, a 1.84 m long sediment core was retrieved from 60-m depth 

using a Universal percussion sampler deployed from a floating platform (Figs. II.3, 

p. 29; and Fig. II.4). The sediment core represents only the recent history of Lake 

Condores as bedrock was not reached. 

The sediment chronology is based on 11 14C AMS dates, revising the initial 

chronology based on eight dates (Matthews-Bird et al. 2017). The three additional 

dates are consistent with the initial chronology, reinforce it, and lead to age 

adjustments of only ~50 years. The ‘bacon’ package (Blaauw and Christen 2011) 

and the program R (R Development Core Team 2018) were used to construct the 

new age-depth model. Ages were calibrated using the IntCal13 calibration curve 

(Reimer et al. 2013). A southern Hemisphere correction was not required as the 

moisture arriving to the tropical Andes primarily originates from the subtropical 

Atlantic (Vuille et al. 2003). 
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Figure II.4. Bryan Valencia and Angela Rozas Dávila with local helper and Honey 

Whitney (seated) raise the sediment core from Lake Condores (photo: Mark 

Bush, 2010). 

 

 

The core was subsampled for fossil pollen (volume: 0.5 cm3; n = 92) at a 2-

cm resolution for the entire 1.84-m sequence. Pollen were extracted using a 

standard methodology (Fægri et al. 1989), where samples were treated in 10% HCl 

to dissolve calcium carbonates, 10% KOH to dissolve humic material, 10% NaP2O7 

to dissolve clay particles, and acetolysis (9:1 ratio of (CH3CO)2O and H2SO4) to 

dissolve organic material. Density separation using sodium metatungstate (density: 

2.0–2.1 g/mL) removed inorganic materials. Samples were spiked with exotic 

Lycopodium spores to allow for calculation of pollen concentrations (Stockmarr 
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1971). Treated samples were mounted in glycerol and analyzed using a Zeiss 

Axioskop photomicroscope with magnifications of ×400 and ×630. A minimum of 

300 terrestrial grains were counted and identified using the Neotropical Pollen 

Database (Bush and Weng 2007), standard regional textbooks (Hooghiemstra 1984, 

Roubik and Moreno 1991), and the reference collection at Florida Institute of 

Technology. Aquatic pollen grains and spores were counted but excluded from the 

pollen sum. One sample (depth: 66 cm) contained an overrepresentation of Rosa 

(Rosaceae; 55% of the pollen sum). As this was almost certainly an idiosyncratic 

value, possibly the direct input of an anther, it was not considered to be 

informative, and so, for this sample, Rosa was excluded from the pollen sum of 300 

grains. The sizes of all Poaceae pollen grains were recorded and binned at 5 μm 

increments. 

Upon completion of analysis, the remaining extracts of pollen samples were 

washed through a 60 μm mesh, mounted in glycerol, and reanalyzed in search for 

fossil Zea mays grains (>75 µm). Pollen diagrams were created using Tilia (Grimm 

2011) and C2 (Juggins 2007). Pollen taxa were grouped into four assemblage 

groups according to their ecological association to assist interpretation (Gentry 

1996). These ecological assemblages comprised of: (i) montane forest taxa 

including lianas, (ii) shrub taxa, (iii) herbaceous taxa, and (iv) grasses.   

Loss-on-ignition analysis was performed according to standard 

methodology (Heiri et al. 2001) at a 2-cm resolution (volume: 0.5 cm3; n = 93), 
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where samples were dried for 12 h at 105 °C and weighed (mass of water loss), 

dried for 4 h at 550 °C and weighed (the loss representing organics), and heated for 

2 h at 950 °C and weighed (the loss representing carbonates).  

The core was subsampled continuously at a 1-cm resolution for charcoal 

(volume: 0.5 cm3; n = 184) and filtered using a 180 µm mesh. The residue was 

inspected for charcoal using an Olympus stereoscope at magnifications of ×20 and 

×32. ImageJ software (Rasband 1997) was used to calculate the surface area 

(mm2/cm3) of each individual charcoal fragment.  

A CONISS constrained clustering analysis was performed to aid with the 

zonation for fossil pollen (Grimm 2011). Multivariate analysis using a detrended 

correspondence analysis (DCA) (Hill 1979) was performed using the ‘vegan’ 

package (Oksanen et al. 2013) in R (R Development Core Team 2018). The 

ordination was based on all pollen taxa accounting for at least 0.5% of the pollen 

sum or occurring in five or more samples (Birks and Gordon 1985), this reduced 

the matrix to 74 taxa. A detrended canonical correspondence analysis (DCCA) was 

performed for the diatom taxa as response variables and with the pollen assemblage 

groups forest, shrubs, herbs, and grasses, charcoal, Ca/Ti, and Si as environmental 

variables, using Canoco software (ter Braak and Šmilauer 2018). A principal 

component analysis (PCA) was performed on the XRF elemental data published by 

Matthews-Bird et al. (2017) using the ‘vegan’ package (Oksanen et al. 2013) in R 

(R Development Core Team 2018). To reduce the XRF data to fewer significant 
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components, the data were transformed and converted to z-scores to avoid scaling 

effects before performing the PCA analysis. A Morlet wavelet analysis was 

performed on the Si elemental data of Lake Condores (Matthews-Bird et al. 2017) 

using the R package (R Development Core Team 2018) ‘biwavelet’ (Gouhier 

2015). Pearson correlation analyses were performed on the pollen groups, grass 

sizes, and loss-on-ignition components using R (R Development Core Team 2018). 
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RESULTS 

 

 

CHRONOLOGY 

 

The original chronology was based on eight 14C AMS dates (Matthews-Bird 

et al. 2017). There were three age reversals were recorded at 0.72, 0.94, and 1.38 m 

depth (Table II.1). To improve the age-depth model, we acquired three additional 

radiocarbon dates, all of which were accepted (Table II.1; Fig. II.5). The new 

radiocarbon calibration for Lake Condores provided a basal age of ca. 2085 cal. yr 

BP.  

The stratigraphy of the 1.84-m long record from Lake Condores has 

previously been published and consisted of organic brown sediments that were 

laminated between 55 and 184 cm depth (Fig. II.6) (Matthews-Bird et al. 2017). 

Two phases of sedimentation rate were suggested by the chronology, in which 

deposition ranged between 0.5–1.3 mm/yr and 1.1–2.0 mm/yr. The increased 

sedimentation rate was recorded in two separate periods at ca. 1270–1120 cal. yr 

BP and ca. 2085–1670 cal. yr BP.  
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Table II.1. Radiocarbon dates and calibrated ages for Lake Condores, Peru. 
 

Lab ID 

number 
Sample type 

Depth  

(cm) 

14C age  

± 1σ 

Mean probability 

(cal. yr BP) 

OS-123848 Bulk sediment 32 435 ± 20 489 

OS-123849 Bulk sediment 60 910 ± 20 854 

OS-123850 Bulk sediment 72 1730 ± 20 1030 

OS-142564 Bulk sediment 79 1210 ± 25 1107 

OS-107767 Macrofossil 94 670 ± 40 1218 

OS-129726 Bulk sediment 100 1320 ± 25 1268 

OS-142565 Bulk sediment 115 1570 ± 15 1468 

OS-123851 Bulk sediment 128 1910 ± 20 1652 

OS-123852 Bulk sediment 138 1230 ± 20 1725 

OS-142566 Bulk sediment 149 1860 ± 20 1804 

OS-107804 Bulk sediment 183 2080 ± 30 2075 
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Figure II.5. Age-depth model of sediments from Lake Condores, Peru. The age-

depth model was calibrated using 14C dates (Table II.1, p. 37), the ‘bacon’ 

package (Blaauw and Christen 2011), and the IntCal13 calibration curve 

(Reimer et al. 2013). 
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Figure II.6. Sediment characteristics of the Lake Condores core, Peru, showing 14C 

dates (asterisks), sediment characteristics, the wavelet of Si (Matthews-Bird 

et al. 2017), sedimentation rate, organic matter, carbonate, silica, charcoal, 

and the zonations COP 1–3. 
 

 

 

PALEOECOLOGICAL ZONATION AND MULTIVARIATE ANALYSIS  

 

The Morlet wavelet analysis of the Si elemental data (Matthews-Bird et al. 

2017) revealed patterns of significance in the 16- to 96-year spectra between 2000 

and 1100 cal. yr BP (Fig. II.6). The constrained hierarchal cluster analysis 

(CONISS), the detrended correspondence analysis (DCA), observations of the 

pollen spectra, observations of the diatom spectra (Matthews-Bird et al. 2017), and 
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sediment changes indicated that three primary pollen zones (COP 1–3) existed 

within the pollen record with boundaries between 1125 and 740 cal. yr BP (Figs. 

II.7–II.8).   

The first two DCA ordination axes provided eigenvalues of 0.12 and 0.04 

(Fig. II.7), suggesting that Axis 1 explained approximately 3 times the variance of 

Axis 2. The positive extreme of Axis 1 was characterized by montane forest types, 

for example Boraginaceae, Celtis, Weinmannia, Moraceae-Urticaceae, Cecropia, 

and Hesperomeles. The negative extreme of Axis 1 was characterized by weedy 

shrubs, herbs, and grasses, for example Zea mays, Thalictrum, Ambrosia, Plantago, 

Amaranthaceae, and Polylepis. Axis 2 subdivided more shrub-dominated openness 

from grass-dominated openness, where the positive extreme of Axis 2 was 

characterized by Poaceae, Piperaceae, Cecropia, Adelobotrys, Weinmannia, and 

Pilea. The negative extreme of Axis 2 was characterized Ilex, Thalictrum, Cordia, 

and Alchornea. A clear division between local pollen zones COP-1 and COP-3 

characterized the DCA, where the grassland dominated COP-1 zone had negative 

scores and the montane forest dominated COP-3 zone had positive scores on Axis 

1. COP-1 was further subdivided, with samples characterized by increased values 

of montane forest types lying at the positive side of Axis 1. The local pollen zone 

COP-2 had intermediate values between COP-1 and 3, overlapping both. The 

majority of scores on the positive side or closer to the origin of Axis 1, the 

exception being two samples at 915 cal. yr BP and 830 cal. yr BP, respectively, 
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lying on the negative extreme of Axis 1. Organic matter had a positive correlation 

with forest taxa (-0.56; p-value: 4.36ᴇ-08). Silica had a negative correlation with 

forest taxa (-0.61; p-value: 1.13ᴇ-09) and a positive correlation with grass taxa 

(0.59; p-value: 7.43ᴇ-09). Calcium carbonates had no significant correlation with 

either forest or grass taxa. 

 

 

 

Figure II.7. The detrended correspondence analysis biplot of fossil pollen data from 

Lake Condores, Peru. Gray circles = COP-1, 2085–1130 cal. yr BP; black 

squares = COP-2, 1130–740 cal. yr BP; gray crosses = COP-3, 740 cal. yr 

BP–modern.        

 

 



 

 

 

 
 

 

 
Figure II.8. Fossil percentage pollen occurrence for the most abundant taxa from Lake Condores, Peru, plotted against time. 

14C dates (asterisks), Zea mays (presence), pollen concentration as number of grains per cm3, and the DCA Axis 1 

sample scores are also plotted. 
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Figure II.8. Continued. 
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Poaceae (25–40 µm) dominated the Poaceae grain sizes throughout most of 

the record, declining slightly towards the present as Poaceae (50–60 µm) increased 

in abundance (Fig. II.9). Poaceae (40–50 µm) was abundant throughout the record 

and Poaceae size classes 10–25 µm, 60–70 µm, and 70–80 µm had low values. 

Poaceae (50–60 µm) had a positive correlation with forest taxa (0.22; p-value: 

0.04) and a negative correlation with herbaceous taxa (-0.30; p-value: 0.40ᴇ-02) 

(Table II.2 and Fig. II.10). Poaceae (40–50 µm) had a positive correlation with 

shrub taxa (0.29; p-value: 0.48ᴇ-02) and Poaceae (70–80 µm) had a positive 

correlation with herbaceous taxa (0.36; p-value: 0.51ᴇ0.3). Poaceae (25–40 µm) 

had a positive correlation with herbaceous taxa (0.22; p-value: 0.03). 

The eigenvalues for the first two ordination axes of the DCCA were 

0.02104 and 0.0080 (Fig. II.11). The positive end of Axis 1 was characterized by 

grasses, Si, herbs, charcoal, Amphora pediculus, and Planothidium frequentissimum 

(Matthews-Bird et al. 2017). The negative end of Axis 1 was characterized by 

forest, Tabellaria flocculosa, and Gomphonema auritum. The positive end of Axis 

2 was characterized by Planothidium frequentissimum, Amphora pediculus, 

Tabellaria flocculosa, Ca/Ti, and forest. The negative end of Axis 2 was 

characterized by Gomphonema auritum and Eunotia cf. major (Matthews-Bird et 

al. 2017). 
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Figure II.9. Percentage Poaceae size diagram based on total number of Poaceae 

grains counted in each individual pollen sample. Zea mays is provided as 

presence.  
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Table II.2. Correlation values for Poaceae sizes and pollen vegetational groups. 

Significant correlations (p-value: < 0.05) are indicated by bolded values. 
 

 
Poaceae 
(10–25 µm) 

Poaceae 
(25–40 µm) 

Poaceae 
(40–50 µm) 

Poaceae 
(50–60 µm) 

Poaceae 
(60–70 µm) 

Poaceae 
(60–80 µm) 

Forest -0.1057 -0.1738 0.1520 0.2156 -0.1508 -0.1438 

Shrubs -0.1840 -0.1726 0.2915 0.0368 0.0100 0.1239 

Herbs 0.1767 0.2243 -0.1457 -0.2977 -0.0312 0.3553 

 
 
 
 
 

 

Figure II.10. Correlation matrix for Poaceae sizes and pollen vegetational groups. 

Significant correlations (p-value: < 0.05) are indicated by blue (positive) or 

red (negative) boxes. 
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Figure II.11. Detrended canonical correspondence analysis triplot of the 

environmental variables fossil pollen vegetational groups (forest, shrubs, 

herbs, and grasses), charcoal, Ca/Ti (Matthews-Bird et al. 2017), and Si 

(Matthews-Bird et al. 2017) with fossil diatoms (Matthews-Bird et al. 2017) 

as response variables.  

 

 

The PCA of the XRF elemental data (Matthews-Bird et al. 2017) revealed 

that 54.72% of the total variability was explained by PCA Axes 1 (39.12%) and 2 

(15.6%) (Fig. II.12). All elements were associated with positive loadings on Axis 1 

aside from Cr, which was inversely correlated with Zr, Si, Al, and K. Samples were 

distinct between older and younger sequences with a separation evident before and 

after ca. 1000 cal. yr BP.  
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Figure II.12. Summary diagram of data from Lake Condores, Peru, unless 

otherwise mentioned. (a) Quelccaya Ice Cap, Peru (Thompson et al. 2013); 

(b) Palestina Cave, Peru (Apaéstegui et al. 2014); (c) Lake Pallcacocha, 

Ecuador (Moy et al. 2002); (d) Huagapo Cave, Peru (Kanner et al. 2013); 

(e) Lake Pumacocha, Peru (Bird et al. 2011); (f) Si (Matthews-Bird et al. 

2017); (g) the ratio of Ca/Ti (Matthews-Bird et al. 2017); (h–i) principal 

component axes 1 and 2; diatom species (j) Tabellaria flocculosa 

(Matthews-Bird et al. 2017), (k) Cocconeis placentula sensu lato, and (l) 

Planothidium frequentissimum; (m; cross) presence of maize; pollen 

ecological-assemblage groups (n) grasses, (o) herbs, (p) shrubs, and (q) 

forest in percentage; and (r) charcoal in mm2/cm3. Light-yellow colored 

area denotes time of burial activity at Lake Condores (ca. 800–100 cal. yr 

BP), gray bands denotes drought events at Lake Condores, and vertical 

black lines denotes pollen zones COP 1–3. 
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Figure II.12. Continued. 
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LOCAL POLLEN ZONES 

 

COP-1 (184–81 cm; ca. 2085–1130 cal. yr BP). The basal zone COP-1 had 

the records highest abundance of Poaceae (55%) and the lowest abundance of 

Andean forest types (18%) (Fig. II.8, p. 42–43). Throughout the zone, Poaceae 

fluctuated between 10 and 55%, where declines primarily corresponded to 

increased abundances of the Andean forest and shrub types Moraceae-Urticaceae, 

Melastomataceae, Hedyosmum, Acalypha, Morella, Polylepis, Weinmannia, 

Alchornea, Solanum, and Alnus. High abundances of Asteraceae, Piperaceae, 

Thalictrum, Ambrosia, and Plantago occurred in COP-1. Zea mays pollen grains 

were found in 27 of 52 samples. Charcoal particles were consistently observed in 

the zone with the highest value of the entire record (19.5 mm2/cm3) at 1220 cal. yr 

BP. Organic matter (6–54%) fluctuated in abundance, whereas carbonate had low 

values (<10%) throughout the zone. This zone had the records highest observed 

concentrations of silica (42–90%). Pollen concentrations varied between 10,500 

and 136,700 grains/cm3.  

COP-2 (81–51 cm; ca. 1130–740 cal. yr BP). Between 1130 and 950 cal. yr 

BP, COP-2 was characterized by a montane forest expansion and concurrent drop 

in Poaceae (4%) and Asteraceae (1.3%). After 950 cal. yr BP, Poaceae and 

Asteraceae increased again and forest taxa declined. In general, Melastomataceae, 

Trema, Vallea, Polylepis, Solanum, and Alchornea increases throughout zone  
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Organic matter reached 60% in COP-2, decreasing between 1050 and 850 

cal. yr BP to 20%. In the beginning of COP-2, Silica decreased in value to 50%. 

After 1050 cal. yr BP, silica increased again to values around 80%, before a steady 

decline to 40% at the end of the zone. Carbonate was again a minor component 

with values between 1–6%. Zone COP-2 had pollen concentrations of between 

12,700 and 145,500 grains/cm3. 

COP-3 (51–0 cm; ca. 740 cal. yr BP–MODERN). Moraceae-Urticaceae 

(20–30%) dominated the pollen assemblage in zone COP-3 and grasses decreased 

to ca. 10–20%. Zea mays pollen grains were scarcely recorded, only documented at 

ca. 625–600 cal. yr BP, 425–390 cal. yr BP, 320 cal. yr BP, and 210–180 cal. yr 

BP. Melastomataceae, Hedyosmum, Vallea, Polylepis, Solanum, and Alchornea 

remained at values comparable with COP-2. Cecropia, Celtis, Hesperomeles, 

Podocarpus, Salicaceae, Trema, and Weinmannia increased throughout the zone. 

Around 150–0 cal. yr BP, Hedyosmum expanded to over 25%, concurrent with a 

slight increase in Poaceae (18%) and a brief decrease in Moraceae-Urticaceae (7%). 

Charcoal, although present throughout the zone, had much smaller peak 

abundances than in prior zones. The most recent samples post 0 cal. yr BP, show a 

strong uptick in fire activity. With initial high values around 40–55%, organic 

matter declined to between 25–35% after 550 cal. yr BP. Silica increased from 40% 

to over 60% and carbonates had low, stable, values around 5%. Pollen 

concentrations of 24,200 and 110,000 grains/cm3 were recorded in zone COP-3. 
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DISCUSSION 

 

 

The black-water of Lake Condores contrasts with the sheer white cliffs 

rising approximately 100 m above the lake level. This spectacular setting lies in the 

upper Andean montane forest (2200–3400 m elevation) at 2800 m elevation 

(Girardin et al. 2010). This elevation is ~600 m lower than the characteristic 

grasslands of the puna and would be expected to have an almost pure forest pollen 

input. Prior studies of such forested Andean lakes suggest that 90–95% of pollen 

will be derived from trees (Schiferl et al. 2018), unless disturbance creates nearby 

open habitats. Today, the valley is predominately forested and modern Poaceae 

pollen values in the surface samples were less than 10% of the pollen sum, while 

Andean forest and shrub pollen values accounted for around 90% of the pollen 

sum.   

The history of human occupation of these upper Andean forest landscapes is 

understudied. Humans are known to have used rock shelters in the region in the 

early Holocene (Church 1996), and there is evidence of settings near to Condores 

being used since 1150 cal. yr BP (Wild et al. 2007), but the earlier cultivational 

history of sites at this elevation is almost completely unknown. Consequently, the 

paleoecological record of Lake Condores provides a rare opportunity to investigate 

the long-term responses of an Andean upper montane forest to pre-Columbian land-

use pressures. At Lake Condores, sediment depositional rates average ~1 mm per 

year for the last 2100 years. A sampling interval of 2-cm provided a sample 
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resolution of ~15–35 years (i.e., less than one human lifetime) for pollen and loss 

on ignition, while a continuous sampling interval of 1-cm provided a sub-decadal to 

decadal sampling resolution for charcoal.  

 

WAS THERE EVIDENCE OF AN EARLIER PRE-COLUMBIAN 

OCCUPATION AND AGRICULTURE PREDATING THE 

ARCHAEOLOGICAL FINDINGS OF THE VALLEY? 

 

The first Zea mays pollen in the Condores sediments was documented at the 

beginning of the record, ca. 2085 cal. yr BP, preceding the archaeological findings 

of the valley with almost 1300 years. After ca. 2085 cal. yr BP, maize grains were 

routinely identified until ca. 1200 cal. yr BP, with less than 40–90 years between 

grains (median: 30 years), suggesting a near continuous maize cultivation in the 

Andean valley. Maize pollen is undoubtedly a sign of human presence where even 

finding a single-grain strongly indicates local maize cultivation. Notorious for their 

short wind-transportation from parent plants (≤10 m), maize grains are often 

limited to fluvial transportation within a catchment (Jarosz et al. 2003). 

Agricultural techniques, such as where maize is grown, how much is grown, or the 

presence of terraces, could all influence maize pollen representation.  

Another possible explanation to the finding of maize grains at Lake 

Condores, other than adjacent cultivation in the valley, is that inhabitants used the 

lake itself for washing and preparing maize cobs for consumption, thereby 

releasing maize pollen. At Condores, this scenario does not replace the probability 
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that maize was being grown locally, however, as the high abundances of grass 

pollen (30–55%) and low abundances of Andean forest taxa pollen (<40%) suggest 

that the valley was indeed used for maize cultivation. The Poaceae values of Lake 

Condores can be compared with reported grass abundances from pollen studies of 

undisturbed Andean montane forests, where Poaceae obtained values were less than 

10% (Schiferl et al. 2018). In undisturbed pollen sites of lowland Amazonian, 

Poaceae values of less than 3% have been reported (Bush 2002).  

The pollen grains of the Poaceae family have a vast size spectrum, from 

small grains of ~10 µm to large Zea mays grains greater than 75–120 µm (Fægri et 

al. 1989). A modern Poaceae study by Radaeski et al. (2016) from Brazil related 

grass pollen sizes to different vegetational types, where grass species common of 

dense forest typically were larger than 46 µm. Poaceae species of grasslands and 

herb-rich forests, however, were found to be smaller (<46 µm) than grasses from 

dense forests. At Lake Condores, there was a positive correlation between 

increased herbaceous taxa and grass pollen sizes in the range of 25–40 µm (Fig. 

II.10), indicating that the Poaceae abundances between 2085 and 1150 cal. yr BP 

were times of increased landscape openness, coinciding with high Poaceae pollen 

percentages. Further, times of forest regrowth and lower abundances of Poaceae 

were negatively correlated with grass pollen of between 50 and 60 µm. This 

relationship had a positive correlation with forest taxa and a negative correlation 

with herbaceous taxa. Shrub elements had a positive correlation with grass sizes 
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between 40 and 50 µm, suggesting that this size class was comprised of grass 

species common in both herbaceous and forested environments.   

The wet conditions of Andean cloud forests limit the spread of fire, and 

charcoal has repeatedly been linked to human land-use in Andean lake sediments 

(Bush et al. 2005, Valencia et al. 2010, Mosblech et al. 2012, Bush et al. 2015b). 

Charcoal fragments were identified throughout the Condores record, but inputs 

were particularly high between 2085 and 850 cal. yr BP. Peaks of charcoal 

abundance were associated with reduced proportions of Andean forest taxa and 

increased abundances of herbaceous and grass taxa. The amount of forest cover 

remained low for ~30–100 years after a major fire event. The size and severity of 

the fire would influence recovery times, but in general post-fire recovery would see 

woody cover returning in as little as five years (Lippok et al. 2013) and could be 

substantial after 100–200 years (Loughlin et al. 2018). These data suggest that the 

fires around Lake Condores, which were almost certainly set by humans and not 

natural, indicate an active suppression of forest re-growth in the valley. At 1225 

cal. yr BP, the largest peak in charcoal occurred that resulted in a broad decrease in 

forest elements, especially Moraceae-Urticaceae, Melastomataceae, Weinmannia, 

and Alnus. Herbaceous taxa were common before 850 cal. yr BP, including 

Asteraceae, Thalictrum, Plantago, Ambrosia, and Amaranthaceae, further 

supporting the existence of open areas. The abundance of Cyperaceae and the 

indicator of eutrophic conditions, Typha, had increased abundances between 2085 
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and 850 cal. yr BP, suggesting that the modern marsh located east of the lake might 

have been larger and more nutrient-rich in the past. It is also possible that Typha 

was cultivated as it is a useful plant for creating thatch and ‘reed’ floors. 

Maize occurrence and large inputs of Poaceae grains between 2085 and 

1150 cal. yr BP support earlier findings by Matthews-Bird et al. (2017) from the 

same site and core. They found that the diatom assemblages and XRF elemental 

data from Lake Condores, ca. 2085–1050 cal. yr BP, were characterized by high 

nutrient loads and terrigenous inputs (Matthews-Bird et al. 2017). Planothidium 

frequentissimum, a diatom species of eutrophic waters, was particularly abundant 

during this time period (Van Dam et al. 1994, Kelly et al. 1995, Rimet et al. 2004). 

Furthermore, the terrigenous elements Ti, Fe, and Si were at their highest 

abundance for the entire sequence during the first millennium of the record, most 

likely due to increased erosional in-wash to the basin associated with deforestation 

and landscape instability (Giguet-Covex et al. 2011, Olsen et al. 2010). These 

findings were also supported by the pollen data.  

 

WAS THE EMERGENCE OF THE CHACHAPOYAN CULTURE 

ASSOCIATED WITH LESS INTENSE LAND-USE WITHIN THE VALLEY? 

 

Forest recovery marked the period after 1130 cal. yr BP, which was 

especially evident in Melastomataceae, Moraceae-Urticaceae, Solanum, 

Weinmannia, and Vallea. The herbaceous taxa Ambrosia, Plantago, and Thalictrum 

almost disappeared from the record, only occurring sporadically thereafter. 
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Asteraceae declined in abundance while Poaceae decreased to values around 10%, 

thereby reaching values similar to that of undisturbed Andean forests (Urrego et al. 

2011). Early successional trees, e.g. Alnus and Cecropia, capable of colonizing 

disturbed areas, increased in abundance. Maize was, however, found throughout the 

period of forest recovery, indicating that maize cultivation was still active in the 

area but the relative frequency of samples containing maize declined between 1130 

and 500 cal. yr BP. The change in land-use around 1130 cal. yr BP was also notable 

in the diatom record, in which a shift in assemblage dominance from Planothidium 

frequentissimum to Cocconeis placentula sensu lato occurred (Matthews-Bird et al. 

2017). C. placentula sensu lato can survive in eutrophic waters but not to the extent 

of P. frequentissimum (Kelly et al. 1995, Sayer et al. 1999, Vermaire and Gregory-

Eaves 2008), suggesting that there was a reduced nutrient flux to the lake altering 

its limnology.  

The forest recovery was interrupted by two fire events at ca. 1000 and 850 

cal. yr BP that were followed by declines in Andean forest taxa and a re-expansion 

of grasses and Asteraceae. A decline was also notable within disturbance and shrub 

taxa, including Alnus, Cecropia, Acalypha, and Hedyosmum. The two fire events 

seem to have been initiated by active land management. After 750 cal. yr BP, forest 

elements reached modern values and maize occurred sporadically with the last 

maize recorded at 180 cal. yr BP. The regrowth of forest corresponded to another 

change in the diatom flora in which Tabellaria flocculosa rose to dominance, 
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suggesting that the lake became oligotrophic, presumably near its natural state, 

after 750 cal. yr BP.  

A change from laminated to non-laminated sediments around 750 cal. yr BP 

also suggests a major shift in sediment input to the lake. The shift to non-laminated 

sediments occurred simultaneously with reforestation and decreased terrigenous 

input of Ti and Si. The change in sediment character was probably caused by a 

decrease in erosion, which I hypothesize was caused by either land abandonment or 

a change in land management, possibly by the start of terracing in the valley. 

Terracing is classically associated with Wari and Incan activities in southern Peru 

(Chepstow-Lusty et al. 2003, Londoño 2008, Kendall 2013), but it is also evident, 

though its formation is undated in the Chachapoyan region. Terraces decrease soil 

loss and erosion by rain through slope stabilization, thereby limiting the amount of 

terrigenous material, and maize pollen, getting transported by fluvial forces. To 

date, terraces have not been reported from the valley of Lake Condores, but a 

systematic archaeological survey of the forested portion of the valley has yet to be 

undertaken. If terracing occurred around Lake Condores it would be limited to the 

north and western sides of the valley or in the upslope glacial tributary valleys, 

since the southern side is cliffed. Sun exposure being limited, especially on the 

shaded southern side of the valley, may have also limited the area of suitability for 

maize cultivation. 
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Settlements in the tributary valleys that hold Lakes Quintecocha and Mona 

(Fig. II.3, p. 29), may have supported terracing, but the age span of those 

settlements is unknown. If the settlements of the nearby lakes coincided with the 

settlement found near Lake Condores (ca. 800–450 cal. yr BP), another possible 

explanation for the decline in maize pollen could be that an expansion of settlement 

around the lake led to maize agriculture being conducted further away from 

Condores, possibly downslope of the lake or on the north side of the moraine, any 

of which would limit maize pollen inputs to the lake.  

The emerge of the Chachapoya culture in the valley of Condores was 

associated with less intense land-use, possibly due to a change in land management 

and the start of terracing. Maize was, however, still actively cultivated in the area 

but became more scarcely recorded in the sediment. A striking pattern is that 

deforestation and cultivation of the valley ceased at the time that interment of 

mummies began. Matthews-Bird et al. (2017) argued for a shift to less disturbance 

of the landscape in response to wetter conditions. But regardless of the underlying 

cause, it is apparent that the occupants of Llaqtacocha, chose to allow the forest 

facing the mausolea to grow largely undisturbed for the centuries after 450 cal. yr 

BP.  
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WERE PRE-COLUMBIAN OCCUPATION AND LAND-USE PATTERNS AT 

LAKE CONDORES AFFECTED BY CLIMATE? 

 

Often considered as marginal areas for farmland, the wet and cold mid-

elevation Andean forest, with its frequent ground-level clouds, provides a 

challenging environment for drying and storing harvested goods (Yengoh et al. 

2010). Despite the harsh environment, recent paleoecological and archaeological 

research have discovered numerous sites in the Andean cloud-forest with pre-

Columbian settlements and evidence of extensive land-use (Muscutt et al. 1994, 

Church 1996, Nystrom et al. 2005, Church and von Hagen 2008, Mosblech et al. 

2012, Guengerich 2014, Bush et al. 2015b, Loughlin et al. 2018). With its history 

of maize cultivation from at least 2085 to 600 cal. yr BP, the Condores record can 

be added as an additional mid-elevation Andean site heavily impacted in pre-

Columbian times.  

Despite being situated well within the upper altitudinal limit for maize 

agriculture (~3550 m above sea level) (Hastorf and Johannessen 1993), no maize 

pollen were identified in the modern samples of Condores. Agriculture is, however, 

not only limited by altitudinal gradients. Moisture availability and precipitation are 

other factors heavily influencing crop growth, where maize prefers between 500 

and 800 mm of precipitation during the growing season (Brouwer and Heibloem 

1986). At Lake Condores, modern-day precipitation during the growing season 

exceeds 800 mm (measured at Leymebamba). Annual precipitation and humidity 

index were ranked in the top eight climate factors affecting the distribution of 
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maize cultivation in China (He and Zhou 2012), and excess soil moisture from 

extreme precipitation has further been reported as a main contributor to decreasing 

yields because of soil waterlogging (Kaur et al. 2018). He and Zhou (2012) defined 

areas in China with moisture index above 0.5 as unsuitable for maize agriculture. 

Lake Condores, with an annual precipitation of ~3200–4000 mm (Hijmans et al. 

2005) and an approximate potential evapotranspiration of 1344 mm (Henning and 

Henning 1981), has a moisture index of ~2.38–2.98, which potentially puts it 

outside the range of suitable areas for maize cultivation. It is thus possible that the 

modern valley is too wet for maize and that climate conditions of the past offered 

more favorable conditions for its maize cultivation.  

A long-term transition to drier conditions between 1400 and 1450 cal. yr BP 

was identified in the Huagapo Cave record (Kanner et al. 2013) and could have 

made the region dry enough to support maize agriculture before 1450 cal. yr BP. 

The Palestina Cave record suggests that there were ~200-year oscillations of wet 

and dry events between 1550 and 800 cal. yr BP (Apaéstegui et al. 2014). The 

wavelet analysis of the XRF Si elemental data at Lake Condores revealed 16- to 

96-year cycles between 2000 and 1100 cal. yr BP, a period characterized by human 

activity, and could be an indicator of Atlantic Decadal Oscillation activity and/or 

Pacific Decadal Oscillation activity (Apaéstegui et al. 2014, MacDonald and Case 

2005). The pattern of past El Niño–Southern Oscillation (ENSO) events have been 

inferred from high-resolution sedimentary records (Moy et al. 2002). In other 
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systems natural buffering absorbed these year-to-year events and it was only 

following human-induced disturbance that a signal was evident (Bush et al. 2017). 

It is possible that the degradation of land and increased soil instability in the valley 

of Condores between ca. 2000 and 1100 cal. yr BP similarly amplified the climate 

signals. Wet events would have been characterized by increased inflow of eroding 

terrigenous material during times of land-use, such as during the first 1200 years of 

the record. Contrastingly, when forest cover increased as land-use intensity 

declined, erosion diminished and the potential for detectability of climate events 

was reduced.  

The wet and dry oscillations documented in the Palestina Cave δ18O 

isotopic record revealed a very strong drought event around 910 cal. yr BP 

(Apaéstegui et al. 2014), which was also recorded in the isotopic record of the 

Quelccaya Ice Cap (Thompson et al. 2013). This drought event, along with four 

other distinct droughts ca. 1730–1710 cal. yr BP, 1500 cal. yr BP, 1170 cal. yr BP, 

and 700 cal. yr BP caused deposition of calcium carbonate at Lake Condores. Both 

loss-on-ignition and independent measurements of elevated Ca/Ti ratios identify 

these events in the Condores record. All but the youngest drought (700 cal. yr BP), 

occurred at the start, or within, a period of forest disturbance and increased Poaceae 

values. The drought at ca. 700 cal. yr BP instead occurred within a period of forest 

regrowth, possibly caused by active forest management. It is likely that pre-

Columbian people sought advantage of the unusually dry periods for forest clearing 
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and increased their agriculture pressure. Increased abundances of charcoal does not, 

however, align with dry periods, further supporting the view that charcoal in the 

wet Andean cloud-forest are almost exclusively associated with human land 

management. 

The Medieval Climate Anomaly (MCA; ca. 1000–700 cal. yr BP) was a 

global climate phenomenon characterized in the tropical Andes as a time of 

increased ENSO activity and weakened South American Summer Monsoon (Moy 

et al. 2002, Bird et al. 2011, Ledru et al. 2013). The MCA was characterized by 

decadal-scale droughts and began with a strong drought between ca. 1000–900 cal. 

yr BP (Bird et al. 2011, Kanner et al. 2013, Apaéstegui et al. 2014). At Lake 

Condores, grass pollen increased in abundance and forest declined during the 

MCA. The 910 cal. yr BP drought event recorded in the Palestina Cave record 

(Apaéstegui et al. 2014) was marked by a major decline in forest elements and an 

increase in grasses in the Condores record. Maize pollen representation became less 

frequent after 1000 cal. yr BP, which could be a factor of declining agricultural 

pressure or a shift in land management. But when maize pollen was found in the 

MCA, it coincided with peaks of charcoal and increased abundances of grass 

pollen. 

A long-term climatic shift of increasing precipitation during the last 

millennium is reflected in the isotope record of Lake Pumacocha, which started 

with the global climate variability known as the Little Ice Age (LIA; 700–150 cal. 
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yr BP) (Bird et al. 2011, Ledru et al. 2013, Moy et al. 2002). Increased rainfall after 

1200 cal. yr BP coincided with reduced maize cultivation, forest regrowth, the 

establishment of the Chachapoyan village Llaqtacocha, and the start of burial 

activity in the mountain cliffs of Condores. I hypothesize that the valley became 

too wet to support active cultivation after 1200 cal. yr BP and that the transition 

from agriculture to a burial ground could have been a response to climate change. 
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CONCLUSIONS 

 

 

The mid-elevation cloud-forest valley of Lake Condores, Peru, was already 

used by people at the onset of the record ca. 2085 cal. yr BP, preceding the 

archaeological findings of the valley. Eight centuries of forest clearance, burning, 

and maize cultivation characterized the valley, where unusual dry periods were 

associated with increased land-use pressure. A transition of the valley occurred 

after 1200 cal. yr BP, where forest regrowth and declined maize cultivation 

probably were caused by land abandonment or a change in land management, 

possibly by the start of terracing. With the start of burial activity and the 

establishment of a Chachapoyan village, the deforestation ceased and cultivation 

only occurred sporadically coinciding with a long-term shift to increasing 

precipitation during the last millennium. The weight of the evidence points to that 

the valley became too wet to support active cultivation and that the change in land-

use could have been a human adaptation to climate. 
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CHAPTER III 

 

A 2500-YEAR HISTORY OF CONTINUOUS ANTHROPOGENIC 

DISTURBANCE IN AN ASEASONAL AMAZONIAN FOREST 

 

 

INTRODUCTION 

 

 

Human populations in Amazonia are thought to have increased slowly, but 

persistently, from the early Holocene until ca. 6000 calibrated years before present 

(hereafter cal. yr BP) with an exponential phase thereafter (Goldberg et al. 2016, 

McMichael and Bush 2019). Technological developments and more intense forms 

of landscape management (i.e., terras pretas, earthworks, geoglyphs, and mound 

building (Roosevelt 1991, Erickson 2000a, Heckenberger et al. 2003, Neves et al. 

2004, Erickson 2006, Glaser and Woods 2004, Neves and Petersen 2006, Lehmann 

et al. 2007, Pärssinen et al. 2009, Schaan et al. 2012)) promoted increasingly 

sedentary occupation patterns between ca. 2500 and 400 cal. yr BP. Increasing 

cultivation and a steepened population growth curve were interrupted by the 

European conquest (Roosevelt 1991, Heckenberger et al. 1999, Erickson 2000a, 

Erickson 2006, Piperno 2007, Bush et al. 2008, Marlon et al. 2008, Pärssinen et al. 

2009, Piperno 2011, Schaan et al. 2012). Goldberg et al. (2016) and most social 

scientists emphasize the upward trajectory of human population size prior to the 

collapse associated with European arrival. The 90–95% decline in population size 

in greater Amazonia due to warfare, disease, and slavery (Dobyns 1966, Clement 

1999) has prompted speculation that ensuing forest regrowth on abandoned lands 
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withdrew so much carbon from the atmosphere that it triggered global cooling 

(Nevle and Bird 2008, Nevle et al. 2011, Dull et al. 2010, Koch et al. 2019).  

Uncertainties, however, still persist regarding the spatial and temporal 

extent of pre-Columbian populations in Amazonia, e.g. Levis et al. (2017) and 

McMichael et al. (2017). Prior paleoecological studies have reported human 

disturbance in western Amazonia as temporally discontinuous with localized 

disturbance strongly influenced by distance from rivers, lakes, or seasonal flood-

plain/savanna settings (Bush and Colinvaux 1988, McMichael et al. 2011, 

McMichael et al. 2012b). Furthermore, some recent studies from Amazonia point 

to peaks of land clearance taking place in the period 1150–950 cal. yr BP rather 

than around 450 cal. yr BP (Bush et al. 2015a, Bush et al. 2016). Human 

disturbance of landscape, may not have followed a simple trajectory tracking 

population numbers, but may have been related to climate change, with increased 

fire activity and forest clearance during dry periods (McMichael et al. 2012a). 

Although charcoal and crop presence have been standard proxies for human 

disturbance in Amazonia, there have been few records tracing the 

paleolimnological effects of human activity in lowland lakes. At Lake Sauce, Peru, 

the strongest paleolimnological signature of human activity was the increased 

presence of aerophilous diatoms that reflected eroding soils during times of intense 

cultivation (Bush et al. 2016). Although extreme wet events might promote in-wash 

of material, extreme dry events might promote more forest clearance, which 
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destabilizes soils and renders them vulnerable to erosion. Climate may play a role 

in the way humans shaped landscape around the lake, but a basic relationship 

between forest clearance and eutrophication has yet to be shown in a fossil diatom 

record from Amazonia. 

Disturbance is a feature of all forest systems, as treefalls and natural 

blowdowns, are part of normal canopy gap dynamics. Droughts and sharp climate 

change can induce recognizable signatures of disturbance in tropical forest pollen 

records (Correa-Metrio et al. 2011). Human disturbance of forests generally occurs 

on a larger scale than treefall gaps and, when combined with fire, the successional 

recovery may be deflected or delayed even if disturbance ends (Uhl and Jordan 

1984, Uhl 1987). Slash-and-burn agriculture is often used to clear and sustain open 

areas for farming (Arroyo-Kalin 2012, van Vliet et al. 2013), but after a few years 

of cultivation, the soil, deprived of its nutrients, is exhausted. These systems are left 

fallow for several decades (van Vliet et al. 2013) while a series of new forest plots 

are cleared, exploited, and fallowed.  

In Amazonia, the first few years of forest succession are characterized by a 

dominance of grasses and shrubs that are quickly outcompeted by pioneer trees, 

especially Cecropia and Solanum (Uhl and Jordan 1984, Guariguata and Ostertag 

2001). A canopy is formed that stabilizes the soil, usually within a year or two of 

fallowing (Uhl and Jordan 1984). Pioneer trees are, however, shade-intolerant with 

short-life spans of ~15–50 years, and are replaced in a forest succession by longer-
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lived and taller tree species, e.g. Cordia, Ficus, Inga, Spondias, Trema, and 

Vochysia (Guariguata and Ostertag 2001). Later in the sequence, these secondary 

forest taxa are replaced by more shade-tolerant trees such as Arecaceae, Alchornea, 

Brosimum, and species of the Combretaceae and Melastomataceae. Amazonian 

forests re-establish quickly to form a closed canopy, but inevitably the subsequent 

successional replacement of species slows as individuals become longer-lived. By 

200–300 years into a succession, the structure of the forest is similar to that of 

‘primary’ forest (Foster 1990). Nevertheless, changes in relative biomass and 

species composition continue for an additional several hundred years (Guariguata 

and Ostertag 2001).  

Lake Ayauchi was previously studied by Paul Colinvaux’s team in the 

1980s. A core raised in 1983, provided the first evidence of ancient Amazonian 

maize agriculture, as early as 6000 cal. yr BP and of human-induced fires from ca. 

2000 cal. yr BP (Bush and Colinvaux 1988, Bush et al. 1989). Many more pollen 

records have become available from Amazonia and older maize pollen at ca. 6320 

cal. yr BP in Amazonian Peru (Bush et al. 2016) and ca. 6500 cal. yr BP in 

Amazonian Bolivia (Brugger et al. 2016) have been discovered. As knowledge has 

been gained, new questions and capabilities, especially with regard to advances in 

pollen identification (Roubik and Moreno 1991, Colinvaux et al. 1999, Bush and 

Weng 2007) are emerging. Lake Ayauchi, with its long history of occupation, is a 
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classic site worthy of revisiting so that a more detailed understanding of its history 

can be formed. The key questions that I wish to address are:  

 

1. Did human manipulation of the lake basin peak at the time of European 

arrival?  

2. Did changing intensities of land-use cause different degrees of disturbance? 

3. Did changes in limnology coincide with changes in land-use? 

4. Were times of drier climate characterized by more severe human 

disturbance? 

 

To answer these questions, I analyzed a sequence of cores collected from 

Lake Ayauchi between 2007 and 2016.  Here, I present a detailed paleoecological 

record of fossil pollen, diatoms, charcoal, and loss-on-ignition to reconstruct the 

land-use history of Lake Ayauchi, Ecuador, during the last 2460 years.  
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STUDY AREA 

 

 

Lake Ayauchi (3°02’71” S, 78°02’13” W; 300 m elevation) is situated in the 

lowland tropical forest of Ecuadorian Amazonia, near the Peruvian border (Fig. 

III.1). The mean annual temperature is around 24°C and the region receives 

approximately 2000–3000 mm of precipitation yearly, with a slight decrease in 

rainfall from December to February (Bush and Colinvaux 1988). The region, 

however, lacks a defined dry season. 

Lake Ayauchi lies on a raised bench above the Santiago River, which is a 

tributary of the Marañon River. The lake is almost circular, and is suggested to be 

an explosion maar (Colinvaux et al. 1985). The volcanic crater is almost exactly the 

size of the lake, with a diameter of 380 m. The lake has two sub-basins with 

maximum water depths of 45 m and 25 m, respectively. The lake lacks inlet 

streams, and has a steep rim that excludes most overland flow and hence has almost 

no allocthonous inputs (Colinvaux et al. 1985). The lake is very unusual for an 

Amazonian system in that it appears blue from the air due to its oligotrophic status, 

lack of humic acids (Colinvaux et al. 1985), and a water column that is oxic to at 

least a depth of 30 m (measured in 2014, Parsons).  

Lake Ayauchi has a long history of human occupancy (Bush and Colinvaux 

1988, Bush et al. 1989, McMichael et al. 2011) and is inhabited today by a small  
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Figure III.1. Map of the study area of Lake Ayauchi, Ecuador. (A) Topographic 

representation of Ecuador and Peru, showing the study site Lake Ayauchi, 

Ecuador (star), Lake Kumpaka, Ecuador (overprinted star at this scale), 

Tigre Perdido Cave, Peru (circle), and Palestina Cave, Peru (overprinted 

circle). (B) Bathymetry map of Lake Ayauchi with coring location denoted 

with a star (modified from Bush and Colinvaux 1988). (C) Google Earth 

satellite image of Lake Ayauchi with the Santiago River. 
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community of the Shuar nation. The modern vegetation surrounding the lake 

consists of remnant forest, secondary forest, pastures, and cultivated areas. In the 

disturbed land near the lake the following taxa were observed: Bactris, Carica 

papaya (papaya), Cecropia, Coccoloba, Cyathea, Ficus, Heliconia, Inga, Iriartea, 

Manihot esculenta (native Amazonian manioc), Miconia, Musa x paradisiaca 

(banana), M. sapientum (plantain), Piper, Phytelephas, Schefflera, Socratea, 

Triplaris, and Zea mays (maize) (pers. comm. Crystal McMichael, 2016). 

Unidentified taxa from the families of Araliaceae, Araceae, Bignoniaceae, 

Combretaceae, Euphorbiaceae, Fabaceae, Melastomataceae, Meliaceae, Piperaceae, 

Poaceae, and Rubiaceae were also common in the forest remnants around the lake. 
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METHODS AND MATERIALS 

 

 

In July 2007, a 1.7-m long sediment core was retrieved from 20 m water 

depth using a Colinvaux-Vohnout piston corer (Colinvaux et al. 1999) from a raft 

of rubber boats. An additional sediment core of 0.83-m was retrieved in June 2016 

from 20 m water depth using a Universal percussion corer by Aquatic Research 

Instruments. The uppermost 30-cm of the 2016 core was subsampled and bagged in 

the field in 0.5-cm increments. All other core sections were sealed in the field, 

transported to Florida Institute of Technology, and stored at 4°C. The sediment 

cores represent the limit of coring ability, as bedrock was not reached. 

Complete chronologies were established separately for the 2007 and the 

2016 sediment cores using five (McMichael et al. 2011) and six bulk sediment 

samples, respectively. The IntCal13 (Reimer et al. 2013) calibration curve was used 

rather than the SHCal14 calibration curve as moisture to the Amazon basin mainly 

has a subtropical Atlantic origin, thereby not requiring a southern Hemisphere 

correction (Vuille et al. 2003). The ‘bacon’ package (Blaauw and Christen 2011) 

and the program R (R Development Core Team 2018) were used to construct 

individual age-depth models for the two sediment cores. Sediment cores were 

cross-correlated using changes in sediment stratigraphy, 14C dates, and marked 

changes in loss-on-ignition composition to produce a single chronology. 

For pollen analysis, subsamples (n = 22) of 0.25 cm3 were sampled from the 

2007 core at a 4–10-cm resolution and subsamples (n = 83) of 0.5 cm3 were 
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sampled from the 2016 core at 1-cm resolution. Pollen samples were prepared 

according to standard methodology (Fægri et al. 1989), including treatment with 

10% HCl, 10% KOH, 10% NaP2O7, sonic bath, acetolysis (9:1 ratio of (CH3CO)2O 

and H2SO4), and heavy liquid flotation using sodium metatungstate (density: 2.0–

2.1 g/mL) (as previously discussed in Chapter II, p. 32). Samples were spiked with 

exotic Lycopodium spores for the calculation of pollen concentrations (Stockmarr 

1971). Treated samples were mounted in glycerol and analyzed using a Zeiss 

Axioskop photomicroscope at magnifications of ×400 and ×630. A minimum of 

300 terrestrial pollen grains, excluding Cecropia, were counted in each sample. 

Cecropia was excluded from the 300 terrestrial pollen sum because of its high 

abundance and to prevent the masking of other less common taxa. Cecropia pollen 

percentages were calculated based on the 300 terrestrial pollen sum. Aquatic 

pollen, algae, and spores were also counted but not included in the terrestrial pollen 

sums. Published pollen keys (Roubik and Moreno 1991, Colinvaux et al. 1999), the 

reference collection at Florida Institute of Technology, and the Neotropical Pollen 

Database (Bush and Weng 2007) were used for pollen identifications. Poaceae 

pollen grain sizes were measured and binned into groups with size increments of 5–

10 µm, spanning the range from 10 to 75 µm. Poaceae grains larger than 75 µm 

were identified as Zea mays (Fægri et al. 1989). Upon completion of the pollen 

analysis, the remaining extracts of pollen samples were filtered through a 60 µm 

mesh, mounted in glycerol, and reanalyzed in search for additional fossil Zea mays 
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grains. To assist in interpretation, pollen taxa were grouped into five assemblage 

groups according to their ecological association (Gentry 1996). These ecological 

assemblages comprised of: (i) old-growth forest and lianas, (ii) pioneer forest, (iii) 

secondary forest, (iv) weedy herbaceous and shrub taxa, and (v) grasses. 

For diatom analysis, subsamples (n = 35) of 0.25 cm3 were sample from the 

2007 core at 1–10-cm resolution and subsamples (n = 80) of 0.5 cm3 were sampled 

from the 2016 core at 1-cm resolution. Diatom preparation followed standard 

protocols (Battarbee 1986), including treatment with 10% HCl and oxidization with 

30% H2O2. Treated samples were mounted in naphrax and analyzed using a Zeiss 

Axioskop photomicroscope at a magnification of ×1000. Counts of 300 valves were 

made and diatoms were identified using published diatom keys (Lange Bertalot 

1998) and the online databases of algaebase.org, westerndiatoms.colorado.edu, 

clade.ansp.org/diatoms/interim/search.php, diatoms.org, and 

fcelter.fiu.edu/data/database/diatom/. 

For charcoal analysis, subsamples (n = 165) of 0.5 cm3 were sampled from 

the 2016 core at 0.5–1-cm resolution. Samples were prepared according to standard 

methodology, including washing with 3% H2O2 and sieving with a 180 µm mesh. 

The residue was inspected for charcoal using an Olympus stereoscope at 

magnifications of ×20 and ×32. ImageJ software (Rasband 1997) was used to 

calculate the surface area (mm2/cm3) of individual charcoal fragments. Charcoal 
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analysis from the 2007 core has previously been published (McMichael et al. 2011) 

and were re-plotted using the updated chronology. 

For loss-on-ignition analysis, subsamples of 0.5 cm3 (n = 114) and 0.25 cm3 

(n = 133) were sampled from the 2016 and 2007 core, respectively, at 0.5–1-cm 

resolution. Loss-on-ignition was performed according to standard methodology 

(Heiri et al. 2001), where samples of known weight were dried for 12 h at 105°C 

and reweighed (water mass lost), dried for 4 h at 550°C and weighed (organic mass 

lost), and heated for 2 h at 950°C and weighed (carbonate mass lost). Tilia (Grimm 

2011) and C2 (Juggins 2007) were used to construct fossil percentage diagrams. 

Multivariate analyses of pollen and diatom assemblages using a detrended 

correspondence analysis (DCA) (Hill 1979) were performed using the ‘vegan’ 

package (Oksanen et al. 2013) in R (R Development Core Team 2018). Pollen taxa 

accounting for at least 0.5% of the pollen sum or occurring in five or more samples 

(Birks and Gordon 1985) were used in the ordination, this reduced the matrix to 

101 taxa. CONISS constrained clustering analyses of pollen and diatom 

assemblages were performed to aid in the zonation of the record (Grimm 2011). 

Detrended canonical correspondence analysis (DCCA) was performed for the most 

abundant diatom taxa (response variables) using Canoco software (ter Braak and 

Šmilauer 2018), where the pollen assemblage groups, maize, silica, and carbonate 

were environmental variables. Shannon-Wiener index was used to measure the 

diversity of pollen taxa. Pearson correlation analyses were performed on the grass 
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sizes and on the pollen groups and loss-on-ignition with different published 

climatic records using R (R Development Core Team 2018). 
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RESULTS 

 

 

CHRONOLOGY 

 

The Ayauchi 2016 core chronology was based on six 14C dates, all of which 

were accepted (Table III.1, Fig. III.2), and provided a basal core age of ca. 1420 

cal. yr BP. The five 14C dates originally published by McMichael et al. (2011) for 

the Ayauchi 2007 core provided a chronology with a core-top age of ca. 1300 cal. 

yr BP and a basal core age of ca. 2460 cal. yr BP. Together the two cores provided 

a robust chronology spanning the last 2460 years.  

The sediment consisted of dark brown-black gyttja with no laminations. 

Sedimentation rates for the 2016 core and 2007 were 3–9 mm/yr and 9–22 mm/yr, 

respectively. 
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Table III.1. Radiocarbon dates and calibrated ages for the 2016 core and the 2007 

core (McMichael et al. 2011) of Lake Ayauchi, Ecuador. 

 

Lab ID 

number 

Core/ 

Sample type 

Depth  

(cm) 

14C age  

± 1σ 

Mean probability 

(cal. yr BP) 

OS-136403 2016/Bulk 17 160±20 218 

OS-142568 2016/Bulk 26 430±15 459 

OS-136467 2016/Bulk 31.5 460±20 525 

OS-142567 2016/Bulk 51 935±15 847 

OS-136404 2016/Bulk 62.5 1090±20 1014 

OS-136405 2016/Bulk 80 1480±20 1357 

- 2007/Bulk 13.5 1480±30 1369 

- 2007/ Bulk 90.25 1800±30 1767 

- 2007/ Bulk 111 1910±30 1894 

- 2007/ Bulk 145 2340±35 2228 

- 2007/ Bulk 178.5 2580±35 2463 
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Figure III.2. Age-depth models of the sediments from Lake Ayauchi, Ecuador, 

consisting of core 2016 (red) and core 2007 (black) (McMichael et al. 

2011). The two separate chronologies were derived from the ‘bacon’ 

package (Blaauw and Christen 2011) using the IntCal13 calibration curve 

(Reimer et al. 2013) and were based on calibrated 14C dates (Table III.1, p. 

80).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

 
 

 

PALEOECOLOGICAL ZONATION AND MULTIVARIATE ANALYSIS  

 

The pollen and diatom records of Lake Ayauchi included 168 terrestrial 

pollen types (Fig. III.3) and 21 diatom types (Fig. III.4). Constrained hierarchical 

cluster analyses (CONISS) for pollen and diatoms, respectively, each indicated that 

four significant zones (AYU 1–4) existed in the paleoecological record and were 

supported by detrended correspondence analyses (DCA; Fig. III.5), as well as 

observations of the pollen and diatom spectra. The paleoecological zones had 

boundaries between 1450, 575, and 140 cal. yr BP.  

For pollen, the eigenvalues of the first two DCA ordination axes were 0.098 

and 0.051 (Fig. III.5), suggesting that Axis 1 explained approximately double the 

variance of Axis 2. The positive extreme of Axis 1 was characterized by old-growth 

forest and liana types, secondary forest types, and palm types, for example Celtis, 

Combretaceae-Melastomataceae, Dendropanax, Guazuma, Inga, Mauritiella, 

Moraceae-Urticaceae, Stigmaphyllon, and Trema. Pilea also characterized the 

positive extreme of Axis 1. The negative extreme of Axis 1 was characterized by 

weedy herb and shrub types Acalypha, Asteraceae, and Piperaceae, liana types 

Iresine and Chamissoa, the pioneer tree Cecropia, grasses, and Zea mays. Old-

growth forest, lianas, and secondary forest types were further sub-divided in Axis 

2, where the positive extreme of Axis 2 was characterized by forest types 

increasing in abundance as open-land elements decreased, for example Brosimum, 

Cecropia, Celtis, Cordia, Inga, Mimosa, Lonchocarpus, Protium, Rubiaceae, and 



 

 

 
 

 

 

Figure III.3. Fossil percentage pollen occurrence plotted against time showing the most abundant taxa from the record of 

Lake Ayauchi, Ecuador. Zea mays is denoted as presence (circles). The 14C dates (asterisks), values of DCA Axis 1, 

Shannon-Wiener Index, and pollen concentrations (grains/cm3) are also plotted. 
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Figure III.3. Continued. 
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Figure III.4. Fossil diatom percentage diagram plotted against time from Lake Ayauchi, Ecuador. Algae, organic matter, 

carbonate, silica, and charcoal are also plotted. 
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Figure III.4. Continued. 
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Figure III.5. A detrended correspondence analysis biplot of fossil pollen data from 

Lake Ayauchi, Ecuador. 

 

 

Stigmaphyllon. Palms also characterized the positive extreme of Axis 2. The 

negative extreme of Axis 2 was characterized by secondary forest elements 

Brunellia, Guazuma, Heliocarpus, Salix, Solanum, and Trema, weedy herb and 

shrub types Acalypha, Asteraceae, Pilea, and Piperaceae, and grass types (including 

Zea mays). The negative extreme of Axis 2 was further characterized by old-growth 

forest and liana elements less impacted by disturbance, for example Apiaceae, 

Combretaceae-Melastomataceae, Dendropanax, Forsteronia, Moraceae-Urticaceae, 

and Solanum. 
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For the DCCA, the eigenvalues of the first two ordination axes were 0.133 

and 0.058 (Fig. III.6). Old-growth forest, palms, carbonates, and the diatom species 

Lacuneolimna cf. zalokariae and Fragilaria tenera characterized the negative end 

of Axis 1.  

 

 

Figure III.6. A detrended canonical correspondence analysis triplot of 

paleoecological data from Lake Ayauchi, Ecuador. Fossil pollen 

vegetational groups (old-growth forest, pioneer forest, palms, weedy herbs 

and shrubs, and grasses), maize presence, carbonate, and silica were the 

environmental variables used. Fossil diatoms were response variables.  
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The positive end of Axis 1 was characterized by weedy herbs and shrubs, 

maize, grasses, silica, Aulacoseira ambigua, Aulacoseira lirata, and Staurosirella 

leptostauron. The negative end of Axis 2 was characterized by Aulacoseira 

ambigua. Pioneer forest, Cymbella cf. minuta, Nitzschia amphibia, and 

Staurosirella pinnata/construens var. venter characterized the positive end of Axis 

2. Zones AYU-1 and AYU-2 were primarily influenced by the positive end of Axis 

1 and zone AYU-4 was influenced by the negative end of Axis 1. Zone AYU-3 had 

intermediate values between zones AYU-1 and 4. 

Poaceae grain sizes between 20 µm and 40 µm dominated the record and 

Poaceae size class 40–50 µm was present in low values throughout most of the 

record (Figs. III.7 and III.8). Poaceae grain sizes larger than 50 µm and smaller 

than 20 µm were rare and only found sporadically. Poaceae (10–20 µm) had a 

positive correlation with palms (0.1924; p-value: 0.493) and secondary forest 

(0.1975; p-value: 0.0434). Poaceae (25–45 µm) had a positive correlation with 

weedy herbs and grasses (0.2096; p-value: 0.0319) and a negative correlation with 

old-growth forest (0.2269; p-value: 0.0199). Poaceae (10–25 µm) had a positive 

correlation with palms (0.2716; p-value: 0.0051). Weedy herbs and shrubs, grasses 

and pioneer forest were positively correlated with the Palestina Cave isotope record 

(Apaéstegui et al. 2014), whereas old-growth and secondary forest were negatively 

correlated with the cave record (Table III.2).  
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Figure III.7. Fossil Poaceae pollen percentage (total Poaceae) distribution from 

Lake Ayauchi, Ecuador, is plotted against time. For maize pollen (>75 µm) 

representation, see Fig. III.3, p. 83–84. 
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Figure III.8. Correlation matrix for Poaceae sizes and pollen vegetational groups of 

Lake Ayauchi, Ecuador. Blue colored box indicates significant positive 

correlation and red colored box indicates significant negative correlation (p-

value: < 0.05). (Top) Poaceae sizes in bins of 10 µm. (Bottom) Poaceae 

sizes in bins distinctive of grassland Poaceae (10–25 µm), herbaceous forest 

Poaceae (25–45 µm), and forested Poaceae (45–75 µm) according to the 

classification by Radaeski et al. (2016). 
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Table III.2. Correlation values for paleoecological data (pollen vegetational groups 

and loss-on-ignition variables) from Lake Ayauchi, Ecuador, and the δ18O 

records from Palestina Cave, Peru, (Apaéstegui et al. 2014) and Tigre 

Perdido Cave, Peru (van Breukelen et al. 2008). Significant correlations (p-

value: < 0.05) are denoted with bolded values. 

 

Lake Ayauchi, Ecuador 
(Paleoecological data) 

Palestina Cave 
(Apaéestegui et al. 2014) 

Tigre Perdido Cave 
(van Breukelen et al. 2008) 

Old-growth forest -0.4049 -0.0977 

Pioneer forest 0.4868 -0.1529 

Secondary forest -0.2715 0.1584 

Weedy herbs and shrubs 0.3876 -0.0269 

Grasses 0.3071 -0.0269 

Organic matter -0.3679 -0.1059 

Carbonate -0.0863 0.3708 

Silica 0.3433 0.9622 

 

 

 

LOCAL PALEOECOLOGICAL ZONES 

 

AYU-1 (ca. 2430–1450 cal. yr BP). In the basal zone AYU-1, Zea mays 

pollen grains were identified in 19 of 20 samples (Fig. III.3, p. 83–84). Poaceae 

fluctuated between 7.5 and 21.5% with the maximum value occurring at ca. 1510 

cal. yr BP (Figs. III.3, p. 83–84; Fig III.7, p. 90). The weedy taxon Acalypha had 

values up to 20% throughout the zone, whereas Asteraceae and Piperaceae had 

values of < 10%. Secondary forest elements Brunellia, Heliocarpus, Salix, 

Solanum, and Trema were present throughout the zone (<6%) and the pioneer tree 

Cecropia fluctuated between 65 and 130%. Despite high values of weedy taxa and 

grasses, old-growth forest elements (50–70%) dominated zone AYU-1. Moraceae-
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Urticaceae (35–52%) was the most abundant type, but other old-growth forest 

elements were Alchornea (1–8%), Brosimum (1–4.5%), Combretaceae-

Melastomataceae (2–6%), Forsteronia (0–3%), Celtis (0–2%), Sloanea (0–1.5%), 

and Iresine (0–1.3%). The palm Iriartea was sporadically present, but never with 

values exceeding 0.5%. Zone AYU-1 had pollen concentrations of between 

228,000 and 1,727,000 grains/cm3. 

Organic matter fluctuated in abundance between 20 and 43%, increasing in 

value with increased abundances of old-growth forest elements (Fig. III.4, p. 85–

86). Silica made up 52–77% of the sediment and carbonates had values of less than 

8%.  

Of diatoms, Cymbella cf. minuta had the highest abundance at the start of 

the record but declined to values < 5% after 2350 cal. yr BP (Fig. III.4, p. 85–86). 

Aulacoseira ambigua, fluctuating in abundance between 40 and 80%, dominated 

the record from ca. 2350 to 1650 cal. yr BP. Staurosirella pinnata/construens var. 

venter (10–40%), Staurosirella leptostauron (5–25%), and Achnanthes/Luticola (5–

25%) were present throughout the zone. Lacuneolimna cf. zalokariae increased in 

value throughout the zone up to 60%. Charcoal fragments were consistently found 

throughout the zone.  

AYU-2 (ca. 1450–575 cal. yr BP). In zone AYU-2, Poaceae continued to 

have high abundances (5–14%) throughout most of the zone, apart from two phases 

of declining grass values ca. 1350–1270 cal. yr BP and 1130–850 cal. yr BP. Zea 
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mays pollen grains were found in 41 of 51 samples. The two periods of declining 

Poaceae values saw parallel declines in weedy herbs and shrub elements, where the 

otherwise abundant group (ca. 20–40%) recorded values below 15% around 1450–

1310 cal. yr BP and 1110–970 cal. yr BP. Secondary forest elements, e.g. Ficus, 

Trema, Guazuma, Heliocarpus, Salix, and Solanum increased slightly in AYU-2. 

Cecropia fluctuated in value throughout the zone (30–320%), where high values 

corresponded to low abundances of open-land elements. Old-growth forest 

elements increased slightly in the zone, but Moraceae-Urticaceae had similar values 

as in previous zone. The increase in old-growth forest elements instead were caused 

by increased abundances of Alchornea, Apiaceae, Combretaceae-Melastomataceae, 

Dendropanax, Forsteronia, and Ilex. Iriartea continued to occur sporadically 

within the zone with values < 1% and the palm Mauritiella occurred with < 1% 

between 1170 and 995 cal. yr BP. Pollen concentrations of 190,600–873,500 

grains/cm3 were recorded in zone AYU-2. 

The sediment was 30–60% organic carbon between 1450 and 910 cal. yr 

BP, but decreased thereafter to values of 20–35%. Silica continued to have high 

values throughout much of the zone, although values of <60% occurred between 

1380 and 1180 cal. yr BP and 1050 and 950 cal. yr BP. Carbonate was a minor 

component with values between 1–6%. Charcoal fragments were consistently 

identified throughout the zone, with the records highest charcoal peak of 2.0 

mm2/cm3 at ca. 1420 cal. yr BP.  



95 

 

 
 

The diatom, Staurosirella pinnata/construens var. venter dominated the 

zone with values of 40–80%; declines of this type were matched by increased 

abundances of Lacuneolimna cf. zalokariae (5–50%). Achnanthes/Luticola, 

Cymbella cf. minuta, Staurosirella leptostauron, and Nitzschia amphibia were 

volatile in their occurrence, but present at < 20%. Aulacoseira ambigua 

disappeared for most part of zone AYU-2, only reappearing at ca. 650 cal. yr BP 

with ~30%. Aulacoseira lirata occurred sporadically throughout the zone with 

values < 5%.  

AYU-3 (ca. 575–140 cal. yr BP). Zea mays pollen grains were identified in 

3 of 22 samples and Poaceae did not exceed 3% in abundance in zone AYU-3. The 

youngest Zea mays grain, with the exception of modern maize grains, was 

documented at ca. 350 cal. yr BP. Weedy herbs and shrubs declined to values 

between 5 and 15% and secondary forest elements increased to 16%. Trema 

increased from 4% to 14%. Cecropia had, relatively, low values of ~20–95%. Old-

growth forest elements, e.g. Moraceae-Urticaceae, Alchornea, Apiaceae, 

Boraginaceae, Brosimum, Celtis, Combretaceae-Melastomataceae, Dendropanax, 

Forsteronia, Sloanea, and Tapirira, increased to between 70 and 83%. Zone AYU-

3 had pollen concentrations of 106,200–522,000 grains/cm3. 

Organic matter increased to values between 40–60% and carbonate 

increased slightly with values up to 11%. Silica decreased throughout the zone, 
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with values between 20 and 60%. Charcoal fragments were found throughout the 

zone.  

In AYU-3, the diatom assemblages were characterized by high abundances 

of Lacuneolimna cf. zalokariae (15–50%), Staurosirella pinnata/construens var. 

venter (15–50%), and Fragilaria tenera (10–40%). Aulacoseira ambigua declined 

throughout the zone, disappearing after 300 cal. yr BP. Achnanthes/Luticola, 

Cymbella cf. minuta, Staurosirella leptostauron, and Nitzschia amphibia had 

abundances of less than 15%.   

AYU-4 (ca. 140 cal. yr BP–MODERN). Poaceae continued to have values 

below 3% in zone AYU-4 and weedy herbs and shrubs had values below 10%. 

Secondary forest elements, however, continued to have high abundances 

throughout the zone, especially Trema (5.5–15%), as well as old-growth forest 

elements. Cecropia also increased toward modern times, with values between 70–

200%. Palms Iriartea and Mauritiella were common elements throughout the zone, 

yet with values below 1%. Modern Zea mays pollen grains were identified after -20 

cal. yr BP. Zone AYU-4 had the records lowest pollen concentrations, which 

fluctuated between 78,700 and 171,400 grains/cm3. 

Organic matter continued to have high values between 40 and 70%, but 

silica inputs decreased with values falling as low as 17%. Correspondingly the 

proportion of carbonate increased slightly up to 15.5%. No charcoal fragments 

were documented in this zone. 



97 

 

 
 

Fragilaria tenera increased throughout this zone, from 25% to 80%. 

Lacuneolimna cf. zalokariae and Staurosirella pinnata/construens var. venter 

declined throughout this zone. Achnanthes/Luticola, Cymbella cf. minuta, and 

Nitzschia amphibia had abundances of less than 15% and 5%, respectively. Eunotia 

cf. increased in abundance after 0 cal. yr BP to ~30%. 
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DISCUSSION 

 

 

In the prior study of Lake Ayauchi, based on a core raised in 1983, Bush et 

al. (1988, 1989) found evidence of human occupation spanning the last 7000 years, 

with maize agriculture beginning ca. 6000 years ago. In that record, Cecropia 

pollen occurred at >90% in many samples suggesting considerable forest 

disturbance. The 1983 core was dated with bulk 14C, with each date requiring 

subsamples of 10–20 cm in length. The closest date to the surface was at 1.4 m 

yielding an age of ca. 2560 cal. yr BP. Based on a decline in maize pollen 

abundance above 1.4 m depth a tentative conclusion was reached that maize 

cultivation may have peaked at this site long before European arrival. The 

chronologies of the 2007 and 2016 cores are far more robust and identification of 

Amazonian pollen types has improved greatly in the intervening 30 years, allowing 

us to answer questions that could not be addressed earlier. 

In the new records (Fig. III.9), the improved chronology helps to refine 

sedimentation rates, which were ~15 years per cm, and were fairly constant over 

the last 2460 years. These high rates of deposition provided an excellent 

opportunity to investigate fine-scale changes in human disturbance in the late 

Holocene, a time not only characterized by increased human activity (Goldberg et 

al. 2016) but also by global climate events such as the Medieval Climate Anomaly 

and the Little Ice Age.   
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Figure III.9. Summary diagram for Lake Ayauchi, Ecuador, plotted against time 

including fossil pollen vegetational groups (%), maize presence, charcoal 

(mm2/cm3), silica (%), diatom ecological groups (%), the δ18O record of 

Tigre Perdido Cave, Peru (van Breukelen et al. 2008), and the δ18O record 

of Palestina Cave, Peru (Apaéstegui et al. 2014). Timing of the Medieval 

Climate Anomaly is represented by the pink band and the timing of the 

Little Ice Age is represented by the blue band.  
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DID HUMAN MANIPULATION OF THE LAKE BASIN PEAK AT THE TIME 

OF EUROPEAN ARRIVAL? 

 

To answer this question I use four basic metrics 1) the trajectory through 

time of the ratio of mature forest pollen : pollen of open ground taxa; 2) the 

proportion of samples containing maize pollen; 3) the frequency of peaks of 

charcoal > 1 S.D. above the mean to illustrate more intense fire in the system, and 

4) the proportion of small Poaceae pollen, which has been associated with 

herbaceous and grassland environments (Fig. III.10) (Radaeski et al. 2016).  

For the first metric, Lake Ayauchi was already heavily impacted by human 

disturbance at the start of the record where mature forest elements had the lowest 

representation of the entire record. The conditions of a suppressed old-growth 

forest held on until ca. 550 cal. yr BP, with the exception of two periods of forest 

regrowth at ca. 1550–1300 cal. yr BP and 1150–1000 cal. yr BP (Fig. III.10). The 

periods of forest regrowth before 550 cal. yr BP coincided with decreased 

proportions of maize cultivation, fire, and grasses, where the grass size shifted 

toward large grains (> 45 µm). After 550 cal. yr BP, forest representation in the 

landscape increased, suggesting forest regrowth and decreased landscape impact. 

The mature forest : open ground taxa ratio remained high until modern times (Fig. 

III.10), suggesting that disturbance decreased before European arrival, and that the 

degree of disturbance after European arrival (ca. 400 cal. yr BP) remained fairly 

constant until modern times.   
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Figure III.10. The percentage of small Poaceae pollen, which has been linked to 

herbaceous and grassland habitats (Radaeski et al. 2016), divided in two 

bins, 10–25 µm and 25–45 µm (% total grass sum; for grass representation 

in % pollen sum, see Fig. III.9, p. 99); the ratio of mature forest pollen : 

open ground taxa pollen; the frequency of peaks of charcoal > 1 S.D. above 

the mean (red); the proportion of samples containing maize pollen per 

century from Lake Ayauchi, Ecuador. Number of samples per century are 

denoted by the value.  
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For the second metric, the occurrence of fossil maize in an Amazonian 

paleoecological record is a sure sign of human presence (Fig. III.10, p. 101). At 

Lake Ayauchi, fossil maize pollen grains were identified from the beginning of the 

record, at ca. 2430 cal. yr BP, and routinely thereafter until ca. 580 cal. yr BP. 

From then on, maize grains were scarce and only identified in three samples at ca. 

470, 385, and 350 cal. yr BP, prior to modern times. The youngest pre-modern 

maize found in the Lake Ayauchi 2016 core had an age ~500 years younger than 

was previously known for the site (1983 core) (Bush et al. 1989). Modern maize 

grains were identified in two samples at ca. -20 and -50 cal. yr BP (Fig. III.10, p. 

101). The finding of modern maize pollen was in agreement with the presence of 

maize cultivation around the Lake Ayauchi as well as evidence of modern 

cultivation reported from terrestrial soil cores collected around Ayauchi 

(McMichael et al. 2011). It will be noted from the Poaceae size analysis that the 

>75 µm size class was distinct from other grains and does not represent the tail of a 

normal distribution, therefore, grains >75 µm are indeed maize grains and not the 

extreme end of other Poaceae types. 

As Ayauchi is a site known to have a long history of maize cultivation 

(Bush et al. 1989), finding maize in this study during the last 2500 years is to be 

expected. In the initial pollen analysis of Lake Ayauchi, maize grains were 

identified in 19 of 105 samples. With the extended maize analysis, however, maize 

grains were found in 45 additional samples (Fig. III.10, p. 101), thereby increasing 



103 

 

 
 

the proportion of samples with maize occurrence at Lake Ayauchi from 18 to 61%. 

The proportion of maize samples per century was at its highest from 2450 until 750 

cal. yr BP, but with obvious maize cultivation decline in the centuries of 1450 and 

1150 cal. yr BP (Fig. III.10, p. 101). The decline in maize cultivation corresponded 

to increased forest abundances and decreased fire. After 750 cal. yr BP, the 

proportion of samples with maize per century declined (Fig. III.10, p. 101). Rather 

than a discontinuous human presence, as suggested by Bush et al. (1989) and 

McMichael et al. (2011), the maize data suggest a continuous history of human 

impact between ca. 2430 and 580 cal. yr BP with further signs of sporadic human 

land-use until at least 350 cal. yr BP.  

For the third metric, the findings of maize pollen were accompanied by high 

Poaceae abundances and the consistent presence of charcoal (Fig. III.10, p. 101). 

For most of the time before 580 cal. yr BP, Poaceae abundance values ranged 

between 10 and 20%. Times of decreased Poaceae abundances (<5%) at ca. 1350–

1270 cal. yr BP and 1130–850 cal. yr BP, showed signs of forest succession and 

regrowth but were still periods of active maize agriculture (Fig. III.10, p. 101). In 

the wet western Amazonia, where natural fire is probably almost non-existent 

(Bush et al. 2007b), finding fossil charcoal fragments in paleoecological records is 

a strong indicator of human presence and human-induced fires. At Lake Ayauchi, a 

continuous low presence of charcoal fragments was interrupted by 16 periods of 

major charcoal spikes (> 1 S.D. above the mean) (Fig. III.10, p. 101). The major 
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fire events were recorded at ca. 2310–2270 cal. yr BP, 2240 cal. yr BP, 2070–2025 

cal. yr BP, 1885 cal. yr BP, 1690–1650 cal. yr BP, 1430–1390 cal. yr BP, 1330–

1295 cal. yr BP, 1250–1150 cal. yr BP, 1115 cal. yr BP, 1020–970 cal. yr BP, 785 

cal. yr BP, 635 cal. yr BP, 590–560 cal. yr BP, 525 cal. yr BP, 385 cal. yr BP, and 

330 cal. yr BP and were associated with increased abundances of weedy taxa, 

grasses, and reduced proportions of old-growth forest taxa (Fig. III.10, p. 101). Fire 

was probably used as a tool for suppression of forest regrowth to create open areas 

around the lake, and for slash-and-burn cultivation. The aftermath of major fire 

events were associated with classical forest succession and regrowth (Uhl and 

Jordan 1984, Bush 2002). 

For the fourth metric, the size-frequency distribution of Poaceae grains in 

South American pollen rain has been shown to be habitat specific (Radaeski et al. 

2016). In studies in Europe (Andersen 1979), Venezuela (Salgado-Labouriau and 

Rinaldi 1990), and Brazil (Radaeski et al. 2016), larger Poaceae grains are 

commonly associated with forest environments, whereas smaller grains were 

derived from grasslands or disturbed settings. Poaceae size distributions have been 

used in paleoecological analyses in settings ranging from the high Andes (Paduano 

et al. 2003) to Easter Island (Flenley and King 1984, Flenley et al. 1991), but this is 

the first data set for Poaceae size frequencies from lowland Amazonia (Fig. III.10, 

p. 101). Weedy herbs and grasses at Lake Ayauchi had a positive correlation with 

grass pollen size 25–45 µm, whereas old-growth forest had a negative correlation 
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with the same grass fraction (Figs. III.7 and III.8, p. 90–91), supporting earlier 

findings by Radaeski et al. (2016). At Ayauchi, Poaceae grain sizes mostly ranged 

between 20 and 40 µm, with a diversity of sizes during times of disturbance, and 

less variance during times of forest re-growth. These observations are consistent 

with the addition of clearings to form a heterogeneous mosaic of forest, regrowth, 

and fields, whereas forest recovery led to a more homogeneous signal of forest-

adapted grasses. Weedy herbaceous and shrub taxa, such as Acalypha, Piperaceae, 

Asteraceae, and to some degree Pilea, had peaks of representation during times of 

high Poaceae abundances. Land-use disturbance was associated with increased 

abundances of smaller Poaceae grains (< 45 µm; Fig. III.10, p. 101), whereas larger 

grains (> 45 µm) were very rare in the record, only represented by a few grains 

during periods of forest regrowth. 

Peak land-use disturbance at Lake Ayauchi did not coincide with European 

arrival, instead it occurred in the period before 650 cal. yr BP (Fig. III.10, p. 101). 

During human disturbance, fire was actively used for forest clearance and 

suppression of forest regrowth. After 650 cal. yr BP, maize cultivation and the use 

of fire diminished, finally ceasing around 350 cal. yr BP. Even though human 

occupation already appeared to have been on a declining trend for ~250 years, the 

arrival of Europeans was most likely responsible, directly or indirectly, for the end 

of cultivation and fire at Lake Ayauchi after 350 cal. yr BP.  
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DID CHANGING INTENSITIES OF LAND-USE CAUSE DIFFERENT 

DEGREES OF DISTURBANCE? 

 

 

If there was a steadily growing pressure on the land around Ayauchi, I 

hypothesize that there would be a progressive decline in natural resources such as 

old growth forest and water quality. Despite signs of agriculture and disturbance 

throughout the majority of Lake Ayauchi’s history, the record displayed a 

continuous history of forest cover during the last 2460 years. Moraceae-Urticaceae, 

which characterize pollen rain from mature forest in Amazonia (Bush 1991, Mayle 

et al. 2000), dominated the pollen record and fluctuated between 40% and 60%. 

This maintenance of forest is consistent with other lowland Amazonian sites with 

long histories of occupation, (e.g. Bush et al. (2007b) and (2016), Carson et al. 

(2014), and Kelly et al. (2018)). 

Sporadically, Moraceae-Urticaceae and other old-growth forest elements 

declined, and there was a corresponding ~5-fold increase in the pollen of Poaceae 

and weedy taxa. Nevertheless, during times of severe disturbance, old-growth 

forest elements still represented at least 50% of the total pollen sum. These 

disturbances were reflected in increased sedimentary silica content as clays and 

sands were eroded into the lake; trends that reversed when old growth forest 

regrew. While the forests were apparently persistent throughout the study period, 

they were clearly affected by disturbance and landscape alterations large enough to 

be recorded in the pollen rain.  
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The use of fire was a common tool to reduce vegetation density, clear land, 

and release nutrients into the soil to favor crop growth. At Lake Ayauchi, abrupt 

declines in old-growth forest elements followed fire peaks, which thereafter 

triggered grass expansion and forest succession. Species diversity (Shannon-

Wiener) increased with fire events, before declining in the aftermath of fire (Fig. 

III.3, p. 83–84). The short-lived increase of diversity coinciding with fire was 

probably due to increased abundances of weedy herbs and shrubs on burned sites, 

later giving way to successional forest taxa. It is probable that palynology is better 

at detecting weedy species, because of their pollination strategies (Fægri and van 

der Pijl 1967), than capturing the full diversity of forest trees. Therefore, the 

observed diversity pattern should be treated as a signal of disturbance rather than a 

true reflection of changing diversity. At ca. 550 cal. yr BP, the lowest diversity of 

the record was observed, occurring after a period of fire events.   

At Lake Ayauchi, Cecropia abundances were high throughout the record, 

probably growing along the edge of the lake and colonizing tree fall gaps. Two or 

three times the abundance of Cecropia, increased following major fire events, e.g. 

at ca. 1250–1150 cal. yr BP, 1000 cal. yr BP and 700 cal. yr BP suggesting its rapid 

colonization of recently burned sites (Fig. III.3, p. 83–84; and Fig. III.11). Burned 

sites would have offered nutrients and light-availability allowing Cecropia to 

establish and grow quickly (Uhl and Jordan 1984). Over time, Cecropia was 

successively replaced by more long-lived secondary forest trees, including Trema, 
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Heliocarpus, Guazuma, Iriartea and Vochysia (Guariguata and Ostertag 2001, Uhl 

et al. 1988, Saldarriaga et al. 1988). Secondary forest taxa were present throughout 

the record with values around 5%, although increased up to 10–20% during times 

indicative of forest succession.  

 

 

 

Figure III.11. Disturbance and forest succession at Lake Ayauchi, Ecuador, during 

three time windows; ca. 1670–1170 cal. yr BP, ca. 1200–740 cal. yr BP, and 

ca. 840–370 cal. yr BP. Charcoal (black bars) represents fire events, grasses 

(yellow silhouette) represents open landscape and land-use, Cecropia × 10 

(blue line) represents early-successional forest, Alchornea (red line) 

represents old-growth forest.  

 

 

Some of the most economically important species in Amazonia are palms, 

but palms were rare in the Ayauchi record. The palm Iriartea deltoidea, which is 

often the commonest tree in Amazonian floodplain forests (Pitman et al. 2001), was 

present in low numbers throughout the majority of the pollen record, but it 

increased slightly during times of forest regrowth. This pattern suggests that 

Iriartea was part of the successional group that colonized open land during 
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fallowing or abandonment. Iriartea is a canopy component in mature forests with 

rich, moist soils and relatively long periods between major disturbances (Losos 

1995). Ayauchi was probably too disturbed for Iriartea to become abundant, but 

some trend toward an increase in their densities was evident whenever forest began 

to re-establish. Mauritiella, another palm, increased in the record between 1200 and 

1000 cal. yr BP and after 150 cal. yr BP, which also were evident at times of 

reduced disturbance and subsequent forest re-growth.  

Enhanced values of Ficus also characterized early successional periods, but 

as the tree species is cleistogamous its presence could be a reflection of fig trees 

growing close enough to the lake for a direct input of figs or frugivore defecation, 

rather than an actual increase of Ficus trees (Horn and Ramirez 1990, Bush and 

Rivera 2001). Later in the successional sequence, more shade-tolerant trees such as 

Alchornea, Brosimum, and species of Combretaceae and Melastomataceae, increase 

their representation (Guariguata and Ostertag 2001).  

The last 2460 years of Ayauchi’s history appears to have been characterized 

by slash-and-burn cultivation, a land-use technique typically associated with rapid 

forest recovery (Guariguata and Ostertag 2001, Arroyo-Kalin 2012, van Vliet et al. 

2013). Until 550 cal. yr BP, weedy herbs and grasses represented ~40% of the total 

pollen sum, with a consistent presence of pioneer and secondary forest types that 

increased with forest succession (Fig. III.11, p. 108). The forest succession at Lake 

Ayauchi was repeatedly disrupted by fire events, which is consistent with the use of 
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fire for active land management and clearing of forest (Arroyo-Kalin 2012, van 

Vliet et al. 2013). Declines of old-growth forest during major fire events, however, 

never exceeded 10–25% suggesting that the majority of fires likely would have 

died out as they spread to mature forests (Nepstad et al. 2001, Cochrane and 

Laurance 2008). After 550 cal. yr BP, fire became less active in the landscape and 

without disturbance interruptions, as forest succession and recovery characterized 

the last 400 years of the record (Fig. III.11, p. 108). It is apparent that there was not 

a steady growth in the signals of human occupation, but rather the record suggest 

waves of enhanced activity followed by diminished use. 

 

DID CHANGES IN LIMNOLOGY COINCIDE WITH CHANGES IN LAND-

USE? 

 

Lowland Amazonian diatom communities in oligotrophic lakes are often 

silica-limited (Martin-Jézéquel et al. 2000). These systems are also sensitive to 

nutrient loading and the depth of light penetration (Talling 1957, Eppley 1977, Shi 

et al. 2016, Licursi et al. 2016). Shifts in any of these factors can radically alter 

diatom assemblages. Changes in land-use are likely to induce predictable 

limnological changes, such that deforestation increases erosion and silica supply, 

thereby increasing nutrients but decreasing light penetration. The fossil diatom 

record from Lake Ayauchi shows strong shifts in assemblage composition, with 

many paralleling changes in pollen assemblages, and proportions of organic matter 
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and silica in the sediment (Fig. III.3, p. 83–84; Fig. III.4, 85–86; and Fig. III.9, p. 

99).  

Between 2430 and 1650 cal. yr BP, the diatom assemblages were dominated 

by the planktonic species Aulacoseira ambigua. Diatoms of the genera Aulacoseira 

require turbulence to be kept in suspension as their heavy, silicified, cells have high 

sinking rates (Padisák et al. 2009). Two other species of the Aulacoseira were 

identified in the record, A. granulata and A. lirata, but not at high abundances. A. 

ambigua is often found in mesotrophic to eutrophic conditions (Caballero et al. 

2006) and the species dominated the record during a time characterized by high 

accumulation rates, high silica input, forest disturbance, and maize cultivation. 

Silica inputs in this system is likely to have been influenced primarily by erosional 

in-wash of terrigenous material, probably from along the eastern shore of the lake 

where there are low clay cliffs (Smis et al. 2011). Slope instability connected to 

land-use can result in high silica inputs that favor heavily silicified diatoms. When 

that silica input is removed, the competitive arena shifts to favor smaller or more 

lightly silicified diatoms (Conley et al. 1989, Winder et al. 2008). 

During its dominance, however, A. ambigua fluctuated in value between 40 

and 80%, where low points coincided with increased abundances of the green algae 

Botryococcus (Fig. III.4, p. 85–86). In other tropical lakes, eutrophied but well-

stratified conditions favored Botryococcus over Aulacoseira (Jackson et al. 2015). 

Warm conditions or reduced wind could have induced greater stratification and 
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promoted blooms of Botryococcus and Pediastrum. Blooms of non-siliceous algae 

would have blocked light and exacerbated the decline of Aulacoseira (Costa-

Böddeker et al. 2012, Hu et al. 2013). The decline in A. ambigua between 1650 and 

1350 cal. yr BP probably reflects decreased turbidity (Fig. III.4, p. 85–86), possibly 

by a reduction in sediment in-wash consistent with declining accumulation rates 

after 1350 cal. yr BP.  

One of the most notable changes in the Ayauchi diatom record occurred at 

ca. 1350 cal. yr BP when Staurosirella pinnata/construens var. venter started to 

dominate the diatom assemblages (Fig. III.4, p. 85–86). S. pinnata/construens var. 

venter is a planktic diatom that thrives under eutrophic conditions and creates algae 

blooms that block the penetration of light (Rakowska et al. 2005). The transition 

from Aulacoseira ambigua to S. pinnata/construens var. venter could also reflect a 

change in land-use, one that reduced erosion, but increased nutrient availability 

(Fig. III.9, p. 99).  

Staurosirella pinnata/construens var. venter dominated the Ayauchi record 

until 550 cal. yr BP but in an alternating pattern with the diatom Lacuneolimna cf. 

zalokariae, a species that probably requires oligotrophic conditions (Fig. III.4, p. 

85–86) (Tudesque et al. 2015). The pollen and silica records between 1350 and 550 

cal. yr BP were also characterized by alternating times of deforestation/land-use 

and forest re-growth, where times of forest re-growth corresponded to reduced 
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silica input. The two diatom species actively followed this alternating pattern of 

forest clearance and forest re-growth. 

With the decrease in forest disturbance and a patchy maize agriculture after 

550 cal. yr BP, there was another species turnover in the diatom record resulting in 

a co-existence between four diatom species Lacuneolimna cf. zalokariae, 

Staurosirella pinnata/construens var. venter, Fragilaria tenera, and Aulacoseira 

ambigua (Fig. III.4, p. 85–86). After 150 cal. yr BP, however, F. tenera started to 

dominate the diatom assemblage. As a diatom species common in clear water 

environments and efficient at low P conditions (Interlandi et al. 1999), the increase 

in the benthic species, F. tenera, was consistent with high light transparency and 

increased oligotrophic conditions as human activity in the catchment declined and 

was probably an indicator of increased light penetration.  

I used the ratio of disturbance indicator diatoms (Aulacoseira + 

Staurosirella pinnata/construens var. venter) : clear water indicator diatoms 

(Fragilaria + Lacuneolimna cf. zalokariae), also supported by the DCCA analysis, 

as an index of degree of lake eutrophication (Fig. III.6, p. 88; and Fig. III.12). 

Increased ratios occurred during periods of high abundances of open land elements 

(weedy herbs, shrubs, and grasses) and maize cultivation, whereas low ratios 

coincided with decreased land-use disturbance. The data indicates that human land-

use around the lake affected the trophic status of the lake, where times of increased 

land-use and forest clearance increased nutrient conditions, ultimately affecting the 
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diatom and algae assemblages. Land-use increased nutrient levels in the lake 

leading to a diatom assemblage characterized by diatoms thriving during eutrophic 

conditions. With forest regrowth and decreased erosional input, nutrient inputs to 

the lake decreased, shifting the diatom assemblages to a dominance of nutrient-

poor thriving diatoms.  

 

 

Figure III.12. Land use and lake disturbance at Lake Ayauchi, Ecuador, with the 

proportion of samples containing maize per century, values denotes number 

of samples per century; presence of maize; percentage of weedy herbs, 

shrubs, and grasses; limnological disturbance using the ratio of Aulacoseira 

+ Staurosirella pinnata/construens var. venter : Fragilaria + Lacuneolimna 

cf. zalokariae. 
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WERE TIMES OF DRIER CLIMATE CHARACTERIZED BY MORE SEVERE 

HUMAN DISTURBANCE? 

 

Silica inputs can be elevated by increased precipitation (Smis et al. 2011), 

leading us to compare the loss-on-ignition data with isotopic records from Tigre 

Perdido (van Breukelen et al. 2008) and Palestina Caves (Apaéstegui et al. 2014) 

that provide proxies for rainfall (Fig. III.9, p. 99). In a system that receives 

allochthonous runoff, silica content is expected to increase during wet periods. At 

Ayauchi, however, silica is likely to be limited, and it will be actively scavenged. 

Consequently, silica incorporation into the sediment is most likely to reflect the 

strength and depth of a hypolimnion in which anoxic conditions promotes silica 

deposition (Wetzel and Likens 2013). Before 550 cal. yr BP, reduced inputs of 

silica coincided with two wetter periods documented in the isotopic cave records at 

ca. 1540–1340 cal. yr BP and 1150–1020 cal. yr BP (Fig. III.9, p. 99) (van 

Breukelen et al. 2008, Apaéstegui et al. 2014). There were significant correlations 

between the Palestina cave isotopic record and the various vegetation groups at 

Lake Ayauchi (Table III.2, p. 92). The wetter periods would be expected to disrupt 

the stratification of the lake and therefore weaken the hypoxic status of the 

hypolimnion. Old-growth and secondary forest were negatively correlated whereas 

weedy herbs and shrubs, pioneer forest, and grasses were positively correlated 

(Table III.2, p. 92). 

The two periods of decreased silica levels at ca. 1540–1340 cal. yr BP and 

1150–1020 cal. yr BP were characterized by expansions of old-growth forest and 
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secondary forest elements with a simultaneous decrease of disturbance elements, 

including grasses, weedy herbs, weedy shrubs, and pioneer forest (Fig. III.9, p. 99). 

The decrease in elements associated with human disturbance indicates that land-use 

declined during these wetter periods. Charcoal was also less frequent during these 

wet events, suggesting a limitation of the use of fire as a tool for landscape 

clearance, ultimately resulting in re-growth of forest on previously cleared sites 

(Fig. III.9, p. 99). Maize were, however, still cultivated in the area, but it is likely 

that areas not actively used for agriculture were allowed to be overgrown. If human 

exploitation of the shoreline was reduced during these wet phases, this would have 

been another means of reducing silica inputs to the lake. Thus I hypothesize that 

during wet times Ayauchi had reduced silica inputs, and more extensive silica 

scavenging in the water column, combining for reduced sedimentary silica content. 

After the periods of increased precipitation, fire reoccurred in the system 

and old-growth forest declined (Fig. III.9, p. 99), suggesting an active forest 

clearance in the landscape. I hypothesize that people took advantage of periods 

with less precipitation and expanded their land-use, leading to increased levels of 

silica input as a result of erosion, unstable soils, and increased open forest elements 

(McMichael et al. 2012a). 

Grasses and weedy elements increased at the expense of old-growth forest 

elements during the Medieval Climate Anomaly (MCA; 1000–700 cal. yr BP) (Fig. 

III.9, p. 99) (Bird et al. 2011, Kanner et al. 2013, Ledru et al. 2013). In western 
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Amazonia, the MCA was characterized by strong and decadal-scale droughts (Bird 

et al. 2011, Kanner et al. 2013, Ledru et al. 2013). At Lake Ayauchi, silica values 

remained high throughout the MCA suggesting a stratified water column, and high 

erosional rates caused by increased landscape disturbance and expanding land-use 

(Fig. III.9, p. 99). A large peak of charcoal at ca. 1025 cal. yr BP in the Ayauchi 

record was followed by a decrease of ~25% in old-growth forest elements, which 

suggests that fire was used to clear land. The fire coincided with a very strong 

drought recorded in the Palestina Cave record (Fig. III.9, p. 99), which also could 

suggest that the fire was natural rather than human induced. If the increase in 

charcoal was caused by natural fires in the area, however, it would be expected that 

forest succession and old-growth forest recovery would have followed the fire 

event. Instead, the fire was followed by almost 400 years of suppressed old-growth 

forest abundances, high weedy herbs and grass abundances, high silica values, and 

a continuous presence of maize (Fig. III.9, p. 99). Smaller charcoal peaks were 

found throughout this period, suggesting that anthropogenic fire was used to keep 

the landscape open.   

After 550 cal. yr BP, old-growth forest pollen inputs increased and 

remained high until modern times (Fig. III.9, p. 99). The Palestina and Tigre 

Perdido Cave records indicate that the conditions became wetter again after 550 

cal. yr BP. Silica values decreased as old-growth forest increased and grasses 

declined to values similar of that of undisturbed tropical forests (<3%) (Bush 
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2002). Charcoal and maize were still present but the decrease of other open land 

elements suggests a decline in land-use pressure (Fig. III.9, p. 99). The last maize 

grain was found at ca. 350 cal. yr BP, but charcoal fragments were identified until 

ca. 150 cal. yr BP. Silica input increased during the Little Ice Age (LIA) between 

400–150 cal. yr BP (Fig. III.9, p. 99), a period characterized by increased 

precipitation, but an absence of maize cultivation (Bird et al. 2011, Kanner et al. 

2013, Ledru et al. 2013). That the lake was returning toward its natural oligotrophic 

state, but that there was still an increase in silica content, suggests that 

autochthonous processes are indeed important in structuring silica deposition in this 

lake.  

At Lake Ayauchi, people seem to have taken advantage of dry periods to 

increase their land-use pressure, thereby increasing soil erosion to the lake. 

Diminished land-use was notable during periods of increased precipitation, 

suggesting that human occupation and land-use pressure around the lake, indeed, 

was influenced by climate. 
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CONCLUSIONS 

 

 

The high-resolution record from Lake Ayauchi in the lowland Amazonian 

Ecuador provided a 2460-year long record of continuous pre-Columbian maize 

cultivation. Peak land-use disturbance did not coincide with European arrival, but 

instead occurred between 2450 and 650 cal. yr BP. Fire was actively used for forest 

suppression and land clearance suggesting that slash-and-burn cultivation was the 

dominant farming technique. There was no apparent steady growth of human 

occupation but rather waves of increased land-use activity followed by decreased 

land-use and forest succession. Even during times of the most severe disturbances 

in the record, old-growth forest elements represented at least 50% of the total 

pollen sum, suggesting a mosaic landscape of mature forest and patches of open 

land. Intensified human land-use affected the trophic status of the lake, where 

disturbance was characterized by increased nutrient conditions in the basin and a 

dominance of eutrophic thriving diatoms, such as Aulacoseira ambigua and 

Staurosirella pinnata/construens var. venter. Nutrient levels in the lake decreased 

at times of reduced land-use at ca. 1540–1340 cal. yr BP and 1150–1020 cal. yr BP. 

Climate appears to have affected land-use patterns at Lake Ayauchi. People took 

advantage of drier periods to increase their land-use pressure and times of increased 

precipitation were characterized by less intense land-use. After 650 cal. yr BP, 250 

years of sporadic land-use characterized the record, with the last indications of pre-

modern land-use occurring shortly after the arrival of Europeans ca. 350 cal. yr BP. 
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It would appear that other, earlier pressures caused a reduction in cultivation and 

land-use at Ayauchi than the European conquest. 
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CHAPTER IV 

 

SPORADIC HUMAN OCCUPATION OVER THE PAST 2500 YEARS IN A 

WESTERN AMAZONIAN FOREST 

 

 

INTRODUCTION 

 

 

The resilience of past societies to climate change and the role of 

environmental change in the societal development of cultures remain unclear, 

especially in the aseasonal forests of western Amazonia. The mid-Holocene dry 

event has been proposed as the main driver for the establishment and technological 

developments of agriculture in the Andes (Chepstow-Lusty et al. 2003), whereas 

forest clearance, fire activity, and land-use may have intensified when drier 

climatic conditions dominated Amazonia (McMichael et al. 2012a). An underlying 

200-year periodicity to archaeological events in the Americas driven by droughts 

and floods has been suggested (Meggers 1994, Schimmelmann et al. 2003), 

although this has not been broadly accepted. Some researchers see strong evidence 

that human history was influenced by climatic events, such as extreme El Niño–

Southern Oscillation (ENSO) events displacing the Moche (Shimada et al. 1991), 

and droughts causing the decline of the Tiwanaku civilization (Ortloff and Kolata 

1993, Abbott et al. 1997, Binford et al. 1997). Those making these connections are 

primarily paleoecologists; in contrast, many archaeologists downplay the 

importance of climate and emphasize the role that societal interactions, human 

agency and decision-making played in shifts in civilization and refer to these 
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arguments as ‘neo-environmental determinism’ (Freilich 1967, Erickson 1999, 

Coombes and Barber 2005).  

For many years, paleoecologists have tried to detect human activity and 

parse them from signals of climate change in sedimentary records. A recent 

perspective is to consider the influence that human activities played in how 

paleoclimatic signals are perceived in lake-sediment records. Relatively weak 

climatic signatures, such as the pseudo-cyclic effects of ENSO in western 

Amazonia, are absorbed by natural systems, effectively buffering the chemical 

signatures found in lake sediment. Consequently, under natural conditions there is 

no ENSO signal, even though ENSO is influencing the local climate. As human 

activity, such as forest clearance and soil disturbance increase the potential for 

erosion, this natural buffering is exceeded. Consequently, otherwise silent climate 

signals such as ENSO become detectable in paleoecological records (Bush et al. 

2017). Although suggested as an explanation of patterns observed at Lake Sauce, 

Peru, the generalizability of this argument has yet to be tested. 

A key form of human disturbance is fire. The naturally wet environments of 

the neotropics make it very unlikely that fire would take hold and spread far 

without the assistance of people (Nepstad et al. 2004, Aragão et al. 2007, Bush et 

al. 2007b). Paleoecological evidence of fire, consisting of macroscopic and 

microscopic charcoal fragments, has been documented for many pre-Columbian 

and colonial sites in Amazonia (Burbridge et al. 2004, Behling 2007, Bush et al. 
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2007a, Irion and Kalliola 2009, McMichael et al. 2012a, Urrego et al. 2013, Carson 

et al. 2014, Mayle and Iriarte 2014, Bush et al. 2016, Kelly et al. 2018, Maezumi et 

al. 2018). Pre-Columbian populations used slash-and-burn cultivation, and the 

combination of charcoal and maize pollen or phytoliths, is generally taken to 

indicate this form of land-use. Human disturbances without the presence of 

charcoal have, however, also been identified in Amazonian paleoecological 

records, which suggests that slash-and-mulch was another common cultivation 

technique used to clear forested areas (Joslin et al. 2011).  

In western Amazonia, the earliest evidence of maize cultivation was found 

ca. 6500 calibrated years before present (hereafter cal. yr BP) at Llanos de Moxos, 

Bolivia (Brugger et al. 2016). In Ecuador, slash-and-burn cultivation was identified 

as early as ca. 6000 cal. yr BP at Lake Ayauchi (Bush et al. 1989). In nearby Lake 

Kumpaka, however, the initial pollen analysis found only one maize pollen, dated to 

ca. 1050 cal. yr BP  (Liu and Colinvaux 1988). The pressure of human occupation 

and use of aseasonal Amazonian forests seems to have been less than settings with 

a distinct dry season (Bush et al. 2007b). Where occupation did occur, settlements 

in the aseasonal systems were smaller, and their settlement was often both 

temporally and spatially intermittent compared with more strongly seasonal settings 

(McMichael et al. 2012b, Roucoux et al. 2013, McMichael et al. 2015b, Kelly et al. 

2018).  



124 

 

 
 

Past human activity caused large landscape changes through deforestation, 

burning, and agriculture, and may have played a determining role in the current 

distribution and abundance of many taxa that have been classified as useful for 

people (Roosevelt 2013, Clement et al. 2015, Levis et al. 2018). It is, however, 

unclear if the abundances of these plants were truly caused by human actions or 

whether they were simply naturally clumped distributions (McMichael et al. 2017). 

A species for which this argument has not been settled is the palm tree Iriartea 

deltoidea. Individuals of this species were frequently the most abundant in western 

Amazonian floodplain habitats, and this species was classified as one of the 

hyperdominants of the Amazonia (ter Steege et al. 2013). Bush and McMichael 

(2016) contrasted available pollen records for Iriartea and concluded that it had 

increased in abundance in the late Holocene, but they could not find evidence of a 

strong tie to human activity. Further work is needed to establish if the abundance of 

this palm is a legacy of pre-Columbian people (Levis et al. 2017, Levis et al. 2018) 

or caused by changes in moisture regimes (Bush and McMichael 2016). 

Since the pioneering study of Absy (1979), four decades of paleoecology 

have shaped and increased our understanding of Amazonian prehistory. It is 

becoming increasingly common to use a multi-proxy approach to reconstruct 

changes in past vegetation and human activity (Mayle and Iriarte 2014). Pollen and 

phytoliths are complementary proxies were pollen is indicative of local and 

regional vegetation, and phytoliths represent vegetation purely in the local area. 
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Pollen can be used to identify i) maize cultivation, ii) tropical trees to the family or 

genus level, and iii) understory plants to the family or genus level. Phytoliths 

cannot be used to discriminate many dicotyledonous arboreal tree taxa but can 

discriminate amongst palm and grass taxa (Piperno 2006). Phytoliths are 

particularly sensitive to detecting relatively small increases or decreases in palm or 

grass abundances (McMichael et al. 2015b, Piperno et al. 2015, Morcote-Ríos et al. 

2016, Huisman et al. 2018). 

In 1983, Paul Colinvaux led a team to describe and core Lake Kumpaka 

(Colinvaux et al. 1985). The resulting 17 m-long core spanned the last ca. 5200 

years and provided the first mid-Holocene pollen record from western Amazonia 

(Liu and Colinvaux 1988). In 2014, we revisited Lake Kumpaka and raised an 18 

m-long sediment core spanning the last 5500 years. Here, I focus on the last 2460 

years (7.6 m) and present a high-resolution, multi-proxy, paleoecological 

reconstruction using pollen, phytolith, charcoal, and sediment chemistry. The key 

questions that I address are: 

 

1. What was the timing and intensity of human occupation surrounding Lake 

Kumpaka? 

2. Did human disturbance enhance palm pollen and phytolith abundances? 

3. Were changes in land-use and forest characterized by changes in climate? 

4. Did human disturbance amplify climate signals? 
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STUDY AREA 

 

 

Lake Kumpaka (2°50’11”S, 77°57’41”W; 333 m elevation) is located in 

lowland Amazonia, Ecuador (Fig. IV.1). The lake has a diameter of 420 m, a 

maximum water depth of 19.5 m, and is thought to be volcanic in origin (Colinvaux 

et al. 1985). The region receives approximately 2000–3000 mm of precipitation per 

year and has a slight decrease in rainfall from December to February, but lacks a 

defined dry season (Liu and Colinvaux 1988). Mean annual temperature is 24 °C. 

Small streams deliver sediment-rich water to all sides of the mesotrophic lake. A 

lack of outlets suggests that water level changes in response to precipitation. The 

lake is anoxic below 2 m water depth (measured in 2014, Parsons) (Fig IV.1). 

Most of the modern landscape surrounding Lake Kumpaka has been 

modified for small-scale agriculture and grazing, following establishment of a 

Silesian mission station in the 1960s. Today the watershed is inhabited by a small 

community of the Shuar nation. In 2014, patches of secondary forest and pastures 

formed a fragmented landscape around the lake where pastures were dominated by 

introduced grasses, especially the African grass species Brachiaria (pers. comm. 

David Neill, 2014). Common secondary forest taxa were Didymopanax, 

Piptocoma, Cordia, Terminalia, Caryodendron, Croton, and Inga. A range of crop 

taxa were farmed in the area, including Bactris gasipaes (peach palm), Carludovica 

palmata (native Panama-hat plant), Manihot esculenta (native Amazonian manioc), 

Deguelia utilis (barbasco plant), Musa x paradisiaca (banana),  
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Figure IV.1. Map of the study area of Lake Kumpaka. (A) Map of South America 

with a focus on Ecuador and Peru showing locations mentioned in the text: 

Star = Lake Kumpaka and Lake Ayauchi, Ecuador (Colinvaux et al. 1985, 

Bush and Colinvaux 1988), 1 = Lake Pallcacocha, Ecuador (Moy et al. 

2002), 2 = Tigre Perdido Cave and Palestina Cave, Peru (van Breukelen et 

al. 2008, Apaéstegui et al. 2014), 3 = Lake Pumacocha, Peru (Bird et al. 

2011). (B) Bathymetry map of Lake Kumpaka showing coring location 

(star) and inlet streams (blue lines) (modified from Liu and Colinvaux 

1988). (C) Aerial photography of Lake Kumpaka from 1983 (Liu and 

Colinvaux 1988). (D) Aerial photography of Lake Kumpaka from 2014 

(photo: Luke Parsons, 2014).  
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 M. sapientum (plantain), Ananas comosus (pineapple), Carica papaya (papaya), 

and Zea mays (maize). The vegetation closest to the lake shore was dominated by 

remnant forest taxa with a closed canopy, including Mauritia, Wettinia, Symphonia, 

Sapium, Deguelia, Erythrina, Ficus, Virola, Hieronyma, Triplaris, and Homalium 

(pers. comm. David Neill, 2014). Undisturbed primary forest existed on slopes and 

ridges further north and west of the basin. Aerial photography (Fig IV.1, p. 127) 

from the early 1980s compared with modern aerial photography from 2014 show 

similar trends in openness, suggesting that the area has been consistently kept open 

for almost 30 years (Liu and Colinvaux 1988). 
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METHODS AND MATERIALS 

 

 

In July 2014, an 18.0-m long sediment core was retrieved from 19.5 m 

water depth using a Colinvaux-Vohnout piston sampler (Colinvaux et al. 1999) 

with 50 mm-diameter and 30 mm-diameter core barrels. The core sections were 

sealed in the field, transported to Florida Institute of Technology, and stored at 4°C. 

The sediment core represents the limit of coring ability, since bedrock was not 

reached.  

Terrestrial macrofossil remains (n = 15) were isolated and radiocarbon 

dated to establish the Kumpaka chronology. Dating was conducted by the National 

Ocean Science Accelerator Mass Spectrometry at Woods Hole Oceanographic 

Institution. Radiocarbon dates were calibrated using IntCal13 (Reimer et al. 2013). 

‘Bacon’ 2.2 (Blaauw and Christen 2011) source code for R (R Development Core 

Team 2018) was used to generate a Bayesian age-depth model (Blaauw and 

Christen 2011). A southern Hemisphere correction was not required since moisture 

to the Amazon basin mainly originates from the northern Hemisphere subtropical 

Atlantic Ocean (Vuille et al. 2003). The focus of this chapter is on the top 760 cm, 

or the last 2460 years. 

Core tubes were open lengthwise and images were taken using a GEOTEK 

core logger at the University of Florida. Image analysis was performed using 

ImageJ software (Rasband 1997) where each pixel was ascribed an intensity 

grayscale value. A Morlet wavelet analysis was performed on the grayscale 
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intensity data using R (R Development Core Team 2018) and the package 

‘biwavelet’ (Gouhier 2015). The sediment lithology was described, where Munsell 

color charts were used to determine sediment color. The core was scanned at a 0.1-

cm resolution with an Avaatech X-ray fluorescence (XRF) core scanner to provide 

elemental data for Ca, Ti, Mn, and Fe (Richter et al. 2006). 

Subsamples were taken for pollen and phytoliths at every 5 cm for the 0–

530 cm part of the core and at every 10–20 cm for the interval 530–760 cm. 

Charcoal and loss-on-ignition were subsampled at 1-cm resolution throughout the 

760-cm section. Sample volume was 0.5 cm3 for all proxies. Pollen samples (n = 

126) were treated according to standard methodology (Fægri et al. 1989, Stockmarr 

1971) and a minimum of 300 pollen grains were counted in each sample. Pollen 

keys (Roubik and Moreno 1991, Colinvaux et al. 1999), the Neotropical Pollen 

Database (Bush and Weng 2007), and the reference collection at Florida Institute of 

Technology were used for identification. Poaceae pollen grain sizes were measured, 

and extended maize counts were performed on all subsamples. Phytolith samples (n 

= 131) were prepared according to standard methodology (Piperno 2006) and a 

minimum of 250 phytoliths were counted in each sample. Phytolith keys (Pearsall 

1978, Piperno 2006) and the reference collection at University of Amsterdam were 

used for identification. Pollen and phytolith samples were analyzed using Zeiss 

Axioskop photomicroscopes with magnifications of ×400 and ×630. Literature 

survey of expert knowledge were used to divide pollen and phytolith types in 
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ecological assemblages to aid interpretation (Gentry 1996). The pollen were 

grouped into five vegetational types: i) old-growth forest and lianas, ii) pioneer and 

secondary forest, iii) palms, iv) weedy herbs and shrubs, and v) grasses. The 

phytoliths were grouped into four vegetational types: i) old-growth and secondary 

forest, ii) palms, iii) bamboo grasses, and iv) open land elements and grasses.  

Charcoal (n = 740) was prepared according to standard methodology and 

filtered at 180 µm. The filtered sample was suspended in water and examined under 

an Olympus stereoscope at ×20. ImageJ software (Rasband 1997) was used to 

calculate the surface area (mm2/cm3) of all charcoal particles within each sample. 

Loss-on-ignition analysis was performed according to standard methodology on 

740 samples (n = 740) (Heiri et al. 2001). Fossil percentage diagrams were 

constructed using C2 (Juggins 2007) and Tilia 1.7.16 software (Grimm 2011).  

Detrended correspondence analysis (DCA) was performed using R (R 

Development Core Team 2018) and the ‘vegan’ package on the pollen and 

phytolith data, separately, to quantify trends in (dis)similarity between samples 

(slices of time within the stratigraphic sequence), and to determine which taxa 

within pollen (or phytolith) assemblages were most responsible for driving those 

differences. Pearson correlation analyses were performed on the different pollen 

ecological groups and loss-on-ignition variables as well as on the grass sizes using 

R (R Development Core Team 2018).   
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RESULTS 

 

 

The 18.0-m long core spans the last 5400 years, providing an average 

temporal resolution of ~4 years per cm. All 15 radiocarbon ages were accepted to 

provide the chronology (Table IV.1; Fig. IV.2). This chapter focus on the last 2460 

years, which is represented by the top 760 cm of the core. 

The sediment in the core section (0–760 cm) was dominated by alternating 

pale and dark (Munsell hue 10YR 6/8/ brownish yellow; Munsell hue 10YR ¾ dark 

yellowish brown; Munsell hue 10YR 3/2 very dark greyish brown) organic clay 

laminations of very thin thickness (< 1 mm) interspersed with medium (2–5 mm) to 

very thick (> 10 mm) laminations (Appendix, p. 225–239). Macrophyte remains, 

such as leaves and twigs, were prevalent throughout the core. Vivianite formation 

was noted at various depths throughout the core section.   

Ca had values below 500 normalized counts/unit area throughout the 

majority of the record, except at ca. 2350–2100 cal. yr BP and 1100–700 cal. yr BP 

where the values fluctuated around 1600–4000 and 750–1800 normalized 

counts/unit area, respectively (Fig. IV.3). Ti fluctuated throughout the record 

between 1900 and 3000 normalized counts/unit area. The ratio of Mn/Fe had low 

values throughout the record (< 0.0025). Organic matter fluctuated in abundance 

between 10 and 20% (Fig. IV.3). Carbonates had values below 5% for the majority 

of the record, except after 250 normalized counts/unit area. Silica had high values 

throughout the record, fluctuating between 77% and 88%. The grayscale intensity 
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values for the core indicated a general trend towards darker bands throughout the 

core with oscillations between darker and lighter laminae, where lighter laminae 

correspond to higher silica values (Fig. IV.3). The Morlet wavelet analysis of the 

grayscale intensity data revealed patterns of significance in the 2- to 16-year spectra 

at ca. 2450–1550 cal. yr BP, 1350–1200 cal. yr BP, and 950 cal. yr BP to modern 

(Fig. IV.4). 

 

 

Table IV.1. Radiocarbon dates and calibrated ages for Lake Kumpaka, Ecuador. 

  

Lab ID 

number 
Sample type 

Depth  

(cm) 

14C age  

± 1σ 

Mean probability 

(cal. yr BP) 

OS-114765 Macrofossil 62 165±15 66 

OS-114766 Macrofossil 139.5 190±15 241 

OS-114767 Macrofossil 259.5 655±20 609 

OS-114768 Macrofossil 350 975±15 877 

OS-114769 Macrofossil 449.5 1120±15 1154 

OS-114770 Macrofossil 600 1990±15 1932 

OS-114771 Macrofossil 727.5 2200±15 2259 

OS-114772 Macrofossil 776.5 2570±20 2590 

OS-114773 Macrofossil 879.5 2860±20 2982 

OS-114807 Macrofossil 988.5 3230±20 1483 

OS-114808 Macrofossil 1087 3370±20 3628 

OS-114809 Macrofossil 1443 3900±20 4374 

OS-114827 Macrofossil 1568 4480±20 4974 

OS-114810 Macrofossil 1644.5 4440±25 5133 

OS-114811 Macrofossil 1693.5 4520±20 5214 
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Figure IV.2. Age-depth model of the sediments from Lake Kumpaka, Ecuador. The 

chronology was derived from the ‘bacon’ package (Blaauw and Christen 

2011) using the IntCal13 calibration curve (Reimer et al. 2013) and was 

based on calibrated 14C dates (Table IV.1, p. 133). 

 



 

 

 
 

 

 

 

Figure IV.3. Sediment characteristics of the Lake Kumpaka core, Ecuador, showing sedimentation rate, grayscale intensity, 

and selected elements: Ca, Ti, Mn/Fe, organic matter, carbonate, and silica. Red line represent a 50-year running 

mean and blue line represent a 20-year running mean. 
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Figure IV.4. Morlet wavelet analysis of the sediment grayscale intensity of Lake 

Kumpaka, Ecuador. Statistical significance is outlined in black.  

  

 

 

Old-growth forest pollen and phytoliths were prominent features throughout 

the record, with values fluctuating between 30–90% (Figs. IV.5–IV.6), including 

pollen taxa such as Moraceae, Urticaceae, Combretaceae, Melastomataceae, 

Alchornea, Didymopanax, Celtis, Apiaceae, and Mimosa. Lower representation in 

old-growth forest elements were due to a replacement in the assemblage by 

secondary forest (e.g. Cecropia and Heliconia), weedy taxa (e.g. Acalypha, 

Piperaceae, and Asteraceae), and grass-dominated open land elements (e.g. 

Poaceae, Theobroma, Pouteria, and Zea mays) or by an independent increase of 

palms (e.g. Iriartea, Mauritiella/Mauritia, and Wettinia). Maize pollen and 

phytoliths were identified in the record at ca. 2150–1550 cal. yr BP, ca. 1235–1190 

cal. yr BP, and ca. 1070–680 cal. yr BP. Maize phytoliths were further documented 

after ca. -10 cal. yr BP.



 

 

 
 

 

 

Figure IV.5. Fossil pollen percentage occurrence of the most abundant taxa from the sediments of Lake Kumpaka, Ecuador, 

plotted against time. Zea mays is provided as presence and includes extended Zea mays counts. Pollen concentration 

as number of grains per cm3. The values of the DCA Axis 1 sample scores are also plotted. Fabaceae (P) indicates 

subfamily Papilionoideae. 1
3
7

 



 

 

 
 

 

 

 

Figure IV.5. Continued. 
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Figure IV.5. Continued.  

 

1
3
9

 



 

 

 
 

 

 

Figure IV.6. Fossil phytolith percentage occurrence of the most abundant taxa from the sediments of Lake Kumpaka, 

Ecuador, plotted against time. Zea mays is provided as presence. 
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The DCA of the pollen assemblages (Fig. IV.7) indicated that most of the 

variation along Axis 1 was driven by the presence or absence of maize cultivation 

and land-use, where the positive end was related to palm and old-growth forest 

abundances and the negative end related to forest disturbance and openness. The 

second axis of the pollen DCA was driven by the presence or absence of palms, 

where the positive end was related to old-growth forest and the negative end related 

to palms.  

 

Figure IV.7. Detrended Correspondence Analyses biplot of fossil phytolith data 

(left) and fossil pollen data (right) from Lake Kumpaka, Ecuador. Red = 

samples characterized by maize cultivation (circles) or land disturbance 

without evidence of maize (triangles), blue squares = samples characterized 

by increased abundances of palms and old-growth forest elements.  

 

 

The DCA of the phytolith assemblages (Fig. IV.7) indicated that the 

variation along Axis 1 mostly was driven by the presence or absence of bamboos, 

where the positive end was related to bamboos and maize and the negative end was 

related to old-growth forest, secondary forest, and palms. The second axis of the 
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phytolith DCA was on the positive end related to open land and grass elements and 

the negative end related to palms. 

Small Poaceae pollen-grain sizes (10–25 µm) showed a significant positive 

correlation with pioneer and secondary forest types and a significant negative 

correlation with old-growth forest types and palms (Table IV.2; Figs. IV.8–IV.9). 

Medium-sized Poaceae grain sizes (25–35 µm) had a significant positive 

correlation with weedy herbs and shrubs and a significant negative correlation with 

old-growth forest types. Large Poaceae grain sizes (40–50 µm) had a significant 

positive correlation with weedy herbs and shrubs. Very few samples contained 

Poaceae of 50-60 µm, whereas many contained grains of 72-100 µm, which were 

from Zea mays. 

Charcoal fragments were present in 13 of the 740 analyzed samples, where 

7 of those were identified between 10 cal. yr BP and -15 cal. yr BP (Fig. IV.10). 

The remaining charcoal particles were documented at ca. 2115 cal. yr BP, 1765–

1750, 720 cal. yr BP, and 520 cal. yr BP.  

Weedy herbs and shrubs were positively correlated with silica and 

negatively correlated with organic matter and carbonates (Table IV.3). Grasses 

were positively correlated with silica and negatively correlated with carbonates. 

Palms were positively correlated with organic matter and carbonates and negatively 

correlated with silica. Pioneer and secondary forest elements were negatively 

correlated with carbonates.  



143 

 

 
 

 

Figure IV.8. Size distribution of Poaceae pollen grains from Lake Kumpaka, 

Ecuador, and the presence of maize pollen and phytoliths. 

 

 

  

 

Figure IV.9. Correlation matrix for pollen vegetational groups and Poaceae sizes 

from the Lake Kumpaka sedimentary record, Ecuador. Blue colored box 

indicates significant positive correlation and red colored box indicates 

significant negative correlation (p-value: < 0.05).  
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Table IV.2. Correlation values for pollen vegetational groups and Poaceae sizes 

from the Lake Kumpaka sedimentary record, Ecuador. Bolded values 

indicate significant correlation (p-value: < 0.05). 

 

 
Poaceae 
(10-25 µm) 

Poaceae 
(25-35 µm) 

Poaceae 
(35-40 µm) 

Poaceae 
(40-50 µm) 

Poaceae 
(50-60 µm) 

Old-growth 

forest and 

lianas 
-0.2515 -0.1785 0.0086 -0.1456 0.0637 

Pioneer and 

secondary 

forest 
0.3670 0.0696 0.0458 0.1175 0.0017 

Weedy herbs 

and shrubs 
0.1407 0.2542 0.0719 0.2331 0.0091 

Palms -0.2399 -0.1087 -0.1143 -0.1463 -0.0823 

 

 

Table IV.3. Correlation values for pollen vegetational groups and loss-on-ignition 

components from Lake Kumpaka, Ecuador. Bolded values indicate 

significant correlation (p-value: < 0.05). 

 

 

Old-growth 

forest and 

lianas 

Palms 

Pioneer 

and 

secondary 

forest 

Weedy herbs 

and shrubs 
Grasses 

Organic 

matter 
0.0810 0.2549 -0.0264 -0.3327 -0.1316 

Carbonate 0.0047 0.4221 -0.1825 -0.2187 -0.1888 

Silica -0.0681 -0.3715 0.0920 0.3567 0.1806 

 

 



 

 

 
 

 

Figure IV.10. Summary diagram of fossil pollen and fossil phytoliths ecological assemblage groups from Lake Kumpaka, 

Ecuador, presence of maize, charcoal as number of charcoal fragments per cm3, sediment red-scale intensity from 

Lake Pallcacocha, Ecuador (Moy et al. 2002), and changing moisture availability inferred from the isotopic records of 

Palestina Cave, Peru (Apaéstegui et al. 2014); Tigre Perdido Cave, Peru (van Breukelen et al. 2008); and Lake 

Pumacocha, Peru (Bird et al. 2011). 
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DISCUSSION 

 

 

The Kumpaka record is a rarity in Amazonian systems as it comes from a 

permanent lake without riverine influence. The high deposition rate allows us to 

reconstruct charcoal at a 4-year resolution, and pollen and phytoliths at a 15- to 50-

year resolution. The laminated sediments provide reassurance that there has been 

little post-depositional disturbance, and the almost-linear age model, constrained 

with 15 14C dates, allows a strong age model to be constructed.  

 

WHAT WAS THE TIMING AND INTENSITY OF HUMAN OCCUPATION 

SURROUNDING LAKE KUMPAKA? 

 

The landscape around Lake Kumpaka, consisting of a village of around 60 

to 100 people, and a mosaic of farmland and regrowth, appears to have been more 

or less stable for the last 30 years (Fig. IV.1C and D, p. 127). The modern 

landscape which is about 20% cleared, produces ~90% arboreal pollen and ~5% 

herbs and grass pollen, with maize phytoliths present, but no maize pollen. These 

values provide a benchmark against which past clearance and disturbance can be 

compared. 

The finding of maize pollen and/or maize phytoliths in paleoecological 

records suggests local-scale cultivation, as it is directly linked to human land-use 

and does not occur naturally in Amazonia (Fig. IV.10, p. 145). The poor dispersal 

of maize pollen, however, limits the chance that maize is represented in pollen 
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records (Jarosz et al. 2003). Maize pollen is always rare, so even a single-grain of 

maize pollen is firm evidence of nearby human cultivation. Compared with maize 

pollen, maize phytoliths are not as rare in paleoecological records, but they are 

equally diagnostic of cultivation. At Lake Kumpaka, maize pollen were initially 

found in 5 samples of 130 samples (4%) and maize phytoliths were identified in 26 

out of 104 samples (Table IV.4, p. 148–149; Fig. IV.5, p. 137–139; Fig. IV.6, p. 

140; and Fig. IV.10, p. 145). Extended maize analysis was performed for pollen but 

not for phytoliths, and in that analysis 10 additional samples were found to contain 

maize pollen (15 samples total, 11.5%). Only 6 samples were, however, 

represented by both maize phytoliths and pollen suggesting that combining the use 

of both proxies does not merely act as a repetitive analysis producing the same 

results, but instead provides complementary data, where one proxy might detect 

what the other one did not. When combining the maize findings, maize pollen 

and/or phytoliths were found in 35 samples of 130 samples (27%, Table IV.4, p. 

148–149). The temporal distribution of both maize proxies coincided during three 

periods at ca. 2150–1550 cal. yr BP, 1235–1190 cal. yr BP, and ca. 1070–680 cal. 

yr BP. In addition, phytoliths were identified after -15 cal. yr BP. Samples 

containing maize pollen and phytoliths were identified in the same time intervals 

(Table IV.4, p. 148–149), with the exception of modern time where only maize 

phytoliths were identified. It is possible that with an extended maize phytolith 
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analysis, maize phytoliths would be identified in samples where only maize pollen 

currently have been found. 

 

Table IV.4. Depth (cm) and ages (cal. yr BP) of the 35 samples where maize were 

found in the Kumpaka record, Ecuador. Note that the 95 samples where no 

maize was found are not included. Columns denote if maize was found in 

the original pollen analysis, in the extended maize analysis, and/or in the 

phytolith analysis.  

 

Depth 

(cm) 

Age  

(cal. yr BP) 

Original pollen 

analysis 

Extended maize 

analysis 

Phytolith 

analysis 

10 -43 0 0 1 

11 -40 NA NA 1 

13 -35 0 0 1 

17 -27 0 0 1 

22 -15 0 0 1 

293 710 0 Not analyzed 1 

303 739 0 1 0 

308 753 0 0 1 

313 768 0 0 1 

318 782 1 - 1 

323 796 0 0 1 

338 840 0 0 1 

343 855 0 1 0 

348 871 0 0 1 

353 886 0 0 1 

358 901 1 - 1 

363 916 0 0 1 

368 931 0 1 1 

373 945 0 0 1 

391.5 998 1 - 0 

396 1010 1 - 1 

406 1038 1 - 1 
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Table IV.4. Continued.  

 

Depth 

(cm) 

Age  

(cal. yr BP) 

Original pollen 

analysis 

Extended maize 

analysis 

Phytolith 

analysis 

456 1185 0 1 0 

466 1234 0 Not analyzed 1 

516 1485 0 1 0 

531 1571 0 1 NA 

535 1594 0 0 1 

544 1643 0 0 1 

554 1695 0 0 1 

556 1706 0 Not analyzed 1 

566 1758 0 1 1 

567 1763 0 Not analyzed 1 

577 1814 0 1 0 

621 1988 0 1 0 

667 2102 0 1 0 

 

 

In the original study by Liu and Colinvaux (1988), a single maize-pollen 

grain (102 µm) was found in the 1983 core at 384 cm directly following a decrease 

of Iriartea pollen (Liu and Colinvaux 1988). A cross-correlation with the Iriartea 

pollen curve from the 2014 core suggests an approximate age of ca. 1050 cal. yr BP 

for the maize pollen grain from the 1983 core, thereby presumably falling within 

my identified period of maize cultivation between 1070 and 680 cal. yr BP.  

Maize cultivation coincided with increased abundances of pioneer and 

secondary forest taxa, weedy taxa, grasses, and charcoal with a subsequent decrease 

of old-growth forest elements and palms (Fig. IV.10, p. 145). Old-growth forest 

elements did, however, have abundances above 25% throughout the entirety of the 
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record, suggesting that the forest remained intact during times of disturbance. The 

land-use between 2150 and 1550 cal. yr BP was initiated by an increase of 

secondary forest elements at ca. 2250 cal. yr BP where grass pollen and phytoliths 

increased to > 5% and 2%, respectively. Grasses reached values up to 12% between 

1070 and 680 cal. yr BP, suggesting that the period might have been the most 

intense disturbance of the entire record.  

Flenley et al. (1991) demonstrated that small grass-pollen sizes correlated 

with periods of increased human disturbance on Easter Island. In cerrado habitats, 

grass sizes smaller than 46 µm were associated with grasslands or disturbed 

settings, whereas larger grass pollen grains were associated with forest 

environments (Radaeski et al. 2016). At Lake Kumpaka, grass sizes of 25–35 µm 

and 40–50 µm had positive correlations with weedy herbs and shrubs (Table IV.2, 

p. 144; Fig. IV.9, p. 143). The smaller grass sizes are consistent with Pooid and 

other grasses of open environments, whereas the larger category is consistent with 

bamboos (Salgado-Labouriau and Rinaldi 1990). Grass sizes between 10 µm and 

25 µm had a positive correlation with pioneer and secondary forest elements and 

negative correlations with old-growth forest and palms taxa. Old-growth forest taxa 

also had a negative correlation with grass sizes of 25–35 µm. Grass sizes between 

25 µm and 35 µm, which is the typical size for most grasses (Andersen 1979, 

Salgado-Labouriau and Rinaldi 1990), dominated the record and were often the 

only grain size recorded. Grass size diversity did, however, increase during times of 
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disturbance where grass sizes < 25 µm and > 40 µm only occurred during times 

characterized by maize cultivation and land-use. These observations indicate that 

disturbance promoted a higher grass size diversity, possibly as a result of the 

combination of weeds in and around fields, and bamboos in successional settings. 

Natural fires are almost non-existent in western Amazonia as the wet 

conditions of the forests limit the spread of fire (Bush et al. 2007b). Findings of 

charcoal fragments in paleoecological records have repeatedly been associated with 

human land-use (McMichael et al. 2012a, Urrego et al. 2013, Bush et al. 2016, 

Kelly et al. 2018). At Lake Kumpaka, a few small charcoal fragments were found 

before 450 cal. yr BP (pre-Columbian) but were significantly rarer than during the 

last century (Fig. IV.10, p. 145). Charcoal abundances were significantly higher 

between 80 cal. yr BP and the present day compared with any other period of the 

record, but the percentages of modern maize and grasses were lower than those 

found at ca. 2150–1550 cal. yr BP and ca. 1070–680 cal. yr BP. These data indicate 

that slash-and-burn cultivation was used to clear the modern forest (Arroyo-Kalin 

2012, van Vliet et al. 2013), and that this practice was most likely more frequent or 

covered more area in near-modern times than in the pre-Columbian era. The 

intensity of maize cultivation and the cultivation of other crops, however, were 

probably higher during the pre-Columbian era. The lack of fire between 2250–1550 

cal. yr BP and 1070–680 cal. yr BP, but the abundance of maize pollen and 

phytoliths, compared with modern disturbance, could be explained by the use of a 
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less fire-intensive strategy, such as slash-and-mulch (Joslin et al. 2011). Instead of 

using fire to clear weeds and provide nutrients, slash-and-mulch allowed the cut 

green matter to rot on the surface of the soil. This mulching decreased weed 

germination and provided a slower, but more sustained release of nutrients to the 

soil (Joslin et al. 2011, Arroyo-Kalin 2012, van Vliet et al. 2013). Charcoal 

fragments were, however, found in the record at ca. 2120 cal. yr BP, 1770 cal. yr 

BP, 710 cal. yr BP, and 480 cal. yr BP suggesting that burning was used to some 

degree as a tool for land clearance, but less than in the most recent wave of forest 

clearance. The different strategies used to practice agriculture could be a single 

group adopting new techniques or it could mark the use of the setting by different 

cultural groups. A parallel is seen in the nearby Upano Valley where over a similar 

time frame, four different cultural groups occupied the setting (Rostain 2012).  

Consistent trajectories of succession following disturbance were noted in 

the phytolith and pollen records, and reflected successional patterns reported for 

disturbances in modern systems (Uhl and Jordan 1984). Peaks of grass abundance 

accompanied disturbance, and the subsequent succession saw grass abundance 

return to background levels, as there was a corresponding increase in the abundance 

of mature forest species. Old-growth forest pollen, including taxa such as 

Moraceae, Urticaceae, Combretaceae, Melastomataceae, Alchornea, Didymopanax, 

Celtis, Apiaceae, and Mimosa, increased to over 40% and arboreal phytolith to 
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values above 80% (Fig. IV.5, p. 137–139; Fig.  IV.6, p. 140; and Fig. IV.10, p. 

145).  

Rather than occupying the landscape continuously for the last 2460 years, 

humans seem to have been moving in and out of this landscape. It appears that 

maize cultivation was abandoned prior to European contact at ca. 400 cal. yr BP 

where the end of pre-Columbian disturbance at Lake Kumpaka (ca. 680 cal. yr BP) 

coincided with the abandonment of maize agriculture at Lake Sauce, Peru (ca. 750–

700 cal. yr BP) (Bush et al. 2016).  

 

DID HUMAN DISTURBANCE ENHANCE PALM POLLEN AND PHYTOLITH 

ABUNDANCES? 

 

Phytoliths are particularly sensitive for detecting relatively small increases 

or decreases in palm taxa (McMichael et al. 2015b, Piperno et al. 2015, Morcote-

Ríos et al. 2016), which might help explain the difference in palm pollen and palm 

phytolith abundances between 2410 and 2050 cal. yr BP. Palm phytolith 

abundances were high during this period, up to 60%, but declined in abundance 

with the first signs of disturbance and maize cultivation at Lake Kumpaka ca. 2100 

cal. yr BP (Fig. IV.6, p. 140; and Fig. IV.10, p. 145). Palms were barely recorded in 

the pollen record before 1550 cal. yr BP, only single grains of Anthurium, 

Chamaedorea, Iriartea, or Mauritiella/Mauritia were identified (Fig. IV.5, 137–

139; and Fig. IV.10, p. 145). The high abundances of palm phytoliths between 

2410 and 2050 cal. yr BP were probably produced by other palm taxa than Iriartea 
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deltoidea (hereafter Iriartea), for example Euterpe, Hyospathe, Bactris, Socratea, 

or Geonoma, as the pollen of Iriartea is identifiable to species level, but was rare in 

this section of the record.  

Palms increased again after 1550 cal. yr BP in both the pollen and phytolith 

records and remained high until ca. 1050 cal. yr BP, with the exception of a marked 

decrease in palm pollen between 1270 and 1170 cal. yr BP. The short decrease in 

palm pollen coincided with the finding of maize pollen and phytolith at ca. 1235–

1190 cal. yr BP. Between 1550 and 1050 cal. yr BP, palm pollen and phytolith 

abundances increased up to 30% and 50%, respectively, but palms decreased again 

coinciding with the first signs of maize and increased abundances of grasses at ca. 

1070 cal. yr BP.  

Palm genera such as Wettinia, Iriartea, Attalea, Euterpe, and Oenocarpus 

drove the increase of palm phytoliths after 550–500 cal. yr BP. Palm pollen had the 

same pattern of increase, which was mainly caused by increased abundances of 

Iriartea pollen. Iriartea is a food source for humans (Kahn and de Granville 1992) 

and is prized as a source of thatch (Macía 2004), but the palm tree also favors 

everwet conditions and is considered a hyperdominant (ter Steege et al. 2013, Bush 

and McMichael 2016). Palms remained an important component of the record until 

ca. 0 cal. yr BP, when they decreased coinciding with modern land-use.   

It is unclear whether the prehistoric changes in palm abundances were 

related to human activity but the timing of reduced abundances of palms did 
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coincide with periods of increased human disturbance, suggesting that people 

actively targeted palms during land clearing, for example for food and/or 

construction material (Bush and McMichael 2016). The earlier published pollen 

record of Lake Kumpaka (Liu and Colinvaux 1988), spanning the last 5000 years, 

only found increased abundances of Iriartea after 2000 cal. yr BP, which suggests 

that the palm species first became a common element around the lake during the 

last two millennia. Most palm types at Lake Kumpaka exhibited a delayed increase 

in abundance following the human-induced disturbance events at ca. 1550 and 680 

cal. yr BP, respectively. Palms, dominated by Iriartea, did not increase until ca. 

100–250 years following disturbance in this system. Such a delayed successional 

signal is not implausible as tropical forests continue to accumulate biomass even 

100–400 years into succession following a disturbance event (Foster 1990, Poorter 

et al. 2016).  

The data do not support enhancement of palms during maize cultivation, but 

it is possible that there was a shift in land-use where people started to cultivate 

palms instead of maize. Agroforestry of other tree species, such as Alnus, has been 

reported from Andean paleoecological sites (Valencia et al. 2010, Chepstow-Lusty 

2011, Mosblech et al. 2012) during pre-Columbian times and similar techniques 

could have been used around Kumpaka. Parallel trends of increased Iriartea 

abundances were reported by Bush et al. (2016) from Lake Sauce, Peru, where 
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Iriartea pollen abundances increased (> 15%) at ca. 1500–1000 cal. yr BP and ca. 

500–0 cal. yr BP, also in antiphase to maize abundances. 

Previous syntheses of pollen records from 13 lakes in Amazonia, however, 

have shown that Iriartea dynamics through time were not driven primarily by 

human activity during the Holocene and were instead related more to moisture 

availability (Bush and McMichael 2016). These palm types tended to increase in 

abundance ~350 years following a termination of maize agriculture, in the absence 

of disturbance. These data reinforce the hypothesis above that the large change in 

palm abundances at Lake Kumpaka did not result from deliberate use, but indeed 

could have resulted from the complete abandonment of the site. It seems likely that 

the site was abandoned before European contact and that succession accounted for 

the relative abundance of species.  

 

WERE CHANGES IN LAND-USE AND FOREST CHARACTERIZED BY 

CHANGES IN CLIMATE?  

 

Unusually dry conditions could offer another possible explanation for the 

timing of the rise and fall in secondary and old-growth forest, respectively, at ca. 

2350–2200 cal. yr BP, as this time was characterized by increased Ca values (Fig. 

IV.3, p. 135). High Ca values can be indicative of increased evaporation, falling or 

low lake-levels if drought conditions cause increased calcite precipitation 

(Haberzettl et al. 2009, Jouve et al. 2013). Another possibility is that the relative 

contribution of calcium-rich groundwater to the lake could reflect which aquifer is 
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supplying water to the lake, and this, in turn, could be related to precipitation. Less 

precipitation in the region between ca. 2480 and 1800 cal. yr BP was reported from 

the speleothem calcite record of Tigre Perdido Cave in Peru (Fig. IV.10, p. 145) 

(van Breukelen et al. 2008), suggesting that the high Ca values in our record could 

have been caused by drier conditions.  

The trends of the Tigre Perdido Cave record could also explain why people 

started to clear the forest and cultivate maize ca. 2150 cal. yr BP, and why they 

stopped after 1550 cal. yr BP. Two wetter periods were documented in the Tigre 

Perdido Cave and the Palestina Cave records, Peru, at ca. 1540–1340 cal. yr BP and 

1150–1020 cal. yr BP (Fig. IV.10, p. 145) (van Breukelen et al. 2008, Apaéstegui et 

al. 2014), which coincided with the decline of land-use after 1550 cal. yr BP, a 

brief increase in land-use at ca. 1250–1190 cal. yr BP, and the reappearance of 

land-use after 1070 cal. yr BP at Kumpaka. I hypothesize that drier conditions could 

have offered more favorable conditions for pre-Columbian people to cultivate the 

area surrounding the lake. The increase in palms at ca. 1550–1070 cal. yr BP, 

especially in the genus Iriartea, also coincided with the period of increased 

precipitation recorded by the two cave records (van Breukelen et al. 2008, 

Apaéstegui et al. 2014), suggesting that the increase in palms was more dependent 

on precipitation than on humans.  

The Medieval Climate Anomaly (MCA; 1100–700 cal. yr BP) and the Little 

Ice Age (LIA; 400–150 cal. yr BP) were two global events that affected the climate 
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during the last 1000 years (Ledru et al. 2013). The MCA was characterized by 

strong decadal-scale droughts and increased ENSO activity in western Amazonia 

(Moy et al. 2002, Bird et al. 2011, Ledru et al. 2013). Corresponding to the timing 

of the MCA, palms declined at ca. 1100 cal. yr BP and high Ca values were once 

again recorded at Kumpaka, further supporting the hypothesis that climate and 

increased moisture availability affected palm abundances (Bush and McMichael 

2016). Palms did not increase in abundance directly following the cessation of 

human-induced disturbance at ca. 680 cal. yr BP but started to increase after 550 

cal. yr BP. The increase in palms corresponded to the timing of the LIA where a 

trend of increasing precipitation was notable in the Tigre Perdido Cave record and 

the Lake Pumacocha record, Peru, between 500 and 300 cal. yr BP (Fig. IV.10, p. 

145) (van Breukelen et al. 2008, Bird et al. 2011). 

 

 

DID HUMAN DISTURBANCE AMPLIFY CLIMATE SIGNALS? 

 

The sediments of Kumpaka were characterized by laminations of alternating 

pale and dark layers consisting of organic clay (Appendix, 225–239). The intact 

laminae suggest that the anoxic bottom-water conditions which characterize the 

lake today were consistent for the last 2500 years. Anoxic conditions were further 

confirmed by low Mn/Fe ratios throughout the record (Fig. IV.3, p. 135). Mn/Fe 

ratios are often used as a proxy for redox (Naeher et al. 2013), and as such are 

sensitive to the depth of the thermocline. To have constantly low Mn/Fe values 
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suggests long-term stratification of the lake and anoxic sedimentary conditions 

(Kylander et al. 2011). X-ray diffraction analysis was performed by Liu and 

Colinvaux (1988) on the laminae of the 1983 core and showed that the 

allochthonous clay-sized mineral particles consisted mainly of detrital quartz 

(silicate), a common mineral in sandstone and mudrock (Blatt 2003). Grayscale 

measurements on the 2014 core indicated that periods of decreased silica values 

were characterized by darker laminations, whereas lighter bands characterized 

times with higher input of silica with the strongest laminae occurring with 

increased periods of human activity (Fig. IV.3, p. 135; and Fig. IV.11).  

With expansions of old-growth forest and palms, terrigenous input (Si and 

Ti) to the lake decreased, whereas a general trend of increased terrigenous input 

coincided with human disturbance (Fig. IV.3, p. 135; and Fig.  IV.10, p. 145). 

During periods of decreased silica values, the proportion of organic matter and 

carbonate increased. Silica was negatively correlated with palms (p-value: <0.05) 

and positively correlated with weedy herbs, shrubs, and grasses (p-value: <0.05).  

High terrigenous input can also be caused by increased precipitation (Smis 

et al. 2011). The lack of coherence between the isotopic data from Tigre Perdido 

and Palestina Caves and our sediment chemistry, however, suggests that the 

elevated Si and Ti values likely were influenced primarily by erosional in-wash of 

terrigenous material as a result of deforestation and landscape instability (Fig. IV.3, 

p. 135; and Fig. IV.10, p. 145).  
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Figure IV.11. Two sections of the sediment record of Lake Kumpaka, Ecuador, 

showing grayscale (intensity) and silica (% weight). (left) A strongly 

laminated part of the record (2150–1750 cal. yr BP; a period with evidence 

of human activity) and (right) a weakly laminated part of the record (550–

150 cal. yr BP; a period without evidence of human activity).  

 

 

A wavelet analysis of the sediment grayscale intensity revealed short-term 

cycles of significant variance in the 2–16-year periodicity, which could be an 

indicator of ENSO activity (Fig. IV.4, p. 136). The observed trends did not, 

however, align with the sediment color data from Lake Pallcacocha (Fig. IV.10, p. 

145) (Moy et al. 2002). Instead the bands coincided with periods characterized by 

land clearance and maize cultivation at Kumpaka. Human activity has been shown 

to amplify climate signals in another Amazonian lowland paleoecological record, 

Lake Sauce (Bush et al. 2017), and the same observation appears to apply for Lake 

Kumpaka. Times of deforestation and land-use at Kumpaka disrupted a natural 
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buffering system where the intact rainforest reduced the detectability of climate 

signals, and increased erosion manifested a latent ENSO climate signature.   
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CONCLUSIONS 

 

 

A high-resolution record from Lake Kumpaka in lowland Amazonian 

Ecuador provided a 2460-year history of discontinuous maize agriculture, in which 

maize pollen and phytoliths occurred at ca. 2150–1550 cal. yr BP, ca. 1235–1190 

cal. yr BP, ca. 1070–680 cal. yr BP, and after -15 cal. yr BP. At this site, maize 

agriculture was abandoned long before European arrival and its associated 

population decline. The low numbers of charcoal found in the record suggest that 

fire was not a heavily used tool to clear forested areas and that slash-and-mulch 

probably was preferred. Elevated Iriartea abundances were antiphased to human 

disturbance and associated with increased moisture availability during wet events, 

indicating that pre-Columbian people did not actively increase palm abundances in 

the landscape. Humans appear to have moved in and out of this landscape rather 

than occupying it continuously. The episodes of land-use varied in style raising the 

possibility that different cultural groups accessed the lake through time. In general, 

phases of maize agriculture around Lake Kumpaka coincided with drier climates. 

During periods when no cultivation was evident, the natural forest acted as a 

buffering system masking climate signals. With intensified cultivational activity 

inducing erosion, however, a 2- to 16-year periodicity characteristic of ENSO 

became apparent; suggesting an amplification of climate signals caused by human 

activities.  
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CHAPTER V 

 

HUMAN OCCUPATION, CLIMATE, AND FOREST STABILITY IN 

WESTERN AMAZONIA 

 

 

INTRODUCTION 

 

 

Contrary to initial ideas of pre-Columbian populations as being small and 

mobile, and having little impact on their environments (Meggers 1954, Meggers 

1994), more recent evidence suggests an opposite view were pre-Columbian 

occupation could range from single homesteads to dense, organizationally complex 

settlements (Roosevelt 1991, Heckenberger et al. 2003).  

Numerous examples of human modification have been found concentrated 

in seasonally flood-plain/savanna settings, rivers, and forest areas with a strong dry 

season, including evidence of terra pretas, earthworks, geoglyphs, and mound 

building (Roosevelt 1991, Erickson 2000a, Heckenberger et al. 2003, Neves et al. 

2004, Erickson 2006, Glaser and Woods 2004, Neves and Petersen 2006, Lehmann 

et al. 2007, Pärssinen et al. 2009, Schaan et al. 2012). The extent to which 

Amazonian landscapes were impacted and modified by pre-Columbian people is, 

however, highly debatable, particularly the degree of such impact on the aseasonal 

forests of western Amazonia, where land-use appears to have been less intense than 

in more seasonal regions (McMichael et al. 2015a, Bush et al. 2015a, Piperno et al. 

2015). 
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The role of climate in cultural transitions and the resilience of past societies 

to climate change remain unclear. Climate has been proposed as the main driver of 

the development and collapse of many cultures, for example the Moche culture 

(Shimada et al. 1991), the Mayan culture (Haug et al. 2003, Hodell et al. 2005, 

Kennett et al. 2012), the Tiwanaku culture (Abbott et al. 1997, Binford et al. 1997), 

and the Wari culture (Abbott et al. 1997, Binford et al. 1997), though the role of 

climate in cultural transitions remains a topic of active debate commonly referred to 

as ‘neo-environmental determinism’ by the opposing view (Freilich 1967, Erickson 

1999, Coombes and Barber 2005).  

Detailed archaeological studies reveal that occupations were often both 

temporally and culturally complex. The nearest major archaeological setting to my 

Ecuadorean study areas (Chapters III and IV, p. 66–162) was the Upano Valley, 

located in lowland Amazonian Ecuador (Figs. I.5–I.6, p. 17–18). Spread out over 

almost 80 km of river valley were at least 60 mound complexes, with a further 20 

sites showing no earthworks (Rostain 2012). At the Huapula complex, Porras 

(1987) identified 169 earth mounds, which subsequent excavation found to be 

homesites with pottery, seeds, and domestic tools (Rostain 2012). The mounds 

were built by groups of the Upano culture and have been dated to between ca. 2450 

calibrated years before present (hereafter cal. yr BP) and ca. 1550–1350 cal. yr BP, 

when it was hypothesized that the area was abandoned in the aftermath of an 

eruption of the Sangay volcano. Further occupations of the valley were dated to 
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between ca. 1150 and 750 cal. yr BP by groups of the Huapula culture. At Lake 

Ayauchi, approximately 150 km southeast of the Upano Valley, maize cultivation 

and slash-and-burn agriculture have been identified in the region where the oldest 

maize pollen grain was found at ca. 5950 cal. yr BP (Bush et al. 1989). Lake 

Kumpaka, 25 km northeast of Ayauchi, has previously, however, been thought to 

have been used lightly by people; as a prior palynological study revealed only a 

single maize pollen grain was found, with no evidence of charcoal (Liu and 

Colinvaux 1988). My study, however, showed that Kumpaka has been characterized 

by substantial but discontinuous human impacts featuring maize cultivation within 

the last 2500 years (Chapter IV, p. 121–162).  

Here, I focus on the last 2500 years and use pollen and charcoal data to 

compare the timing of human disturbance at Ayauchi with that of Kumpaka. The 

datasets are further compared with the timing of the independent archaeological 

records from the Upano Valley, Ecuador (Rostain 2012). I investigate whether the 

two sites follow similar trends of land-use and if times of human activity coincided 

with periods of known occupation at the Upano Valley. The key questions that I 

address are:   

 

1. Do the lake records follow similar trends of land-use patterns or are they 

divergent? 
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2. Do times of human activity correspond to known archaeological findings of 

the region? 

3. Do changes in climate cause regional changes in land-use? 
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STUDY AREAS 

 

 

Sites used included Lake Ayauchi (3°02’71” S, 78°02’13” W) and Lake 

Kumpaka (2°50’11”S, 77°57’41”W), which are located in southeastern Ecuadorian 

Amazonia, roughly 25 km apart (Fig. V.1). Mean annual temperature of the region 

is approximately 24°C while mean annual precipitation is around 2000–3000 mm, 

with a poorly defined dry season that lasts 0–2 months (Bush and Colinvaux 1988). 

At 300 m above sea level, Lake Ayauchi lies on a raised bench within 2 km of 

Santiago River, a tributary of the Marañon River. Lake Kumpaka lies 5–10 km 

distance from Yaupi, Ecuador, at 333 m above sea level. Both lakes are explosion 

maars and have no outlets. Lake Kumpaka, however, has inlet streams on all sides 

of the basin. Lake Ayauchi is roughly circular with a diameter of 380 m and two 

sub-basins with maximum water depths of 45 and 25 m (Fig. V.1). Lake Kumpaka, 

also circular in shape, has a diameter of 420 m and a maximum water depth of 19.5 

m (Fig. V.1). Lake Ayauchi is oxic whereas Lake Kumpaka is anoxic below 2 m 

water depth. The region is characterized by dense tropical rainforest. Members of 

the Shuar nation inhabit both lake areas, where they cultivate maize, manioc, 

plantains, papaya, pineapple, peach palm, Panama-hat plant, barbasco plant, and 

bananas (pers. comm. David Neill, 2014, and Crystal McMichael, 2016).  
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Figure V.1. Map of the study area. (A) South American map with Ecuador and Peru 

in focus showing study sites Lakes Ayauchi and Kumpaka (star). Other 

mentioned sites are also included: Upano Valley, Ecuador = 1 (Rostain 

2012), Tigre Perdido Cave and Palestina Cave, Peru = 2 (van Breukelen et 

al. 2008, Apaéstegui et al. 2014), and Pumacocha, Peru = 3 (Bird et al. 

2011). (B–C) Bathymetry maps of (B) Kumpaka and (C) Ayauchi with 

coring location denoted with a star (modified from Liu and Colinvaux 1988, 

Bush and Colinvaux 1988). (D–F) Google Earth satellite images of (D) 

Lake Kumpaka, (E) Lake Ayauchi, and (F) the proximity of the lakes to 

each other. 
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METHODS AND MATERIALS 

 

 

FIELD WORK AND CHRONOLOGIES 

 

LAKE KUMPAKA. An 18.0-m long sediment core was obtained in July 

2014 from 19.5 m water depth using a Colinvaux-Vohnout piston sampler (Fig. 

V.1, p. 168) (Colinvaux et al. 1999). The core was sealed in the field in 1-m 

sections, transported to Florida Institute of Technology, and stored at 4°C. As 

bedrock was not reached, the core represents the limit of coring capacity. The 

Kumpaka chronology was established from 15 terrestrial macrofossil remains 

(Table IV.1, p. 133). Radiocarbon dating was performed by the National Ocean 

Science Accelerator Mass Spectrometry Laboratory at Woods Hole Oceanographic 

Institution and calibrated using IntCal13 (Reimer et al. 2013). A Bayesian age-

depth model was generated using ‘bacon’ 2.2 source code for R (R Development 

Core Team 2018, Blaauw and Christen 2011). Moisture to the Amazon basin 

mainly originates from the northern Hemisphere subtropical Atlantic Ocean and a 

southern Hemisphere correction was thereby not needed (Vuille et al. 2003). The 

focus of this chapter is on the last 2460 years, or on the top 760 cm. 

LAKE AYAUCHI. A 1.7-m long core and a 0.83-m long core were 

obtained from 20 m water depth in July 2007 and June 2016, respectively (Fig. V.1, 

p. 168). The 2007 core was retrieved using a Colinvaux-Vohnout piston corer 

(Colinvaux et al. 1999) and the 2016 core was retrieved using a Universal 

percussion corer by Aquatic Research Instruments. The uppermost 30-cm of the 
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2016 core was extracted in 0.5-cm increments and bagged in the field. All other 

core sections were sealed in the field and transported to Florida Institute of 

Technology where they were stored at 4°C. As bedrock was not reached, the 

sediment cores represent the limit of coring ability. Ayauchi chronologies were 

established separately for the 2007 and the 2016 cores, where five (McMichael et 

al. 2011) and six bulk sediment samples were used, respectively (Table III.1, p. 80). 

The Intcal13 calibration curve (Reimer et al. 2013) was used as a southern 

Hemisphere correction was not required (Vuille et al. 2003). To construct the 

individual age-depth models, the ‘bacon’ package (Blaauw and Christen 2011) and 

the program R (R Development Core Team 2018) were used. Sediment cores were 

cross-correlated using changes in sediment stratigraphy and 14C dates to produce a 

single chronology. 

 

PALEOECOLOGICAL AND STATISTICAL ANALYSES 

 

For Lake Kumpaka, subsamples for pollen (n = 126; volume = 0.5 cm3) 

were taken at every 5 cm (0–530 cm core section) or at every 10–20 cm (530–760 

cm core section). For Lake Ayauchi, subsamples (n = 22; volume = 0.25 cm3) were 

taken at every 4–10-cm from the 2007 core and subsamples (n = 83; volume = 0.5 

cm3) from the 2016 core were taken at every 1-cm. Samples for pollen were treated 

according to standard methodology (Stockmarr 1971, Fægri et al. 1989), where the 

samples were spiked with exotic Lycopodium spores, treated with 10% HCl, 10% 
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KOH, 10% NaP2O7, and acetolysis (9:1 ratio of (CH3CO)2O and H2SO4) (as 

previously discussed in Chapter II, p. 32). In addition, sodium metatungstate heavy 

liquid flotation (density: 2.0–2.1 g/mL) was used to remove inorganic matter before 

the samples were mounted in glycerol. A minimum of 300 terrestrial pollen grains 

were counted in each samples and the Neotropical Pollen Database (Bush and 

Weng 2007), standard text for the region (Roubik and Moreno 1991, Colinvaux et 

al. 1999), and the reference collection at Florida Institute of Technology were used 

for identifications. After the completion of initial pollen counts, all pollen extracts 

were filtered using a 60 µm mesh and reanalyzed to search for maize grains (>75 

µm). Samples with maize phytolith presence data were combined with the maize 

pollen data. The pollen were grouped into three vegetational types according to 

their ecological assemblages to aid interpretation and comparison of sites (Gentry 

1996): i) old-growth forest and palms, ii) pioneer and secondary forest, and iii) 

herbs and grasses. At Lake Ayauchi, pioneer and secondary forest elements were 

excluded from the 300 terrestrial pollen sum because of their high abundance 

(caused by an over-abundance of Cecropia pollen) and to prevent the masking of 

the other groups. Pioneer and secondary pollen percentages were calculated based 

on the 300 terrestrial pollen sum. 

For Lake Kumpaka, subsamples for charcoal (n = 740, volume = 0.5 cm3) 

were taken at every 1-cm. For the 2016 Ayauchi core, subsamples (n = 165; volume 

= 0.5 cm3) were taken at every 0.5–1-cm. The charcoal from the 2007 core has 
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been published previously (McMichael et al. 2011) and was re-plotted using the 

updated chronology. ImageJ software (Rasband 1997) was used to calculate the 

surface area (mm2/cm3) of charcoal fragments. Fossil percentage diagrams were 

constructed using C2 (Juggins 2007). 

A multivariate analysis of pollen assemblages from both lakes using a 

detrended correspondence analysis (DCA) (Hill 1979) were performed using the 

‘vegan’ package (Oksanen et al. 2013) in R (R Development Core Team 2018). 

Bray-Curtis distance was used to calculate dissimilarity between each pollen 

assemblages to the modern pollen assemblange for each lake using the ‘vegan’ 

package (Oksanen et al. 2013) in R (R Development Core Team 2018).  
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RESULTS 

 

 

The eigenvalues of the first two DCA ordination axes were 0.266 and 0.116, 

suggesting that Axis 1 explained almost 2.5 the variance of Axis 2 (Fig. V.2). The 

positive extreme of Axis 1 was characterized by maize, grasses, and herbs. The 

negative extreme of Axis 2 was characterized by old-growth forest and palms. The 

positive extreme of Axis 2 was characterized by pioneer and secondary forest, 

whereas the negative extreme of Axis 2 was characterized by maize and herbs. In 

ordination space the samples from the two lakes form non-overlapping clusters. For 

Kumpaka, the Bray-Curtis distance showed a closer similarity to modern during 

periods with more disturbance, whereas Ayauchi had a closer similarity to modern 

during periods with less disturbance. 

 

LAKE KUMPAKA 

 

All radiocarbon ages were accepted to provide the chronology for the 18.0-

m long core, which spanned the last 5400 years (Table IV.1, p. 133; Fig. IV.2, p. 

134). This chapter focuses on the last 2460 years, represented by the top 760 cm. 

Old-growth forest and palms fluctuated between 30–90 % throughout the record 

where low representations were due to an assemblage replacement by pioneer 

forest, secondary forest, herbs, and grasses (Figs. V.3–V.4; for detailed description 

of individual pollen taxa, Chapter IV, p. 121–162; Fig. IV.5, p. 137–139). Herbs 

and grasses had abundances >10% during two uninterrupted periods at ca. 2050–
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1650 cal. yr BP and ca. 1150–850 cal. yr BP. Maize were identified at four 

different periods at ca. 2150–1550 cal. yr BP, ca. 1235–1190 cal. yr BP, ca. 1070–

680 cal. yr BP, and after ca. -15 cal. yr BP. Charcoal fragments were identified in 

13 of 740 samples, where 7 were of modern age. The remaining samples with 

charcoal were found at ca. 2115 cal. yr BP, 1765–1750 cal. yr BP, 720 cal. yr BP, 

and 520 cal. yr BP. 

 

 

 
Figure V.2. A detrended correspondence analysis plot of fossil pollen data from 

Lakes Ayauchi (purple) and Kumpaka (green), Ecuador. Sample scores on 

DCA Axes 1 and 2 are plotted and coded according to maize presence. 

DCA Axis 1 and 2 sample scores for both sites are also plotted against time. 

 

 



 

 

 
 

 

Figure V.3. Summary diagram for Lakes Ayauchi (green) and Kumpaka (black), Ecuador, plotted against time including 

fossil pollen vegetational groups (%), maize presence, proportion of samples with maize per century, charcoal 

(mm2/cm3), and Bray-Curtis curves. Light blue shading denotes times of known occupation of the Upano Valley, 

Ecuador (Rostain 2012), where gray shading denotes uncertain times of occupation. Charcoal at Lake Kumpaka are 

denoted with black arrows. 1
7
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Figure V.4. The ratio of mature forest pollen : open ground pollen, the proportion of samples with maize per century (number 

of samples per century is denoted by black values), and the presence of maize for Lake Ayauchi and Lake Kumpaka, 

Ecuador. Climate records from Tigre Perdido Cave (δ18O), Peru (van Breukelen et al. 2008), Palestina Cave (δ18O), 

Peru (Apaéstegui et al. 2014), and Lake Pumacocha (δ18O), Peru (Bird et al. 2011) are also plotted. Red shading 

denotes the timing of the Medieval Climate Anomaly (MCA) (Bird et al. 2011, Kanner et al. 2013, Ledru et al. 2013). 

Blue shading denotes the timing of the Little Ice Age (LIA) (Bird et al. 2011, Kanner et al. 2013, Ledru et al. 2013).
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LAKE AYAUCHI 

 

The radiocarbon ages from the 2007 and the 2016 cores were accepted to 

provide separate chronologies that together provided a robust chronology spanning 

the last 2460 years (Table III.1, p. 80; Fig. III.2, p. 81). Maize were found in 64 of 

105 samples, with most occurring between ca. 2430 and 580 cal. yr BP, with only 

sporadic records between 580 and 350 cal. yr BP. A resurgence of maize 

agriculture is evident in modern times. Maize were accompanied by high 

abundances of herbs and grasses (20–40 %) and the consistent presence of charcoal 

(Fig. V.3, p.175; Fig. V.4, p. 176; for detailed description of individual pollen taxa, 

Chapter III, p. 66–120; Fig. III.3, p. 83–84). Herbs and grass abundances did, 

however, decline to <5% at ca. 1350–1270 cal. yr BP, 1130–950 cal. yr BP, and 

after 550 cal. yr BP. During high abundances of herbs and grasses, old-growth 

forest and palms still represented at least 50% of the total pollen sum, which 

increased to 80% during times of low herb and grass abundances. Pioneer and 

secondary forest abundances remained high throughout the record (>50%) but two 

or three times the abundance followed major fire events. 
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DISCUSSION 

 

 

DO THE LAKE RECORDS FOLLOW SIMILAR TRENDS OF LAND-USE 

PATTERNS OR ARE THEY DIVERGENT? 

 

Located roughly 25 km apart (Fig. V.1, p. 168), the two lakes had different 

histories of human occupation, where Ayauchi was more heavily used in pre-

Columbian times than Kumpaka (Fig. V.3, p. 175). Lake Ayauchi was impacted by 

maize cultivation from the start of the record, ca. 2450 cal. yr BP, and signs of 

disturbance were consistently found until ca. 550 cal. yr BP, suggesting a 

continuous occupation of this site for almost 2000 years. At Lake Kumpaka, 

however, people appeared to move in and out of the landscape producing a 

temporally discontinuous signal of human occupation (Fig. V.3, p. 175). If the 

lakes followed similar general trends in land-use, I hypothesized that times of 

reduced land-use at Ayauchi coincided with times of abandonment at Kumpaka, and 

further that the presence of maize cultivation at Kumpaka corresponded to periods 

of increased land-use pressure at Ayauchi.  

The first sustained period of maize cultivation at Lake Kumpaka occurred 

between 2150 and 1550 cal. yr BP, which was followed by 300 years of 

abandonment and forest regrowth at the site. The cessation of maize agriculture and 

forest clearance at Lake Kumpaka coincided with a period of forest regrowth at 

Lake Ayauchi as abundances of open land elements decreased. Despite finding 
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maize and charcoal throughout this period of forest regrowth at Ayauchi, the 

proportion of samples containing maize declined.  

Between 1300 and 1150 cal. yr BP, samples containing maize increased 

again at Ayauchi along with a subsequent forest clearance resulting in reduced old-

growth forest abundances. At Kumpaka, maize grains were found between 1235 

and 1190 cal. yr BP, coinciding with increased land-use disturbance at Ayauchi. 

Reduced land-use and maize cultivation characterized the Ayauchi record between 

1150 and 1000 cal. yr BP, again concurrent with land-use abandonment at Lake 

Kumpaka. Maize reappeared at Kumpaka after 1070 cal. yr BP where maize 

cultivation and forest clearance were evident until ca. 750 cal. yr BP. Maize 

cultivation was, however, abandoned at Kumpaka prior to European arrival and the 

end of disturbance coincided with the abandonment of maize cultivation 

documented at Lake Sauce, another Amazonian site in the foothills of the Andes 

(Bush et al. 2016). Charcoal fragments were rare in the Kumpaka record whereas 

fragments were continuously found in the Ayauchi record. The difference in 

charcoal findings between sites suggest a divergence in preferred techniques used 

for land clearance, where instead of using fire at Kumpaka, slash-and-mulch was 

preferred. Mulching would have allowed the cut organic matter to decay on the 

surface of the soil, thereby provide a slower but more sustained release of nutrients 

to the soil, and decreased weed germination (Joslin et al. 2011, Arroyo-Kalin 2012, 

van Vliet et al. 2013). It is possible that the conditions for fire use were not as 
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favorable at Kumpaka compared with Ayauchi, but the findings of charcoal 

fragments at ca. 2120 cal. yr BP, 1770 cal. yr BP, 710 cal. yr BP, and 480 cal. yr 

BP suggest that some burning was indeed used in pre-Columbian times at 

Kumpaka. That the inhabitants of Ayauchi apparently practiced slash-and-burn, 

while those of Kumpaka favored slash-and-mulch, raises the possibility that these 

were culturally separate groups. 

Despite continuous maize cultivation throughout the Ayauchi record until 

550 cal. yr BP, old-growth forest elements remained high (>50%) and their 

abundance bore remarkable similarities to the old-growth forest and palm 

abundances of the Kumpaka record (Fig. V.3, p. 175). Both sites gained forest 

cover in the last 500 years, but it was rare for the proportion of forest and palm 

pollen to fall below 50% at either site. People are actively occupying the landscapes 

today, corresponding well with the paleoecological records showing signs of 

modern-day disturbance. The Bray-Curtis distance indicated that Lake Ayauchi was 

more disturbed in pre-Columbian times compared with modern time disturbance. 

Times of forest recovery after 550 cal. yr BP at Ayauchi were more similar to 

modern day land-use than past land disturbance. At Kumpaka, times of past land 

disturbance were most similar to modern day vegetation assemblages whereas 

periods of forest regrowth were the most dissimilar, suggesting a lesser disturbance 

in pre-Columbian times at Kumpaka compared with Ayauchi. 
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 The persistent history of forest cover during the last 2460 years does not 

support or provide new evidence of the extensive forest clearing and manipulation 

consistent with the manufactured landscape hypothesis (Erickson 2000a). Rather, 

the maintenance of forest was consistent with other lowland sites, suggesting that 

despite a long history of occupation for Ayauchi, forest clearings were essentially 

local or small scale (Bush et al. 2007a, Carson et al. 2014, Kelly et al. 2018). Peak 

land disturbance did not coincide with European arrival ca. 400 cal. yr BP, and 

cultivation pressures had instead started to decline ca. 200–300 years earlier at both 

of these sites. Indeed, there was no sign of a steady growth of occupation 

interrupted by European arrival at Ayauchi, rather occupation appeared to have 

been consistently present between 2450 and 550 cal. yr BP, with waves of 

enhanced activity, followed by reduced use after 550 cal. yr BP. At the less 

occupied site, Kumpaka, periods of maize cultivation coincided with enhanced 

land-use at Ayauchi.  

By being located next to the Santiago River, the connectivity to other 

societies and resulting trading options probably made Ayauchi a premiere setting; 

one that was more attractive for long-term settlement than Kumpaka. It is possible 

that during the best conditions for cultivation, inhabitants of Ayauchi expanded 

their influence to new areas, which may have included Kumpaka. The expansion of 

Kumpaka cultivation at ca. 1100 cal. yr BP occurred during a time of forest 

regrowth at Ayauchi. It is possible that this apparent mismatch is simply a product 
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of dating error, but it could also be a real response. There does not seem to be a 

unifying climatic signal indicating why Kumpaka should have been occupied at this 

time, which leaves society-based explanations. Conflict within the Ayauchi group 

may have fractured the occupants, forcing one group to leave. Alternatively, an 

invasion that displaced the occupants of Ayauchi into the less preferred Kumpaka 

basin or the differing responses to an external threat in which part of the population 

moved to seek seclusion at Kumpaka, are all possibilities that need to be tested 

using the archaeological record. 

 

DO TIMES OF HUMAN ACTIVITY CORRESPOND TO KNOWN 

ARCHAEOLOGICAL FINDINGS OF THE REGION? 

 

The nearest excavated archaeological site to Lakes Ayauchi and Kumpaka is 

a mound complex situated in the Upano Valley (900–1000 m elevation) near 

Macas, Ecuador, approximately 150 km northwest of Ayauchi (Figs. I.5–I.6, p. 17–

18). At its peak, the occupation of the Upano Valley was dense, consisting of a 

concentration of mound complexes, villages, roads, and squares that was first 

investigated by Porras (1987) and more recently by Rostain (2012).  

Communities identified as the Sangay culture were the first known 

occupants of the Upano Valley, beginning ca. 2650 cal. yr BP (Fig. V.3, p. 175) 

(Rostain 2012). After about 200 years, different ceramic traditions indicate the 

arrival of the Upano culture, who built mounds in the valley between 2450 and 

2150 cal. yr BP. In some localities of the valley, the Upano culture was replaced by 
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the Kilamope culture (Rostain 2012), which had similar pottery to that of the 

Upano culture, but differed in decoration techniques. Sometime between 1550 and 

1350 cal. yr BP, the Upano Valley was abandoned. Ash layers were found above 

the Upano level during the archaeological excavations (Rostain 2012), suggesting 

that the area was abandoned after an eruption of the Sangay volcano (2.00˚S, 

78.34˚W; 5230 m elevation). Sangay remains the most active volcano in the 

northern volcanic zone of the Andes (Monzier et al. 1999). The ash layers (~10 cm 

thick) were found in all northern excavation sites but became progressively thinner, 

disappearing in the most south-located sites (Rostain 2012). Arguing that the valley 

was abandoned immediately after the eruption is reasonable, but it is less evident 

why there was no re-occupation of the setting for ~200 years. The Upano Valley 

was an important center of activity for both pre-Columbian and colonial 

populations on the boundary between highland and lowland (Rostain 2012), and 

was characterized by fertile soils and connectivity via the Upano River, a tributary 

of the Santiago River. The Upano Valley was abandoned until 1150 cal. yr BP, and 

it seems probable that an additional factor beyond volcanism limited the 

desirability of the setting. The recolonization of the valley at 1150 cal. yr BP was 

by members of the Huapula culture, who used the preexisting mounds as 

homesites. This group occupied the valley until ca. 750 cal. yr BP.  

The history of occupation of the Upano Valley shows some commonalities 

with those of Ayauchi and Kumpaka. Kumpaka shows the most discontinuous 
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occupation, which probably indicates that it was the least preferred of these sites, 

and therefore the most sensitive to abandonment under deteriorating conditions. 

The abandonment of Kumpaka and the Upano Valley (probably) coincide at ca. 

1650 cal. yr BP and the reoccupation of both settings at ca. 1150–1050 cal. yr BP 

and subsequent abandonment at 750 cal. yr BP are again coincident within 14C 

error. I have identified the linkage with dry events as providing optimal conditions 

for human occupation. The movements of people through these landscapes is 

undoubtedly complex, with societal, climatic and volcanic forces playing roles at 

varying times and in various places. A unifying element does appear to be the 

lessened intensity of land-use ca. 750 cal. yr BP that is consistently shown to be the 

onset of wetter conditions (Bird et al. 2011, Kanner et al. 2013, Thompson et al. 

2013). 

  

DO CHANGES IN CLIMATE CAUSE REGIONAL CHANGES IN LAND-USE? 

 

I compared the paleoecological records of Lakes Ayauchi and Kumpaka 

with isotopic data from Tigre Perdido Cave (van Breukelen et al. 2008), Palestina 

Cave (Apaéstegui et al. 2014), and Lake Pumacocha (Bird et al. 2011), Peru, to get 

an approximate history of precipitation in the region (Fig. V.4, p. 176). Drier 

conditions were reported from the δ18O record of Tigre Perdido Cave between 2350 

and 1150 cal. yr BP (van Breukelen et al. 2008), coinciding with the period of 

active maize cultivation at Lake Kumpaka ca. 2150–1550 cal. yr BP. The decline of 



185 

 

 
 

land-use disturbance at Ayauchi and co-occurring abandonment of maize 

cultivation at Kumpaka at ca. 1550–1300/1235 cal. yr BP and ca. 1150–1000 cal. yr 

BP occurred during a climatic period of increased precipitation documented by 

both Tigre Perdido Cave and Palestina Cave (van Breukelen et al. 2008, Apaéstegui 

et al. 2014).  

 Before 1000 cal. yr BP, inhabitants of both lakes appeared to take 

advantage of drier periods and increased their land-use pressure. The next 

millennium followed the same trends, where increased land-use pressure 

characterized the records during the Medieval Climate Anomaly (1000–700 cal. yr 

BP) (Bird et al. 2011, Kanner et al. 2013, Ledru et al. 2013). Very strong droughts 

recorded in the Palestina Cave record coincided with increased fire peaks at 

Ayauchi and the highest abundances of open land elements at Kumpaka.  

With the return of wetter conditions after ca. 550 cal. yr BP that continued 

to ca. 150 cal. yr BP, documented by the Pumacocha δ18O record and the 

occurrence of the Little Ice Age (400–150 cal. yr BP), maize cultivation at 

Kumpaka ceased ca. 750 cal. yr BP and at Ayauchi ca. 550 cal. yr BP. Old-growth 

forest elements increased almost simultaneously at both sites, suggesting that even 

though maize cultivation at Ayauchi continued for almost 200 years longer than at 

Kumpaka, there were already signs of forest regrowth and decreased land-use 

pressure at Ayauchi, coinciding with the last signs of maize at Kumpaka.  
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The corollary to this research question is do changes in land-use cause 

changes in climate? A persistent suggestion has been that landscapes were 

progressively deforested until European arrival, at which point rapid forest 

regrowth withdrew so much carbon from the atmosphere that it triggered the Little 

Ice Age (Nevle and Bird 2008, Dull et al. 2010, Koch et al. 2019). My data suggest 

much more complex histories of land-use than this hypothesis suggests and that 

forest recovery took place prior to European arrival. Indeed, the few Amazonian 

sites that have high enough-resolution data to investigate this question are the three 

lakes included in this dissertation, and those of Lakes Pomacochas (Bush et al. 

2016) and Sauce (Bush et al. 2016, 2017), and new data from Lake Pata, Brazil 

(Nascimento et al. in review). All of these records show a recovery of forest prior 

to European arrival in the Americas, or in the case of Pata no significant change in 

biomass during the Holocene. The available data, therefore contradict the assertion 

that Amazonian reforestation underlay the onset of the LIA. 
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CONCLUSIONS 

 

 

The paleoecological records from Lakes Kumpaka and Ayauchi, located 

approximately 25 km apart in Ecuador, provided a 2460-year history of regional 

pre-Columbian occupation. The occupational records of Lakes Ayauchi and 

Kumpaka were also compared with human occupation documented from the Upano 

Valley, Ecuador, approximately 150 km northwest of Ayauchi. Lake Ayauchi was 

more heavily used in pre-Columbian times than Lake Kumpaka, and signs of forest 

disturbance and maize cultivation were continuously found until ca. 550 cal. yr BP. 

At Lake Kumpaka, however, maize cultivation was only documented at ca. 2150–

1550 cal. yr BP, 1235–1190 cal. yr BP, and 1070–750 cal. yr BP, coinciding with 

enhanced land-use at Lake Ayauchi and periods of known occupation of the Upano 

Valley. Abandonment of maize cultivation at Lake Kumpaka further coincided with 

periods of decreased land-use at Lake Ayauchi and abandonment of human 

occupation at the Upano Valley. At both Ayauchi and Kumpaka, old-growth forest 

elements remained high throughout the record with values >50%, suggesting a 

continuous forest in the region for the last 2460 years. Reduced land-use at Lake 

Ayauchi and the abandonment of Lake Kumpaka and the Upano Valley coincided 

with periods of wetter conditions whereas increased land-use coincided with drier 

periods. Climate appears to have affected all three sites as pre-Columbian people 

took advantage of drier periods to increase their cultivational footprint. Wetter 
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conditions in the region were, however, characterized by diminished land-use or by 

abandonment. 
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CHAPTER VI 

 

SYNTHESIS AND CONCLUDING REMARKS 

 

 

This dissertation improved our understanding of pre-Columbian occupation 

and land-use activities during the past 2100–2500 years in the tropical mid-

elevational Andes and lowland western Amazonia. I focused on the connection 

between vegetation dynamics, fire activity, human occupation, and drier climates. 

High-resolution pollen, phytolith, charcoal, sediment chemistry, and diatom data 

provided detailed paleoecological records of land-use and connections to climatic 

patterns. 

Lake Condores, in the cloud-forest of Peru (Chapter II), provided a mid-

elevational perspective of the land-use history of a region that has been transformed 

by pre-Columbian civilizations, including the Chachapoya and the Inca (Church 

and von Hagen 2008, Muscutt et al. 1994, Nystrom et al. 2005, Guengerich 2014). 

Important archaeological remains have been found adjacent to the lake, including 

more than 200 mummies and the ruins of a Chachapoyan village, which consisted 

of more than 100 homesites (von Hagen 2002, Wild et al. 2007, Cherkinsky and 

Urton 2014). The archaeological remains from the valley have been radiocarbon 

dated to between 800 calibrated years before present (hereafter cal. yr BP) and 350 

cal. yr BP. When my record began at ca. 2085 cal. yr BP, the Condores Valley was 

already being used for maize cultivation (Fig. VI.1).  



 

 

 
 

 

 

Figure VI.1 Herb and grass abundances (%), maize presence, and charcoal abundances (mm2/cm3) for all lakes analyzed in 

this study: red = Lake Condores, Peru, 2800 m elevation; green = Lake Kumpaka, Ecuador, 333 m elevation; and blue 

= Lake Ayauchi, Ecuador, 300 m elevation. The climate records from Quelccaya Ice Cap, Peru (Thompson et al. 

2013); Palestina Cave, Peru (Apaéstegui et al. 2014); Tigre Perdido Cave, Peru (van Breukelen et al. 2008); Lake 

Pumacocha, Peru (Bird et al. 2011); and Lake Pallcacocha, Ecuador (Moy et al. 2002) are also shown. 
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This observation confirmed that there were at least nine centuries of forest 

clearance, burning, and maize cultivation before the recognized onset of 

Chachapoyan cultures at ca. 1150 cal. yr BP (Church and von Hagen 2008). 

Intensified episodes of land-use were associated with unusually dry periods 

suggesting that the site became more attractive for human occupation under drier 

conditions. With the transition between the indigenous Chachapoya culture and the 

invading Inca, there was a peak of burial activity between ca. 500–370 cal. yr BP. 

Starting as early as 1150 cal. yr BP there had been a transition toward less maize 

cultivation inside the valley, less pollution of the lake and forest recovery. By 750 

cal. yr BP forests had regrown, and the record provides only sporadic evidence of 

maize cultivation thereafter. This transition in land-use coincided with a long-term 

shift to increasing precipitation where the valley likely became too wet to sustain 

an active cultivation of maize.  

Lake Kumpaka in western Amazonian Ecuador (Chapter IV) provided a 

history of discontinuous human activity where maize cultivation was present in the 

record at ca. 2150–1550 cal. yr BP, ca. 1235–1190 cal. yr BP, and ca. 1070–680 

cal. yr BP. Land-use activities were associated with increased forest clearance and 

high grass abundances, whereas apparent site abandonment was characterized by 

forest regrowth and no maize. Approximately 25 km southwest, Lake Ayauchi in 

Ecuador (Chapter III), had a history of continuous maize cultivation although some 

periods appeared more intensively used than others. Following a declining trend in 
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land-use for ~250 years that began at ca. 650 cal. yr BP at Ayauchi, site 

abandonment appeared to coincide with European arrival. In a comparison of these 

two western Amazonian lakes (Chapter V), evidence was provided to suggest that 

the human disturbance of the two lakes followed similar patterns in land-use and 

occupation, seemingly coinciding with drier and wetter periods. The consequences 

of these climatic events varied, however, between the two sites as wetter periods 

led to abandonment of cultivation at Kumpaka, only to cause a reduced intensity of 

maize cultivation at Ayauchi. 

An explanation for the variation in land-use between the two lakes that lie 

just 25 km apart, could be their proximity to major trade routes, which in pre-

Columbian Amazonia and eastern Andes primarily followed rivers and river 

valleys (Church and von Hagen 2008). Lake Ayauchi is strategically located on a 

raised bench above the Santiago River, a tributary to the Marañon River. This 

proximity to a river would have provided the inhabitants of Ayauchi with an 

uninterrupted connection to both the Andean highlands upstream and the lower 

Amazonia downstream, which probably made Ayauchi attractive for long-term 

settlement. In contrast, Kumpaka lay in a more isolated location, further from a 

navigable river, and without an obvious connective corridor to either the highlands 

or lowlands. It is possible that inhabitants of Ayauchi expanded their influence to 

new areas, including Kumpaka, during the best conditions for cultivation. The 

expansion of cultivation at Kumpaka ca. 1100 cal. yr BP, however, occurred during 
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a time of forest regrowth at Ayauchi and there appears not to be a unifying climate 

signal offering an explanation as to why land-use expansion would occur at 

Kumpaka but not at Ayauchi. The difference could be a mere product of dating 

error, but it is possible that the divergence represents a real cultural response caused 

by society-based explanations. Conflicts or invasions may have caused the 

population at Ayauchi to splinter and forced relocation. It could be that Kumpaka 

formed a safe haven, and that its lack of connectivity, normally an impediment, 

became an advantage during times of social upheaval, when the riverside location 

of Ayauchi may have been too exposed for safety.  

The closest major archaeological site to Ayauchi (and Kumpaka) is located 

in the Upano Valley, Ecuador, approximately 150 km northwest of Ayauchi 

(Rostain 2012). These sites are connected by navigable rivers as the Upano River is 

a tributary of the Santiago River. Times of known occupation of the Upano Valley 

centered on ca. 2450–1550/1350 cal. yr BP and 1150–750 cal. yr BP (Rostain 

2012), coincident with periods of maize cultivation at Lake Kumpaka and increased 

land-use pressure at Lake Ayauchi (Chapter V). Further, the apparent abandonment 

evident from the archaeological record at the Upano Valley co-occurred with land-

use abandonment at Kumpaka and decreased land-use and forest regrowth at 

Ayauchi. The abandonment of the Upano Valley between 1550/1350 cal. yr BP and 

1150 cal. yr BP has been connected to a volcanic eruption of the Sangay volcano 

(Rostain 2012). No ash layers were, however, found in the lake cores of Ayauchi 
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and Kumpaka and it is unknown if the eruption also affected the populations of 

these two lakes. An alternative explanation is that it was not vulcanicity but a wet 

event that caused the abandonment of Upano. 

In an even broader comparison, the lowland sites in this study appear to 

follow the same trends as the montane site of Lake Condores, suggesting that all 

three lake sites were affected and responding to the same climatic forces (Moy et 

al. 2002, van Breukelen et al. 2008, Bird et al. 2011, Kanner et al. 2013, Thompson 

et al. 2013, Apaéstegui et al. 2014). Periods of intensified land-use coincided 

between records (Fig. VI.1, p. 190), where both the mid-elevational site Condores 

and the lowland sites Ayauchi and Kumpaka appeared to have experienced 

increased deforestation during drier phases. At Lake Condores, increased land-use 

pressure was associated with unusually dry periods, whereas forest recovery 

occurred during wetter times. While evidence of movement in and out of the valley 

was inferred based on relatively short-term climatic oscillations, a long-term trend 

toward wetter conditions appears to be related to the use of the valley switching 

from maize cultivation to become a sacred setting and burial site. Peaks of 

deforestation at Lake Ayauchi and periods of maize cultivation at Lake Kumpaka 

show striking temporal similarities with the Condores record. These data provide 

compelling evidence that human disturbance and maize cultivation at these sites 

were favored by the occurrence of dry conditions, and were indeed affected by the 

same regional forces. Weaker climatic signatures, such as the pseudo-cyclic effects 
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of El Niño–Southern Oscillation (ENSO), in western Amazonia, have been 

reported to be absorbed by natural systems, resulting in a silent ENSO signal under 

natural conditions (Bush et al. 2017). Human activity, however, can increase the 

erosional input to a basin and has been shown to amplify these climate signals, 

thereby making them detectable in paleoecological records (Bush et al. 2017). This 

same pattern was evident in the wavelet analysis of data from Lakes Condores and 

Kumpaka. Times of deforestation and land-use disrupted natural buffering systems 

and produced windows of apparent ENSO activity, whereas the intact forest 

reduced the detectability of these climate signals. At Condores, the XRF data were 

the most finely resolved of our datasets, but its resolution was not fine enough to 

reveal individual ENSO periodicities (2–7 years). Nevertheless, the wavelet 

analysis of the titanium inputs revealed 16- and 96-year cycles that were 

statistically significant between 2000 and 1100 cal. yr BP, which could indicate 

multiples of ENSO, Atlantic Decadal Oscillation activity, or Pacific Decadal 

Oscillation activity. The higher-resolution grayscale record of sediment color from 

Kumpaka revealed a 2–16-year periodicity at ca. 2450–1550 cal. yr BP, 1350–1200 

cal. yr BP, and 950 cal. yr BP to modern. These windows of activity could have 

been a true reflection of ENSO, but as these trends did not align with other 

purported ENSO records (Moy et al. 2002, Rein et al. 2004, Conroy et al. 2009). 

Instead the trends aligned with periods of land clearance and cultivation at the 

individual sites, suggesting that human amplification seems to be a better 
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explanation than ENSO variance. I conclude that human actions induced an ENSO-

like erosive signal, in two out of three of my settings, as a result of amplifying 

interannual rainfall variability. The third record, that of Ayauchi may well have 

shown the same pattern, but there were not sufficiently high-resolution proxies to 

test that hypothesis.    

With low natural inputs of grass pollen (<3%), increased abundances of 

grasses in these settings are clear indications of human disturbance and land-use. 

All sites, however, had high values of old-growth forest elements with values 

>40%, even during times of intensified land-use activity and increased 

deforestation. The size-frequency distribution of grass pollen has been shown to be 

habitat specific in South America, where smaller grass grains commonly are 

associated with grasslands or disturbed environments (Radaeski et al. 2016). All 

three lakes had the same general trends in grass-size distribution, where larger sizes 

were associated with times of high forest abundance or forest regrowth, and smaller 

sizes were associated with times of land disturbance. Periods of increased land-use 

were further characterized by enhanced eutrophic lake conditions, a dominance of 

nutrient-requiring diatoms, and high inputs of terrigenous material.  

No site showed a steady growth of human occupation interrupted by 

European arrival. Instead, land-use was characterized by waves of increasing 

cultivation and clearance followed by less intense land-use, shift in land-use, or 

abandonment. Rather than peaking at European arrival, land-use appears to have 
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peaked before 650 cal. yr BP. Pre-Columbian land-use at these wetter sites appears 

to have been promoted by drought, whereas wetter intervals forced people away 

from these settings or to change their land-use. Although neo-environmental 

determinism has fallen from favor among archaeologists, my data demonstrate the 

importance of climate in shaping pre-Columbian land-use. 
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STRATIGRAPHY OF LAKE KUMPAKA 

 

 

 

 

 

Figure 1. Stratigraphy legend for the lake sediment core of Kumpaka, Ecuador. 
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Figure 1. Continued. 
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Figure 1. Continued. 



228 

 

 
 

 

Figure 1. Continued. 



229 

 

 
 

 

Figure 1. Continued. 



230 

 

 
 

 

Figure 1. Continued. 



231 

 

 
 

 

Figure 1. Continued. 



232 

 

 
 

 

Figure 1. Continued. 



233 

 

 
 

 

Figure 1. Continued. 



234 

 

 
 

 

Figure 1. Continued. 



235 

 

 
 

 

Figure 1. Continued. 



236 

 

 
 

 

Figure 1. Continued. 



237 

 

 
 

 

Figure 1. Continued. 



238 

 

 
 

 

Figure 1. Continued. 



239 
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