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ABSTRACT 
 

VEGETATION RESPONSE TO INTENSE HOLOCENE DRY EVENTS IN THE 

ANDES AND AMAZON BASIN 

 

by Majoi de Novaes Nascimento,  

B.S., University of Guarulhos, 2006 

M.S., Botanical Institute of São Paulo, 2012 

 

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

 

By using the natural laboratory of past climate change I ask: How resilient 

are extant tropical forest ecosystems to climatic forcing? Do tropical forests 

systems show gradualistic or threshold responses to past climate change? How do 

climate forcings change floristic composition? And do humans amplify or suppress 

the effects of natural climate variability through land use? My study is set in 

western Amazonia and in the eastern flank of the Andes, regions renowned for high 

endemism and cultural importance. The time scale of the study spans the Mid-

Holocene Dry Event (MHDE, c. 9000 to 4000 years ago), arguably the most 

drought-prone period of the last 100,000 years. By analyzing the vegetation 

response to the MHDE, obtained from fossil pollen of lake sediments from 

different settings, I investigate the direction and intensity of vegetation change at 

regional and local scales. This period was formative in animal domestication and in 
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the onset of crop cultivation, yet is poorly studied compared with the Late 

Holocene.  

I present a 12,670-yr limnological history from Lake Miski, a high elevation 

lake in the Peruvian Andes. While many shallow Andean lakes dried up during the 

mid-Holocene, Lake Miski was a constant feature in the landscape. Fluctuations in 

the diatom communities tracked insolation, but interactions with the Pacific Ocean 

may have played a role in structuring local climate. Due to the presence of a forest 

microrefugium, Lake Miski appeared unusually climatically stable during the 

MHDE. My new limnological information provides additional insights as it shows 

that the presence of the forest withstood fluctuations that induced state changes in 

the lake and in the diatom flora during the MHDE, underscoring that microrefugia 

do not equate to ‘unchanging’ hydrologies or climates. 

I also present a high-resolution 8500-yr paleoecological history of Lake 

Llaviucu, a mid-elevation lake at a wet section of the Ecuadorian. The MHDE was 

expressed at the lake setting, but surprisingly, more strongly in the vegetation than 

in the diatoms. A trajectory of increasing use by humans seems to have peaked in 

terms of maize production between c. 2900 and 800 years ago, and thereafter 

pastoralism was of increased importance until European arrival disrupted the 

system. There is little doubt that the Llaviucu Valley is a manufactured landscape, 

but the changes observed were primarily in the balance of species abundances 

rather than in the obvious change in forest structure or through the addition of 
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species. Maize was introduced, but this was of such local occurrence that it is not 

considered to be part of the larger assemblage. The manufactured landscape does 

not appear to be either a no-analog assemblage or a novel community.  The same is 

true for the diatom assemblages, although the recent planktonic-dominated system 

is without parallel in the prior 9000 years. 

Lastly, I present a high-resolution core spanning 7600 cal yr BP from the 

wettest section of Amazonia. At Lake Pata, Brazil, the geochemistry of sediments 

indicated that between c. 6500 and 3600 years ago lake levels dropped. Despite 

apparent increases in drought stress, only a few species replacements and minor 

fluctuations in abundance were observed. This vegetation stability indicates that 

even in this edaphically dry setting, where soils cannot buffer dry events, 

vegetation does not change linearly with geochemistry. This observation needs to 

be incorporated into climate models that include soil-vegetation feedbacks, as 

Amazonia may be more resistant to climate change than is currently assumed.  

Much of the long-term resilience observed in these systems was attributed 

to a lack of human influence. The apparent capacity to withstand climate change is 

encouraging, but these systems are sensitive to fire, and if human-set fires were to 

be introduced, the forest destruction from fire would almost instantly overwhelm 

any resilience to climate change. 
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CHAPTER I 

 

SCOPE OF THE RESEARCH 

 

INTRODUCTION 

 

Ongoing and future anthropogenic climate change poses one of the greatest 

threats to biodiversity, affecting species distributions and ecological interactions. In 

the Andes and in the Amazon, climatic changes are expected to disrupt 

precipitation patterns and, of particular concern, to increase the intensity and 

frequency of droughts (Jiménez-Muñoz et al., 2016; Marengo et al., 2016; Parsons 

et al., 2018). Such changes have the capacity to turn the Amazon basin from a 

global carbon sink to a carbon source (Aragão et al., 2018). 

Droughts in Amazonia have been documented to cause widespread tree 

mortality affecting both emergent canopy (Laurance et al., 2004) and understory 

trees (Esquivel‐Muelbert et al., 2019). These events dry out the forest floor and 

promote the spread of fires set, deliberately or accidentally, by humans (Nepstad et 

al., 2004), burning forests that have no adaptation to fire. For example, a single fire 

event in central Amazonia led to reduced forest biomass, and a complete turnover 

of ground nesting bird species (Barlow et al., 2003; Barlow and Peres, 2008). Tree 

mortality continued for some years after the fire. Three fires in a decade affecting 
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the same area, led to the loss of most woody biomass and a transition to savanna 

habitat (Barlow et al., 2003). 

Yet the response of ecosystems to intense dry events is not well understood. 

The driest period of the last 100,000 years in the central Andes was the Mid-

Holocene Dry Event (MHDE), c. 9,000 to 4,000 calibrated radiocarbon years 

before present (hereafter cal. BP). This event triggered major biological and 

cultural changes, such as mass migrations (Núñez et al., 2001; Marsh, 2015), 

artificially created wet agroecosystems (Dillehay et al., 2005) and, perhaps, animal 

domestication (Baied and Wheeler, 1993). The MHDE offers some parallels to 

expected future climate changes (Urrutia and Vuille, 2009a), providing valuable 

insights into what might be expected in terms of changes in species ranges and 

required cultural adaptations in the coming century.  

 Between c. 9000 and 4000 cal. BP the South American Summer Monsoon 

(SASM) weakened, bringing less rain to the Andes.  Reduced precipitation 

coinciding with insolation maxima and reduced precipitation:evaporation ratios 

caused regional lake levels to fall (Seltzer et al., 2000b; Theissen et al., 2008; 

Abbott et al., 2000). Lake Titicaca lost half its volume, and many Amazonian and 

Andean lakes dried up completely. A case in point was Lake Consuelo, at 1300 m 

elevation, which had held water continuously for the preceding 35,000 years, dried 

up during this period (Urrego et al., 2010; Bush et al., 2004b; ). Many other lake 

records contain a similar sedimentary hiatus spanning the mid-Holocene, e.g. the 

Refugio lakes (Urrego et al., 2011), Chaplin and Bella Vista lakes in Bolivia 
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(Mayle et al., 2000), or show a shift to shallower conditions, e.g. Pacucha (Valencia 

et al., 2010), Lagunillas and Umayo (Ekdahl et al., 2008). Other lakes only provide 

a sedimentary record that begins after the mid Holocene, e.g. Lake Kumpaka, 

Ecuador (Liu and Colinvaux, 1988), Gentry, Vargas and Parker, Peru (Bush et al., 

2007b). Lakes that provide uninterrupted sequences show quite varied responses, 

presumably reflecting combinations of local hydrological stress, regional climatic 

patterns, and human landuse. At Laguna Chochos, at 3300 m, cloud forest was 

replaced by Polylepis woodland (Bush et al., 2005a), whereas at Lake Llaviucu 

(aka Surucucho), at 3150 m, almost no change was observed (Colinvaux et al., 

1997). Preliminary data suggested that in Northwestern Amazonia the signal of the 

MHDE was weak or absent, usually manifested as forest disturbances, instead of 

ecosystem substitution (Irion et al., 2006; Bush et al., 2004a; Weng et al., 2002). 

By comparison larger rearrangements of vegetation appear to have been the norm 

in southern Peru and Bolivia.    

 The MHDE is known to have caused humans to abandon the Atacama Desert 

(Núñez et al., 2002), but the impact of the MHDE on humans occupying more 

mesic systems is not known. Indeed, the extent to which humans modified 

Amazonian ecosystems is actively debated (Heckenberger et al., 2008; 

Heckenberger et al., 2003; McMichael et al., 2012; Clement et al., 2015), but there 

is far less debate over their impacts on the central Andes. The onset of cultivation 

has been linked to the more settled, warmer, climate and higher partial pressure of 

atmospheric CO2 of the Holocene compared with the Pleistocene (deMenocal, 
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2001). The earliest evidence of cultivation in South America is that of squash, 

beans, and peanuts at c. 11,000 cal. BP in coastal Ecuador (Piperno and Stothert, 

2003). The spread of cultivation into the Andes may have taken millennia as the 

earliest evidence of Andean cultivation, macrofossils of squash, is found in Peru at 

9000 cal. BP (Dillehay et al., 2007). 

 What makes the MHDE so interesting from an anthropological perspective is 

that this is an explosive period of agricultural innovation and changing landuse. 

Within this period maize is introduced to the Andes and Amazon (Bush et al., 

2016; Bush et al., 1989; Brugger et al., 2016). In the Andes especially, agriculture 

spread in many regions resulting in manufactured landscapes by 4000 cal. BP. 

Throughout this period, humans were changing the landscape through burning, 

replacement of wild with domesticated animal populations, and movement of 

species to new regions (Bush et al., 2007b; Bush et al., 1989). The opening of new 

niches and the extensive use of some fruits may also have favored the increase in 

abundance of pioneer or useful species (Levis et al., 2012). Hence the MHDE spans 

the period in which humans make the transition from being minor environmental 

agitators to a dominating force changing Andean landscapes. 

 

SOUTH AMERICAN MODERN CLIMATE   

 

Precipitation in tropical South America is influenced by the strength of the 

South American Summer Monsoon (SASM). SASM in turn is influenced by the 
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position of the Inter-tropical Convergence Zone (ITCZ) and the intensity of the 

South Atlantic Convergence Zone (SACZ) in the subtropics (Garreaud et al., 2009).  

Although extreme migrations of the ITCZ can produce devastating floods or  

droughts over Amazonia and the Andes, there is a regular seasonal oscillation that 

is the pacemaker of seasonality. During the wet season (austral summer), the ITCZ 

is located in its southward position bringing moisture from the Atlantic Ocean to 

Amazonia, and producing intense rainfall. The moisture is then transported by a 

large-scale atmospheric circulation, the South American low-level jet (SALLJ), 

along the base of the Andes (Vuille et al., 2000c) and reaches the Atlantic Ocean 

again at about 18°S, near São Paulo, southeast Brazil. During the dry season 

(boreal summer), the ITCZ reaches its northward position and brings convectional 

rainfall to the northern tropics. In the austral winter, the SACZ is weakened and 

rainfall over northern Argentina and the southernmost part of Brazil increases 

(Garreaud et al., 2009; ). At this time, outbursts of cold polar air reach tropical 

latitudes bringing severe cold temperatures and frontal rains (Marengo and Rogers, 

2001; ).  

El Niño Southern Oscillation (ENSO) is the largest single cause of 

interannual climate variability globally (Garreaud et al., 2009). Irregular 

fluctuations of 2 to 7 years form a pseudocycle of negative and positive phases, the 

warm (El Niño) and cold (La Niña), respectively (Diaz and Markgraf, 1992). 

ENSO events result in extreme northern or southern positions of the ITCZ. 

Warming (cooling) of sea-surface temperatures in the eastern tropical Pacific 
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Ocean deflects the ITCZ southward (northward), toward the anomalously warm 

water. The local effect enhances (suppresses) rainfall over the semi-arid coast of 

Ecuador and Peru, and suppresses (enhances) rainfall over much of Amazonia 

(Garreaud et al., 2009). ENSO events generally last for 18–24 months with peaks in 

amplitude mostly occurring in the austral summer (December–February) (Grimm 

and Tedeschi, 2009).  

Today, insolation controls the latitudinal movement of the ITCZ by 

increasing the amount of moisture convergence over the continent during periods of 

increased land-sea temperature differences (Biasutti et al., 2003). Correspondingly, 

the long-term variations of precipitation observed in paleorecords from South 

America are frequently dominated by changes in insolation, thus being primarily 

driven by orbital forcing. Accordingly, the summer rain (SASM) is more intense 

when ITCZ is in its southernmost position. This pattern is observed in different 

proxy records from the Amazonia (Bush et al., 2002), the Andes (Baker et al., 

2001b; Mosblech et al., 2012b; Kanner et al., 2013; Nascimento et al., 2018), and 

southeastern Brazil (Cruz Jr. et al., 2005; Wang et al., 2006; Cruz Jr. et al., 2007).  

Changes in Sea Surface Temperatures (SSTs) and salinities of the North 

Atlantic Ocean that influence the position and strength of Atlantic meridional 

overturning circulation (AMOC) also induce climate change over South America 

(Wang et al. 2016). Such events are generally on the scale of multiple decades to 

millennia (Heinrich, 1988; Dansgaard et al., 1993; Bond et al., 1997). For example, 

cool SSTs in the North Atlantic decrease convective activity and evaporation and 
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cause a southward displacement of the ITCZ, which increases rainfall in tropical 

South America (Garreaud et al., 2009; Vuille et al., 2012). When the ITCZ is in its 

southerly position, northernmost South America (Peterson et al., 2000) and Asia 

(Wang et al., 2001; Yuan et al., 2004) are relatively dry, whereas these are 

registered as wet events in paleoeclimatic records from the Neotropics south of the 

equator (Wang et al., 2004; Cruz Jr. et al., 2005; Cruz Jr. et al., 2007; Stríkis, 2011; 

Mosblech et al., 2012b; Kanner et al., 2012; Cheng et al., 2013; Wang et al., 2007). 

 

HOLOCENE CLIMATE VARIABILITY IN SOUTH AMERICA 

 

The Holocene, our present interglacial, began c. 11,700 years ago (Walker 

et al., 2009) and is characterized by a warmer and more stable climate than that of 

the glacial period (Dansgaard et al., 1993). Within the Holocene period, however, 

high variability and abrupt climate fluctuations are evident (Mayewski et al., 2004; 

Bond et al., 1997). Holocene records provide evidence of abrupt changes in 

temperature, precipitation, and sea level. As these factors varied, so too did the 

distribution of organisms.  

 

BOND EVENTS: The abrupt climate changes observed during the 

Pleistocene that deposited ice-rafted debris (IRD) across the Atlantic, may have had 

equivalents in the Holocene (Bond et al., 1997). So-called Bond Events were 

periods of lowered SSTs and consequent changes in the AMOC. Although less 
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pronounced than in the previous epoch, the Holocene Bond events were suggested 

to have had peaks at about 1400, 2700, 4200, 5500, 8200, 9400, 10,300, and 11,100 

years ago (Fig. I.1), as intense cold conditions in the North Atlantic caused a 

weakening of AMOC and resulted in increased precipitation over South America. 

Globally, some of these events mark important climatic and cultural changes, for 

example the collapse of the Akkadian Empire in Mesopotamia (Weiss, 2016) and 

the suppression of coral-reef growth in the tropical Pacific (Toth and Aronson, 

2019), both potentially caused by the 4.2 ka Bond event (ka = thousand). 

Whether these events were truly manifested in mainland South America is 

open to question, but climatic shifts have been attributed to them, e.g. the 8.2 ka 

event was identified in Peruvian speleothem records (Cheng et al., 2009), and the 

Little Ice Age (LIA - A.D. 1400 to 1820) was detected in sedimentary and 

speleothem records from Peru (Bird et al., 2011b; Kanner et al., 2013). The 4.2 ka 

event was considered to be the mechanism causing pronounced Holocene 

environmental shifts from dry to wet conditions that marked the end of the MHDE 

(Marchant and Hooghiemstra, 2004) 

Nevertheless, many other records either report no strong signal with these 

events or signals of events that do not match Bond cycles (Stríkis, 2011; Baker et 

al., 2005; Baker et al., 2001b; Ekdahl et al., 2008). Of all the North Atlantic 

Holocene records, probably the strongest signature is associated with the Medieval 

Climate Anomaly (MCA - A.D. 900 to 1100), which is a dry period in South 
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America (Kanner et al., 2013; Bird et al., 2011b; Trouet et al., 2009; Lüning et al., 

2018).  

 

EL NIÑO SOUTHERN OSCILLATION (ENSO): Characterized by SST 

anomalies in association with uncharacteristic atmospheric circulation, the ENSO 

phenomenon involves changes in the Pacific Ocean via the Walker Circulation 

(PWC), and the Intertropical Convergence Zone (ITCZ). On longer time-scales 

ENSO is thought to be influenced by the phase and strength of the Pacific Decadal 

Oscillation (PDO) and the Atlantic Multi-decadal Oscillation (AMO) (Mantua and 

Hare, 2002; Dong et al., 2006). The PDO is an ENSO-like pattern of temperature 

changes in the Pacific, but occurring at frequencies of 15 to 25 years (Mantua and 

Hare, 2002). It is believed that PDO can intensify or diminish the impacts of ENSO 

according to its phase. When ENSO and the PDO are in the same phase, El 

Niño/La Nina impacts are magnified whilst if they are out of phase, they may 

prevent true ENSO impacts (Wang et al., 2014b). 

Because ENSO is primarily a Pacific Ocean phenomenon, paleoclimate 

records from the tropical Pacific region have been used as a measure of frequency 

and intensity of the event during the Holocene (Conroy et al., 2009; Cobb et al., 

2003; Cobb et al., 2013; Conroy et al., 2010; Conroy et al., 2008; Higley et al., 

2018). From an anthropogenic perspective, however, to understand the effects of 

ENSO on precipitation over land are as, if not more, important than understanding 

the marine signal. Besides, the strength with which the event manifests in the 
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Pacific does not necessarily translate to changes in precipitation over South 

America.  

Baker and Fritz (2015) suggest that ENSO should have very little influence 

over Amazonia, because there is no overt climatic linkage. Indeed, for anomalous 

SSTs to influence rainfall in Amazonia requires teleconnections that relay that 

climate signal via the Atlantic Ocean. Through these indirect effects, the intensity 

of ENSO events can be muted or amplified. Consequently, there is no linear 

relationship between Amazonian precipitation and Pacific Ocean SST anomalies 

(Baker and Fritz, 2015). Because of anomalously warm SSTs in the central Pacific 

and westerly wind patterns, for example, the 2015/2016 event was expected to be 

as strong as the 1997/98, with extreme heat and drought over most of Amazonian 

rainforests but only eastern Amazonia experienced drought (Jiménez-Muñoz et al., 

2016). The authors suggest that this wet-dry dipole is the response to a Central 

Pacific type of ENSO (Ashok et al., 2007; Takahashi et al., 2011). During this 

event, there was almost no change in precipitation in the Galapagos Islands. It 

seems that while the eastern Pacific produces significant warming in the tropical 

Atlantic through atmospheric teleconnections, the central Pacific fails to do so, 

inducing cooling in the northeastern tropical Atlantic and near-neutral conditions 

elsewhere in the tropical Atlantic instead (Amaya and Foltz, 2014). 

The role of the Atlantic SSTs in modulating ENSO is not well understood, 

but models suggest that the weakening in the AMOC may cause ENSO 

intensification through changes in the ITCZ position (Timmermann et al., 2007). 
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Paleorecords suggest that, this connection was, at least in part, the forcing 

mechanism causing the dry MCA and wet LIA (Graham et al., 2007; Higley et al., 

2018), although the absence of spatial or temporal consistency indicates multiple 

causing mechanisms (Higley et al., 2018). 

Millennial-scale variability in ENSO has been suggested to be associated 

with orbital changes (Clement et al., 1999; Moy et al., 2002), but its frequency and 

intensity are also remarkably variable throughout the Holocene. Although El Niño 

events are reported from a number of South American records in the Holocene 

(Moy et al., 2002; Conroy et al., 2008; Haug et al., 2001; Rein et al., 2005; 

Sandweiss et al., 2001), the timing of active and quiescent phases is inconsistent 

between records. Evidence from clastic laminae in lake sediments from Ecuador 

point to strong El Niño activity in the early Holocene, a lull, and then resumed 

activity after 7000 cal. BP (Moy et al., 2002) (Fig. I.1). In records from the 

Galapagos Islands and the tropical Pacific, however, diatom and foraminiferae 

analyses showed no increase in El Nino event frequency until 4500 cal. BP 

(Conroy et al., 2008; Koutavas et al., 2006; Haug et al., 2001). Archaeological 

analysis of coastal middens in Peru, mollusks from which past SSTs were inferred, 

suggested a maximum of El Niño activity occurring in the late Holocene, especially 

during the second and third millennia (Rein et al., 2005; Sandweiss et al., 2001). 

Clastic analysis of offshore drill cores provided a similar pattern of low ENSO 

activity in the mid-Holocene increasing in intensity in the late Holocene (Rein et 

al., 2005). 
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A commonality of all the studies is that modern style ENSO events were 

much weaker or absent during the MHDE. That the eastern equatorial Pacific 

Ocean had such reduced upwelling that it was 3-4 °C warmer than modern between 

5000 and 8000 has been suggested (Andrus et al., 2002).  Such a pattern could 

indicate a stronger westerly wind flow, which may have isolated the Altiplano from 

Amazon moisture flux (Theissen et al., 2008), i.e. prevented SASM from 

penetrating as far west. These ideas, however, are not universally accepted, and 

there are also advocates of increased La Niña (cold phase) activity during the same 

period (Gagan and Thompson, 2004; Tudhope et al., 2001).  

Another inconsistency between proxy records of ENSO relates to the 

frequency of events in the last millennium. The available records show different 

patterns of variation with data pointing to increased (Conroy et al., 2009; Cobb et 

al., 2003; Cobb et al., 2013; Kanner et al., 2013; Thompson et al., 2013; Thompson 

et al., 2017), decreased (Moy et al., 2002; Rein et al., 2005; Rodbell et al., 1999), or 

unchanged (Bird et al., 2011b; van Breukelen et al., 2008) frequency through time. 

An interaction that has not been tested adequately is the influence of human activity 

on these proxy measures of paleo-ENSO variability. In a sub-annually resolved 

record from western Amazonia, as cultivational activity intensified, the periodicity 

of laminations with ENSO-like characteristics became evident, indicating that 

humans amplify the latent climatic signal that was previously absorbed by natural 

processes (Bush et al., 2017a). 
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MID-HOLOCENE DRY EVENT (MHDE): The most significant climate 

event of the Holocene in South America however, was probably the MHDE (Fig. 

I.1). Thought to be caused by a weakening SASM, the MHDE lasted from ~ 9000 

to 4000 cal. BP (Fig. I.1), and triggered major biological and cultural changes, 

sometimes more abrupt than those observed during the glacial period (Hillyer et al., 

2009).  In the region of the Andes, this event is well documented (Thompson et al., 

1998; Seltzer et al., 2000b; Kanner et al., 2013; Paduano et al., 2003; Theissen et 

al., 2008; Abbott et al., 2000; Baker et al., 2001a; Ekdahl et al., 2008), with the 

most extreme example being Lake Titicaca, where diatom, geochemical and 

seismic evidence point to a drop in lake-level up to 100 m below present between 

6000 and 5000 cal. BP (Baker et al., 2001b). Within Amazonia, the MHDE was 

suggested to have induced an expansion of savanna/cerrado, especially within drier 

areas where forest/savanna ecotones are present (Absy et al., 1991a; Sifeddine et 

al., 2001; Brugger et al., 2016; Behling and Hooghiemstra, 2000). In the wetter 

portion of Amazonia, i.e. the region receiving >2000 mm precipitation annually, 

the signal of a MHDE is less pronounced or absent, usually manifested as forest 

disturbances, instead of ecosystem substitution (Irion et al., 2006; Bush et al., 

2004a; Weng et al., 2002).  

Model projections of near- future, human-induced, climate changes often 

predict abrupt increases in the intensity and frequency of droughts (Stocker et al., 

2013) for which the MHDE offers some parallels (Urrutia and Vuille, 2009a). In 

this work I focus on the MHDE as the climatic mechanism affecting biological 
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communities in the past. By analyzing the vegetation response to the MHDE 

obtained from fossil pollen of lake sediments from different settings, I investigate 

the direction and intensity of vegetation change at regional and local scales. 
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FORCINGS OF THE MHDE 

 

While the influence of MHDE is evident over the Andes and parts of Amazonia, 

there are temporal mismatches (van Breukelen et al., 2008; Abbott et al., 2000; 

Abbott et al., 2003; Baker et al., 2001b) suggesting that the MHDE was not a 

simple, uniform event. Some of the apparent asynchrony is due to local influences 

(e.g. topography) on precipitation patterns (Valencia et al., 2016). Abbott et al. 

(2003) drew attention to an apparent latitudinal lag in the onset of dry events, in 

which lakes closer to the equator dried out earlier than those farther south. These 

time-transgressive lake lowstands were suggested to track the increase in insolation 

(orbital) during the wet season. 

 The subsequent nadir in precipitation that tracks the insolation minima at 

10,000 cal. BP is present in some records, e.g. at Lake Junin (Seltzer et al., 2000a), 

Lake Pumacocha (Bird et al., 2011a), Huascarán ice record (Thompson et al., 1995) 

and El Condor cave (Cheng et al., 2013). In many other sequences, however, there 

was either no Holocene decrease in moisture, e.g. the Sajama ice cap (Thompson et 

al., 1998) and paleolake Uyuni  (Baker et al., 2001a), or there was a later reduction 

in lake levels, e.g. Lakes Titicaca (Baker et al., 2001b), Taypi Chaka Kkota (Abbott 

et al., 2003) and Pacucha (Hillyer et al., 2009; Valencia et al., 2010). Some 

paleohydrological patterns in lakes from Peru and Bolivia, however, diverged from 

that of precessional forcing indicating that the low water levels of the mid-
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Holocene came about through the interaction of multiple processes (Polissar et al., 

2013).. 

 Similarly, in the Amazon basin there was a considerable spatial and temporal 

variation in the occurrence of vegetation disturbance and fire. Only ecotonal areas 

appeared to undergo biome replacement, despite widespread signals of increased 

burning (Bush et al., 2000; Bush et al., 2004a; Bush et al., 2007b; Colinvaux et al., 

1997; Irion et al., 2006). Yet, it was not clear whether drought, fire or humans 

caused the disturbances (Mayle and Power, 2008). The relatively few Holocene 

records from Amazonia, makes the identification of spatial patterns of variation 

uncertain. Improving the spatial and temporal resolution of Andean and Amazonian 

paleoecological records is a significant step toward removing some of this 

uncertainty.  

 Other forcing mechanisms invoked to explain MHDE are solar activity 

(Turney et al., 2005), change in land cover (Prentice et al., 2000), and greenhouse 

gas forcing (Joos and Spahni, 2008). The association between MHDE and those 

mechanisms, however, was weak, and an ocean-atmospheric driver still looks to be 

the most plausible cause.  

 

EXPRESSION OF THE MHDE IN THE ANDES 

 

Lake Titicaca at ~15 oS, provides the best-documented and largest 

hydrological change associated with the MHDE. Submerged paleo-shorelines 
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indicated a c. 100 m lowering of water level that resulted in a 50% loss of area of 

this great lake (D'Agostino et al., 2002). Fossil diatom data revealed increased 

salinity in Titicaca during the mid-Holocene between c. 9000 and 4400 cal. BP 

(Tapia et al., 2003), consistent with lowered lake levels. These results were 

reinforced by studies of lakes Umayo and Lagunillas, both at 15 oS, which revealed 

lowstands between 7000 and 5000 cal. BP (Ekdahl et al., 2008).  

At lakes Taypi  Chaka Kkota and Viscachani (16 oS), geochemistry and 

sedimentology analyses shows that glaciers retreated from 8900 to 2300 yrs BP 

(Abbott et al., 1997). Contrastingly, the only isotopic record from Bolivia was from 

the Sajama ice cap (Thompson et al., 1998), which did not portray a substantial 

change in precipitation associated with the MHDE.  Abbott et al. (2003) studied a 

series of lakes between 13 oS and 18 oS and concluded the MHDE was a time-

transgressive phenomenon that was generally present between c. 6000 and 3000 

cal. BP, but started 2000 years earlier in the northernmost site compared with the 

southern Altiplano. Farther from the Bolivian Altiplano, the event was poorly 

defined temporally, as it seemed to vary regionally in its onset, peak, and 

termination.  

In southern Peru, three shallow lakes lying at 3400 m elevation in the upper 

portion of the Manu Biosphere Reserve at 13 oS all exhibited very slow 

sedimentation or sedimentary hiatuses between c. 12,000 and 4200 cal. BP (Urrego 

et al., 2011), indicating a long drought period. The much deeper Lake Pacucha, also 

at 13 oS in Peru, did not dry out during the MHDE. At this site, lake levels started 



 19 

to fall c. 15,800 cal. BP, with a lowstand established c. 12,000 cal. BP. A marked 

wet event at c. 8800 cal. BP caused lake levels to rise, but between 8000 and 5000 

cal. BP, they fell to their inferred lowest level of the 25,000-year record. While the 

initial lowstand between 15,800 and 8800 cal. BP coincided with the low of 

September-March (wet-season) insolation at 13 oS, the later dry episode between 

8000 and 5000 cal. BP, was tentatively suggested to be linked to Pacific sea-surface 

temperatures and the lack of El Niño Southern Oscillation (ENSO) activity (Hillyer 

et al., 2009). Paleo-precipitation records from speleothems and ice-cores, 

documented that in northern Peru and Ecuador the long-term trend in precipitation 

tracked insolation. The driest time, inferred from the least-depleted δ18O signal, 

was at c. 11,000 - 9500 cal. BP, while the remainder of the Holocene saw a steady 

increase in precipitation (Thompson et al., 1995; Kanner et al., 2012; van 

Breukelen et al., 2008; Mosblech et al., 2012b; Cheng et al., 2013).  

 

EXPRESSION OF THE MHDE IN THE AMAZON 

 

Although the MHDE is best documented in the Andes, even in wetter 

settings as the Amazon, many lakes dried up completely. A case in point was the 

Peruvian Lake Consuelo, at 13 oS and 1300 m elevation, which had held water 

continuously for the preceding 35,000 years, and dried up during this period (Bush 

et al., 2004b; Urrego et al., 2010). Some Amazonian lakes only provide a 

sedimentary record that begins after the mid Holocene, e.g. Lake Kumpak, Ecuador 
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(Liu and Colinvaux, 1988), Gentry, Vargas and Parker, Peru (Bush et al., 2007b). 

Lakes that provide uninterrupted sequences show quite varied responses, 

presumably reflecting combinations of local hydrological stress, regional climatic 

patterns, and human landuse (Mayle and Power, 2008).  

For instance, it seems that ecotonal areas of the Amazon underwent through 

biome replacement during or after the MHDE. Chaplin (14 oS, 200 m) and Bella 

Vista (13 oS, 190 m) lakes in Bolivia, for example are two lowland lakes lying at 

the southwestern ecotone of Amazon at a rainforest/savannah boundary. Both lakes 

were dominated by a dry forest/savannah mosaic since the last glacial period, but 

this physiognomy changed to an evergreen forest after the MHDE ended, at c. 3000 

cal. BP (Mayle et al., 2000). Similarly at Laguna Granja and Orícore (13 oS, 140 m) 

the presence of an open Savannah and of drought-tolerant taxa before human 

occupation at 2500 cal. BP, indicates that this was a climatically driven 

environment (Carson et al., 2014). The region surrounding Huanchaca Mesetta 

swamp (14 oS, 800 m), also experienced a dry period associated with limited fuel 

availability and C4 fire-dependent grasses from 8000 to 5500 cal. BP (Maezumi et 

al., 2015). In forested areas of the Puerto Maldonado, further from the savannah 

boundary, the sites Parker and Gentry (12 oS, ~280 m) show signal of dryness from 

7200 to 3300 cal. BP, but no vegetation substitution was observed in the past 7000 

cal. BP (Bush et al., 2007a). In soils alongside a road that connects the cities of 

Cuiabá, in Mato Grosso state (15 oS) to Santarém, in Para (2 oN), charcoal particles 



 21 

provided evidence of fire, associated with dry phases between 6000 and 3000 cal. 

BP (Soubies, 1980). 

In the eastern ecotonal region of Carajas (6 oS, 750 m) several records 

indicate that lake levels were dropping and forest was replaced by savannah 

between ca. 9000 and 3500 cal. BP (Absy et al., 1991b; Sifeddine et al., 2001; 

Hermanowski et al., 2012a; Hermanowski et al., 2012b; Alizadeh et al., 2017; Reis 

et al., 2017). Still in the eastern ecotone, but north of Carajas, the lakes Sarucuri, 

Santa Maria, Lagoa Comprida, Lagoa Geral and Tapajos (1 oN, 15-130 m) show 

forest disturbance and increase in the pioneer species Cecropia (Bush et al., 2000; 

Irion et al., 2006; Bush et al., 2007b). These changes, however, did not happen at 

the same time in all lakes, despite their proximity, and were mostly associated with 

human influence. A replacement from forest to savannah was also observed in the 

northern ecotonal region of the Colombian Llanos Savannahs (3 oN, ~300 m), but in 

this case, the dry period ended earlier, between 6900 and 6000 cal. BP depending 

on the lake studied (Wijmstra and van der Hammen, 1966; Behling and 

Hooghiemstra, 2000; Berrio et al., 2002). Increase in charcoal particles, provided 

evidence of fire associated with dry phases, was identified in Carajás region, but 

between the periods 7200 and 4700 cal. BP (Cordeiro et al., 2008; Cordeiro et al., 

2014; Sifeddine et al., 2001; Turcq et al., 1998). This difference in timing is 

consistent with the idea of a time-transgressive phenomenon that was generally 

present between c. 6000 and 3000 cal. BP, but happened 2000 years earlier in 

northernmost sites compared with the southernmost sites (Abbott et al., 2003).  
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In the northwestern Amazonia, the wettest section of this ecosystem, the 

signal of the MHDE was generally weak or absent, usually manifested as lowering 

lake levels or forest disturbances, instead of ecosystem substitution (Colinvaux et 

al., 1996; Weng et al., 2002; Bush et al., 2004a; Bush et al., 2016). In most studied 

lakes in this region, however, much of the vegetation changes were connected with 

human disturbance in association with climate (Bush et al., 2016), and the response 

of the vegetation to past climate alone is uncertain.  

 

VEGETATION RESPONSE TO CLIMATE CHANGES  

 

Since the mid–1970s, tropical forests have experienced a mean temperature 

increase of 0. 25 °C per decade (Malhi and Wright, 2004), and future projections 

estimate an increase of 2-4.5 °C this century (Hegerl, 2007). In the Andes and 

Amazonia, this warming is expected to affect precipitation patterns, potentially 

changing plant distributions and, in more extreme scenarios, causing the complete 

replacement of forest by savanna at mid-century (Cox et al., 2004). In this most 

extreme scenario, Cox et al. (2004) described an Amazonian dieback in which 80% 

of the rainforest was replaced by grassland or bare ground. Considerable debate 

exists over the likelihood of the Amazon dieback (Mayle and Power, 2008; Malhi 

et al., 2009; Zemp et al., 2017), but overall predictions are that the increase in 
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warming is going to cause a regional decrease in precipitation (Oyama and Nobre, 

2003; Salazar et al., 2007a; IPCC, 2015). 

Future anthropogenic climate changes are expected to be one of the greatest 

threats to biodiversity, affecting species distributions and ecological interactions. 

As such, some species are predicted to go extinct, unless they are able to migrate, 

changing their ranges (Feeley and Silman, 2010). Modern observations of change 

in the phenological responses, causing mismatches in ecological interactions (Post 

et al., 2009; Both et al., 2006) and redistribution poleward and upward of some 

species indicate this change is already a  reality (Feeley et al., 2011; Feeley et al., 

2013; Duque et al., 2015). Climate changes have affected species, causing 

reorganization of species ranges and associations. Tropical cold-adapted species, 

for example, those limited today to high latitudes and altitudes, were more 

widespread during the Last Glacial, reaching 1000 -1500 m downslope. For 

example, the pollen of three types of Podocarpus were found in high abundances in 

Pleistocene-aged sediments from the Hill of Six Lakes.  It is inferred that these 

trees were growing at an elevation 900 m lower than their modern occurrence 

(Bush et al., 2004a; Colinvaux et al., 1996).  

The modern migration process, in turn, is occurring at a slower pace than the 

changes in climate (Duque et al., 2015; Feeley et al., 2011; Feeley et al., 2012; 

Sittaro et al., 2017). Moreover, the changes in composition are driven primarily by 

patterns of tree mortality, indicating that the changes in composition are mostly via 

range retractions, rather than range shifts or expansions (Duque et al., 2015; Feeley 
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et al., 2013). Migration may also be slowed as species encounter barriers of 

migration, caused by human landscape fragmentation and degradation. Cold-

adapted species may lose habitat as they are forced upslope, or even “off the top” of 

mountains (Colwell et al., 2008b). For some organisms the interaction between 

temperature and precipitation changes will probably result in multi-directional 

distribution shifts (VanDerWal et al., 2013), making it harder to prioritize areas for 

long-term conservation. These findings suggest that the populations of many 

species are likely to collapse into microrefugia with the attendant risk of species 

extinction (Mosblech et al., 2011). 

 

MICROREFUGIA 

 

  At the end of the last glacial period, as the climate warmed, tree 

populations became established at higher latitudes (Davis, 1983). These range 

extensions were primarily explained through long distance dispersal mechanisms.  

The velocity at which the species migrated, however, was much faster than the pace 

predicted from dispersal models (Clark, 1998). Recently, it has also been proposed 

that many species might have survived only in small, scattered patches, called 

microrefugia (Magri et al., 2006; Mosblech et al., 2011). 

Microrefugia are defined as isolated populations surviving in unusual 

microclimates that differ from the the surroundings landscape (Rull et al., 1988; 

Rull, 2009). If these areas are large enough to support viable populations the 
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species can survive in the microrefugia landscape, until more favorable conditions 

return to the larger, surrounding landscape.  The duration of climatic isolation, the 

capacity for mutation, the size of the isolated population and the rate of gene flow 

to the nearest ‘mainland’ population, all determine the genetic fate of the 

microrefugium (Mosblech et al., 2011; Cheddadi et al., 2014). Consequently, 

developing an understanding of microrefugia needs to draw on conceptual 

similarities to metapopulation analyses (Mosblech et al., 2011; Hanski and 

Gyllenberg, 1993; Hanski, 2001; Levins, 1969). 

 Considering ongoing anthropogenic climate changes, developing climate-

based conservation strategies around the concept of microrefugia (Mosblech et al., 

2011) is a relatively new tool for conservation biologists. Microrefugia, will 

probably help to moderate extinction rates calculated on simple approximation of 

climate change and range change (Pearson et al., 2006). Climatic variables, 

however, operate at different scales and so differ in the degree to which they 

decouple from regional climate. Additionally, distributions of species are 

influenced individualistically by different climatic variables, which suggests that 

not all species from a given community will be favored by the same microrefugium 

(Hylander et al., 2015). Single-species conservation objectives, even associated 

with microrefugia, will then be less likely to be viable, than planning on protecting 

a broad swath of species with similar ecological tolerances. 

 Identifying where microrefugia are likely to occur, and for which species, is 

the subject of active research (Mclaughlin and Zavaleta, 2012). Understanding 
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where microrefugia are likely to occur requires a knowledge of local versus 

regional climates (Dobrowski, 2011), and an understanding of which species are 

likely to benefit from local climatic discrepancies (Woolbright et al., 2014). Factors 

that can cause a decoupling among local climates are elevation (Dobrowski, 2011), 

terrain rugosity (Valencia et al., 2016), variation of insolation on slopes (Huang et 

al., 2008), presence and distance from water bodies, and vegetation types (Ashcroft 

and Gollan, 2013; Hannah et al., 2014; Ashcroft et al., 2012). Predicting the extent 

to which local climate decouples from regional climate becomes increasingly 

difficult as longer timeframes are considered. 

For a decoupling mechanism to benefit a certain species, it has to allow the 

species to persist, or have a positive growth rate (Hylander et al., 2015).  Which, of 

many, potential climatic factors limits population growth for a species is seldom 

clear from the fossil record (Woolbright et al., 2014). Evidence of distributional 

shifts in response to climate changes is found in many paleoecological records 

(Colinvaux et al., 1996; Correa-Metrio, 2010), as well as evidence of past 

microrefugia (Cárdenes-Sandí et al., 2019; Vining et al., 2018), but identifying the 

climate limitations of individual species remains challenging.  

 

NON-LINEARITY AND ECOLOGICAL SHIFTS  

 

Another challenge associated with changes in climate is the assessment of the 

risks of ecosystems reaching a tipping point. The destabilizing influence of ongoing 
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climate change is suggested to increase the likelihood of non-linear ecosystem 

changes (Doak and Morris, 2010). If critical thresholds are exceeded, a tipping 

point could occur prompting abrupt and sometimes irreversible changes. Tipping 

points in ecosystems occur when the forces that create stability are overcome by the 

perturbations that create instability (May, 1977; Scheffer et al., 2001). Ecosystems 

potentially tolerate some perturbation before they shift to an alternative state – also 

called resilience (Scheffer and Carpenter, 2003) (Fig. I.2).  

 

 
Figure I.2: Rates of vegetation change for the last 20,000 cal. BP from Lake 

Pacucha (Urrego et al., 2009). Resilience capacity are shown in the 
boxes (Scheffer, 2010). The late Holocene was the period of highest 
change and most significant reorganizations in the community, 
indicating high risk of transition and low resilience (a). Under 
conditions far from the tipping points � the system is resilient, with low 
risk of transition (b). Note that the late Holocene, where rates of change 
are the highest is also the time when agropastoralism was spreading. 
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Resilience can be defined as either the capacity to absorb changes and keep 

similar functioning and structure (ecological resilience) before shifting to an 

alternative state (Holling, 1973; Scheffer et al., 2001; Scheffer and Carpenter, 

2003) or to rebound after change (engineering resilience) (Pimm, 1984). This shift 

to an alternative state occurs when a threshold in conditions is reached, leading to a 

strong and abrupt change in the state of a system (Scheffer et al., 2009). Resilience 

may reflect ecological redundancy within food webs (Rosenfeld, 2002; Peterson et 

al., 1998), or natural buffering offered by landscape. Similarly, other systems are 

inherently vulnerable to change particularly when positive feedback mechanisms 

can multiply the effects of an initial change.  

Paleoecological studies frequently consider the effects of climates, which 

no longer exist on biological systems (Williams et al., 2007), and help to consider 

ecological processes that cannot be seen at shorter temporal scales (Buma et al., 

2018). At a long temporal scale, early signals of a regime shift could be identified 

(Dakos et al., 2008; Scheffer et al., 2009). These include the critical slowing down 

of a system, or the decrease in the rate at which a system recovers from 

perturbations, or the flickering, when the variance of a system increases in 

frequency and/or amplitude (Scheffer et al., 2009; Scheffer et al., 2012).  

Some ecotonal areas in Amazonia, for example, underwent biome 

replacement during or after the MHDE, indicating a change of state (Absy et al., 

1991b; Behling and Hooghiemstra, 2000; Sifeddine et al., 2001; Berrio et al., 2002; 

Hermanowski et al., 2012a; Hermanowski et al., 2012b; Alizadeh et al., 2017; Reis 
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et al., 2017). Another example is from the African continent, where paleoecological 

data show that the Sahara Desert was covered with vegetation in the early- to mid-

Holocene (up to 6000 cal. BP) when changes in insolation caused a shift in 

precipitation, rapidly driving this wet forested system to become a desert 

(deMenocal et al., 2000; Kröpelin et al., 2008).  

Tropical forests have a significant influence on regional and global climates 

through carbon and hydrological feedback (Nobre et al., 1991; Tian et al., 2000),  

Amazonian forests and soils are an important carbon sink (Baker et al., 2004; Pan 

et al., 2011), currently trapping between 90 and 140 billion tons of carbon (Soares-

Filho et al., 2006). The annual flux of 18 billion tons of carbon is twice the amount 

of carbon released from burning fossil fuels, but in the last decade droughts have 

reduced this net uptake by 30% (Brienen et al., 2015). Similarly, Amazonia is of 

great significance to hydrological cycles, with approximately eight trillion tons of 

water being evaporated and transported to other regions of the globe (IPCC, 2007). 

That cycling is heavily reliant on an intact forest cover, as evapotranspiration is 

reduced by 20% if a landscape is deforested (Shukla et al., 1990). 

Long-term trends in climate either have little effect on plant composition, 

i.e. the changes are within the tolerance of the species, or produce gradual shifts in 

assemblage composition.  There may come a point, however, when the changes 

exceed the ecological resilience of the system.  Equally abrupt climate change, for 

example profound drought, can suddenly render an area inhospitable to native 

species. Under such conditions a tipping point is reached (Scheffer et al., 2001), 
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which is manifested as a rapid, non-linear change of species composition (Bush et 

al., 2010). Predicting when an ecosystem tipping point will be reached, and the 

nature of the new ecological state, however, is difficult. Individualistic species 

responses (Williams and Jackson, 2007; Davis, 1981) and potential hysteresis 

(Sternberg, 2001) all contribute to outcome uncertainties. The new climatic could 

be favorable to a novel combination of species, possibly causing the formation of 

non-analog communities (Williams and Jackson, 2007). This probability is 

heightened in tropical regions where biotic feedbacks are known to play a large part 

in structuring communities (Williams and Jackson, 2007; Garcia et al., 2014). A 

deeper understanding of the scale of resilience of systems, to both climatic forcing 

and human disturbances would be a major contribution to developing sustainable 

forest management and biodiversity conservation.  

 

ANOTHER IMPORTANT FORCING: HUMANS 

 

In addition to climate change, fire and human landuse are important 

components influencing ecosystem resilience. Humans have occupied the Andes 

for more than 13,000 years (Núñez et al., 2002; Lynch, 1990; Dillehay et al., 2008). 

The history of early occupation, until about 5000 years ago, is poorly known, but 

caves near lakes offering freshwater in a dry landscape would presumably have 

formed initial centers of human occupation.  
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As human populations grew, true cultures (i.e. social groups sharing beliefs, 

technologies, art forms, etc) began to appear. Andean cultures became monument 

builders, with long-term structures, advanced artwork and large social 

aggregations. In Amazonia, it was believed that environmental constraints 

prevented the development of advanced culture (Meggers, 1954). Anthropologists, 

archeologists, and geographers, who saw the manifestations of cultural 

development coming from social rather than environmental forces, rejected 

‘environmental determinism’. Evidence mounted of large, complex cultures 

developing in the lowlands, but cultures that left a different legacy than stonework 

(Roosevelt, 2013; Roosevelt et al., 1996; Heckenberger et al., 2008; Heckenberger 

et al., 2003). When Binford et al. (1997) suggested that the Tiwanaku civilization 

was terminated by droughts c. 1000 AD; they were termed ‘neo-environmental 

determinists’ (Erickson, 1999; Coombes and Barber, 2005). While paleoecologists 

repeatedly point to climate as a factor in cultural turnover, from floods ending the 

Moche culture (Moseley and Richardson, 1992; Dillehay et al., 2004) to droughts 

destabilizing the Maya (Schelske and Hodell, 1995; Hodell et al., 2001) and 

Anasazi (Lekson and Cameron, 1995), these explanatory linkages have not been 

accepted by most of social scientists (Balee and Erickson, 2006; Isbell, 2008; 

Denevan, 2001). It is not just cultural turnover that paleoecologists have linked to 

climate events, but also mass migrations (Núñez et al., 2001; Marsh, 2015), 

changes of agricultural techniques (Dillehay et al., 2005; Stahl, 2008), and the 

introduction of new sources of food (Bush et al., 1989; Mosblech et al., 2012c).  
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Determining whether climate events truly align to cultural or technological 

changes remains a challenge. While we have developed general ideas about some 

events, making a climate-based attribution of cause of cultural changes will require 

further work. In the Andes, plant domestication and use of crops spread during 

times of climatic instability (Piperno, 2007), which includes the MHDE. Some 

examples of these changes include: domestication of camelids which occurred 

around 6000 years ago at the peak of the dry events (Baied and Wheeler, 1993); 

Amaranthaceae (probably quinoa) was at least partially replaced by maize between 

c. 3200 and 2800 cal. BP (Chepstow-Lusty et al., 2009; Mosblech et al., 2012c) as 

ENSO strengthened (Moy et al., 2002).   

From the environmental point of view, humans were changing the 

landscape through burning, reducing wild animal and plant populations, and 

transporting species to new regions (e.g. maize) (Dillehay et al., 2008; 

Villavicencio et al., 2016; Raczka et al., 2019; Pires et al., 2015; Capriles et al., 

2018; Kistler et al., 2018; Bush et al., 2016). Besides the opening of new niches 

through novel patterns of fire and disturbance, some fruiting and ‘useful’ species 

may have been deliberately promoted (Levis et al., 2012). An integrated view of 

humans as manufacturers of landscape must also include their relationship with 

climate. It has been argued that humans have altered Neotropical landscapes for 

more than 10,000 years, causing extinction (Martin, 1973; Martin, 1984; Barnosky 

and Lindsey, 2010), and altered both alpha- and beta-diversity (Roosevelt, 2013).  

If this iscorrect it is also likely that they reduced ecological resilience and increased 
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the probability that climate change could induce ecological shifts (Elmqvist et al., 

2003; Scheffer et al., 2001). 

 

SITE DESCRIPTION 

 

The research setting for the study proposed here includes the central Andes 

and western Amazon, particularly the eastern Cordillera of Ecuador and Peru, and 

northwestern Brazil (Fig. I.3). The majority of the annual precipitation in the three 

regions falls during the rainy season (November-April) and is highly influenced by 

the temperature in the tropical North Atlantic Ocean (Vuille et al., 2000a; Vuille et 

al., 2000b). By working with regions that are influenced by the same climatic 

forcings, but differ in slope, elevation, vegetation type and degree of human land 

use, comparisons can be made between the effects of regional scale events among 

lakes as we assess the influence of aspects of the landscape in influencing local 

climate. 

The study region includes some of the most species-rich terrestrial 

ecosystems in the world, a significant component of the global carbon budget, and 

strong gradients of precipitation and temperature. These last characteristics are 

important in determining the different effects of the same dry event across the 

region. 
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Figure I.3: Study locations (red stars and numbers). Main features influencing 
precipitation in the area of study are characterized: white band 
represents the north and southward position of the Intertropical 
Convergence Zone (ITCZ), and the arrows represent the South 
American Low Level Jet (SALLJ). Numbers indicate the different lakes, 
1: Lake Miski, 2: Lake Llaviucu, 3: Lake Pata. 

 

In the Andes, most lakes are located above 3400 m and were formed by 

glacial scouring during the Pleistocene. Some lakes exist at lower elevations, 

between 3100 and 3400 m elevation, most of which were formed as moraine-

dammed lakes when glaciers began to retreat. Ages for the retreat vary according to 

precipitation, ranging from c. 20,000 years ago in dry settings to c. 15,000 years 

ago in wet settings (Young and Leon, 1999). This difference in precipitation also 

influenced the elevation at which ice masses formed (Smith et al., 2008). In the dry 

Andes, areas as high as 3900 m were unglaciated, whereas in the wet valleys of 
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Ecuador, moraines extended downslope to 3150 m elevation. In this region today 

the upper montane forest reaches its limit at an elevation between 3300 and 3500 

masl, and becomes a shrub and grass dominated páramo landscape. The altitude of 

tree line (defined here as the upper altitudinal boundary of continuous forests) 

varies depending on latitude (Young and Leon, 2006) and human usage of the area 

(Sarmiento, 2012).  

Permanent, non-riverine, Amazonian lakes that span the Holocene are rare 

(Bush et al., 2011). Of such lakes that do exist, many dried up completely during 

the MHDE (Bush et al., 2004b; Urrego et al., 2010) with a majority only providing 

a sedimentary record that begins after the mid Holocene, e.g. Lake Kumpak, 

Ecuador (Liu and Colinvaux, 1988), Gentry, Vargas and Parker, Peru (Bush et al., 

2007b). Lakes that provide uninterrupted sequences show quite varied responses, 

presumably reflecting combinations of local hydrological stress, regional climatic 

patterns, and human landuse (Mayle and Power, 2008). 

For this study we selected three lakes at different altitudes and of different 

vegetation types, from the Central Andes and Amazon (Fig. I.4). The first lake is 

Lake Miski (13º 01’ 23.00” S; 72º 22’ 40.95” W, 3830 masl), located above the tree 

line in a valley in the Eastern Andean Cordillera, at the head of the Huamanmarca 

Valley, 75 km northwest from Cusco city, Peru. The history of vegetation in this 

region was studied by Valencia (2014). Here, I present the limnological history of 

Lake Miski inferred through diatom analysis.  
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Figure I.4: Sketch representing the altitude and vegetation type around the studied 
lakes (numbers). Numbers indicate the different lakes, 1: Lake Pata, 2: 
Lake Llaviucu, 3: Lake Miski. 

 

The second lake is Lake Llaviucu (2°50'34"S and 79° 8'46"W), also known 

as Surucucho (Colinvaux et al., 1997). Llaviucu is a moraine-dammed lake in a 

moist Andean forest setting lying at the edge of the tree line, at ~3115 m a.s.l. 

Located in the Cajas National Park, Ecuador, Llaviucu pollen was originally 

studied by Colinvaux et al. (1997), who found no evidence of the MHDE. In 2009, 

Mosblech (2012) conducted a detailed analysis of the fossil pollen and charcoal on 

the lake. In this later study accelerator mass spectrometry (AMS) 14C dates 

provided better age control, but the MHDE section of the sediment was not 

analyzed. In the same record, Raczka et al. (2019) evaluated the causes and effects 

of megafauna extinction by using charcoal and the herbivore indicator 

Sporormiella. A recent study by Michelutti et al. (2015b) on near-modern (last c. 

200 years) changes in the diatom flora also documented  an apparent state change 

as benthic species were replaced by the planktic Discotella stelligera. Michelutti et 
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al. (2015) attribute this transition to global warming increasing the thermal 

structuring of this lake.  

Other studies in the region include the modern limnological analyses of the 

lakes from Cajas National Park and their relationships with landuse (Van Colen et 

al., 2017; Van Colen et al., 2018), the flood history and tephrochronology for the 

late Holocene (last 3000 cal. BP) (Arcusa, 2016), and the avifauna occurring at 

Cajas National Park (Astudillo et al., 2015). Here, I analyze the pollen, charcoal, 

diatoms, and Sporormiella changes over the last 9000 cal. BP. 

The third lake is Lake Pata (northwestern Brazil, 0°17′9.68″ N, 

66°40′36.18″ W, 300 m a.s.l.), which is a classic study site from the wettest section 

of Amazonia as it provides the longest sedimentary record yet known from an 

Amazonian lake.  The record spans the last ~140 k (D'Apolito et al., 2017) or 180 k 

years (Bush et al., 2002), according to divergent chronologies. Most of the 

discussion that originated from this site was focused the role of the Last Glacial 

Maximum (LGM) on the Refugia hypothesis of Amazonian speciation (Haffer 

1967), and in the identification of the mechanistic climatic drivers of the changes 

observed (Colinvaux et al., 1996; Bush et al., 2002; Bush et al., 2004a; Cordeiro et 

al., 2011; D'Apolito et al., 2013; Cordeiro et al., 2014; D'Apolito et al., 2017). 

Earlier researchers, however, largely ignored the Holocene of this site. Here, I 

analyze the first high-resolution core without apparent hiatuses that spans most of 

the Holocene (last 7600 cal. BP) from Lake Pata. I discuss the pollen spectra in the 

light of organic geochemistry data analyzed by Martins (2016).  
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MULTI-PROXY APPROACH AND DATA GATHERING  

 

The best way to re-create past climates is through multi-proxy analyses of 

high-quality archives.  Proxies, such as magnetic suscepitibility, fossil pollen, 

diatoms, Sporormiella, charcoal and loss-on-ignition, are mutually supportive, but 

respond to different forcings at the same lake. These proxies can be divided into 

those primarily of physical, chemical, and biotic components. In all the lakes we 

studied, at least one or more proxies of each type (physical, chemical and 

biological) was available. The proxy used in each lake and the analyst who 

provided the data is summarized in Table I.1. 

PHYSICAL PROXIES: The only physical proxies used in this work were 

magnetic susceptibility analysis and the sedimentation rates provided by the age 

model, based on 14C ages. Magnetic susceptibility analysis is the degree to which a 

material can be magnetized by an external magnetic field (Thompson et al., 1975) 

and is correlated with variations in the amount of inwashed inorganic allochthonous 

material, in this case glacial silt to the lake. Sedimentation rates represent the 

amount of sediment being deposited in the bottom of a lake, in a certain period of 

time (Krishnaswamy et al., 1971). Sedimentation rates represent a coupled signal of 

erosion and lake productivity (Wetzel, 2001) through time. 

GEOCHEMICAL PROXIES: Organic and inorganic geochemistry were 

used to assess past limnological conditions and to identify the source of material 
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entering the lakes (Meyers, 2003). Total organic carbon (TOC), total nitrogen (TN), 

δ13C and δ15N isotopes were used to indicate lake level (Turcq et al., 2002), and 

source and composition of the organic matter deposited in the lake (Wetzel and 

Likens, 2000; Meyers, 2003). Loss on ignition (LOI) was used to indicate 

sedimentary organic content and when lakes deposited carbonate (Bischoff et al., 

1997). 

BIOLOGICAL PROXIES: Because the aim of this work was to understand 

how changes in climate and human-land use influence ecosystems, my priority was 

to analyze biological proxies. Diatoms respond to changes in lake limnology 

resulting from altered watershed, climatic, or physical conditions, landuse or biotic 

processes such as competition (Battarbee, 1986a; Smol and Stoermer, 2010). 

Diatoms were used to evaluate changes in climate through changes of lake level 

and water mixing regimes. Increases in nutrient load and water clarity were also 

identified. 

Charcoal was used as a measure of fire occurrence, intensity and frequency. 

Sporormiella is the spore of a dung fungus (Ahmed and Cain, 1972) frequently 

used to identify the presence and density of herbivores (Davis, 1987; Davis and 

Shafer, 2006; Gill et al., 2009; Raczka et al., 2019). Here, Sporormiella was used to 

identify phases of Camelid domestication in the Andes. Pollen was used to 

reconstruct the vegetation history and, when present, plant cultivation (eg. maize or 

quinoa).  
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Table I.1. Proxy analyzed and analyst, providing data at each lake discussed in this 
study. Red: discussed only in the conclusions, Blue: not discussed in this 
work, * performed by undergraduate students trained by me.  

 
Proxy/Lake Miski Llaviucu Pata 

Magnetic Susceptibility Valencia (2014) Not analyzed Not analyzed 

Sedimentation rates Nascimento Nascimento Nascimento 

Organic Geochemistry Not analyzed Not analyzed (Martins, 2016) 

Loss-on-ignition (LOI) Valencia (2014) Nascimento* Not analyzed 

Diatom Nascimento Nascimento* Nascimento ∗ 

Charcoal Valencia (2014) Nascimento* Nascimento 

Sporormiella Valencia (2014) Nascimento Nascimento 

Pollen Valencia (2014) Nascimento Nascimento 
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RESEARCH GOALS 

Given the uncertainty involving the effects of the MHDE on Andean and 

Amazonian ecosystems, this research aims to analyze the direction and intensity of 

vegetation response to the droughts and to the development of agropastoralism at 

different latitudes and longitudes through the Holocene. In the present study, I 

address the following research questions: 

 

1 – Did the timing and duration of the MHDE vary across altitude and latitude?  

 

2 - Did the intensity of the MHDE vary across altitude and latitude? 

 

3 - Were there vegetation changes exhibited in the Andes and Amazon basin 

induced by the intense droughts of the MHDE?  

 

4 - Were there comparable vegetation changes exhibited in the central Andes and 

Amazon basin during other episodes of climate change within the Holocene?  

 

5 - Were non-analog communities present during the MHDE?     

 

6 – Did humans amplify the response of vegetation to climate change in the 

Holocene?  
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CHAPTER II 

 

A 12,700-YEAR HISTORY OF PALEOLIMNOLOGICAL CHANGE FROM AN 

ANDEAN MICROREFUGIUM 

 

INTRODUCTION 

 
 

The late deglacial and transition into the early Holocene in the southern 

tropical Andes was a time of falling lake levels. Precipitation appears to have been 

strongly influenced by precessional forcing for much of the glacial period, and this 

relationship held true until c.9000 calibrated years before present (hereafter cal BP) 

(Baker et al., 2001a; Mosblech et al., 2012a; Cheng et al., 2013). Subsequently, 

however, some paleohydrological patterns in lakes from Peru and Bolivia diverged 

from that of precessional forcing, as increasingly evaporatic conditions appeared to 

influence systems more than changes in precessionally-forced precipitation (Cross 

et al., 2000; Polissar et al., 2013). This phenomenon has been termed the Mid-

Holocene Dry Event (MHDE) and resulted in the lowest lake levels of the last 

c.100,000 years on the Altiplano (Baker et al., 2001a). During the MHDE, 

microrefugia were probably necessary for the survival of some Andean species. 

Microrefugia are defined as isolated populations surviving in adverse 

microclimates relative to the surrounding landscape (Rull et al., 1988; Rull, 2009). 

Within microrefugia, species experience climatic conditions that differ from those 
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of the adjacent climatic region. If these areas are large enough to support viable 

populations the species can survive in the landscape, until more favorable 

conditions return to the region (Mosblech et al., 2011). 

 Lake Titicaca at ~16 oS, provides the best-documented and largest 

hydrological change associated with the MHDE. Submerged paleo-shorelines 

indicated a ~100 m lowering of water level that resulted in a 50% loss of area of 

this great lake (D'Agostino et al., 2002). Fossil diatom data revealed increased 

salinity in Titicaca during the mid-Holocene, between c. 9000 and 4400 cal BP 

(Tapia et al., 2003).  These results were reinforced by studies of lakes Umayo and 

Lagunillas, both at 15 oS, which revealed lowstands between 7000 and 5000 cal BP 

(Ekdahl et al., 2008). Contrastingly, the only isotopic record from Bolivia was from 

the Sajama ice cap (Thompson et al., 1998), which did not portray a substantial 

change in precipitation associated with the MHDE.  Abbott et al. (2003) studied a 

series of lakes between 13 oS and 18 oS and concluded the MHDE was a time-

transgressive phenomenon that was generally present between c. 6000 and 3000 cal 

BP, but started 2000 years earlier in the northernmost site compared with the 

southern Altiplano. Farther from the Bolivian Altiplano, the event was poorly 

defined temporally, as it seemed to vary regionally in its onset, peak, and 

termination. In southern Peru, three shallow lakes at 3400 m elevation, in the upper 

portion of the Manu Biosphere Reserve at 13 oS, all exhibited very slow 

sedimentation or sedimentary hiatuses between c. 12,000 and 4200 cal BP (Urrego 

et al., 2011). These data reflected a longer dry event that was typical for the 
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MHDE. The much deeper Lake Pacucha, also at 13 oS in Peru, did not dry out 

during the MHDE. At this site, lake levels started to fall c. 15,800 cal BP, with a 

lowstand established c. 12,000 cal BP. A marked wet event at c. 8800 cal BP 

caused lake levels to rise, but between 8000 and 5000 cal BP, they fell to their 

inferred lowest level of the 25,000-year record. While the initial lowstand, between 

15,800 and 8800 cal BP, coincided with the low of September-March (wet-season) 

insolation at 13 oS, the later dry episode between 8000 and 5000 cal BP, was 

tentatively suggested to be linked to Pacific sea-surface temperatures and the lack 

of El Niño Southern Oscillation (ENSO) activity (Hillyer et al., 2009). Paleo-

precipitation records from speleothems and ice-cores documented that in northern 

Peru and Ecuador the long-term trend in precipitation tracked insolation, suggesting 

a general and gradual strengthening of the South American Summer Monsoon 

(SASM) over the course of the Holocene. The driest time, inferred from the least-

depleted �18O signal, was at c. 11,000 - 9500 cal BP, while the remainder of the 

Holocene saw a steady increase in precipitation (Thompson et al., 1995; van 

Breukelen et al., 2008; Bird et al., 2011a; Kanner et al., 2012; Mosblech et al., 

2012a; Cheng et al., 2013).  

Another source of Holocene precipitation variability in the Andes is ENSO 

(Vuille, 1999; Haug et al., 2001; Sandweiss et al., 2001; Moy et al., 2002; Rein et 

al., 2005). When ENSO is strong it is the largest single cause of global interannual 

climate variability (Garreaud et al., 2008). Fluctuating irregularly, with 

pseudocycles of two to seven years, positive phases induce warm El Niño 
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conditions, while negative phases are associated with cold La Niñas (Diaz and 

Markgraf, 1992). Warming of sea-surface temperatures in the eastern tropical 

Pacific Ocean suppresses rainfall over tropical South America, and enhances 

rainfall over the semi-arid coast of Ecuador and Peru and vice versa (Garreaud et 

al., 2008). ENSO events generally last for 18–24 months with peaks in amplitude 

mostly occurring in the austral summer (December–February) (Grimm and 

Tedeschi, 2009). 

Although Holocene El Niño histories are reported from a number of South 

American records (Sandweiss et al., 2001; Moy et al., 2002; Rein et al., 2005; 

Conroy et al., 2008), the inferred timing of active and inactive phases is not 

consistent. Evidence from clastic laminae in lake sediments from Ecuador point to 

strong El Niño activity in the early Holocene, a lull, and then resumed activity after 

7 cal BP (Moy et al., 2002). In records from the Galápagos, the southern Peruvian 

coast and the tropical Pacific, however, diatom, seashell isotope and foraminiferal 

analyses showed no increase in event frequency until ~4.5 cal BP (Carré et al., 

2005; Koutavas et al., 2006; Conroy et al., 2008).  

Most evidence points to modern-style ENSO events being much weaker or 

absent between c. 8000 and 4500 cal BP (Sandweiss et al., 2001; Moy et al., 2002). 

Andrus et al. (2002) suggested that the eastern equatorial Pacific was 3-4 °C 

warmer than modern between 8000 and 5000 cal BP due to reduced upwelling. 

Such a pattern could indicate a stronger westerly wind flow, which may have 

isolated the Altiplano from Amazon moisture flux (Theissen et al., 2008), i.e. 



 46 

prevented SASM from penetrating as far west. These ideas, however, are not 

universally accepted, and there are also advocates of increased La Niña (cold 

phase) activity (Betancourt et al., 2000; Tudhope et al., 2001; Placzek et al., 2001; 

Rech et al., 2003; Gagan and Thompson, 2004; Koutavas et al., 2006; Carré et al., 

2012), or that ENSO is not the most important explanation of climate changes of 

the past particularly in areas remote from the upwelling (Baker and Fritz, 2015). 

The effects of the MHDE on ecosystems have yet to be fully resolved, but 

increased aridity may have fostered more frequent and larger fires, causing 

grasslands to expand to replace woodlands or shrublands (Sylvester et al., 2014). 

One habitat that may have been adversely affected were Polylepis, an endemic fire-

sensitive Andean tree that forms monodominant stands above treeline (Fjeldså and 

Kessler, 1996) providing essential habitat for high Andean woodland specialists 

including plants, birds, mammals and insects (Fjeldså, 1993; Yensen and Tarifa, 

2002; Cahill and Matthysen, 2007; Lloyd et al., 2011). Wet microrefugia (Rull, 

2009; Mosblech et al., 2011), where the effects of the drought and fire were 

minimized, may have been an essential component allowing the survival and post-

drought recovery of these groups. Using Polylepis pollen and charcoal (fire) 

records of the Mid Holocene, Valencia et al. (2016, 2018)  suggested that steep 

landscapes with high terrain rugosity trapped moisture better than flatter landscapes 

during the MHDE, and could be used to predict microrefugial settings. Lake Miski 

in southern Peru was one of the sites identified as a probable microrefugium by 

Valencia et al. (2016), in which Polylepis forest remained a dominant component 
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of the vegetation despite the evidence of increased fire activity. Addressing this 

site, our research question was: would the MHDE be evident in this system and 

were the changes associated with it as long-lived and strong as in other settings? 

Here, we present diatom, loss-on-ignition, and magnetic susceptibility data from 

Lake Miski that spans the last 12,700 years. With these data, we investigate the 

effect of the MHDE on a wet, highly biodiverse, Andean ecosystem.  
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STUDY AREA 
 
 

Lake Miski (13º 01’ 23.00” S; 72º 22’ 40.95” W, 3830 masl) is located in a 

valley in the Eastern Andean Cordillera, at the head of the Huamanmarca Valley 

(Fig. II.1), 75 km northwest from Cusco city, Peru. Miski was originated by glacial 

activity, and thus, the valley in which it is located has a u-shape with slopes 

generally less than 20%. The moraine-dammed lake measures about 350 x 200 m, 

and lies within a watershed of about 1.6 km2 with a maximum elevation of 4200 

masl. Lake Miski has a main and a secondary basin (200 and 60 m wide) separated 

by a shallow and narrow shelf. Two small streams feed the main basin (Zmax 10 

m) from the northern and eastern shores. The lake has a single outlet with the 

stream flowing westward from the secondary basin (Zmax 3 m). There are multiple 

moraines within 2 km of the lake ranging between c. 3600 and 3900 m of elevation 

with most of them located above 3800 m. The largest moraines occur below Lake 

Miski at 3770 masl. Besides morphometric measurements extracted during the 

fieldwork and from satellite images, there are no limnological data available for 

Lake Miski.  

The climate in this region is strongly influenced by the strength of the 

SASM which is in turn influenced by the position of the Inter-tropical Convergence 

Zone (ITCZ) (Garreaud et al., 2008). During the wet season (austral summer), the 

ITCZ is located in its southward position bringing moisture from the Atlantic 

Ocean to Amazonia, fueling intense convective rainfall. The moisture is transported 
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by a large-scale atmospheric circulation, the South American low-level jet 

(SALLJ), along the base of the Andes and reaches the study region. During the dry 

season (boreal summer), the ITCZ reaches its northward position and brings 

convectional rainfall to the northern tropics (Vuille et al., 2000a). Insolation 

controls the latitudinal movement of the ITCZ by increasing the amount of 

moisture convergence over the continent during periods of increased land-sea 

temperature differences (Biasutti et al., 2003). Correspondingly, the long-term 

variations of precipitation observed in paleorecords from South America, are 

frequently dominated by changes in insolation, thus being primarily driven by 

orbital forcing (Cruz Jr. et al., 2005; Kanner et al., 2012; Mosblech et al., 2012a; 

Kanner et al., 2013).  

The average precipitation in the region is c. 800 mm per annum. 

Approximately 80% of the annual precipitation in the region falls between 

November and April (Vuille, 1999; Garreaud and Aceituno, 2001; Garreaud et al., 

2003). Besides precipitation, cloud cover is an important source of moisture. A 

dense cover of arboreal epiphytes on trees around Lake Miski suggests that cloud 

cover is a permanent feature even during the dry season. Mean annual temperatures 

are estimated to be c. 11 °C (Zimmermann et al., 2010). While mean temperatures 

remain fairly constant during the year, daily fluctuations regularly exceed 20 °C 

(Horn and Kappelle, 2009; Kessler, 2006). Night frosts are usual at this elevation, 

especially between June and August (Lauer, 1981).  
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The local treeline forms at 3740 masl, with scattered woodlands lying in 

sheltered locations as high as 4200 m. Andean forest exists downslope of Miski, 

but the woodlands within the catchment are dominated by Polylepis (Rosaceae), 

with Hesperomeles (Rosaceae), Gynoxys (Asteraceae) and Melastomataceae also 

present. Lake Miski has few trees growing within 10 m of the lake. During our field 

expedition, we observed that wood extraction was limited in this area, probably 

because of the steep slopes and wet climate. Most of the branches on dead standing 

trees or woody material lying on the ground were sodden, and unsuitable for 

burning. Cattle grazed grasslands that formed the modern vegetation at the lake 

margin. Apparently cultivation and deforestation were limited by the difficult 

access to the site and persistent high humidity. Earthworks, e.g. terraces, were 

absent from the immediate surroundings of Lake Miski. Major Incan constructions 

such as Machu Picchu and Ollantaytambo, however, lay c. 20-30 km south of the 

lake.  
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Figure II.1. Location and bathymetry of Lake Miski, Peru. (a) Map of South 

America with focus on Peru. (b) Sketch showing Lake Miski catchment 
(orange line), surrounding vegetation, bathymetry (depths in m), and 
coring site (black cross). (c) Map showing the location of Lake Miski 
(star) in relation to other paleoclimate records (diamonds) discussed in 
the text. 
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METHODS 
 
 

Two sediment cores about 2 m apart from each other were collected from 

Lake Miski in December 2008 using a Colinvaux-Vohnout piston corer (Colinvaux 

et al., 1999). A total of 4.15 m (Miski-1) of sediment was retrieved in Lexan tubes 

from the deepest section of the lake. The cores were transported to Florida Institute 

of Technology for storage. Magnetic susceptibility (MS) was measured at 0.5 cm 

intervals using a GEOTEK core logger at the Land Use and Environmental Change 

Institute (LUECI) at the University of Florida. Suitable macrofossils or charcoal 

fragments for 14C dating were not found, so dating was based on bulk sediments.  

Six subsamples for 14C accelerator mass spectrometry (AMS) analysis were 

selected from sections that did not react with 10% hydrochloric acid (HCl), i.e. low 

carbonate concentration, to minimize hard water error. Because there was no 

reaction to 10% HCl, samples were not pretreated with acid. Age measurements 

were performed at the National Ocean Sciences Accelerator Mass Spectrometry 

(NOSAMS). Age calibration were conducted with Clam software (Blaauw, 2010) 

using the southern hemisphere calibration curve to generate the age model.  Loss-

on-ignition (LOI) analysis according to Dean (1974), with modifications made by 

Heiri et al. (2001a), was conducted on 0.5 cm3 subsamples at 2 cm intervals. 

Sediment subsamples were heated at 550 °C for four hours to estimate the organic 

content, and at 950 °C for two hours to quantify carbonate content. Sub-samples of 

0.5 cm2 for diatom analysis were processed with hydrogen peroxide, according to 
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standard digestion procedures (Battarbee, 1986b) and permanent slides were 

mounted in Naphrax® (refractive index 1.7). Identification and quantification of 

diatoms were performed using a Zeiss Axioskop photomicroscope at 1000x 

magnification (Battarbee, 2001). In each sample, a minimum of 300 valves was 

counted. Data were plotted using the software C2 (Juggins, 1991). The overall 

ecological changes through time and zonation were evaluated using Detrended 

Correspondence Analysis (DCA) using PC-ORD program, version 5.15 (McCune, 

1997). 
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RESULTS 
 
 

AGE MODEL 
 
 
All six 14C dates were accepted and used to create the age model (Table 

II.1; Fig. II.2). The Lake Miski sedimentary record spanned the entire Holocene 

period and was consistent with continuous sedimentation since ~12,700 cal BP. 

Based on the age–depth model, the analysis of diatom assemblages at a 2-cm 

interval provided an approximate centennial-scale resolution (~ 98-year resolution). 

 

Table II.1. Calibrated ages for Lakes Miski.  

Lab ID 

number* 
Depth (cm) 14C age 

Mean 

probability  

(cal yr BP) 

Minimum 

1Sigma range 

(cal yr BP) 

Maximum 1Sigma 

range (cal yr BP) 

Surface 0 - 0 - - 

OS-72741 62 ±2mm 2250 ± 45 2220 2102 2337 

OS-79411 102 ±2mm 3840 ± 130 3840 3716 3970 

OS-72742 193 ±2mm 6810 ± 55 7600 7505 7693 

OS-72743 271 ±2mm 8080 ± 60 8840 8644 9032 

OS-79554 318 ±2mm 10700 ± 80 12650 12520 12784 

OS-79554 356 ±2mm 10800 ± 20 12710 12578 12836 

* OS: access code for NOSAMS 
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Figure II. 2. Age model, stratigraphy, and sedimentary organic content (LOI) from 

Lake Miski, Peru. The age model (shadowed line) was based on 
calibrated 14 C dates (Table II.1), obtained using CLAM software 
(Blaauw, 2010). Transverse lines on the age model represent dates and 
errors. The gray area shows 95% confidence intervals based on 1000 
iterations. 

 

DIATOM COMMUNITY CHANGES THROUGH TIME 
 
 
 The most basal clays lacked diatoms, but between 350 cm to 0 cm depth the 

diatoms were well preserved. Over 200 diatom taxa were identified in the Miski 

sediments. Taxa with abundances >3% were portrayed individually in the diagram 

(Fig. II.3), however all taxa were included in calculations. We folloed zonation 

supported by Detrended Correspondence Analysis (DCA) of the entire data set 
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(Fig. II.4). Based on major changes in both ecological groups and DCA scores, we 

established 6 zones. 

Figure II. 3. Percentage fossil diatom data for selected taxa from the sediments of 
Lake Miski, Peru, showing zonation (Figure II.4). 
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ZONE MSK-1: 350 - 302 cm; 12,600 – 11,100 cal BP 

 

The sediment was a black-gyttja that showed fine, faint, laminations (Fig. 

II.2) with 1 to 15% of organics. Carbonate was lower than 1%, only reaching 1.5% 

in the last sample of the zone. This transition was evident in the MS values, which 

dropped abruptly by 15 SI units at 12,600 cal BP (Fig. II.4). Subsequently MS 

values declined steadily throughout this zone. In MSK-1, Brachysira, 

Achnanthidium minutissimum and Psammothidium were the most abundant diatom 

taxa, although Aulacoseira started to rise in abundance at 11,500 cal BP (Fig. II.3).  

 

ZONE MSK-2: 302 - 272 cm; 11,100 -9100 cal BP 

 

The sediment in this zone was a dark grey massive gyttja with fewer 

laminations than Zone MSK-1. Organic content reached 33%. Carbonate was still 

low and never exceeded 2.5%. MS did not show substantial changes in this zone. 

Pennate araphid diatoms from the genus Fragilaria and Tabellaria decreased from 

c. 13 to c. < 3% after 11,000 cal BP. A small peak of Diploneis elliptica occurred at 

the beginning of this zone, but its abundance faded after c.10,300 cal BP. Planktic 

diatoms (centric) represented by Aulacoseira increased in two main pulses, at c. 

10,500 and 9500 cal BP as the abundance of benthic diatoms, especially 

Achnanthidium and Brachysira, fell.  
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ZONE MSK-3: 272 - 216 cm; 9100 – 7900 cal BP 

 

The sediment in this zone was similar to that of zone MSK-2, with a slight 

increase in carbonates to 3.5%. After c. 9100 cal BP Aulacoseira decreased from c. 

90 to 2% and benthics rose from c. 10 to c. 80 %. MS values dropped 2 SI units at 

8,600 ka, presenting the highest oscillation in amplitude between samples since 

12,600 cal BP. 

This zone was mainly characterized by benthic taxa as Brachysira 

abundances increased from 11 to 25%. Achnanthidium and Brachysira had 

sequential peaks between c. 9100 and 8600 cal BP before decreasing again at c 

7800 cal BP. The benthic species Gomphonema, Cymbella cf. microcephala, and 

Psammothidium spp, and the planktic Tabellaria flocculosa increased slightly in 

abundance during this period.  

 

ZONE MSK-4: 216 - 134 cm; 7900 – 5100 cal BP  

 

This zone was characterized by a dark gray gyttja sediment with organic 

content ranging from 16% at c. 7200 cal BP to 48% at c. 5100 cal BP, and 

carbonate reaching 3.8%. The high amplitude of the oscillations in MS ended at 7.5 

SI. No major MS changes were observed afterwards. Zone MSK-4 started with the 

abrupt increase in the abundance of planktic diatoms as Aulacoseira rose from c. 8 

to 80%. After c. 8000 cal BP, Aulacoseira fluctuated between 2 and 80%, but with 
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an overall trend of decreasing abundance. Gomphonema and Tabellaria flocculosa 

increased in abundance during this zone. 

 

ZONE MSK-5: 134 - 20 cm; 5100 – 600 cal BP 

 

The sediment was similar to Zone MSK-4 in terms of color. There was an 

increase in organic content from 35 to 49% after c. 5200 cal BP, and a decline in 

carbonate from 5 to 0.1% after c. 4500 cal BP. After c. 700 cal BP a peak in 

carbonate of 11% marked the end of this zone. This zone was characterized by the 

high abundance of benthic species, with the exception of a brief peak in 

Aulacoseira which reached 30% at c. 4500 cal BP. Multiple types of Eunotia, 

including E. cf. bilunaris and E. cf. incisa, reached their highest values of the 

record between 3500 and 1000 cal BP, reaching a total of c. > 84% at c. 1500 cal 

BP. Brachysira abundances increased to 35% before an overall decline at c. 3000 

cal BP.  

 

ZONE MSK-6: 20 - 0 cm; 600 – 0 cal BP 

The sediment was similar to Zone MSK-3 with a steep decline in carbonates 

from 5 to 0% towards the present. Organic content dropped to 35% but increased 

again to previous levels in the present. This zone was defined by planktic species, 

as there was an increase in Aulacoseira abundance from 3 to 40% and of A. 
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ambigua. The abundances of Achnanthidium minutissimum and Semiorbis 

hemyicyclus also increased during this period. 

 

MULTIVARIATE ANALYSIS 

 

DCA analysis of Miski (Fig. II.5) provided two interpretable axes with 

eigenvalues of 0.2 and 0.1, respectively. The negative extreme of Axis 1 consisted 

of samples MSK-3 and MSK-4 and was characterized by Gomphonema, Cymbella 

cf. microcephala, Tabellaria flocculosa, and Psammothidium spp. At the positive 

extreme of this axis lay samples from MSK-5 and MSK-6, characterized by 

Aulacoseira ambigua, Semiorbis hemyicyclus, and Eunotia cf. bilunaris.  Samples 

from MSK-5 and MSK-6 also laid at the negative extreme of Axis 2, and were 

associated with several Eunotia spp. A mixture of samples from zones MSK-2 and 

MSK-1 were at the positive extreme of Axis 2 characterized by Diploneis eliptica. 

Overall, the samples formed three recognizable groups with those of MSK-3 and 

MSK-4 being the most tightly clustered, while those of MSK-1 and MSK-2 showed 

greater scatter. Samples from the uppermost section of the core plotted similarly to 

some samples from the early Holocene. 
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Figure II.5. Detrended correspondence analysis of Diatom record from Lake Miski, 
Peru. Circles represent samples grouped by ages. Species codes – 
AAMB: Aulacoseira ambigua, AULA: Aulacoseira spp., cf. CMIC: cf. 
Cymbella microcephala, DELL: Diploneis eliptica, EUNO1: Eunotia 
cf. bilunaris – Group 1, EUNO2: Eunotia cf. incisa – Group 2, 
EUNO3: Eunotia spp. – Group 3, GOMP: Gomphonema spp., PSMT:  
Psamothidium spp., SHEM: Semiorbis hemicyclus, TFLO: Tabellaria 
flocculosa. Full circle includes all the samples from Zones MIS- 6 and 
MIS-5 (0–5100 cal BP). Dashed circle includes samples from Zones 
MIS-3 and MIS-4 (5100 to 8900 cal BP). 
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DISCUSSION 
 
 

Lake Miski formed when local glaciers retreated about c. 12,700 cal BP 

generating a decline in sediment magnetic susceptibility (MS), as less glacial silt 

washed into the system. This retreat coincided with the onset of the Younger Dryas 

(YD) in northern Europe (Alley, 2000; Bakke et al., 2009). Although some records 

from South America suggest glacier advances during this period (Clapperton et al., 

1997), the pattern seen in Lake Miski is in agreement with records from the 

southern tropical Andes. The glacier retreat in these regions was attributed to the 

weakening of the Atlantic meridional overturning circulation and consequent 

reduced precipitation that caused abrupt regional warming through land-surface 

feedbacks (Rodbell and Seltzer, 2000; Jomelli et al., 2014).  

An important observation in the context of regional lake records is that 

Lake Miski existed continuously throughout the last 12,700 years. Although there 

is evidence of changing limnological conditions during the MHDE, open water was 

consistently maintained.  For the last 12,700 years, with the exception of the 

periods between 10,500 and 9100 cal BP, 7900 and 5000 cal BP and the last 

millennium when Aulacoseira spp. reached almost total dominance, benthic 

diatoms dominated the diatom flora of Lake Miski (Fig. II.3), suggesting a 

persistent, shallow system. The period between the formation of the lake and 

11,500 cal BP (Zone MSK-1), corresponding to the YD period, was characterized 

by high concentrations of the benthic diatoms Brachysira spp. and Achnanthidium 
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minutissimum; pointing to a shallow environment.  In the period between 11,500 

and 5000 cal BP (Figs. II.3 and II.6 a), sudden shifts in the community were 

evident, when the dominance of planktic diatoms indicated marked limnological 

changes, probably caused by changes in lake level.  

Although planktic species such as Aulacoseira are usually interpreted as an 

indicator of high lake level, the peaks in abundance of this group in Lake Miski 

between c. 9500 and 5000 cal BP are coincident with observed dry periods in Lake 

Titicaca (Baker et al., 2001b; Tapia et al., 2003) and Pacucha (Hillyer et al., 2009).  

If the increase in planktic diatoms is attributed to raised lake level then this increase 

suggests increased precipitation and contradicts regional records for the MHDE 

(Baker et al., 2001b; Tapia et al., 2003; Hillyer et al., 2009; Bird et al., 2011a; 

Urrego et al., 2011). Thus, the Miski data raise two new questions: 1) Why do 

planktic diatoms dominate when most regional records suggest a period of lowered 

lake levels? And 2) Why was Aulacoseira the dominant genus of planktic diatoms 

in this shallow system? 

 

PLANKTIC DIATOMS AND REGIONAL DROUGHT 

 

The MHDE is observable in almost all paleoecological records from 

Ecuador to Bolivia. On a temporal scale, it was the strongest series of droughts of 

the last c.100,000 years, and spatially it is believed to have been driven by 

insolation and ocean circulation, which are global, rather than local. The dry events 
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in other Andean lake records often left a signature of increased carbonate 

concentrations and benthic diatom percentages (Hillyer et al., 2009; Baker et al., 

2001b) (Fig. II.6 f and g). By comparison, the carbonate concentrations of 

sediments from Lake Miski (3-4%) remained close to the margin of error based on 

LOI analyses (Heiri et al., 2001b),  suggesting that the lake continued to overflow 

and did not become a closed-basin evaporitic system, and an increase in planktic 

rather than benthic species was observed (Fig. II.6 a). 

While Lake Miski does not show the usual signs of lowered water level 

during this period, we do not believe that our lake was decoupled from other 

records.  The unique bathymetry of Lake Miski compared with other systems 

provides an explanation of the observed pattern.  The lake has a flat bottom and a 

general depth of ~3 m, with a small deeper section, which we cored, that reached 9 

m water depth (Fig II.1b). We suggest that, in Miski, the decrease in precipitation 

during the MHDE did cause lowered lake level, but the consequence was to reduce 

the area of shallows and bogs that provided habitat for benthic species. Because 

most of the lake area is shallow, benthic diatoms would be favored during periods 

of high lake level, due to larger habitat availability. Another source of benthic 

diatoms is the bog around Lake Miski. Both of the Miski inlet streams flow through 

the bog, probably transporting benthic diatoms from it. Consequently, as lake level 

falls, the shallow area available for benthic groups decreases and only the deeper 

portion of the water column remains, resulting in a more pelagic system, with an 

increase of the signal of planktic groups in the sediment record.  



 66 

A gradual lowering of lake level between 11,500 and 9100 cal BP is 

supported by the increase in abundance of Eucocconeis/Nupela species at 11,000 

cal BP. These genera are usually abundant at shorelines and in the periphyton of 

lakes with low conductivity and pH (Potapova et al., 2003; Siver et al., 2007; 

Enache and Potapova, 2012). The presence of Eucocconeis/Nupela may indicate a 

transitional system as the system either dries down or fills up. Thus, in this record, 

we infer that the peaks of Aulacoseira in the mid-Holocene could reflect times of 

low lake level.
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Figure II.6. Precipitation data from selected sites from the Andes showing evidence  
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Figure II.1. Continued 
  of precipitation changes at different latitudes compared with the 

abundance of benthic diatoms from Lake Miski, Peru (a). Dashed red 
line represents January insolation (a). Other records are (b) Pallcacocha 
red color intensity compiled from record of sedimentation (Moy et al., 
2002), (c) Huascaran δ18O ice record (Thompson et al., 1995), (d) 
Pumacocha precipitation inferred from lacustrine carbonate δ18O (Bird 
et al., 2011), (e) Huagapo Cave precipitation inferred from speleothem 
δ18O (Kanner et al., 2013), (f) Lake Pacucha benthic diatom relative 
abundance (Hillyer et al., 2009), (g) Lake Titicaca benthic diatom 
relative abundance (Baker et al., 2001b), (h) Sajama δ18O ice record 
(Thompson et al., 1998), and (i) South Atlantic Subtropical Dipole 
Index obtained from the Mg/Ca-derived SST record of the Northern 
Cape Basin and from foraminifera-based SST record at the 
southeastern Brazilian Continental upper slope (Wainer et al., 2014). 
Arrows indicate the trends of moisture balance and temperature in that 
record. Light gray bar indicates the 8–9 ka cold period observed in 
records around the world (Mayewski et al., 2004). 

 
 
 
AULACOSEIRA AND THE SHALLOW LAKE 

 

Aulacoseira is a tychoplanktic genus commonly associated with lake 

highstands in the Andes (Bush et al., 2005b; Baker et al., 2009; Bird et al., 2011a). 

Most Aulacoseira species, however, can grow in any depth of water so long as it is 

well-mixed (Siver and Kling, 1997). Aulacoseira are drainpipe-shaped diatoms 

with small surface area:volume ratios that require turbulence to keep them in 

suspension (Padisák et al., 2009). The two most abundant Aulacoseira species in 

Lake Miski were A. distans-pusilla complex and secondarily, A. alpigena. The two 

species, which dominated the assemblage from 11,500 to 5000 cal BP, are usually 

associated with low pH mesotrophic systems, and well-mixed waters (Siver and 

Kling, 1997; Camburn and Charles, 2000; Morales, 2002; Tsukada et al., 2006; 



 69 
Saunders et al., 2009; Holmgren et al., 2012; Gusev and Kulikovskiy, 2014). The 

key issue here appears to be to explain how a small water body can be sufficiently 

well mixed to maintain Aulacoseira rather than other planktics. 

 Shallow, well-mixed systems can be created by surface turbulence (Lewis, 

1996), which could come about through stream flow, or through cold night-time 

temperatures coupled with increased wind speeds. Either of these causes is 

possible, though we are less inclined to consider streamflow during a lake lowstand 

as being sufficiently reliable to maintain mixing. The alternative although not 

mutually exclusive explanation of temperature and wind effects has merit. Because 

of little thermal stratification, shallow tropical lakes are highly susceptible to 

mixing through surface winds (Lewis 1996). Subtropical westerlies are suggested 

to have increased during the MHDE (Theissen et al., 2008), but the effects on wind 

fields in the Andes are not known. Today, high-wind velocities associated with 

cold temperatures during the night result in very weak or no thermal stratification 

in high Andean lakes (Steinitz-Kannan et al., 1983; Gunkel, 2000). 

Besides Aulacoseira spp., the DCA analysis (Fig. II.5) shows that the 

MHDE period was additionally associated with the benthic genus Gomphonema, 

and the tychoplanktic species Tabellaria flocculosa, both of which are consistent 

with the increase in availability of nutrients (Potapova and Charles, 2002). 

Although both species do not vary closely with Aulacoseira, Gomphonema and T. 

flocculosa were favored between 9100 and 5000 cal BP and do not reappear at the 

same abundances thereafter. Taken together, the data suggest an increase in nutrient 
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availability, caused by lowering of lake level, and stronger climatic volatility and 

mixing conditions during the MHDE period than in the prior or following zones 

(Fig. II.4). The MHDE was manifested in Lake Miski from c. 11,000 to 5000 cal 

BP as possibly drier and windier than the preceding millennia, but with lower 

habitat availability for benthic groups to dominate diatom assemblages.  

 

THE RETURN OF BENTHIC SPECIES 

 

The period after 9100 cal BP showed a remarkable change in the diatom 

flora with Aulacoseira falling from c. 85% close to 0% and benthic species 

dominating lake Miski assemblage. The high amplitude and frequency in both 

sediment MS and diatoms between 9100 and 7900 cal BP, suggests climatic 

instability and the increase in lake level with consequent increase in habitat 

availability for benthic groups or inwash of benthic diatoms from the adjacent bog. 

As the wet event of 9100 to 7900 cal BP faded, Aulacoseira returned to dominate 

the system, such that Zones 2 and 4 closely resemble one another in terms of lake 

mixing and climatic volatility. The well-mixed, rich pelagic lake re-established at c. 

7900 cal BP, but every few centuries, conditions reverted to being a benthic rich 

habitat. When precipitation increased and high-lake-level conditions returned, the 

dominance of Aulacoseira was reduced, leading to a stair-step pattern of state 

changes that gradually led to a humid benthic rich lake system after c. 5000 cal BP.   

The effects of the MHDE in Miski faded abruptly at 5000 cal BP when the 
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system shifted to a state without prior analog. Although an assemblage 

dominated by benthic species was re-established in Lake Miski, indicating an 

increase in shallow area and benthic habitat availability due to an increase in lake 

level, the dominance of Eunotia species indicates that the lake became more acidic 

(Pavlov and Levkov, 2013). The increase in the abundance of Eunotia had begun c. 

9000 cal BP, and was consistent with the rise in organic sediment after that time 

(Pavlov and Levkov, 2013). Long-term acidification of lakes is a natural 

phenomenon, common in regions with base-poor bedrock or where the bedrock is 

sealed off by overlying sediment (Engstrom et al., 2000). Lake acidification can be 

caused by a number of factors (Fritz and Anderson, 2013). The most likely cause in 

this instance is that accumulated organic sediment released enough organic acids to 

exceed inputs of weathered bases from the country rock. The marked increase in 

abundance of Eunotia at 5000 cal BP coincides with organic sedimentary content 

reaching 40-45% dry weight from LOI indicating that this species is favored by the 

release of organic acids as they replaced rock flour on the bed of the lake. After 

3500 cal BP Eunotia became the most abundant genus in Lake Miski.  

At c. 780 BP carbonate content increased to c. 10% of the dry weight, a 

factor of four higher than prior background levels. This spike of carbonate was 

registered in only one sample. As Lake Miski is not located on carbonate bedrock 

and does not produce carbonate in the water column, it is likely that this spike 

represents an unidentified external source or a methodological error. Although this 

spike may be an artifact of analysis, the diatom community underwent a sharp shift 
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from dominance by Eunotia spp. to an Aulacoseira alpigena–dominated system. 

This sudden change in the diatom community indicated that there was a genuine 

event that later resulted in changes in the community.  

This transition to the Aulacoseira-rich system was maintained even though 

carbonate concentrations declined to indicate the return of a lake system with some 

through flow. Regional and global data point to a period of increased precipitation 

during the last 700 years (Fig. II.6 e and f) (Hillyer et al., 2009; Kanner et al., 2013) 

associated with the increase in ENSO frequency (Fig. II.6 b) (Moy et al., 2002; 

Conroy et al., 2008), so the mechanism favoring Aulacoseira during this period 

could be different to the one observed during the Mid-Holocene. Increased run-off, 

stream flow or wind would be consistent with maintaining a mixed system in such 

a shallow lake. The mechanism underlying this shift from a calm, acidic 

environment dominated by Eunotia to a mixed lake, dominated by Aulacoseira is 

still unknown. Nonetheless, the limnological transition that occurred in Lake Miski 

at 700 cal BP appears to have continued until the present. 

 

COHERENCE BETWEEN RECORDS 

 

We compared the species variability in the Miski record with other 

paleoclimate records to derive insights into the mechanisms driving the observed 

changes (Fig. II.6). The following discussion is based on the fluctuations observed 

in Aulacoseira at Lake Miski. We choose to use the Aulacoseira curve because it is 
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the most important group in disrupting the overall dominance of benthic species 

in Lake Miski, and because the variability observed in the DCA analyses was 

mostly driven by the changes in this genus. The Aulacoseira fluctuation variability 

seems to match regional hydrological changes.  

Prior studies have argued that the low water levels of the mid-Holocene 

came about through the interaction of multiple processes. Here, we provide 

additional data that help to clarify that the dry event was composed of three stages. 

The first from c. 11,000-9100 cal BP was a time of falling lake levels and increase 

in the mixing regime, coincident with declining austral summer (wet season) 

insolation (Fig. II.6 a). Between c. 9100 and 7900 cal BP, this trend was interrupted 

by a wet period. The third stage was a return to low lake levels and a well-mixed 

system, even though insolation was decreasing, and was thus favorable to an 

increase in wet-season precipitation. This last phase, from c. 8000 to 5000 cal BP 

matches the timing of the true mid-Holocene dry event in other records, as 

described by Abbott et al. (2003).  

Regional isotopic records show a peak of moisture between c. 20,000 and 

16,000 cal BP (Thompson et al., 1995; Thompson et al., 1998; Baker et al., 2001b; 

Mosblech et al., 2012b; Cheng et al., 2013). The subsequent nadir in precipitation 

that tracks the insolation minima at 10,000 cal BP is present in some records, e.g. at 

Lake Junin (Seltzer et al., 2000a), Lake Pumacocha (Fig. II.6 d) (Bird et al., 

2011a), Huascarán ice record (Fig II.6 c) (Thompson et al., 1995) and El Condor 

cave (Cheng et al., 2013). In many other sequences, however, there was either no 
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Holocene decrease in moisture, e.g. the Sajama ice cap (Fig. II.6 h) (Thompson 

et al., 1998) and paleolake Uyuni  (Baker et al., 2001a), or there was a later 

reduction in lake levels, e.g. Lakes Titicaca (Fig. II.6 g) (Baker et al., 2001b), Taypi 

Chaka Kkota (Abbott et al., 2003) and Pacucha (Fig. II.6 f) (Hillyer et al., 2009; 

Valencia et al., 2010).  

Marine and speleothem records show a weakening of the Atlantic 

Meridional Overturning Circulation (AMOC) and consequent strengthening of the 

South American Summer Monsoon (SASM) at 8200 BP and this has become 

known as the 8.2 ka event (Alley et al., 1997; Cheng et al., 2009). This wet event is 

not apparent at Lake Miski. Still, the 8.2 ka event, expressed as a cold event in the 

North Atlantic, is suggested to be part of a larger, global event throughout the 

9000-8000 BP interval (Mayewski et al., 2004), which was identified in Lake Miski 

between 9100 and 7900 cal BP as a period dominated by benthic species. During 

this time, the Northern Hemisphere was more glaciated than today and changes in 

the extent of the ice sheet and enhanced meltwater production would have altered 

ocean circulation affecting climate worldwide. The 9000 - 8000 BP signal is 

observed in the South Atlantic Ocean subtropical dipole index (Fig. II.6 i), 

reconstructed from records of SSTs from the coasts of Africa and Brazil for the 

Holocene (Wainer et al., 2014). We hypothesize that the abrupt changes observed 

in Lake Miski from 9100-7900 cal BP was a wet event that coincided with the 

9000-8000 BP interval, perhaps driven by a cooling in the North Atlantic SSTs and 

changes in ocean circulation modulating the South Atlantic Ocean subtropical 
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dipole. As stated before, in Lake Miski the increase in lake level would have 

increased the area of shallow habitat, and thus increased the representation of 

benthic species. 

Between 8000 and 5000 cal BP, the last phase of the MHDE in Lake Miski 

matches the timing of the MHDE in other records (Abbott et al., 2003) and 

weakening of ENSO events (Fig. II.6 b) (Moy et al., 2002). Although the 

synchronicity in terms of timing and direction of change observed between records 

indicates that insolation and ENSO are two different mechanisms (Polissar et al., 

2013), millennial-scale variability in ENSO has been suggested to be associated 

with orbital changes (Clement et al., 1999; Moy et al., 2002) or modulated by the  

northward displacement of the ITCZ favoring more permanent southeast trades and 

promoting cool upwelling (Koutavas et al., 2006), but the linkage between both 

mechanisms remains uncertain. 

While other lakes were losing large amounts of water to evaporation (Cross 

et al., 2000), Miski retained a lake, but shallowed and became well-mixed. 

Increased winds could have facilitated mixing and enhanced evaporation; 

generating changes that were compatible with observed records from drier settings. 

The reason that Miski retained water, when other lakes were dry was probably 

because of topographic trapping of moisture that formed low-level cloud on the 

Andean flank (Halladay et al., 2012). Even when windy, this setting would have 

frequently been cloud-saturated. During dry episodes, while flat areas desiccated, 

the topographically rugged terrain around Miski would have trapped orographic 
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moisture. Another complementary possibility was that the rugosity prevented the 

spread of natural fires in the landscape. With such natural fire breaks, fire-sensitive 

forests would have been maintained (Valencia et al., 2016). Maintaining mesic 

forests, their soils and microclimate would have, in turn, enhanced the 

evapotranspirative feedbacks that promoted cloud formation. Unsurprisingly, this 

small, wet setting manifested the termination of the MHDE ~ 1000 years earlier 

than at the much drier, and larger setting of Lake Titicaca (Baker et al., 2001a). 

Even though Lake Miski and Lake Pacucha were located near one another, 

after 5000 cal BP the responses of both lakes became decoupled. Lake Miski 

experienced a long period in which higher lake level caused an increase in benthic 

habitat availability, and acidification allowed Eunotia spp. to replace Aulacoseira 

spp. as the dominant diatoms. Contrastingly, at Lake Pacucha, small tychoplanktic 

and benthic diatoms that had dominated during the mid-Holocene dry event were 

replaced by Aulacoseira ambigua, whose abundance oscillated continuously with 

small tychoplanktic species abundance, suggesting a system that was essentially 

very unstable with temporary stratification and mixing (Hillyer et al., 2009). 

One possible explanation for the divergence between the signals in Miski 

and Pacucha after 5000 cal BP is the relative role played by humans in each 

watershed. At Lake Pacucha, the peaks in benthic diatoms were ultimately 

interpreted as dry events associated with ENSO activities, but the authors noted the 

increased rates of change associated with this period compared with glacial times 

and proposed that the intensified limnological variability may have been due to 
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human influence (Hillyer et al., 2009). A similar limnological amplification of 

the ENSO signal due to human activity was reported from Lake Sauce, Peru, in the 

same time period (Bush et al., 2017b). At Lake Sauce, as agricultural activity 

intensified, there was an amplification of an existing, but subtle climatic signal of 

ENSO. This signal only became apparent when the buffering of natural vegetation 

was replaced by erodible, deforested landscapes. Supporting this idea was evidence 

in the pollen record for sustained human activity both at Pacucha and Sauce for the 

last 5000 years, but for very limited use at Miski, in which pollen of crops were not 

observed (Valencia, 2014).  

An event that caused a sudden change in the diatom community was 

observed at c. 780 cal BP from Lake Miski and this is coincident with regional 

records reporting strong changes in precipitation regimes. In the Lake Pacucha and 

Quelccaya ice cap records a dry period is observed at ~ 700-800 cal BP (Thompson 

et al., 2000; Hillyer et al., 2009). Following that event, the Miski system reverts 

back to an Aulacoseira-dominated system, with abundances similar to those 

observed during the Mid-Holocene. The high abundance in Aulacoseira could be 

associated with the weakening of ENSO activities observed in Laguna Pallcacocha, 

Ecuador (Moy et al., 2002).  

 

MOCROREFUGIA AND LIMNOLOGY 

 

Local microrefugia are central to regional species persistence during  
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adverse times, and are of increasing interest to conservation biologists (McGlone 

and Clark, 2005; Birks and Willis, 2008; Rull, 2009; Cheddadi et al., 2017). In the 

high Andes, Polylepis woodlands that exist above the treeline are critical to the 

survival of a set of habitat specialists (Fjeldså, 1993; Lloyd and Marsden, 2008; 

Terrazas and Ståhl, 2002). These woodlands are lost from fire-prone dry landscapes 

and are suggested to have survived the MHDE in wet microrefugia. Lakes that lie 

in steep terrain that would have caught Amazonian moisture are suggested as wet 

spots that may provide long-term, moist conditions (Killeen  et al., 2007). Such 

sites were shown to host Polylepis woodlands throughout the MHDE, whereas sites 

with low terrain rugosity exhibited sedimentary hiatuses or lost their Polylepis 

woodlands (Valencia et al., 2016). Lake Miski was identified as a potential 

microrefugial setting and so our new limnological information provides additional 

insights relating to this discussion. First, the conditions apparently needed for 

woodland microrefugia do not translate to ‘unchanging’ hydrologies or climates. 

Our evidence is consistent with the existence of an open water body throughout the 

MHDE, and therefore of relatively mesic conditions compared with other local 

settings, i.e. the drying of the Refugio lakes (Urrego et al., 2011), which lie atop a 

flat landscape. Our data though, did suggest changes in climate.  

The variability observed in Lake Miski is in agreement with other records 

meaning that there were drier conditions during the MHDE (Fig II.6), but the 

responses observed in our site were not as sensitive as in other sites, thus 

supporting that Lake Miski could have been a microrefugium. Factors that induced 
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state changes within the lake were not enough to cause woodlands to disappear. 

Thus, for a setting to be microrefugial did not imply unchanging climates, only that 

conditions were sufficient to facilitate survival of the species of interest. Altered 

wind speeds, dry events, and cloudiness were all inferred from our data, and yet 

these changes were not enough to cause the drought sensitive species Polylepis to 

be lost from the landscape. What cannot be answered with certainty was whether 

other plant, bird or insect species that co-exist within modern - or early Holocene - 

Polylepis woodlands were unaffected.  

Going forward, microrefugia will have to withstand anthropogenic climatic 

change, and will exhibit species turnover as individual niche spaces no longer fit 

within the available climate space (Hannah et al., 2014). Definitions of 

microrefugia are, therefore, somewhat subjective in terms of which species are 

identified as characterizing the microrefugium. Given our data, it is probable that 

climate change will influence all settings, including future microrefugial habitats.  

Consequently, single-species conservation objectives, even associated with 

microrefugia, will be less likely to be viable, than planning on protecting a broad 

swath of species with similar (but not the same) ecological tolerances or functions. 
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CONCLUSIONS 

 

Lake Miski has been a continuous feature of the Andean landscape for the 

last 12,700 years. Limnological changes in the diatom record from the lake show 

that early Holocene precipitation variability at this highland site was influenced by 

orbital insolation, consistent with other records from the region, and consistent with 

reductions of moisture inputs from SASM as ITCZ neared its most northerly 

position, in response to low austral summer insolation. Superimposed on this long-

term trend, the decrease in ENSO activities also may have played a role in 

controlling precipitation variability of the Andes. Between 8000 and 5000 cal BP, 

and possibly for the last 600 years, the variability in Lake Miski seems to be 

associated with El Niño activity variability. Another possibility is that insolation 

also modulates ENSO (Koutavas et al., 2006) and that both signals are 

consequently linked. 

 Although probably occasionally used by humans, this site does not show 

strong signals of human occupation. The high rates of limnological change 

occurring after the end of the MHDE associated with human influence at nearby 

Lake Pacucha were not observed in Lake Miski. 

Lake Miski was suggested to have been an unusually climatically stable and 

wet location during the regional drying associated with the MHDE. The presence of 

a woodland microrefugium apparently withstood climatic changes that induced 
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state changes in the diatom flora, underscoring that microrefugia do not equate to 

complete climatic or hydrologic stability.  

Ongoing and future anthropogenic climate change poses one of the greatest 

threats to biodiversity, affecting species distributions and ecological interactions. In 

the Andes, changes in climate are expected to disrupt precipitation patterns and, of 

particular concern, to increase the intensity and frequency of droughts (Bradley et 

al., 2006; Urrutia and Vuille, 2009b). In Miski the effects of recent climate change 

are still unknown, but the evidence is that recent warming in the region is occurring 

at a higher rate than the global average (Vuille et al., 2003; Wang et al., 2014a), 

already impacting glaciers and water availability (Rabatel et al., 2013), and 

limnological characteristics of the water (Michelutti et al., 2015a; Michelutti et al., 

2015b). Food security, water availability, and maintenance of biodiversity are all 

ecosystem services that are dependent upon environmental quality. Policy makers 

and conservationists need to understand how ecosystems responded to past climate 

changes so that these essential services can be maintained.  
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CHAPTER III 

 
 
 

VEGETATION RESPONSE TO CLIMATIC AND HUMAN CHANGES IN A 

MID-ELEVATION ANDEAN SITE OVER THE LAST 9000 YEARS 

 

INTRODUCTION 
 
 

Humans have altered Neotropical landscapes for more than 10,000 

calibrated years before present (cal yr BP) causing extinction, altering diversity, 

originating novel communities, reducing ecological resilience, and increasing the 

probability of climate inducing ecological shifts (Dillehay et al., 2008; 

Villavicencio et al., 2016; Raczka et al., 2019; Pires et al., 2015; Capriles et al., 

2018). Humans first occupied the Andes about 13,000 years ago, existing as hunter-

gatherers for millennia. Evidence of plant cultivation in the Andes began c. 7000 

calibrated years before present (hereafter cal yr BP) (Hansen et al., 2003; Pearsall, 

2008). Signs of domestication of camelids and crop cultivation associated with 

major cultural changes can be seen in both, archaeological sites and lake 

paleorecords. By 4000 cal yr BP agriculture was widespread in many Andean 

regions and had resulted in manufactured landscapes (Chepstow-Lusty, 2011; 

Sublette Mosblech et al., 2012; Bush et al., 2016; Marsh, 2015). The response of 

landscapes to the intensification of agropastoralism in the region before 4000 cal yr 

BP is poorly known, and detailed paleoecological records spanning both the mid-

and late- Holocene are lacking. 
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I hypothesize that the advent of cultivation affected the landscape more 

intensely than the manipulative strategies (i.e. burning to drive game or improve 

grazing) used by hunter-gatherer societies. Agropastoralist technologies can change 

landscapes causing the opening of new niches through novel patterns of fire and 

disturbance, the reduction of wild animal and plant populations, the movement of 

species to new regions (e.g.. maize) (Bush et al., 2007b; Bush et al., 1989; Kistler 

et al., 2018), and the promotion of fruiting and ‘useful’ species (Levis et al., 2012). 

Besides, agropastoralism allows for the development of large human populations. 

As populations grew, true cultures (i.e., social groups sharing beliefs, technologies, 

art forms) began to appear. Andean cultures became monument builders, with long-

term structures and large aggregations (Makowski, 2008), changing natural 

landscapes even more. 

Agropastoralism in the Andes spread during a time of climatic instability 

(Piperno, 2007; Marsh, 2015) known as the Mid-Holocene dry event (MHDE) 

(Abbott et al., 1997). Some examples of the cultural changes that happened during 

this period include the domestication of camelids at around 6000 years ago (Baied 

and Wheeler, 1993); mass migrations (Núñez et al., 2001; Marsh, 2015), and the 

development of an artificially irrigated agroecosystem (Dillehay et al., 2005). The 

mid-Holocene was then a period of significant climate and cultural change in South 

America.  

During this period, northern hemispheric warming induced the Inter-tropical 

Convergence Zone (ITCZ) to migrate into its most northern position, causing a 
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weakening of the South American Summer Monsoon (SASM), which brought 

less rain to the Andes (Thompson et al., 1998; Abbott et al., 2000; Seltzer et al., 

2000b; Baker et al., 2001b; Tapia et al., 2003; Theissen et al., 2008; Kanner et al., 

2013). The MHDE was a time-transgressive phenomenon that was generally 

present between c. 6000 and 3000 cal yr BP, but started 2000 years earlier in 

northern sites compared with the southern Altiplano (Abbott et al., 2003). Farther 

from the Bolivian Altiplano, the event was poorly defined temporally, as it seemed 

to vary regionally in its onset, peak, and termination. Both, the MHDE and the 

intensification of the landscape use by humans may have had profound influences 

on the vegetation. The role of human impacts in ecosystem response to climate 

change, however, has been poorly studied, especially in the tropics. 

The region of Cajas National Park in Ecuador is known for its 

archaeological sites that date to pre-Incan (pre AD 1470; 480 cal yr BP) and Incan 

(c. AD 1470-1530; 480- 420 cal yr BP) times. Paleorecords in the region, from 

Lakes Llaviucu, Chorreras, and Pallcacocha, have provided important paleoclimatic 

data (Rodbell et al., 1999; Moy et al., 2002), and provided baseline data for 

deglacial and Holocene conditions in southern Ecuador (Colinvaux et al., 1997; 

Hansen et al., 2003). At Lake Llaviucu (3115 m asl), the extinction of the 

Pleistocene megafauna was inferred to have been caused by human activity at c. 

12,800 cal yr BP. At that time charcoal became a regular component of Lake 

Llaviucu’s sediment, and the herbivore indicator Sporormiella spores were lost 

from the record (Raczka et al., 2019). Indications of maize agriculture were evident 
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at Lake Llaviucu (Colinvaux et al., 1997), but the earliest local record came from 

higher up the valley from Lake Chorreras (3700 m asl) where Hansen et al. (2003) 

identified a single pollen grain of maize. In the same zone where maize was found, 

weed taxa occasionally flickered in abundance (Hansen et al., 2003), suggesting 

human disturbance around this higher lake. Later, after 4000 cal yr BP, in the same 

lake, pollen of crops became more frequent, suggesting the permanent human use 

of the site. Cajas National Park is very wet, receiving >2000-3000 mm of 

precipitation per year, and the MHDE was not detected in this setting. 

The timing and effects of the MHDE and of the development of 

agropastoralism in the wet mid-elevation section of this Andean setting are still 

unknown. Using loss-on-ignition (LOI) analysis and fossil diatoms to track changes 

in precipitation and limnology, fossil pollen to track vegetation changes and crop 

presence, Sporormiella as a proxy for camelid presence, and charcoal as a proxy for 

fire, I present a high resolution 8,500-yr paleoecological history of Lake Llaviucu, 

a mid-elevation lake located in a wet section of the Ecuadorian Andes. My 

objectives were to answer the following questions:  1) Was the MHDE expressed in 

the limnological and vegetational data from this lake setting? 2) Did the timing and 

intensity of human activity begin immediately after the MHDE? 3) Did either the 

MHDE or human action produce novel species assemblages? 
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STUDY AREA 

 

Lake Llaviucu (2°50'34"S and 79° 8'46"W, Fig. III.1)), also known as 

Surucucho (Colinvaux et al., 1997), is a moraine-dammed lake that lies at ~3115 m 

a.s.l. (above sea level) located in the Cajas National Park, Ecuador. More than 200 

lakes are located in Cajas, ranging in elevation between 3115 and 4445 m a.s.l.. All 

were apparently formed by glacial activity. Soils in the region are classified as 

histic andosols and dystic histosols devoid of allophane, which is clay silicate rich 

in aluminum associated with weathering of volcanic ash, with amounts of organic 

carbon being as large as 44% (Buytaert et al., 2007). The rivers Yanuncay, 

Tomebamba and Machangara, located inside of the park, provide drinking water to 

the third largest city in Ecuador, Cuenca (Michelutti et al., 2015b). 

The region has several archaeological sites that date from the pre-Incan Era 

to the Incan Era (ca. 3700 cal yr BP; 1800 BC) to 470 cal yr BP; 1532 AD) and the 

presence of an Incan road in the valley suggests that this area has long been 

accessed for trade (Colinvaux et al., 1997; Sarmiento, 2002). In the 20th century, 

Cajas National Park was intensively used for cattle grazing. In 1977, the area 

became a National Park with no communities living within its borders, but with 

small-scale activities such as fishing, mining and agropastoralism still being 

performed (ECOLAP, 2007).   

The climate of Cajas National Park has been described as cold and humid 

with mean annual temperatures of 11-12°C and annual precipitation exceeding 

2000 mm. The driest period of the year lasts from June to September, when rainfall 
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decreases to 50-100 mm per month (Michelutti et al., 2016). The effective 

moisture of this site is increased by low-level cloud that saturates the valley, but is 

not counted in the sum of precipitation.  

The region is strongly influenced by the strength of the SASM which is in 

turn influenced by the position of the Inter-tropical Convergence Zone (ITCZ) 

(Garreaud et al., 2008). During the wet season (austral summer), the ITCZ is 

located in its southward position bringing moisture from the Atlantic Ocean to 

Amazonia, fueling intense convective rainfall. The moisture is transported by a 

large-scale atmospheric circulation, the South American low-level jet (SALLJ), 

along the base of the Andes and reaches the study region. During the dry season 

(boreal summer), the ITCZ reaches its northward position and brings convectional 

rainfall to the northern tropics (Vuille et al., 2000a). Insolation controls the 

latitudinal movement of the ITCZ by increasing the amount of moisture 

convergence over the continent during periods of increased land-sea temperature 

differences (Biasutti et al., 2003). Correspondingly, the long-term variations of 

precipitation observed in paleorecords from South America, are frequently 

dominated by changes in insolation, thus being primarily driven by orbital forcing 

(Cruz Jr. et al., 2005; Kanner et al., 2012; Mosblech et al., 2012a; Kanner et al., 

2013).  

At inter-annual timescales the El Nino Southern Oscillation (ENSO) seems 

to be the main source of climate variability in the region (Vuille et al., 2000a; 

Garreaud et al., 2009) (Rodbell et al., 1999; Moy et al. 2002). Characterized by sea 
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surface temperatures (SST) anomalies in association with uncharacteristic 

atmospheric circulation, irregular fluctuations of 2 to 7 years form a pseudocycle of 

positive warm (El Niño) and negative cold (La Niña) temperatures (Diaz and 

Markgraf, 1992). Warming of sea-surface temperatures in the eastern tropical 

Pacific Ocean suppresses rainfall over tropical South America, and enhances 

rainfall over the semi-arid coast of Ecuador and Peru and vice versa (Garreaud et 

al., 2008). ENSO events generally last for 18–24 months with peaks in amplitude 

mostly occurring in the austral summer (December–February) (Grimm and 

Tedeschi, 2009). 

The vegetation in the park consists of páramo modified to become pastoral 

grasslands, eucalyptus plantations, and montane forest (Hansen et al., 2003). The 

Páramo vegetation is dominated by grasses and xeromorphic herbs (Buytaert et al., 

2007). Forest patches occur up to c. 3800 m with Polylepis sp. and Gynoxys sp. 

forming the highest woodlands (Hansen et al., 2003). Below 3500 m, fragments of 

moist Andean montane forest consisting of Cornus peruviana, Meliosma sp., 

Myrcianthes sp., Urtica sp. and others are present (Colinvaux et al., 1997; Hansen 

et al., 2003). Today fire, grazing and deforestation (Sarmiento, 2002) have 

fragmented forests, and replaced them with pastoral grassland landscapes 

(Colinvaux et al., 1997). Andean forest grows on the slopes around Lake Llaviucu, 

and is rich in Weinmannia, Alnus, Podocarpus, Rubiaceae, Hedyosmum, 

Urticaceae, and Myrsine (Mosblech, 2012). A marsh located upstream of the lake is 

dominated by Poaceae and Cyperaceae. Along the eastern shore of  Lake Llaviucu, 
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trees are scarred by scratches characteristic of Andean bear (Tremarctos ornatus) 

(M. Bush pers. comm.).  

Lake Llaviucu has one inlet bringing water from the Taitachugo River and one 

outlet with the stream forming the Llaviucu River. The lake occupies an area of 

16.6 ha with a catchment of c. 1710 ha and a maximum depth of c. 16 m (Van 

Colen et al., 2017). Llaviucu is the only large natural lake in the region located 

within the moist montane forest vegetation zone. As a result of the high nutrient 

concentrations coming from terrestrial input, the lake is classified as mesotrophic 

(Colinvaux et al., 1997). Historically, Lake Llaviucu received minor inputs of 

sewage from a trout farm and a small brewery both of which were closed with the 

formation of the National Park  (Van Colen et al., 2017). Cows, horses and llamas 

were also herded in with the between 25 and 50 animals in the past and about 6-8 

llamas today (Van Colen et al., 2018). In 2016, the measure of total nitrogen, total 

phosphorus and Chl-a in the lake was 344, 11 and 0.24 µg L-1, respectively (Van 

Colen et al., 2017).   
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Figure III.1. Map of the location of Lake Llaviucu (red star) and of the Cajas 

National Park in relation to altitude in the Ecuador and Cubilán 
archaeological region (Pagán-Jiménez et al., 2016) (A), Google Earth 
satellite image of Lake Llaviucu showing the moist montane forest 
vegetation around the lake (B), and bathymetry of Lake Llaviucu 
showing the position of the core (black dot) collected during the 2009 
expedition (C). 
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METHODS 

 

In the summer of 2009 an 11.9 m-long sediment core was raised from the 

deepest section of Lake Llaviucu (Llav09) with a Colinvaux-Vohnout piston corer 

(Colinvaux et al., 1999). The core was taken to the Florida Institute of Technology 

(FIT) for storage. Eleven radiocarbon dates were used to determine the chronology. 

Suitable macrofossils or charcoal fragments for 14C dating were not found, so 14C 

dating was based on sediment bulk samples. Age measurements were performed at 

the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS). We 

cross-correlated a distinctive peak of Discostella in both records at 2 cm depth (2.5 

cm depth in the other record) to allow us to adopt a 210Pb activity profile for the 

uppermost 2 cm of the core (Fig. III.2). Calibration of 14C ages used the IntCal 13 

calibration curve (Reimer et al., 2013) and, together with the Pb210 data, formed a 

chronology using ‘Bacon’ (Blaauw, 2010) in R (R (CRAN) package, 2018). Bacon 

employs Bayesian statistics to reconstruct accumulation histories for sedimentary 

deposits. Age reversals were detected in the most basal samples > 12,000 cal yr BP 

due to glacial rock flour and very low carbon content (Mosblech, 2012). 

Subsamples of 0.5 cm3 were removed for analysis of fossil diatoms, pollen, 

charcoal, and carbon content using loss-on-ignition (LOI). Loss-on-ignition (LOI) 

analysis followed the protocol of Dean (1974) with modifications made by Heiri et 

al. (2001b) was conducted at 6.5 cm intervals. Sediment subsamples were heated at 

550 °C for four hours to estimate the organic content, and at 950 °C for two hours 
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to quantify carbonate content. Diatoms were sampled to provide c. 40 to 185-

year resolution and prepared with hydrogen peroxide, according to standard 

digestion procedures (Battarbee, 1986b) before mounting in Naphrax®. A 

minimum of 300 diatom valves were counted under a Zeiss Axioskop 

photomicroscope at 1000x magnification, and identified using modern and classic 

descriptions (Round et al., 1990; Lange Bertalot, 1998; Lange Bertalot, 2000; 

Morales, 2002; Siver et al., 2007; Furey, 2011; DeColibus, 2013).  

Sub-samples for pollen analysis were extracted at c. 40 year resolution and 

processed with the addition of the exotic Lycopodium clavatum spore (Stockmarr, 

1972) allowing calculation of concentration of the subfossils, 10% KOH, acetolysis 

according to standard procedures (Faegri and Iversen, 1989), flotation with sodium 

metatungstate and mounted in glycerol. Pollen counts of 300 terrestrial pollen were 

made for each sample. Pteridophyte spores were identified when possible, or 

grouped according to morphotypes, and expressed as a percent of the pollen sum. 

Sporomiella spores were counted until a total of 300 pollen grains was reached and 

expressed as a percentage of the pollen sum. Taxonomic identifications were based 

mainly on the pollen collection and database from the Neotropical Paleoecology 

Research Group (NPRG), at Florida Institute of Technology (Bush and Weng, 

2007) as well as other pollen keys and descriptions (Colinvaux et al., 1996; Roubik 

and Moreno, 1991). Charcoal fragments were counted using an Olympus 

stereoscope at 20x magnification and photographed with a digital camera connected 

to the stereoscope. The surface area was calculated using the software ImageJ 
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(Rasband, 2005). 

Diversity was measured using the Simpson diversity index and Simpson 

evenness (Magurran, 2004). Data were plotted using the software C2 (Juggins, 

1991). The overall ecological changes through time were evaluated using 

Detrended Correspondence Analysis (DCA, Hill 1979) using PC-ORD program, 

version 5.15 (McCune, 1997). The values generated by the first 3 axis of the DCA 

were used to calculate the Euclidean distance between samples. Zonation was 

defined based on major changes in both ecological groups in the pollen record and 

DCA scores. 
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RESULTS 

 

AGE MODEL 

 

All 11 14C dates were accepted and used to create the age model (Table 

III.1; Fig. III.2). The sedimentary record reaches the period of the Last Glacial 

Maximum and was consistent with continuous sedimentation since the lake 

formation at c. 16,000 cal yr BP. Because our focus is on the influence of the 

MHDE and humans in the landscape, and because Mosblech (2012) counted the 

older sections of this record, in this paper, we are working only with the last 9000 

cal yr BP (first 455 cm of the core). 

 

Table III.1. Calibrated ages for Lake Llaviucu, Ecuador.  

Lab ID 

number 

Depth 

(cm) 
Source 14C 

Minimum 

(Cal yr BP) 

Maximum 

(Cal yr BP) 

Mean 

probability 

Surface 0 - -59 -65 -55 -59 

Correlation 2.5 - -53± 1.4 -57 -47 -53 

OS-136401   12.5 Bulk 975± 15 -44 897 535 

OS-136402   42.5 Bulk 1460± 5 1278 1363 1318 

OS-77533  221.2 Bulk 3760± 30 3931 4326 4094 

OS-77596  449.5 Bulk 7920± 40 8558 9005 8792 

OS-77534  545 Bulk 10600± 40 11207 12216 11787 

OS-77519  615.9 Bulk 11250± 40 12743 13178 13003 

OS-77394  727.5 Bulk  12700± 50 13989 14529 14273 
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Table III.1. Continued 

Lab ID 

number 

Depth 

(cm) 
Source 14C 

Minimum 

(Cal yr BP) 

Maximum 

(Cal yr BP) 

Mean 

probability 

OS-77395  826.8 Bulk 12800± 50 14800 15362 15138 

OS-77396  997 Bulk 12150± 50 16009 16875 16472 

*OS: access code from NOSAMS 

 

 

 

Figure III.2. Age-depth model and summarized stratigraphy for the 11.9 m of 
sediment record for Lake Llaviucu, Ecuador. 
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PALEOECOLOGICAL ZONES  

 

From centimeters 455 to 400, the sediment of Lake Llaviucu was 

composed of layered black gyttja and clay, whilst the most recent 3 cm were 

composed of organic black gyttja. Based on major changes in both ecological 

groups in the pollen record and DCA scores, we established three zones: Llav09-

1, Llav09-2 and Llav09-3. Diatoms zones were defined according to the pollen 

variability. A total of 178 diatom morphotypes belonging to at least 64 genera was 

found. Within genera, the richest taxon was Gomphonema (with 15 morphotypes), 

followed by Achnanthidium (14), Nitzchia (13), Eunotia (8), and Aulacoseira and 

Navicula (7 each). Most families were represented by only 1 or 2 morphotypes 

(26 and 7 families respectively). For pollen we found 109 morphotypes belonging 

to 62 families and 102 genera. Within family, the richest taxon was Rubiaceae 

(with 11 morphotypes), followed by Euphorbiaceae and Fabaceae (5 each), and 

Sapindaceae (4). 46 families were represented by 1 morphotype (Fig. III.5). As 

would be expected, most of the 109 morphotypes found were rare and only 25 

occurred with an abundance > 3% (Fig. III.6, III.7 and III.8). The 25 most 

abundant taxa accounted for at least 81% of the community total abundance in all 

samples. Sample richness varied between 23 and 59 morphotypes per sample, and 

diversity index (D) was between 0.63 and 0.93 while evenness was from 0.03 to 

0.18 (Fig. III.9). Pollen concentrations varied from 10,000 to 54,000 grains per 

cm3 (Fig. III.10). 
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At Llav09-1 (455–217.5 cm; c. 9000–4000 cal yr BP) organic content (C) 

ranged from 14 to 34% and carbonate (CO3) ranged 1.6 to 5% with only one 

sample (c. 4320 cal yr BP) peaking to 29% (Fig. III.4). The diatoms Brachysira 

spp. (6 to 31%), Achnanthidium spp. (3 to 26%), and Gomphonema cf. pygmaeum 

(3 to 15%) characterized this zone (Fig. III.3). Denticula and Epithemia presented 

increased in abundance at c. 8200 cal yr BP, but declined afterwards. Total 

benthic taxa dominated the community, almost reaching 100% abundance (87 to 

98%) (Fig. III.4). Total pollen concentrations varied from c. 13,000 to c. 54,000 

grains per cm3, whereas influx ranged from c. 655 to 2900 grains/cm2/yr (Fig. 

III.9). Poaceae (18 to 59%), Moraceae/Urticaceae (4 to 15%), Alnus (0 to 21%), 

Podocarpus (0.3 to 13%) Rubiaceae (0 to 9%), Weinmannia (1 to 16%), and 

Polylepis (0 to 10%) pollen abundances characterized this zone. Grasslands 

(Poaceae) and the sum of upper montane taxa (20 to 43%) dominated the sum of 

pollen spectra (Fig. III.9). Sporormiella abundances only reached 2% at c. 5600 

cal yr BP. One Zea mays pollen grain was observed at c.6410 cal yr BP, and 

another one was seen again at c. 5540 cal yr BP. Total charcoal area reached the 

highest values of the record in two main peaks, one at c. 6740 cal yr BP (5.8 mm2 

per cm3) and another one at c. 4800 cal yr BP (6.8 mm2 per cm3), and ranged from 

0.11 to 6.8 mm2 per cm3. 
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 Figure III.3. Fossil diatom
 percentage data for taxa occurring > 3%

 abundance in the sedim
ents of Lake Llaviucu, Ecuador. Light blue represents planktic species. Zones are indicated by intensity of 

background color. 
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Figure III.4. Sum
 of fossil diatom

 ecological types and LO
I from

 Lake Llaviucu, Ecuador. O
paque dark blue represents benthic species. Light blue represents planktic species. R

ed line represents January 
insolation. Zones are indicated by intensity of background color. 
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Figure III.5. Number of morphotypes of pollen observed per family found in Lake 

Llaviucu, Ecuador. 46 families were represented by only 1 
morphotype.  

 

 

At Llav09-2 (217–87.5 cm; c. 4000–2000 cal yr BP) organic content (C) 

ranged from 16 to 27% and carbonates ranged from 0.4 to 5, (Fig. III.4). The 

diatoms Achnanthidium cf. minutissimum (0 to 27%), Achnanthidium spp. (5 to 

18%), Brachysira spp. (5 to 21%) defined this this zone. Although total benthic 

taxa dominated most of the diatom community (33 to 94%), planktic species 

increased in abundance in at the end of this zone (~2300 cal yr BP, 30%) due to the 

contribution of Fragillaria species (10%) Ulnaria ulna (6%) and Tabellaria 

flocculosa (12%). Total pollen concentrations decreased in this zone, varying from 

c. 10,000 to c. 44,000 grains per cm3, while influx ranged from c. 640 to 3000 
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grains/cm2/yr (Fig. III.9). Poaceae (32 to 54%), Moraceae/Urticaceae (3 to 16%), 

Melastomataceae/Combretaceae (3 to 8%), Weinmannia (3 to 12%) and Alnus (1 to 

11%) pollen abundances characterized this zone (Figs. III.7 and III.8). Grasslands 

(Poaceae) and the sum of upper montane taxa (18 to 41%) were the most abundant 

forest types in this zone (Fig. III.9). Sporormiella reached 4% at c. 3730 cal yr BP. 

Zea mays occurred again at c. 3460 cal yr BP and its occurrence increased after c. 

2800 cal yr BP, when the occurrences stop. Total charcoal ranged from 0 to 3 mm2 

per cm3  (Fig. III.9). 

At Llav09-3 (87–10 cm; c. 2000–450 cal yr BP) organic content (C) ranged 

from 14 to 34% and carbonate (CO3) ranged from 0.4 to 4.6% (Fig. III.4). The 

diatoms Achnanthidium cf. minutissimum (0 to 19%), Achnanthidium spp. (0 to 

16%), Brachysira spp. (2 to 14%) defined this zone. Total pollen concentrations 

varied from c. 10,000 to c. 35,000 grains per cm3, whereas influx ranged from c. 

230 to 1,900 grains/cm2/yr (Fig. III.9). Poaceae (27 to 54%), Alnus (7 to 25%) and 

Hedyosmum (1 to 21%) pollen abundances characterized this zone (Fig. III.7 and 

III.8). Grasslands (Poaceae), the sum of upper montane taxa (16 to 47%) and the 

sum of species associated with disturbance (16 to 36%) increased in abundance 

(Fig. III.9). The last two forest types increased in abundance primarily because of 

the contribution of Alnus and Hedyosmum. Sporormiella reached 6% at c. 1270 cal 

yr BP. Zea mays pollen grains occurred at high frequencies from the beginning of 

this zone until c. 800 cal yr BP, when the occurrences stopped. Total charcoal 

ranged from 0 to 3 mm2 per cm3 (Fig. III.9).
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Figure III.6. Fossil pollen percentage for plant fam

ilies occurring at > 3%
 in the sedim

ents of Lake Llaviucu, Ecuador. Light green represents G
rasslands. D

ark green represents low
er m

ontane vegetation. 
B

lue green represents upper m
ontane vegetation. K

haki represents Puna vegetation. D
ark blue represents aquatic plants. Zones are indicated by intensity of background color. 
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Figure III.7. Fossil pollen percentage data for taxa occurring above 3%

 in abundance from
 Lake Llaviucu, Ecuador. Light bright green represents G

rasslands. D
ark green represents low

er m
ontane vegetation. 

B
lue green represents upper m

ontane vegetation. K
haki represents Puna vegetation. B

right dark blue represents aquatic plants. Y
ellow

 represents unknow
n taxa. B

row
n represents spores. Zones 

are indicated by intensity of background color. 
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Figure III.8. Fossil pollen percentage data for taxa occurring above 3%

 in abundance from
 Lake Llaviucu, Ecuador. Light bright green represents G

rasslands. D
ark green represents low

er m
ontane vegetation. 

B
lue green represents upper m

ontane vegetation. O
range represents disturbance-associated vegetation. K

haki represents Puna vegetation. B
right dark blue represents aquatic plants. B

row
n 

represents spores. Zones are indicated by intensity of background color. 
 



 
105 

 Figure III.9. Sum
 of fossil pollen percentage data per vegetation type from

 Lake Llaviucu, Ecuador. Light bright green represents G
rasslands. D

ark green represents low
er m

ontane vegetation. B
lue green 

represents upper m
ontane vegetation. O

range represents disturbance-associated vegetation. N
ote that the species in this category are also displayed in the sum

 of vegetation they in w
hich they 

belong (eg. Alnus is displayed in both disturbance-associated and total upper m
ontane vegetation types). B

row
nish green represents Puna vegetation. B

right dark blue represents aquatic plants. 
B

row
n represents spores. Zones are indicated by intensity of background color. 
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Figure III.10. Fossil pollen concentration data for taxa occurring above 3%
 in abundance from

 Lake Llaviucu, Ecuador. Light bright green represents G
rasslands. D

ark green represents low
er m

ontane 
vegetation. B

lue green represents upper m
ontane vegetation. O

range represents disturbance-associated vegetation. K
haki represents Puna vegetation. B

right dark blue represents aquatic plants. 
B

row
n represents spores. Zones are indicated by intensity of background color. 
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At Llav09-4 (10–0 cm; c. 450–0 cal yr BP) organic content (C) ranged from 

22 to 28% and carbonate (CO3) ranged from 1 to 3% (Fig. III.4). The diatoms 

Achnanthidium cf. minutissimum (0 to 11%), Discostella stelligera. (1 to 41%), and 

Tabellaria flocculosa. (7 to 21%) defined this zone. At c. 200 cal yr BP (1750 AD), 

planktic diatoms reached dominance (70%) at -23 (2003 AD), mostly due to the 

contribution of Discostella stelligera (41%) (Fig. III.3). Total pollen concentrations 

varied from c. 23,000 to c. 35,000 grains per cm3, whereas influx ranged from c. 

200 to 1300 grains/cm2/yr (Fig. III.9). Poaceae (29 to 48%), Alnus (7 to 25%) and 

Hedyosmum (5 to 9%), Moraceae (5 to 13%) and Melastomataceae (3 to 8%) pollen 

abundances characterized this zone (Fig. III.7 and III.8). Grasslands (Poaceae), and 

the sum of species associated with disturbance (19 to 34%) decreased in abundance 

(Fig. III.9). In this zone Sporormiella dropped to 2% at c. 470 cal yr BP. Zea mays 

pollen grains did not occur at this zone. Total charcoal ranged from 0 to 0.2 mm2 

per cm3 (Fig. III.9). 

 

MULTIVARIATE ANALYSIS 

 

 Detrended Correspondence Analysis (DCA) of the diatoms from Llaviucu 

(Fig. III.11) provided two interpretable axes with eigenvalues of 0.04 and 0.03, 

respectively. Axis 1 effectively segregated samples from zone Llav09-1 (negative 

scores) from zone Llav09-4 (positive scores). The negative extreme of the axis was 
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characterized by Brachysira spp., Gomphonema cf. pygmaeum, Encyonopsis 

sp.1.LLAVIUCU, Achnanthidium spp., and Achnanthidium cf. caledonicum. At the 

positive extreme of this axis were samples from Llav09-4, characterized by the 

planktic species Discostella stelligera, Tabellaria flocculosa, Diatoma tenuis and 

Ulnaria cf. ulna. Axis 2 provided a separation of samples within Llav09-1 with the 

negative portion of the axis being characterized by Achnanthidium caledonicum, 

Cocconeis placentula, Hannaea arcus, Encyonema cf. subminuta and 

Achnanthidium cf. minutissimum. Samples from Zone Llav09-1 that lay at the 

positive extreme of Axis 2 were associated with Achnanthidium cf. minutissimum 

and Nitzschia cf. semirobusta. Samples from Llav09-2 and -3 were left near the 

‘zero’ value for both axes, suggesting these to be intermediate, between zones 

Llav09-1 and -4.  

For pollen, the DCA analysis (Fig. III.12) provided two interpretable axes 

with eigenvalues of 0.05 and 0.02, respectively. Zones Llav09-4 and -3 segregated 

on the first two Axes leaving samples from zone Llav09-2 and -1 in intermediate 

positions. The negative extreme of Axis 1 consisted mostly of samples from 

Llav09-1 and -2, and was characterized by Piper, Cecropia, Weinmannia, 

Rubiaceae and Moraceae/Urticaceae. At the positive extreme of this axis were 

samples from Llav09-3 and -4, characterized by Myrsine, Alnus, Hedyosmum and 

Symplocos. Positive scores on Axis 2 were associated with Podocarpus, 

Hedyosmum and Polylepis, while negative scores were associated with Poaceae, 

Asteraceae, Weinmannia and Acalypha.  
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Figure III.11. Diatom Detrended Correspondence Analysis (DCA) from Lake 
Llaviucu, Ecuador. Axis values are multiplied 100x.  
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Figure III.12. Detrended Correspondence Analysis (DCA) results for fossil pollen 
sample scores from Lake Llaviucu, Ecuador. Axis values are 
multiplied 10x. 
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DISCUSSION 

 

This is the first high-resolution, multiproxy, paleoecological dataset that 

spans most of the Holocene (last 9000 cal yr BP) from Ecuador. Overall, the Lake 

Llaviucu data reveal that changes associated with the MHDE were less intense than 

the changes associated with human influence.  

The DCA and the Euclidean distance analysis (Fig. III.4) of the diatom 

community revealed that the highest amplitude of variability in the community 

occurred over the last 2000 years. Contrastingly, changes in vegetation, indicated 

by the DCA results (Fig. III.9), showed a gradual change starting at 4000 cal yr BP, 

followed by more stable systems at c. 2000 cal yr BP. Vegetation total richness, 

Simpson diversity index and Simpson evenness changed very little through time. 

The three measures were slightly higher during the period of the MHDE, indicating 

that the distribution of abundances within taxa was stable and diverse during this 

period (i.e., there was no dominance by one or few taxa) (Magurran, 2004).  

 

WAS THE MHDE EXPRESSED IN THE LIMNOLOGICAL AND 

VEGETATIONAL DATA FROM THIS LAKE SETTING?  

 

The composition of lake sediment and the assemblages of fossil diatoms 

provide proxies for past limnological and climatic conditions (Patrick, 1974). Here, 

we use loss-on-ignition (LOI) analysis and fossil diatoms to track changes in 
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precipitation and use of the watershed around Lake Llaviucu during most of the 

Holocene. LOI is a useful geochemical analysis that indicates lake drought by 

water evaporation. Carbonate deposition is increased by lengthening the residence 

time of water in a lake (Horne and Goldman, 1994), the relative importance of over 

precipitation (Bischoff et al., 1997), increased eutrophication, or lake stratification 

(Wetzel, 2001). In other Andean lakes, increased concentrations of carbonates 

coupled with an increase of benthic or halophytic diatom species, marked the 

occurrence of the MHDE (Hillyer et al., 2009; Baker et al., 2001b). By contrast, the 

carbonate concentrations of sediments from Lake Llaviucu (0.5–6%) (Fig. III.4) 

remained constantly low and frequently close to the margin of error based on LOI 

analysis (Heiri et al., 2001b), suggesting that the lake continued to overflow and 

did not become a closed-basin evaporitic system during this period.  

Even without signs of low lake level, benthic (or epiphytic) diatoms 

dominated the community in Llav09-1. Achnanthidium spp, Brachysira spp, 

Gomphonema cf. pygmaeum, Encyonopsis sp.1 LLAVIUCU were the most 

abundant species of this zone (Fig. III.3). In addition to these abundant species, the 

DCA analysis associated Llav09-1 with Achnanthidium cf. caledonicum, Cocconeis 

placentula, and Nitzschia cf. semirobusta. Achnanthidium is a genus frequently 

associated with low nutrient conditions (Passy, 2007) and found at high abundances 

in running waters and shallow lakes of mountainous regions (Ponader, 2007; 

Jüttner et al., 2011; Nascimento et al., 2018). Additionally, Achnanthidium, 

Brachysira, Encyonopsis and Cocconeis are genera commonly composed by 



 113 

species typical of oligotrophic lakes and high flow disturbance habitats (Wolfe and 

Kling, 2001; Passy, 2007). Because our age model and carbonates content indicates 

that Lake Llaviuccu never dried out, even during the MHDE, our data suggest that 

the dominance of benthic diatoms in this 16 m deep lake is associated with other 

biological or environmental factors that may favor the absence of planktic species.  

Physical limnological data from Cajas National Park indicates that 

historically these lakes are generally well mixed (Steinitz-Kannan et al., 1983) and 

thermal stratification is nonexistent, or short-lived (Steinitz-Kannan et al., 1983; 

Gunkel, 2000). Under modern conditions the estimated residence time of Llaviucu 

is short, about 40 days (Van Colen et al., 2017). Studies indicate that phytoplankton 

take from 2 weeks to 3 months to be established (Kawara et al., 1998; Reynolds, 

2006), but this time is variable depending on the concentration of nutrients 

available in the lake and the organism. Today lake Llaviucu is mesotrophic, with 

most of the nutrients coming from the terrestrial input of its surrounding moist 

montane forest vegetation (Colinvaux et al., 1997), a phenomena that probably also 

occurred in the past. The lake however, has received anthropogenic nutrient input 

in its recent past and it is possible that this has altered the lake trophic state (Van 

Colen et al., 2017), contributing to the recent increase in planktic species. 

Benthic species are the long-term dominants of Lake Llaviucu, probably 

reflecting a combination of lack of stratification, relatively short-water residence 

times, and an abundance of macrophytes in the shallow portions of the lake to 

provide attachment sites for benthic species. We observe that the temporal 
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dominance of benthic species in Lake Llaviucu, although decreasing in Llav09-3, 

continued long after the MHDE ended. Although human impacts were experienced 

during the period of benthic dominance, for >8000 years they led to species re-

assortment, but not a fundamental state change in the benthic composition. The 

pattern changes after c. 200 cal yr BP when the planktonic diatom, Discostella 

stelligera, reaches 25% of abundance (Fig. III.3). This shift has been attributed to 

increased lake stratification in response to warming conditions (Michelutti et al., 

2015b). 

 

 

Figure III.13. Photo of Lake Llaviucu, Ecuador, showing current occurrence of 
macrophytes that would provide attachment for benthic diatoms 
(arrows) (photo: Joseph-Cro).  
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The drought associated with the MHDE was not obvious in our 

limnological analysis, suggesting that in this wet section of the Andes hydrological 

changes were much less pronounced than in the much drier Altiplano. The 

terrestrial vegetation, however, exhibited minor changes. In comparison with the 

older sections of this record (Fig. III.14) (Raczka et al., 2019), Poaceae (grassland) 

abundances decreased during this dry period, as middle and low elevation lowland 

pioneer forest taxa Cecropia, Piper and Begoniaceae and the mid-elevation forest 

taxon Weinmannia (Fig. III.7 and III.8), increased in abundance.  

The genus Weinmannia contains ∼150 species of cloud forest trees and is a 

dominant and widespread genus in cloud forest in the Andes (Bradford, 1998). 

Although this long-lived slow-growing genus is considered to be an element of 

mature forests, it is composed of light-demanding or even shadow-intolerant 

species (Lusk, 1999; Rapp et al., 2012). Given its association with fast growing 

pioneer, and therefore also light-demanding genera found in this section of the 

record (Brokaw, 1985; Mesquita et al., 2001), we conclude that forest disturbance 

causes the change observed during the MHDE. The drought caused by the MHDE 

could have resulted in the death of trees and increased forest openings, favoring the 

shift toward more light-demanding species. Nevertheless, the absence of a climatic 

proxy that confirms that the MHDE was expressed locally, argues against this 

vegetation change being due to drought alone. 
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Figure III.14. Sum of fossil pollen percentage data per vegetation type from Lake 
Llaviucu, Ecuador since 11,000 cal yr BP incorporating data for the 
early Holocene from Raczka et al. (2019). Light bright green 
represents grasslands. Dark green represents woodland vegetation.  

 

Another possibility is that humans, and the initial stages of agropastoralism, 

caused the vegetation disturbance observed during the MHDE. Fire and possibly 

forest management caused by human settlements could have resulted in decreased 

canopy cover. Humans were present in the region, affecting megafauna populations 

since before 12,000 cal yr BP (Raczka et al., 2019). Fire appears to have had a 

somewhat uneven occurrence in the valley, but this is consistent with other records, 

and may indicate either a somewhat intermittent use of the area or that charcoal 
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representation is not linearly related to human activity under these occupation 

regimes.  The transition to more open woodlands predated maize cultivation by 

about 2000 years. Maize pollen is evident at Llaviucu at c. 6400 cal BP, about 800 

years after it was recorded at Laguna Chorreras a lake 8 km away but 600 m 

upslope of Lake Llaviucu (Hansen et al., 2003). It is not improbable that the higher, 

and sunnier location of Chorreras was cultivated earlier than Llaviucu. 

In other regions of Ecuador, maize was found earlier than in Cajas National 

Park. The earliest known maize in Ecuador is from an archaeological setting 100 

km south of Cajas, where starch grains were recovered from lithics dated to c. 8000 

cal yr BP (Pagán-Jiménez et al., 2016). These dates are coincident with our 

suggestion that humans, even if in low densities, were occupying the region around 

Lake Llaviucu since before 8000 cal yr BP, and causing forest disturbance as part 

of the early stages of agropastoralism.  

We found that the MHDE was expressed at the lake setting, but 

surprisingly, more strongly in the vegetation than the diatoms, probably due to an 

amplification caused by human influence. 

 

DID THE TIMING AND INTENSITY OF HUMAN ACTIVITY BEGIN 

IMMEDIATELY AFTER THE MHDE? 

 

The MHDE is described to have lasted from 8000 to 4000 cal yr BP in the 

Bolivian altiplano (Abbott et al., 2003). At Lake Llaviucu, at c. 4320 cal yr BP, 
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carbonate content increased to c. 29% of the dry weight, six times higher than prior 

background levels. This spike of carbonate was registered in only one sample. As 

Lake Llaviucu is not located on carbonate bedrock and does not produce carbonate 

in the water column, it is likely that this spike represents an unidentified external 

source or a methodological error. Although this spike may be an artifact of 

analysis, the diatom community underwent a sharp shift from the dominance by 

Achnanthidium spp, Brachysira spp and Gomphonema cf. pygmaeum at zone 1 to 

the onset of a sustained increase in the benthic species Achnanthidium 

minutissimum and a slight increase in planktic species, mainly composed by 

Aulacoseira cf. islandica in zone 2. The planktic species Hannaea arcus as also 

associated with the DCA analysis Zone 2. This change in the diatom community 

indicates that there is a genuine event causing changes in the community.  

Our data suggest that after c. 4320 cal yr BP Lake Llaviucu underwent a 

slight environmental alteration that could have been due to changes in climate. A 

possible climatic event associated with this time period is the ‘4.2 k’ Bond Event 

(Bond et al., 1997). This probably global event is linked to changes in the North 

Atlantic meridional overturning circulation (AMOC), causing increases in 

precipitation over South America (Stríkis, 2011). However, the only local indicator 

of change in climate we have during this period is the peak in carbonates, which 

implies drought and as already stated, is a single datum of uncertain veracity. 

Another source of impact at Lake Llaviucu during the mid-Holocene was 

the increase in human landuse. After c. 5500 cal yr BP the herbivore indicator, 
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Sporormiella, reached abundances above 2%, suggesting increased use of the site 

by camelids. This 2% value has been used as a threshold in paleoecological studies 

to indicate use of the landscape by mega herbivores (Davis and Shafer, 2006; Gill 

et al., 2009; Gill, 2012). In this very wet setting charcoal is interpreted to indicate 

human-set fires (Raczka et al. 2019). Charcoal peaked twice at c. 6740 and 4800 

cal yr BP. The data are consistent with the broader archaeological evidence from 

Cajas National Park of increased human modification of the landscape after c. 3800 

cal yr BP (Hansen et al., 2003) and the intensification of maize cultivation observed 

at Llaviucu at c. 2800 cal yr BP (Fig. III.9). These data are consistent with the 

timing of nutrient enriching and diatom change observed at Lake Llaviucu. We 

infer that, during this period, forest clearing within the watershed around Lake 

Llaviuccu may have generated a gradual increase in nutrient inputs to the lake.  

The planktic species Tabellaria flocculosa, and Fragilaria cf. capucina 

were the main taxa that characterized the end of zone Llav09-2. Tabellaria 

flocculosa was commonly found in peat bogs, running water or lakes of slightly 

low pH (Krammer, 1991), whereas Fragilaria cf. capucina usually flourished in 

eutrophic lakes (Hall et al., 1999; Passy, 2007). Again, this change in the 

dominance of diatoms was associated with landuse. In this zone, maize occurrences 

became more frequent, and agricultural activity may have increased the input of 

nutrients to the lake.  

Both the DCA and the Euclidean distance analysis (Fig. III.4) of the diatom 

community revealed that the highest amplitude of variability in the community 
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occurred over the last 2000 years. This observation accounted for the high scatter in 

ordination space of the samples from zone Llav09-3. The planktic species 

Tabellaria flocculosa, Discostella stelligera, Ulnaria cf. ulna, and Fragilaria cf. 

capucina were the main taxa that characterized this zone. Discostella stelligera is a 

planktic species, primarily occurring in lakes and large rivers. Although it may 

respond to increased nutrients, the species has been associated with changes in 

mixing regimes (Padisák et al., 2009; Saros et al., 2012) being capable of remaining 

suspended within the metalimnion in stratified waters (Tolotti et al., 2007). 

Diatoma tenuis is a species that can occur in both, the planktic and benthic habitats, 

while both Fragilaria cf. capucina, and Ulnaria ulna flourish in eutrophic lakes 

(Hall et al., 1999; Passy, 2007) 

This second peak in planktic species is due to the dominance by D. 

stelligera and happens after 200 cal yr BP. This peak may be the result of recent 

human activities around Lake Llaviucu. The region was intensively used for cattle 

grazing and received slight sewage inputs during the 20th century, only becoming 

protected in 1977. Even after that, certain human activities, including small-scale 

cattle grazing are still being practiced around the lake (Van Colen et al., 2018). 

Although all the taxa associated with recent changes in lake Llaviucu are 

consistent with increased availability of nutrients (Potapova and Charles, 2002; 

Passy, 2007; Saros and Anderson, 2015), studies of the recent paleolimnological 

history of Lake Llaviucu suggest that they may be due to ongoing warming 

(Michelutti et al. 2015). The transition to a Discostella-dominated lake is attributed 
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to warming reducing the mixing regime in the lake. Michelutti et al. (2015) 

consider this transition to reflect an ecological threshold being passed.  The study 

of Michelutti et al. (2015) is limited to the uppermost 60 cm of the sediment, so it 

does not consider the limnological state of the lake before human influence nor 

does it consider other long-term climatic influences.  

It is unclear to us if recent landuse by humans or ongoing warming are 

causing the observed habitat modification. What is evident is that humans have 

gradually affected the limnological dynamics at this mid-elevation Andean site 

since c. 4000 cal yr BP, with two main changes happening at c. 2000 after an 

intensification of landuse, and after c. 200 cal yr BP, due to recent anthropogenic 

activities or ongoing climate change. 

In the last 4000 years, the watershed of Lake Llaviucu underwent further 

changes in vegetation. At 4000 cal yr BP, the sum of Andean forest taxa, and the 

disturbance forest taxa Cecropia and Begoniaceae decrease in abundance as 

Poaceae increases again. Additionally, two mid-elevation species associated with 

disturbance, Alnus and Hedyosmum, increase in abundance at 2800 cal yr BP (Fig. 

III.7 and III.8). Later at c. 2200 cal yr BP, the light-demanding genus Weinmannia 

similarly decreases in abundance. Poaceae and Alnus dominated the pollen record 

until c. 460 cal yr BP. Intense and widespread (compared with the prior phases) 

agropastoralism by pre-Incan and Incan populations is evident through the increase 

in frequency of maize occurrence and the abundance of Sporormiella. Although we 

link the increase in Hedyosmum abundance during this period to anthropogenic 
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disturbance, it seems that different types of human activities affect this genus 

differently. During the mid-Holocene, for example, Hedyosmum abundances 

decrease when fire intensity and Sporormiella concentrations increase (to values 

similar to those of 1500 cal yr BP), and later at c. 1500 cal yr BP, its abundances 

drop when Sporormiella (6%) suggest a peak in camelid abundance at c. 1300 cal 

yr BP. Probably fire and grazing affected Hedyosmum negatively, whereas 

disturbance that increased fallowed land promoted its occurrence. 

Sporormiella, maize and charcoal, i.e., the agropastoralism-indicators, all 

declined in abundance or occurrence after c. 450 cal yr BP. The timing is 

coincident with European arrival in South America and the fall of the Incan Empire 

(Davies, 2007). The arrival of Spaniards would have been responsible for the 

abandonment or decrease in local population through the exposure to new 

infectious diseases or warfare.  

Our data indicates that humans have influenced Llaviucu Valley since 8500 

cal yr BP, but intense land use seems to have peaked between c. 2900 and 800 cal 

yr BP suggested by the highest frequencies of maize production, not immediately 

after the MHDE ended.  

 

DID EITHER THE MHDE OR HUMAN ACTION PRODUCE NOVEL SPECIES 

ASSEMBLAGES? 

 

Humans have altered this mid-elevation landscape for more than 13,000 cal 
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yr BP, by causing megafaunal extinction, which altered ecological interactions 

between plants and their consumers or dispersers, resulting in changes in plant 

dominance (Raczka et al., 2019). Our results indicate that humans continued to 

change this landscape since then, and that the development of agropastoralism 

affected the lake limnology and the vegetation around Lake Llaviucu since 8500 cal 

yr BP, gradually creating the landscapes that today are considered natural.  

The increase in farming practices affected the diatom community favoring 

planktic species associated with increased nutrients and originated a strongly 

planktic-dominated system without parallel in the prior 9000 years. In terms of 

vegetation, although during the peak of grazing and maize cultivation, the 

proportion of forest to grassland was similar to that of today in response to an open 

landscape, although there are different proportions of species. We do not consider 

these truly novel or no-analog settings, as the species were all long-term 

components of the landscape, but their proportions were atypical of prior and 

modern times. 
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CONCLUSIONS 

 

We conclude that humans influenced upper Andean landscapes including 

many that are considered natural today. In the Llaviucu Valley, Ecuador, this 

process took place in four different phases since 8500 cal yr BP, and favored 

species associated with disturbance. During the first phase, small-scale maize 

cultivation and the initial use of animal domestication techniques, produced 

impacts on the vegetation and probably on the limnology of the lake. Light 

demanding and pioneer species from low (Begoniaceae, Cecropia and Piper) and 

mid-elevation (Weinmannia) forest types occupied newly expanded sunlit niches, 

occurring at abundances not seen in the record before 8500 cal yr BP. This period 

seems to have been one of anthropogenic landscape clearance and burning that 

increased grasslands. More work needs to establish the earlier baseline to determine 

whether a shift in diatoms at c. 8.2 k BP represents changes attributable to human 

activity. There is clearly a shift in species composition, but the taxa involved 

Denticula and Epithemia adnata, which are not classic indicators of eutrophication, 

but of rather indicators of salinity. 

During the second phase between 4000 and 2000 cal yr BP, the intensity of 

anthropogenic forest burning decreased, but frequency of maize occurrence 

increased, indicating a well-established farming pre-Incan/Incan society. An 

important point to make is that even during the height of grazing and maize 

cultivation, the proportion of forest: grassland was similar to that of today. The 
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increase in farming practices affected the diatom community favoring planktic 

species associated with increased nutrients. Grasslands also returned to the 

abundances observed before 8500 cal yr BP in response to the more open 

landscape, but they now occurred in association with different proportions of 

species. We do not consider these truly novel or no-analog settings, as the species 

were all long-term components of the landscape, but their proportions were atypical 

of prior times. The mid-elevation forest species Alnus and Hedyosmum were the 

ones showing the strongest increases in abundances, occurring at levels not seen 

before 4000 cal yr BP. 

The third phase from 2000-450 cal yr BP was associated with the peak in 

use of agropastoralist techniques indicated by the highest abundances of 

Sporormiella in the Holocene, and by high a proportion of samples containing 

maize pollen. Disturbance forest taxa were present throughout. 

The fourth phase followed the fall of the Incas and the arrival of Spaniards. 

Agropastoralism declined at c. 450 cal yr BP, and there was a slight recovery of 

forest taxa, but not on the scale needed to support contentions that forest recovery 

initiated the Little Ice Age. In the most recent times, the diatom community became 

dominated by planktic species that would have been favored by increased 

stratification. This change could either have been driven by recent watershed 

abandonment or ongoing changes in climate by humans.  

Thus, to return to our initial points to be investigated, I found that the 

MHDE was expressed at the lake setting, but surprisingly, more strongly in the 
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vegetation than in the diatoms. We found that for the entire period of study humans 

were probably active in this landscape. A trajectory of increasing use seems to have 

peaked in terms of maize production between c. 2900 and 800 cal yr BP, and 

thereafter pastoralism was of increased importance until European arrival disrupted 

the system. Our third question was did we see evidence for the construction of 

novel ecosystems. Here we are equivocating because it depends upon the definition 

of novel system. We contend that these are human-manufactured landscapes in that 

the balance of species has been continuously altered by human actions, but they are 

not novel communities in the sense of a wealth of introduced species.  The same is 

true of the lake system, although the recent switch to a strongly planktonic system 

is without parallel in the prior 9000 years. 
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CHAPTER IV 

 

VEGETATION RESPONSE TO CLIMATIC CHANGES IN WESTERN 

AMAZONIA OVER THE LAST 7600 YEARS 

 

INTRODUCTION 

 

Ongoing and future anthropogenic climate change poses one of the greatest 

threats to biodiversity, species distributions, and ecological interactions. Air 

temperatures over Amazonia are expected to increase by more than 1oC this century 

(Boulanger et al., 2006). The future of precipitation is uncertain, although it is 

likely to become more extreme in its variance around the new mean (IPCC, 2013). 

Cumulatively, these impacts are expected to increase drought and flammability 

(Nepstad et al., 2007; Meir et al., 2009), and have the capacity to exceed 

evolutionary adaptations to climate (Colwell et al., 2008a).  

Although subject to criticism, climate models that included carbon feedbacks 

showed a potential sensitivity of Amazonian rainforests to warmer and drier 

conditions (Cox et al., 2004; Cox et al., 2013). Whereas these models dealt with 

future conditions, an approximate analog for projected temperatures for the coming 

century might to be found in the mid Holocene.  

The Mid-Holocene temperatures may have been 1-2 °C above modern (van 
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Breukelen et al., 2008). Increased evaporative rates and falling precipitation (Cross 

et al., 2000) produced the driest period of the last c.100,000 years in the Central 

Andes (Baker and Fritz, 2015); becoming known as the Mid-Holocene Dry Event 

(MHDE) (Abbott et al., 1997). The mechanism driving the MHDE precipitation 

change in Amazonia is uncertain but was most likely strongly influenced by the 

position of the Inter-tropical Convergence Zone (ITCZ) (Nobre and Shukla, 1996; 

Garreaud et al., 2009). During this period, northern hemispheric warming induced 

the ITCZ to linger in its northern range, thereby weakening SASM, which brought 

less rain to both the Andes and Amazonia (Absy et al., 1991b; Thompson et al., 

1998; Abbott et al., 2000; Behling and da Costa, 2000; Mayle et al., 2000; Seltzer 

et al., 2000b; Sifeddine et al., 2001; Irion et al., 2006; Bush et al., 2007b; Theissen 

et al., 2008; Kanner et al., 2013). This event triggered major biological and cultural 

changes (Cross et al., 2000; Baker et al., 2001b; Tapia et al., 2003; Hillyer et al., 

2009; Valencia et al., 2010; Marsh, 2015), providing valuable insights into what 

might be expected in terms of future changes in species ranges and the potential 

cultural adaptations that are associated with such climatic changes (Urrutia and 

Vuille, 2009b). The main effects of the MHDE on Amazonia are shown in Fig. 

IV.1. 
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Figure IV.1. Location (A) and aerial view (B) of Hill of Six Lakes (photo: 
Araquém Alcântera), Brazil, and the position of the core collected 
during the 2009 expedition at Lake Pata (C). Map shows the location of 
Hill of Six Lake (star) in relation to modern annual precipitation in 
Amazonia and other paleoclimate records (letters) discussed in the text. 
CH: Chaplin, BV: Bella Vista (Mayle et al., 2000), LG: Laguna Granja, 
OR: Orícore (Carson et al., 2014), PK: Parker, GT: Gentry (Bush et al., 
2007a), HM: Huanchaca Mesetta swamp (Maezumi et al., 2015), CJ: 
Carajás (Absy et al., 1991b; Turcq et al., 1998; Sifeddine et al., 2001; 
Cordeiro et al., 2008; Hermanowski et al., 2012a; Hermanowski et al., 
2012b; Cordeiro et al., 2014; Alizadeh et al., 2017; Reis et al., 2017),  
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Figure IV.1. Continued 
SC: Sarucuri, Santa Maria, Lagoa Comprida, Lagoa Geral (Bush et al., 
2000; Bush et al., 2007b), TJ: (Irion et al., 2006),CL: Colombian 
Llanos Savannahs (Wijmstra and van der Hammen, 1966; Behling and 
Hooghiemstra, 2000; Berrio et al., 2002), M4: Maxus 4 wetland (Weng 
et al., 2002). Dashed line: charcoal analysis at the road connecting the 
cities of Cuiabá and Santarém (Soubies, 1980). Cartoons indicate the 
environmental status of the region during the MHDE inferred from 
paleorecords as follows: Grass: pollen indicating savanna or cerrado 
expansion, Fire: increase in charcoal, Drop: decrease in lake level, 
Human: change in vegetation associated with humans. The * indicates 
the records in which the dry period ended before 5500 cal yr BP. On 
the other ones, the dry period ended between 3500 and 2500.  

 
 

The timing of start and end of the MHDE is somewhat variable, changing 

from region to region, suggesting that there may be multiple underlying and 

potentially interacting causes, including insolation minima, the position of the 

ITCZ, and the strength of ENSO (Baker et al., 2001b; Koutavas et al., 2006; 

Polissar et al., 2013). Despite some temporal heterogeneity, most lowland 

Amazonian records reveal lake lowstands peaking around 6000 and 5000 calibrated 

radiocarbon years before present (hereafter cal yr BP).  The return to wetter 

conditions, however, was time transgressive as the drought varied in its local effect, 

pushing some localities further past an ecological tipping point than others. 

Consequently, forest recovery was delayed longer in the drier settings occurring c. 

3000 cal yr BP (Mayle et al., 2000; Sifeddine et al., 2001; Mayle et al., 2007; 

Hermanowski et al., 2012a; Carson et al., 2014; Reis et al., 2017), than in wetter 

ones where recovery was complete by c. 4000 cal BP (Irion et al., 2006). None, of 

the records available so far, deal with detailed reconstructions of lowland systems 
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that lack strong seasonality. 

If, as some models suggest (e.g. Cox et al. 2004), Amazonian ecosystems 

are teetering on the brink of a state change to savanna under drier conditions, a 

prolonged and significant reduction in moisture availability should result in a 

substantial change in forest composition if not a change in biome. This sensitivity 

would be increased under warming conditions that near the thermal limit of 

Quaternary evolutionary history and adaptation (Colwell et al., 2008a). If, under 

normal conditions, these ever-wet systems have water redistribution by tree 

hydraulic lift they are buffered from brief droughts that could induce soil moisture 

deficits in drier settings (Da Rocha et al., 2004). Thus these settings would be 

stable, because they are effectively without moisture. A second and not mutually 

exclusive hypothesis is that the ever-wet sites may withstand more drought because 

they grow in buffered systems, but when that buffering is exceeded, their lack of 

adaptation results in a profound tipping point rather than a gradual change. A third 

hypothesis is that the ecological resilience of ever-wet forests is lower than that of 

seasonal forests because they do not routinely suffer stress. In the absence of 

physiological stress, trees do not evolve adaptations such as microphyly, deep root 

systems or being facultatively deciduous, and are therefore more vulnerable to 

atypical drought (Brando et al., 2008; da Costa et al., 2010; Levine et al., 2016). 

Some support for this hypothesis is evident in the mortality of canopy trees in 

western Amazonia following the strong droughts of 2005, 2010 and 2015 (Asner 

and Alencar, 2010; Alencar et al., 2015).  
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STUDY AREA 

Hill of Six Lakes (0°16′N and 66°41′W, Fig. IV.1) is an inselberg that rises to 360 

m above sea level, markedly higher than the general elevation of 80 m above sea 

level of the western Amazonian plain in Brazil. The inselberg is part of the Morro 

dos Seis Lagos Biological Reserve, an Amazonas State Park situated inside of the 

Pico da Neblina National Park, c.100 km north of the closest city, São Gabriel da 

Cachoeira. The Hill is composed of Cretaceous intrusive carbonates 

(Schobbenhaus, 1984) with a soil rich in iron and niobium (Giovannini et al., 

2017). The region is affected by pseudokarstic processes, which creates the six lake 

basins on the Hill, but also accounts for a persistent leakage of water through the 

floor of the lakes (Bush et al., 2004a).  

Climate in the region is hot equatorial (Köppen Af) humid, with annual 

precipitation ranging between 2900 and 3700 mm per year. During the months of 

June to November, rainfall decreases but not enough for the region to experience a 

true marked dry season. Precipitation in this region comes mainly from the tropical 

Atlantic, brought by trade winds and by the SALLJ (South American Low Level 

Jet). The SALLJ is in turn influenced by the position of the Inter-tropical 

Convergence Zone (ITCZ) (Garreaud et al., 2009; Marengo, 2007) and by local 

convective activity (Radambrasil, 1976). Mean monthly temperatures are 25 °C, 

with average daily highs of 30 and lows of 21 °C (Bush et al., 2004a). 
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The vegetation surrounding the Hill of Six Lakes is classified as dense 

tropical rain forest (Radambrasil, 1976), with large trees forming a canopy 30 m 

above the ground. On the hill, however, the thin soils result in an edaphically-dry 

forest with a 15 m canopy and a composition that is a mix of 

rupestre/sclerophyllous-like elements and true lowland tropical forest trees (Bush et 

al., 2004a; Viegas Filho and Bonow, 1976). Field surveys in 1991 recorded 

woodlands comprising Lauraceae, Hevea  (Euphorbiaceae), Sapotaceae, Licania 

(Chrysobalanaceae), Brosimum  (Moraceae) Alchornea  (Euphorbiaceae), 

Anacardiaceae, Annonaceae, Burseraceae, Cordia  (Boraginaceae), Gnetum 

(Gnetaceae), Melastomataceae, Meliaceae, Myrtaceae, Rutaceae, Simaroubaceae, 

Iriartella setigera (Arecaceae), Bactris  (Arecaceae) and Caryocar  

(Caryocaraceae) - not the Cerrado species of Caryocar. In open areas, the survey 

recorded Cecropia  (Cecropiaceae), Melastomataceae, Clusia (Clusiaceae), 

Heterostemon ellipticus  (Orchidaceae), Sobrailia liliastrum  (Orchidaceae), 

Bromeliaceae, and Selaginella  (Selaginiaceae), Vismia  (Clusiaceae) Croton  

(Euphorbiaceae), Swartzia  (Caesalpinioidae), Peltogyne  (Caesalpinioideae), 

Antonia ovata  (Antoniaceae), Ochnaceae, Burseraceae, and Meliaceae. In swampy 

areas on the Hill, Mauritia, Mauritiella, Euterpe (Arecaceae) and Ludwigia 

(Onagraceae) were recorded (Bush et al., 2004a). 

Lake Pata (Fig. IV.1) is located at 0°17′9.68″ N, 66°40′36.18″ W at about 

300 m.a.s.l. Lake Pata is about 300 m long and has steep shorelines that give way 

to a flat bottom with a depth of ~4 m. Pata is formed of three smaller sub-basins, 
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two of which are ~2-5 m deep, while the third has a small sinkhole that is 30 m 

deep. This deepest hole has not been cored due to concerns over slumping creating 

a poor taphonomic setting. The core we used in this research (LPT V-9) was taken 

from the northernmost, 5 m – deep, sub-basin. During their expedition in 1991, 

Bush et al. (2004) observed flood marks of about 50 cm above observed lake level 

on the shoreline and vegetation, indicating that the level of the water varies 

according to precipitation, but there is no evidence of overflow. Lake level is 

maintained through precipitation and groundwater (Viegas Filho and Bonow, 

1976). Lake Pata is oligotrophic with physical-chemical parameters similar to those 

observed in the rainwater (Santos et al., 2000). The water is warm and acidic with 

surface temperatures ranging from 28 to 30 °C and pH of ~ 5 (Justo and Souza, 

1986). Low cliffs define one margin of the lake, while gentle slopes give way to 

lake marshes where Ludwigia (Onagraceae), Mauritia, Mauritiella and Euterpe 

(Arecaceae) are present on the other side. The Pata watershed is densely wooded 

and without human settlement. 
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METHODS 

 

In November 2009, a 119 cm core was raised from Lake Pata (LPT V-9) 

with a Colinvaux-Vohnout piston corer (Colinvaux et al., 1999). The core was 

taken to the Institut de Recherche pour le Développement (IRD), Bondy, France, 

where it was opened and sliced into 1-cm interval layers. The bulk density of each 

was obtained for every 2 cm by drying 8 cm³ of wet sediment at 60 °C until it 

reached constant weight. Eleven radiocarbon dates were used to determine the 

chronology. Samples for 14C dating were based on macrofossils where they could 

be isolated, otherwise on sediment bulk samples. Thirteen age measurements were 

performed at the Laboratoire de Mesure du Carbone 14 in the IRD. Ages were 

calibrated using the IntCal 13 calibration curve (Reimer et al., 2013) and a 

chronology was constructed using ‘Bacon’ (Blaauw and Christen, 2011), which 

uses Bayesian statistics to reconstruct accumulation histories for sedimentary 

deposits. The values of total organic carbon (TOC), total nitrogen (TN), δ13C and 

δ15N were analyzed at the IRD. The equipment used was an automatic analyzer, 

Flash 2000 HT continuous flow coupled to an isotope ratio mass spectrometer 

Delta V Advantage ConFlo IV with a Thermo Fischer Scientific interface. For 

isotopic measurements, samples were treated with 3N HCl to remove carbonates, 

and the nitrogen and carbon isotope ratios are reported with respect to atmospheric 

N2 (AIR) and the V-PDB (Pee Dee Belemnite) carbonate standard, respectively. 

The isotopic measurements were obtained in a mass spectrometer, PDZ Europa 
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model 20-20, coupled to the automatic analyzer. 

For every layer, sub-samples of 0.5 cm3 for pollen analysis were processed 

with the addition of exotic Lycopodium clavatum spores (Stockmarr, 1972) to allow 

calculation of concentrations of subfossils. Treatment followed standard protocols 

(Faegri and Iversen, 1989) of washes in 10% KOH, acetolysis, density separation at 

a specific gravity of 2 using sodium metatungstate, and mounting in glycerol. 

Identification and quantification of pollen were performed using a Zeiss Axioskop 

Imager.A2 photomicroscope at 630x and 1000x magnifications. In each sample, a 

minimum of 300 grains was counted. Ferns spores were grouped into different 

morphotypes and identified when possible. Searches for spores of the dung-fungus 

Sporormiella were made on the pollen slides. Percentages of spores, algae and 

fungal remains were based on the pollen sum. Charcoal particles > 5 µm were 

quantified from material on the pollen slides.  

Taxonomic identifications of pollen were based mainly on the pollen 

collection and database from the Neotropical Paleoecology Research Group 

(NPRG), at Florida Institute of Technology (Bush and Weng, 2007) and on the 

Amazon pollen manual and atlas (Colinvaux et al., 1999), which contains 

photomicrographs and morphological descriptions of the pollen and spores 

obtained from lake sediments from the Hill of Six Lakes collected during the 1991 

expedition. Diversity was measured using the Simpson diversity index and 

Simpson evenness (Magurran, 2004). 

Data were plotted using C2 software (Juggins, 1991). The overall ecological 



 137 

changes through time were evaluated using Detrended Correspondence Analysis 

(DCA, Hill 1979)  using the program PC-ORD, version 5.15 (McCune, 1997). The 

values generated by the first three axes of the DCA were used to measure the 

Euclidean distance between samples. Zonation of the pollen data was defined by 

the changes observed in the geochemical data using Ward’s hierarchical method of 

clustering (Ward, 1963).  
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RESULTS 

 

AGE MODEL 

 

All 13 14C dates were accepted and used to create the age model (Table 

IV.1; Fig. IV.2). The sedimentary record spanned most of the Holocene period and 

was consistent with continuous sedimentation since ~7,600 cal BP.  

 

Table IV.1. Calibrated ages for Lake Pata.  

Lab ID 

number 

Depth 

(cm) 
Source 14C 

Minimum 

(Cal yr BP) 

Maximum 

(Cal yr BP) 

Mean 

probability 

SacA 35210 10-11 Bulk 110 ± 30 30 272 171 

SacA 35211 20-21 Bulk 630 ± 30 543 663 594 

SacA 35212 30-31 Bulk 805 ± 30 681 793 728 

SacA 3513 40-41 Bulk 925 ± 30 788 934 866 

SacA 30052 47-48 Macrofossil 1225 ± 30 959 1154 1036 

SacA 30053 75-76 Macrofossil 2335 ± 30 2059 2359 2218 

SacA 30054 77-81 Macrofossil 2245 ± 30 2188 2372 2289 

SacA 30055 78-79 Bulk  2295 ± 30 2234 2379 2324 

SacA 30056 83-84 Bulk 3495 ± 30 3293 3462 3375 

SacA 30057 87-88 Bulk 4420 ± 30 4542 4808 4661 

SacA 30058 94-96 Bulk 5650 ± 30 6209 6439 6322 

SacA 30059 104-105 Bulk 6010 ± 30 6776 7014 6892 

SacA 30060 114-115 Bulk 6445 ± 35 7259 7496 7386 

*SacA: access code from IRD 
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Figure IV.2. Age-depth model for Lake Pata, Brazil. 
 

 

PALEOECOLOGICAL ZONES  

 

Sedimentation rates in Lake Pata varied between 0.003 and 0.08 cm year-1. 

Broadly there were two sedimentation rates evident. Both the samples between c. 

8000-6500 and 2200-modern were the fastest (0.005 yr per mm), while between 

6500 and 2200 the rate slowed to c. (0.002 yr per mm). The sediment geochemistry 

shows variability consistent with the definition of four zones (Fig. IV.3, Table 

IV.2). Zones 1 and 2 (7500 – 3600 cal yr BP) are characterized by lower TOC and 

TN, and higher δ13C, δ15N and C:N. Fossil pollen was well preserved throughout 
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with very high concentrations (100-400k grain per cm3).  A total of 271 pollen 

morphotypes belonging to at least 80 Families and more than 260 genera was 

found. Within family, the richest taxon was Fabaceae (with 29 morphotypes), 

followed by Arecaceae (15), Euphorbiaceae (14), Apocynaceae and Malvaceae (12 

each), Rubiaceae (10). Most families were represented by only 1 or 2 morphotypes 

(35 and 14 families respectively) (Fig. IV.4). As would be expected, most of the 

271 morphotypes found were rare and only 26 occurred with an abundance > 3% 

(Fig. IV.6). The 26 most abundant taxa accounted for at least 65% of the 

community total abundance in all samples. Sample richness varied between 58 and 

85 morphotypes per sample, and diversity index (D) was between 0.90 and 1.0 

while evenness was from 0.1 to 0.4 (Fig. IV.7). 

LPTV-9: Zone 1 (118–95 cm; 7600–6500 cal yr BP) had sedimentation 

rates averaging 0.21 mm/year, and densities generally ranging from 0.13 to 0.21 

g/cm3. TOC values were moderate for this core, ranging from 24 to 29%, while TN 

lay between 1 and 2%. Isotopic values for δ13C (-31 to -29 ‰), and δ15N (6.5 to 

4.5‰) were high relative to other zones. C/N ratio values decreased from 26 down 

to 16 at 6500 cal yr BP. Total pollen concentrations exceeded 400 k grains per cm3, 

while influx was c 8 k grains/cm2/yr. High abundances of Moraceae/Urticaceae (11 

to 21%) and Alchornea (6 to 18%) pollen characterized this zone, but relatively 

high abundances (up to 17%) of weedy and open ground taxa contributed to the 

lowest abundances of arboreal taxa (trees, shrubs and palms) observed in the whole 

record (72%). Micro particles of charcoal were found in low numbers within this 
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zone, with a maximum of 5 particles < 35 µm in 3 samples, and 5 > 35 µm in 

another. 

 

Table IV.2. Average value of every organic geochemical parameter for each zone 

observed in Lake Pata. 

Sedimentary 

Unity 

Age  

(cal yr BP) 

Sed. Rate 

(mm/yr) 

TOC 

(%) 

TN 

(%) 

δ13C 

(‰) 

δ15N 

(‰) 

C:N 

 

LLPTV-9: Zone 1 7500-6500 0.57 42.0 2.4 -34.3 2.0 17 

LLPTV-9: Zone 2 6500-3600 0.20 36.2 1.8 -33.5 2.7 20 

LLPTV-9: Zone 3 3600-1100 0.059 23.3 0.9 -31.3 5.4 25 

LLPTV-9: Zone 4 1100 - present 0.21 27.0 1.3 -30.3 5.5 21 

 

 

LPTV-9: Zone 2 (94–83 cm; 6500 to 3600 cal yr BP) had sedimentation 

rates averaging 0.059 mm/year, and variable sedimentary organic content. 

Sediment density fluctuated between 0.23 and 0.35 g/cm3. TOC and TN decreased 

to their lowest values in the record when TOC reached 15% and TN 0.5%. δ13C 

continued to decline from -29 to -33 ‰ following its previous trend. Contrastingly, 

the δ15N concentration increased from 5 to 6.5‰. In this Zone, δ15N concentrations 

ranged from 4 to 6.5‰, while the C/N ratio rose to its highest values ranging from 

24 to 39. Pollen influx decreased to the lowest values of the record, reaching less 

than 1000 grains/cm2/yr. A small decrease in the most abundant taxa, 

Moraceae/Urticaceae (21 to 9%) and Alchornea (17 to 10%) was observed after c. 

5000 cal yr BP. 
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Figure IV
.3. O

rganic geochem
istry from

 Lake Pata, B
razil. R

ed line represents January insolation.
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Total arboreal taxa abundances increased to above 80%. Palm trees 

(Arecaceae) abundances increased in abundance from 1 to 6%. Only micro particles 

of charcoal of size < 35 µm was observed in 4 samples, at occurrences no higher 

than 2 particles per sample. Total concentration was still high in this zone, with 

values reaching 450,000 grains per cm3. 

In LPTV-9: Zone 3 (82–50 cm; 3600 to 1100 cal yr BP) sedimentation rates 

averaged 0.20 mm/year. The difference in amplitude between adjacent samples 

decreased to differences similar to those observed in zone 1. Sediment densities 

were low, ranging from 0.07 to 0.15 g/cm3. Concentrations of TOC and TN in this 

zone varied from 30 to 42, and 1.7 to 2.3%, respectively. δ13C varied from -33 to -

34 ‰ and δ15N from 1.2 to 3‰. C/N ratio ranged from 17 to 22. Total pollen 

concentration started to decrease slowly reaching 23,000 grains per cm3. With the 

exception of one peak in Mauritia/Mauritiella at 2300 cal yr BP (from 4 to 26%), 

the pollen spectra in this zone were overall very similar to that observed in Zone 2. 

The peak in Mauritia/Mauritiella happened after a decrease in total aquatic taxa 

(from 8 to 4%), at the same time as pollen influx and sedimentation rates increased 

from less than 1000 to 9000 grains/cm2/yr and from 0.05 to 0.2 mm/yr respectively. 

Micro charcoal particles < 35 µm were found in 16 samples adjacent to one another 

with the highest occurrence reaching 6 particles in one sample.  
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Figure IV.4. Number of morphotypes observed per family found in Lake Pata, 

Brazil. 14 families presented only 2 morphotypes whilst 35 presented 
1.  

 

In LPTV-9: Zone 4 (49–0 cm; 1100 cal yr BP until present) sedimentation 

rates reached their highest value of 0.8 mm/yr, but averaged 0.57 mm/year. 

Sediment density values were the same as the previous zone. TOC and TN 

progressively increased to their highest values at the top of the record, reaching 44 

and 2.7% respectively. Progressively, δ13C and δ15N continued to slowly decline 

from -34‰ to -1.2 ‰, with the lowest values observed at the top of the record. C/N 

ratio returned to low concentrations, similar to those observed in Zone 2 and ranged 

from 15 to 23. Total pollen concentration had its lowest value in the record with 

12,000 grains per cm3 while influx reached its highest values, with influx peaking 

between 9000 and 23,000 grains/cm2/yr. There were small increases in the 

abundances of Ficus (Moraceae) from 2 to 6%, and Trema (Cannabaceae) from 2 to 

4%. Although this increase did not affect the sum of pollen per habitat type (eg. 



 145 

total arboreal, total weedy, etc), there was an increase in the contribution of grains 

smaller than 20 µm. Axis 1 of the DCA and the Euclidean distance analysis 

revealed the highest amplitude in variability of the whole record in this zone. 

 

 

 

 

 



 
146 

                                 
 Figure IV

.5. Fossil pollen percentage of selected taxa at fam
ily level from

 Lake Pata, B
razil. D

ark green represents arboreal taxa (except Palm
s). O

range represents Palm
s. B

row
nish green represents vines 

and shrubs. Pink represents non-photosynthetic taxa. B
right light green represents w

eedy taxa. B
right dark blue represents aquatic plants. 
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Figure IV
.6. Fossil pollen percentage data for selected taxa from

 Lake Pata, B
razil. D

ark green represents arboreal taxa (except Palm
s). O

range represents Palm
s. B

row
nish green represents vines and shrubs. 

B
right light green represents w

eedy taxa. Pink represents non-photosynthetic taxa. B
right dark blue represents aquatic plants. R

eddish brow
n represents spores. 
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Figure IV
.7. Fossil pollen percentage data of the ecological groups observed in Lake Pata, B

razil. D
ark green represents arboreal taxa (except Palm

s). O
range represents Palm

s. B
row

nish green represents 
vines and shrubs. B

right light green represents w
eedy taxa. Pink represents non-photosynthetic taxa. B

right dark blue represents aquatic plants. G
rey represents the sum

 of other ecological 
classifications. 
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Figure IV
.8. Fossil pollen concentration data for selected taxa from

 Lake Pata, B
razil. D

ark green represents arboreal taxa (except Palm
s). O

range represents Palm
s. B

row
nish green represents vines and 

shrubs. B
right light green represents w

eedy taxa. Pink represents non-photosynthetic taxa. B
right dark blue represents aquatic plants.  
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MULTIVARIATE ANALYSIS  

 

Detendred Correspondence Analysis (DCA) of Pata (Fig. IV.7) provided 

two interpretable axes with eigenvalues of 0.2 and 0.1, respectively. The lower 

extreme of Axis 1 consisted of samples from Zone 1, 2, and 3 and the oldest 

samples from Zone 4. This side of Axis 1 was characterized mostly by rare taxa, 

e.g., Jacaranda (Bignoniaceae), Sapium (Euphorbiaceae), Cyperaceae, 

Balanophoraceae, and Colubrina (Rhamnaceae). At the highest extreme of this axis 

are samples from Zone 4, characterized by Trema (Cannabaceae), Ficus 

(Moraceae), Galactia, Pterocarpus (Fabaceae), Byrsonima (Malpighiaceae), and 

Pouteria (Sapotaceae). Samples from Zone 1 also lay at the lower extreme of Axis 

2, and were associated with Casearia (Salicaceae) and Apoplanesia (Fabaceae). 

Overall, the samples formed three recognizable groups with those of Zones 2 and 3 

being the most tightly clustered, whereas those of Zones 1 and 4 showed greater 

scatter. 
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Figure IV.9. Detrended Correspondence Analysis (DCA) of Pollen record from 
Lake Pata, Brazil. 
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DISCUSSION 

 

This is the first high-resolution core without apparent hiatuses that spans 

most of the Holocene (last 7600 cal yr BP) from Lake Pata. An important 

observation is that in Lake Pata changes associated with the MHDE were detected 

in the geochemistry analysis, providing a basis for dividing the record into four 

zones.  

 

GEOCHEMISTRY AND CLIMATE VARIABILITY IN WESTERN 

AMAZONIA 

 

The organic composition of lake sediments forms a proxy for past 

watershed conditions (Meyers, 2003). Here, we use total organic carbon (TOC), 

total nitrogen (TN), δ13C and δ15N isotopes to reconstruct paleoenvironmental 

changes in and around Lake Pata during the Holocene. TOC is mainly derived from 

decomposing matter and integrates different sources, routes and processes of 

biomass accumulation (Meyers, 2003). Consequently, TOC concentrations can vary 

according to the size of the lake, regional temperatures, and landscape productivity 

(Mulholland and Elwood, 1982; Meyers, 1994). At a given lake, variation in TOC 

can be used as an indirect way of inferring lake level (Turcq et al., 2002). When 

lake level is high more organic matter accumulates in the sediment than when lake 

level is low. Organic material washing into or produced in situ by photosynthetic 
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algae in a deeper lake escape oxidation by sinking and becoming trapped in the 

anoxic bottom water, thereby accumulating in the sediment (Mulholland and 

Elwood, 1982). Shallow or ephemeral lakes tend to have low TOC values because 

air exposure causes oxidation of the sediment (Talbot and Livingstone, 1989).  

Similarly, if local precipitation decreases it reduces the input of allochthonous 

nutrient inputs and this also results in reduced TOC (Talbot and Livingstone, 

1989).  Thus TOC is a crude proxy for lake level and precipitation. 

The source of the organic matter can be inferred from atomic C/N ratios and 

the δ15N isotope signature. Due to the absence of cellulose, algae usually have C/N 

ratios between 4 and 10, whereas vascular plants, i.e., organisms rich in cellulose, 

have values >20 (Wetzel and Likens, 2000; Meyers, 2003). The inference of source 

of organic matter through δ15N values relies on the difference between the 

availability of δ15N and δ14N to plants in water or on land. Most of δ15N available 

to submerged algae comes from NO-
3, which is 7-10‰ greater than the δ15N 

available to plants deriving their N from atmospheric sources (Peters et al., 1978). 

Thus organic matter that is rich in algae have a signature of  > 8.5‰ δ15N, while 

the terrestrial plants signal is + 0.5‰ (Peterson and Howarth, 1987). Values of δ13C 

can be used to identify whether the majority of plants contributing to the organic 

detritus had C3, C4 and CAM photosynthetic pathways (Bender, 1971; Meyers, 

2003). Thus, C3 terrestrial plants and algae usually have more negative values of 

δ13C, i.e., -23 to -36‰, while C4 plants have values from -8 to -13‰ (Talbot and 

Johannessen, 1992; Meyers, 1994; Meyers, 2003). 



 154 

In the oldest zone of this core, 7600–6500 cal yr BP, TOC concentrations 

were relatively low, indicating a shallow system. The elevated C/N ratio, low δ15N 

and low δ13C values show that C3 terrestrial plants were the origin of most of the 

sedimentary organic matter (Fig. IV.3; Table IV.2). Although towards the end of 

this zone C/N ratios were decreasing and δ13C has a small peak, indicating an 

increase of nitrogen contribution from algae, the values were still within the range 

that represents contribution from vascular C3 plants. A high contribution of 

allochthonous material from C3 terrestrial plants reinforces the idea that water level 

at Lake Pata was low or starting to decrease in Zone 1. In Zone 2 (6500 to 3600 cal 

yr BP), the organic geochemistry indicated even lower lake levels than in Zone 1, 

with C/N ratios showing that the contribution of allochthonous materials coming 

from C3 terrestrial plants was increasing (Fig. IV.3, Table IV.2). The amplitude of 

the changes observed during this period, however, are the highest when compared 

with other zones in the record, implying that the environmental mechanisms 

forcing these changes in zone 2 were more intense and/or lasted longer than the 

pther zones.  

In Zones 3 (3600 to 1100 cal yr BP) and 4 (1100 cal yr BP until present), 

TOC concentrations suggest that lake level increased, while a decrease in C/N 

ratios suggests an increase in the contribution of organic matter from 

autochthonous sources (algae) (Fig. IV.3, Table IV.2). The δ13C values were still 

dominated by the signature of C3 plants, probably due to the contribution of the 

allochthonous organic material coming from the heavily forested area in which 
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Lake Pata is located. From these data we infer the MHDE was manifested at Lake 

Pata, producing the strongest changes in lake chemistry in local Zone 2, i.e. 6500-

3600 cal yr BP. 

Most of the MHDE episodes observed in records throughout Amazonia 

overlapped the periods between 6500 and 3600 cal yr BP (Mayle and Power, 2008; 

Hermanowski et al., 2012a; Carson et al., 2014; Cordeiro et al., 2014; Maezumi et 

al., 2015; Bush et al., 2016; Alizadeh et al., 2017; Reis et al., 2017; Irion et al., 

2006). The regions that most resemble the timing and length of expression of the 

MHDE at Lake Pata (6500-3600 cal yr BP) were the forested areas near Puerto 

Maldonado, Peru, where Lakes Parker and Gentry show signs of dryness from 7200 

to 3300 cal yr BP (Bush et al., 2007a), and the Yasuni National Park, Ecuador, 

where the MHDE was manifested between 8700 and 3700 at Maxus 4 wetland 

(Weng et al., 2002). The three regions, Puerto Maldonado, Yasuni National Park 

and our site, are located in areas that receive higher precipitation than the 

mentioned ecotonal areas, exceeding 2000 mm yr-1 (Weng et al., 2002; Bush et al., 

2007a; Bush et al., 2004a). Although none of these places went through ecosystem 

replacement, Lakes Parker and Gentry exhibited discontinuous records, and Maxus 

4 shows a hydrarch succession, indicating that the MHDE affected local 

hydrologies through precipitation reduction. Having established that the MHDE 

affected lake level at Pata we now consider the impacts of the MHDE on 

vegetation. 
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VEGETATION AND CLIMATE VARIABILITY IN WESTERN AMAZONIA 

 

 Our data shows that vegetation changed very little in response to drought 

during the Holocene. Most of the pollen identified in Lake Pata was from arboreal 

taxa, common in the region nowadays and observed in the description of the 

original (Colinvaux et al., 1996) and parallel cores (D'Apolito et al., 2013) 

collected at this site. Although some shifts in species were noted in the Lake Pata 

record during the Pleistocene, neither the climatic range of the last ice age nor the 

warmth of the mid Holocene was enough to induce a substantial change in forest 

form. 

One of the largest changes observed in the ecological groups per habitat 

type (eg. total arboreal, total weedy, etc) in this record occurred in Zone 1 at 7600–

6500 cal yr BP, where weedy taxa had their highest abundances (~12 to 17%) in the 

record.  The heightened abundance of weedy taxa at Zone 1 may be the vegetation 

responding to the beginning of the dry period observed in the organic geochemistry 

associated with the MHDE. The taxon that contributed the most to these high 

weedy abundances was Cecropia, a fast growing pioneer genus that occurs in 

natural forest gaps, and therefore can be favored by forest disturbance (Brokaw, 

1985; Mesquita et al., 2001). Cecropia is a prolific pollen producer and in heavily 

disturbed settings it can account for >95% of the pollen sum (Bush and Colinvaux, 

1988). In records from other regions of Amazonia, Cecropia abundances increased 
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during different periods of the Holocene (Bush et al., 2000; Weng et al., 2002; Irion 

et al., 2006; Bush et al., 2007b).  

In systems that were somewhat disturbed by Holocene human activity, 

Cecropia increased to abundances > 30% (Bush et al., 2000; Irion et al., 2006; 

Bush et al., 2007b), whereas in the swampy, but probably undisturbed setting, of 

Maxus-4 the genus reached 60% (Weng et al., 2002). At Lake Pata, Cecropia 

remained < 8%, and was rarest during the driest times.  We interpret this pattern to 

reflect natural climate-driven variability of this taxon rather than an indication of 

human disturbance or a major change in canopy openness.  

A further indicator that human activity was scarce at this site was the lack 

of charcoal in the sediment. Black, angular, flecks were present in most samples, 

but on close examination these were seen to be mineral not charcoal.  The Lake 

Pata charcoal record consisted of a low density (maximum of 6 particles in one 

sample) and low frequency (maximum of 16 adjacent samples) particles, all of 

which were under 80 µm, most under 35 µm in length. Such small particles could 

easily have been from beyond the Hill (Patterson et al., 1987). Similar to the 

previous studies (Colinvaux et al., 1996), we find no evidence of fires or of human 

occupation at the Hill of Six Lakes. 

Copaifera was a taxon with a distinctive pattern of occurrence.  This genus 

had its highest abundances and concentrations in Zone 2, but was lost from the 

pollen flora in the middle of Zone 3, about 2350 cal yr BP. The timing of this 

decline coincided with the lowest sedimentation rates (Fig. IV.2) and the highest 
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changes in the organic geochemistry (Fig. IV.3). Copaifera was observed as one of 

the most abundant genera during the mid-Holocene in Pata by Colinvaux et al. 

(1996), with abundances up to 20%. The taxon however, was not abundant in the 

parallel record published by D’Apolito et al. 2013. Copaifera is a common tree 

genus in Amazonia, typical of gallery forests, but that may also occur in savanna 

communities of Central Brazil (Lorenzi, 2002). Some species of Copaifera are 

restricted to areas that are not subject to flood (Schiavini, 1992) and their seedlings 

do not survive prolonged inundation (Resende et al., 2003). Copaifera in Lake Pata 

may have been favored by the decrease in precipitation, perhaps colonizing what is 

today the marshy area beside the lake. The decrease in this taxon occurred when 

sedimentation rates increased and changes in the organic geochemistry indicate the 

onset of wetter conditions. 

The DCA analysis of the pollen at Lake Pata (Figure 9) formed three 

recognizable groups with those of Zones 3 and 2, being the most tightly clustered, 

whereas those of Zones 4 and 1 showed greater scatter. On the first axis, Zones 1, 

2, and 3 were characterized by taxa that were rare in this record, e.g. Jacaranda, 

Sapium, Cyperaceae, Balanophoraceae, and Colubrina. Jacaranda is a pioneer tree, 

usually found colonizing forest gaps, altered areas, and the edge of forest fragments 

(Guariguata et al., 1995), Sapium and Columbrina are typical of gallery forests and 

humid soils (Lorenzi, 2002). Balanophoraceae is a holoparasitic group of plants 

with a largely subterranean habit apart from flower production (Fagerlind, 1945). 

Cyperaceae is a marshland indicator, usually occurring in wetlands and peatlands 
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(Anderson et al., 1996). With the exception of Cyperaceae, all of the above taxa 

decreased in both abundance and concentration after c. 800 cal yr BP. 

The other big change observed in this record occurred in Zone 3, and was 

an apparent transition from woodlands supporting Copaifera, to ones supporting 

Mauritia/Mauritiella. These swamp palms peaked from 4 to 26%, in one sample at 

2300 cal yr BP. Mauritia and Mauritiella are two genera of palms (Arecaceae) with 

differences in morphology and habits (Dransfield et al., 2008), and both are 

recorded in the swampy areas of the Hill (Bush et al., 2004a). Mauritia and 

Mauritiella are widespread palms, with one species, Mauritia flexuosa being 

considered to be a hyperdominant Amazonian species (ter Steege et al., 2013). 

Mauritia require warm and wet climates and are abundant in permanently flooded 

soils and swamps (Rull, 1998; Brugger et al., 2016). The pollen of these palms is 

distinctive from other Arecaceae, but so similar to one another that we group the 

two taxa.  

Mauritia/Mauritiella peaks above 35% were recorded in previous studies on 

cores from Lake Pata, and were interpreted as an indication of a wetter and warmer 

environment marking the Pleistocene/Holocene transition at c. 6500 cal yr BP 

(Bush et al., 2004a; D'Apolito et al., 2013). In those studies, after a mid-Holocene 

peak the taxa were consistently present at 10–15% until the present. Our findings 

are somewhat different, in that although represented at concentrations similar to 

those of Colinvaux et al. (1996), in this study, Mauritia/Mauritiella reached a 

maximum abundance of 28% in a single sample at 2172 cal yr BP. Thus we found 
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proportionately less Mauritia/Mauritiella in our record, and its occurrence was at 

least 4 millennia latter than on the cores collected in 1996 (Colinvaux et al 1996, 

D’Apolito et al. 2013). A likely explanation is that in those records, the ages and 

chronology of the Holocene was less well controlled then in the present study. 

Besides, because the emphasis of those studies was to test the Refugial hypothesis 

and determine if there had been forest fragmentation during glacial times (Haffer, 

1969), the sampling resolution for the Holocene was much lower than ours, i.e. 

~400-500 years versus ~64 years, respectively. Both, the difference in chronology 

control and in resolution may have generated this difference between the data. 

Nonetheless, Mauritia/Mauritiella were present in Pata throughout the whole 

Holocene, suggesting a swampy, warm and wet environment. 

It has been suggested that the Mauritia population expansion of the last 

2000 years in South America was the result of its dispersion being enhanced by 

humans (Behling and Hooghiemstra, 1998; Goldammer, 2013; Rull and Montoya, 

2014). Humans used Mauritia in a variety of ways, from fruit consumption to 

house construction, and personal ornamentation by seeds (Balée, 1988). In 

paleorecords, the high abundance of Mauritia/Mauritiella pollen has been inferred 

to indicate human disturbance when it co-occurred with charcoal and Cecropia 

pollen (Behling and Hooghiemstra, 1998; Bush et al., 2000). But no such pattern 

was found at Lake Pata. Cecropia abundances did not increase during this period, 

and, although the highest frequencies of charcoal particles observed in our record 

matched the timing of the peak in Mauritia/Mauritiella, the densities and sizes of 
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the particles were always low, suggesting distant fires. Besides, Mauritia was also 

seen in a deep section of the core, in a period beyond radiocarbon infinity, when 

humans were absent (D'Apolito et al., 2017). 

Because, as stated above, evidence of humans was absent in this landscape, 

this peak in Mauritia/Mauritiella in our record is most likely to reflect a transition 

to a wetter climate. The increase in precipitation would have facilitated the 

formation of a swamp around Lake Pata, and favored the establishment of both 

Mauritia and Mauritiella. The mechanism for this increase in precipitation during 

the late Holocene is attributed to the increase in summer insolation causing a 

southward movement of the ITCZ and the strengthening of the South America 

Summer Monsoon (SASM) in South America, as observed in speleothem records 

(Seltzer et al., 2000b; Baker et al., 2001b; van Breukelen et al., 2008; Kanner et al., 

2013; Bustamante et al., 2016). That the Mauritia signal was not sustained 

thereafter has no feasible explanation, as the palms are still present near the lake. 

Both the DCA (Fig. IV.9) and the Euclidean distance analysis (Fig. IV.7) of 

the vegetation around Lake Pata reveal that the highest amplitude of variability in 

the community occurred over the last millennia. This observation accounts for the 

high scatter in ordination space of the samples from Zone 4. Ficus, Trema 

(Cannabaceae), Pouteria (Sapotaceae), Galactia, Pterocarpus (Fabaceae), and 

Byrsonima (Malpighiaceae), were the main taxa that characterized Zone 4. From 

those, the only taxa occurring at abundances above 2% were Ficus, Trema and 

Pouteria.  
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No individual change in species abundance in the last millennium was 

large, but their cumulative variation led to the most dissimilar forest of the record. 

Our data suggest that the last c. 800 cal yr BP was the most variable period in terms 

of species representation, and we do not rule out the possibility that human activity 

along the river at the foot of the hill is being registered in the pollen spectra. 

 

RESILIENCE 

 

The paleocological record from the Hill of Six Lakes signals a drop in lake 

level, but despite edaphically dry conditions, there was very little change in 

vegetation. In other words, this system was ecologically resilient to the changes it 

experienced during the mid Holocene. Of the three hypotheses raised earlier it is 

evident that this setting did experience a sustained drying, and while it is not 

possible to state categorically that the forest was drought stressed, it seems likely 

that it was. Thus we infer that stability of environment does not account for 

observed resilience. The second hypothesis that a large tipping point would be 

encountered if ecological resilience was exceeded. As the conditions were not 

extreme enough to test this hypothesis, we cannot make any direct observation on 

its veracity. We can, however, observe that the 1-2 oC warming and reduction in net 

moisture availability, which approximates predictions for Amazonia over the next 

50 to 100 years (Cross et al., 2000), did not cause a substantial change in forest 

composition. The third hypothesis that low ecological resilience would result in 
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substantial canopy turnover under drought stress was not met. We did not see a 

significant increase in canopy gap-filling species or changes in diversity to suggest 

such a pattern. Critically important is the observation, that even under the driest of 

dry conditions experienced in the Holocene, this forest did not burn. 

Before we take too much solace in these findings, there are two important 

caveats. First the Hill of Six Lakes is edaphically dry, and while this enhances 

moisture threat it also preselects species and growth forms adapted to such 

conditions. The second is that there was no human activity detected in the past. In 

the future, fire, logging, and other anthropogenic disturbances may exacerbate the 

effects of climate change. The so-called Amazon forest dieback is a future prospect 

that account for changes in precipitation, temperature, and with human influence 

(Cox et al., 2004; Salazar et al., 2007b; Malhi et al., 2008; Malhi et al., 2009; 

Levine et al., 2016) with a prediction of regime shift when deforestation reaches 

40% of the forest (Sampaio et al., 2007). Fire in the region is almost exclusively a 

product of human activity (Bush et al., 2008), and increased occurrence and 

coverage occur during dry periods, i.e., the number of forest fires increased by as 

much as 10% during the drought of 2010 (Brando et al., 2014). Until now, the 

region with the higher risks of drought located at the forest-savanna boundary 

(southeast and east) have been the zones of most active deforestation and fire 

(Aragão et al., 2007). As the system becomes drier and populations grow, areas that 

have been relatively safe from the synergistic influence of human exploitation and 

climate change will become the frontier of forest destruction. Effects that could 
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propagate all the way to the wettest portion of Amazonia. Thus, while climate 

change alone is arguably not going to lead to massive assemblage changes in 

western Amazonia, the coupled effects of human-induced fire and climate change 

are of much greater concern.  

It is incontrovertible that there will be warming over Amazonia in the 

coming century, but if the forests are ecologically resilient to that scale of warming 

then there is hope that they may persist. The human aspect of the threat is 

potentially the most damaging, especially in synergy with warmth and drought, but 

if there is the political will to provide creative solutions more profitable than forest 

destruction, time can be bought to find a solution to climate change before a crisis 

in availability of ecosystem services and biodiversity is reached in western 

Amazonia.  
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CONCLUSIONS 

 

The magnitude of climate change at the Hill of Six Lakes during the MHDE 

is thought to approximate that for Amazonia in the coming century. Changes in the 

organic geochemistry of sediments from Lake Pata indicated that the lake levels 

lowered between c. 6500 and 3600 cal yr BP. Vegetation, however, showed little 

change throughout the 7200-year record. Only a few species replacements and 

minor fluctuations in abundance were observed in the pollen record. Even these 

changes were not necessarily associated with the dry period indicated by the 

geochemistry. 

Our results show that the c. 1-2 oC warming and reduced precipitation had a 

limited impact on Amazonian forests. There are two main take-home messages. 

The first is that just because a period is revealed by physical proxies to indicate a 

climate change, this does not necessarily translate to a change in species 

composition at a site. The ecological resilience of these systems is substantial. The 

second message is that even though the long-term consequences of a continuously 

warming planet are dire, the ecological resilience of Amazonia is such that we have 

50-100 years in which to stabilize conditions, i.e. within 1-2 oC of current 

conditions. An unusual aspect of this record was the lack of a human signature at 

any time in the past. We attribute much of the resilience to a lack of fire in this 

system, and that if human-set fires were to be introduced, the forest destruction 

from that cause would most likely override that induced by climate alone. 
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CHAPTER V 

 

 SYNTHESIS AND CONCLUDING REMARKS 

 

This study investigated the response of vegetation in the Amazon to the 

extreme dry events and development of agropastoralism that took place during the 

Holocene. Set in western Amazonia and the eastern flank of the Andes, both 

regions are renowned for high endemism and cultural importance. The study sites 

differed from each other in altitude, latitude, surrounding vegetation, and past 

human influence, but were similar regarding their main source of precipitation. The 

unifying feature of the study sites was rainfall associated with the South American 

Low-Level Jet that transported Atlantic-derived moisture to all sites. At this macro-

scale, some uniformity of wet and dry events would be expected across settings. 

Hence, it was possible to deduce how the local aspects of these landscapes 

influenced the manifestation of the Mid-Holocene Dry Event (MHDE).  

 

1 –DID THE TIMING AND DURATION OF THE MHDE VARY ACROSS 

ALTITUDE AND LATITUDE?  

 

 The MHDE seems to be manifested in the records at different timescales, 

varying between 8000 and 5000 cal BP in the high Andes (3830 m a.s.l.,13 °S), 

9000 and 4000 cal BP in the mid-elevation Andean forest (3115 m a.s.l., 2 °S), and 
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between 6500 and 3600 cal yr BP in the western Amazon (360 m a.s.l., 0 °N). If 

our proxies are truly identifying the MHDE, they do not follow the apparent 

latitudinal lag in the onset of dry events, in which lakes closer to the equator dried 

out earlier than those further south, as suggested by Abbott et al. (2003). Other 

mechanisms must have influenced the timing in which the event started at each 

location.  

 Temporal mismatches suggesting that the MHDE was not a simple, uniform 

event have been observed (van Breukelen et al., 2008; Abbott et al., 2000; Abbott 

et al., 2003; Baker et al., 2001b; Hillyer et al., 2009). In Lake Miski, the high 

Andean site in this study, the dry period seems to be associated with insolation 

(Fig. V.1). In our mid-elevation site, the pollen and diatom data did not reveal that 

the lake level changed, but there is no strong indication of lake drying. The fossil-

pollen data, however, would be consistent with somewhat warmer or more strongly 

convective conditions, as lowland forest elements were at their maximum 

abundance during the MHDE. That humans were active in the Llaviucu Valley at 

this time does complicate paleoclimatic interpretations. At Lake Pata, my lowland 

site, evidence of a drop in lake level points to a mid-Holocene drought, but 

vegetation changed very little. Although different in timing, the MHDE expressed 

in the three lakes, is within the temporal range usually reported in the literature 

(9000-4000 cal yr BP) (Tapia et al., 2003). 
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Figure V.1. Sum of fossil diatoms and organic geochemistry from Lakes Miski, 
Llaviucu and Pata. Dark blue represents benthic species. Light blue 
represents planktic species. Red line represents January insolation at 
the latitude where the respective lake is located. Pink shading indicates 
the expression of the MHDE in that lake. Orange dashed lines indicate 
the timing of the MHDE in literature. Question mark indicates that it is 
not certain if the MHDE affected the lake limnology or not.  

 

2 - DID THE INTENSITY OF THE MHDE VARY ACROSS ALTITUDE AND 

LATITUDE? 

 

The intensity of the effects of the MHDE seemed to be more associated 

with altitude than with latitude. The drought associated with the MHDE was not 

obvious in our limnological analysis of Lake Llavuicu, and vegetation changed 

very little in the Amazonian setting of Lake Pata, suggesting that in these wet 

regions, hydrological changes were much less pronounced than in the much drier 
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Altiplano (Baker et al., 2001b; Abbott et al., 2003). Although, overall, vegetation 

exhibited only minor changes in all sites, the highest amplitude of changes 

observed in the DCA analysis associated with the MHDE was observed at Lake 

Miski, at 3830 m a.s.l., whereas in the other two sites, the amplitude of changes, in 

both diatom and vegetation, were not as high during the MHDE event.  

The highest amplitude of changes of the three records occurred during the 

last 3000 cal yr BP at Lake Llaviucu and 1000 cal yr BP in the other lakes, and may 

be associated with human influence. The systems show both gradualistic or 

threshold responses to past climate change and to human influence (Fig. V.2). 
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Figure V.2. DCA analysis showing the overall diatom changes from Lakes Miski 
and Llaviucu, and pollen changes from a Lakes Miski, Llaviucu and 
Pata. Orange arrow indicates that one of the highest amplitudes of 
change in the community of that record is associated with the MHDE. 
Black arrows indicate the highest amplitude changes of that record in 
association with humans that could be gradualistic (Llaviucu pollen) or 
threshold (Miski and Llaviucu diatoms).  

 

3 - WERE THERE VEGETATION CHANGES EXHIBITED IN THE ANDES 

AND AMAZON BASIN INDUCED BY THE INTENSE DROUGHTS OF THE 

MHDE?  

 

Very little change in vegetation was observed at any of the sites compared 

with expectations of major transitions associated with a 5000-year long drought 
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event. At Lake Miski, although the lake limnology exhibited extreme changes in 

response to the MHDE (Fig. V.1), the changes in vegetation were much more 

modest (Fig. V.3).  Grassland cover expanded somewhat, but the factors that 

induced state changes within the lake were not enough to cause Polylepis 

woodlands to disappear.  This persistence of Polylepis woodland was used to argue 

for the setting acting as a microrefugium during the MHDE (Valencia et al., 2016; 

Valencia et al., 2018). Thus, for a setting to be a microrefugia did not imply 

unchanging climates, only that conditions were ‘good enough’ to facilitate survival 

of the species of interest. What cannot be answered with certainty was whether 

other plant, bird, or insect species that co-exist within modern - or early Holocene - 

Polylepis woodlands were unaffected. 

At Lake Llaviucu the MHDE was expressed at the lake setting, but 

surprisingly, more strongly in the vegetation than in the diatoms. Grassland 

abundances decreased during this dry period (Fig. V.3), as middle and low 

elevation lowland pioneer and mid-elevation forest taxa increased in abundance. I 

found that for the entire period of study, humans were probably active in this 

landscape, which may have contributed to this response. If humans were 

responsible for the observed changes in vegetation, the pattern ran counter to what 

was usually associated with human activity. Use of fire and forest clearance, 

generally created landscapes that in their pollen signature appeared ‘drier’ and 

‘colder’ than unoccupied sites (Franco-Gaviria et al., 2018). 
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The paleocological record from Lake Pata provided evidence of a mid-

Holocene drop in lake level, but despite edaphically dry conditions, again, there 

was very little change in vegetation (Fig. V.3). Only a few species replacements 

and minor fluctuations in abundance were observed in the pollen record. In other 

words, this system was ecologically resilient to the changes experienced during the 

mid Holocene. 

 

Figure V.3. Sum of fossil diatoms and vegetation from Lakes Miski, Llaviucu and 
Pata. Dark blue represents benthic species. Light blue represents 
planktic species. Dark green represents woodland forests. Light green 
represents grasslands (in the Andes) and weed species (in the Amazon). 
Orange dashed lines indicate the timing of the MHDE in literature.  

 

 

4 - WERE THERE COMPARABLE VEGETATION CHANGES EXHIBITED IN 

THE CENTRAL ANDES AND AMAZON BASIN DURING OTHER EPISODES 

OF CLIMATE CHANGE WITHIN THE HOLOCENE?  
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Overall, the proxies evaluated in this work tracked precipitation changes 

associated with insolation, but this was not the only mechanism influencing the 

climatic variability, and other episodes of climate change within the Holocene were 

identified. Besides insolation, interactions with the Pacific Ocean may also have 

played a role in structuring local climates. Marine and speleothem records show a 

weakening of the Atlantic Meridional Overturning Circulation (AMOC) and 

consequent strengthening of the South American Summer Monsoon (SASM) at 

8200 BP, and this has become known as the 8.2 ka event (Alley et al., 1997; Cheng 

et al., 2009). This Bond event was not apparent at the lakes studied here. Still, the 

8.2 ka event, expressed as a cold event in the North Atlantic, was suggested to have 

been part of a larger, global event throughout the 9000-8000 BP interval 

(Mayewski et al., 2004).  This broader event was identified as a period  dominated 

by benthic species at Lake Miski that lasted from c. 9100 to 7900 cal BP (fig. V.1).  

Another Bond Event apparent in South America is the Little Ice Age (LIA - 

A.D. 1400 to 1820), detected in sedimentary and speleothem records from Peru 

(Bird et al., 2011b; Kanner et al., 2013). At Lake Miski and Lake, the diatom 

analysis indicates a peak in planktic species, perhaps associated with the LIA (Fig. 

4). The timing in both lake peaks, however, mismatches the timing of the LIA 

expression by c. 50 years. Even though our limnological data suggest an increase in 

precipitation that could be associated with the 9000-8000 BP interval and with LIA, 

the vegetation did not respond to it (Figs. V.2 and V.4).  
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Figure V.4. Sum of fossil diatoms and vegetation from Lakes Miski, Llaviucu and 
Pata. Dark blue represents benthic species. Light blue represents 
planktic species. Dark green represents woodland forests. Light green 
represents grasslands (in the Andes) and weed species (in the Amazon). 
Blue dashed lines indicate the timing of the LIA in literature. Arrows 
indicate the peak in planktic diatoms. 

 
 
 
5 - WERE NON-ANALOG COMMUNITIES PRESENT DURING THE MHDE?  

    

No. There is a distinction between no-analog and novel communities that 

needs to be made. No-analog communities are those that may contain all native 

species, but is unrecognizable (relative to modern) combinations (Overpeck and 

Webb, 1985). Novel communities are those that may be no-analog, but also include 

introduced species that are non-native (Hobbs et al., 2009). At Llaviucu, I found 

maize, which is certainly a non-native, but its growth was restricted to very small 

areas, and I do not consider it to be part of the broader flora. With the exception of 
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maize, the past assemblages of plants feature combinations of species that co-occur 

today. Hence, I conclude that while technically, aspects of the assemblage were 

novel, the assemblage was not a non-analog assemblage. I also do not identify non-

analog assemblages in the diatom communities, although there was a switch in 

dominance of species during the MHDE period at Lake Miski. At Lake Llaviucu 

the near-modern increase in farming practices affected the diatom community 

favoring planktic species associated with increased nutrients and produced a 

strongly planktic-dominated system without parallel in the prior 9000 years. 

Nevertheless, the combination of species in both benthic and planktic phases have 

parallels in other Andean lake systems and thus are not non-analog assemblages 

(Fritz et al., 2019; Benito et al., 2018). 

 

6 – DID HUMANS AMPLIFY THE RESPONSE OF VEGETATION TO 

CLIMATE CHANGE IN THE HOLOCENE?  

 

The only setting where human influence was observed during the MHDE 

was Lake Llaviucu, which was also the place where the MHDE was expressed 

most strongly in the terrestrial vegetation. It is still uncertain if this was a response 

associated with human influence or if the MHDE caused the observed increase in 
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pioneer species and lowland forest taxa. What was evident, was that humans 

gradually affected the dynamics of this mid-elevation Andean site, beginning 

before 9000 cal yr BP (Raczka et al., 2019). Within my study period, the 

development of agropastoralism affected lake limnology and the vegetation around 

Lake Llaviucu since 8500 cal yr BP, gradually creating the landscapes that today 

are considered ‘natural’.   

At Lakes Miski and Pata, there were no high rates of limnological and 

vegetation changes associated with the end of the MHDE. Instead, the community 

changes revealed that the highest amplitude of variability in the community 

occurred over the last millennia (Fig. V.2). These relatively recent changes, 

probably reflect low-grade local disturbance by people or regional signatures of 

disturbance reflected in the pollen incorporated into the sediments. Much of the 

resilience observed in both systems was attributed to a lack of human influence, 

and that if human-set fires were to be introduced, the forest destruction from that 

cause would override those induced by climate alone. 

 

This study investigated the response of vegetation to intense dry events in 

the Andes and Amazon Basin. By using the Mid-Holocene Dry Event as a stage for 

evaluating precipitation changes, I was able to infer some of the mechanisms 

underlying this event and its timing, and the resilience of extant ecosystems to this 

climatic forcing in the presence and absence of human influence. It is important to 

underline that the highest amplitude of changes observed in these records was 
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associated with human influence over the last millennium. The droughts of the mid-

Holocene dry event, were, however more extreme than any of the last 1000 years. 

That droughts can be much more extreme than those of recently experienced should 

come as a warning. Today, Andean and Amazonian ecosystems face the synergistic 

threats of deforestation and ongoing climate change. In the Holocene, there has 

been no large-scale vegetation change. Should such changes occur in western 

Amazonia they would endanger the survival of Earth’s most diverse ecosystems. 

The risk of vegetation change is greatly increased when warming temperatures and 

reduced rainfall co-occur with deforestation, logging, and fire (Le Page et al., 2017; 

Marengo et al., 2018; Bush, 2002). Mitigation policies and management strategies 

are needed to offset the likelihood of increased drought severity and frequency. 

Failure to act soon takes these systems toward their tipping point (Marengo et al., 

2018). Conservation efforts to maintain these ecosystems may have benefits 

beyond biodiversity as they would enhance the natural buffering capacity of these 

landscapes and thereby minimize the impacts of climate change on socioeconomic 

activities, infrastructure, and health in the adjacent communities (Lapola et al., 

2018). 
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