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Abstract 

Andean lakes are hotspots of biodiversity and serve as critical freshwater resources for 

millions of people. However, little information is available regarding their ecological responses 

to anthropogenic climate change, which is occurring rapidly in the Andes. Recent 

paleolimnological work has revealed marked shifts in diatom species in relation to enhanced 

water column stratification, caused by warming air temperatures and declining wind speeds. 

However, the response of higher trophic order consumers in the lakes is not well understood. A 

paleolimnological examination of Cladocera from four lakes in Cajas National Park, southern 

Ecuador, recorded relative increases in Daphnia and decreases in Bosmina during the period of 

recent warming. Cajas lakes were formerly believed to be polymictic, however many now 

thermally stratify by several degrees for large portions of the year. The deployment of 

temperature data loggers in four Cajas lakes revealed maximum thermal stratification between 

November to May, when air temperatures were highest and wind speeds were lowest. The 

mechanism driving cladoceran assemblage shifts is likely a combination of direct thermal 

response, as well as indirect bottom-up (food supply) and top-down (predation) factors. In a 

further examination of three shallow (< 5 m) non-stratified Cajas lakes, climate-related 

cladoceran shifts did not occur, though long-term assemblage changes appeared to track size of 

the littoral area, perhaps reflecting water level shifts caused by catchment alteration and/or 

precipitation shifts. To determine climate change impacts elsewhere in the Andes, three non-

stratified lakes were examined from the Cordillera Vilcanota, Peru. The cladoceran assemblages 

from the two deepest lakes showed marked shifts in the past (i.e., > 150 years ago), possibly 

related to glacier activity and water level changes. However, none of the three lakes experienced 

marked cladoceran shifts over the past century, despite climate stations ~60–70 km away 
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recording temperature increases. The relatively stable assemblages over the last century may be 

due to the lack of thermal stratification, caused by a climate-moderating effect from nearby 

glaciers. Collectively, this thesis provides among the first paleolimnological cladoceran data 

from the Andes and highlights the potential importance of lake stratification and related 

limnological changes in driving cladoceran assemblage composition. 
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Chapter 1 

General Introduction and Literature Review 

1.1 Climate change and the Andes 

Anthropogenic climate change is one of the most pressing environmental issues facing 

the world today. A primary driver of recent climate change is increasing concentrations of CO2, a 

greenhouse gas released from the burning of fossil fuels (IPCC, 2013). Atmospheric CO2 

concentrations have continuously increased since the beginning of the Industrial Revolution, and 

are now ~40% higher than their pre-industrial levels (IPCC, 2013). Linked to these 

anthropogenic activities, global temperatures have increased by an average of 0.85ºC since 1880, 

with this trend predicted to continue under all IPCC future climate scenarios (IPCC, 2013).  

 The Andes Mountains of South America are highly sensitive to climate change. The rate 

of warming with climate change is predicted to be elevation-dependent, with higher-elevation 

regions warming at a faster rate than lower-elevation regions (Giorgi et al., 1997; Bradley et al., 

2004; Rangwala and Miller, 2012; Pepin et al., 2015). Although long-term data are often not 

available in high elevation regions, this trend has been confirmed in the Andes, with 268 

mountain meteorological stations recording an increase of 0.11ºC per decade between 1939 and 

1998, compared to the global average of 0.06ºC per decade during this same period (Vuille and 

Bradley, 2000; Bradley et al., 2006). Importantly, the rate of temperature increase in the region is 

accelerating, having nearly doubled between 1958 to 1998 and nearly tripled between 1993 and 

1998 (Vuille and Bradley, 2000), highlighting the urgency to understand and address the rapid 

environmental impacts of climate change in mountain regions.  
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The accelerated rate of temperature increase in high elevation regions is caused by 

several factors, among the strongest of which is the loss of glaciated and snow covered land area 

due to warming temperatures (Rangwala and Miller, 2012; Pepin et al., 2015). As these high-

albedo areas disappear, a positive feedback cycle is established, leading to increasingly rapid 

warming. Across the Andes, even in regions without snow or ice cover, long-term shifts in cloud 

cover, water vapour, and aerosols have modified incoming and outgoing radiation patterns, and 

led to increased warming (Rangwala and Miller, 2012; Pepin et al., 2015). The relative 

contribution of each of these factors may differ based on location, and interaction of factors may 

result in complex synergistic effects (Pepin et al., 2015). 

 Anthropogenic climate change is causing numerous environmental and human impacts 

across the Andes. Among the most visible of these is the loss of glaciers, which have been 

present on the landscape for thousands of years. The retreat of Andean glaciers has been well 

documented, and has largely tracked the onset of warming temperatures and modified 

precipitation patterns (e.g., Brecher and Thompson, 1993; Vuille et al., 2008; Jomelli et al., 

2009). The loss of glaciers will have severe ecological consequences, with the predicted loss of 

between 11–38% of aquatic species from glacier-fed river systems, many of which are endemic 

(Brown et al., 2007; Jacobsen et al., 2012). The loss of aquatic biodiversity will almost certainly 

have impacts higher up the food web in these regions. Likely the most critical human impact of 

glacier loss relates to glacial water supply, on which millions of people are dependent. Glaciers 

provide critical water storage, acting as buffer water supplies during the dry season and ensuring 

a stable supply of water for drinking, irrigation, and hydroelectricity production (e.g., Vergara et 

al., 2007; Ruiz et al., 2008; Viviroli et al., 2011; Vuille, 2013; Drenkhan et al., 2014). The 

reduction and loss of glaciers across the Andes will result in widespread water shortages, and in 
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many cases, alternative supplies are not economically or logistically feasible for these societies 

to obtain (Vergara et al., 2007).  

Even in regions without glaciers, climate change will have widespread impacts. Due to 

their large gradient of geology, elevation, latitude, and weather patterns, the Andes are a highly 

heterogeneous environment containing many microhabitats that support a high degree of 

speciation and endemism (Josse et al., 2011; Young et al., 2011). As temperatures warm and 

precipitation patterns change, many of the species that inhabit these areas are predicted to 

become extirpated or critically endangered due to habitat fragmentation and loss (Anderson et al., 

2011; Larsen et al., 2011; Baez et al., 2016).  

Direct human consequences also arise from the changing landscape and climate. The 

availability of land for farming and forestry are expected to decline as regions become 

inhospitable to certain crops, leading to food scarcity (Hole et al., 2011). The range of mosquitos, 

previously limited by temperature and precipitation, will expand to higher elevations, enabling 

the spread of illnesses such as malaria and dengue to areas where they previously did not occur 

(Hole et al., 2011). As climate change progresses, many populations could be displaced as they 

are forced to migrate away from these increasingly inhospitable regions. 

1.2 Andean lakes and paleolimnology 

 Lakes and wetlands are abundant in the Andes, with many located at elevations above 

3,000 m a.s.l. (Maldonado et al., 2011). The high elevation lakes of the Andes range greatly in 

size, from over 830,000 ha (Lake Titicaca, the largest lake in South America), to the much more 

numerous small ponds and wetlands that dot the landscape. These systems provide abundant 

ecosystem services to the region, and are therefore of high ecological and societal importance. 
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High elevation Andean lakes are also often hotspots of biodiversity, supporting numerous plant 

and animal species, many of which are endemic to their specific ecosystem and region 

(Maldonado et al., 2011). The species present in these lakes are important components of 

regional food webs, and, in the case of fish, are often important for the livelihood and recreation 

of nearby human populations. High elevation wetland areas are also key contributors to the 

global carbon cycle, storing up to 30% of the world’s terrestrial carbon, and emitting ~5% of the 

atmospheric methane (Peña et al., 2009). The numerous wetland areas in the Andes (especially in 

the Andean páramo ecozones) are therefore of considerable potential importance as a buffer of 

global warming (Peña et al., 2009).  

 Across the Andes, and especially in less-glaciated regions, high-elevation lakes and 

wetlands are a main water source for large populations of Andean residents, providing water for 

drinking, agriculture, irrigation, and hydroelectricity generation to over 100 million people 

(Buytaert et al., 2006). In the northern Andes, between 11º N and 8º S, the majority of these 

high-elevation wetland systems are located in the páramo grasslands, an ecozone that covers 

between 35,000 and 77,000 km2 in non-contiguous patches (Buytaert et al., 2006). Páramos 

receive large amounts of precipitation, and due to their numerous lakes, wetlands, and peat-rich 

soil, act as natural reservoirs that can store and regulate the release of water (Buytaert et al., 

2006). In recognition of the important water supply function of these lake-rich regions, many 

municipalities have established protected areas, intended to reduce disturbance. However, these 

areas are still threatened by the onset of climate change. Altered precipitation patterns and 

warmer temperatures leading to increased evapotranspiration may result in water shortages, as 

these regions begin to dry out (Vuille, 2013). In addition to water shortages, water quality issues 

may arise as, for example, warmer temperatures may be conducive to the development of algal 
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blooms (Paerl and Huisman, 2009; Delpla et al., 2009; Whitehead et al., 2009), posing serious 

threats to human health. 

 Despite the high ecological and societal value of high elevation lakes, their abundance on 

the Andean landscape, and the sensitivity of the region to climate change, comprehensive 

ongoing monitoring of these systems has not been carried out. In many cases, the remote nature 

of these lakes prohibits easy access for long-term sampling. However, paleolimnology can be 

used to track the long-term shifts that have occurred in lakes and their surrounding environment. 

Paleolimnology uses the physical, chemical, and biological information stored in lake sediments 

to reconstruct the long-term history of lakes and their surrounding regions (Smol, 2008). Lake 

sediments continuously accumulate materials, both from within lakes themselves, as well as from 

their watersheds and airsheds. Using coring equipment, the sediments can be removed with 

stratigraphic order preserved, and the indicators (proxy data) contained within the sediment can 

be analyzed to infer a range of limnological, ecological, and environmental variables through 

time. In the absence of long-term monitoring, paleolimnological methods provide among the 

only long-term records in a region. 

 Lakes are often described as sentinels of climate change, as they respond rapidly and 

sensitively to climate variables, and record evidence of climate change in their sediment record 

(Adrian et al., 2009; Williamson et al., 2009). Lakes respond to climate change through physical, 

chemical, and biological shifts. One of the primary physical changes that lakes undergo as a 

result of climate change is the development of enhanced water column thermal stratification 

(Hondzo and Stefan, 1993; De Stasio et al., 1996). Lake stratification dynamics partly drive a 

number of important limnological processes, such as the distribution of oxygen (Jankowski et al., 

2006) and nutrients (O’Reilly et al., 2003; Tierny et al., 2010) throughout the water column, 
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primary production (O’Reilly et al., 2003; Michelutti et al., 2015c), habitat availability (De 

Stasio et al., 1996), and algal and invertebrate species composition (Rühland et al., 2015; Winder 

and Schindler, 2004). In tropical high elevation lakes, which currently lack ice cover and support 

a year-round growing season, warmer air temperatures and reduced wind speeds appear to be the 

primary drivers of enhanced stratification (Michelutti et al., 2015c). The development of 

stratification in these systems is particularly notable, as they have previously been described as 

polymictic, and perennially lacking a strong thermal gradient (Hutchinson and Löffler, 1956; 

Steinitz-Kannan, 1997). Nonetheless, recent evidence that these systems have now shifted to 

thermally stratifying water bodies with warming has become abundant (Michelutti et al., 2015a, 

2015c, 2016, Van Colen et al., 2017).  

 The Andes are well suited to paleolimnological research, with numerous lakes available 

from which long-term environmental records can be extracted. The use of paleolimnology to 

reconstruct long-term environmental records in the region has been growing over the past several 

decades. Spatial surveys have established the use of diatoms as indicators of climate-driven 

variables in Andean lakes (e.g., Hassan et al., 2013; Benito et al., 2018), and temperature and 

oxygen calibration sets have been developed to allow reconstruction of these variables through 

time (Rull, 2006; Massaferro and Larocque-Tobler, 2013; Wu et al., 2015). To date, the majority 

of temporal paleolimnological research has focused on establishing the long-term (i.e., thousands 

to hundreds of thousands of years) paleoclimate trends in the Andes using a variety of 

sedimentary indicators, including diatoms, chironomids, pollen, charcoal, and stable isotopes 

(e.g., Tapia et al., 2003; Chepstow-Lusty et al., 2005; Weng et al., 2006; Rull et al., 2008; Hillyer 

et al., 2009; Fritz et al., 2010; Massaferro et al., 2013; Cardozo et al., 2014). In addition to long-

term climate patterns, paleolimnology has also been used to track the environmental impacts of 
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past volcanic events in the Andes (e.g., Urrutia et al., 2007; Michelutti et al., 2015b; Matthews-

Bird et al., 2017a).  

 Paleolimnology has also been applied to track anthropogenic activities in the Andes over 

thousands of years of civilization. The presence of humans on the landscape, and the rise of 

agriculture, deforestation, and landscape terracing, have been tracked using diatoms, pollen, and 

charcoal in lake sediments (e.g., Chepstow-Lusty et al., 1998; Williams et al., 2011; Matthews-

Bird et al., 2017b). Paleolimnology has also provided insight into how long-term climate 

variables, namely periods of increased moisture or drought, influenced the success and collapse 

of early Andean civilizations (e.g., Binford et al., 1997; Brenner et al., 2001). The rise of 

metallurgy by Andean civilizations, as well as the legacy of mercury and lead pollution from 

these activities, has also been tracked through use of lake sediment geochemistry (Abbott and 

Wolfe, 2003; Cooke et al., 2008, 2009a, 2009b, 2011, 2013). Mining and smelting continue in 

the Andes today, with increases in these activities following the industrial revolution being 

tracked in lake sediment records (Cooke et al., 2008; Cooke and Abbott, 2008).  

 Although many paleolimnological studies have focused on the long-term histories of 

Andean lakes, there has been limited research on the impacts of recent anthropogenic 

disturbances on these systems, especially the impacts of climate change. Recent 

paleolimnological studies on remote, undisturbed Andean lakes from Ecuador and Peru have 

recorded increases in planktonic diatoms over the past century, consistent with enhanced thermal 

stability of the water column (Michelutti et al., 2015a, 2015b, 2015c). These shifts occur over a 

period of increasing air temperatures, and indicate that the lakes are undergoing physical and 

biological shifts in response to climate change. Similarly, further south, two high mountain lakes 

from Patagonia have experienced marked shifts in chironomid taxa over the past ~50 years, 
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consistent with warmer regional temperatures and increased anthropogenic activity (Montes de 

Oca et al., 2018). Overall, these studies highlight the sensitivity of Andean lakes, and the need to 

gain a better understanding of the changes taking place in these systems as a result of 

anthropogenic climate change. 

1.3 The Cladocera 

 The Cladocera are an order of branchiopod crustaceans that are widespread in freshwater 

ecosystems. The majority of cladoceran species occupy shallow, littoral habitats associated with 

substrates such as mud, sand, rock, and vegetation, however some taxa such as Daphnia spp. and 

Bosmina spp. are associated with the open-water habitat of the pelagic zone (Korhola and Rautio, 

2001). Most species of Cladocera are algal grazers, obtaining nutrition through filter feeding or 

detrital scraping, however some are carnivorous, preying upon small zooplankton taxa (Korhola 

and Rautio, 2001; Smirnov, 2017). Cladocerans are also common prey items for invertebrate 

predators and planktivorous fish, and therefore serve as an important link in aquatic food webs. 

Given their intermediate trophic position, cladocerans are sensitive to changes in bottom-up (e.g., 

food supply) and top-down (e.g., predation) shifts in the food web (Hessen et al., 1995), 

therefore making them useful indicators of whole-lake trophic dynamics.  

Under favourable environmental conditions, cladoceran reproduction is through asexual 

parthenogenesis, whereby female clones are produced. This method of reproduction allows for 

quick generation time, and enables cladocerans to respond rapidly to changing environmental 

conditions. Under unfavourable conditions, for example prior to winter, females can give birth to 

male offspring, which then engage in sexual reproduction, leading to the production of resting 

eggs (ephippia) which are deposited in the sediments (Korhola and Rautio, 2001; Smirnov, 2017). 
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The resting egg is resistant to desiccation, digestion, and extreme temperatures, and can remain 

viable for decades, enabling rapid re-colonization when conditions improve (Korhola and Rautio, 

2001).  

Cladocera are well-suited to paleolimnological studies, as their exoskeletons are 

comprised of chitin, and are generally well-preserved in lake sediments, although there are 

family-specific differences in preservation due to variations in chitin composition (Korhola and 

Rautio, 2001). Remains disarticulate and are incorporated into the sediment record after an 

individual dies, or when the exoskeleton is shed during growth. Remains found for each species 

vary, however typically include the headshield, carapace, postabdomen, postabdominal claw, and 

mandible (Korhola and Rautio, 2001). Cladoceran remains can be isolated from sediments and 

generally identified to genus- or species-level. 

Due to their sensitivity to numerous environmental variables, the Cladocera have become 

commonly used paleolimnological indicators for physical, chemical, and biological shifts in 

lakes. One of the most common physical variables tracked by Cladocera is lake depth, which can 

be inferred by the ratio of littoral to pelagic species present in the sediments (e.g., Hofmann, 

1998; Bos et al., 1999; Nevalainen et al., 2011), although changing ice cover can also influence 

this ratio. Water temperature is another physical lake attribute that has been tracked with 

Cladocera, as different species have distinct temperature optima for growth and reproduction 

(e.g., Lotter et al., 1997; Bos and Cumming, 2003; Sweetman et al., 2010). Water chemistry 

factors such as pH (Keller and Pitblado, 1984; Krause-Dellin and Steinberg, 1986), dissolved 

organic carbon (DOC) (Nevalainen et al., 2015), salinity (Bos et al., 1996, 1999), nutrient status 

(Brodersen et al., 1998; Bos and Cumming, 2003), and calcium concentration (Jeziorski et al., 

2008, 2015; Jeziorski and Smol, 2017) have also been inferred with cladoceran-based 
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paleolimnological studies. Biological inferences, such as shifting predation regimes through time, 

have also been reconstructed using changes in cladoceran species composition (e.g., Brooks and 

Dodson, 1965; Kitchell and Kitchell, 1980; Palm et al., 2005) and cladoceran body size (e.g., 

Korosi et al., 2008, 2010, 2013; Labaj et al., 2013; Sweetman and Finney, 2003).  

Cladocera are valuable paleolimnological indicators of climate change, as they respond 

sensitively to multiple climate-related factors (e.g., Korhola et al., 2002; Sweetman et al., 2010; 

Nevalainen et al., 2013; Thienpont et al., 2015). Numerous paleolimnological studies have 

examined Cladocera from alpine regions, due to their large temperature gradient and sensitivity 

to anthropogenic climate change (e.g., Lotter et al., 1997, 1998; Kattel, 2005; Kamenik et al., 

2007; Fischer et al., 2011; Nevalainen et al., 2014; Kong et al., 2017; Luoto and Nevalainen, 

2016). However, to date, the majority of alpine paleolimnological studies using Cladocera have 

been based on Northern Hemisphere lakes, and little remains known about shifts in Andean 

Cladocera through time. Cladoceran taxonomy from the Andes is reasonably well established 

(e.g., Delachaux, 1918; Torres and Rylander, 2006; Coronel et al., 2009; Kotov et al., 2010; 

Lopez-Blanco and Sinev, 2016), however, it is possible that as taxonomic research progresses in 

this region, the identity of some of the cladoceran taxa identified in this thesis will be subject to 

modification in the future. Nevertheless, cladoceran assemblage changes should provide valuable 

further insight into the impacts of anthropogenic climate change in these systems.  

1.4 Thesis objectives 

 The overall goal of this thesis is to explore the impacts of anthropogenic climate change 

on the Cladocera of high elevation Andean lakes. The Andes have experienced rapid temperature 

increases in recent years, and lakes have responded with associated shifts in stratification 
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patterns and primary producer species composition (Michelutti et al., 2015a, 2015c). However, 

the impact of these changes on higher trophic level organisms as a result of climate change is not 

yet well understood in this region. This research should provide a more complete understanding 

of the biological impacts of climate change in Andean lakes, and highlight the potential 

implications of climate change on the trophic structure of these systems. This thesis consists of 

six chapters, including this introductory chapter, four data chapters, and a final discussion 

chapter.  

Chapter 2 addresses the cladoceran shifts taking place in three high-elevation, deep lakes 

in Cajas National Park, southern Ecuador. The park is located in the lake-rich páramo ecosystem, 

and the lakes in the park supply 60% of the water to the nearby city of Cuenca, with a population 

of 400,000 (Buytaert et al., 2006). As it is a protected area, the lakes in the park are relatively 

pristine, and experience minimal direct anthropogenic impact. This chapter builds off previous 

work by Michelutti et al. (2015c), who used diatom-based paleolimnological techniques to 

examine these same Cajas lakes, and found notable shifts in diatom assemblages that were 

indicative of increasing stratification, occurring at a time when regional air temperatures were 

increasing and wind speeds decreasing. This chapter expands on this original work, by 

examining the cladoceran response to climate change in these same three lakes. The research 

goals of this chapter were to determine: 1) Whether cladocerans had responded to the known 

climate change in this region; 2) If the cladocerans had responded, to determine how the timing 

and magnitude of their response compared to that of the diatoms; and 3) If the cladocerans 

responded, to determine what factors primarily drove the response. This chapter helps to 

establish the long-term response of Cladocera to known climate change in sensitive, high 

elevation Andean lakes. 
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Chapter 3 focuses on cladoceran shifts in three shallow (< 5 m) lakes in Cajas National 

Park. Shallow lakes are numerically dominant on the landscape (Mosquera et al., 2017), and are 

important components of the páramo ecosystem. Recent diatom-based work by Giles et al. 

(submitted) on these lakes found little response to climate, in stark contrast to the nearby deeper 

lakes (discussed in Chapter 2). This result was attributed to the lack of thermal stratification in 

these shallow systems, which are easily mixed by wind. Nonetheless, this result contrasts the 

highly sensitive response observed in shallow lakes in Arctic and Subarctic regions, where ice 

cover is a primary driver of assemblage changes (e.g., Smol et al., 2005; Smol and Douglas, 

2007). Given the lack of diatom response in these shallow Andean systems, understanding the 

response of higher trophic order consumers was of interest. This chapter sought to determine: 1) 

How similarly the cladoceran assemblages from the shallow lakes compared with the nearby 

deeper lakes; 2) How the cladoceran assemblages changed over the time period encompassed by 

sediment record in each lake; and 3) Whether any recorded assemblage changes can be linked to 

recent climate change or any other environmental factors. This chapter provides information 

regarding the diversity of cladoceran species in the Cajas region, as well as the differential 

climate response observed in Andean lakes of different sizes. 

Chapter 4 is an investigation of thermal stratification in four Cajas lakes, using high-

resolution (hourly) temperature data over a two-year time span. When studied in the 1970s, these 

lakes were identified as polymictic, experiencing weak or no thermal stratification (Steinitz-

Kannan, 1997). However, the three lakes examined by Michelutti et al. (2015c) each revealed 

marked shifts in diatoms over the last ~50 years indicative of the development of thermal 

stratification, consistent with increased air temperatures and decreased wind speeds in the region. 

To confirm that the lakes were now thermally stratifying, temperature data loggers were 
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deployed for a period of one year, recording hourly water temperature throughout the water 

column. Each of the four lakes was stratified by more than 2ºC for between 46–76% of the year 

(Michelutti et al., 2016). Nonetheless, a longer-term record from this region would allow further 

insight into annual stratification patterns, and their main environmental drivers. This chapter had 

two research goals, namely: 1) To determine the typical seasonal temperature patterns in the 

Cajas lakes; and 2) To determine the main environmental factors influencing lake stratification. 

This chapter provides important insight into the environmental drivers of the physical lake 

responses to climate change in the Andes. 

Chapter 5 is an examination of the cladoceran response to climate change in three lakes 

located in the Cordillera Vilcanota of the Peruvian Andes. This lake-rich region is home to the 

Quelccaya Ice Cap (the world’s largest tropical ice cap), and serves as an important water supply 

for the City of Cusco. Glaciers in the region have been declining in recent decades, and climate 

stations record warming air temperatures, indicating that this region is experiencing the impacts 

of climate change. To gain an understanding of how climate change has impacted lakes in the 

Cordillera Vilcanota, we sampled three lakes spanning a large gradient of size (2.4 ha to 2,905 

ha) and depth (5 m to > 100 m). This chapter had three research goals: 1) To determine whether 

the Cladocera have changed over the ~200 year sediment records of each of the lakes; 2) If 

cladoceran assemblages shifted, to determine whether these shifts can be explained by known 

climate change in the region: and 3) To determine whether the cladoceran assemblages varied 

based on lake size, depth, or catchment characteristics. This chapter contributes further to the 

assessment of cladoceran species distributions across the Andes and their responses to climate 

and other environmental changes. 
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Chapter 6 is a discussion of the overall findings of this thesis, and their implications for 

future work in this region. Collectively, this thesis has provided insight into the past ~200 year 

history of cladoceran species composition from lakes in two distinctive regions in the Andes, 

highlighting the complex nature of climate change in this sensitive region. 
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Chapter 2 

Changes in Cladoceran Assemblages from Tropical High Mountain Lakes During Periods 

of Recent Climate Change 

2.1 Abstract 

 The Andes Mountain range of South America is one of the most rapidly-warming regions 

in the world. Alpine lakes from Cajas National Park (Ecuador) have shown evidence of increased 

thermal stratification and associated shifts in algal communities in recent decades, consistent 

with regionally warmer air temperatures and reduced wind speeds. Here, we use 

paleolimnological approaches to examine the impacts of recent climate change on Cladocera 

(Crustacea, Branchiopoda) in three equatorial alpine lakes. Each lake experienced a shift in 

abundance from the small pelagic grazer Bosmina spp. to larger Daphnia spp. In two of the lakes, 

Daphnia spp. increased from an average of ~5% to 35–40% relative abundance within the past 

~20 years. Meanwhile, in the third lake, Daphnia spp. increased to ~50% relative abundance in 

the ~1970s, but subsequently declined to background levels within the following decade. We 

show that cladoceran assemblages have undergone marked shifts during a period of rapid climate 

change in this region, but unlike comparable work on algal indictors, the response has been more 

complicated. We conclude that climate is likely affecting these keystone aquatic invertebrates, 

and may begin to impact higher-level predators such as fish, which often rely on cladocerans as a 

food source.  

2.2 Introduction 

 Anthropogenic climate change is a dominant stressor affecting ecosystems worldwide 

(IPCC, 2013). In the Andes mountain range (South America), recent warming has occurred at a 
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rate nearly twice the global average, with the largest increases occurring in the last several 

decades (Vuille and Bradley, 2000). These temperature increases have already impacted water 

resources, with potentially far-reaching ecological and societal consequences (Vuille, 2013). For 

example, rising temperatures have resulted in the rapid retreat of many Andean glaciers, upon 

which tens of millions of people are dependent for drinking water, agriculture, and hydroelectric 

power (Barnett et al., 2005; Viviroli et al., 2007; Beniston, 2012; Vuille, 2013). So far, little 

attention has been directed toward the potential impacts to lakes, which also act as key water 

resources in the region. Despite the sensitivity of the Andes to climate change, there remains a 

paucity of long-term limnological data upon which to base management decisions. 

In the absence of long-term monitoring data, lake sediments can be used to reconstruct 

limnological changes (Smol, 2008). Here, we recovered high-resolution sediment cores spanning 

the last ~200 years from the lake-rich region of Cajas National Park, ~30 km from Cuenca, 

Ecuador (Fig. 2.1). The Park was officially established in 1996 and contains over 200 lakes of 

glacial origin, with minimal disturbance to their catchments. The Cajas lakes are the source for 

~60% of the drinking water supply to Cuenca, the third largest city in Ecuador, with a population 

> 400,000 (Buytaert et al., 2006).  

Previous paleolimnological research from Cajas National Park examined fossil diatoms – 

algae that are sensitive indicators of environmental change (Smol and Stoermer, 2010) – as well 

as measurements of sedimentary chlorophyll a and its main diagenetic products, which provides 

an estimate of past primary production (Michelutti et al., 2010; Michelutti and Smol, 2016). 

Based on a previous study from the same lakes (Michelutti et al., 2015c), the planktonic diatom 

Discostella stelligera increased from trace abundances to become the dominant taxon in recent 

assemblages. This increase is consistent with its tendency to flourish under conditions of 
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enhanced water column thermal stability caused by increased air temperatures and decreased 

wind speeds (Rühland et al., 2015). Furthermore, aquatic production remained stable, and even 

decreased in Toreadora, the highest elevation lake, possibly due to enhanced stratification 

reducing the upwelling of hypolimnetic nutrients into the surface waters (Michelutti et al., 

2015c). Consistent with the biological indicators and sediment geochemistry, thermistor data 

have subsequently demonstrated that the Cajas lakes, formerly understood to be polymictic 

(Steinitz-Kannan, 1997), do indeed now thermally stratify by at least 2ºC for more than 40% of 

the year (Michelutti et al., 2016). 

Here, we examine the history of changes in subfossil Cladocera from the same Cajas-area 

study lakes analyzed for algal indicators by Michelutti et al. (2015c). The Cladocera are an order 

of crustacean zooplankton that occupy an intermediate trophic position in aquatic food webs. As 

a result, they respond both to bottom-up (changes in primary production) as well as top-down 

(changes in predation) shifts in the food web. Furthermore, many cladoceran species have well-

established environmental optima, and display documented responses to shifts in climate (Lotter 

et al., 1997; Bos and Cumming, 2003; Kamenik et al., 2007; Sweetman et al., 2010; Nevalainen 

et al., 2013). In combination with the diatom and sedimentary chlorophyll a records from these 

same lakes (Michelutti et al., 2015c), information on the response of cladoceran abundance and 

species composition will provide a more holistic account of the limnological changes occurring 

in this region.  

We use the subfossil cladoceran assemblages to answer the following research questions: 

First, do the Cladocera respond to recent climate changes in the study region, and if so, is the 

timing and magnitude of the species shifts similar to those recorded by the diatoms (primary 

producers)? Second, if assemblages have changed, what are the likely main limnological factors 
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affecting cladoceran species composition in these lakes? To answer these questions, we 

compared the sub-fossil cladoceran records of the three Cajas lakes to estimates of paleo-

production (Michelutti et al., 2015a), lake temperature profiles (collected from thermistors 

deployed over 1 year; Michelutti et al., 2016), and inferred predation pressure (using 

presence/absence of Chaoborus remains and measurements of Bosmina size attributes that can 

shift through cyclomorphosis in response to type and intensity of predation; Korosi et al., 2013). 

Taken together, these comparisons enable the assessment of the potential physiological (e.g., 

water temperature), bottom-up (e.g., primary production), and top-down (e.g., predation) factors 

in influencing the cladoceran species composition of these lakes. 

2.3 Methods 

2.3.1 Site description and field methods 

  Cajas National Park (S 2° 47' 0.57", W 79° 13' 20.54") is located ~30 km from Cuenca, 

Ecuador (Fig. 2.1). Lakes in the Park are largely fed by precipitation, which averages ~2,000 mm 

per year (Hansen et al., 2004). Although temperature in the Park can range from -8ºC to 18ºC, 

diurnal variations far exceed those experienced seasonally (Hansen et al., 2004). The Cañar 

meteorological station, located ~30 km east of Cajas, has recorded a mean air temperature 

increase of 1.15ºC (average increase of 0.29ºC per decade) and a decline in average wind speed 

of over 40% since the 1970s (Michelutti et al., 2015c). Limnological characteristics of the three 

study lakes (Toreadora, Chorreras, and Llaviucu) are given in Michelutti et al. (2105c, 2016). 

Briefly, the lakes are characterized by low nutrient concentrations, low electrical conductivity, 

circumneutral pH levels (Table 2.1), and extended periods of thermal stratification with irregular 
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intervals of mixing (Michelutti et al., 2016). The study lakes span an elevation gradient of nearly 

800 m.  

The catchments of Toreadora (elevation: 3,920 m a.s.l.; Zmax: 31 m; surface area: 18.7 ha; 

Fig. 2.2A) and Chorreras (elevation: 3,700 m a.s.l.; Zmax: 18 m; surface area: 16.7 ha; Fig. 2.2B) 

are characterized by páramo ecosystem, with grasses and small shrubs as the dominant 

vegetation, while the catchment of the lower elevation Llaviucu (elevation: 3,140 m a.s.l.; Zmax: 

17 m; surface area: 17 ha; Fig. 2.2C) contains a mix of trees and low shrubs, surrounded by steep 

alpine terrain. There are two buildings located around the shoreline of Llaviucu, however one is 

abandoned, while the other is rarely used. The catchment of Toreadora contains the park 

operations office, a guest cabin, and a restaurant/interpretive center building. Undocumented 

stocking with Rainbow Trout (Oncorhynchus mykiss) occurred in many of the lakes in the region 

around the 1970s, and it is likely that each of the three study lakes supports populations of this 

species.  

 Lakes were sampled in July 2011, and cored at their deepest points from an inflatable 

boat using a Glew (1989) gravity corer. Sediments were sectioned into whirl-pack bags on shore 

using a Glew (1988) extruder. Epilimnetic water samples were taken at each coring site from ~30 

cm depth using pre-washed bottles. All samples were kept cool and dark for the duration of the 

field season and subsequent shipment to the laboratory.  

2.3.2 Laboratory methods 

The lake sediments have undergone prior analysis to establish a 210Pb-based dating 

chronology, as well as the examination of fossil diatoms and sedimentary chlorophyll a 

(Michelutti et al. 2015c). We include percent relative abundance of Discostella stelligera and 
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sedimentary chlorophyll a and its degradation products measured by visible reflectance 

spectroscopy from Michelutti et al. (2015c) to enable comparison with primary producers and 

whole-lake production (Fig. 2.3). Water chemistry analysis (Table 2.1) followed protocols 

described in Environment Canada (1994a, 1994b). 

 Cladoceran remains were prepared largely following methods outlined in Korhola and 

Rautio (2001). Briefly, ~0.1 g of freeze-dried sediment was weighed into a beaker, and 

deflocculated in 10% KOH on a ~70ºC hot plate for 20 minutes. Sediments were sieved on a 38-

µm mesh and rinsed into a glass container, with three drops each of ethanol (preservative) and 

safranin-glycerine (colourant) solution added to form a slurry. Slides were plated with between 

6–60 50-µL aliquots of the slurry, and a glass cover slip was mounted with glycerine jelly. Entire 

slides were counted using a Leica DMR light microscope at 200x magnification. When possible, 

at least 70 cladoceran individuals were counted for each interval, in compliance with counting 

guidelines recommended by Kurek et al. (2010), and this requirement was met in all but 3 

intervals (Llaviuvu 4.5–4.75 [66], Chorreras 10.0–10.5 [45], and Chorreras 12.0–12.5 [43]). 

Taxonomic identification followed Szeroczy!ska and Sarmaja-Korjonen (2007), and Korosi and 

Smol (2012a, 2012b), which focus on European and North American cladoceran species, 

respectively. Given the lack of comprehensive South American subfossil identification guides, 

and the non-cosmopolitan nature of the Cladocera (Frey, 1987), we grouped the major species 

into complexes. When remains could not be identified, they were assigned a serial number. 

Daphniids were tabulated as Daphnia spp. (sum of Daphnia pulex and Daphnia longispina 

species complexes) due to frequent fragmentation of remains, which often precluded 

identification to higher taxonomic resolution. 
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 The stocking of Rainbow Trout in the study lakes occurred largely in the 1970s, however 

the exact timing and magnitude of stocking efforts are not documented. Fish leave few well-

preserved remains in the sediment record, and thus their historical presence or absence must be 

inferred through indirect proxy evidence. The invertebrate predator, Chaoborus, has been widely 

used in North American (Lamontagne and Schindler, 1994; Uutala et al., 1994; Labaj et al., 

2013) and European (Luoto and Nevalainen, 2009; Palm et al., 2012) lakes as an indicator of 

historical fish presence or absence, as some species are especially sensitive to planktivorous fish 

predation (von Ende, 1979; Sweetman and Smol, 2006). Preparation of sediments for Chaoborus 

analysis followed methods outlined in Walker (2001). Briefly, ~1 g of freeze-dried sediment was 

deflocculated in 5% KOH on a ~70ºC hot plate for 20 minutes. Sediments were sieved on a 100-

µm mesh, and rinsed into a beaker with deionized water. The resulting slurry was scanned in 

entirety using a Bogorov chamber under 25x magnification, with any Chaoborus mandibles 

removed from the slurry with forceps, and permanently mounted on a slide. Four sediment 

intervals were examined from Llaviucu, which was known to be stocked in the 1970s, and 

continues to be a popular local fishing destination. Two intervals were from pre-1940 (16.0–16.5 

and 18.0–18.5), before fish stocking occurred, and two from after 1994 (3.5–3.75 and 4.0–4.25) 

following fish stocking. Despite examining sediment in sufficient quantities, no Chaoborus 

mandibles were identified in the sediments. 

In a further attempt to assess potential shifts in past predation intensity, we measured 

three size attributes of Bosmina spp. (Korosi et al., 2013; Labaj et al., 2016) during periods of 

cladoceran species turnover. Bosmina spp. has been used as an indicator for past predation 

intensity in European and North American lakes (Alexander and Hotchkiss, 2010; Korosi et al., 

2010, 2013), as it varies its size through cyclomorphosis in response to predation pressure. 
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Antennules, mucros, and carapaces were photographed at 100x magnification using a Leica 

DMR light microscope. All intact and identifiable remains were measured using Northern 

Eclipse imaging software (Empix Imaging, Inc.). A minimum of 40 of each remain were 

measured to ensure that a valid representation of the population was captured from each period 

(Brahney et al., 2010). Bosmina spp. size measurements were performed in each of the lakes 

from sediment intervals dating to before and during the increase in Daphnia spp. relative 

abundance, as well as after the increase in Llaviucu and Chorreras. Between 1–3 sediment 

intervals were scanned for each time period. Non-parametric Kruskal-Wallis tests were used to 

assess whether the Bosmina spp. size distributions differed significantly (p < 0.05) across the 

three time periods, and pairwise Mann-Whitney U-tests (with Holm-corrected P value) were 

used to assess whether they differed significantly (p < 0.05) between each of the time periods. 

2.4 Results 

Rare taxa, forming less than 2% relative abundance in two or more intervals, constituted 

the majority of fossil cladoceran species identified (Supplementary Fig. 2.1). Three taxa – 

Bosmina spp., Daphnia spp., and Chydorus cf. sphaericus – were abundant in the assemblages of 

all three study lakes. Bosmina spp. was the dominant taxon overall, comprising relative 

abundances between 54–98% over the past ~200 years. C. cf. sphaericus, a littoral grazer species, 

was found at low (< 6%) relative abundance throughout the entire records of all three lakes. 

Daphnia spp. was present throughout the entire records of each of the study lakes, though 

experienced abrupt increases in each of the lakes within the past 50 years (Fig. 2.3).  

In Toreadora, Daphnia spp. relative abundance averaged ~12% from ~1800 to the mid-

2000s, however rapidly increased to ~40% in the mid-2000s, and has since declined to ~18% 
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relative abundance at the core surface (Fig. 2.3). A similar increase occurred in Llaviucu, where 

Daphnia spp. increased from an average of ~3.5% relative abundance to ~35% in the mid-1990s, 

and has declined since then, albeit remaining between 8–25% relative abundance to present day 

(Fig. 2.3). The abrupt rise in Daphnia spp. relative abundance occurred earliest in Chorreras, and 

was accompanied by an equally rapid decline after ~10 years (Fig. 2.3). Here, Daphnia spp. 

averaged ~9% relative abundance until ~1970, when it rapidly increased to ~50%. Daphnia spp. 

relative abundance remained above 50% until ~1975, when it began declining, reaching 28% 

relative abundance by ~1980, and averaged ~3.5% to present. 

Several cladoceran taxa occurred at low abundances in our study lakes. In Llaviucu, 

Alona cf. guttata was regularly identified throughout the core, albeit in generally low (< 3.5%) 

relative abundances (Supplementary Fig. 2.1C). Alonella cf. guttata reached a maximum relative 

abundance of ~12.5% in ~2009, however declined to < 5% relative abundance towards the core 

surface. Carapaces belonging to the genus Alona (identified as “Undifferentiated Alona spp.”) 

were also found in low (< 4%) relative abundance throughout the core. 

No Chaoborus spp. mandibles were found in the sediments we examined from Llaviucu, 

preventing their use as a proxy for inferring past fish presence/absence. Among the three 

measured Bosmina spp. size attributes, Kruskal-Wallis tests identified only two significant shifts 

in size attributes between the time periods examined (Supplementary Fig. 2.2). In Llaviucu, 

antennule length decreased significantly (p = 0.02), and in Chorreras, mucro length increased 

significantly (p < 0.01) from before to after the rise in Daphnia spp. relative abundance. No other 

size attribute shifted significantly in the lakes during the examined time periods (Fig. 2.2). 

2.5 Discussion 
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While the fossil diatom profiles for these study sites (Michelutti et al., 2015c), as well as 

other Andean lakes (Michelutti et al., 2015a, 2015b, 2016), record a straightforward response to 

warming-induced thermal stratification (Michelutti et al., 2016), cladoceran assemblages did not 

show consistent responses to post-1970s warming in the region, although notable shifts in 

pelagic species composition occurred in all lakes. The dominant cladoceran shift in each of the 

study lakes was an increase in the relative abundance of the large pelagic grazer Daphnia spp. 

and a decline in the smaller grazer Bosmina spp., though the timing, duration, and magnitude of 

this shift differed between the lakes, and one lake showed a reversal of this trend in the recently-

deposited sediments.   

Daphnia spp. have previously been identified as sentinels of climate change in alpine 

systems. For example, increases in Daphnia pulex in a Tibetan Plateau lake between ~1910 and 

~1970 were attributed to warmer temperatures, where increased growth of algae allowed 

Daphnia to outcompete Bosmina (Kong et al., 2016). Similarly, within the Rocky Mountains, 

Daphnia middendorffiana (an Arctic and alpine species in the D. pulex spp. group) abundance 

has increased, correlated with warmer water temperatures (Fischer et al., 2011). Importantly, D. 

middendorffiana shows a peak in activity, growth, and respiration at 13–14ºC (Yurista, 1999), a 

temperature range that is now being reached periodically in the epilimnion of Cajas lakes during 

thermally stratified periods (Michelutti et al., 2016).  

The Daphnia spp. rise in Llaviucu and Toreadora occurs at a time when the lakes are 

experiencing extended periods of thermal stratification, as indicated by thermistor data 

(Michelutti et al., 2016) and inferred from rising relative abundances of Discostella stelligera – a 

planktonic diatom species commonly associated with thermally stratified conditions (Michelutti 

et al., 2015c; Rühland et al., 2008, 2013, 2015). Our finding of increased Daphnia spp. during 
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stratified periods contrasts with some studies from temperate (George, 2000) and alpine (Fisher 

et al., 2011; Nevalainen et al., 2014) lakes, where Daphnia spp. abundance was at least partially 

associated with increased water column turnover and deeper mixing depth. In temperate systems, 

deeper mixing is thought to favour algal production at a time when zooplankton reproduction is 

occurring, and food demands are high (George and Taylor, 1995; George, 2000). However, our 

tropical alpine study lakes lack strong seasonal temperature variations and currently lack winter 

ice cover, and so algal and zooplankton growth can proceed year-round. Despite a scarcity of 

limnological data from this region, studies from the 1980s suggested that alpine lakes of Ecuador 

rarely exceeded temperatures of 12ºC (Steinitz-Kannan, 1997), whereas presently it is not 

uncommon for Cajas-area lakes to exceed 12ºC (Michelutti et al., 2016). Although we cannot 

identify the sedimentary Daphnia spp. remains to the species-level, our data would support a 

hypothesis that warmer epilimnetic temperatures may have enhanced Daphnia spp. reproduction 

and growth in Toreadora and Llaviucu, contributing to their elevated abundance in recent years. 

Although Daphnia spp. abundance has declined slightly in recent years within these lakes, it 

nevertheless remains generally elevated above average abundance before Daphnia spp. increased. 

Chorreras displayed the largest and earliest increase in Daphnia spp. relative abundance 

among our study lakes. However, unlike Llaviucu and Toreadora, Chorreras also documented a 

rapid decline back to earlier relative abundance levels. This abrupt spike in Daphnia spp. relative 

abundance occurs ~25–35 years earlier than in Toreadora and Llaviucu, and predates the rise in 

Discostella stelligera by ~10 years. We are presently not certain of the mechanism responsible 

for the rapid Daphnia spp. decline in Chorreras in recent years. 

To investigate the potential role of predation as a driver of the Daphnia spp. rise in the 

lakes, we attempted to use Chaoborus spp. as a proxy for past fish presence/absence in Llaviucu, 
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a popular fishing destination. However, no Chaoborus mandibles were found in the sediments 

we examined, and so we instead measured Bosmina spp. size attributes known to be sensitive to 

type (vertebrate vs. invertebrate) and intensity of predation (Alexander and Hotchkiss, 2010; 

Korosi et al., 2010, 2013; Labaj et al., 2016). Bosmina spp. sizes can shift through 

cyclomorphosis – resulting in population-level size changes that can be measured to infer past 

predation. Invertebrate predators (e.g., Chaoborus spp., copepods) are often limited to prey items 

that they can fit within their mandibles (termed “gape limited”). When large invertebrate 

predators (capable of causing outright mortality) are present, elongated Bosmina spp. mucros 

increase prey-handling time, and decrease likelihood of a successful capture (Black, 1980; Post 

et al., 1995). In the presence of smaller invertebrate predators (capable of causing injury, but not 

outright mortality), elongated antennules may help protect fragile swimming appendages from 

damage in an attack (Post et al., 1995). Conversely, vertebrate (planktivorous fish) predators 

typically select the largest prey items available using vision, thus in their presence, smaller and 

less visible size attributes would be favoured (Kerfoot, 1975).  

Most of the lakes in this region of Ecuador were stocked with non-native Rainbow Trout 

during the 1970s for sport fishing. Therefore, shifts in predation regime through time may have 

exerted a top-down influence on the cladoceran species composition in the lakes. We examined 

Bosmina spp. size attributes during three time periods corresponding to before, during, and after 

the rise in Daphnia spp. in each lake to determine whether the cladoceran species shifts occurred 

concomitant with inferred predation regime shifts. Overall, the Bosmina spp. size attribute 

measurements do not suggest that shifts in predation regime influenced the increase in Daphnia 

spp., as none of the shifts were significant during the time that Daphnia spp. increased. In 

Llaviucu, antennule length decreased from before to after the Daphnia spp. rise, possibly 
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suggesting that small invertebrate predators have been decreasing in the lake, while in Chorreras, 

mucro length increased during the same time span, possibly indicating an increase in large 

invertebrate predators. Although these two shifts in size attributes suggest a slow shift in 

predation regime over time, the timing cannot be linked with the clacoceran species shifts. 

As mostly herbivorous grazers, cladocerans often rely on primary producers as a food 

source. To assess whether shifts in primary producers influenced the cladoceran composition, we 

compared the timing of their changes to that of the diatom shifts and changes in whole-lake 

production as inferred by sedimentary chlorophyll a. In both Llaviucu and Toreadora, 

Discostella stelligera abundance increased at a time when cladoceran species composition was 

stable, predating the rise in Daphnia spp. by ~10 years in Llaviucu and ~45 years in Toreadora. 

Furthermore, in Toreadora, chlorophyll a began decreasing in ~1960, predating the increase in 

Daphnia spp. by ~45 years, while in Llaviucu and Chorreras, chlorophyll a remained constant 

while Daphnia spp. abundance increased. The lack of synchrony between the cladocerans and 

primary producers/sedimentary chlorophyll a in our lakes suggests that changes in overall 

primary production were not responsible for the shifts in cladoceran abundance. We further note 

that top-down impacts from cladoceran grazing did not appear to impact primary producers, 

despite the increase of Daphnia spp., a more efficient grazer (Korosi et al., 2012). 

Climate change has likely influenced the aquatic biota through different mechanisms, 

leading to variations in the timing and magnitude of their responses. The diatom taxa appear to 

have responded to changes related to thermal stratification of the water column (Michelutti et al., 

2015c, 2016), a trend that has subsequently been recorded in a consistent manner in other 

Andean lakes (Michelutti et al., 2015a, 2015b). Namely, enhanced thermal stratification (a 

threshold response) caused by warmer air temperatures and reduced wind speeds has enabled 
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small planktonic diatom species such as D. stelligera to outcompete larger, heavier species that 

require turbulent conditions to remain in the photic zone (Rühland et al., 2008, 2013, 2015). In 

contrast, the cladoceran assemblages have likely responded to a more complex interaction of 

direct physiological and indirect temperature-mediated factors (e.g., food supply, water 

chemistry changes). Nonetheless, cladoceran species composition has changed markedly among 

all study lakes within the past 50 years, a period during which climate-related variables have 

changed significantly in the region. 

2.6 Conclusions 

The Cajas Park study lakes have experienced biotic shifts at multiple trophic levels in 

response to recent climate change, including marked changes in cladoceran species assemblages. 

However, the timing of these invertebrate changes were not closely linked to shifts in thermal 

stratification (a threshold-based response), that had previously been documented using diatoms 

from the same cores, nor to overall lake production (as inferred from sedimentary chlorophyll a 

analyses). Moreover, the top-down (predation) and bottom-up (food supply) controls that we 

were able to investigate did not appear to be the direct drivers of cladoceran species change in 

these lakes. The Cajas lakes have experienced a reorganization of cladoceran communities 

during a period of known warming in the region. Nonetheless, the exact mechanism behind the 

cladoceran species shifts remains elusive, which is perhaps not surprising, as cladocerans may be 

affected by myriad interacting top-down and bottom-up controls, given their intermediate trophic 

position. With continued rapid warming in high-elevation areas, we anticipate that trophic shifts 

of equal or greater magnitude will occur in alpine lakes worldwide. 
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2.10 Tables 

Table 2.1: Select physical and limnological characteristics of the study lakes  

Zmax = maximum depth, S. Area = surface area, Cond. = electrical conductivity, DOC = 
dissolved organic carbon, Ca2+ = calcium, TN = total nitrogen, TP Unfilt. = total phosphorus 
from unfiltered lake water. Chorreras water chemistry data are from July 6th, 2011, Llaviucu and 
Toreadora data from August 28th and 29th, 2015, respectively, except pH and electrical 
conductivity, which were collected on August 8th and 11th, 2014, respectively. Electrical 
conductivity data were not collected for Chorreras. Further details are listed in Michelutti et al. 
(2015c). 

Lake Zmax 
(m) 

S. Area 
(ha) 

pH Cond. 
(µS•cm-1) 

DOC 
(mg•L-1) 

Ca2+ 

(mg•L-1) 
TN 

(mg•L-1) 
TP Unfilt. 
(µg•L-1) 

Toreadora 31 18.7 8.2 75 3.1 14.2 0.186 4.2 
Chorreras 18 16.7 7.9 n/a 2.3 14.8 0.157 3.1 
Llaviucu 17 17 7.6 101 2.5 18.9 0.192 3.4 
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2.11 Figures 

 

Figure 2.1: Map of study area 

Map of Ecuador highlighting study area and major cities. Base map data created by Marc Souris, 
IRD (http://www.rsgis.ait.ac.th/~souris/ecuador.htm). Inset map: www.worldatlas.com 
(http://www.worldatlas.com/webimage/countrys/samerica/saoutl.jpg). 
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Figure 2.2: Photographs of the study lakes
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Figure 2.3: Major Cladocera, diatoms, and chlorophyll a from study lakes 

Percent relative abundance of subfossil cladocerans Bosmina spp. and Daphnia spp., diatom Discostella stelligera, and concentration 
of sedimentary chlorophyll a obtained from sediment cores of each of the study lakes. Dates calculated using 210Pb.  
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Supplementary Figure 2.1: Percent relative abundance of common cladoceran taxa 

Percent relative abundance of common (! 2 % relative abundance in 2 or more intervals) 
subfossil cladoceran species, Discostella stelligera, and sedimentary chlorophyll a obtained from 
sediment cores of each of the study lakes. Dates calculated using 210Pb. 
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Supplementary Figure 2.2: Bosmina size attributes from the study lakes 

Bosmina spp. size attributes in each of the study lakes before, during, and after the increase and decrease in Daphnia spp. Dots 
encompass the 5th/95th percentiles of the data, whiskers encompass 10th/90th percentiles, the box encompasses the 25th/75th percentiles, 
and the line indicates the median. Intervals used for each size category: Pre-Daphnia spp. increase: TOR: 1.0–1.25; CHS: 5.0–5.5; 
LLAV: 5.5–5.75, 6.0–6.25, 6.5–6.75. Daphnia spp. increase: TOR: 0–0.25, 0.25–0.5; CHS: 2.5–2.75, 3.0–3.25; LLAV: 3.5–3.75, 4.0–
4.25. Post-Daphnia spp. increase: TOR: N/A; CHS: 0–0.5; LLAV: 0–0.25, 0.5–0.75.  
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Chapter 3 

Cladocera in Shallow Lakes from the Ecuadorian Andes Show Little Response to Recent 

Climate Change 

3.1 Abstract 

 The numerous lakes of the Andean páramo serve as critical water reservoirs for millions 

of people. However, páramo ecosystems have experienced anthropogenic warming faster than 

the global average. Recent paleolimnological work on deep páramo lakes from Cajas National 

Park (southern Ecuador) revealed striking shifts in diatoms and Cladocera linked to climate 

change. However, the impacts on shallow lakes (< 5 m deep), which are numerically dominant 

on the landscape, remain poorly understood. Here, we use paleolimnology to investigate the 

cladoceran species changes and responses to climate change in three shallow páramo lakes from 

Cajas National Park. Each system supported abundant littoral cladoceran species. The deepest 

site (~4 m) contained the highest proportion of pelagic species, while the shallowest (~0.3 m) 

contained almost exclusively littoral species. Cladoceran assemblages in these shallow lakes 

appear to reflect the amount of littoral habitat, likely influenced by shifting precipitation patterns, 

and in one site (Apicocha) the construction of a small rock dam. The timing of cladoceran 

assemblage shifts does not align with the regional temperature increase and reduced wind speed, 

contrasting the ecological responses in the deeper lakes. Although these polymictic shallow 

systems are not immune to climate-related change, algal and cladoceran assemblages in the deep 

lakes are responding earlier and more sensitively to recent climate changes, largely through 

changes to their thermal stratification regimes. 

3.2 Introduction 
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 The Andes Mountain range of South America is particularly vulnerable to climate change 

(Herzog et al., 2011). Over the past ~60 years, temperatures in the region have increased by 

0.11ºC per decade, nearly twice the rate of the global average (Vuille and Bradley, 2000). The 

impacts of warmer temperatures have already become evident – notably, many glaciers that have 

been present for thousands of years are now retreating or have disappeared completely (Brecher 

and Thompson, 1993; Francou et al., 2005; Vuille et al., 2008). Even in mountain areas that do 

not contain glaciers, climate change poses serious threats to the sensitive ecosystems of the 

Andes and the services they provide. Shifting precipitation patterns may lead to a reduction of 

water availability and a general drying trend in some regions (Hulme and Viner, 1998; Buytaert 

et al., 2006; Minvielle and Garreaud, 2011), while extreme weather events may also become 

more common (Foster, 2001).    

 Among the most important implications of climate change to humans in the region relates 

to water supply. Páramo ecosystems, covering a non-contiguous area of 35,000–77,000 km2 

concentrated in the northern Andes, serve a critical water supply function for hundreds of 

millions of people (Buytaert et al., 2006). Páramos are characterized by grass and shrubland, 

with numerous lakes, wetlands, and peatlands in low-lying valley areas above the treeline but 

below any permanent snowline (elevations between ~3,500–4,500 m a.s.l.). The abundant 

wetland features of páramo landscapes are largely fed through precipitation and, combined with 

the high water-retention properties of the soil and vegetation, form natural water reservoirs 

(Buytaert et al., 2006). However, as temperatures increase and precipitation is reduced or 

becomes less predictable, water quality and quantity issues may threaten the water security of 

millions of people that depend on páramo-sourced water for hydroelectricity generation, 

irrigation, and drinking water supply (Buytaert et al., 2006; Vergara et al., 2007; Viviroli et al., 



 60 

2011; Vuille, 2013). In many regions, páramos provide the sole source of water that is financially 

or logistically feasible to obtain. 

 In recognition of their importance to water supply, and as a means to reduce impacts from 

direct human activities such as agriculture and resource extraction, many localities have 

established protected areas around large swaths of páramo habitat. One such example is Cajas 

National Park in southern Ecuador (Fig. 3.1), which was initially established in 1977 as a 

national recreation area and designated a national park in 1996. The Park is 28,544 ha in size, 

spans elevations between 3,150 and 4,450 m a.s.l., and contains 235 permanent lakes (Espinosa, 

2005). Approximately 60% of the drinking water supplied to the nearby city of Cuenca 

(Ecuador’s third largest city, with 420,000 inhabitants) is sourced from Cajas Park (Espinosa, 

2005), highlighting its importance to the city’s infrastructure.  

 Given the vital nature of the lakes to Cuenca, as well as the sensitivity of the region to 

anthropogenic climate change, recent research has focused on examining the response of Cajas-

area lakes to climate change (Michelutti et al., 2015, 2016; Labaj et al., 2017; Giles et al., 

submitted). Data from the nearby Cañar meteorological station (~30 km east of the Park) record 

a temperature increase of 1.15ºC and wind speed decline of 40% since the 1970s (Michelutti et 

al., 2015; Supplementary Fig. 3.1). The impacts of this recent climate change have been 

documented in lakes within Cajas Park, which show marked changes to their biological and 

physical regimes (Michelutti et al., 2015, 2016). Specifically, lake sediment studies record abrupt 

increases in the planktonic taxon Discostella stelligera from trace abundances to dominance 

within the past ~50 years. Increases of this species are indicative of enhanced water column 

stability (Rühland et al., 2015), consistent with the rising air temperatures and reduced wind 

speeds in the region. The Cajas-area lakes were previously described as cold polymictic, 
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experiencing little-to-no thermal stratification throughout the year (Steinitz-Kannan, 1997). 

However, temperature data loggers deployed for a 1-year period confirmed that the lakes now 

thermally stratify for extended periods of time (Michelutti et al., 2016).  

 To assess the response of higher trophic level organisms to climate change, Labaj et al. 

(2017) examined changes in subfossil Cladocera, algal-grazing crustaceans, in the same deep 

Cajas-area lakes discussed above, finding species shifts during the period of warming in the 

region. These data project a worrying trend that the trophic structure of these lakes are now being 

altered, and that impacts may be felt higher up the food web. 

 It is clear that the deeper, currently stratifying lakes in the Park have experienced shifts at 

multiple trophic levels over the past several decades, during the period of climate change. 

However, the climate response of shallow lakes (< 5 m), which are numerically dominant in the 

Park (Mosquera et al., 2017), remains largely unknown. Shallow lakes form an important part of 

the páramo ecosystem, are hotspots of species diversity (e.g., Scheffer et al., 2006; Kruk et al., 

2009), and are important carbon sinks (e.g., Peña et al., 2009). A better understanding of the 

species present in shallow aquatic ecosystems, and their response to climate change, is essential 

to the development of effective management strategies of these key resources. 

 Recent paleolimnological work from three shallow lakes in Cajas National Park has 

focused on determining how the diatoms from these shallow systems track climate change in 

relation to deep lakes (Giles et al., submitted). Each of the three shallow lakes recorded only 

minor shifts in taxa over the past few hundred years, indicating that the mechanism of change 

affecting the deep lakes (i.e., enhanced thermal stratification due to rising temperatures and 
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declining wind speeds) did not similarly affect the shallow sites. This is directly related to the 

shallow depths of these systems, which allows wind to easily mix the entire water column. 

Although the diatom data indicated the assemblages in the shallow lakes did not respond 

as sensitively as the deep lakes to climate change (as predicted), the impacts to higher trophic 

level organisms remains unknown. The Cladocera are an order of mid-trophic level invertebrates 

that leave well-preserved remains in lake sediments (Smol, 2008). They are ideal indicators of 

whole-lake trophic dynamics through time, as they respond to shifts in their food supply and 

predation. Additionally, many cladoceran species have well-established physiological optima, 

and can serve as useful indicators of changing limnological and environmental conditions 

including water chemistry (e.g., Jeziorski et al., 2008; Labaj et al., 2015), nutrient status (e.g., 

Lotter et al., 1998; Bos and Cumming, 2003), water level (e.g., Hofmann, 1998; Nevalainen et al., 

2011), and temperature (e.g., Lotter et al., 1997; Bos and Cumming, 2003; Sweetman et al., 

2010).  

 Here, we examine subfossil Cladocera from the same sediment cores recovered in the 

Giles et al. (submitted) diatom study to answer the following questions: 1) What cladoceran 

species are present in these shallow lakes, and how do they change through time? 2) Do the 

cladoceran assemblages of the shallow lakes show a response to the changing climate in the 

region? and 3) What are the similarities and differences in the cladoceran species from the 

shallow and the nearby deep lakes?  

3.3 Methods 

3.3.1 Site description and field methods 
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 The three study sites are located in Cajas National Park, Ecuador, ~30 km northwest of 

Cuenca (Fig. 3.1). The landscape surrounding the lakes is characterized as páramo, consisting 

largely of small shrubs and grasses. The region is generally comprised of hilly terrain, however 

the immediate catchment of each of the sites is flat and shallow. There is little seasonal variation 

in temperature, with daytime values averaging 12–18ºC, and nighttime averaging –8ºC (Hansen 

et al., 2003). The lakes in the park are currently ice-free year-round. Precipitation in the region 

averages 2,000 mm per year (Hansen et al., 2003), and is the main source of water feeding the 

lakes in Cajas. The lakes are generally circumneutral in pH, have low specific electrical 

conductivity, and are ultra-oligotrophic (selected water chemistry variables are presented in 

Table 3.1). Apicocha, the shallowest of the three study sites, has a depth of ~0.3 m, and a surface 

area of ~3.06 ha. The depth is largely uniform over the area of the lake. There is a small rock 

dam constructed at the stream outlet of Apicocha (Supplementary Fig. 3.2). Estrella Cocha is 

slightly deeper, at ~0.5 m and has a surface area of ~1.73 ha. Lado de Larga, the deepest of the 

three study sites, has a maximum depth of ~4 m and a surface area of ~0.33 ha. Although there 

are no fish stocking records, Apicocha and Estrella Cocha are too shallow and small to support a 

viable fish population. Lado de Larga, although deep enough to support fish is an unlikely 

candidate for stocking given its small size. 

To minimize the potential impacts of elevation and distance on lake response, the shallow 

lakes were selected to be within ~200 m of elevation and a 10 km radius of each other. Sediment 

cores were retrieved from the center of each lake in August 2014 (Apicocha) and August and 

September 2015 (Lado de Larga and Estrella Cocha) using a Glew (1989) gravity corer. The 

sediment cores were sectioned on shore into 0.5-cm intervals using a Glew (1988) extruder, and 

placed into Whirl-Pak® bags. Sediments were stored in coolers for the duration of the field 
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season, until shipment to the laboratory, where they were stored in a cold room. All sediments 

were subsequently freeze-dried and stored in sealed containers for further analysis. 

The three shallow sites were compared with four deeper (> 15 m) lakes located in or near 

Cajas Park within the same ~10 km radius as the shallow sites. Toreadora (maximum depth = 31 

m), Llaviucu (maximum depth = 17 m), and Chorreras (maximum depth = 18 m) were sampled 

in 2011, and Patoquinuas (depth = 19 m) was sampled in 2014. All sampling and sediment 

processing followed similar methods to the shallow study sites. Site description and detailed 

cladoceran analyses from Toreadora, Llaviucu, and Chorreras are discussed in detail in Labaj et 

al. (2017).   

3.3.2 Sediment chronology 

 Between 11–21 sediment samples for each lake were prepared for dating, generally 

following the methodology outlined by Schelske et al. (1994). Briefly, freeze-dried sediments 

were pulverized on a piece of weigh paper, placed into a plastic test tube, and sealed with a 

silicone septum and 2-ton epoxy. Samples were consecutively run in a gamma counter to 

establish unsupported concentrations of 210Pb. The constant rate of supply (CRS) model 

(Appleby, 2001) was used to establish a sediment chronology (Supplementary Fig. 3.3). The 

ages of sediments between dated intervals were interpolated using linear functions, while 

sediment ages beyond background 210Pb levels were estimated based on a second-order 

polynomial fit to the intervals with established dates. Due to error with 210Pb dating, dates past 

background (~1900) should be interpreted with caution. Sediments of Lado de Larga reached 

background 210Pb levels at 3.25 cm (Supplementary Fig. 3.3), and thus to reduce potential error 

in dates, sediment ages were not extrapolated past 4 cm in this core. 
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3.3.3 Cladocera 

 Cladocera were prepared following methods outlined by Korhola and Rautio (2001). 

Briefly, between 0.1–0.8 g of freeze-dried sediments were deflocculated in 10% KOH at ~70ºC 

for 20 minutes. Sediments were then sieved on a 38 µm mesh and rinsed into a 10 mL glass 

container, where they were stained with 3 drops of safranin-glycerine solution, and preserved 

with ethanol. The resulting slurry was concentrated onto slides by repeatedly adding 50 µL 

aliquots and allowing the slides to dry on a slide warmer. Between 30–50 aliquots of slurry were 

plated onto each slide. A cover slip was mounted to each slide using glycerine jelly. Slides were 

examined in entirety at 200–400x magnification on a Leica DMR microscope. To ensure that the 

variation in the species assemblage was captured, a minimum of 70 cladoceran remains were 

counted for each interval when possible (Kurek et al., 2010). We note that in some intervals, due 

to sparse remains, the minimum count could not be reached. These intervals have been indicated.   

3.3.4 Taxonomy 

Taxonomy was based primarily on Szeroczy!ska and Sarmaja-Korjonen (2007) and 

Korosi and Smol (2012a, 2012b). Although these guides are for European and North American 

cladoceran species, respectively, many of the cladoceran species they describe have been 

recorded in South American Andean lakes (e.g., Delachaux, 1918; Torres and Rylander, 2006; 

Coronel et al., 2009; Lopez-Blanco and Sinev, 2016). Nevertheless, the identification of some of 

the taxa may be subject to modification in the future as taxonomic research in the region 

progresses. Species that could not be identified (Supplementary Fig. 3.4) were assigned a serial 

number. Several taxa were grouped together due to difficulty in differentiating their remains. 

Daphniids were grouped as Daphnia spp. (comprising Daphnia pulex and Daphnia longispina 
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species complexes) as their remains were frequently fragmented. Carapaces from the genus 

Alona could not be identified to species-level, so were enumerated as Alona spp., while 

headshields and postabdomens were identified to species-level. Alona guttata and Alona 

circumfimbriata were combined due to the similarity of their headshields, which were the most 

frequently found remain from these species. Species 34, 56, and 66 were counted individually 

and differentiated based upon the size and shape of their claw articulation and the angle of their 

denticles. However, due to the similarity of these remains (Supplementary Fig. 3.4), and the 

frequency of encountering remains that were fragmented, obscured, or angled, these remains 

were grouped when found together in a lake. 

3.3.5 Chlorophyll a 

 Visible reflectance spectroscopy (VRS) was used to track past trends in sedimentary 

chlorophyll a and its main diagenetic products (Wolfe et al., 2006; Michelutti and Smol, 2016). 

Methods followed those described in Michelutti et al. (2010). Briefly, freeze-dried sediments 

from all intervals were sieved though a 120 µm mesh and placed into glass cuvettes, which were 

analyzed on a spectrophotometer (FOSS NIRSystem Model 6500). Concentration of chlorophyll 

a was calculated from the resulting reflectance spectra between 650–700 nm using a linear 

regression equation.   

3.3.6 Numerical methods 

 The number of individuals of each cladoceran species was determined based off the most 

abundant remain of that species in each interval, and the number of individuals was used to 

calculate percent relative abundance (herein referred to as ‘abundance’). Stratigraphic profiles of 

species abundance included common taxa (i.e., those at " 2% abundance in 2 or more intervals). 
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To compare the assemblages of the shallow lakes with each other, as well as the four nearby 

deeper (i.e., > 15 m deep) lakes, principal components analysis (PCA) was carried out on a 

combined data set of all counted intervals from all lakes. The coordinates of each lake through 

time were averaged to provide an overall value for each lake. PCA was carried out on square-

root transformed (to downweight the importance of dominant species) percent relative 

abundance data using Canoco 5 (ter Braak and #milauer, 2012). PCA analysis was also carried 

out for each lake individually, and axis 1 values were compared to chlorophyll a using Pearson 

correlation coefficients, to determine the potential influence of primary production on cladoceran 

assemblage. Species richness was rarefied to account for differences in counting effort among 

the sediment intervals. Rarefaction sample size was based upon the sediment interval from each 

lake with the fewest taxa found. Rarefied species richness was calculated for all intervals, and 

averaged to provide an overall value for each lake. 

3.4 Results 

The sediments from each of the three lakes contained numerous littoral cladoceran 

species, although the composition of taxa varied between the lakes. In Apicocha, the shallowest 

of the study lakes, Chydorus sphaericus, Alona guttata / Alona circumfimbriata, and Sp. 12 were 

numerically dominant, and together comprised between 56–87% of the species abundance over 

the sediment record (Fig. 3.2). A notable shift in taxa occurred at 4.25 cm (~1991), when C. 

sphaericus abruptly increased from an average of ~25% to > 50% relative abundance, concurrent 

with an ~18% decrease in A. guttata / A. circumfimbriata. At this same time, several minor (i.e., 

< 10 %) species shifts took place, including declines in Alona spp., Sp. 2, and Sp. 34 / 56 / 66, 

and the elimination of A. cf. excisa, Sp. 35, and Sp. 72. Pleuroxus spp. first appeared in the 

record at 14.25 cm, however disappeared until 8.25 cm, after which it is present at an average of 
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~2.5% to the core surface. The pelagic taxa Daphnia spp. and Bosmina spp. were found in 2 and 

3 intervals respectively, however only at trace ($ 1.5%) abundance (thus they were not included 

on the stratigraphy). The chlorophyll a profile was largely stable until 14.25 cm (late-1800s), 

after which it slowly but steadily increased by ~0.025 mg/g dry weight by 4.25 cm. At 4.25 cm 

(~1991), concurrent with the cladoceran shifts, chlorophyll a experienced a sharp increase (of 

~0.05 mg/g dry weight), and has remained elevated to present. PCA axis 1 of the Apicocha 

cladoceran data (42.4% of cladoceran variation explained) was significantly positively correlated 

(Pearson correlation) with chlorophyll a (r = 0.697, p = 0.003). 

In Estrella Cocha, Bosmina spp. and A. affinis were the dominant taxa, together 

comprising between 77–100% of the species assemblage through the record (Fig. 3.3). At the 

base of the core, Bosmina spp. comprised 100% of the cladoceran species found, though this 

result is to be interpreted with caution due to the low number of cladoceran remains recovered 

from this portion of the sediment core. Bosmina spp. relative abundance declined steadily, 

concurrent with increases in A. affinis, until 12.25 cm (late-1940s), after which the species 

remain stable at averages of ~28% and ~54%, respectively. Alonella cf. excisa, which was 

present at ~3% abundance, disappeared completely at 12.25 cm (late-1940s), while Sp. 35 

appeared at this time and remained at < 4% abundance to present. Additionally, A. guttata / A. 

circumfimbriata, which had been present at < 7% since 24.25 cm, began a subtle increase from 

12.25 cm (late-1940s) onwards, reaching ~16% abundance at present. C. sphaericus increased 

steadily from early in the record and reached ~15% abundance by 10.25 cm (~1970), after which 

it declined and remained at ~4% abundance to present. Chlorophyll a increased by 0.14 mg/g dry 

weight from the base of the core (27.75 cm) until 7.25 cm (~1988), remained stable until 2.25 cm 

(~2011), and has declined by ~0.05 mg/g dry weight to present. PCA axis 1 of the Estrella Cocha 
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cladoceran data (74.7% of cladoceran variation explained) was significantly negatively 

correlated (Pearson correlation) with chlorophyll a (r = –0.856, p = 0.003). 

Lado de Larga, the deepest of the three lakes, was dominated by Bosmina spp., which 

accounted for between ~19–85% of the assemblage (Fig. 3.4). Bosmina spp. abundance 

increased steadily from 38% at the base of the core (26.25 cm) to 85% at 12.25 cm. From 10.25 

cm to the core surface, Bosmina spp. abundance was variable, reaching a minimum of ~19% at 

6.25 cm, and increasing to ~62% at the core surface. Several other species shifts took place 

around 12.25 cm in the core. For example, Daphnia spp., which was present throughout the 

record, declined steadily from ~19% at the base of the core, to 0% at 12.25 cm. From 10.25 cm 

to the core surface, Daphnia spp. abundance was variable, averaging 9%. Chydorus sphaericus 

was present throughout the core, however from the base of the core to 12.25 cm, abundance was 

variable, averaging ~14%. From 10.25 cm to 7.25 cm, C. sphaericus abundance declined from 

31% to 5%, and remained at an average of 3% to the surface of the core. Alona affinis, Alona 

spp., Sp. 2, and Sp. 35 all increased in the record above 12.25 cm, after having been absent or 

only intermittently present below this depth. Sp. 51 appeared in the record only between 10.25–

4.25 cm, reaching a maximum of ~7% relative abundance. Alona guttata / A. circumfimbriata 

was present at an average abundance of 2% for the length of the sediment core, while Sp. 66 was 

only present intermittently, reaching a maximum abundance of ~3%. Alonella cf. excisa 

decreased in abundance from ~17% at the base of the core to 1% at 12.25 cm, and remained 

intermittently in the sediment record until it abruptly spiked to 52% at 7.25 cm. Following this 

brief spike, relative abundances returned to ~3%, before A. cf. excisa disappeared completely 

from the sediment record at 2.25 cm. Chlorophyll a remained stable in the record from the base 

of the core until 6.25 cm, and following this, chlorophyll a gradually increased by ~0.038 mg/g 
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dry weight towards the core surface. PCA axis 1 of the Lado de Larga cladoceran data (40.6% of 

cladoceran variation explained) was not significantly correlated (Pearson correlation) with 

chlorophyll a (r = 0.222, p = 0.408). 

 In the group PCA of the three shallow (i.e., depth $ 4 m) and four deep (i.e., depth > 15 

m) Cajas Park lakes, the deep sites were largely grouped together, while there was greater 

variability in the shallow lakes (Fig. 3.5). Lado de Larga, the deepest of the three shallow sites 

(depth = 4 m), grouped closer to the deep Cajas lakes than to the shallower sites. The two 

shallowest lakes (Apicocha and Estrella Cocha; depth < 1 m) were notably distinct from the 

deeper lakes, as well as from each other. Rarefied species richness varied between sites, however 

average rarefied species richness for shallow lakes was 4.8, and in the deep lakes 5.1 

(Supplementary Fig. 3.5).  

3.5 Discussion  

The cladoceran taxa present in each of the shallow lakes are reflective of their abundant 

littoral habitat. The cladoceran assemblage of Apicocha is unique among the shallow lakes, in 

that it contains only trace abundances of the planktonic species Bosmina spp. and Daphnia spp., 

reflecting the very shallow water levels in the lake (~0.3 m). The assemblage experienced its 

most notable shift in the early-1990s, with an increase in C. sphaericus, and a decrease in A. 

guttata / A. circumfimbriata and Alona spp. Chydorus sphaericus (and the closely-related 

Chydorus brevilabris) is often found in the littoral zones of lakes, however it is capable of 

opportunistic expansion into deeper areas when competition is low (Yan et al., 1996; Vijverberg 

and Boersma, 1997; Jeziorski et al., 2013; Labaj et al., 2015). The increase in the relative 

abundance of C. sphaericus, combined with reduced relative abundances of the vegetation-
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associated Alona spp. and A. guttata / A. circumfimbriata, suggests that the water level of 

Apicocha may have become deeper at this time. One possible cause of the water level increase in 

Apicocha is a small (~1 m high) rock dam constructed at the outflow of the lake (Supplementary 

Fig. 3.2), leading to elevated water levels by up to 0.5 m. High water marks along the shoreline 

and on the rocks of the lake (Supplementary Fig. 3.6) suggest that water levels fluctuate in this 

system. 

At the same time as the cladoceran species shift in Apicocha, chlorophyll a abruptly 

increased, indicating that the lake became more productive. This trend could also be explained 

by the construction of the dam, which may have reduced flushing and inundated a larger land 

area with only a minor increase in water, due to the flat landscape surrounding the lake. Lakes 

formed through impoundment often record primary production increases after construction of a 

dam, as the nutrients from the flooded land become available to the lake (Marsicano et al., 1995). 

As a result of the ultraoligotrophic status of the lake, even a modest input of nutrients could 

result in an increase in primary production. The possibility of nutrient influx is supported by the 

concurrent (albeit minor) increases of Nitzschia spp. diatom taxa, which are known to be 

favoured under elevated nutrient conditions (Giles et al., submitted). Although there are no 

available records that document the timing of the construction of the dam, we suggest that this is 

a plausible driver of the changes in this lake, given the sensitivity of cladocerans to water level 

shifts (Hofmann, 1998; Nevalainen et al., 2011). 

The subfossil cladocerans from Estrella Cocha (~0.5 m) recorded the simplest species 

assemblage of the three study sites. The sediment record of Estrella Cocha tracked a major shift 

in the dominant cladoceran taxa from the pelagic Bosmina spp. to the littoral A. affinis, and A. 

guttata / A. circumfimbriata, occurring from the base of the core until the late-1940s. The notable 
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shift towards littoral taxa associated with vegetation, mud, sand, and rock suggests that Estrella 

Cocha experienced a long-term increase in littoral habitat. Such an increase could be brought 

about by minor increases in water level, causing an inundation of the relatively flat landscape 

immediately surrounding the lake, and an increase in the relative proportion of littoral taxa to 

pelagic taxa. Chydorus sphaericus occurs throughout the core, but reached its highest abundance 

in the late-1940s, when Bosmina spp. and A. affinis abundance had begun to stabilize. Chydorus 

sphaericus was likely able to take advantage of the increased littoral habitat available, however, 

relative abundance ultimately decreased as the littoral species A. guttata / A. circumfimbriata 

increased in abundance. We caution that in the lower sediment intervals of this core, the 

abundance of cladoceran remains was very low, and thus the full variation in cladoceran species 

may not have been captured. Chlorophyll a steadily increased from the base of the core until the 

late-1980s, over the period of time that the cladoceran shifts took place. An increase in the size 

of the littoral zone is a possible driver of the increased production, as the littoral zone is a region 

of high primary production in the lake.  

 The cladoceran species composition of Lado de Larga was reflective of its greater depth 

(~4 m), containing high abundance of Bosmina spp. as well as Daphnia spp. throughout the 

entire record. The presence of these pelagic taxa resulted in Lado de Larga clustering close to the 

deep lakes on the PCA (Fig. 5). However, unlike the deeper Cajas lakes that were almost 

exclusively dominated by pelagic taxa (Labaj et al., 2017), littoral taxa were also well-

represented in Lado de Larga. Similar to Estrella Cocha, the increase in Alona spp. and A. affinis 

at 10.25 cm suggests that littoral habitat increased, supporting these vegetation and substrate-

associated taxa. Importantly, Alona spp., A. affinis, and Alonella cf. excisa were also present in 

higher abundances at the base of the core, suggesting that the size of littoral habitat has 
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fluctuated in the lake over time. Alonella cf. excisa spiked in abundance at 6.25 cm, however it is 

unclear whether this interval is anomalous, or reflecting a brief but notable increase in vegetation 

(the preferred substrate of A. cf. excisa) at this time. Chlorophyll a was stable until ~6.25 cm, 

after which it increased steadily to the surface of the core. As with Estrella Cocha, the causes of 

the production increase may be due to an expansion of the productive littoral zone.  

The average cladoceran rarefied species richness of the shallow lakes is comparable to 

those recorded in the nearby deeper lakes (Supplementary Fig. 3.5), however the assemblage 

structure of the shallow lakes differs markedly. Specifically, the shallow lakes generally 

contained both littoral and pelagic taxa at intermediate levels of relative abundance. The 

composition of the littoral species varied between the shallow lakes, likely reflecting the 

diversity of littoral habitats among the study sites, and the relatively large number of littoral 

cladoceran species. Differences in species composition among the shallow sites may also relate 

to their gradient of surface area, which has been identified as an important factor in structuring 

cladoceran assemblages (Lotter et al., 1997; Korhola, 1999; Yatigammana and Cumming, 2017). 

This is attributed to the relatively larger littoral zone and simpler bathymetry in smaller lakes 

(Korhola, 1999). However, in a study of subarctic ponds similar in size and depth to our three 

shallow sites, surface area was not found to significantly impact cladoceran assemblage structure 

(Rautio, 1998). Since each of our shallow sites supports a large littoral area, and they vary in 

depth by <4 m, the potential impact of surface area on the cladoceran assemblages of these 

systems is not clear. In contrast to the shallow lakes, the nearby deep lakes are overwhelmingly 

dominated by the pelagic taxa Bosmina spp. and Daphnia spp., with littoral taxa occurring only 

at low abundances. The dominance of similar pelagic taxa results in a close clustering of the 

deep lakes on the PCA biplot, while the relatively greater abundances of diverse littoral taxa in 
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the shallow lakes has resulted in them plotting further away from one another in PCA ordination 

space (Fig. 3.5). 

Although each of the lakes have experienced marked shifts in cladoceran assemblages 

over the course of their sediment records, in general, the timing of these shifts do not align with 

the documented temperature increases and reductions in wind speed for the region. This contrasts 

with the nearby deeper Cajas lakes, which recorded biotic shifts in the diatoms and cladocerans 

as the sites became thermally stratified (Michelutti et al., 2015; Labaj et al., 2017). Temperature 

has been identified as an important driver of cladoceran distribution (Lotter et al., 1997; Bos and 

Cumming, 2003; Sweetman et al., 2010), though the cladoceran response to climate change is 

often not as straightforward as the primary producers (Sweetman et al., 2008). Moreover, 

Cladocera appear to respond to shifts in phytoplankton composition and abundance, linked with 

lake stratification and duration of the growing season (e.g., Rautio et al., 2000; Korhola et al., 

2002; Winder and Schindler, 2004). Given that the shallow lakes similarly recorded only minor 

diatom shifts in the past few decades (Giles et al., submitted), it is perhaps not surprising that the 

mid-trophic level cladocerans also showed no clear response to the well-documented climate 

changes of the last several decades. Importantly, the lack of change in these cores during the 

period of climate change cannot be attributed to sediment mixing, as the 210Pb profiles indicate 

stratigraphic integrity (Supplementary Fig. 3.3). Although each of the lakes recorded increases in 

primary production in the most recent sediments, the timing of the increases was not consistent 

among sites. Therefore, the increase in production did not likely impact cladoceran assemblage, 

as there was no consistent correlation between cladoceran PCA axis 1 and sedimentary 

chlorophyll a concentrations between the lakes. Rather, the long-term cladoceran assemblage 

shifts in these shallow lakes appear to be driven largely by amount of littoral habitat available, 
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likely influenced by variation in precipitation through time, and possibly also from the 

construction of a small rock dam on Apicocha.  

In Cajas National Park, the response of cladocerans to warmer temperatures and reduced 

wind speed is markedly different between shallow versus deep lakes. The deep lakes experience 

enhanced thermal stratification resulting in species assemblage shifts (Michelutti et al., 2015, 

2016; Labaj et al., 2017), whereas the shallow lakes remain polymictic. Consequently, shallow 

lakes did not record climate-related shifts in cladoceran (or diatom) assemblages (Giles et al., 

submitted). The relative complacency of climate-related species assemblage shifts in shallow 

lakes of the tropical Andes is in marked contrast to shallow lakes at higher latitudes. For example, 

in shallow lakes of the northern hemisphere that experience winter ice cover, marked species 

assemblage shifts have been recorded in response to climate change as a direct result of an 

elongated summer growing season (Smol et al., 2005; Smol and Douglas, 2007). A similar 

response would not be expected in the tropical Andes where annual ice cover is not a factor and 

the growing season is year-round. 

3.6 Conclusions 

 The shallow lakes of Cajas are important contributors to the biodiversity of the region. 

Unlike their larger limnological counterparts, which were dominated by relatively few pelagic 

taxa, each of the shallow lakes contained assemblages that were dominated by littoral species. 

Variations in precipitation, and possibly also the construction of a small dam on Apicocha, have 

likely led to small changes in water depth and size of littoral area, which appear to have 

influenced the cladocerans in the shallow sites through time. However, consistent with the 

diatoms, the cladocerans from these shallow lakes do not record an obvious response to the well-
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documented climate changes of this region, which is in contrast to changes recorded in the 

nearby deeper, thermally stratifying lakes (Michelutti et al., 2015; Labaj et al., 2017). 
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3.9 Tables 

Table 3.1: Select limnological variables from the study lakes 

Water chemistry for API, EST, LDL, TOR, and LLAV was sampled in 2015, and in 2011 for 
CHS. 
 

 Apicocha 
(API) 

Estrella 
Cocha 
(EST) 

Lado de 
Larga 
(LDL) 

Toreadora 
(TOR) 

Chorreras 
(CHS) 

Llaviucu 
(LLAV) 

Coordinates S 2.784°,  
W 79.215° 

S 2.921º, 
W 79.256º 

S 2.793º, 
W 79.246º 

S 2.780º, 
W 79.224º 

S 2.771º, 
W 79.160º 

S 2.843º, 
W 79.146º 

Elevation  
(m a.s.l.) 

3,920 3,759 3,966 3,920 3,700 3,140 

Surface Area  
(ha, estimated) 

3.06 1.73 0.33 18.7 16.7 17.0 

Max. Depth 
 (m) 

0.3 0.5 4 31 18 17 

pH 
 

7.4 8.5 8.6 8.2 7.9 7.6 

Electrical 
Conductivity  

(µS / cm) 

146 23 6 75 n/s 101 

Total Nitrogen  
(mg / L) 

0.262 0.401 0.33 0.186 0.157 0.192 

Total Phosphorus  
(µg / L) 

6.1 8.1 4.3 4.2 3.1 3.4 
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3.10 Figures 

 

Figure 3.1: Map of study area 

Map of Ecuador showing location of Cajas National Park, as well as major cities. Dashed line 
represents the equator. Base map data created by Marc Souris, IRD 
(http://www.rsgis.ait.ac.th/~souris/ecuador.htm). Inset map: www.worldatlas.com 
(http://www.worldatlas.com/webimage/countrys/samerica/saoutl.jpg)
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Figure 3.2: Common cladoceran taxa and chlorophyll a from Apicocha 

Sediment profile of common (i.e., abundance ! 2% in 2 or more sediment intervals) cladoceran taxa and chlorophyll a from Apicocha. 
Dates in grey represent sediment intervals with 210Pb activity beyond background levels, and were extrapolated using a second-order 
polynomial function. Grey bars indicate intervals for which the minimum target of 70 cladoceran individuals was not met. 
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Figure 3.3: Common cladoceran taxa and chlorophyll a from Estrella Cocha 

Sediment profile of common (i.e., abundance ! 2% in 2 or more sediment intervals) cladoceran taxa and chlorophyll a from Estrella 
Cocha. Dates in grey represent sediment intervals with 210Pb activity beyond background levels, and were extrapolated using a second-
order polynomial function. Grey bars indicate intervals for which the minimum target of 70 cladoceran individuals was not met.  
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Figure 3.4: Common cladoceran taxa and chlorophyll a from Lado de Larga 

Sediment profile of common (i.e., abundance ! 2% in 2 or more sediment intervals) cladoceran taxa and chlorophyll a from Lado de 
Larga. Dates in grey represent sediment intervals with 210Pb activity beyond background levels, and were extrapolated using a second-
order polynomial function. Grey bars indicate intervals for which the minimum target of 70 cladoceran individuals was not met. 
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Figure 3.5: Principal component analysis of three shallow and four deep Cajas sites 

Plot of principal component analysis (PCA) axis 1 and 2 averaged sample scores for the shallow (circles) and deep (squares) Cajas 
lakes. Species scores are shown for Bosmina spp., Daphnia spp., Sp. 12, C. sphaericus, A. guttata / A. circumfimbriata, A. cf. excisa, 
and A. affinis. Percentage of variation explained by each axis is indicated in brackets. 
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Supplementary Figure 3.1: Climate data for the Cajas region 

Air temperature and wind speed from the Cañar meteorological station, located ~30 km east of Cajas. A LOESS smoother 
(polynomial degree = 1) with span 0.05 (air temperature) and 0.33 (wind speed) was used to visualize trends in the data.!! !



 92 

 

Supplementary Figure 3.2: Photograph of the dam constructed at an outlet stream of Apicocha 
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Supplementary Figure 3.3: 210Pb activity and age-depth model for the three shallow lakes
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Supplementary Figure 3.4: Photomicrographs of each of the unidentified, numbered taxa  
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Supplementary Figure 3.5: Rarefied species richness of 3 shallow and 4 deep lakes 

Average rarefied species richness of each of the shallow (grey) and deep (black) lakes. Dashed 
lines represent means of shallow (grey) and deep (black) lakes. 
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Supplementary Figure 3.6: Photograph of Apicocha, showing high water mark on rocks and shoreline
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Chapter 4 

Annual Stratification Patterns in Tropical High Mountain Lakes 

4.1 Abstract 

 Many lakes in the tropical Andes were historically described as polymictic, experiencing 

only brief periods of thermal stratification. Recent work in Cajas National Park, in the Southern 

Sierra of Ecuador, has shown that lakes presently undergo extended periods of thermal 

stratification, however questions remain about annual patterns of stratification and the main 

drivers influencing these new thermal regimes. Here, we present two years of lake temperature 

profiles from four Cajas-area lakes spanning more than 1,000 m elevation. All lakes experienced 

prolonged periods of thermal stratification, notably from November to May, when air 

temperatures were highest and wind speeds were lowest. In the three lowest elevation lakes, the 

strength of thermal stratification was significantly positively correlated with air temperature and 

negatively correlated with wind speed. From May to October, when air temperatures were lowest 

and wind speeds were highest, each of the lakes experienced isothermal periods. The patterns of 

thermal stratification in each of the lakes were largely similar between the two years. As climate 

models predict future warming to be greatest with increasing altitude, the strength and duration 

of stratification in tropical mountain lakes will likely increase over time, with widespread 

implications to chemical and biological lake processes. 

4.2 Introduction 

 Climate change is a stressor affecting regions worldwide, however some of the largest 

impacts are predicted to take place in the Andes Mountain range of South America. Dramatic 

warming has already been documented in the region, with temperatures increasing by 0.11ºC per 



 98 

decade, nearly twice the rate of the global average (Vuille and Bradley, 2000). Lakes are a 

common feature on the Andean landscape, and serve as critical freshwater reservoirs for millions 

of people, supplying water for hydroelectricity, agriculture, and human consumption (Buytaert et 

al., 2006; Vergara et al., 2007; Viviroli et al., 2011; Vuille, 2013). As the Andes continue to 

warm, understanding the impact of anthropogenic climate change on these high-elevation water 

resources is critical. 

One of the predominant ways that climate change impacts lakes is through physical 

changes to water column stratification (Adrian et al., 2009; Vincent, 2009). Thermal 

stratification patterns drive a number of important lake processes, including nutrient and oxygen 

cycling (O’Reilly et al., 2003; Jankowsi et al., 2006; Tierney et al., 2010), plankton composition 

(Rühland et al., 2015; Winder and Schindler, 2004), habitat availability (De Stasio et al., 1996), 

and primary production (O’Reilly et al., 2003; Michelutti et al., 2015). Not surprisingly, 

equatorial high alpine lakes have historically been characterized as polymictic (Hutchinson and 

Löffler, 1956), given the reduced seasonality in the tropics, coupled with the relatively small 

change in density per degree of water temperature at cooler temperatures. However, with the 

onset of anthropogenic climate change, lakes worldwide are beginning to show evidence of 

altered water column mixing regimes, namely the development of enhanced thermal stratification 

(Hondzo and Stefan, 1993; De Stasio et al., 1996; Jankowski et al., 2006).  

One region that has been the subject of recent limnological and paleolimnological study 

is Cajas National Park (CNP), Ecuador (Michelutti et al., 2015, 2016; Van Colen et al., 2017; 

Labaj et al., 2017, submitted; Mosquera et al., 2017; Giles et al., submitted). Cajas National Park 

(Fig. 4.1) is located ~30 km from Cuenca, Ecuador’s third largest city, and supplies ~60% of the 

drinking water to the city. The Park contains over 235 lakes, and spans an elevation of between 
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3,150–4,450 m a.s.l. The nearby Cañar meteorological station (~30 km east of CNP) has 

recorded a mean temperature increase of 1.15ºC and 40% wind speed decline since the 1970s 

(Michelutti et al., 2015). An earlier study (Steinitz-Kannan, 1997) of the CNP lakes in the 1980s 

described the lakes as cold-polymictic, experiencing few-to-no periods of thermal stratification, 

with water temperatures generally below 12ºC year-round. Recent paleolimnological studies 

from several CNP lakes have indicated that rapid ecological shifts have taken place since that 

time at multiple trophic levels concurrent with the period of documented climate changes 

(Michelutti et al., 2015; Labaj et al., 2017). These marked ecological shifts highlight the need to 

better understand the modern physical processes occurring in these lakes as a result of climate 

change.  

The results of the two paleolimnological studies noted above suggested that lakes in CNP, 

previously described as polymictic (Steinitz-Kannan, 1997), now show signs of thermal 

stratification in response to climate change (Michelutti et al., 2015). Two recent limnological 

studies have examined the thermal profiles of CNP lakes to determine the strength and patterns 

of thermal stratification. Michelutti et al. (2016) examined hourly temperatures in four lakes 

from August 2014–August 2015, and Van Colen et al. (2017) examined monthly temperature 

data in two lakes from January–December 2013. Both studies showed that the water columns of 

CNP lakes were now stratifying for large portions of the year, driven by seasonal patterns in air 

temperature and wind speed.  

Here, we present multiple years of high-resolution (hourly) thermal data from four lakes 

in CNP to address the following questions: 1) Can we confirm the recently documented changes 

to thermal regimes of some CNP lakes, and if so, are there any consistent seasonal patterns of 

stratification? 2) What are the main climatic controls on these thermal stratification regimes? The 
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data generated in this study will lead to a better understanding of the current stratification 

patterns occurring in these systems, with management implications for these important water 

supply lakes. 

4.3 Methods 

4.3.1 Site description 

The four study lakes are located within CNP, approximately 30 km northwest of Cuenca, 

Ecuador (Fig. 4.1). Due to its equatorial location, the region experiences little seasonal variation 

in temperature, however the daily temperature can fluctuate between –8 and 18ºC (Hansen et al., 

2003). Precipitation in the region averages 2,000 mm per year (Hansen et al., 2003). The study 

lakes span an elevation gradient of 3,140 m to 4,160 m a.s.l., and are within 10 km of each other. 

Physical details of the lakes are given in Table 4.1.  

The catchments of the three highest lakes, Fondococha (4,160 m) a.s.l., Toreadora (3,920 

m a.s.l.), and Patoquinuas (3,800 m a.s.l.), are located within the páramo ecosystem, consisting 

of grasses and small shrubs, and surrounded by hills and rocky outcrops. The lowest elevation 

lake, Llaviucu (3,140 m a.s.l.) is surrounded by trees and larger shrubs, and is located in a 

mountain valley. In general, the study lakes are dilute, circumneutral, and ultra-oligotrophic 

(Michelutti et al., 2015), which is characteristic of most lakes in the Park (Van Colen et al., 

2017).  

4.3.2 Temperature data logger deployment 

 Temperature data loggers (Onset® HOBO® Water Temperature Pro V2) were deployed in 

August 2014 in the deep basin of each lake with the aid of a depth sounder. Data loggers were 
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attached at even intervals (Table 4.1) along a string, anchored at the bottom of the lake by a rock 

bag, and suspended from the surface by a float. Ten data loggers were deployed in Llaviucu, 

Patoquinuas, and Toreadora, and nine data loggers in Fondococha (due to shallower depth). 

Temperature was recorded hourly by each data logger. In August 2015, data loggers were 

extracted from the lake, all data was offloaded and data loggers were then re-deployed for 

another year. Data loggers were removed from all lakes in August 2016.  

4.3.3 Climate data 

 Hourly air temperature data were obtained with a temperature data logger (Onset® 

HOBO® Water Temperature Pro V2) located in a shaded area next to Toreadora. Air temperature 

was not recorded in May and June 2014 due to equipment failures. Data were offloaded from the 

data logger in August 2015 and August 2016. Wind speed from Cañar meteorological station 

(~30 km from Cajas) was obtained from the NOAA Global Surface Summary of the Day 

(GSOD) database. 

4.3.4 Numerical methods  

Water column temperature range was used as a measure of stratification strength in the 

lakes, and was determined by averaging temperature readings from each depth interval daily and 

determining the temperature difference between warmest and coldest intervals. Monthly 

averaged air temperatures and wind speeds were compared to monthly averaged water column 

temperature range with Pearson correlation tests. Air temperatures and wind speeds were plotted 

with daily data, and a LOESS smoother was used to visualize the trends in the data. LOESS span 

was selected using the “fANCOVA” script (Wang, 2010) for the R software environment (R 

Core Team, 2012). LOESS-smoothed data was not used in any statistical comparisons.  
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4.4 Results and discussion 

 The two-year temperature profiles of the study lakes display distinct trends linked to time 

of year and elevation. Maximum water surface temperatures were reached in each of the lakes in 

January 2016, with the highest temperature recorded in Llaviucu (17.9ºC), followed by 

Patoquinuas (17.0ºC), Fondococha (16.8ºC), and Toreadora (15.3ºC) (Supplementary Fig. 4.1). 

Importantly, these surface water temperatures far exceed the 12ºC maximum that was reported 

for lakes in the Park during the 1980s (Steinitz-Kannan, 1997). The warmer water temperatures 

at lower elevations are explained by the higher air temperature at lower elevations – the lapse 

rate in the region is typically 0.5–0.7ºC•100 m-1 (Buytaert et al., 2006), thus a 5–7ºC difference 

in air temperature would be predicted between the lowest (Llaviucu) and highest (Fondochcoa) 

sites. 

Wind speed and air temperature, although variable on a daily basis, exhibited clear trends 

over the study period (Fig. 4.2). Importantly, the trends we report in air temperature (recorded 

from a temperature data logger) and wind speed (obtained from the Cañar meteorological 

station) agree with those reported by Van Colen et al. (2017), which were sourced from a 

weather station located near Toreadora. Air temperatures were generally highest and wind speeds 

were generally lowest from November to May (Fig. 4.2). Average air temperature and wind 

speed were 6.1ºC and 7.7 m•s-1 respectively in 2014/2015 and increased to 7.3ºC and 9.3 m•s-1 

respectively in 2015/2016 (Fig. 4.2). Water column stratification strength was significantly 

positively correlated (Pearson correlation) with air temperature and negatively correlated with 

wind speed in Llaviucu (air temperature: r = 0.614, p = 0.002; wind speed: r = –0.585, p = 0.002), 

Patoquinuas (air temperature: r = 0.651, p < 0.001; wind speed: r = –0.589, p = 0.002), and 

Toreadora (air temperature: r = 0.761, p < 0.001; wind speed: r = –0.577, p = 0.003) (Fig. 4.2). 
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From November to May, these three lakes were consistently stratified by at least ~2ºC, 

coinciding generally with the highest average temperatures and lowest average wind speeds of 

the year (Fig. 4.2). During this period, the lakes experienced brief and intermittent periods of 

stronger thermal stratification of up to 7ºC (Fig. 4.2), which aligned with short-term (! 1 month) 

increases in air temperature and decreases in wind speed, further reinforcing the importance of 

these climate variables on the lake stratification patterns. From May to October, the lakes 

experienced brief (< ~2 weeks) periods of near-isothermal (< 1ºC of stratification) conditions 

interspersed with periods of stratification lasting less than one month (Fig. 4.2). This period 

coincides with lower air temperatures and higher wind speeds (Fig. 4.2) – conditions that 

promote the breakdown of thermal stratification and turnover of the water column. The impacts 

of precipitation on the stratification patterns are unclear, due to a lack of long-term data from the 

region, however the highest precipitation in the area is generally experienced from January to 

May (Echavarria et al., 2003), aligning with the period of maximum thermal stratification in the 

lakes.  

Stratification in Fondococha, the highest-elevation and shallowest lake, was not 

significantly correlated with air temperature (r = 0.251, p = 0.247) or wind speed (r = –0.356, p = 

0.081) (Fig. 4.2). The thermally stratified periods of Fondococha generally aligned with those in 

the lower-elevation lakes, however these periods were much shorter in Fondococha, lasting a 

maximum of 2–3 months (Fig. 4.2). The frequent isothermal conditions in Fondococha are likely 

related both to its high elevation and shallow depth. Due to the cooler air temperatures, 

Fondococha receives less thermal energy than the other lakes, and a strong thermal gradient is 

not established. The shallow depth of the lake additionally makes the water column more 

susceptible to mixing from the wind.  
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Our two-year continuous hourly record of lake stratification patterns and regional climate 

data provides a more complete assessment of seasonal stratification patterns first reported by 

earlier studies, and also provides additional information concerning the main climatic variables 

that drive thermal stratification regimes. Although the CNP lakes were first described as 

polymictic (Steinitz-Kannan, 1997), it is clear that, with recent warming, they now undergo 

prolonged periods of thermal stratification, linked with seasonal trends in air temperature and 

wind speed. Unlike most temperate lakes, where duration of ice cover is a primary influence on 

lake stratification dynamics, these tropical systems are currently open to the atmosphere year-

round, and changes to air temperature play a much more important role in driving stratification 

dynamics (Vincent, 2009). The stratification in these lakes was strongest and most protracted 

between November to May, when air temperatures were highest and wind speeds were lowest. 

From May to October, air temperatures decreased and wind speeds increased, and the lakes 

experienced isothermal periods.  

Due to the low water temperature in these lakes year-round, the density gradient 

separating the epilimnion and hypolimnion is likely low, and stratification is less stable than in 

comparable temperate systems that receive greater seasonal inputs of heat. As a result of the 

potentially weaker stratification in these systems, Van Colen et al. (2017) suggested that the 

thermocline may break down at night, and proposed this as mechanism of nutrient exchange 

between the epilimnion and hypolimnion of Toreadora during stratified periods. However, our 

high-resolution temperature data suggests that the stratification does not break down at night in 

Toreadora or the other three lakes we examined (Supplementary Fig. 4.2), and the lakes can 

remain stratified for periods lasting several months without mixing (Fig. 4.2).  
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Shifting stratification patterns have far-reaching implications for chemical and biological 

processes in lakes. Decreases in nutrients (O’Reilly et al., 2003; Tierney et al., 2010) and 

hypolimnetic oxygen (Jankowski et al., 2006) can occur with stronger thermal stratification, 

impacting the primary production and habitat availability (De Stasio et al., 1996) in the lakes. 

Biological responses, such as shifting phytoplankton (Rühland et al., 2015) and zooplankton 

(Winder and Schindler, 2004) composition, have already been observed in these lakes 

(Michelutti et al., 2015; Labaj et al., 2017), and may cascade up the food web. Both chemical 

and biological responses to stratification have the potential to impact water quality in these 

important water supply lakes. With the regional trends of increasing temperatures and declining 

wind speeds with climate change (Michelutti et al., 2015), longer and stronger periods of thermal 

stratification are predicted in this region.   
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4.7 Tables 

Table 4.1: Physical attributes and details of data logger deployment for each study lake 

 Llaviucu Patoquinuas Toreadora Fondococha 
Coordinates 2°50'35.70" S 

79°8'46.04" W 
2°46'55.71" S 

79°12'30.17" W 
2°46'47.80" S 

79°13'25.99" W 
2°45'36.46" S 

79°14'11.14" W 
Elevation (m a.s.l.) 3,140 3,800 3,920 4,160 

Max. Depth (m) 17 19 31 10 
Surface Area (ha) 17 5.90 18.7 3.37 

# Loggers 
Deployed 

10 10 10 9 

Logger Spacing 
(m) 

1.7 1.8 2.4 0.9 

Logger Depths (m) 0, 1.7, 3.4, 5.1, 
6.8, 8.5, 10.2, 

11.9, 13.6, 
15.3 

0, 1.8, 3.6, 5.4, 
7.2, 9, 10.8, 12.6, 

14.4, 16.2 

0, 2.4, 4.8, 7.2, 
9.6, 12, 14.4, 

16.8, 19.2, 21.6 

0, 0.9, 1.8, 2.7, 
3.6, 4.5, 5.4, 6.3 
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4.8 Figures 

 

Figure 4.1: Map of study area 

Map of Ecuador highlighting the study region and major cities. Base map data created by Marc 
Souris, IRD (http://www.rsgis.ait.ac.th/~souris/ecuador.htm). Inset map: www.worldatlas.com 
(http:// www.worldatlas.com/webimage/countrys/samerica/saoutl.jpg). 
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Figure 4.2: Water column temperature range of four Cajas lakes 

Water column temperature range for four Cajas National Park lakes over a two-year span. Water 
temperatures for each depth interval were averaged daily, and the maximum temperature range 
(difference between depths with highest and lowest temperature) was determined. Daily air 
temperature and wind speed are plotted in the top panel, and were smoothed with a LOESS 
smoother (smoothing span = 0.05, polynomial degree = 1).   
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Supplementary Figure 4.1: Water column temperature profiles of four Cajas lakes 

Temperature contour profiles for four Cajas National Park lakes over a two-year span. Daily air 
temperature and wind speed are plotted in the top panel, and were smoothed with a LOESS 
smoother (smoothing span = 0.05, polynomial degree = 1).  
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Supplementary Figure 4.2: Noon and midnight temperature profiles of 4 Cajas lakes 

Noon (12:00 pm) and midnight (12:00 am) temperature contour profiles for four Cajas National 
Park lakes over a two-year span.   
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Chapter 5 

Long-Term Changes in Cladoceran Assemblages from High Elevation Lakes in the 

Peruvian Andes 

5.1 Abstract 

 The tropical Andes are hotspots of biodiversity and contain water resources that serve as 

critical reservoirs, supplying water for drinking, irrigation, and hydroelectricity production to 

millions of people. Freshwater ecosystems are highly vulnerable to climate change, which is 

occurring in the Andes at nearly twice the rate of the global average. Despite their importance 

and documented sensitivity to climate change, lakes of the Andes remain poorly studied. In the 

Cordillera Vilcanota of Peru, we conducted a paleolimnological investigation reconstructing 

long-term (century-to-millennial scale) changes in cladoceran assemblages from three lakes that 

reflect the diversity of this landscape. The largest and deepest study lake (Sibinacocha) is 

actively receiving inputs from a rapidly retreating glacier. Despite its depth (> 100 m), the 

sediments contained few species typically associated with the pelagic zone. Marked assemblage 

shifts throughout the Sibinacocha record aligned with changes in the concentration of 

siliciclastics and production-related variables that may be driven by glacial fluctuations. The next 

deepest study lake (Chaca Cocha), which contains no glaciers in its catchment, recorded an 

abrupt decline in pelagic species and a concomitant increase in littoral taxa that could potentially 

indicate a decrease in lake level and expansion of shallow water habitats; however, the fossil 

diatom record indicates an extensive pelagic zone during this same period. The smallest and 

shallowest study lake (Lado del Quelccaya) is located within 5 km of glaciers, but does not 

receive any glacial runoff. The cladoceran record from Lado del Quelccaya was largely stable 

through time, and reflected the shallow, littoral environment of the lake. Each of the study lakes 
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displayed recent increases in whole-lake production beginning as early as the early-1800s in 

Lado del Quelccaya, and the early-1900s in Sibinacocha and Chaca Cocha. Meteorological 

stations located ~60–70 km away record steadily rising air temperatures over the past five 

decades, yet this warming has not caused the lakes to enter prolonged periods of enhanced 

thermal stratification as has been documented elsewhere in the Andes. The lack of any clear 

cladoceran response to recent warming trends may be due to the continued polymictic states of 

the lakes, and/or proximity to glaciers, which can moderate the effects of temperature increases 

relative to regions without large ice masses. The lack of a clear climate response in these high 

elevation systems contrasts with lakes elsewhere in the Andes, which have experienced 

biological shifts at multiple trophic levels as regional temperatures increase. Our results highlight 

the complexity of the climate change response in Andean lakes. 

5.2 Introduction 

 Anthropogenic climate change is a stressor that is affecting regions worldwide, with the 

average global temperature increasing by 0.06ºC per decade from 1938–1998 (Vuille and 

Bradley, 2000). The Andes Mountain range is experiencing warming at a rate of 0.11ºC per 

decade, nearly twice the global average (Vuille and Bradley, 2000; Bradley et al., 2006). 

Importantly, the rate of warming in the region has tripled over the last ~25 years. One of the 

most visible signs of climate change in the Andes and mountain areas worldwide is the retreat or 

complete loss of glaciers that have been present on the landscape for thousands of years (Brecher 

and Thompson, 1993; Francou et al., 2005; Vuille et al., 2008). As glaciers melt and albedo 

declines, a positive feedback cycle is established, further accelerating glacier loss (Giorgi et al., 

1997). Regions that are non-glaciated will also experience marked impacts from climate change, 

with increasing air temperatures (Bradley et al., 2004, 2006), altered precipitation (Hulme and 
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Viner, 1998; Minvielle and Garreaud, 2011), and possible periods of extreme precipitation and 

drought (e.g., Marengo et al., 2014). 

 One of the most important consequences of climate change in the Andes relates to water 

supply. Many Andean societies obtain water from high-elevation lakes and glacial runoff streams. 

These sources of water are critical for irrigation, drinking water, and hydroelectricity generation 

(Vergara et al., 2007; Vuille, 2013). In many regions, glacier runoff serves as an important water 

source during seasonal dry periods (Vuille, 2013), and the loss of glaciers, combined with 

reduced rainfall and increased drought frequency, will result in water supply shortages. 

Furthermore, regions that source water from lakes and reservoirs may begin to experience water 

quality issues such as algal blooms as these systems experience warming-related physical and 

biological changes (Paerl and Huisman, 2009; Delpla et al., 2009; Whitehead et al., 2009). In 

many cases, alternative sources of water and electricity are not economically or logistically 

accessible to these societies.  

 Lakes, rivers, and wetlands are important hotspots of tropical mountain biodiversity and 

endemism at multiple trophic levels (e.g., Maldonado et al., 2011). Climate change threatens the 

biodiversity in these systems by creating physiologically unsuitable conditions, reducing habitat 

availability, and modifying trophic structure (e.g., favoring invasive species; Holzapfel and 

Vinebrooke, 2005). Glacier-fed water systems are particularly vulnerable to biodiversity loss 

(Brown et al., 2007), with projections of between 11–38% of regional species lost from these 

systems as glaciers decline (Jacobsen et al., 2012). Loss of aquatic species diversity in the 

tropical Andes will almost certainly affect animals higher up the food chain. 
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 Given the remote nature of many high-elevation lakes, long-term limnological 

monitoring has rarely been carried out. However, paleolimnological techniques can provide 

insight into the response of lakes to anthropogenic stressors in the absence of long-term data 

(Smol, 2008). Recent paleolimnological work carried out on two lakes from the Peruvian Andes 

has shown major shifts in primary producers (diatoms and chrysophytes) through the 1900s, 

concomitant with enhanced water column stratification resulting from warming regional 

temperatures (Michelutti et al., 2015b). Similar diatom species shifts were observed in the 

páramo of southern Ecuador, during a time when regional air temperatures increased and wind 

speeds decreased (Michelutti et al., 2015a). Further paleolimnological work from the Ecuadorian 

lakes revealed that the Cladocera, keystone algal grazers, also experienced species shifts during 

this period (Labaj et al., 2017), indicating that climate change effects have occurred higher up the 

food chain. Subsequent deployment of temperature data loggers confirmed that these lakes, 

which were previously described as being nearly isothermal year-round (Steinitz-Kannan, 1997), 

now experience thermal stratification for more than 40% of the year (Michelutti et al., 2016; 

Labaj et al., submitted). Cumulatively, these studies indicate that high-elevation Andean lakes 

have already undergone marked physical and ecological changes over the past several decades in 

response to anthropogenic climate change. 

 In order to gain a better understanding of the aquatic impacts of climate change in the 

Andes, and to better understand local response to climate change, regional paleolimnological 

surveys must be carried out across the mountain range. One area of particular interest is the 

Cordillera Vilcanota, located in the Cusco region of Peru (Fig. 5.1). This lake-rich region is an 

important center of agriculture for Cusco, and also supplies water to the city for drinking, 

irrigation, and hydroelectricity generation (Drenkhan et al., 2014). The Cordillera Vilcanota is 
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also the site of the Quelccaya Ice Cap, the largest tropical ice cap in the world (Hanshaw and 

Bookhagen, 2014). Quelccaya has been the focus of several studies monitoring ice balance 

through time (Salzmann et al., 2013; Hanshaw and Bookhagen, 2014), as well as reconstructing 

long-term paleoclimate conditions through the use of ice cores (e.g., Thompson et al., 1984, 1985, 

1986, 2013). The meltwater from Quelccaya is an important seasonal contributor to Cusco’s 

water supply, however the ice cap has been in decline, especially since the 1980s (Salzmann et 

al., 2013; Hanshaw and Bookhagen, 2014), posing a threat to the water security of the region.  

 Here, we use subfossil Cladocera to investigate the impacts of climate change over the 

past ~200 years in three lakes of varying size and depth in the Cordillera Vilcanota. The 

Cladocera are an order of mid-trophic level invertebrates, largely comprised of algal grazing 

species. Cladocera serve as useful indicators of whole-lake trophic dynamics by responding to 

changes in both their food supply, as well as predation intensity. Additionally, many cladoceran 

species have reasonably well-established environmental optima, making them indicators of 

climate and related limnological variables (e.g., Lotter et al., 1997; Bos and Cumming, 2003; 

Kamenik et al., 2007; Kattel et al., 2008; Nevalainen and Luoto, 2010; Sweetman et al., 2010). 

Although limnological and paleolimnological research in the Andes has been steadily growing in 

recent years, there remains comparatively few studies focusing on Andean Cladocera or their 

response to climate. This research helps to establish trends in the diversity of the Cladocera 

across the Andes, and contributes to the growing body of paleolimnological climate change 

studies in the region. 

 Our study aims to investigate the limnological response of diverse lake ecosystems to 

recent climate change in the Peruvian Andes. The impacts of warming in the Cordillera 

Vilcanota have already resulted in changes to the cryosphere (Thompson et al., 2013; Hanshaw 
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and Bookhagen, 2014) and ecology of the region (Nemergut et al., 2007; Seimon et al., 2007), 

but the response of lakes remains unknown. We address the following questions: First, do 

cladoceran assemblages show any changes over the time period encapsulated in the sediment 

records of these lakes? Second, if there are changes, can they be explained by known climate 

shifts of this region as recorded by ice core paleoclimatic data and regional climate stations? 

Third, does the cladoceran response differ in lakes of varying size, depth, and catchment 

characteristics? These remote and relatively undisturbed lakes provide an ideal opportunity to 

investigate the impacts of anthropogenic climate change in the Cordillera Vilcanota. We 

intentionally sampled three lakes that span large gradients of area (2.4 – 2,900 ha) and depth (5 – 

>100 m) to compare responses among the many lake types that exist in the region. Given the 

high biodiversity and important water supply function of many of these lakes, understanding 

their response to anthropogenic climate change is of critical importance.  

5.3 Methods 

5.3.1 Site description and field methods 

 The three study lakes are located in the Cordillera Vilcanota of the southern Peruvian 

Andes (Fig. 5.1). The surrounding landscape is classified as puna grassland, consisting of rocky 

terrain with small grasses and shrub-like vegetation. We selected the sites to be representative of 

the gradient of lakes in the region, which vary widely in size, depth, and glacial connectivity. 

The study lakes are located within ~20 km of each other, and span an elevation gradient of only 

~100 m. Select physical and limnological properties of the lakes are given in Table 5.1.  

Sibinacocha, the largest and deepest of the study lakes, is one of the largest high alpine 

lakes in the Andes, with a surface area of over 2,900 ha, and depth greater than 100 m (Perry et 
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al., 2014) (Table 5.1). Sibinacocha receives inputs from glaciers at the north end of the lake 

including the rapidly retreating Puca glacier (Seimon et al., 2007). A dam was constructed at the 

southern end of the lake in 1996 to control the water outflow of the lake, which forms part of the 

water supply for Cusco. High-water marks on the dam indicate that the water level has fluctuated 

by at least 2 m.  

The next largest lake in this study, Chaca Cocha, is a medium-sized lake with surface 

area of 172 ha, and a maximum depth of 18 m (Table 5.1). Chaca Cocha does not receive any 

glacial inputs, however, it is located in close proximity to glaciers ~15–20 km away. The 

smallest study lake, Lado del Quelccaya, has a surface area of 2.4 ha and maximum depth of 5 m 

(Table 5.1). Lado del Quelccaya also does not receive any glacial inputs, but is located within ~4 

km of the Quelccaya Ice Cap. Each of the study lakes are ultra-oligotrophic, and circumneutral in 

pH (Table 5.1).  

 The study lakes were sampled over two field seasons in September 2015 (Sibinacocha) 

and August 2016 (Chaca Cocha and Lado del Quelccaya). Sediment cores were retrieved using a 

Glew (1989) gravity corer from the central, deepest portion of the lake in Chaca Cocha and Lado 

del Quelccaya. The Sibinacocha core was taken near the southern end of the lake in ~30 m deep 

water. Sediment cores were sectioned into 0.5-cm slices on-shore using a Glew (1988) extruder, 

placed into Whirl-Pack® bags, and stored in a cooler for shipment to the laboratory. All 

sediments were stored in a cold room at the laboratory until they could be freeze-dried for further 

analysis.  

Temperature data loggers (Onset® HOBO® Water Temperature Pro V2) were deployed 

into four lakes in August 2016. Data loggers were deployed in Sibinacocha and Lado del 
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Quelccaya, as well as two nearby lakes, Yanacocha and Laguna 3 (Table 5.1). Data loggers were 

also placed in Chaca Cocha but could not be recovered the following year. Data loggers were 

evenly spaced along the entire water column on a string that was anchored at the bottom by a 

rock bag and suspended at the surface by a float. Each data logger recorded the temperature 

hourly over the time period of one year. Data were offloaded and all data loggers were removed 

from the lakes in August 2017.  

Water chemistry samples were collected during the August 2016 field season. Surface pH 

and electrical conductivity were collected at the core site using Hanna Instruments® pH and 

electrical conductivity meters, calibrated daily. Lakewater pH was recorded using two meters, 

and the true average was calculated. Samples for water chemistry analysis were collected from 

each lake at the coring site using Nalgene® bottles, sealed, and stored in a cooler for shipment to 

the laboratory. Water chemistry analyses followed protocols described in Environment Canada 

(1994a and 1994b).  

Air temperature data were obtained from the Peruvian National Weather Service 

(SENAMHI) Ccatcca and Pomacanchi meteorological stations, located 70 km northwest and 60 

km west of the study sites, respectively. These stations are both at elevations of ~900 m lower 

than the study sites, thus the exact temperatures and trends may differ from the study sites. 

Monthly mean wind velocity was obtained from the NOAA NCEP/NCAR re-analysis dataset 

(Kalnay et al., 1996), using data from the 600 hPa pressure level.  

5.3.2 Sediment chronology 

 Sediments were prepared for 210Pb dating following methods described by Schelske et al. 

(1994), with between 16–22 samples prepared per lake. Freeze-dried sediments were pulverized 
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on a piece of weigh paper, placed into a plastic tube and sealed with a silicone septum and 2-ton 

epoxy. Each sample was consecutively run in a gamma counter to establish unsupported 

concentrations of 210Pb. Sediment chronology was established using the constant rate of supply 

(CRS) model (Appleby, 2001). The age of sediment intervals between dated samples was 

interpolated using a linear regression equation, while the age of intervals beyond background 

210Pb levels was extrapolated with a 2nd-order polynomial fit to all dated intervals (these dates 

indicated in gray in Figs. 2–4). Dates beyond background 210Pb levels should be interpreted with 

caution due to error associated with extrapolation. 

5.3.3 Cladoceran analyses 

 Preparation of Cladocera largely followed methods outlined in Korhola and Rautio 

(2001). Between 0.1 and 1 g of freeze-dried sediment was deflocculated in 10% KOH on a 

~70ºC hotplate for 20 minutes. The sediment was then sieved on a 38-µm mesh, and the remains 

were transferred to 10 ml glass containers. Three drops of safranin-glycol solution were added to 

stain the remains, and ~10 drops of ethanol were added as a preservative. The slurry was plated 

onto slides in successive 50 µl aliquots, allowed to dry between applications. Between 5 and 50 

aliquots of slurry were applied per slide, depending on concentration of remains. A glass cover 

slip was mounted to the slide with glycerine jelly. Slides were counted in entirety at 200x 

magnification on a Leica DMR light microscope. When possible, a target minimum of 70 

remains were counted to capture the full species variation in the assemblage (Kurek et al., 2010). 

Intervals where the minimum count was not achieved (due to low abundance of remains) are 

indicated with gray bars in Figs. 5.2–5.4. 
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 Identification of cladoceran remains was based on Korosi et al. (2012a, 2012b) and 

Szeroczy"ska and Sarmaja-Korjonen (2007). Although these are North American and European 

guides, many of the species described are also present in South America (e.g., Delachaux, 1918; 

Torres and Rylander, 2006; Coronel et al., 2009; López-Blanco and Sinev, 2016). Nevertheless, 

we note that the identification of some cladoceran taxa may change in the future as taxonomic 

research progresses in this region. Remains that could not be identified were assigned a serial 

number (Supplementary Fig. 5.1). Several taxa that were difficult to distinguish from each other 

were grouped. These included Alona circumfimbriata and Alona guttata, Alona affinis and Alona 

quadrangularis, and Alona carapaces (identified as Alona spp.).  

5.3.4 Chlorophyll a 

 Preparation for chlorophyll a followed methods outlined by Michelutti et al. (2010). 

Freeze-dried sediments were sieved on a 120-µm sieve, and placed into clear 10 ml glass vials. 

Each vial was successively analyzed on a FOSS NIRsystem model 6500 near-infrared 

spectrophotometer. The concentration of primary and degraded chlorophyll a (i.e., chlorophyll a 

+ all chlorophyll a isomers + pheophytin a + pheophorbide a) was calculated from the area of the 

absorbance spectra between 650–700 nm and a linear regression equation from Michelutti et al. 

(2010).   

5.3.5 Numerical methods 

 Cladocera were enumerated based upon the most abundant remain of each taxon in an 

interval. Percent relative abundance (hereafter referred to as ‘abundance’) was calculated to 

assess species composition of each interval. Stratigraphies included species with abundance # 

2% in two or more intervals. Major zones in the cladoceran assemblages were determined using 



 125 

constrained incremental sum of squares (CONISS) cluster analysis (Grimm, 1987) and the 

broken stick model (Bennett, 1996). Species richness was rarefied to account for differences in 

counting effort among sediment intervals. Rarefaction sample size was based on the sediment 

interval from each lake with the fewest taxa found. Rarefied species richness (RSR) was 

calculated for all sediment intervals, and was averaged for each CONISS zone. 

Water column temperatures were plotted as hourly data. Prior to numerical analysis, 

water temperatures from each depth were averaged daily to account for variation throughout the 

day. Water column temperature range (difference between the interval with the highest and 

lowest temperature of the day) was used as a measure of stratification strength. 

5.4 Results 

5.4.1 Regional climate data 

 Both climate stations recorded similar trends in temperature. From 1965 to 2014, the 

Ccatcca station recorded significant increasing trends in maximum (tau = 0.030, P < 0.001) and 

minimum (tau = 0.064, P < 0.001) temperature, as assessed by Mann-Kendall trend tests. Linear 

regressions fit to the daily temperature data recorded an increase of 0.23ºC in maximum (r2 = 

0.001, P < 0.001) and 1.08ºC in minimum (r2 = 0.01, P < 0.001) temperature over the 49-year 

record from this station (Supplementary Fig. 5.2). Similarly, from 1985 to 2014, the Pomacanchi 

station recorded significant increasing trends in maximum (tau = 0.042, P < 0.001) and minimum 

(tau = 0.081, P < 0.001) temperature, with daily maximum temperature increasing by 0.37ºC (r2 

= 0.004, P < 0.001) and minimum temperature increasing by 0.80ºC (r2 = 0.014, P < 0.01) during 

this 29-year period (Supplementary Fig. 5.2). The NCEP/NCAR modeled wind speed showed 
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only a minor and non-significant decreasing trend over the 38-year record (tau = –0.001, P = 

0.965) (Supplementary Fig. 5.2). 

5.4.2 Sibinacocha Cladocera and primary production 

 Sibinacocha contained the greatest number of common taxa (species with abundance # 

2% in two or more intervals), with the majority of these species reflecting littoral conditions (Fig. 

5.2). Three major zones were identified in the stratigraphy, each with a unique cladoceran 

assemblage. From the base of the core (34.25 cm) until 22.25 cm, the record was dominated by 

Chydorus sphaericus (average 92% abundance) (Fig. 5.2). During this period, no other species 

exceeded 10% abundance, however, Alonella cf. excisa and Camptocercus spp. were regularly 

present at averages of 2% and 3% abundance, respectively (Fig. 5.2). Several other species 

appeared sporadically (3 or fewer intervals) at low (< 7%) abundance during this time, including 

Alona circumfimbriata / Alona guttata, Daphnia spp., Sp. 10, Bosmina spp., Paralona pigra, and 

Sp. 78 (Fig. 5.2). Average RSR for this period was 1.5 (Supplementary Fig. 5.3). Chlorophyll a 

was variable between ~0.06 and 0.1 mg/g dry weight during this time, however averaged 0.08 

mg/g dry weight until 22.25 cm, after which it declined rapidly to ~0.03 mg/g dry weight (Fig. 

5.2). 

The next distinct zone in Sibinacocha occurred from 21.25 cm to 10.25 cm (Fig. 5.2). 

During this period, C. sphaericus declined abruptly to an average of 9% abundance before 

disappearing entirely from 12.25 cm to 10.25 cm, while A. cf. excisa increased to an average of 

59% (Fig. 5.2). Other species present during this time include A. circumfimbriata / A. guttata 

(average ~5% abundance), P. pigra (average ~3% abundance), Camptocercus spp. (average ~2% 

abundance), and Sp. 79 (average ~4% abundance) (Fig. 5.2). Bosmina spp. occurred in only 2 
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intervals during this period, reaching a maximum of ~14% relative abundance at 14.25 cm, while 

Sp. 10 appeared abruptly in the record at 14.25 cm, averaged ~30% abundance for the next 3 

intervals, followed by an abrupt disappearance at 9.25 cm (Fig. 5.2). Several other species 

occurred in only one or two intervals during this period, including Daphnia spp. (~6% 

abundance at 20.25 cm), Alona intermedia (~8% abundance at 10.25 cm), Alona spp. (max. ~6% 

abundance at 20.25 cm), Leydigia ledigi (max. ~11% abundance at 19.25 cm), and Sp. 53 (~2% 

abundance at 21.25 cm) (Fig. 5.2). Average RSR for this period was 3.2 (Supplementary Fig. 

5.3). This entire period was marked by low absolute abundance, with none of the intervals 

reaching the target count of 70 cladoceran individuals. Chlorophyll a remained stable and low at 

an average of 0.03 mg/g dry weight for the duration of this period (Fig. 5.2).  

 The final zone in Sibinacocha occurred from 9.25 cm (~1862) to the core surface (2015) 

(Fig. 5.2). The abundance of most taxa remained stable during this period, with none exceeding 

28% abundance (Fig. 5.2). Species with average abundances above 10% during this period 

include A. circumfimbriata / A. guttata (~16%), A. cf. excisa (~18%), and C. sphaericus (~15%) 

(Fig. 5.2). Paralona pigra increased over this period, from 4% at 9.25 cm to 18% at the core 

surface, however averaged ~11% during this time (Fig. 5.2). Species with average abundances 

below 10% include Sp. 79 (~9%), Sp. 10 (~6%), Camptocercus spp. (~4%), A. intermedia (~4%), 

Sp. 53 (~2%), and Sp. 78 (~2%) (Fig. 5.2). Both Alona spp. and Daphnia spp. began to appear 

regularly in the record at 7.25 cm (~1930), albeit at low abundances of ~4% and ~3%, 

respectively. Bosmina spp. appeared only at 9.25 cm and the surface interval during this period at 

~4% abundance, while L. leydigi appears only at 5.25 cm (~1.5%) (Fig. 5.2). Average RSR for 

this period was 5.1 (Supplementary Fig. 5.3). Chlorophyll a increased to ~0.06 mg/g dry weight 
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beginning at 8.25 cm (~1900), and remained roughly stable from 7.25 cm to the surface (Fig. 

5.2). 

5.4.3 Chaca Cocha Cladocera and primary production 

 The cladoceran record of Chaca Cocha contains 3 major zones with distinct cladoceran 

assemblages (Fig. 5.3). From the base of the core (34.25 cm) to 18.25 cm, the assemblage was 

dominated by Bosmina spp., with abundance ranging between ~50–90% (Fig. 5.3). During this 

period, C. sphaericus, increased from ~15% at the base of the core to ~40% at 30.25 cm, then 

declined to an average of ~6%, and subsequently increased to ~30% at 18.28 cm (Fig. 5.3). 

Alonella cf. excisa averaged ~3% abundance for the majority of this period, however increased 

abruptly to ~13% abundance at 18.25 cm (Fig. 5.3). All other species occurred at less than 4% 

relative abundance during this period, with P. pigra, and A. affinis / A. quadrangularis occurring 

in nearly all intervals, and Camptocercus spp., Sp. 10, and Sp. 35 occurring sporadically (Fig. 

5.3). Average RSR for this period was 4.7 (Supplementary Fig. 5.3). During this period, 

chlorophyll a was largely stable at ~0.02 mg/g dry weight (Fig. 5.3).  

From 16.25 cm to 5.25 cm (~1909), increases occurred in C. sphaericus (to average of 

~42%), A. cf. excisa (~24%), P. pigra (~7%), and Sp. 10 (~7%) (Fig. 5.3). A. affinis / A. 

quadrangularis abundance was less than 1% for the majority of this period, however increased to 

~9% in 6.25 cm and 5.25 cm, while Sp. 35 and Camptocercus spp. occurred sporadically 

throughout this period at less than 4% abundance (Fig. 5.3). Bosmina spp. declined abruptly at 

the beginning of this period, with abundance between 0–3% from 16.25 cm to 12.25 cm. 

Bosmina spp. abundance then increased abruptly to ~38% at 10.25 cm, after which it again 

declined to less than 5% abundance by 8.25 cm. At the end of this period, Bosmina spp. had 
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again increased to ~37% abundance. Average RSR for this period was 7.7 (Supplementary Fig. 

5.3). Chlorophyll a displayed a slight increasing trend during this period, though remains at an 

average of ~0.02 mg/g dry weight (Fig. 5.3).  

From 4.25 cm (~1898) to the core surface (2016), Bosmina spp. abruptly increased in the 

record, averaging 84% abundance during this period (Fig. 5.3). Concurrent with the increase in 

Bosmina spp., C. sphaericus declined to less than 10% abundance, while A. cf. excisa, P. pigra, 

and A. affinis / A. quadrangularis declined to less than 5% abundance (Fig. 5.3). Average RSR 

for this period was 4.7 (Supplementary Fig. 5.3). During this period, chlorophyll a increased 

sharply beginning at 4.25 cm (~1898), roughly doubling from ~0.02 to ~0.04 mg/g dry weight 

(Fig. 5.3).  

5.4.4 Lado del Quelccaya Cladocera and primary production 

  The cladoceran assemblage of Lado del Quelccaya contained no significant zone breaks, 

as determined by CONISS and the broken stick model (Fig. 5.4). The assemblage was dominated 

by C. sphaericus through the length of the core, and this was the only species that exceeded 10% 

abundance (Fig. 5.4). C. sphaericus increased twice in the record, first from ~65% at the base of 

the core (34.25 cm) to an average of 83% at 30.25 cm, and again after 18.25 cm, where it 

remained at an average of ~88% to the surface (Fig. 5.4). Alonella cf. excisa and A. 

circumfimbriata / A. guttata each occurred at abundances of ~10% and ~8%, respectively at 

34.25 cm, however both declined to average abundances of ~4% and ~3% by the next interval 

(Fig. 5.4). Other common taxa present sporadically throughout the core at averages of less than 

~2% abundance include Alona spp., A. affinis / A. quadrangularis, Camptocercus spp., Sp. 2, 

and Sp. 10 (Fig. 5.4). Average RSR over the record of Lado del Quelccaya was 7.5 
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(Supplementary Fig. 5.3). Chlorophyll a was stable at ~0.1 mg/g dry weight from 34.25 cm to 

~22.25 cm (~1800), after which it steadily increased to the core surface, reaching values of ~0.3 

mg/g dry weight at the core surface (Fig. 5.4).  

5.4.5 Water temperature profiles 

 Maximum thermal stratification occurred in November 2016 in Yanacocha (3.6ºC), 

Laguna 3 (2.4ºC), and Sibinacocha (1.4ºC), and in March 2017 in Lado del Quelccaya (2.0ºC) 

(Fig. 5.5). Stratification by more than 1ºC was most consistent in Yanacocha (40% of the year), 

followed by Lado del Quelccaya, (26%), Laguna 3 (12%), and Sibinacocha (3%) (Fig. 5.5). 

5.5 Discussion 

 The cladoceran assemblage of the three study lakes differed markedly from each other 

through time, likely reflecting limnological differences linked to lake size and catchment 

characteristics. The species assemblage of Sibinacocha was notable for containing few pelagic 

cladoceran taxa, despite a water depth of over 30 m at the coring site, and the lake having a 

maximum depth greater than 100 m. The lack of pelagic taxa, which are typically filter-feeders, 

is a phenomenon that can occur in glacier-fed lakes, as the high amount of rock flour in these 

systems interferes with the ability of these organisms to filter the water for food (e.g., Koenings 

et al., 1990; Paw$owski et al., 2013; Sommaruga, 2015). Sibinacocha receives meltwater and 

rock flour inputs from the glaciers to its north (Supplementary Fig. 5.4) and this is evident by the 

turquoise-coloured waters near the north end. However, the southern portion of the lake during 

the field season remained clear. From the base of the core until 22.25 cm, the assemblage was 

dominated by Chydorus sphaericus, a cosmopolitan species that is typically associated with 

littoral areas of lakes. Under favourable conditions, notably when there is reduced competition 
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from pelagic species (Yan et al., 1996; Jeziorski et al., 2013; Labaj et al., 2015) or under 

eutrophic conditions (Vijverberg and Boersma, 1997), C. sphaericus can expand into the pelagic 

areas of lakes. The success of C. sphaericus may relate to its feeding strategy of attaching to 

detrital particles and scraping algae and cyanobacteria (Tõnno et al., 2016), enabling it to obtain 

nutrition despite potentially high turbidity in the water column. Given the lack of pelagic-

associated cladoceran species in Sibinacocha, as well as the high primary production, C. 

sphaericus was likely able to expand into the pelagic zone and dominate the assemblage. During 

this period, few other species were present in great abundance, through A. cf. excisa and 

Camptocercus spp. were consistently present in low abundance, representing a minor littoral 

component of the assemblage. 

Sibinacocha experienced an abrupt shift between 22.25 cm and 21.25 cm, when A. cf. 

excisa rapidly increased in abundance and replaced C. sphaericus as the dominant species. 

Alonella cf. excisa is a littoral species, commonly associated with vegetation and mixed 

substrates (Whiteside, 1974; Korhola et al., 2000), and has previously been found in shallow, 

littoral-dominated páramo lakes (Labaj et al., submitted), which seems at odds with the large and 

deep Sibinacocha. However, Alonella excisa has been found in the pelagic zone of lakes (Rautio 

et al., 2000), and is even known to undergo vertical migration in the water column (Whiteside, 

1974). Between 21.25 cm and 10.25 cm, RSR increased as several taxa began to appear or 

became more frequent in the record, including the littoral taxa A. circumfimbriata / A. guttata, 

and P. pigra. During this period, the cladoceran remains in the sediment became sparse (with no 

intervals meeting minimum count targets), suggesting that there were either fewer Cladocera in 

the lake or their remains were diluted with allochthonous sediment. The abrupt cladoceran shift 

that took place at the beginning of this period coincides with several other notable geological and 
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biological changes in the lake. At 22.25 cm, immediately prior to the cladoceran shift, the 

sediment record indicates an abrupt spike in siliciclastic material of ~20% (N. Michelutti, 

unpublished data; Supplementary Fig. 5.4), as well as a rapid decline in chlorophyll a (Fig. 5.2). 

At approximately the same time, the diatom taxa began a slow, but sustained shift from the 

planktonic species Discostella stelligera to benthic taxa Staurosira pinnata / Pseudostaurosira 

brevistriata (N. Michelutti, unpublished data; Supplementary Fig. 5.4).  

The exact mechanism driving these near-simultaneous shifts in algal and zooplankton 

assemblages in Sibinacocha is not known, however the spike in siliciclastic materials suggests 

sudden inputs from the surrounding ice field. One possibility is that glacial inputs were rapidly 

released into Sibinacocha, possibly as the result of the burst of a moraine-dammed lake. 

Increased turbidity from rock flour can attenuate light in the water column, reducing the size of 

the euphotic zone and decreasing primary production in glacial lakes (e.g., Modenutti et al., 

2000; Vinebrooke et al., 2010; Rose et al., 2014; Sommaruga, 2015). The decline in overall lake 

production could support the transition to littoral-associated cladoceran species, as the littoral 

zone would likely continue to receive enough light to support primary production for cladoceran 

feeding. The decrease in absolute abundance of Cladocera during this period may reflect the 

overall reduced habitat and food availability in the lake. The pulse of rock flour was likely 

accompanied by an initial and ongoing input of cold glacial meltwater into Sibinacocha that may 

have influenced the thermal properties of the lake, as such inputs are known to disrupt 

stratification patterns and induce holomixis in glacial lakes (Sommaruga, 2015). The influx of 

cold glacial water may have slowly altered the mixing regime of Sibinacocha, causing a 

transition from stratified to mixed conditions. A gradual shift from stratified to mixing conditions 

is recorded by the diatoms (N. Michelutti, pers. comm), which transition from dominance by 
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Discostella stelligera, a species that is commonly associated with stratified conditions to 

Staurosira pinnata / Pseudostaurosira brevistriata, taxa that are associated with benthic habitats 

and especially common in glaciated terrains (Rühland et al., 2015). The data from the 

temperature data loggers confirms that Sibinacocha is currently isothermal nearly year-round, 

with little evidence of water column stratification.  

The most recent cladoceran zone in Sibinacocha, spanning from the 1860s to the present, 

had the highest overall rarefied species richness, and was largely comprised of littoral-associated 

taxa. During this period, cladoceran abundance increased, with the target count of 70 individuals 

reached in most intervals. Although the cladoceran assemblage was largely stable over this 

period, several minor changes took place. The ~14% increase in P. pigra may indicate cooler 

water conditions, or increased muddy substrate, though this species is known to tolerate a wide 

variety of conditions (Kattel et al., 2008). Chlorophyll a concentrations began to increase in the 

early-1900s, suggesting that the lake was becoming more productive at this time. Concurrent 

with the chlorophyll a increase, Daphnia spp. and Alona spp. began to appear regularly, albeit in 

low abundance. Together, these indicators may suggest increasing water clarity from reduced 

rock flour inputs, leading to a more hospitable pelagic zone for Daphnia spp. and greater overall 

production supporting the increase in Alona spp. At the time of sampling, the water in 

Sibinacocha was very clear, with an estimated Secchi depth of more than 10 m. The increase in 

chlorophyll a may also be an indicator of warming temperatures in the region (e.g., Michelutti et 

al., 2005; Summers et al., 2016), as temperature reconstructions from Quelccaya ice cores 

indicate that regional temperatures became warmer during the 1880s (Thompson et al., 2013). 

However, the timing of the chlorophyll a increase likely predates the onset of anthropogenic 
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climate change. The rise in production may have supported the increase in littoral taxa, both by 

providing increased habitat (littoral plants) and food availability. 

In addition to climate change, Sibinacocha has also experienced two main direct human 

stressors over the past century. Stocking of the lake with non-native Rainbow Trout 

(Oncorhynchus mykiss) likely took place sometime in the mid-1900s, consistent with other 

Andean lakes (Aguilera et al., 2006), and the lake currently supports a population of the species. 

Additionally, the dam constructed at the southern end of the lake in 1996 likely raised water 

levels by at least several meters, and water levels continue to fluctuate by at least 2 m (based on 

high-water marks on the dam). Despite the direct and indirect human stressors on the lake over 

the past century, the biotic assemblage of Sibinacocha has undergone only minimal change 

during this time. The cladoceran assemblage was largely stable, experiencing only minor shifts 

during this period, suggesting the Cladocera have not responded to either the direct human 

stressors or regional climate change. The diatom assemblage in the lake was similarly stable 

during this period (N. Michelutti, pers. comm.; Supplementary Fig. 5.4). Overall, large-scale 

shifts at multiple trophic levels have taken place through the sediment history of Sibinacocha, 

however these shifts cannot be attributed to recent anthropogenic stressors. 

 Glacial inputs appear to have affected the cladoceran assemblages in Sibinacocha. 

However, nearby Chaca Cocha offers the potential to assess the cladoceran response to recent 

climate change and anthropogenic stressors in the absence of any overriding glacial inputs. 

Similar to Sibinacocha, the Chaca Cocha cladoceran assemblage was divided into 3 major zones. 

From the base of the core until 18.25 cm, the assemblage was dominated by planktonic Bosmina 

spp., which is reflective of the large size and depth of the lake, as well as the abundant pelagic 

habitat available. The presence of the taxa A. cf. excisa, P. pigra, and A. affinis / A. 
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quadrangularis during this time also suggests that the lake sustained a stable littoral assemblage. 

The exact cause of the increase in C. brevilabris during the first half of this period is unknown, 

however the timing corresponds approximately with a minor primary production increase at 

31.75 cm, which may have acted as an additional food source, supporting a brief increase in 

abundance. 

 The middle period in Chaca Cocha (16.25 cm to 5.25 cm) was marked by a rapid decline 

in Bosmina spp. abundance, and an increase in C. sphaericus, A. cf. excisa, and several other 

littoral taxa (leading to an overall higher RSR). The pelagic-to-littoral ratio of Cladocera has 

previously been used as a reliable indicator of past lake level changes (e.g., Bos et al., 1999; 

Korhola et al., 2000; Nevalainen et al., 2008; Nevalainen, 2012), and the decrease in the 

typically-pelagic Bosmina spp. and increase in littoral taxa could suggest that littoral habitat 

increased in Chaca Cocha, possibly as a result of a water level reduction. Although reliable 210Pb 

dates do not extend past ~6 cm in this core, it is plausible that this period aligns with a time of 

known drought in the region (lasting from 1720 to 1860; Thompson et al., 1985), which may 

have caused water levels to decline. Nonetheless, the diatom species in the lake during this 

period were dominated by planktonic taxa (N. Michelutti, pers. comm), and so a dramatic lake 

level reduction appears at odds with the diatom data.  

It is additionally possible that the above assemblage shift was mediated by biotic factors, 

such as a change in predation or availability of food. Anthropogenic-influenced food web shifts 

such as the introduction of fish seem unlikely given the timing of the shift that pre-dates large-

scale human traffic in the region and known Andean lake stocking. Moreover, nearby 

Sibinacocha was stocked with Rainbow Trout in the mid-1900s, without any associated impact 

on the cladoceran record. Changing food availability could also have influenced the cladoceran 
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assemblage during this period, for example if the dominant primary producers in the pelagic 

zone switched from diatom-dominated to cyanobacteria-dominated. Such a shift could favour C. 

sphaericus over Bosmina spp. in the pelagic zone, as the species differ in their main dietary items 

(e.g., Tõnno et al., 2016), food selectivity (e.g., Kerfoot and Kirk, 1991), and efficiency of 

feeding (Geller and Müller, 1981). However, the chlorophyll a concentration in the lake 

sediments does not shift at the same time as the Cladocera, suggesting that the primary producers 

in the lake were likely stable at this time. The ultimate cause of the shift in cladoceran species 

during this period remains unknown, and further highlights the complexity of these high-

elevation systems. 

 The final period in Chaca Cocha occurred from 4.25 cm (~1898) to the present. During 

this period, Bosmina spp. rapidly returned to dominance in the record, while C. sphaericus and 

the other littoral species all declined to levels of less than 10%, resembling their abundances 

earlier in the record. Overall, the abrupt increase in pelagic-associated Bosmina spp., and decline 

in littoral species and RSR indicate a decrease of littoral area in the lake. Nonetheless, 

chlorophyll a increased over the duration of this period, indicating that the lake was becoming 

more productive overall. As with Sibinacocha, the increase in chlorophyll a began at around 

1900, and may be a response to warmer water temperatures. Importantly, the cladoceran 

assemblage of Chaca Cocha has been largely stable over the past ~100 years, indicating that it 

was not influenced by anthropogenic stressors. The lack of climate response in Chaca Cocha 

contrasts with the marked shifts in diatoms and Cladocera observed elsewhere in Peru and 

Ecuador (e.g., Michelutti et al., 2015a, 2015b; Labaj et al., 2017). Unlike these systems, where 

biological shifts were linked to enhanced thermal stratification, lakes in the vicinity of Chaca 
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Cocha are largely well-mixed, and it is therefore not surprising that a response to climate has not 

yet been observed in Chaca Cocha. 

 The cladoceran assemblage of Lado del Quelccaya, the smallest and shallowest lake, was 

relatively stable along the length of the core, and was largely comprised of littoral-dwelling taxa 

associated with plants, reflecting the ample littoral habitat available in the lake. C. sphaericus 

dominated the assemblage throughout the core, which was not surprising, given that it has been 

found in high abundance in other Andean lakes of similar depth (Labaj et al., submitted). The 

ability of C. sphaericus to thrive in a range of water depths, coupled with the lack of competition 

from Bosmina spp. and the relatively high primary production in the lake likely contributed to its 

success throughout the record. It is possible that the ~20% increase in C. sphaericus abundance 

at the beginning of the record could be due to a slight increase in water level, allowing C. 

sphaericus to increase in abundance, relative to the other littoral taxa. The smaller abundance 

increase at 18.25 cm may have occurred for similar reasons, or may be in response to the 

increasing primary production that was occurring at this time. Lado del Quelccaya experienced 

the earliest increase in primary production among the three study lakes, with a continuous 

increasing trend beginning in the early-1800s. This trend may be due to the shallow depth of the 

lake, with the water column warming earlier than deeper lakes in the region, and primary 

production increasing in response. Importantly, however, the increase in chlorophyll a predates 

the 1880 ice core-inferred regional temperature increase (Thompson et al., 2013). It is possible 

that the shallow nature of this lake allowed it to warm quickly, and respond more sensitively than 

the glacier to warmer temperatures in the region. As with the deeper two lakes, the cladoceran 

record has remained relatively stable during the last century in Lado del Quelccaya. As a shallow, 

well-mixed lake, this was not surprising, as a similar lack of climate response was observed in 
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three shallow lakes in Ecuador (Giles et al., submitted; Labaj et al., submitted). These shallow 

systems are often easily mixed by wind, and unable to develop the enhanced thermal 

stratification that appears in to be driving the climate response in deeper lakes in the Andes 

(Michelutti et al., 2015a).  

These tropical high elevation lakes respond differently to climate than their temperate and 

arctic counterparts that experience an annual ice cover season. In temperate areas, the length and 

timing of the ice-free season is a major influence on lake stratification patterns and 

phytoplankton growing season (e.g., Smol and Douglas, 2007). As a result of changes in the 

timing of the ice-free season, a mis-match can occur between blooms of phytoplankton and the 

hatching of zooplankton grazers such as cladocerans, resulting in declines (Winder and Schindler, 

2004). In tropical systems, which support a year-round growing season, the main climate 

influence is through stratification shifts, brought on by warmer air temperatures and reduced 

wind speeds (Michelutti et al., 2015a). The modification of water column stratification patterns 

can affect numerous physical and biological processes, including nutrient and oxygen cycling 

(e.g., Molot et al., 1992; Jankowski et al., 2006), habitat availability (e.g., De Stasio et al., 1996), 

plankton distribution (e.g., Winder and Schindler, 2004; Wilhelm and Adrian, 2008; Rühland et 

al., 2015), and primary production (O’Reilly et al., 2003; Verburg et al., 2003; Michelutti et al., 

2015a). High-elevation tropical lakes have long been considered polymictic (Hutchinson and 

Löffler, 1956), however recent work in Ecuador has indicated that lakes are now stratifying for 

large portions of the year in response to rising air temperatures and declining wind speeds 

(Michelutti et al., 2016; Labaj et al., submitted), resulting in biotic impacts at multiple trophic 

levels (Michelutti et al., 2015a; Labaj et al., 2017). Although climate stations in the vicinity of 

our lakes have recorded increases in the maximum and minimum temperatures over the past ~5 
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decades, none of the lakes currently records a strong response to climate change, and the four 

lakes with temperature data loggers each record generally well-mixed conditions, with only 

minor periods of weak thermal stratification. The overall lack of climate response in these lakes 

may be due to their proximity to glaciers, which can moderate local climate, and reduce the local 

impacts of climate change in a region, as has been documented in North America (Chen et al., 

2014). Although this effect is not likely recorded by the nearest climate stations, which are 60–

70 km away, the glacier may have kept the local area cooler, and thus prevented the lakes from 

experiencing climate-related stratification shifts. It is therefore not surprising that the cladocerans 

from these lakes have not shown evidence of climate-related shifts. Nonetheless, as glaciers 

continue to disappear, the impacts of anthropogenic climate change will likely eventually 

become evident in this region. 

5.6 Conclusions 

 The sediment records of each of the three lakes were unique, recording distinct 

cladoceran assemblages and trends through time, reflective of their differences in size, depth, and 

glacier connectivity. Sibinacocha–the largest and deepest of the study lakes, and which receives 

glacial inputs at its northern end–recorded marked shifts in the cladoceran assemblage that align 

with inputs of siliclastic material, suggesting that input from the glacier has influenced the long-

term cladoceran record in this lake. Chaca Cocha, a large and deep lake that is nearby, but 

unconnected to the glacier, also recorded marked cladoceran shifts over the length of the core, 

however these could not be conclusively linked with changes in water level, predation, or food 

supply. In contrast to the assemblages in the larger and deeper lakes, the assemblage in Lado del 

Quelccaya remained largely stable throughout the sediment record. Meteorological stations 

located 60–70 km from the lakes record increases in regional air temperature over the past ~5 
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decades, however lakes in the region remain largely well-mixed, and the cladoceran assemblages 

of the study lakes have remained largely stable over the past century. It is possible that the 

proximity of these lakes to glaciers has moderated the local climate, and buffered them from the 

effects of climate warming. Nonetheless, as climate change progresses, and the glaciers in the 

region decline, these lakes will begin to show climate-related impacts, with associated 

consequences to the surrounding ecosystem and human populations. 
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5.8 Tables 

Table 5.1: Select physical and limnological variables of the study lakes 

Water chemistry was sampled during the 2016 field season. 

 Sibinacocha Chaca Cocha Lado del 
Quelccaya 

Yanacocha Laguna 3 

Indicators Clad., Temp. Clad. Clad., Temp. Temp. Temp. 
Coordinates -13.900550°, 

-71.013317° 
-13.963083°, 
-71.069700° 

-13.947944°, 
-70.900917° 

-13.899756°, 
-71.098075° 

-13.932264°, 
-71.040244° 

Elev. (m a.s.l.) 4,875 4,859 4,825 4,868 4,778 
Surface Area (ha) 2,905 172 2.4 13 27.5 
Max. Depth (m) > 100 18 5 17 10 

pH (surface) 7.73 7.22 6.93 7.95 7.91 
Cond. (µS / cm) 384 19 7 133 3 
Total N (mg / L) 0.267 0.318 0.571 0.234 0.397 
Total P (µg / L) 2.3 10.9 12.1 13.6 10 
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5.9 Figures 

 

Figure 5.1: Map of study area 

Map of the study area with study lakes indicated. Map created with data from: Esri, DeLorme, 
NAVTEQ, TomTom, Intermap, increment P Corp, GEBCO, USGS, FAO, NPS, NRCAN, 
GeoBase, Kadaster NL, Ordnance Survey, Esri Japan, METI, and the GIS User Community. 
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Figure 5.2: Common cladoceran taxa and chlorophyll a from Sibinacocha 

Fossil assemblages of common cladoceran taxa (abundance ! 2% in 2 or more intervals) and the chlorophyll a profile from 
Sibinacocha. Horizontal dashed lines are zones determined by CONISS. Gray bars indicate intervals in which the target of 70 
cladoceran individuals was not met. 
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Figure 5.3: Common cladoceran taxa and chlorophyll a from Chaca Cocha 

Fossil assemblages of common cladoceran taxa (abundance ! 2% in 2 or more intervals) and chlorophyll a profile from Chaca Cocha. 
Horizontal dashed lines are zones determined by CONISS. Gray bars indicate intervals in which the target of 70 cladoceran 
individuals was not met. 210Pb dates in gray represent sediment intervals which were beyond background 210Pb levels, and were 
extrapolated using a second-order polynomial function.  
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Figure 5.4: Common cladoceran taxa and chlorophyll a from Lado del Quelccaya 

Stratigraphy of common cladoceran taxa (abundance ! 2% in 2 or more intervals) and chlorophyll a profile from Lado del Quelccaya. 
210Pb dates in gray represent sediment intervals which were beyond background 210Pb levels, and were extrapolated using a second-
order polynomial function. 
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Figure 5.5: Water column temperature profiles for four study lakes 

Hourly temperature contour profiles over ~1 year for four lakes in the Cordillera Vilcanota.  

  



 159 

 

Supplementary Figure 5.1: Photomicrographs of each of the unidentified, numbered taxa  
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Supplementary Figure 5.2: Air temperature and wind speed in study region 

Daily minimum and maximum temperatures from two nearby climate stations, and wind data 
obtained from the NCEP/NCAR reanalysis project (Kalnay et al., 1996), using data from the 600 
hPa pressure level. Trend lines were fit using linear regression.  
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Supplementary Figure 5.3: Rarefied species richness in the three study lakes 

Rarefied species richness through time in each lake. Horizontal dashed lines are zones 
determined by CONISS, based on the cladoceran data for each lake.  
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Supplementary Figure 5.4: Dominant diatom species and percent siliciclastic material in 
Sibinacocha 

Dominant diatom species and percent siliciclastic material in the Sibinacocha sediment core (N. 
Michelutti, unpublished data). Horizontal dashed lines are zones determined by CONISS, based 
on the cladoceran data. 
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Chapter 6 

General Discussion 

6.1 General discussion 

The Andes Mountains of South America have experienced temperature increases at 

accelerated rates relative to the global average (Vuille and Bradley, 2000; Bradley et al., 2006), 

with associated effects on the cryosphere, species migration and agriculture (e.g., Brecher and 

Thompson, 1993; Hole et al., 2011; Larsen et al., 2011). Lakes are a common feature on the 

Andean landscape, and are important as hotspots of biodiversity (Maldonado et al., 2011) as well 

as for their water storage capacity, supplying water to human populations for drinking, 

agriculture, and hydroelectricity (Buytaert et al., 2006). Despite their importance, little is known 

about how these lakes have responded to anthropogenic climate change, as they are often remote 

and long-term monitoring is not feasible. Recent paleolimnological work in southern Ecuador 

and Peru has shown that lakes have undergone shifts in their primary producers (diatoms) over 

the past ~50 years, in response to increasingly thermally stratified water column conditions as air 

temperatures have increased (Michelutti et al., 2015a, 2015b). However, despite the documented 

impacts of climate change on primary producers in Andean lakes, little is known of the response 

of higher trophic level organisms to climate change in these systems. With this thesis, I 

reconstructed cladoceran zooplankton assemblages through time in lakes of varying size and 

depth from southern Ecuador and Peru, and attempted to document their response to 

anthropogenic climate change.  

 Chapter 2 focused on the cladoceran assemblages from three remote lakes in Cajas 

National Park, southern Ecuador. The primary producers (diatoms) from each of these lakes had 
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been previously examined by Michelutti et al. (2015b), who revealed marked increases in the 

planktonic species Discostella stelligera within the past ~50 years during a period when regional 

air temperatures increased and wind speeds decreased. The increase of this species is often 

indicative of limnological changes linked to climate warming, such as increasingly thermally 

stratified conditions (Rühland et al., 2015). Contrary to the straightforward shifts observed in the 

diatoms, the Cladocera from these lakes did not record consistent responses to warming. The 

main cladoceran shift that occurred in each of the lakes was a relative increase in the large 

pelagic grazer Daphnia spp. and a corresponding decrease in the small pelagic grazer Bosmina 

spp., however the timing and magnitude of this shift was not consistent between the three lakes. 

The timing of the increase in Daphnia spp. did not align with the increase in D. stelligera in any 

of the lakes, suggesting that the cladocerans did not respond directly to the effects of increasing 

thermal stratification. Similarly, the cladoceran shifts could not be linked to top-down (predation, 

inferred through use of Bosmina spp. size attributes) or bottom-up (primary production, inferred 

through chlorophyll a) factors. Although the exact mechanism of cladoceran response could not 

be elucidated, the cladoceran shift in each lake occurred during a period of climate change in the 

region, after having been relatively stable for the ~150 years prior. The results of this chapter 

suggest that higher trophic order organisms are responding to climate change in these lakes, 

albeit in more complex and indirect ways compared to the primary producers. 

 Chapter 3 broadened the work in Cajas National Park by examining cladoceran 

assemblages from three small, shallow ponds, which are the dominant type of waterbody within 

the Park. Small and shallow waterbodies are common in the Andes (e.g., Mosquera et al., 2017), 

yet little is currently understood of their response to climate change. Previous work examining 

the diatoms of these same lakes revealed only subtle shifts over the past few hundred years, as 
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expected, due to the absence of thermal stratification (Giles et al., submitted). The Cladocera 

from these lakes were largely comprised of littoral/benthic taxa, reflecting the abundant littoral 

habitat available in these systems. Similar to the diatoms, the cladoceran record showed little 

response to climate change, as the timing of the cladoceran shifts does not align with the known 

climatic shifts in the region. This is likely due to the shallow and well-mixed water columns of 

these lakes, which do not thermally stratify like their deeper counterparts. Instead, shifts in the 

cladoceran species appear to reflect changes in lake water level and size of littoral zone, likely 

caused by human manipulation (i.e., construction of a dam) and changes in evaporation relative 

to precipitation. This chapter confirmed the differential climate response of Andean lakes, 

highlighting the need to study a gradient of lake sizes and depths.  

 Chapter 4 presented an analysis of temperature data from four Cajas lakes, to better 

understand the seasonal stratification trends and their climatic drivers. Although the recent shift 

towards dominance of the planktonic D. stelligera taxon suggests the lakes have undergone 

enhanced periods of thermal stratification (Michelutti et al., 2015b), actual lakewater temperature 

profiles were lacking. A high-resolution (hourly) analysis of water temperatures revealed that the 

lakes were stratified by at least 2ºC for 46–76% of the year, with maximum stratification 

occurring between November to May, when air temperatures were highest and wind speeds 

lowest (Michelutti et al., 2016). However, a longer-term data set is desirable to determine 

seasonal patterns of stratification. The two-year record in this chapter confirmed the pattern of 

enhanced thermal stratification between November to May. Water column stratification strength 

was significantly and positively correlated with air temperature and significantly and negatively 

correlated with wind speed in three of the four lakes. The highest elevation lake was not 

significantly correlated to these variables, likely due to cooler air temperatures and its shallow 
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depth, making it more susceptible to mixing. As stratification shifts appear to be a primary driver 

of climate change response in tropical high elevation lakes (Michelutti et al., 2015a, 2015b), this 

chapter confirms the extent and duration of stratification, as well as highlights the linkage 

between climate variables and stratification in these systems.  

Chapter 5 consists of a paleolimnological analysis of cladocerans from three lakes of 

varying size and depth located in the Cordillera Vilcanota, Peru. Given the large latitudinal 

gradient covered by the Andes, as well as their highly heterogeneous landscape, regional surveys 

must be carried out to assess climate response along the mountain range. Each of the lakes 

contained distinct cladoceran assemblages that were reflective of their size and depth. The largest 

and deepest of the three lakes, which is connected to a glacier at its northern end, contained a 

cladoceran assemblage with few pelagic species, despite a depth of 30 m at the coring site (and 

maximum lake depth of >100 m). Shifts in the cladoceran assemblages occurred simultaneously 

with inputs of siliciclastic materials, suggesting that glacial inputs may have been a primary 

influence on the Cladocera through time. Glacial flour can interfere with the filter feeding 

apparatus of pelagic cladoceran species (Koenings et al., 1990; Sommaruga et al., 2015), as well 

as block light (Modenutti et al., 2000, Vinebrooke et al., 2010) reducing primary production and 

decreasing food availability. The next deepest lake, which is near – but not connected to – a 

glacier, experienced marked cladoceran shifts through time that appeared to indicate a decrease 

in lake level, however the diatom paleolimnological data from this lake reflected deep-water 

conditions at this time. The smallest of the three Peruvian lakes contained a cladoceran 

assemblage comprised of littoral species that was largely stable over the sediment record of the 

lake. Although climate stations ~60–70 km away record increases in air temperatures over the 

past ~50 years, the cladoceran assemblages in each of the lakes were largely stable during this 
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period. The lack of climate response in these lakes may be due to the presence of glaciers nearby, 

which could have lessened the amount of warming in the immediate region near the lakes, and 

prevented the lakes from recording a climate response, as has been shown in other lakes 

proximal to large ice masses (e.g., Chen et al., 2014). This chapter extends the knowledge of 

Andean lake climate response to a new region, and highlights the role of lake size and 

proximity/connectivity to glaciers in influencing this response. 

Although the cladoceran assemblages varied among study sites, a unifying theme in 

describing their changes through time is related to physical properties of the water columns. Four 

deep lakes from Ecuador (three which were discussed in Chapter 2) experience prolonged 

periods of thermal stratification (Michelutti et al., 2015b, 2016; Chapter 4), and have each shown 

shifts in their cladoceran assemblages, with increases in the planktonic species Daphnia spp. (in 

Llaviucu, Chorreras, and Toreadora) or Bosmina spp. (Patoquinuas) during the period of recent 

warming (Fig. 6.1). Although the cladoceran response was not consistent in exact timing or 

species between these four lakes, similar shifts have been noted in alpine regions elsewhere. For 

example, increases in Daphnia spp. have been observed in lakes in the Rocky Mountains 

(Fischer et al., 2011) and the Tibetan Plateau (Kong et al., 2017), attributed to warmer 

temperatures supporting enhanced growth and reproduction of Daphnia and their algal food 

sources. Similarly, increases in Bosmina spp. have been observed in lakes of the Alps 

(Nevalainin et al., 2014), due to warmer temperatures, enhanced production, and the ability of 

Bosmina spp. to outcompete Daphnia spp. at higher food levels.  

In contrast to the deep lakes in Ecuador, the two deep lakes from Peru (Chapter 5) are 

currently polymictic, and the Cladocera in these systems have not displayed a marked response 

to recent warming trends (Fig. 6.1). The shallow lakes from both Ecuador (Chapter 3) and Peru 
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(Chapter 5), which are well-mixed due to their shallow depth, contained relatively stable 

cladoceran assemblages over the past century, reflecting the importance of physical lake 

properties in driving assemblage changes (Fig. 6.2). Although the lack of cladoceran response 

may be caused by the lack of enhanced stratification in these shallow systems, it is also possible 

that their shallow depth does not support increases in pelagic taxa Daphnia spp. or Bosmina spp. 

as readily as the deeper lakes. Collectively, the evidence from the deeper lakes in Peru and 

Ecuador suggests that stratification is an important driver of the cladoceran response to climate 

change in these tropical high-elevation systems.  

Shifts in lake stratification can impact zooplankton both directly and indirectly. Direct 

impacts arise from warmer epilimnion temperatures in stratified systems, which can result in an 

increase in cladoceran growth and reproduction (Moore et al., 1996). Shifts in strength and 

timing of thermal stratification also impact zooplankton indirectly through their food supply, by 

potentially creating a mismatch between the timing of edible phytoplankton availability and the 

reproduction of zooplankton (George and Taylor, 1995; Winder and Schindler, 2004). In the 

tropical lakes examined in this thesis, which experience only weak seasonality and currently no 

annual ice cover (and thus a year-round growing season), the strength and duration of 

stratification are largely controlled by changes in air temperature and wind speed. In contrast, 

temperate lakes experience much stronger seasonal variation and annual periods of ice cover, 

which are important drivers of limnological change in these systems. In addition to enhanced 

thermal stratification, which has occurred in temperate lakes across the Northern Hemisphere 

(Rühland et al., 2008), temperate lakes have experienced longer growing seasons through the 

reduction of ice cover (Keller, 2007). A longer growing season has been linked with cladoceran 

shifts by influencing macrophyte structure (habitat) and food availability (Rautio, 1998), and 



 169 

potentially altering predator-prey dynamics between Cladocera and invertebrate predators (Neill, 

1981). Despite lacking strong seasonality and ice cover, the increases in planktonic cladoceran 

taxa observed in the stratifying Ecuador lakes are similar to shifts occurring in many temperate 

lakes (e.g., Rautio et al., 2000; Korhola et al., 2002; DeSellas et al., 2011; Fisher et al., 2011; 

Nevalainen et al., 2014). These results further highlight the importance of stratification as an 

influencer of cladoceran dynamics during climate change. 

6.2 Future research 

 This thesis provided amongst the first paleolimnological investigations of climate change 

impacts on cladocerans in the Andes. As these paleolimnological data documented, cladoceran 

species shifts occurred more strongly in lakes that have undergone thermal stratification shifts 

with climate change. However, the exact drivers of these shifts remain poorly understood. 

Genetic analysis of Daphnia spp. ephippia in the sediment records of the lakes may reveal 

further information about their exact species composition and thermal tolerance, providing 

insights into the role of physiological temperature response in driving the cladoceran shifts. 

Examination of other invertebrate remains, such as Chaoborus spp. would help elucidate whether 

predation shifts (i.e., top-down) have occurred in these systems during the period of warming, 

while analysis of sedimentary pigments might provide further information on the shifts in 

primary producers (i.e., bottom-up) through time.  

 The El Niño-Southern Oscillation (ENSO) is a climate phenomenon that involves 

periodic shifts in sea surface temperature of the Pacific Ocean, as well as air pressure/wind 

patterns in the overlying atmosphere. ENSO events can impact global weather patterns, causing 

shifts in temperature, wind, and precipitation, however their impacts typically occur most 
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strongly in the tropics. Impacts of meteorological anomalies resulting from ENSO events have 

been recorded in the Quelccaya ice core records (Thompson et al., 1984), highlighting their 

importance as part of the long-term regional climate. Future work comparing the reconstructed 

ENSO records with high-resolution lake sediment records may help to elucidate the impacts of 

ENSO events on lakes in the region. However, lake sediments tend to integrate signals over 

seasons, and the short duration of ENSO events may not be discernible in most sediment records 

unless annually varved sediments are analyzed.   

Research into the long-term impacts of anthropogenic climate change in Andean lakes is 

still limited to only a few studies. The Andes are a highly heterogeneous environment, thus 

further multi-proxy paleolimnological studies are needed covering gradients of latitude, elevation, 

and lake characteristics in order to better characterize the climate response across the region. 

High-elevation Andean lakes are important hotspots of biodiversity and serve as critical 

reservoirs of freshwater for millions of people. As this region continues to experience 

anthropogenic climate change, understanding the impacts on these systems, as well as their 

future trajectories, is critical.  

6.3 Literature cited 

Bradley RS, Vuille M, Diaz HF, Vergara W (2006) Threats to water supplies in the tropical 

Andes. Science 312:1755–1756 

Brecher HH, Thompson LG (1993) Measurement of the retreat of Qori Kalis Glacier in the 

tropical Andes of Peru by terrestrial photogrammetry. Photogramm Eng Rem S 59:1017–1022 

Buytaert W, Célleri R, De Bièvre B, Cisneros F, Wyseure G, Deckers J, Hofstede R (2006) 

Human impact on the hydrology of the Andean páramos. Earth-Sci Rev 79:53–72 



 171 

Chen G, Selbie DT, Griffiths K, Sweetman JN, Botrel M, Taranu ZE, Knops S, Bondy J, 

Michelutti N, Smol JP, Gregory-Eaves I (2014) Proximity to ice fields and lake depth as 

modulators of paleoclimate records: a regional study from southwest Yukon, Canada. J 

Paleolimnol 52:185–200 

DeSellas AM, Paterson AM, Sweetman JN, Smol JP (2011) Assessing the effects of multiple 

environmental stressors on zooplankton assemblages in Boreal Shield lakes since pre-industrial 

times. J Limnol 70:41–56 

Fischer JM, Olson MH, Williamson CE, Everhart JC, Hogan PJ, Mack JA, Rose KC, Saros JE, 

Stone JR, Vinebrooke RD (2011) Implications of climate change for Daphnia in alpine lakes: 

predictions from long-term dynamics, spatial distribution, and a short-term experiment. 

Hydrobiologia 676:263–277 

George DG, Taylor AH (1995) UK lake plankton and the Gulf Stream. Nature 378:139 

Giles M, Michelutti N, Smol JP (submitted) Long-term limnological change in the Ecuadorian 

páramo: comparing the ecological responses to climate warming of shallow versus deep lakes. 

Submitted to Freshwater Biology 

Hole DG, Young KR, Seimon A, Wichtendahl CG, Hoffmann D, Paez KS, Sanchez S, 

Muchoney D, Grau HR, Ramirez E (2011) Adaptive management for biodiversity conservation 

under climate change – a tropical Andean perspective. In: Herzog SK, Martínez R, Jørgensen 

PM, Tiessen H (eds) Climate change and biodiversity in the tropical Andes. Inter-American 

Institute for Global Change Research (IAI) and Scientific Committee on Problems of the 

Environment (SCOPE). pp 19–46 



 172 

Keller W (2007) Implications of climate warming for Boreal Shield lakes: a review and synthesis. 

Environ Rev 15:99–112 

Koenings JP, Burkett RD, Edmundson JM (1990) The exclusion of limnetic Cladocera from 

turbid glacier-meltwater lakes. Ecology 71:57–67 

Kong L, Yang X, Kattel G, Anderson NJ, Hu Z (2017) The response of cladocerans to recent 

environmental forcing in an alpine lake on the SE Tibetan Plateau. Hydrobiologia 784:171–185 

Korhola A, Sorvari S, Rautio M, Appleby PG, Dearing JA, Hu Y, Rose N, Lami A, Cameron NG 

(2002) A multi-proxy analysis of climate impacts on the recent development of subarctic Lake 

Saanjärvi in Finnish Lapland. J Paleolimnol 28:59–77 

Larsen TH, Brehm G, Navarrete H, Franco P, Gomez H, Mena JL, Morales V, Argollo J, Blacutt 

L, Canhos V (2011) Range shifts and extinctions driven by climate change in the tropical Andes: 

synthesis and directions. In: Herzog SK, Martínez R, Jørgensen PM, Tiessen H (eds) Climate 

change and biodiversity in the tropical Andes. Inter-American Institute for Global Change 

Research (IAI) and Scientific Committee on Problems of the Environment (SCOPE). pp 47–67 

Maldonado M, Maldonado-Ocampo JA, Ortega H, Encalada AC, Carvajal-Vallejos FM, 

Francisco Rivadeneira J, Acosta F, Jacobsen D, Crespo Á, Rivera-Rondón CA (2011) 

Biodiversity in aquatic systems of the tropical Andes. In: Herzog SK, Martínez R, Jørgensen PM, 

Tiessen H (eds) Climate change and biodiversity in the tropical Andes. Inter-American Institute 

for Global Change Research (IAI) and Scientific Committee on Problems of the Environment 

(SCOPE). pp 276–294 



 173 

Michelutti N, Cooke CA, Hobbs WO, Smol JP (2015a) Climate-driven changes in lakes from the 

Peruvian Andes. J Paleolimnol 54:153–160 

Michelutti N, Labaj AL, Grooms C, Smol JP (2016) Equatorial mountain lakes show extended 

periods of thermal stratification with recent climate change. J Limnol 75:403–408 

Michelutti N, Wolfe AP, Cooke CA, Hobbs WO, Vuille M, Smol JP (2015b) Climate change 

forces new ecological states in tropical Andean lakes. PLoS ONE 10:e0115338, 

doi:10.1371/jour- nal.pone.0115338 

Modenutti B, Pérez G, Balseiro E, Queimaliños C (2000) The relationship between light 

attenuation, chlorophyll a and total suspended solids in a Southern Andes glacial lake. Verh 

Internat Verein Limnol 27:1–4 

Moore MV, Folt CL, Stemberger RS (1996) Consequences of elevated temperatures for 

zooplankton assemblages in temperate lakes. Arch Hydrobiol 135:289–319 

Mosquera PV, Hampel H, Vázquez RF, Alonso M, Catalan J (2017) Abundance and 

morphometry changes across the high-mountain lake-size gradient in the tropical Andes of 

southern Ecuador. Water Resour Res 53:7269–7280 

Neill WE (1981) Impact of Chaoborus predation upon the structure and dynamics of a 

crustacean zooplankton community. Oecologia 48:164–177 

Nevalainen L, Ketola M, Korosi JB, Manca M, Kurmayer R, Koinig KA, Psenner R, Luoto TP 

(2014) Zooplankton (Cladocera) species turnover and long-term decline of Daphnia in two high 

mountain lakes in the Austrian Alps. Hydrobiologia 722:75–91 



 174 

Rautio M (1998) Community structure of crustacean zooplankton in subarctic ponds–effects of 

altitude and physical heterogeneity. Ecography 21:327–335 

Rautio M, Sorvari S, Korhola A (2000) Diatom and crustacean zooplankton communities, their 

seasonal variability and representation in the sediments of subarctic Lake Saanajärvi. J Limnol 

59:81–96 

Rühland K, Paterson AM, Smol JP (2008) Hemispheric-scale patterns of climate-related shifts in 

planktonic diatoms from North American and European lakes. Glob Change Biol 14:2740–2745 

Rühland KM, Paterson AM, Smol JP (2015) Lake diatom responses to warming: reviewing the 

evidence. J Paleolimnol 54:1–35 

Sommaruga R (2015) When glaciers and ice sheets melt: consequences for planktonic organisms. 

J Plankton Res 37:509–518 

Thompson LG, Mosley-Thompson E, Arnao BM (1984) El Niño-Southern Oscillation events 

recorded in the stratigraphy of the tropical Quelccaya Ice Cap, Peru. Science 226:50–53 

Vinebrooke RD, Thompson PL, Hobbs W, Luckman BH, Graham MD, Wolfe AP (2010) 

Glacially mediated impacts of climate warming on alpine lakes of the Canadian Rocky 

Mountains. Verh Internat Verein Limnol 30:1449–1452 

Vuille M, Bradley RS (2000) Mean annual temperature trends and their vertical structure in the 

tropical Andes. Geophys Res Lett 27:3885–3888 

Winder M, Schindler DE (2004) Climate change uncouples trophic interactions in an aquatic 

ecosystem. Ecology 85:2100–2106



 175 

6.4 Figures 

 

Figure 6.1: Common cladoceran taxa in all deep lakes examined in this thesis 

Stratigraphies of common taxa (abundance of at least 2% in two or more intervals) from all deep lakes examined in this thesis, 
presented stratigraphically by 210Pb-inferred date from 1500 to present.   
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Figure 6.2: Common cladoceran taxa in all shallow lakes examined in this thesis 

Stratigraphies of common taxa (abundance of at least 2% in two or more intervals) from all shallow lakes examined in this thesis, 
presented stratigraphically by 210Pb-inferred date from 1500 to present.
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Appendix A 

Radiometric Dating Information 

A.1 Apicocha 

A.1.1 Dates 

 

A.1.2 Profile 
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A.2 Chaca Cocha 

A.2.1 Dates 

 

A.2.2 Profile 
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A.3 Chorreras 

A.3.1 Dates 
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A.3 Chorreras (Continued) 

A.3.2 Profile 

 

!  



 181 

A.4 Estrella Cocha 

A.4.1 Dates 

 

A.4.2 Profile 
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A.5 Fondococha 

A.5.1 Dates 
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A.5 Fondococha (Continued) 

A.5.2 Profile 
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A.6 Lado de Larga 

A.6.1 Dates 

 

A.6.2 Profile 
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A.7 Lado del Quelccaya 

A.7.1 Dates 

 

A.7.2 Profile 
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A.8 Llaviucu 

A.8.1 Dates 
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A.8 Llaviucu (Continued) 

A.8.2 Profile 
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A.9 Patoquinuas 

A.9.1 Dates 

!
A.9.2 Profile 
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A.10 Sibinacocha 

A.10.1 Dates 

 

A.10.2 Profile 
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A.11 Toreadora 

A.11.1 Dates 
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A.11 Toreadora (Continued) 

A.11.2 Profile 
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Appendix B 

210Pb Dating Figures 

 

 

Figure B.1: 210Pb activity and age-depth models for all lakes.  
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210Pb Dating Figures (Continued) 

 

Figure B.1 (Continued): 210Pb activity and age-depth models for all lakes.  
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Appendix C 

Cladoceran Harmonized Individual Counts 

C.1 Apicocha 
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C.2 Chaca Cocha 
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C.3 Chorreras 
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C.4 Estrella Cocha 
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C.5 Fondococha 
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C.6 Lado de Larga 
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C.7 Lado del Quelccaya 
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C.8 Llaviucu 
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C.9 Patoquinuas 
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C.10 Sibinacocha 
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C.11 Toreadora 
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Appendix D 

Raw Cladoceran Counts 

D.1 Apicocha 
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D.2 Chaca Cocha 
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D.3 Chorreras 
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D.4 Estrella Cocha 
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D.5 Fondococha 
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D.6 Lado de Larga 
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D.7 Lado del Quelccaya 
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D.8 Llaviucu 

 

(Data continues on next page)  
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D.8 Llaviucu (Continued) 

  



 214 

D.9 Patoquinuas 
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D.10 Sibinacocha 
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D.11 Toreadora 

 

(Data continues on next page) 
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D.11 Toreadora (Continued) 
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Appendix E 

VRS Chlorophyll a 

E.1 Apicocha 
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E.2 Chaca Cocha 
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E.3 Chorreras 
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E.7 Lado del Quelccaya 
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E.8 Llaviucu 
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E.9 Patoquinuas 
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E.10 Sibinacocha 
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E.11 Toreadora 
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Appendix F 

Bosmina spp. Size Averages and Standard Deviations 

F.1 Chorreras 

 

F.2 Llaviucu 

 

F.3 Toreadora 

 

 


