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ABSTRACT 

High-mountain tropical lakes in the South American continent are 
located in the upper part of the Andes range in the equatorial zone 
(Venezuela, Colombia, Ecuador, Peru, and Bolivia), altitudinally, 
usually above the forest line (3000-5000 m a.s.l.). They are generally 
in remote areas, which makes them comparable with other 
mountainous lake areas of the planet. They play an essential role in 
the hydrology of the tropical Andean zones, regulating the flow and 
water availability, being a vital source of drinking water, irrigation, 
and hydroelectricity, and supplying water to significant effluents of 
the Amazon River and rivers of the Pacific Ocean coast. The 
development of tropical limnology has been slow; priority has been 
given to studying large rivers such as the Amazon and its peripheral 
lagoons, partly due to their exceptional biotic richness. Long-term 
studies are not common in tropical regions despite the number of 
existing lakes that constitute a significant proportion of the world’s 
freshwater resources. The limnology of high-mountain tropical lakes 
has been relegated even though most of these systems are located in 
natural reserve areas. The relatively few studies show that the 
limnology of tropical lakes differs from those of temperate zones.  
 
The main objective of this thesis is to broaden the knowledge of 
tropical limnology of the high-mountain lakes of the southern Andes 
of Ecuador through the study of their morphometric characteristics, 
the chemical variation of the water, and the mixing processes.  
 
The thesis results show that the lake abundance distribution of the 
Cajas Massif is similar to that found in other high mountain districts 
of glacial origin, differing at both ends of a power law relationship. 
The deviations for large lakes could be attributed to the space 
restriction that the altitude imposes in mountain ranges, and, for 
small lakes, it can be due to many of them already being filled in 
over time. One of the consequences of this skewed distribution is 
that most of the lentic water surface is found in medium-sized lakes 
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and not in shallow lakes and pools. The lake water chemistry is 
remarkably variably in the area studied, including ionic composition, 
dissolved organic matter, and metals. The high variation is primarily 
due to complex overlapping of different volcanic lithologies in the 
catchments. The chemical diversity is comparable to that of 
European mountains with complex lithology. The variety of aquatic 
chemical niches in small territories could foster species richness. The 
lakes of the Cajas Massif show primarily warm monomictic mixing 
regimes and not annual polymixis, as traditionally suggested for 
these lakes. Polymyxis occurs only during a limited period of the 
year (2-3 months) and more permanently in the highest lakes (~4,000 
m a.s.l.). The results obtained in this thesis can likely represent other 
lake districts of the Andean range. 
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RESUMEN 

Los Lagos tropicales de alta montaña en el continente Sudamericano 
están ubicados en las partes altas de la cordillera de los Andes en la 
zona ecuatorial (Venezuela, Colombia, Ecuador, Perú y Bolivia), 
altitudinalmente se encuentran sobre la línea de bosque (3000-5000 
m s.n.m.). Generalmente son ecosistemas remotos lo que les hace 
muy comparables con otras zonas lacustres montañosas del planeta. 
Cumplen un rol importante en la hidrología de las zonas andinas 
tropicales, regulando el flujo y la disponibilidad del agua, además 
son fuente vital de agua potable, regadío e hidroelectricidad y 
suministran agua a grandes efluentes del río Amazonas y costas del 
Océano Pacífico.  
 
El desarrollo de la limnología tropical ha sido lento, se ha dado 
énfasis al estudio de los grandes ríos como el Amazonas y sus 
lagunas periféricas debido en parte a su riqueza biótica excepcional, 
pero estudios a largo plazo no son comunes en las regiones tropicales 
a pesar del número de lagos existentes y que constituyen una 
importante proporción de los recursos mundiales de agua dulce. 
Paradojicamente la limnología de los lagos tropicales de alta 
montaña ha sido relegada a un segundo plano a pesar de que la 
mayoría de estos sistemas se ubican en zonas de reserva natural, los 
escasos estudios disponibles muestran que la limnología de los lagos 
tropicales varía significativamente a lagos de zonas templadas, es 
por eso que la limnología tropical no sería de extraordinaria 
importancia si los ambientes acuáticos tropicales pudieran 
entenderse fácilmente a partir de los principios que se aplican a los 
sistemas templados.  
 
El principal objetivo de la presente tesis es ampliar el conocimiento 
de limnología tropical de los lagos de alta montaña de los Andes sur 
de Ecuador a través del estudio de las caracteristicas 
hidromorfométricas de los vasos lacustres, la variación química del 
agua y de los procesos de mezcla. Nuestros resultados muestran que 
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el patrón de distribución de la abundancia del área lacustre del 
Macizo del Cajas es similar al encontrado en otros distritos de alta 
montaña de origen glaciar, difiriendo en ambos extremos de una 
relación de ley de potencias. Esta desviación para lagos grandes 
puede ser atribuida a la restricción de espacio que la altitud impone 
en las cadenas montañosas y para lagos pequeños puede deberse a 
que muchos de ellos ya han sido rellenados en el tiempo. Una de las 
consecuencias de esta distribución sesgada es que la mayor parte de 
la superficie del agua léntica se encuentra en lagos de tamaño 
mediano y no en lagos someros y charcas, lo que tiene relevancia en 
los procesos hidrológicos y biogeoquímicos. La química de las aguas 
lacustres es extremandamente variable en los Andes (composición 
de iones, materia orgánica disuelta y metales) la misma que se asocia 
a complejas sobreposiciones de litologías volcánicas en las cuencas, 
produciendo una diversidad química que es comparable al rango de 
todas las cadenas montañosas europeas, lo que genera una variedad 
de nichos químicos acuáticos en territorios relativamente pequeños 
que podrían fomentar la riqueza de especies que son sensibles a una 
composición química del agua específica. En cuanto al régimen de 
mezcla en los lagos del Macizo del Cajas se observa que un régimen 
cálido monomíctico es el patrón más extendido y no la polimixis 
anual, como se ha sugerido tradicionalmente para estos lagos. La 
polimixis ocurre solo durante un período limitado del año (2-3 
meses). Un régimen polimíctico se limita a los lagos más altos 
(~4.000 m s.n.m.). 
 
Esta tesis contribuye a aumentar el conocimiento de la limnología 
tropical de alta montaña, los resultados obtenidos probablemente 
podrían ser extrapolables hacia otros distritos lacustres de las 
cadenas montañosas Andinas. 
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1.1 High-mountain tropical limnology 

 
Across the planet’s high mountains, lakes are primary landscape 
components and probably one of the most comparable ecosystems 
globally. The main mountain systems (the Alps, the Pyrenees, Sierra 
Nevada, Scandinavian mountains, the Tatras, the Caucasus, the 
Pamirs, the Hindu Kush, Karakorum, Himalayas, Rocky Mountains, 
the Andes, Kenya, Rwenzori, Kilimanjaro, the Carsteusz Mountains, 
Ruapehu, among others) have associated lake districts (Catalan et 
al., 2006). Many of them are the product of the Last Glaciation, 
therefore, being relatively young ecosystems.  
 
High-mountain lakes are often remote, so their ecological dynamics 
are not primarily driven by human action in their catchments. They 
are in environments characterized by cold temperatures, high 
incident solar radiation, with an even higher ultraviolet fraction 
(UVR), experiencing prolonged ice and snow cover in temperate 
regions, and diluted waters in a usually oligotrophic state (Moser et 
al., 2019). These characteristics, in turn, affect the biota composition 
and ecosystem functioning of mountain lakes, differentiating them 
from other lakes across the planet (Wolfe et al., 2003; Catalan et al., 
2006; Hobbs et al., 2010).  
 
Despite their latitudinal variation and local conditions, due to their 
remoteness and wide distribution, high-mountain lakes are excellent 
sentinel ecosystems to assess present and past environmental 
changes at regional and global scales (Catalan, & Rondón, 2016). 
Many are part of areas of high natural value, also becoming flagships 
of natural heritage conservation.  
 
The high-mountain tropical lakes are located between the Tropic of 
Cancer in the northern hemisphere at approximately 23°26′ N and 
the Tropic of Capricorn in the southern hemisphere at 23°26′ S. In 
South America, they are present in the upper parts of the Andes 
range, in Venezuela, Colombia, Ecuador, Peru, and Bolivia. 
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Altitudinally, they are above the continuous forest line in the Páramo 
biome (Gunkel, 2000; Vásconez, et al. 2011; Sarmento, 2012). 
 
High-mountain lakes in the Andes are typically referred to as 
Andean lakes. This terminology groups lakes in the tropical zone and 
those in the Andean temperate zone (Chile and Argentina). 
Therefore, although there is no classification of Andean lakes, the 
most appropriate terminology to refer to the lakes considered in this 
thesis would be “Tropical Andean lakes.” Their glacial origin mainly 
characterizes them, although there are also lakes of volcanic origin, 
which in terms of morphometry, water chemistry, and biology, could 
be considered a different group within the high Andean panorama 
(Steinitz- Kannan et al., 1983; Gunkel & Beulker, 2009). 
 
The lower limit of high-mountain lake districts tends to be at a higher 
altitude in tropical zones (>3000 m a.s.l.) than in temperate regions 
due to the predominance of glacial origin. The upper limit depends 
on the orogenic features. Lakes can be found close to 5000 m a.s.l. 
in some parts of the Andes (Cordillera Blanca – Peru). In general, 
high-mountain tropical lake districts tend to show lower lake density 
and greater isolation between lake groups than the large mountain 
ranges of the temperate zone (Lewis, 1996). 
 
High-mountain lakes play an essential role in the hydrology of the 
tropical Andean zones, regulating the flow and availability of water 
and being a vital source of drinking water, irrigation and 
hydroelectricity for more than 10 million people living in or near the 
Andes. (Luteyn, 1992; Bradley et al., 2006). They also supply water 
to the large tributaries of the Amazon River and rivers that flow to 
the Pacific Ocean. Despite this high relevance for the populations 
located in the upper part of the basins (Balslev & Luteyn, 1992; 
Bradley et al., 2006), little is known about the lake characteristics 
and limnological functioning. Few studies are available; most were 
developed in the 1980s in an isolated way in the Andean context. 
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The limnology of tropical zones has suffered a disconnection of 
almost three decades in the tropical Andean region. 
 
At present, the interest of the scientific community in these tropical 
lake districts has increased, fostered by the impacts of global change 
in mountain systems. However, the lack of limnological studies at 
large spatial and long temporal scales has limited the interpretation 
of the newly gathered data. Therefore, it is necessary to be able to 
clearly define the fundamental aspects of Andean high-mountain 
tropical lakes, such as the range and variation patterns of lake 
morphology, the chemistry and biogeochemistry of water, the 
stratification regimes, and the interaction between them (Catalan & 
Donato Rondón, 2016). 
 
1.2 Lake density and morphometry 

 
The number, size, and shape of lakes are critical determinants of the 
ecological functionality of a lake district, many key ecological 
processes in lakes scale with size (Fee, 1992; Post et al., 2000). 
Therefore, the size distribution of lakes is a crucial constraint on their 
ecological and biogeochemical patterns. In particular, an accurate 
characterization of the size distribution of Earth’s lakes is critical for 
estimating global rates of productivity and greenhouse gas emissions 
(Lewis, 2011).  
 
The estimate of the number of lakes on the planet indicates that they 
could be distributed according to the power law throughout the size 
gradient (Downing et al., 2006). Consideration of a broader size 
range has shown that small lakes (Lakes < 1 km2) deviate from the 
power law distribution and are less abundant than expected (Seekell 
et al., 2013; Cael et al., 2022). Investigations of the deviation of 
small lakes from a power law distribution are of great practical 
importance since estimates of global lake productivity and 
greenhouse gas emissions are generally based in part on calibrating 
a power law distribution based on large area lakes and then using 



Chapter 1 

 10 

this distribution to extrapolate the size and abundance of small lakes. 
If the lakes were to fit a power law distribution over the entire range 
of lake sizes, there would be an order of magnitude error, i.e., more 
lakes with sizes from 0.01 to 1 km2 than exist on the surface of the 
Earth (Cael and Seekell, 2016). 
 
To increase the reliability and comparability of the observations, it 
is essential to develop comprehensive regional inventories of high 
montane lakes and to characterize the distribution along the lake size 
gradient, mainly in tropical areas where there are not yet complete 
inventories of the high mountain lake districts. The structuring 
mechanism of the geomorphology of the majority of Andean lakes 
(Colinvaux et al., 1997) was the glacial processes that persisted until 
the late Pleistocene (~126,000-11,800 cal. BP), possibly generating 
a morphological uniformity of these systems in the different lake 
districts of the Andean region or at least in those of the tropical zones 
of the Andes.  
 
On the other hand, the lakes’ average aspect ratio (length versus 
depth) resulting from the glacier’s erosive action depends on the 
landscape’s unevenness. Subarctic lakes are larger than alpine lakes 
of similar depths. Few studies have shown that tropical lakes of 
glacial origin are morphologically closer to sub-Arctic lakes than 
temperate-zone alpine lakes, perhaps because they occur at higher 
altitudes in more open landscapes (Catalan & Donato Rondón, 
2016). Studies have focused on relatively large lakes, and some 
regions have mostly ignored the multitude of small lakes. Less 
biased studies probably provide a distribution with more features 
similar to temperate high montane lakes. Furthermore, lakes with 
other origins are more common in tropical areas than temperate ones. 
Lakes of volcanic origin may predominate over large tropical areas 
on different continents (Catalan & Donato Rondón, 2016). 
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The aspect ratio is relevant because depth provides stability, while 
length facilitates the action of the wind (Imberger, 1985). Therefore, 
in low-aspect-ratio lakes, lower density gradients can maintain 
upwind stratification. In general, high-mountain lakes tend to have a 
low aspect ratio. However, based on the few existing data, high-
mountain lakes in the tropics could be morphologically closer to 
subarctic lakes than temperate alpine lakes. 
 
1.3 Water chemistry 

 
Within the tropical limnology literature, one of the topics with the 
most publications available after phytoplankton studies is the 
chemistry of lakes. However, many studies only refer to a particular 
lake, either of glacial or volcanic origin. Few studies address groups 
of lakes, and, in particular, there are no complete studies of lake 
districts relating the chemistry of water bodies to the characteristics 
of the catchment (e.g., geology, soils, and vegetation cover). The 
interpretation of the water chemistry of high-mountain tropical lakes 
is still very biased by the existing few studies.  
 
These studies describe these systems as oligotrophic with cold 
waters all year round (temperature < 20 °C); well oxygenated, 
although the deep layers may present a well-marked oxycline during 
the year; low ionic strength (conductivity < 100 μS cm-1) due to low 
solubility of the rock of its basins; high values of allochthonous 
dissolved organic matter; and absence of the ice cover that is 
common in temperate zones (Steinitz-Kannan et al., 1983). 
 
Because most mountain lake districts in the tropics are located in 
areas influenced by volcanism (Donato-Rondón, 2010), the most 
significant differences in chemistry compared to temperate zones 
may be related to the major ions, organic matter, and metals. 
Calcium is usually the dominant cation; however, in areas with 
strong volcanic influence, other cations may become dominant (e.g., 
Mg, Na) (Degefu et al., 2014). 
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In temperate zones, organic carbon loads from the watershed, 
vegetation, and soils are generally low, and lake water shows low 
dissolved organic carbon content (DOC generally <1 μg C L–1). In 
general, DOC is correlated with the development of soils in the 
basins (Camarero et al., 2009b). In some tropical areas, the 
development of coarse organic soils is common (e.g., páramo 
vegetation); therefore, higher allochthonous carbon loads may be 
expected (Buytaert et al., 2006). Unfortunately, available 
measurements of DOC in these regions are still scarce (Eggermont 
et al., 2007); despite that, colored waters have been reported from 
the Andes in Ecuador, Colombia, and Bolivia. 
 
High DOC contents have several limnological implications for high 
mountain lakes, including a screening effect against high UV 
radiation (Aguilera et al., 2013) and an increase in oxygen demand 
unrelated to the production within the lake. In stratified waters, 
oxygen related to DOC decomposition can give rise to thick hypoxic 
and anoxic layers despite being oligotrophic systems. These deep 
anoxic layers could have relevant implications for the 
biogeochemical pathways within these lakes and the biota inhabiting 
them. 
 
Little information is available on nitrogen deposition in tropical high 
mountain areas and the effects it may cause (Matson et al., 1999). In 
general, the atmospheric load in a particular site depends on the 
geographical position of the lake with respect to the emission areas 
and the circulation of the air masses (Camarero and Catalán, 1996). 
Continuous fire episodes in tropical lowland areas can drive the 
high-altitude deposition of some elements (Peters et al., 2013), as 
can continuous burning in the same tropical mountains. 
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1.4 Mixing regimes

The concept that tropical high-mountain lakes are weakly stratified, 
showing a polymictic regime, is widespread (Hutchinson, & Löffler, 
1956; Löffler, 1964; Steinitz-Kannan et al., 1983). However, other 
authors classified these lakes as warm monomictic with stratification 
periods more extended than temperate lakes (Lewis, 2000). 
Currently, some authors speak of changes in the stratification regime 
of these lakes in recent decades, suggesting a change from a 
polymictic regime to one of continuous stratification for most of the 
year. These changes would result from the effects of the increase in 
regional temperature and decrease in wind speed in the Andean 
region (Michelutti et al., 2016). Indeed, the lack of studies in lakes 
of the high Andean tropics and the discontinuity in time have not 
allowed for defining their morphological characteristics, thermal 
mixing regimes, and much less the processes that direct them.

Figure 1. The global distribution of lake mixing regimes concerning 
latitude and altitude (after Wetzel 2001, from Skowron, 2009).
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The importance of defining the mixing regime of a lake lies in the 
fact that the stratification and mixing processes are the predominant 
regulators of almost all the physicochemical cycles and, therefore, 
the metabolism of the lake and its productivity (Wetzel, 2001). On 
the other hand, the lake’s morphology and drainage basin directly 
influence the water’s physical and chemical properties, such as 
turbulence levels, circulation currents, gas exchanges, and thermal 
stratification (Hutchinson, 1957; Ambrosetti & Barbanti, 2002). 
 
Lewis (2000) describes the importance of tropical lakes in the world 
context and highlights the confusion that still exists in the 
typological classification proposed by Hutchinson and Löffler 
(1956). Lewis, in turn, defines that the correct typology for lowland 
tropical lakes is monomictic but with variations of polymixis in lakes 
whose relative depth is less and meromixis in lakes with greater 
relative depths. Since the high-mountain tropical lakes deviate from 
the tropical context of the lowlands, with totally different 
geomorphological and climatic conditions, it is relevant to assess in 
greater detail its morphological characteristics, stratification and 
mixing processes, and the variations in temperature and oxygen 
associated with these processes, as well as the influence of altitude, 
regional and local climate, and the interactions between 
morphological elements and thermal conditions of these lakes 
(Catalan, & Rondón, 2016). 
 
1.5 The Cajas Massif lake district 

 
In Ecuador, most high-mountain lakes are protected, and most of 
them are located in territories that are part of the National System of 
Protected Areas (SNAP) established in 1981. Of the 51 defined 
areas, 17 are wholly or partially protected. páramo areas of the 
Andean mountains (Steinitz-Kannan, 1997; MAE, 2007). The Cajas 
National Park (PNC) within the Cajas Massif, as an Andean 
ecosystem, constitutes a lake district of high national importance 
since it supplies more than 60% of the water required for 
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consumption in the city of Cuenca, the third largest in Ecuador. The 
lake district is the source of the two main rivers that cross the city: 
the Tomebamba and the Yanuncay. It is located in the southern 
center of the Republic of Ecuador, 20 km west of Cuenca. 
Geographically, the lake district occupies the territories of the 
Western Cordillera of the South of the Ecuadorian Andes between 
2º 44’ 29”- 2º 56’ 23” S and 79º 8’ 21” - 79º 23’ 3” W, with an 
altitudinal range from 3,150 to 4,460 m a.s.l., and an area of 285 km2 
(Fig. 2). 
 
 

 
 

Figure 2. Location of the Cajas National Park in Ecuador. 
 
The Cajas Massif contains the complete record of the geological-
geomorphological processes of the last glacial period that gave rise 
to the formation of pronounced “U”-shaped valleys, numerous 
rosary-type or “paternoster” lakes, lateral and terminal moraines, and 
other glacial elements (Hutchinson, 1957; Hansen et al., 2003). It 
constitutes a unique physiographic formation within the Andean 
mountain system, with approximately 13 water bodies per square 
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kilometer. The lake district holds more than 5000 water bodies, 
many protected within the Cajas National Park (Fig.2). The diversity 
in the morphology of the ponds and lakes is high, and there is a wide 
range of lithologies of volcanic origin. These properties facilitate 
studies with general implications for tropical high-mountain 
limnology. 
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OBJECTIVES 

This doctoral thesis aims to analyze the limnological variability of 
tropical high-mountain lakes through the study of the lacustrine 
masses of the Cajas Massif (Ecuador). The thesis is divided into 
three chapters addressing fundamental aspects, such as 
morphometry, water chemistry, and lake mixing regimes. 
 
Chapter 2 aims to determine the lakes' morphometric 
characteristics (2D and 3D) across the size gradient and discuss its 
relationship with their origin and ontogenic processes. 
 
Chapter 3 aims to characterize the water chemical variation and 
analyze how it correlates with the catchments' lithology, soil 
characteristics, and vegetation. 
 
Chapter 4 aims to characterize the mixing regimes based on 
temperature high-resolution time series at characteristic depths 
across the year and in a set of lakes distributed across the altitudinal 
gradient. For one of the lakes, the processes are further 
characterized by calculating the heat and momentum fluxes. 
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The number, size, and shape of lakes are key determinants of the 
ecological functionality of a lake district. The lake area scaling 
relationships with lake number and volume enable upscaling 
biogeochemical processes and spatially considering organisms’ 
metapopulation dynamics. These relationships vary regionally 
depending on the geomorphological context, particularly in the 
range of lake area <1 km2 and mountainous regions. The Cajas 
Massif (Southern Ecuador) holds a tropical mountain lake district 
with 5955 water bodies. The number of lakes deviates from a power-
law relationship with the lake area at both ends of the size range; 
similarly to the distributions found in temperate mountain ranges. 
The deviation of each distribution tail does not respond to the same 
cause. The marked relief limits the size of the largest lakes at high 
altitudes, whereas ponds are prompt to a complete infilling. A 
bathymetry survey of 202 lakes, selected across the full-size range, 
revealed a volume-area scaling coefficient larger than those found 
for other lake areas of glacial origin but softer relief. Water renewal 
time is not consistently proportional to the lake area due to the 
volume-area variation in mid-size lakes. The 85% of the water 
surface is in lakes >104 m2, and 50% of the water resources are held 
in a few ones (ca. 10) deeper than 18 m. Therefore, mid and large 
lakes are by far more biogeochemically relevant than ponds and 
shallow lakes in this tropical mountain lake district.  
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2.1 Introduction 

Many ecological processes in lakes scale with size (Fee 1992; Post 
et al. 2000). Lake-size distributions play a pivotal role from 
biogeochemistry to community ecology; e.g., for upscaling 
metabolism or emission processes to regional and global contexts or 
investigating species distribution and metacommunity dynamics. 
Based on this interest, the estimation of the number of Earth’s lakes 
indicated that they could be power-law distributed across the full 
size-gradient (Downing et al. 2006). In the initial data sets used, 
nonetheless, there was a cut-off for small lakes or were operatively 
underrepresented. Consideration of a broader size range has shown 
that small lakes deviate from the power-law distribution and are less 
abundant than previously expected, although they still dominate 
inventories (Cael and Seekell 2016). Consequently, there is a current 
need to investigate the regional patterns of small water bodies (sub-
kilometer scales) and unveil the geomorphological processes that 
may drive and constrain them.  
 
Remote lakes, defined as those in which human activities in the 
catchment are not the primary drivers of their dynamics, are of 
interest for tracking the footprint of global change at regional and 
planetary scales (Hobbs et al. 2010; Catalan et al. 2013). Many of 
these lakes are of glacial origin and located in high mountains all 
over the planet and Arctic and subarctic regions. They are typically 
relatively small (Catalan et al. 2009b) and thus their abundance may 
likely deviate from the general Earth’s scaling (Cael and Seekell 
2016). In the case of mountain lakes, the relieve imposes additional 
topographical limitations that cause deviations from lake size 
distributions in flatter regions (Seekell et al. 2013). There is an 
increasing relevance of high mountain lakes in the assessment of 
global change, including climatic (Smol 2012; O'Reilly et al. 2015), 
pollution aspects (Grimalt et al. 2001; Yang et al. 2010) and the 
interaction among both (Psenner and Schmidt 1992).  
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To increase the reliability and comparability of the observations, it 
becomes fundamental to develop comprehensive regional mountain 
lake inventories and characterize the abundance-area distribution 
across the lake-size gradient. Recent changes in the thermal seasonal 
patterns in remote lakes are calling attention in the current warming 
situation (Sorvari et al. 2002; Smol 2012). Inevitably, observations 
are performed on a few sites. The degree by which the observations 
can be extended to a large number of lakes requires some regional 
knowledge of the lake basin morphometric scaling.  
 
Under a similar external forcing, the physical behavior of lakes 
depends on to the lake aspect ratio (area vs. volume) (Imberger 
2012). The available data on lake volume distributions are more 
limited than the lake area ones as the former cannot be easily inferred 
from remote sensing and GIS modeling as the latter. In practice, it is 
commonly assumed that the lake volume-area scaling does not 
change for lakes of similar origin. However, this assumption may 
not always apply, or dispersion around a general pattern may be high 
(Cael et al. 2017). Some lakes may be on watersheds with relief, 
bedrocks or soils that erode more quickly than others. On the other 
hand, high mountain lake districts provide excellent frameworks for 
the understanding of species distribution in habitats that occur 
discretely (that is as “islands”) in a matrix of unsuitable leaving 
space for organisms (de Mendoza et al. 2017). The metapopulation 
and metacommunity dynamics of the species highly depend on the 
abundance, density and size structure of the habitats (Logue et al. 
2011). One can expect that research on this topic will increasingly 
take advantage of the high mountain natural experimental setting.  
 
There is an increasing interest in tropical high-mountain lake 
systems and climate change (Michelutti et al. 2015a). The 
information about these ecosystems is sparser than for mountain 
lakes in temperate zones (Catalan and Donato-Rondón 2016). 
Particularly, there is still only a partial knowledge of the seasonal 
and interannual variability in the lake mixing and stratification 
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patterns. If there is any current paradigm, this is based on a few sites 
of unknown representability for the whole set of lakes. A large group 
of tropical high mountain lakes is situated along the Andean range 
in the equatorial zone (i.e., at Venezuela, Colombia, Ecuador, Peru 
and Bolivia), above the tree line, between 3500 and 4500 m a.s.l. in 
the Paramo ecosystem (Gunkel 2000; Donato-R 2010). These lakes 
play a significant role in the hydrology of the region by regulating 
the availability and supply of water. Eventually, they feed both the 
great tributaries of the Amazon and rivers draining to the Pacific 
Ocean. Part of the water is used for human consumption, industry, 
irrigation, and electricity generation for millions of people who live 
in or nearby the Andean range (Luteyn 1992; Buytaert et al. 2006). 
Climate change may result in severe threats for water supply 
(Bradley et al. 2006). Despite their relevance as ecosystems and 
water resources, there is little information available on the limnology 
of the Andean tropical lakes (Catalan and Donato-Rondón 2016; 
Van Colen et al. 2017). Some of the studies were carried out in the 
1980s, and 1990s (Steinitz-Kannan et al. 1983; Donato-R 2010) but 
knowledge on the hydrogeomorphology of these lakes is extremely 
scarce (Rivera Rondon et al. 2010).  
 
In Ecuador, most of the high mountain tropical lakes are situated 
within national protected areas, out of which, 17 areas are found 
entirely or partially in the Paramo mountain belt (Steinitz-Kannan 
1997). Herein, the Cajas National Park (Cajas NP), located in the 
austral region of Ecuador, contains a large number of lentic systems, 
which provide drinking water to nearly the 60% of the population of 
Cuenca, the third largest city in Ecuador. In fact, the National Park 
is embedded in a large UNESCO Biosphere reserve comprising the 
entire Cajas Massif. In this area, geomorphological processes 
occurring at the last glacial period resulted in an exceptionally high 
density of lakes above 3400 m a.s.l. (i.e., 13 lake km-2). In this study, 
we aim at characterizing the lake’s morphometry across the full-size 
gradient and providing scaling relationships for the region and 
similar tropical high-mountain lake districts in the Andes.  
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We performed an inventory of all the high-mountain lakes of glacial 
origin in the Cajas Massif and determined their area using GIS 
information. For a representative lake subset in the Cajas NP, we 
carried out a bathymetry survey to complete the morphometric 
characterization. We compare the relationships found with those in 
other alpine and lowland locations and discuss the results according 
to current geomorphological theories. The lake abundance and 
morphometric relationships derived constitute a comparative 
framework for current and future ecological, biogeochemical and 
physical research in these lakes and the basis for a more robust 
geographic upscaling of the processes investigated and informed 
management of the protected areas. 
 

2.2 Materials and Methods 

The region and study sites 

The studied lakes are situated in the Cajas Massif by the south of 
Ecuador, between 3º 11' 26" and 2º 40' 21" South; and 79º 9' 09" and 
79º 17' 57" West. An inventory of all the lakes and ponds of glacial 
origin (5955) was intended for the region, and a representative subset 
of them (202) was selected within the Cajas NP for a bathymetry 
survey (Figure 1). For the sake of brevity, we will use “lake” as the 
general name for water bodies of any size throughout most of the 
text. The 45 % of the area drains to the Pacific Ocean, and the 
remaining 55% to the Atlantic. The primary bedrock is volcanic 
(Tarqui formation), including rhyolite, andesite, tuff, pyroclastic and 
ignimbrites (Hungerbühler et al. 2002).  
 
The regional geomorphology was shaped by glacier activities until 
the late Pleistocene when the ice retreated around 17,000 – 15,000 
years ago (Colinvaux et al. 1997; Hansen et al. 2003; Rodbell et al. 
2009). Part of the glacier footprint is a large density of relatively 
small lakes above 3400 m above the sea level (a.s.l.), except Lake 
Llaviucu located at a lower altitude (3146 m a.s.l.) at the backside of 
a terminal frontal moraine of a large glacial tongue. The main soil 
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types at the region are non-allophanic Andosols and Histosols from 
volcanic origin (Borja and Cisneros 2009; Crespo et al. 2011). Both 
types present dark colored epipedons characterized by high organic 
matter content, high porosity, low apparent density (400 kg m-3) and 
a high water retention capacity (in average, 6 g g-1 at a pressure of 
1500 kPa), with higher values in the H horizon (Buytaert et al. 2005).  
 
Most of the rainfall is retained in soils and released gradually to the 
water courses, regulating the hydrology of these ecosystems 
(Poulenard et al. 2003; Buytaert et al. 2005). The vegetation in 91% 
of the total extent of the Cajas NP and about 50% of the massif is 
herbaceous with a dominating presence of the genera Stipa and 
Calamagrostis (Ramsay and Oxley 1997). Concerning woody 
vegetation, only Polylepis spp. is present above the 3400 m a.s.l. 
Lower altitudes -below the alpine lake inferior limit- are covered by 
the high mountain forest (“bosque montano”). At present, the main 
impacts of land use and human activities on vegetation are tourism, 
fishery, grazing and localized burning of the vegetation. Annual 
precipitation is between 900 - 1600 L m-2 y-1 with contrasting 
seasons and high variation from year to year (Vuille et al. 2000; 
Celleri et al. 2007; Padrón et al. 2015). High rainfall causes enhanced 
soil erosion with deposition of light-colored clastic laminae in the 
sediments of some lakes (Rodbell et al. 1999). 
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Figure 1. Some representative lake images from the Cajas National Park 
(CNP) (Cascarilla 3-086 (a), Fondococha-007 (b), Luspa-043 (c), and 
Apicocha 1-081 (d)) and a map (e) with an indication of the lakes included 
in the bathymetry survey. The numbers refer to identification codes that 
have been used in the scope of the current study (see Table S1).
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Lake inventory and area, and perimeter estimation 

The boundaries of each lake were generated by heads-up 
digitalization of the aerial photographs of the project SIG-Tierras 
(2010-2014, www.sigtierras.gob.ec/) for the zone of the Cajas 
Massif. The images were orthorectified and georeferenced and had 
a spatial resolution of 30 x 30 cm2. Only one digitizer performed the 
manual task, for consistency, and several people repeatedly checked 
for omissions and mistakes. ArcGIS 10.0 (ESRI Inc., Redlands, CA, 
USA) was used with a screen zoom of the photographs always below 
a scale of 1:200. The scale of cartographic digitalization was 1:5000. 
The area and perimeter of each lake were calculated from the 
digitized contour shapefile using the ArcGIS 10.0 calculator and the 
altitude from the raster of the SIG-Tierras digital elevation model 
that has a spatial resolution of 3 x 3 m2. 
 

Bathymetry survey and lake basin modeling 

A selection of 202 lakes and ponds, covering the full size-gradient, 
was made to perform a bathymetry survey (Figure S1) within the 
Cajas NP (Figure 1). The survey was carried out with the aid of an 
inflatable rubber boat (Navigator II, RTS, China), approximately 3.5 
m long, equipped with a propeller (2 HP, Yamaha, Japan) and an 
echo sounder Humminbird® model 1198c SI (Eufaula, AL, USA). 
The previously digitized lake boundary was used as zero depth 
reference and for the planning of the number of gridded profiling 
transects and the spacing between them according to the lake size: 
for lakes with area > 0.2 km2, the transect spacing was around 100 
m; for lakes between 0.1 and 0.2 km2, around 50 m; and for lakes < 
0.1 km2, around 25 m. The distance between the bathymetry points 
not exceeded 5 m. In the shallow lakes and ponds, where the use of 
the boat was not possible, measurements were taken at several points 
of the water body using a topographic measuring rod. 
 
The digital bathymetry procedure is described in detail in the 
supporting information (Text S1).  The main steps included: (i) 
integration of the depth data collected in the field with the data 
derived from the digitalisation of the orthophotos (i.e. boundaries of 
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the lakes associated with zero-depth); (ii) data preparation according 
to the demands of the following processing steps; (iii) selection and 
application of an appropriate interpolation algorithm for each lake; 
and (iv) production of the digital bathymetric models and 
geomorphological parameters. Given the number of lakes 
considered in the bathymetry survey, the interpolation and quality 
control analyses were carried out automatically, using the 
programming framework that Surfer® 13.0 enables in conjunction 
with PERL (Practical Extraction and Report Language) subroutines.  
 
From the digitalized lake basins several morphometric variables and 
indicative ratios were determined (Table 1). Fetch, defined as the 
maximum distance that the wind can travel on the surface of the 
water before it is intersected, was estimated according to Hakanson 
(1981). 
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Table 1. Morphometric descriptors of the 202 lakes and ponds included in the 
bathymetry survey of the Cajas National Park (Ecuador). 
Variable Acronym Unit Mean Median Minimum Maximum 
Area A m2 58860 25708 6 774775 
Perimeter S m 1146 895 10 8795 
Fetch Fetch m 324 271 4 1563 
Maximum length  Lmax m 341 274 4 2142 
Maximum width Bmax m 175 153 2 956 
Mean width Bmean m 105 92 1 531 
Volume V m3 692717 38046 0.6 22369167 
Maximum depth Zmax m 11.0 6.0 0.2 75.5 
Mean depth Zmean m 4.2 1.9 0.1 30.6 
Shoreline development DL -- 1.6 1.5 1.0 3.1 
Volume development Dv -- 1.0 1.0 0.4 1.8 
Zmean/Zmax ratio Zmean/Zmax -- 0.3 0.3 0.1 0.6 
Lmax/Bmean ratio Lmax/Bmean -- 3.3 2.9 1.4 9.9 
Relative depth Zr % 4.6 4.2 0.1 15.5 
Watershed area Aw km2 2 1 0.000015 48 
AW/V ratio  AW/V -- 173 12 0.1 10113 
Water renewal time  tWR day 167 48 < 1 4261 

 



Chapter 2 

 29 

2.3 Results 

 

Lake abundance and size 

In the Cajas Massif, all the lakes of glacial origin are < 1 km2 in area. 
Lake abundance (N) increases with declining area (A). Although the 
fitting of a scaling factor (b) is significant, the distribution deviates 
from a true power-law at both ends (Figure 2a).  
 

 (1) 
 
The deviation in the low-size range is not related to a methodological 
bias as the distribution starts to diverge at values without orthophoto 
image resolution problems for digitalization (Seekell and Pace 
2011). The distribution is also truncated at the large-size range. This 
kind of truncation has been attributed to the particular situation of 
mountain lake districts, where there is a decline of the available 
surface at higher elevations and, therefore, the probability to find 
large lakes drops above certain altitude (Seekell et al. 2013). The 
maximum density of lakes in the Cajas Massif occurs about 3936 m 
a.s.l., and declines symmetrically towards both ends, although 
without following a normal distribution (Figure S2).  
 
The highest lake is located at 4424 m a.s.l., and the lowest at 3146 
m., although the latter is an exception corresponding to a terminal 
moraine and, in fact, the rest of the lakes are located at elevations > 
3400 m a.s.l. If one considers only the lakes around the mean altitude 
of the lakes (Figure 2b), the distribution becomes less bent at the 
large-size extreme, whereas, at the small-size end, the shape of the 
distribution scarcely changes respect to the whole lake set. This 
feature indicates that the deviation of a power-law at each extreme 
does not respond to the same cause. The large lake-size tail of the 
distribution is much affected by altitude than the small lake-size end. 
Nevertheless, some restriction to the appearance of large lakes 
remains as the log-log representation of the tail is still not linear 
(Figure 2b). The truncation may also happen if the study extent is 
small, which could be the case with the altitudinal restriction. 
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Figure 2. Lake-area distribution in the Cajas Massif (southern Ecuador). 
a) All high-mountain lakes and ponds from the Cajas Massif. b) Sub-set of 
lakes around the average altitude of the lake distribution. The straight line 
indicates a power-law fitting (Equation 1). In (b) only the right linear range
was fitted.

Lake shape

The complexity of the shoreline geometry is captured by the 
relationship between the lake area and the perimeter (Figure 3a). The 
fractal dimension (D), defined as 

            (2),

is close to one (D = 1.079) for the whole lake set of the Cajas Massif, 
indicating as such that the lake shape, in general, corresponds to 
polygons scarcely ramified. Through the size range, there is no a 
significant deviation from this general pattern (Figure 3a). 

The shoreline development (DL) evaluates the departure of the shape 
from a circle (DL = 1). Most of the lakes show DL values close to one 
(Table 1, Figure 3b). This feature, however, relaxes when the size of 
the lakes increases as larger lakes tend to be more convoluted than 
the smaller ones (Figure 3b, Figure S3). A few large lakes show 
elongated sub-rectangular or subcircular forms with sinuous 
shorelines such as Osohuayco (DL = 3.1) and Toreadora (DL = 2.6), 
both being within the Cajas NP.
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Figure 3. a) Allometric relationship between the area and the perimeter of 
the Cajas Massif lakes. b) Distribution of the shoreline development (DL) 
for lakes with size above and below 1000 m2, respectively.

Lake 3-D shape

The bathymetry survey in the Cajas NP provided the basis for 
extending the lake shape analysis to a third dimension. There is a 
general significant allometric relationship between lake area (A, m2) 
and volume (V, m3) that describes the invariance in shape as size 
changes:

             (3)

The distribution of the deviations from the general relationship 
(Figure 4) does not appear to be homogeneous across the entire lake-
size gradient. Particularly, between 104 to 105 m2 the range of lake 
volumes that correspond to the same lake area may cover two orders 
of magnitude. In this range, one could suspect the coexistence of two 
lake morphologies (Figure S4). However, the examination of 
available geological, geomorphological and edaphological 
information did not provide any conclusive and robust evidence for 
such a distinction. 
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Figure 4. The relationship between area and volume for the lakes of the 
Cajas Massif based on a survey of 202 lakes and ponds in the Cajas 
National Park.

Mean and relative lake depth

The majority of lakes are very shallow (Zmax < 5 m) (Table 1) as 
could be expected from the dominance of the small lake areas 
(Figure S5). Lakes from 10 to 20 m depth (Zmax) are relatively 
common, and there are only a few deep lakes (40 < Zmax < 80 m). 
The bias towards shallow forms accentuates when considering the 
mean depth of the lakes (Figure S5) as Zmean is nearly isomorphically 
proportional to about one-third of the maximum depth. 

A vast majority of the water bodies, therefore, show Zmean < 5 m, 
only a few exhibits Zmean > 10 m and none Zmean > 35 m. The close 
relationship between Zmax and Zmean facilitates a quick estimation of 
the lake volume of the Cajas Massif water bodies from a single
bathymetric transect and the lake area. 
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Mean depth is a stabilizing factor against wind mixing action. The 
amount of momentum that the wind can transfer to the water column 
depends on the lake fetch. In general, it could be expected a large 
influence of the wind on the physical structure of most of the lakes. 
However, there can be contrasting situations among the Cajas NP 
lakes as there is more variation in fetch than in mean depth (Figure 
5a).  
 
The relative depth (Zr) indicates the ratio between the lake’s 
maximum depth and its mean diameter. It has been used as an 
indicator of the degree of the basin excavation by the glacier and 
posterior filling. The Cajas NP lakes show low Zr values (Figure 5b). 
Only a few lakes show Zr > 10%; a value considered the threshold 
for high over-excavation. It can be thought that either the basins were 
not so much excavated as in other high mountain ranges, the in-
filling process has advanced more or a combination of both 
considerations. In fact, about 20% of the water bodies show Zr < 2%, 
which is considered an indication of being closer to an eventual 
complete filling. The Zr patterns do not show any correspondence 
with the watershed orientation and main river basins distribution. 
Only at the level of relatively small sub-basins, they display a 
geographical pattern (Figure 5b). Some of these sub-basins show a 
high proportion of water bodies close to filling up (i.e. Canoas, 
Culebrillas, Jerez), whereas the highly over-excavated lake basins 
are scattered over many sub-basins, only Atugyacu is particularly 
rich in these latter lakes.   
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Figure 5. a) Fetch versus Zmean for the lakes of the Cajas National Park 
(Cajas NP). b) Relative depth (Zr) distribution (box-plots) for the main 
lakes in the Cajas NP.

Lake watershed

As could be expected from glacier erosive processes, the larger the 
watershed, the larger the lake (Figure 6a). However, the tendency is 
allometric so that the lake’s area increases at a lower rate than the 
respective watershed. 

There is not a marked geographical pattern in the lake size 
distribution across the main sub-basins (Figure 6a). The watershed 
area and lake volume are the primary determinants of the average 
water renewal time (tWR) in the lakes of the Cajas NP, provided the 
relatively homogeneous climate and geological landscape of the 
area. Under a similar amount of average precipitation, the runoff 
entering the lakes is proportional to the watershed area, whereas the 
retention capacity is proportional to the lake volume. Consequently, 
the morphological dissimilarities among lakes of a similar size result
in marked differences in the tWR (Figure 6b). Overall, tWR of a few 
weeks to a few months largely predominate, and only a few lakes 
may show average tWR above one or several years.
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Figure 6. a) Relationship between the watershed area and lake area. The 
legend lists the sub-basins in the Cajas National Park. b) The relationship
between lake volume and watershed area as proxies for water retention 
capacity by the lake and watershed runoff, respectively. Colors indicate 
water renewal time (tWR) estimated assuming 1000 L m-2 y-1 and 35% 
average precipitation and evapotranspiration, respectively (Crespo et al. 
2011).

2.4 Discussion

Lake size distribution

The shape of the distribution of the lake-area abundance from the 
Cajas Massif (Figure 2a) is similar to those found in other high 
mountain lake districts of glacial origin (Hanson et al. 2007; Seekell 
and Pace 2011). The general features are deviations at both ends 
from a power-law relationship and a slope around -0.5 of a log-log 
linear fitting (-0.66, -0.43, -0.43 in the Adirondack Mountains, the 
Northern Highland Lake District and our study, respectively) 
(Seekell and Pace 2011). It appears as a general feature that the 
mountain lake distribution differs from a power-law, and the scaling 
slope is well below one; thus not following the two features that 
characterize the self-similar distribution of lakes >1 km2 in the planet 
(Lehner and Doll 2004; Downing et al. 2006; Cael and Seekell 
2016).
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The deviation in the large-size lake extreme has been attributed to 
the restriction imposed by the departure from a flat surface so that 
the available area declines with altitude and thus the probability for 
large lakes diminishes (Seekell et al. 2013). Considering a belt of 
lakes around the elevation of the highest lake density mitigates this 
restriction; however, even only fitting the large-size long tail, the 
slope remains around 0.5, and the distribution does not significantly 
fit a power-law in the Cajas Massif. It seems, therefore, that there is 
an additional factor, beyond elevation, modifying the lake size 
distribution in high-mountain lake districts. Periglacial processes, 
steep slopes, thin soils and torrential stream flows may have 
enhanced the lake filling, perhaps at an early phase during 
deglaciation, when retreating glaciers move high amounts of detrital 
material and stream flows are rich in glacier flour. The large lakes in 
the central valleys may have been particularly affected by these 
processes so that their presence in the landscape has been substituted 
by flat lands of meandering streams or peatlands.  
 
One of the consequences of the biased distribution is that within the 
Cajas Massif - and probably in similar mountain lake districts- most 
of the lentic water surface is in mid-size lakes and not in ponds 
(Figure 7a). About 50% and more than 85% of the water surface area 
is on lakes >105 and >104 m2, respectively. Biogeochemical 
processes in these systems are thus particularly relevant in the 
context of gas emissions and watershed and fluvial network 
dynamics. On the other hand, the still enormous numbers of ponds 
may be of interest for the metacommunity dynamics of some aquatic 
organisms restricted or with a preference for these systems (e.g., 
amphibians). 
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Figure 7. a) Percentage of cumulative lake area from the largest lake to the 
smallest pond in the Cajas Massif. b) Percentage of cumulative lake 
volume (blue) and lake area (red) with increasing maximum depth in the 
Cajas Massif as estimated with equations 3 and 7, respectively.

Lake basin morphology

Earth’s lakes >4.7 km2 show shorelines with a fractal dimension D 
= 1.34, close to expected predictions (D = 4/3) of the percolation 
theory (Cael and Seekell 2016); whereas lakes <4.7 km2 depart from 
this pattern and show D = 1.00. The Cajas Massif lakes are close to 
the last model (D = 1.08), in this case in agreement with the general 
pattern in relatively flat landscapes. There is no clear departure from 
this scaling along the lake-size range (Figure. 3a) as may occur if a 
subset of lakes or ponds become particularly convoluted 
(Hohenegger et al. 2012). Nevertheless, the shoreline development 
ratio (DL) indicates that the larger the lake there is an increasing 
probability to become sub-rectangular and present sinuous 
shorelines in some cases (Figure 3b), yet the high scattering prevents 
from a significant departure from the general pattern. The lakes with 
higher DL (e.g., >2) may correspond to cases of flooding of several 
sub-basins (Figure S3). In any case, for most of the lakes, the 
differences are relatively small. One can conclude that in these lakes 
the interaction with terrestrial systems and littoral environments 
scale similarly throughout the lake-size range. 

Large scattering in some parts of the lake-size gradient (e.g., 104-105

m2) indicate some variation in the geomorphological process 
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configuring the current lake basins. Several particularities point to a 
differential lake filling as the cause of the high depth (volume) 
variation at this mid lake size range. (1) The markedly less noisy 
relationship between area and perimeter than between area and 
volume indicates that there has been a transformation of the lake 
bottoms processes posterior to the lake formation; otherwise, the 
shape heterogeneity in surface usually also correspond with the 3-D 
variation (Hakanson 1981). A comparison of the sediment records 
and detailed watershed bedrock and soil characteristics could 
provide the necessary evidence on this issue. Up to now, only the 
sediments of one of the “relatively-shallow” lakes have been cored 
up to the bedrock (i.e. Pallcacoha, (Rodbell et al. 1999)).  
 
The sedimentary record shows a relatively fast accumulation of 
light-colored inorganic sediment during Late Glacial and a transition 
to dark organic-rich gyttja at the onset of the Holocene, with lower 
accumulation rates. The average rates increase again and accelerate 
up to present by Mid-Holocene. Part of this acceleration may be due 
to the observed increasing frequency of ENSO events throughout the 
Holocene. This situation implies torrential rains that produce clastic 
laminae in the sediment profile. The volcanic bedrock of the 
watershed erodes easily, and debris flows and talus are abundant and 
located not far from the lake. However, the accumulation rate of the 
dark facies also increases. This feature may be due to natural 
processes, such as aquatic and subaquatic vegetation growth, with 
higher retention of fine sediment, or to human land perturbation (e.g. 
fire) as early cultures in the Andes have affected vegetation and soil 
stability since ancient times (Coblentz and Keating 2008).  
 
(2) The relative depth of many lakes (Zr << 10%) depart from values 
typical of over-excavation by glaciers. Assuming that there is no 
reason for a differential excavation of glaciers in tropical areas, the 
explanation should rely on an enhanced infilling compared to the 
temperate zone, which could be related to the soil erodibility and 
littoral vegetation development both enhanced in tropical volcanic 
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humid regions. (3) The lakes deviating more from the general 
relationship between lake and watershed area (Figure 6a) also are 
lakes that are relatively shallow compared to their areas; for 
example, those in the Canoas sub-basin. That is, the filling process 
may have also contributed to reducing the shoreline, although not as 
much as it has affected mean depth. (4) Lakes relatively deep and 
relative shallow for intermediate lake areas can be found in the same 
sub-basins, which indicates that they do not respond to a 
geographical differentiation of the glacier erosion but rather to 
strictly nearby site geomorphological particularities.  
 
Despite of the likely profound transformation of some of the Cajas 
Massif lakes after the excavation of the basin, the general pattern of 
lake basin formation, illustrated by the patterns between lake area 
and maximum depth (Figure 8), still agrees with that from alpine 
lakes in European ranges and differ from those in subarctic areas. In 
the latter region, lakes are much larger compared to depth than in 
high mountains (Catalan et al. 2009b). Glacier excavation in the ice 
accumulation zones depends on the steepness of the slope of the 
basin. In this aspect, the Cajas’ lakes follow the pattern of some of 
the high-mountain lakes in the Colombian Andes and differ from 
others there that are closer to subarctic forms (Catalan and Donato-
Rondón 2016). Accurate bathymetry surveys comprising a relatively 
large numbers of high-mountain lakes are not broadly available. It 
would be interesting to investigate whether the pattern of differential 
lake filling found in the Cajas NP lakes repeats elsewhere or, 
alternatively, they are more likely in particular climatic regions (e.g. 
tropical) and bedrock substrates (e.g. volcanic). Development of 
littoral and subaquatic vegetation may also play a role, and this could 
be particularly relevant in tropical high-mountain lakes.  
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Figure 8. The relationship between lake area and maximum depths for 
remote lakes. Cajas National Park lakes are compared with a set of 
European temperate high-mountain lakes, subarctic lakes and tropical 
high-mountain from other parts of the world, mostly Colombian lakes. 

2.5 Conclusions

Inventories of lake and pond areas are increasingly available at 
higher spatial resolution and become useful for multiple purposes. 
Lake-size distributions are the basis for upscaling biogeochemical 
processes to landscape scales, design research projects that depend 
on the selection of a few sites, and applying management criteria in 
protected or land used areas. The three activities require either some 
categorization of the water bodies or the characterization of the 
continuum variation. The use of lake surface area, which is broadly 
available, is not sufficient for an accurate functional classification of 
the water bodies in the Cajas Massif. At long-term, the goal should 
be to increase the number of maximum depth measurements, at least 
for those lakes between 7000 and 40,000 m2, the range of higher 
volume-area variation. Then, the use of the corresponding allometric 
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equations can provide acceptable mean depth and lake volume 
estimations. 
 
Concerning biogeochemical processes, the results presented herein 
show that lakes rather than ponds cover much more landscape 
surface and hold an even larger percentage of water volume (Figure 
7). About 50% of the water is contained in a few lakes (ca. 10) >18 
m depth (Figure 7b). Water bodies <5 m depth, only account for 
about 5% of the total water stored. Research regarding the water 
column physical structure, biogeochemical process and responses to 
global change merits concentrating in lakes >12 m depth as they hold 
about 80% of the volume and 50% of the pond and lake surface. 
However, lake morphology is not the only criteria to take into 
account. The size of the lake watershed cannot be ignored as they 
led to renewal times that differ markedly (Figure 6b). The issue 
becomes particularly critical for lakes with volume >105 m3 as the 
water renewal times may vary from a few weeks to a few years 
depending on the watershed size and lake connectivity to the 
drainage network. 
 
Beyond the identified allometric relationships that allow large-scale 
estimations and provide criteria for site selection, the detailed 
bathymetry survey within the Cajas NP constitutes a precise piece of 
information for research studies and management in the context of 
climate and other environmental changes. Studies on the thermal 
structure related to climate change may be preferentially 
accomplished in the relatively deep lakes, whereas those focusing on 
watershed transport may select relative-shallow lakes. In any case, 
all the lakes cannot be accommodated under a similar interpretative 
umbrella. For instance, in the Cajas NP, paleolimnological studies 
have been performed in several lakes, some of them referring to 
climatic and environmental changes during the Holocene and Late 
Glacial, others addressing current climatic change. The relatively 
shallow lake Pallcacocha provided a record of El Niño-Southern 
Oscillation (ENSO) throughout the last 15,000 years by the light-
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colored clastic laminae produced by storm-induced events (Rodbell 
et al. 1999). The dynamics of these relatively-shallow lakes, with 
high water renewal, are mainly dominated by what happens in the 
watershed and associated stream transport; therefore, they are 
excellent for reconstruction of extreme rainfall events, vegetation 
(Hansen et al. 2003) and land use changes. The relatively deep lakes, 
with water renewal longer than one year, are more appropriate for 
addressing issues related with proxies generated within the lake (e.g. 
diatom records) that respond to the physical and chemical 
characteristics of the water column and their changes throughout the 
year. These changes may also depend on extreme events, but also on 
more gentle climatic fluctuations and, particularly, interannual 
tendencies (Michelutti et al. 2015b). The allometric patterns found 
in the tropical high-mountain lakes of Southern Ecuador are worth 
to be investigated in other ranges with the aim of building up a full 
understanding of the morphometric structure of high-mountain lakes 
and their implications for biogeochemical and ecological dynamics. 
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Water chemistry and its ecological implications have been 
extensively investigated in temperate high-mountain lakes because 
of their role as sentinels of global change. However, few studies have 
considered the drivers of water chemistry in tropical mountain lakes 
underlain by volcanic bedrock. A survey of 165 páramo lakes in the 
Cajas Massif of the Southern Ecuador Andes identified four 
independent chemical variation gradients, primarily characterized by 
divalent cations (hardness), organic carbon, silica, and iron levels. 
Hardness and silica factors showed contrasting relationships with 
parent rock type and age, vegetation, aquatic ecosystems in the 
watershed, and lake and watershed size. Geochemical considerations 
suggest that divalent cations (and alkalinity, conductivity, and pH) 
mainly respond to the cumulative partial dissolution of primary 
aluminosilicates distributed throughout the subsurface of 
watersheds, and silica and monovalent cations are associated with 
the congruent dissolution of large amounts of secondary 
aluminosilicates localized in former hydrothermal or tectonic spots. 
Dissolved organic carbon was much higher than in temperate high-
mountain lakes, causing extra acidity in water. The smaller the lakes 
and their watersheds, the higher the likelihood of elevated organic 
carbon and metals and low hardness. The wetland area in the 
watershed favored metals in lakes but not organic carbon. 
Phosphorus, positively, and nitrate, negatively, weakly correlated 
with the metal gradient, indicating common influence by in-lake 
processes. Overall, the study revealed that relatively small tropical 
lake districts on volcanic basins can show chemical variation 
equivalent to that in large mountain ranges with a combination of 
plutonic, metamorphic, and carbonate rock areas. 
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3.1 Introduction 

 
Orogenesis provides crystalline bedrock with low permeability and, 
consequently, past glacial excavation promoted lake districts on 
many high mountains around the world (Jacobsen and Dangles 
2017). The water chemical composition of these lakes is driven by 
atmospheric deposition, geological background, watershed and in-
lake biological activity, and human influence (Psenner and Catalan 
1994). Crystalline rocks usually lack readily soluble minerals; 
therefore, lakes and headwaters in mountains show low salt content 
and low acid-neutralizing capacity, making them sensitive to acidic 
deposition. As a consequence of the "Great acceleration" (Steffen et 
al. 2015), emissions of sulfur and nitrogen oxides to the atmosphere 
caused the acidification of ecosystems in remote areas, including 
mountains in North America (Beamish and Harvey 1972) and 
Europe (Massabuau et al. 1987).  
 
High-mountain lakes became indicators of the acidification process 
and its ecological impact (Kopáček et al. 1998; Rogora et al. 2001). 
Interest in the biogeochemistry and biota of mountain lakes has 
increased, and as a result, information and knowledge have been 
accumulating over the last decades (Catalan et al. 2009b). Currently, 
high-mountain lakes across the globe are considered sentinels of the 
systemic change of the planet (Moser et al. 2019).  
 
In this context, there is a growing interest in tropical high-mountain 
lakes (Michelutti et al. 2015b; Van Colen et al. 2017; Benito et al. 
2019; Steinitz-Kannan et al. 2020; Zapata et al. 2021), which have 
historically received less attention (Eggermont et al. 2007). 
Although high-mountain lakes are amongst the most comparable 
ecosystems globally, and a common conceptual framework might be 
used to analyze them (Catalan and Donato-Rondón 2016), tropical 
high-mountain lake regions have unique environmental 
characteristics that require special attention. Seasonal weather 
changes are low, and mean air temperature and rainfall are higher 
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than in temperate high-mountain lake districts (Jacobsen and 
Dangles 2017).  
 
The chemical composition of water in temperate high-mountain lake 
districts is primarily related to the bedrock (Psenner 1989; Nauwerck 
1994; Marchetto et al. 1995; Kamenik et al. 2001). Although the 
ionic strength is consistently lower than that of low-land waters, 
temperate mountain lakes on metamorphic, plutonic, or carbonate 
rocks may markedly vary in acidity and dominant ions under similar 
sea salt- and human-influenced atmospheric deposition (Catalan et 
al. 1993). Mountain lake districts that show considerable chemical 
variation usually have a high diversity of bedrock composition, 
common in large massifs and ranges resulting from old collisional 
orogeny (Camarero et al. 2009). Uplifted and bent sedimentary rock 
landscapes may include highly metamorphosed materials, which 
eventually surround intrusive igneous rocks. Slates rich in sulfides 
may provide highly acidic waters, granitic batholiths have very low 
ionic levels, whereas carbonate bedrock holds alkaline waters 
(Marchetto et al. 1995). This broad range of chemical conditions 
provides niche gradients for species segregation (Catalan et al. 
2009a).  
 
Many tropical lake districts are located on volcanic bedrock in young 
accretionary orogenic belts. Therefore, the chemical diversity that 
results from weathering could be expected to be lower than in the 
ranges of high lithologic diversity. Furthermore, alpine areas in 
temperate zones continuously expose fresh rock to chemical 
weathering, fostered by cryofracturing of bare rock and unstable 
slopes. In tropical zones, warmer conditions and high vegetation 
cover likely diminish the availability of exposed surfaces, with rock 
weathering relegated to deep subsoils. Soils in tropical high-
mountain lake districts have a postglacial origin. Despite their 
relatively young origin, they are depleted in exchangeable cations 
because of the high rainfall and relatively warm temperature (Molina 
et al. 2019).  



Chapter 3 

 48 

Therefore, we might expect less chemical diversity and lower acid-
neutralizing capacity in mountain lakes on tropical volcanic bedrock 
than in temperate mountain lake districts. However, the limited data 
available suggests that significant variation may occur (Armienta et 
al. 2008; Catalan and Donato-Rondón 2016), perhaps related to the 
higher weatherability of basaltic lithologies compared to granite 
(Dupre et al. 2003), which may result in higher temporal and spatial 
heterogeneity of the process over the same substrate. 
 
Consequently, this study aimed to comprehensively analyze the 
primary drivers of water chemistry variation in a tropical lake district 
on volcanic bedrock. We performed an extensive survey of the lakes 
and ponds (n=165) in the Cajas Massif in the Andes of Southern 
Ecuador and measured the main chemical components of surface 
waters. The chemical variation was related to lake and watershed 
morphological characteristics, volcanic geological formations, and 
land cover. We evaluated the possible mechanisms behind the 
observed patterns concerning rock weathering in the spatially 
complex lithology provided by volcanism and a water-saturated cold 
tropical landscape that fosters organic matter accumulation. Finally, 
we briefly discuss the potential ecological implications of the 
chemical variation for constraints and ecological thresholds in 
species distributions and metacommunity dynamics. 
 
3.2 Material and methods 

 

Study sites and sampling 

The Cajas Massif in the Southern Ecuador Andes contains 
approximately 6000 lakes and ponds of glacial origin (Mosquera et 
al. 2017a). The present study included data from 165 water bodies 
(Fig. 1), mainly within the Cajas National Park (CNP). Lakes (> 0.5 
ha) were selected proportionally to their density in the two main 
hydrological basins of the CNP (western, eastern) and fifteen 
subbasins (Fig. S1). Two other watersheds outside the park were also 
included to consider the lakes at the highest altitudes. In each 
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subbasin, we sampled the largest lakes and a proportion of the rest 
(>50%) based on altitude and size distribution (Table 1). When 
visiting the lakes, ponds were opportunistically sampled by 
heuristically selecting those of varying characteristics (e.g., 
transparency, macrophyte cover). Lake bathymetries are available 
from all water bodies (Mosquera et al. 2017a). Although the area 
studied was relatively small (~334 km2), it represented the entire 
Cajas Massif variation in lithology, vegetation, and aquatic 
ecosystems.  
 
The landscape corresponds to páramo ecosystems with surplus water 
(Carrillo-Rojas et al. 2016). Seasonal and interannual rainfall modes 
correspond to the equatorial Andes (5o S-1o N), characterized by a 
bimodal regime with wet periods from February to April and 
October to November associated with a westward humidity transport 
from the equatorial Amazon (Segura et al. 2019) with occasional 
extreme fluctuations conditioned by the equatorial Pacific (Oñate-
Valdivieso et al. 2018; Schneider et al. 2018). Although the 
Amazonian air masses tend to lose humidity over the eastern flanks 
of the cordillera, rainfall occurs throughout the year (only ~12% dry 
days) at the lake district elevation, primarily as drizzle (~80% 
duration), with mean annual precipitation in the Cajas Massif from 
ca. 900 to 1400 mm, with the maximum around 3400 m a.s.l. (Padrón 
et al. 2015). Cloud condensation is common, and fog interception 
can increase conventional rainfall by > 25% (Rollenbeck et al. 2011).  
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Figure 1. Location of the study area and lakes. The large majority are 
located in the Cajas National Park (162), and some are in the Quimsacocha 
volcano area (3) and Sangay National Park (Culebrillas lake, #157, not 
shown). Identifiers correspond to codes from Mosquera et al. (2017b). 

A lake survey for chemical analysis was carried out during 2014-
2015. Lakes with >1-m depth (76%) were sampled at the deepest 
point from a dinghy; shallower lakes and ponds were sampled from 
the shoreline. The upper mixed layer was determined by performing 
temperature profiles, and water samples were collected using Van 
Dorn bottles (3 L) every two meters and integrated. Water samples 
were immediately screened (64-µm mesh) to remove zooplankton 
and debris before being cold stored and transported to ETAPA EP 
labs in the nearby city of Cuenca (Ecuador) for analysis. For nitrate, 
soluble reactive phosphorus (SRP) and dissolved organic carbon 
(DOC) samples were filtered using precombusted (450 oC, 4 h) GF/F 
Whatman® (Maidstone, UK) 47-mm Ø glass fiber filters and 
Swinnex® (Merck Millipore, USA) syringes.
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Table 1. Summary of the physical features of 165 lakes and ponds sampled for this study.  

Variable Unit Minimum 1st Quartile Median Mean 3rd Quartile Maximum 

Latitude, N degrees -3.05 -2.86 -2.84 -2.83 -2.80 -2.42 

Longitude, E degrees -79.35 -79.29 -79.26 -79.26 -79.23 -78.86 

Altitude m a.s.l. 3152 3856 3958 3945 4043 4294 

Maximum depth m 0.15 1.50 8.25 13 18 76 

Mean depth m 0.05 0.50 2.5 4.8 6.6 30.6 

Area m2 22 12,177 32,012 68,698 81,331 774,775 

Volume m3 3.2 6214 72,124 841,645 521,336 22,369,167 

Watershed area km2 0.00002 0.28 0.98 2.74 2.19 47.70 
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Chemical analysis  

Standard methods for water chemical analyses were followed 
(APHA-AWWA-WEF 2012). Sodium, potassium, silica, aluminum 
(only for 2019-2020 samples), iron, and manganese were determined 
by inductively coupled plasma spectrometry (SM 3120 B; ICP-OES, 
Optima 7000 DV, PerkinElmer, USA); calcium and magnesium by 
EDTA titrimetric methods (SM 3500-Ca B and 3500-Mg B); 
alkalinity by potentiometric titration (SM 2320Bb); sulfate by a 
turbidimetric method (SM 4500 SO42- E); chloride by mercuric 
nitrate titration (SM 4500-Cl- C); SRP and total phosphorus (TP) 
following the method of Murphy and Riley (1962), the latter after 
potassium persulfate digestion; nitrate was reduced to nitrite and 
determined by colorimetry (SM 4500-NO3- E); ammonium by the 
salicylate method (10012, HACH, USA), total organic carbon 
(TOC), and DOC by acidic digestion (Method 10129, HACH).  
 
Conductivity at 20 oC was measured using a YSI-EXO-1 sensor 
(Yellow Springs, Ohio) and pH with a WTW 3320 pH meter (Xylem 
Analytics, Weilheim, Germany) equipped with a sensor for low-
ionic-strength samples (SenTix® HW). Apparent color was 
determined spectrophotometrically using platinum-cobalt standards 
(SM 2120 C). Ultrapure water type 1 was used in blanks and 
reagents. Precision varied across compounds, and the wide range of 
concentrations analyzed: 3-20% relative standard deviations. 
Accuracy was better than 5% in all analyses. Analytical quality 
assessment was performed using ion balance, ion-calculated vs. 
measured conductivity, and ion-estimated vs. measured alkalinity 
(Moiseenko et al. 2013). Samples with marked deviations 
corresponded to low ionic strength, which showed overestimated 
calcium (1) or magnesium (4) levels, which were substituted by zero 
values in the numerical analyses. Chloride was not considered in the 
factorial analysis because of the high number of values below the 
quantification limit. For other variables, limits of quantification were 
used in the numerical analyses (Table 2). During the 2014-2015 
laboratory analysis, no aluminum measures were performed. 
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However, for a subset of ten lakes of the original survey, aluminum 
data were available from monthly sampling during 2019-2020, 
which were only used to confirm some mineral equilibrium 
assumptions. 
 
Geomorphology, lithology, and land cover 

Three main drivers important for water chemistry variation were 
considered: the parent rock, the ultimate primary source of solutes; 
land cover, which may condition water-rock interactions; and 
watershed and waterbody morphology that may determine the 
interaction duration. Climate is relatively similar across the survey 
area (Padrón et al. 2015); therefore, altitude was the only variable 
considered as a surrogate of potential climatic effects.  
 
Lake and watershed geomorphological descriptors (1:5000) were 
available from Mosquera et al. (2017b), whose site coding was 
maintained. Geological information was extracted from a 1:100,000 
geological map (Dunkley and Gaibor 2009), which was used to 
calculate the area of the main lithostratigraphic classes for each lake 
watershed. The Cajas bedrock corresponds to a complex imbricate 
layering of volcanic formations (i.e., eight in the surveyed lakes) of 
varying age (7-37 Ma), from the late Eocene to Miocene, and some 
minor areas of intrusive rocks (Table S1, Fig. S1). The geological 
formations vary in dominant parent rock (rhyolite, andesite, dacite, 
and diorite) and material (tuffs, breccia, lava, lapilli, and sandstone), 
but all of them show a large secondary variability within the 
formation.  
 
Although the páramo landscape appears relatively homogeneous at 
first glance, lake watersheds may markedly differ in vegetation cover 
and development (Fig. 2). The identified land cover classes included 
páramo grassland vegetation (e.g., Calamagrostis), Loricaria and 
Gynoxis shrubs, Polylepis open forest, montane evergreen forest, 
rocky páramo, bare rock, eroded land, wetlands, rivers, and water 
bodies (Fig. S2). The land covered by the respective classes was 
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uneven (Table S2), and the montane forest was exclusively present 
in the Lake Llaviucu watershed. The land cover map was produced 
by heads-up digitalization of the aerial photographs of the project 
SIG-Tierras (2010–2014, www.sigtierras.gob.ec). The images (30 ×
30 cm2 resolution) were orthorectified and georeferenced. Only one 
digitizer performed the manual task for consistency, and several 
people repeatedly checked for omissions and mistakes. ArcGIS 10.0 
(ESRI Inc., Redlands, CA, USA) was used with a screen zoom of the 
photographs consistently below a 1:200 scale. The scale of 
cartographic digitalization was 1:5000. The area of each land cover 
class within the lake watershed was calculated from the digitized 
land cover contour shapefile, and the lake watershed shapefile (3 x 
3 m2 resolution) using the ArcGIS 10.0 analysis tools and summarize 
function. 

Figure 2. Some illustrative lakes and landscapes from Cajas Massif in 
Southern Ecuadorian Andes: (a) Laguna de la Cascada, #99; (b) 
Cardenillo, #100; (c) Cocha totorilla 1, #149; (d) Ingacasa, #36; (e) 
Estrellascocha de Quitahuayco; and (f) example of the land cover class 
"eroded land".
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Numerical analyses 

Descriptive statistics, analyses of variance, Tukey's honest 
significant differences, and other statistical analyses detailed below 
were performed using R (v. 4.0.4). Except for pH and silica, most 
water chemistry components had a skewed distribution; hence they 
were log-transformed in numerical studies. Maximum likelihood 
factor analysis (factanal R-function) was used to investigate the 
correlation structure among the water chemistry variables. Varimax 
rotation was applied to facilitate axis interpretation, and the optimal 
number of factors was determined using the nFactors R-package. 
The influence of potential drivers on the main water chemistry 
variation was investigated using multivariate linear regression (lm 
R-function) based on altitude, geomorphological, lithological, and 
landcover descriptors. Fifteen explanatory variables were 
considered; lake mean depth, watershed/lake area ratio, main rock 
proportions (rhyolite, dacite, and diorite), geological formation age, 
land cover proportions (páramo, rocky páramo, Polylepis forest, 
shrubs, bare rock, eroded land, water bodies, and wetlands), and 
altitude. Andesite, the most common substrate across lake basins, 
determines the typical conditions from which other substrates can 
cause deviations. Therefore, only the percentages of the other three 
substrates were included as potential deviations from the andesite 
norm.  
 
Drivers with skewed distributions were log-transformed (i.e., mean 
depth, watershed/lake ratio), and all of them were standardized (z-
scores) to obtain coefficients that directly indicate the degree of 
influence in the regression. We ranked all possible models (215) 
using the corrected Akaike's information criterion (AICc), which is 
more appropriate for relatively small datasets, and the dredge 
function from the MuMIn R package (v.1.43.17). Regression 
coefficients were standardized to allow comparisons of their relative 
magnitudes between the models. The coefficients of all models with 
an AICc < 4 higher than the lowest AICc were averaged (model.avg 
function): the coefficient absolute mean deviation from zero 
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indicates the variable explanatory capacity and the coefficient range 
shows the uncertainty associated with that deviation (Dormann et al. 
2018). Speciation and solubility diagrams were determined using 
Geochemist's Workbench® (Aqueous Solutions LLC, Champaign, 
IL, USA), version GWB 2021, SpecE8, and Act2 programs, 
respectively (Bethke 2008).  
 
3.3 Results 

Water chemical variation 

The Cajas lakes typically showed low ionic content, circumneutral 
pH, low nutrient, and slightly brownish conditions (Table 2). 
Although the ionic content was relatively low (conductivity always 
<200 µS20 cm-1), most water bodies were not sensitive to 
acidification (alkalinity > 200 μeq L-1). Acidic water bodies (i.e., pH 
<< 6.5) were uncommon and limited to small ponds. Calcium was 
commonly the dominant cation, although magnesium also showed 
high values and was dominant in a subset of lakes (Fig. 3). The 
potassium concentration was extremely low compared to other 
cations, including sodium. Bicarbonate and sulfate could be 
dominant among the anions (Fig. 3), yet the latter was not associated 
with acidic conditions. Chloride levels were generally below 
quantification limits (Table 2), which indicated an atmospheric 
origin consistent with the low chloride content (<10 µeq L-1) in the 
deposition of Southern Andes (Beiderwieden et al. 2005). High 
values (~30 µeq L-1) were only found in the Quinuas river basin, 
close to the only mountain road crossing the study area, which 
connects Cuenca and Guayaquil cities (e.g., lakes 81-83, Fig. 1). 
Nitrogen components had extremely low concentrations; ammonium 
was always below the quantification limit, while nitrate 
concentration seldom exceeded >1 μeq L-1. Phosphorus values were 
also usually low; therefore, water bodies were oligotrophic, with few 
exceptions. The lake color ranged from crystal clear to reddish and 
brown tones. Accordingly, organic matter (TOC and DOC) and iron 
content revealed a wide variation (Table 2). 
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Table 2. Summary of the water chemistry variation in the study lakes of the Cajas Massif, 
Southern Ecuadorian Andes.  
Variable Units Minimum Quartile-1 Median Mean Quartile-3 Maximum 
Conductivity µS20 cm-1 4.3 28 48 52 69 191 
pH  4.6 6.6 7.0 7.0 7.5 8.5 
Calcium μeq L-1 ~0† 200 400 457 640 1922 
Magnesium μeq L-1 ~0† 71 116 138 194 697 
Sodium μeq L-1 5 29 44 47 61 117 
Potassium μeq L-1 <3‡ <3‡ 3 4 6 37 
Alkalinity μeq L-1 47 260 440 525 720 2208 
Sulfate μeq L-1 10 55 76 88 104 343 
Chloride μeq L-1 <10‡ <10‡ <10‡ - <10‡ 30 
Silica μmol L-1 13 67 90 90 108 196 
Nitrate μeq L-1 0.01 0.02 0.15 0.26 0.34 2.8 
TP μmol L-1 0.02 0.12 0.22 0.26 0.31 1.40 
SRP μmol L-1 <0.02‡ <0.02‡. <0.02‡ 0.05 0.05 0.61 
TOC mg L-1 0.15 3.6 5.0 5.9 6.6 >21‡ 
DOC mg L-1 0.15 2.1 3.0 4.1 5.3 >21‡ 
Apparent color CU 7 20 28 37 39 187 
Iron μmol L-1 0.18 0.64 1.07 1.71 1.92 15.25 
Manganese μmol L-1 0.05 0.11 0.25 0.43 0.48 5.04 
Aluminum* μmol L-1 1.30 1.83 1.97 2.11 2.15 3.20 
TP, total phosphorus. SRP, soluble reactive phosphorus. TOC, total organic carbon. DOC, dissolved organic carbon. †, estimated by 
cation-anion balance because below quantification limits (20 μeq L-1 for calcium and magnesium, and 15 μeq L-1 for chloride). ‡, beyond 
quantification limit values. *, data only for 10 lakes. Ammonium was below the quantification limit (1 μeq L-1) in all lakes.   
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Figure 3. Ternary diagrams of the relative ionic water composition of the 
study lakes. Symbols indicate the predominant geological formation in the 
lake watershed. 
 
The chemical variables showed clear correlation patterns (Fig. S3). 
The factor analysis indicated that these relationships could be 
summarized by four main latent factors, which explained 53% of the 
total variance (Table 3). F1 could be interpreted as a total ionic 
strength factor, provided mainly by calcium and magnesium cations 
(water hardness) that primarily determined alkalinity and 
conductivity values, with a secondary sodium contribution (Table 3). 
The higher the F1 score, the lower the apparent color and TP. 
Therefore, the higher the alkalinity, the more transparent and less 
productive the environment becomes. F2 denoted the organic matter 
content, which appeared largely independent of the inorganic 
chemical characteristics, and was only weakly associated with the 
apparent color. 
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Table 3. Variable loadings on four significant main axes (F1-
F4) of a water chemistry factorial analysis. 
Variable F1 F2 F3 F4 

log (Alkalinity) 0.98   0.17   
log (Conductivity) 0.91   0.29   
log (Calcium) 0.90       
pH 0.70   0.17   
log (Magnesium) 0.50       
log (TOC)   0.98   0.16 
log (DOC)   0.77     
log (Sodium) 0.41   0.83   
Silica   -0.20 0.74   
log (Potassium)     0.43 0.34 
log (Sulfate)     0.26   
log (SRP)     -0.22 0.14 
log (Iron) -0.18     0.93 
log (Manganese)       0.56 
log (Apparent color) -0.34 0.33 -0.22 0.50 
log (TP) -0.31     0.23 
log(Nitrate)       -0.17 
*Only loadings >|0.14| are shown. Factors explained 22, 11, 10, and 10 percent of 
the total variation, respectively. 

 
F3 was primarily related to silica and monovalent cations, indicating 
a more congruent dissolution of aluminum-silicate minerals than F1. 
The association of sulfate with this factor, although weak, might 
point to a particular bedrock type. Finally, F4 was characterized by 
metals, particularly iron. Interestingly, the iron present was not 
strongly bonded to organic content. Indeed, the apparent color 
showed a higher loading on F4 than F2, likely related to the reddish 
color when the iron level was very high. TP (positively) and nitrate 
(negatively) were associated with F4, indicating that water bodies 
richer in metals tend to be slightly more productive.   
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Drivers of water hardness variation 

Chemical rock weathering should be connected to both the F1 and 
F3 axes of the factor analysis. They should, however, be linked to 
different underlying processes because they emerge in the factor 
analysis as orthogonal components, indicating independence. 
Alkalinity and conductivity high loadings on F1 link the factor to a 
dominant rock weathering process. High calcium and magnesium 
(hardness) contributions to F1, but not silica, point to a non-
congruent mineral dissolution of aluminum-silicates bearing 
divalent cations and consequently forming secondary minerals that 
retain silica. Given the wide alkalinity and conductivity range, this 
primary process should be highly variable across space (Table 2). 
Indeed, the geological formations showed significant differences in 
water hardness (Fig. 4a). The high variability within formations was 
initially unexpected because the lithological composition in most 
formations comprised andesite and dacite in varying proportions and 
mixed volcanic materials (Table S1). Rhyolite, which in principle is 
less weatherable, only predominated in the Chulo unit, which indeed 
showed lower than average ionic strength. 
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Figure. 4. Chemical variation distribution within the geological 
formations: (a) water hardness (calcium + magnesium), (b) silica, (c) 
dissolved organic carbon, and (d) iron. The four chemical components 
were selected to represent the four axes of the factorial analysis (Table 3). 
Each lake was assigned to the geological formation with the highest 
percentage in the watershed. Sharing a lower case letter on the x-axis 
indicates a non-significant mean difference between a pair of geological 
formations (p-value, >0.05). The number of lakes, characteristics, and 
geographical distribution of the geological formations are shown in Table 
S1 and Fig. S1, respectively. 
 
Interestingly, the differences in divalent cation levels (and thus ionic 
strength, alkalinity, and weathering rates) between the geological 
formations corresponded to their age within the andesite-dacite 
dominion. The older the volcanic formations, the higher the cation 
levels (Fig. 4a). Formations of comparable age (i.e., Tomebamba-
Filo Cajas, Rio Blanco-Chanlud) showed similar hardness 
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distributions. In contrast, Chulo formation (rhyolite) showed 
significantly lower hardness levels than the closest andesite-dacite 
formation by age.  
 
Despite the general rock type and age patterns, F1-related variables 
showed broad variability within some formations (i.e., Soldados, 
Chanlud, Chulo). Part of this variation could be because some lakes 
included more than one formation in their watersheds, although this 
is not a common feature (Table S2). Therefore, most of the 
variability should be due to other weathering drivers that may 
increase the contact between water, carbon dioxide, and minerals. 
The multivariate regression analysis confirmed, with low 
uncertainty, that water hardness was favored by rock age and limited 
by rhyolite (Fig. 5a).  
 
The most significant hardness drivers were geomorphological 
variables (i.e., mean depth and watershed/lake area ratio). Increasing 
the hardness with watershed and waterbody size indicated an 
accumulation process in the drainage basin. In contrast, the influence 
of land cover features was less conclusive in the models; the 
coefficients showed considerable variability (Fig. 5a). Wetland, bare 
rock, and Polylepis forest showed positive coefficients in the 
models. They might enhance the divalent cation content by 
providing more substrate or moisture and CO2 at the interface where 
weathering occurs. Páramo and rocky páramo influence were highly 
uncertain; despite some models showing the highest coefficients, 
they were inconsistently positive or negative, depending on the 
combination with other variables. To understand the effect of 
vegetation in weathering, finer resolution in vegetation, soil, and 
topography details is required. Overall, these models explained 
approximately 36% of the total hardness variation.  
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Figure. 5. Driver significance for selected water chemistry components: 
(a) hardness (calcium + magnesium); (b) silica; (c) dissolved organic 
carbon; and (d) iron. The plots indicate the mean and range of the 
standardized regression coefficients of multivariate models with a < 4 AICc 
difference from the best model (indicated by an orange dot). All possible 
models (215) were assessed and ranked by the lowest AICc. The larger the 
mean departure from zero and the smaller the range of coefficients, the 
greater the probability of relevance of the driver. The range of variance 
explained (R2) by the selected models is included in the plots. (*) 
Watershed/lake area ratio. 
 
Drivers of silica variation 

The contribution of silica to the F3 axis in the factorial analysis and 
the poor loading of divalent cations suggested a secondary 
weathering process. There were marked average differences between 
the geological formations (Fig. 4b). However, the differentiating 
patterns changed from those shown by hardness, which is a clear 
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indication that the causal drivers for F1- and F3-related variables 
were relatively independent. Indeed, the multivariate regression 
models showed that geomorphological features were not significant 
for silica levels (Fig. 5b), in contrast to the water hardness case.  
Despite the high variation in calcium levels, the relatively 
constrained silica concentration indicated oversaturation or 
equilibrium of secondary silicates, such as kaolinite 
(Al2Si2O5(OH)4) clay (Fig. 6a). Only a few cases were more likely 
related to aluminum hydroxide minerals (i.e., gibbsite, Al(OH)3); 
those with the lowest silica levels.  
 
Rhyolite bedrock contributed positively to silica levels, while rock 
age contributed negatively, just opposite effects of drivers than on 
hardness. The presence of eroded land in the watershed had a 
positive effect. This landscape feature occupies only a small part of 
the overall territory (Fig. 2e); it may have a marked influence when 
it is present. The proportion of water mass in the watershed resulted 
in a pronounced negative effect on silica levels, likely related to 
biological consumption (e.g., diatoms).  
 
Overall, the regression models explained approximately 30% of 
silica variation. The patterns found, particularly the decline with 
rock age and association with eroded land, suggested some 
relationship with secondary volcanism processes with less extension 
and more random spatial distribution, which may be exhausted over 
time. The lack of any relationship with watershed or lake 
geomorphological features indicates that source areas are relatively 
small and do not show accumulative effects at the watershed scale.  
 
Drivers of organic matter variation  

The organic matter content in lake water (F2 in the factor analysis) 
did not differ between geological formations (Fig. 4c). Indeed, the 
regression models only showed some relevance of the 
geomorphological variables (Fig. 5c). The smaller the lake and its 
watershed, the higher the DOC levels that could be expected. While 
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these parameters were significant, their explanation was limited 
(~5% of the overall variation), indicating high DOC scattering 
regardless of lake depth (Fig. S4) or watershed size.  
 
Drivers of metal variation 

There were significant differences in the metal levels among the 
geological formations (Fig. 4d). The concentrations were higher on 
average in Chulo, Filo Cajas, Tomebamba, and, particularly, 
Quimsacocha, although only three lakes were sampled in the latter 
case. The variation was substantial in the other formations, and the 
higher values overlapped with those in the metal-rich formations. 
 
High iron levels were more likely in small water bodies with smaller 
watersheds (Fig. 5d), as occurs for DOC, indicating that point 
sources were not evenly distributed in the landscape. These point 
sources were markedly more when the rhyolite bedrock was 
dominant. In addition, the higher the proportion of wetlands in the 
watershed, the higher the iron levels. These significant drivers 
accounted for approximately 41% of the variation. Altitude 
(negatively) and shrubs (positively) contributed appreciably to some 
models, but the general uncertainty may indicate a spurious 
contribution. 
 
Water bodies with higher iron concentrations were oversaturated 
(Fig. 6b). In some lakes, iron precipitation was particularly evident 
and colorful, associated with inlets connected to wetlands (Fig. 2f). 
As the metal levels declined and the pH increased, soluble iron 
hydroxide forms were more likely to occur. Nevertheless, some 
measured iron could be associated with colloidal and small particles 
in lakes where hematite (Fe2O3) oversaturation is indicated.  
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Figure. 6. Water chemistry position of the lakes in theoretical stability 
diagrams. (a) Mineral stability in a system with varied activities of calcium 
and silica, and activity = 1 of aluminum (in mineral form) and water. (b) 
Iron solubility assuming a 0.0002512 oxygen fugacity; an average oxygen 
value in the surface lake water samples. Temperature was fixed at 15 oC in 
both cases. Reddish background indicates a solid phase, while bluish 
background represents an aqueous form. Calculations were performed 
using GWB 2021. 
 

3.4 Discussion 

Water chemical variation and rock weathering 

Our results show that high mountain lakes in volcanic basins can 
present extremely variable water chemistry in relatively small areas. 
The variation found in Cajas NP was comparable to that in large 
mountain ranges (Fig. 7 and Fig. S5 for pH), where the substrate 
includes plutonic, metamorphic, and carbonate bedrock changing 
over large areas (Camarero et al. 2009). Active volcanism produces 
lava flows that overlap unevenly and heterogeneously distributed 
tuff, lapilli, and ash. Even more locally, hydrothermal processes 
reaching the surface create patches of substrate that differ from the 
dominant rock. Cajas Massif lakes show that this heterogeneity still 
influences water composition variation in volcanic bedrock dating 
millions of years. Indeed, the spatial heterogeneity and eventual 
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water chemical variation may be increased by the presence in the 
watersheds of layers corresponding to several volcanic phases that 
differ in dominant rock, age, and associated secondary processes.

Figure. 7. Relationship between pH and divalent cations in several lake 
districts in temperate mountain ranges and boreal areas (data from Catalan 
et al. (2009b)) for comparison with Cajas NP (this study data). Theil-Sen 
linear robust regression (mblm R package) was applied to downscale the 
influence of the outliers, mostly from waters affected by sulfide oxidation. 
High DOC waters show a higher intercept due to the effect of organic acids 
on pH. 

Lakes on watersheds where rhyolite bedrock dominated had softer 
water than lake basins where andesite, dacite, or diorite 
predominated. The latter rock types are richer in plagioclase and 
pyroxene, which are minerals that are more easily weathered than 
quartz and orthoclase (White and Brantley 1995). Calcium and silica 
levels indicate that the weathering of these primary minerals is not 
complete; secondary silicates, most likely kaolinite, are formed. This 
incongruent dissolution has been found in other volcanic rock areas 
(Di Figlia et al. 2007). The high correlation of calcium with 
alkalinity and conductivity indicates that this partial aluminosilicate 
dissolution is the primary source of cations. Recent studies of Cajas' 
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andesitic soils indicate that they are depleted in mono- and divalent 
cations with an accumulation of Al-humus complexes in the soil 
matrix (Molina et al. 2019) even though these soils are postglacial 
and therefore relatively young. Consequently, water alkalinity 
generation primarily occurs in the subsoil saprolite, which explains 
why water hardness increases with watershed and lake size. The 
cation excess increases the longer the water travels through the 
subsurface before reaching the lake or pond. 
 
In addition to rock type, the surface area available for the reaction 
influences weathering rates (White and Brantley 2003). Older 
volcanic bedrock presents higher porosity and surface area for 
hydration and reaction. Our results indicate that the age of the 
geological formation is a significant driver for divalent cation levels 
and alkalinity. This finding is consistent with 5-year field 
investigations that indicate that older rhyolite rocks with similar 
initial compositions have faster chemical weathering rates than 
younger ones (Matsukura et al. 2001). The significance of the bare 
rock proportion in the watershed also points to the same mechanism, 
as these outcrops are usually heavily fractured, providing more and 
fresher surfaces for reaction (Kopáček et al. 2017). Vegetation has 
been identified as a factor promoting weathering (Burghelea et al. 
2015) because it increases the availability of carbon dioxide and 
protons; however, our results were inconclusive. Páramo and rocky 
páramo both show positive and negative effects depending on the 
regression model. Conversely, the role of wetlands appeared robust; 
it always indicated weathering enhancement when included in the 
regression models. Nevertheless, there is still a considerable 
proportion of the hardness variation to be explained. Molina et al. 
(2019) showed a significant difference in soil chemical weathering 
related to topographic gradients and vegetation change at spatial 
scales that cannot be documented in our macroscale landscape study. 
The uncertainty associated with vegetation variables in the multiple 
regressions could be related to the lack of resolution at fine spatial 
scales.  
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Our factorial analysis suggested a complementary weathering 
process beyond the predominant cation source. Silica levels, which 
indicate complete aluminosilicate dissolution, were associated with 
monovalent cations and sulfate as part of a third main orthogonal 
factor. The silica drivers identified in the multivariate regression 
analysis supported the interpretation of an independent 
complementary weathering process. It was not related to the size of 
the watershed or the lake; hence, it did not have an extended 
occurrence that could sustain an accumulative process like that of 
divalent cations. This process likely occurs in hot spots sparsely 
distributed in watersheds. The association with eroded land was also 
noted in this local character. Furthermore, contrary to the hardness 
factors, silica levels were favored in the rhyolite bedrock and 
declined with rock age. This evidence points to a bedrock affected 
by former hydrothermal processes, which occur during periods of 
active volcanism (Pozzo et al. 2002). High water temperatures 
modify the original aluminosilicates, making secondary ones 
deficient in cations (Ohba and Kitade 2005) and other processes such 
as albitization (Engvik et al. 2008). The latter may eventually result 
in chemical weathering, providing sodium (Cruz et al. 1999). The 
hydrothermal activity may or may not be associated with sulfur. 
Both types have been described in the Quimsacocha formation 
during exhaustive mining prospecting (Morán-Reascos 2017). There 
is no reason to think that they are not present in other formations, 
particularly in the Chulo unit, where rhyolite predominates, and thus 
the likely contingent association with this bedrock in the driver 
analysis. The decline with the formation age indicates that this 
original mineral material was not replaced by rock fragmentation, 
which makes sense if these are spots in the landscape where the 
initial rock already consists of secondary aluminosilicates, which 
offer more reaction surfaces (e.g., clays), and thus can provide 
locally higher silicate values. Sodium-rich volcanic rocks can also 
be related to tectonic processes (Sun et al. 2020), and faults could be 
another location for this particular weathering.  
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Weathering occurring in two distinct environments has been 
described in other tropical watersheds (White et al. 1998). 
Plagioclase and hornblende reacted at the heavily fractured bedrock 
– the saprock interface, as likely occurred in our case. Secondarily, 
biotite and quartz reacted preferentially in the overlying thick 
saprolitic regolith, providing more K, Mg, and Si to water chemistry. 
This latter mechanism shows Si delivery in common with our case 
but differs in the main cations (i.e., Mg). Overall, independent 
weathering mechanisms seem to be more likely in tropical volcanic 
watersheds than in temperate watersheds with less intense 
weathering. Investigating the water systems (streams, subsurface, 
ponds, and lakes) associated with the eroded land identified in the 
land cover classification and areas with tectonic faults should shed 
light on our conjectures. 
 
Silica levels were negatively affected by the water mass proportion 
in the watershed. This relationship points to aquatic biological 
consumption without evidence of terrestrial biological pumping 
effects, as found in other volcanic areas (Benedetti et al. 2002). In 
contrast, the observed low potassium levels could reflect uptake by 
terrestrial plants. 
 
No specific atmospheric chemical deposition studies have been 
conducted in the Cajas NP area. Occasionally, dust deposition 
arriving at the equatorial Andes as far as the Sahara desert may 
provide divalent cations (Boy and Wilcke 2008), and biomass 
burning in the Amazon basin may provide acidifying sulfur and 
nitrogen compounds, as found in other areas of Southern Ecuador 
(Fabian et al. 2005). However, it is not possible to evaluate the 
deposition incidence on the average chemical composition of lakes 
and its variation without specific studies. ANC in the Cajas 
waterbodies is usually high (>200 µeq L-1), but some sensitive sites 
could be influenced by atmospheric deposition. Low chloride levels 
indicate that most of the deposition is from westward air masses. 
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However, significant rainfall episodes from the Pacific have been 
described for nearby areas during the wet season, bringing high salt 
deposition (Makowski Giannoni et al. 2016). Therefore, atmospheric 
deposition can provide seasonal and interannual variability in Cajas 
Massif waterbodies. Higher chloride values associated with the only 
road across the park indicate the system sensitivity.  
 
Brown waters 

Average and extreme DOC levels are higher in Cajas Massif lakes 
than in temperate mountain lake districts (Fig. 7) and similar to some 
boreal areas (Camarero et al. 2009). In contrast to cations related to 
rock weathering, DOC is higher in ponds and small lakes with 
relatively small watersheds. These features indicate a relatively local 
DOC origin, likely related to the idiosyncratic connections with 
organic soils proximal to the water body. Land cover features that 
apparently should be relevant for DOC (Gergel et al. 1999), such as 
the wetland percentage in the watershed, did not significantly 
influence our case.  
 
In boreal watersheds, stream DOC originates predominantly from 
wetland sources during low flow conditions and from forested areas 
during high flow (Laudon et al. 2011), and detailed hydrology is 
becoming an essential component of DOC regulation. In the Cajas 
Massif, extreme values were achieved in small ponds, which are 
sometimes marginal to other water bodies. As these systems are very 
shallow, they are not fed with subsoil water but by water draining 
from immediate surface soils lacking buffering capacity. 
Consequently, these ponds had lower pH values (~5). Comparing 
across lake districts with significantly different average DOC levels 
(Fig. 7), Cajas' lakes align with high DOC lake districts (e.g., 
Greenland) in the relationship between divalent cation levels (or 
alkalinity) and pH. In these high DOC lake districts, the average pH 
was lower at the same alkalinity than in low DOC lake districts, 
showing the relevance of organic acids in providing acidity. 
Although the direct correlation between pH and DOC is low in Cajas 
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waters, DOC becomes a significant parameter explaining residuals 
between pH and hardness; therefore, a better fit was obtained with 
multiple regression (pH = 6.37+ 0.0012 hardness – 0.026 DOC; R2 

= 0.46).  
 
Nevertheless, paludification is not a generalized feature in Cajas 
lakes and ponds, and a wide range from clear to brownish water was 
found. Indeed, the apparent color is related to organic matter and 
metal content, yet there is no strong correlation between the latter 
two, indicating different sources. The chelation of metals may occur 
in high DOC systems, but there are lakes with high iron content and 
low DOC in the Cajas Massif. The organic and metal contents in the 
Cajas lakes do not share the same main drivers. Compared to iron 
levels, the drivers' low DOC explanatory capability necessitates an 
ad hoc investigation of DOC composition and sources in the páramo 
lakes.  
 
High iron availability 

Iron levels are generally high; however, similar to DOC, the smaller 
the water body and its watershed, the higher the probability of 
finding elevated values. The differences between the several 
geological formations were significant and reflect the idiosyncrasies 
of the volcanism in each, with rhyolite bedrock resulting in increased 
iron levels. Nevertheless, the driver with more influence was the 
proportion of wetlands in the watershed. Water in wetlands may 
achieve lower pH and redox potential, thus facilitating iron 
solubility. Lake surface layers are usually well-oxygenated and 
foster iron precipitation, evident in some colorful lake littoral beds 
(Fig. 2f). Some iron may remain in colloidal form, as measured 
concentrations often indicate oversaturation. 
 
Interestingly, total phosphorus was associated with iron and 
manganese in the factorial analyses. Therefore, some iron sources 
may also provide essential nutrients for primary production. Apatite-
bearing iron deposits can be associated with magmatic-hydrothermal 
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events (Allen et al. 1996). Our study considered only lake surface 
samples. Although dominant cations may change little throughout 
the water column, this is not the case for metals, whose solubility 
depends on redox conditions. Because of the persistent stratification, 
many of these lakes show oxygen depletion in deep layers (Steinitz-
Kannan et al. 1983). These layers provide an environment for 
reduced metal forms and other reduced compounds, such as 
ammonium, which are undetected in surface waters. The anoxic 
conditions also facilitate phosphate solubility; therefore, the 
correlation between iron and phosphorus is possible because of 
watershed sources or in-lake processes. 
 
Ecological implications 

Main ion composition and dissolved organic matter are two primary 
factors influencing the biota distribution in high-mountain lakes 
(Kernan et al. 2009). The chemical variation found in Cajas Massif 
lakes and ponds is comparable to that of all the European mountain 
ranges (Fig. 7). Therefore, a small area and relatively homogeneous 
bedrock provide a variety of aquatic chemical niches that is 
equivalent to large territories of contrasting bedrock. This 
remarkable feature might foster species richness in relatively small 
territories of aquatic organisms that are sensitive to cation 
composition. The Cajas alkalinity range includes the two ecological 
thresholds (i.e., ~200 and ~1000 µeq L-1) identified in European 
mountain ranges in terms of community composition (Catalan et al. 
2009a). Diatoms and some crustaceans show this non-linear 
community response to the alkalinity gradient, which will be 
interesting to confirm in this far-flung lake district, which shares 
with European ranges many diatom species (Benito et al. 2018), but 
not crustaceans (Catalan and Donato-Rondón 2016). 
 
In these volcanic environments, a biologically interesting factor is 
the Ca:Mg ratio variation (Fig. 3), which is probably related to 
variations in andesite plagioclase and hornblende proportions. The 
biological influence of the dominant divalent cation type has been 
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barely explored as a driver of species segregation in aquatic 
mountain ecosystems, probably because of the lack of a balanced 
number of sites. Organisms with carbonate shells (e.g., ostracods, 
mollusks, etc.) are candidates to respond to this factor, as found in 
other aquatic ecosystems (Dussart 1976; Chivas et al. 1986). 
 
Soils largely depleted in cations enhance the chemical contrast 
between lakes and ponds. Small and shallow ponds may lack the 
inflow of water circulating below the soils; consequently, some show 
the most acidic water or high DOC content, favoring biotic 
differentiation (Catalan et al. 2009a). We considered many ponds in 
our study, but many smaller ones exist in the area (Mosquera et al. 
2017a); thus, more extreme pH and DOC conditions can be expected 
in some of them. DOC and TOC levels in the Cajas massif are higher 
than in temperate high-mountain lakes and comparable to Nordic 
mountain lakes and tundra lakes (Camarero et al. 2009). However, 
these high-latitude lakes freeze during winters, a feature non-present 
in the páramo that may have driven adaptation in other directions. In 
this regard, tropical high-mountain lakes are unique. Apart from the 
high average level, DOC has a wide range, making it a possible axis 
of non-linear species segregation that might include a wide range of 
organisms (e.g., rotifers, crustaceans, and chironomids), as has been 
observed in temperate high-mountain lakes with narrower DOC 
ranges (Catalan et al. 2009a). 
 
Metals provide a further environmental gradient for biodiversity 
enhancement, which is not necessarily linked to the organic matter 
content of water. Vertical redox gradients have been observed in 
these tropical lakes (Steinitz-Kannan et al. 1983), but specific 
investigations concerning species adaptations are lacking. 
Furthermore, horizontal redox gradients from lakes to neighboring 
wetlands also likely foster species segregation.  
 
The high chemical variability in tropical high-mountain lakes makes 
them ideal as global change sentinel lakes; some are more 
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susceptible to acidic or dust deposition, while others are better suited 
to temperature changes impacting redox conditions. In addition, the 
long, independent chemical gradients offer the possibility of 
developing local calibration sets for paleoenvironmental 
reconstructions using indicator organisms, particularly diatoms 
(Rivera-Rondón and Catalan 2020). Given the high lake 
heterogeneity, surveillance and reconstructions may require a 
thoughtful selection of lakes for making meaningful inferences.  
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Tropical high-mountain lakes have traditionally been considered 
polymictic. However, this view was based on limited information 
and the consideration that the daily scale involves more weather 
variation than the seasonal. Based on an annual 10-min sampling 
time series of thermistor chains in ten Cajas National Park (Ecuador) 
lakes, the present study shows that most of these lakes are resistant 
to wind and daily temperature oscillations during the great part of 
the year, showing a warm monomictic mixing regime. The overturn 
of the entire water column and persistent daily instability generally 
only occur between July and September, coinciding with the 
cloudiness and wind intensity increase and air temperature drop in 
the region associated with the intertropical synoptic meteorological 
fluctuations. The duration of the stable period influences the 
development of oxygen-deficient deep layers. Despite the long water 
column stability periods, there is no formation of a seasonal 
thermocline but the development of a stepwise density structure 
from top to bottom. Short-wave radiation usually counterbalances 
the negative buoyancy flux associated with net long-wave radiation, 
evaporation, and sensible heat flux, providing net buoyancy. Quasi-
periodic (1-2 weeks) increases in wind and cloudiness mix the upper 
layers (2-3 m), resulting in the progressive structuring in layers 
delimited by weak thermoclines every few meters. The weekly scale 
variation is reflected in the katabatic circulation relevance (NW-SE), 
which develops over the lake district and interferes with the 
predominant eastern winds. The duration of the stable period 
declines with altitude, and the highest lakes (> 4000 m a.s.l) may 
show permanent low water-column instability, displaying the 
polymictic regimes once thought as the more general pattern. During 
the “few cold months,” the water column’s low stability in all lakes 
facilitates the easy mixing from top to bottom in a few hours. 
Wavelet cross-correlation analyses indicated a high thermal daily, 
weekly and seasonal coherence among lakes, which weakens during 
the cold months. Consequently, the mixing regimes described in the 
study represent the hundreds of lakes in the region and, likely, other 
tropical high-mountain lakes in regions of similar climates.  
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4.1 Introduction 

Most tropical high-mountain lakes are ice-free throughout the year. 
Therefore, they do not show the dimictic mixing pattern typically 
found in temperate high-mountain lakes (Catalan and Donato-
Rondón 2016). Indeed, they have been traditionally considered 
polymictic, although based on a few observations during limited 
periods of the year (Löffler 1964; Steinitz-Kannan et al. 1983). A 
view fostered by early expert conjectures (Hutchinson and Löffler 
1956), which expected that most tropical lakes were polymictic. This 
early assumption has long been refuted for low-land tropical lakes 
because field evidence showed warm monomictic regimes (Lewis Jr. 
1983). However, despite the presence of low oxygen values in the 
deep layers already warned to be cautious about the apparent lack of 
stable physical stratification (Steinitz-Kannan 1979), the polymixis 
view is still widely assumed (Steinitz-Kannan 1997). Some studies 
have shown stable water columns during extended periods of the 
year in the 1990s (Donato-R 2010; Catalan and Donato-Rondón 
2016) and more recently (Michelutti et al. 2016; Van Colen et al. 
2017). These recent year-long series have been interpreted as an 
indication of climate change imposing changes in the mixing regime 
(Michelutti et al. 2015a; Michelutti et al. 2015b). The lack of precise 
physical consideration, historical data from the same sites, and the 
observations in the 1970-1990s challenge these conjectures. 
 
The surface temperature in many tropical high-mountain lakes is 
similar to that in temperate high-mountain lakes during summer 
(Catalan and Donato-Rondón 2016). However, the deep layers are 
much warmer in the tropics, reducing the overall density gradient in 
the water column. The lack of strong gradients, top-to-bottom, and 
marked seasonal thermocline has been the basis for assuming low 
stability of the water column in front of winds and diel air-
temperature oscillations and, consequently, inferring polymictic 
regimes (Hutchinson and Löffler 1956). However, most high-
mountain lakes are relatively deep compared to their surface area 
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due to their glacial origin, and this high aspect ratio could facilitate 
that relatively-weak density gradients result in stable water columns. 
Consequently, we designed an experimental field observation to 
elucidate between two alternative hypotheses (i.e., polymixis vs. 
warm monomixis) considering the relevant time scales, lake size, 
and altitudinal variation. 
 
We selected ten high-mountain lakes in the Cajas Massive (Andes, 
Ecuador), covering the altitudinal gradient in the area and including 
a similar number of relatively shallow (< 20 m) and deep (> 30 m) 
lakes. A thermistor chain, sampling every 10 min, was deployed in 
each lake, and vertical profiles were performed monthly to have 
snapshots of higher vertical resolution. These data were the basis for 
investigating each lake’s thermal cycle, the water column’s stability, 
and the eventual annual mixing regime. Furthermore, using 
measurements from a weather station on the shore of one of the 
lakes, we estimated the thermal and momentum fluxes and evaluated 
the mechanical bases of the observed patterns. Finally, we analyzed 
the thermal response coherence between lake pairs using wavelet 
cross-correlation to assess whether these observations in relatively 
few lakes can represent the tendencies in the abundant Cajas massif 
lakes and other lake districts under similar contexts.  
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Figure 1. Distribution of the study lakes in the Cajas Massif. Lake codes 
correspond to those used in Mosquera et al. (2017b) and Table 1. The limits 
of the Cajas National Park are indicated.  
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Table 1. Geographical and geomorphological characteristics of the study lakes.  
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4.2 Material and methods  

Study sites 

The study lakes are situated in the Cajas Massif of the Andes of 
Southern Ecuador. Based on previous lake morphometry 
information (Mosquera et al. 2017a), ten lakes located in the Cajas 
National Park (CNP) or immediate surroundings were selected (Fig. 
1). The selection covered a wealth of the main altitudinal (3152-4128 
m a.s.l), depth (16.5 - 65.3 m) and size (7 - 77 ha) gradients within 
the lake district (Table 1), excluding the small (<1 ha) lakes and 
ponds. Bedrock corresponds to a complex imbricate layering of 
volcanic formations of varying ages (7-37 Ma) influencing water 
chemistry variation (Mosquera et al. 2022). Part of the Late 
Pleistocene glaciation footprint is a large number and density of 
relatively small lakes (i.e., 5955) between 3146 to 4424 m a.s.l. 
(Mosquera et al. 2017a). The mean annual precipitation in the Cajas 
Massif ranges from 900 to 1400 L m-2, peaking at 3400 m a.s.l. 
Precipitation occurs primarily as drizzle during about 88% of the 
year, resulting in a wet and usually foggy páramo landscape (Padrón 
et al. 2015). Fog interception can increase conventional rainfall by 
>25% (Rollenbeck et al. 2011). Seasonal and interannual rainfall 
variability corresponds to the equatorial Andes (5o S-1o N) 
characterized by a bimodal regime with wet periods from February 
to April and October to November (Segura et al. 2019). Air 
temperature shows low seasonal variation with colder months from 
June to October. Temperature oscillations can be substantial during 
daytime, between 6-18 ˚C around 3100 m a.s.l, and 3-6 ˚C at about 
4000 m (Bandowe et al. 2018). Typically, a cloudy day show an 80% 
reduction on short-wave radiation at grown level respect to a clear 
sky day (Carrillo-Rojas et al. 2016). 
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Meteorological data 

Meteorological data were available from four automatic weather 
stations (AWSs) run by the University of Cuenca and ETAPA EP 
(Fig. 1). Three were considered for a general assessment of the 
weather variation in the area because they were not located near any 
study lake. The station at the shoreline of Lake Toreadora (CJ-003) 
enabled the calculation of heat and momentum fluxes for this lake. 
The Toreadora AWS is located over a tussock grass ground, within 
the same open-air geometry of the lake, at a 168-m distance and 44-
m above the lake surface, including the mast height. The AWS was 
equipped with sensors for air temperature (TA, oC, Campbell CS-
215, accuracy, ±0.3 °C), relative humidity (Hr, 0-1, Radiation Shield, 
±2%), atmospheric pressure (PA, Pa, Vaisala PTB110, ±0.3 hPa), 
short-wave solar radiation (RS, W m-2, Campbell CS300 
pyranometer, wavelength range: 360-1120 nm, ±5% daily total), net 
radiation (RN, W m-2, Kipp & Zonen NR Lite2, wavelength range: 
200 nm to 100 µm and rainfall (Texas TE525MM rain gage, ±1%), 
wind direction and speed (WD -WS, Met-One 034B, ±0.11 m s-1). 
Data were sampled every second and recorded at five minutes-
average. Incident long-wave radiation on the lake surface (RLin, W 
m-2) was estimated considering RN, RS, a 0.23 albedo assumed for 
the low tussock grass ground where the AWS is located (Vásquez et 
al. 2022), and an outgoing long-wave emission at air temperature 
estimated with the Stephen-Boltzman equation (see below).  
 
Measurements 

Temperature time series were obtained using thermistor chains 
composed of HOBO® thermistors (U22-001, accuracy: ±0.21 °C, 
resolution: 0.02 °C; Onset Computer Corporation, Bourne, MA). 
The chains were deployed from a buoy moored in the lake’s deepest 
point. Thermistors were placed at depths corresponding to about 
100, 75, 50, 25, 15, and <5% of the lake’s relative volume (Table 
S1). Some thermistors (15, 25%) were omitted in the shallowest 
lakes. Measurements were recorded at 10-min intervals from the 
beginning of March 2019 to the end of March 2020.  



Chapter 4 

 85 

 
Conductivity, temperature, and dissolved oxygen 20-cm resolution 
profiles were performed monthly in the deepest point of each lake 
using a YSI EXO 1 (YSI Inc., a Xylem brand, Yellow Springs, OH, 
USA) multiparameter sonde. Monthly oxygen and temperature 
profiles were also available for 1996-2020 and were used to show 
that the mixing regimes observed were consistent over the years. 
 
Thermal variation  

Probability density functions for each thermistor were estimated 
using the geom_density function from the ggplot2 R package to 
characterize temperature variation throughout the study period. The 
time series obtained with the thermistors were interpolated at 1-m 
intervals. It was assumed isothermy from the upper thermistor to the 
lake surface and from the lower thermistor to the bottom. Based on 
detailed volume resolution bathymetries for each lake (Mosquera et 
al. 2017a) and the interpolated temperature series, we calculated the 
time series of the lake’s total heat content (GJ m-2), 

 , where tz is temperature (oC) at depth z; Cp , water 
specific heat (4186 J kg-1 oC-1); ρz, density (kg m-3); and Vz, volume 
(m3). Cross wavelet analyses were used to evaluate the coherence of 
heat content changes among pairs of lakes (Grinsted et al. 2004) 
using the biwavelet R package.   
 
Water column stability 

Water density was computed from temperature and conductivity 
following Boehrer and Schultze (2010) (see Supplementary material 
for details). The Schmidt (1928) stability (St, J m-2) that estimates 
the energy required to thoroughly mix a stratified lake with a given 
vertical density distribution was used to characterize the water 
column stability (Kirillin and Shatwell 2016), 

 , were g is gravity acceleration; Az, the horizontal cross-
sectional area at depth z; and zV,  is the center of the volume of the 
lake, defined as . ; V being the lake volume.  



Chapter 4 

 86 

The monthly temperature profiles were used for a higher resolution 
assessment of the vertical structure of the density stratification 
assessed using the buoyancy frequency (N, cph), . N 

indicates the maximum frequency for an internal wave propagating 
in the specific stratification. The stronger the gradient, the higher the 
frequency. In the same profiles, the Lake Number (LN) was used for 
evaluating the resistance to wind mixing (Imberger and Patterson 
1990).  ; were zt (m) is the depth were N2 is maximum; 

L, lake length; and u*, the surface wind shear velocity (m s-1), 
, ρa being the air density (kg m-3); CD, a drag coefficient 

(0.0013); and , wind velocity at some characteristic height (a) 
above the lake. Although LN was initially developed under a two-
compartment consideration, it has also proven helpful in complex 
stratification patterns (Kirillin and Shatwell 2016). Because of the 
lack of weather stations at each site, we calculated LN under different 
wind assumptions using the wind probability distribution based on 
the whole set of measurements in the four AWSs in the area.  
 
Surface fluxes and mixing layer 

Toreadora lake and AWS measurements were used to evaluate the 
heat and momentum fluxes throughout the changing conditions of 
the study period. Short-wave radiation at the lake surface was 
estimated considering a constant albedo (a = 5%), RS(0) = Rs (1-a). 
The net surface heat flux omitting short-wave radiation (S, W m-2) 
was estimated as S = RLin - RLout + E + H, where RLout, E, and H were 
water long-wave radiation emission, latent heat, and sensible heat 
exchange, respectively. Fluxes toward lake water were considered 
positive. RLout was determined by RLout = εw σ Ts4, being εw, water 
emissivity (0.97); σ, the Stephen-Boltzman constant (5.67 x 10-8 W 
m-2 K-4), and Ts, the surface lake temperature (oK). Latent heat flux 
E = pa LV CE Ua (qS – qa), where pa was air density; LV, latent heat 
of evaporation, calculated following (Sharqawy et al. 2010); CE, a 
transfer coefficient (0.00154); qS, specific humidity at saturation 
pressure at Ts; and qa, specific humidity of the air. Sensible heat flux 
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H = pa Cpa CH Ua (Ts  - Ta), being Cpa, air specific heat (1.01 J kg-1 
°C-1); CH, a transfer coefficient (0.00154); and Ta, air temperature.  
The surface mixed layer was evaluated using the Imberger (1985) 
approach. The buoyancy flux (B, m2 s-3) was estimated as B = g α 
H* / (Cpw ρo), being α the thermal expansion coefficient; Cpw, the 
specific heat of water (J kg-1 oC-1), and H*, the effective heat flux (W 
m-2), which was calculated as 

 following MacIntyre et al. (2002). The mixed layer 
thickness (h, m) was defined as the first depth where the temperature 
difference was > 0.02 oC relative to the temperature measured at 0.2 
m. The penetration of short-wave radiation was assumed to follow 
an exponential decay with an extinction coefficient γ, 

. The coefficient was approximated using Secchi disk 
depth (zSecchi) and the empirical relationship for brown waters, γ 
zSecchi = 1.94 (Reinart et al. 2003). The penetrative convection 
velocity (w*, m s-1) was estimated as w* = (B h) 1/3. The turbulent 
kinetic energy flux (Fk) includes penetrative convection and shear 
components; it should be proportional to a combination of w* and u*, 

Fk ~ 0.5 (w*3 + 1.33 u*3) as used in MacIntyre et al. (2002) based on 
(Kim 1976) parametrization. Using this approach, we estimated the 
relative contribution of penetrative convection to turbulent mixing 
(fc = w*3 / (w*3 + 1.33 u*3). 
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4.3 Results

Figure 2a. Thermistor time series for the study lakes in the Cajas Massif 
(Ecuador). 
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Figure 2b. Isotherm time series for the study lakes. 
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Temperature variation 

The direct plotting of the thermistor measurements (Fig. 2a) showed 
that, for most lakes, isothermy was only present episodically from 
June to September (Fig. 2b). Therefore, the seasonal variation 
included about nine months of stratification and three months of 
occasional mixing. Only above ~3950 m a.s.l, this pattern was 
progressively lost. And, only in the high elevation and relatively 
shallow lake Yantahuaico-3, there was not a long phase of 
stratification.  
 
The highest surface temperature in the study lakes ranged between 
11.2 and 16 oC, typically around 13 oC, and varied mainly according 
to elevation, declining 3.5 oC per 1000 m (R2=0.81, p<0.003). The 
lowest values in the deep layers varied less among lakes (range, 5-
8.5 oC, mean 6.8 oC) and showed a combination of altitude (3.7 oC 
per 1000 m) and lake depth influence (3 oC per 10 m lower in shallow 
lakes at the same altitude) (R2=0.92, p<0.0001). The temperature 
range that a lake experienced across the year was typically 6.4 oC 
(4.8-8 oC), with less variation the deeper the lake (0.04 oC/m, R2 = 
0.65, p<0.02).  
 
The temperature distribution across the year (Fig. 3) based on the 
thermistor 10-min measurements summarize the thermal variation at 
different water column layers. The comparison between the upper 
and lower thermistor distributions illustrates the variation within and 
between lakes. Most lakes below 4000 m a.s.l (Llaviucu, Luspa, Dos 
Chorreras, Sunincocha Grande, Toreadora, Larga, and Atugyacu 
Grande) shared similar temperature density distributions. 
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Figure 3. Frequency distributions of the temperature values for each 
thermistor and lake. 



Chapter 4 

 92 

The deepest thermistor showed a marked bimodal distribution, with 
about two degrees difference between the modes (Fig. 3). The two 
peaks correspond to the two stratification periods sampled during the 
study (Fig. 2b), therefore, suggesting an interannual variation during 
the cooling phases, that was retained in the deepest layers during the 
following stratification period. Some smaller peaks slightly altered 
the bimodal distribution in some lakes due to stepwise cooling. The 
bimodal pattern of deep temperature was lost in the highest lakes, 
becoming multimodal.  
 
In contrast, the surface temperature density distribution showed a 
largely skewed unimodal distribution with modal values close to the 
highest values (Fig. 3). Secondary peaks were more or less relevant 
depending on the lake. However, the most important secondary peak 
was always at the lower temperature part of the distribution. The two 
main peaks in the distribution differ between 3-4 oC and indicate a 
short and cold period, 7-10 oC, and a long and warmer period, 9 to 
13 oC depending on the altitude. The thermistors at intermediate 
depths showed multimodal temperature density distributions, 
reflecting transitions from the surface to the deep layer temperature 
distributions. The higher the lakes, the lower the differences between 
the temperature density distributions at different depths. Above 4000 
m a.s.l, the distributions were very similar across depths, particularly 
in Yantahuaico-3 lake, where they were identical (Fig. 3).  
 
Despite higher or lower thermal differentiation across the water 
column, the heat content in the lakes reflected a warm/long period 
and a cold/short period (Fig. 4), with progressive or steeper 
transitions between them, depending on the lake. On average, the 
warmer period showed a ~40% higher heat content than the cold 
period in the lakes above 4000 m a.s.l and ~30% in those below.
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Figure 4. Heat content across the year in the study lakes.
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Figure 5. Variation of the water column Schmidt stability across the year 
in the study lakes.
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Water column stability 
Although lake cooling and warming proceeded progressively for 
periods of some months in most lakes, the water column stability 
experienced sharp transitions, defining two well-differentiated 
periods of stability and instability as shown by Schmidt stability 
(Fig. 5). The Schmidt stability considers the volume development of 
the lakes basin in addition to the density stratification. Seven out of 
the ten lakes studied showed a well-defined pattern of stable 
stratification throughout most of the year and a shorter period of 
instability from late June to mid-September. The three lakes at 
higher elevations did not show this clear seasonal pattern. 
Specifically, Lake Yantahuaico-3 showed instability throughout the 
year, whereas the deeper lakes Jigeno and Estrellascocha showed 
some long periods of stability from October to November, 
occasionally shortly interrupted by instability days.  
 
Based on the monthly vertical temperature profiles, the buoyancy 
frequency distribution across the water column (Fig. 6) indicated that 
the stability was due to a stepwise distribution from top to bottom of 
relatively mild density gradients. The water column structure 
consisted of numerous 1 to 3-m thick layers separated by weak 
thermoclines. In some lakes and periods, the most substantial 
gradients accumulated below the first few meters depth for about 5-
10 m, but without showing well-defined epilimnion, metalimnion, 
and hypolimnion compartments.  
 
During the stability period, LN indicated that the water column 
structure in most lakes was stable against the common and the 
strongest winds recorded in the area (Fig. 7). Likely, the LN cutoff is 
closer to a value of 10, rather than the original thought value of 1. 
Otherwise, the observed complete mixing could hardly occur during 
the unstable period (Fig. 7a).
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Figure 6. Buoyancy frequency (N) distribution across the year in the 
study lakes.  
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Figure 7. Stability of the water column against wind intensity. The 
adimensional Lake number (LN) indicates that wind action can mix the 
water column when LN < 1 if the wind persists sufficiently longer. LN for 
each lake and profile in Fig. 6 is calculated according to the standard (a), 
unlikely (b), and very unlikely wind intensity (c), which correspond 
respectively to the median, 95, and 99 percentiles of the whole set of wind 
intensity measurements in the four AWS during the study period. 
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Figure 8. Oxygen distribution across the study lakes based on monthly 
profiles.   
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The highest altitude lakes could be mixed by extreme winds at any 
time and were easily mixed during the coldest period, even by low 
winds (e.g., ~1 m s-1). In summary, the LN calculations supported 
that complete lake mixing can hardly occur in most of these lakes 
during prolonged periods. The vertical oxygen distribution also 
evidenced this water column stability and seasonal lake mixing 
patterns (Fig. 8). 
 
Coherence among lakes 

The lake pair-wise cross-wavelet analyses showed an elevated 
coherence among lakes at daily, weekly and seasonal scales (Fig. S1 
and S2). The dominant pattern in the pair-comparisons was a high 
daily coherence, similar weekly-biweekly coherence, and a slightly 
lower seasonal coherence (Fig. 9a). Similar to this pattern but losing 
coherence during the coldest months (Fig. 9b) occurred between 
lakes at intermediate altitudes and those in the extremes. For 
instance, Lake Toreadora lost coherence during the cold months with 
those at much higher (i.e., Yantahuaico-3, Estrellascocha) and lower 
altitudes (Llaviucu). A third main pattern occurred when 
comparisons were made with Lake Luspa, for which cross-
correlation was weaker at daily scales than at the other two 
coherence peaks (Fig. 9c). Luspa is the deepest lake in the data set, 
a fact that could explain higher inertia for daily fluctuations than the 
shallower lakes.  
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Figure 9. Selected cross-wavelet diagrams to illustrate the tree types of 
coherence found among lake pairs. The complete set of pair comparisons 
can be found in the Supplementary information (Fig. S1, S2).
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Figure 10. Meteorological forcing components in Lake Toreadora. (a) 
Short-wave radiation. (b) Incident long-wave radiation. (c) Outgoing long-
wave emission. (d) Air temperature (red line is the lake surface 
temperature). (e) Relative humidity. (f) Wind speed. (g) Wind direction. 
The period of low Schmidt stability from June to September is indicated 
across panels (blue lines). 
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Figure 11. Heat flux components in Lake Toreadora. (a) Radiative flux; 
balance between short-wave and long-wave in and out fluxes. (b) Heat flux 
associated with evaporation. (c) Sensible heat flux. (d) Advective heat flux 
estimated by the difference between the sum of the other heat flux 
components and the heat change in the lake’s total heat content. The period 
of low Schmidt stability from June to September is indicated across panels 
(blue lines). The series show six, <6h>; and twenty-four hours <24h> 
moving averages of the recorded signals. 
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Figure 12. Some daily-scale time windows to illustrate the dominant 
processes during the stability period (15-18 April 2019, a-i), the transition 
to instability (6-9 July 2019, a’-i’), and an extreme situation of instability 
(11-14 August 2019, a”-i”) indicating the weather conditions and thermal 
and kinetic fluxes in Lake Toreadora. (a) SW, short-wave radiation; (b) Ta, 
air temperature; (c) WS, wind speed; (d) TL, lake temperature at 0.2, 3.5, 
8, and 14 m depth; (e) Surface heat fluxes (long-wave, evaporative, and 
sensible heat); (f) Effective heat flux at the surface layer; (g) mixing layer 
thickness; (h) convective and shear velocity; (i) mechanical energy flux 
and the fraction derived from the buoyancy flux. 
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Figure  13. Some daily-scale time windows to illustrate the dominant 
processes during the end of the mixing period and the transition to stability 
(August 31 to September 3, 2019; a-i), increased stability (27-30 Octuber 
2019, a’-i’) and an extreme situation of high stability (15-18 December 
2019, a”-i”) indicating the weather conditions and thermal and kinetic 
fluxes in Lake Toreadora. (a) SW, short-wave radiation; (b) Ta, air 
temperature; (c) WS, wind speed; (d) TL, lake temperature at 0.2, 3.5, 8, 
and 14 m depth; (e) Surface heat fluxes (long-wave, evaporative, and 
sensible heat); (f) Effective heat flux at the surface layer; (g) mixing layer 
thickness; (h) convective and shear velocity; (i) mechanical energy flux 
and the fraction derived from the buoyancy flux.  
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Heat and momentum exchange 

The mechanisms driving the observed daily, weekly, and seasonal 
patterns were investigated in Lake Toreadora, where the AWS was 
near the lake. The seasonal changes in the driving meteorology 
between the stable and unstable periods comprised a decline of 1.6 o 

C in average air temperature and radiation (13.4 W m-2) and an 
increase in wind intensity (1.2 m s-1), with a shift of the whole wind 
speed distribution upwards (Fig. 10, S3). Consequently, the latent 
heat and sensible heat outfluxes increased, and there was little 
change in the radiative balance (Fig. 11).  
 
The marked increase in wind intensity enhanced momentum transfer 
during the unstable period. Zooming on few-day windows facilitates 
visualizing the dominant processes and their characteristics during 
specific periods (Fig. 12, 13). During the stability period (Fig. 12 a-
i, 13 a’’-i’’), alternating clear and cloudy days with low winds 
generated buoyancy gains and losses, affecting only the upper 
meters. The thickness of the mixed layer was usually <1 m, with 
episodic increases to 2-3 m during low irradiance and higher wind.  
 
Irradiance penetration was relatively low (Van Colen et al. 2017), 
which causes buoyancy gain in the upper layer that counteracts 
negative heat fluxes by evaporation and sensible heat flow towards 
colder air. Only on cloudy and windy days, turbulent mixing 
deepened the surface mixed layer by the combined action of 
convective and wind-shear turbulent mixing. Because wind 
enhances evaporation and heat transfer, convection contribution to 
turbulent fluxes is often higher than shear contribution (Fig. 12 h).  
 
The surface dynamics during the long stability period did not affect 
most of the lake volume. However, when colder and windier days 
increase the transition to the unstable situation, the mixing quickly 
progressed because daily buoyancy gains did not compensate for 
night losses (Fig. 12 a’-i’). Thick upper mixed layers became 
common, effective heat loss predominated most of the day, and 
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turbulent penetration was dominated by shear velocity (Fig. 12 h’). 
During the instability period, in the most extreme situations, air 
temperature hardly reached 4 oC, radiation was low (<250 W m-2), 
and the wind speed was high (> 6 m s-1, Fig. 12 a’’-i’’). The whole 
water column could be mixed in a few hours by mostly wind shear. 
However, this highly unstable situation lasted for a short period, and 
when meteorological forcing recovered the usual year-long values, 
the water column stability quickly recovered (Fig. 13). 
 
Seasonal and daily fluctuations were evident in the raw thermistor 
data and derived calculations. However, the cross-wavelet analyses 
showed the weekly scale as another relevant focus of variation in the 
thermal structure of the lakes. Indeed, oscillations at this scale were 
evident in the wind direction (Fig. 10b). The wind direction in 
Toreadora was primarily dominated by winds from the East (Fig. 
S4). However, there was a minor contribution from winds of the 
West, which, interestingly, were not distributed randomly. The 
appearance of western winds oscillated quasi-periodically (Fig.10b); 
they were common for about one week, and the wind shift stopped 
during another. Close inspection indicated that when western winds 
occurred, they predominantly started after noon and lasted until 
sunrise (Fig. S5). This pattern suggests that they were related to 
katabatic processes, which will agree with the absence of the wind 
direction change during the cold months when easterlies are stronger 
(Fig. 10b).  
 
Interannual variability 

Although the high-resolution study of the ten lakes was limited to 
one year, there are existing monthly profiles for Lake Toreadora to 
evaluate the interannual persistence of the observed patterns (Fig. 
14). The patterns were consistently similar for the period 1996-2020, 
including the long-stratification period and the shorter instability 
phase during July and August, with transition months in June and 
September. The oxygen profiles mimicked the temperature patterns, 
although oxygen was not fully homogenized across the water 
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column as temperature during July and August. There are a few mg 
L-1 differences between the surface and bottom, possibly due to the 
lower diffusivity of oxygen molecules compared to thermal 
diffusivity and high oxygen demand in the lake’s deep layers. 

Figure 14. Monthly temperature and oxygen profiles in Lake Toreadora 
from 1996 to 2020. Profiles from the thermistor study (2019 -2020) are 
highlighted in color. 

4.4 Discussion

Our results provide a robust assessment of the mixing regimes in 
tropical high-mountain lakes and show that long-year polymixis is 
not a general feature of these lakes, as traditionally suggested 
(Löffler 1964; Steinitz-Kannan et al. 1983) and challenged by some 
recent observations (Catalan and Donato-Rondón 2016; Michelutti 
et al. 2016). A warm monomictic regime is the most extended 
pattern. Polymixis occurs only during a limited period of the year (2-
3 months). In our study, the all-year-long polymictic regime is 
limited to the highest (~4.000 m a.s.l.) and relatively shallow lakes 
(<20 m, maximum depth) lakes. This polymictic pattern also has 
been found in Perú’s Andean lakes located > 4.000 m a.s.l 
(Michelutti et al. 2019). 
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Oxygen profiles confirmed the water column’s stability throughout 
many months of the year, and the pluriannual profile series indicated 
the consistency of the general patterns found, at least for the last 
three decades. Therefore, high-mountain tropical lakes commonly 
should show a warm monomictic regime unless they are located at 
elevations higher than typical for most lakes (e.g., >4000 m a.s.l.) or 
are shallow. The depth issue should be investigated with further 
detail as all lakes were > 8 m mean depth in the study set. In high 
mountain landscapes, water bodies below this mean depth are 
abundant (dominant) with diffuse limits between what can be 
denominated a lake, a pond, or a wetland, particularly if they are 
directly connected to the fluvial network (Mosquera et al. 2017a). 
The study lake set characterizes the water bodies that undoubtedly 
will be considered lakes and place them in warm monomictic 
regimes as low-land tropical lakes have been situated before (Lewis 
1996), with the difference of a thermal range of about 10 oC below.  
 
Thermal overall variation within and among lakes was relatively low 
compared to temperate high-mountain lakes (Catalan et al. 2002). 
Surface temperature does not markedly differ from summer surface 
temperature in many high-mountain lake districts (10-15 oC), but the 
main difference occurs in the deep layers, which hardly achieve 
values below 6-8 oC. There is no development of a marked seasonal 
thermocline, dividing the lakes into two clear compartments, a 
feature that could suggest a lack of water column stability in front of 
night penetrative convection and wind shear stress. Indeed, the daily 
scale dominates thermal variation in most lakes throughout the year 
and provides thermal coherence between them, as shown by the 
cross-wavelet analyses. However, during most of the year, the daily 
meteorological fluctuations cannot counteract the stabilizing 
buoyancy gain provided by short-wave radiation. Consequently, 
only a relatively shallow upper layer is mixed daily, and the water 
column shows general stability. 
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The density gradients across the water column are relatively weak. 
The overall thermal difference from top to bottom is 5-6 oC. The 
water column stability is provided by the cumulative effect of many 
relatively thin layers (a few meters thick) and the lake volume 
development. The stepwise gradient develops due to alternating high 
buoyancy gain during the clear sky days and turbulent mixing in 
windy and cloudy days. Inflows may also play a role in the 
development of the stepwise structure. The few recorded data on 
inlets commonly show lower temperature values than the lake’s 
surface. The role of advection transport in the hydrodynamics of 
these lakes should be studied further, provided that streams likely 
show short-time temperature fluctuations.  It should be noted that 
wind intensity is low in the area. Although easterlies largely 
predominate, the intensity is hampered by the Andean Eastern ridge. 
High-intensity winds common in other mountains rarely occur. 
Perhaps, this specificity contributed to the misconception about the 
polymictic character of these lakes. However, LN calculations using 
wind intensity in the 8-10 m s-1 range still show values >1 for many 
lakes, although lower than 10, which seems to be a more appropriate 
value as a switch indicator for mixing.  
 
Although the daily variation in meteorological forcing in the tropics 
is more considerable than the seasonal variation, this does not mean 
that seasonality is not present. In the equatorial region, there are two 
solar summers (sun in the zenith) and two solar winters (sun position 
over one of the tropics). However, the second solar winter 
(December-January) is meteorologically absent because it coincides 
with increased extra-terrestrial radiation and extended length of the 
day that compensates for the lower sun elevation. Conversely, these 
sun position, intensity, and day length mismatches cause a more 
extended primary winter in June-July (Emck 2007). Eventually, the 
weekly scale fluctuations mask the solar fluctuations during the rest 
of the year. Thus, the year splits into a short cold period (June-
September) and a warmer period for the rest of the months. Beyond 
insolation, the oceanic anticyclones shape the climate in the area.  
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North and South Atlantic high pressures drive the easterlies that 
predominate in the area. Both anticyclones gain and lose intensity 
and extension synchronously, producing greater wind intensities in 
July-August. Therefore, the unstable water columns in the lakes 
develop because of lower temperatures and stronger winds 
associated with the climatic situation described. The transitions 
between “cold” and “warm” synoptic meteorological forcing periods 
are relatively quick, and so are they reflected in the Schmidt stability 
of the lakes despite the heat gain and loss being more progressive. 
The highest lakes (>4000 m a.s.l) develop weaker gradients during 
calm situations, which are insufficient to resist weak winds. They do 
not seem to experience lower short-wave radiations; thus, the reason 
is probably a combined effect of lower air temperature because of 
the altitude and stronger winds, as expected from the proximity to 
the ridge.  
 
The threshold identified at about 4000 m a.s.l, and also present in the 
Peruvian lakes, may shift with increasing warming. These lakes 
could be better sentinels for climate shift than the more abundant and 
usually studied lower ones. Nevertheless, the cross-wavelet analyses 
showed a large coherence in the daily and seasonal variability among 
the lakes, which makes most of them representative for studying past 
(Schneider et al. 2018) or current climate changes of this tropical 
region (Michelutti et al. 2016) if interpreted adequately. The 
conceptual framework should not consider polymixis as the 
paradigm. Warm monomictic regimes are likely present in many 
lakes within Holocene climate standards.  
 
The weekly fluctuations coherence among lakes was initially 
unexpected because oscillations at this scale were thought as part of 
the weather noise imposed on the stronger daily and seasonal 
variation. The coherence indicates a common driving mechanism. 
The quasi-biweekly rhythmicity in the wind direction change from 
the overwhelming dominant eastern to western in the late evening 
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was associated with katabatic downslope flows, which can develop 
in wide valleys in the presence of weak synoptic winds (Princevac 
et al. 2008). The study lakes’ area shows a general elevation decline 
from NW to SE. Therefore, the wind flow tendency over this slope 
may interact with the synoptic easterlies, with episodic changes in 
direction. Interestingly, this interaction produces a quasi-periodic 
oscillation with about one week in which the shift to western wind 
occurs on daily bases and about one week that it does not occur. This 
pattern and the western shift vanish during the “cold” period when 
the eastern wind intensity is higher. Therefore, the apparent katabatic 
oscillation is probably driven by oscillations in the Eastern wind 
intensity, which may interfere with the katabatic wind development. 
Weekly-scale oscillations have also been described for low land 
tropical lakes (Lewis Jr. 1983) and can be related to intraseasonal 
oscillations associated with the particular drivers of South American 
climate (Liebmann et al. 1999; Alvarez et al. 2014), which 
discussion is beyond the scope of this study.  
 
Provided the coherence among the lakes studied, the conclusions 
raised can confidently be extrapolated to the whole Cajas lake 
district. Could they be extended to other tropical high-mountain lake 
districts? There are not many studies to compare. Extensive surveys 
in the páramo lakes of Colombia performed in the 1990s (Donato-R 
2010) and late 2010s showed similar oxygen and temperature 
profiles (Zapata et al. 2021), and the annual cycle in Lake Cumbal 
(Colombian Andes), the same mixing regime that described in Cajas 
(Catalan and Donato-Rondón 2016). The similitude makes sense 
because, although distant, the lake district is under similar synoptic 
climatic conditions. Tropical high-mountain areas in other parts of 
the world should share similar solar forcing but may be submitted to 
different wind circulation conditions and intensities. Indeed, Löffler 
(1964) already showed summer temperature profiles for African 
high-mountain lakes that suggest stratification. In any case, we may 
conclude that polymictic regimes cannot be further presented as the 
paradigm for lakes in tropical mountains.  
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5. General Discussion 

 
This thesis constitutes one of the first studies of the Andean tropical 
zones in which aspects of the limnology of an entire lacustrine 
system, such as the Cajas Massif in southern Ecuador, are broadly 
addressed. The thesis’ results come from a large set of lakes, in 
contrast to the few-lakes traditional studies in this planet region. This 
thesis offers a broad vision of Andean tropical limnology and 
highlights the importance of the geomorphology of lake basins and 
altitude in conditioning other aspects, such as the water chemical 
composition and the physical functioning of water masses. 
 
Generally, the limnology of tropical zones is associated with flood 
lakes in low areas, such as those formed by abandoned meanders in 
tropical forests. This perception is primarily due to the high 
abundance of this type of water masses and has created a historical, 
scientific bias, particularly comparing tropics and temperate zones. 
Indeed, there is a large variety of lakes in the tropics: flatland lakes, 
ancient tertiary lakes, high-mountain lakes, valley lakes, lakes in 
tropical rainforests, artificial lakes, and subtropical lakes, among 
others. The small lakes located at high altitudes in tropical mountain 
ranges constitute one of the most differentiated cases (Nilssen, 
1984). Altitude correlates with several strong environmental 
gradients that considerably model limnological functioning (Lewis 
Jr., 1987; Ramírez et al., 2020). 
 
In the tropical limnology literature, it is stated that tropical high-
mountain lakes of glacial origin are not as abundant as in temperate 
zones and are relatively less abundant than other lake types in the 
tropical context (Lewis Jr., 1996 and 2000). However, this lower 
relative abundance does not justify the low attention paid to them. 
Very little has been inventoried in the lake districts in the tropical 
mountains worldwide. Besides, lakes smaller than 0.001 km2 have 
not been part of global inventories (Downing et al., 2006) despite 
their high abundance, especially in glacial landscapes (Hanson et al., 
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2007). In South America, glaciation has formed hundreds of lake 
districts distributed along the Andes ( Rodbell et al., 2008). These 
lake districts harbor a high abundance of lakes, as in the case of the 
Cajas Massif (14.7 water bodies per km2), a density comparable to 
that of European mountain ranges (Chapter 2). In the tropical Andes, 
this lake abundance has an added and direct value for the large 
populations that live there because they are a direct source of water 
for human consumption, irrigation, fish production, and 
hydroelectricity. Due to the accelerated impact of global change in 
the Andean mountains and the increase in human pressures on this 
resource, the deterioration, transformation (damming), and, in some 
cases, the loss (due to mining activities) of the lake districts are 
continuous. 
 
The results of the lake abundance and size analysis of the Cajas 
Massif are framed within an altitudinal range that does not exceed 
4500 m a.s.l. in the western cordillera of the Andes, showing a 
unimodal lacustrine distribution where the highest density occurs at 
3936 m a.s.l. However, in other tropical Andean mountains where 
the altitude exceeds 4500 m a.s.l., the existence of a bimodal 
distribution is observed with a first mode at a lower altitude than 
Cajas (3700 m a.s.l.) and a second mode with a peak less than 4300 
m, possibly related to different erosive phases of the glaciation 
(Zapata et al., 2021). This type of distribution is not observed in the 
mountain chains of the temperate zones, likely due to the restriction 
of altitude in some ranges (Del Castillo, 2003) and because Asian 
ranges have not been studied in detail in that sense. It would be 
interesting to extend the inventories of the lake districts to the 
mountainous chains in the Andes of Peru (Cordillera Blanca, 
Cordillera Vilcanota, among others), where there is an altitude 
continuum from 4000 to 6000 m a.s.l. and active glaciation. 
 
In mountain ranges, altitude constrains the size of lakes compared to 
those in lowlands since, at higher altitudes, there is less area 
available for forming large lakes. The lakes of the Cajas Massif show 
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similarity in the aspect ratio with the alpine lakes of temperate zones 
(Chapter 2). This pattern was not to be the same in the mountain 
ranges of the Colombian Andes, whose morphology is shallower, 
similar to sub-arctic lakes (Catalan & Donato Rondón, 2016; Zapata 
et al., 2021). Although there are still no complete morphological 
descriptions of other lake systems in the tropical Andes, individual 
descriptions show the existence of lakes with areas and depths 
greater than those reported in Cajas (Steinitz-Kannan et al., 1983; 
Michelutti et al., 2019). In the satellite images of Google Earth, it is 
easy to identify the existence of lakes with a large area (> 100 ha) in 
the páramos of central and northern Ecuador, especially in Peru’s 
mountain ranges. In general, the results show that lake systems of 
glacial origin could be more represented than previously described 
in an Andean landscape context, showing many geomorphological 
similarities with other glacial regions of the planet. Let us consider 
the factors that most influence the limnological variation of Andean 
tropical lakes based on the results in the Cajas Massif:  
 
5.1 Altitude 

The tropical mountains of the Andes show a wide range of altitude 
from 3000 to ~5100 m a.s.l. In the Cajas Massif, we can distinguish 
three well-differentiated altitudinal belts concerning the lacustrine 
system. The first corresponds to the lakes between 3000 to 3500 m 
a.s.l., generally valley lakes formed by terminal moraines and likely 
surrounded by forest formations. The forest line does not have the 
same altitude across the tropical Andes; it changes from 3500 to 
3800 m a.s.l. Second, the lakes above the forest line that are within 
the “páramo” biome. And finally, those lakes at the headwaters of 
the watersheds, in the “superpáramo,” within sparsely vegetated 
areas with rocky soils that are still covered by ice in some parts of 
the tropical Andes. In the case of the Cajas Massif, this limit is above 
4000 m a.s.l. However, in other lake complexes, it could be higher. 
The little existing limnological information prevents precise 
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conjectures about these divisions and generally groups all the lakes 
as “Paramo de los Altos Andes” lakes (Steinitz-Kannan et al., 1983). 
Soil development, vegetation, bedrock exposure, the presence of 
glaciers, and atmospheric deposition change with altitude. 
Therefore, the allochthonous contribution of chemical compounds to 
the lakes likely will vary with elevation. For instance, it could be 
expected that the allochthonous contribution of dissolved organic 
carbon (DOC) would be higher with increasing soil development 
(Buytaert et al., 2005). The DOC variability should modify the water 
transparency for both PAR and UV light. (Van Colen et al., 2017; 
Aguilera et al., 2013; Laurion et al., 2000). Furthermore, catchments 
at higher altitudes show rockier substrates, more exposed to 
weathering, which could increase the ionic and phosphorous charge 
and decrease the nitrogen in the water, and in the higher lake districts 
that are fed by glacial melting, high values of conductivity, 
phosphorus, DOC and turbidity could be found (Barta et al., 2018; 
Michelutti et al., 2019). Surprisingly, in our water chemistry models, 
altitude was not a significant driver for chemical variability except 
for iron. This lack of relationship could be due to the relatively low 
altitudinal range in the Cajas Massif; almost all lakes were below 
4000 m a.s.l (Chapter 3). On the other hand, atmospheric deposition 
studies in the Cajas Massif have shown that the greatest deposition 
of pollutants occurs at 3400 m a.s.l. and not in the highest parts (4130 
m a.s.l (Bandowe et al., 2018; Schneider et al., 2021), atmospheric 
deposition is one aspect not considered in our study that might have 
some influence in the variation observed. 
 
Altitude showed a substantial effect on the mixing patterns of the 
lakes of the Cajas Massif. The warm monomictic regime was the 
most widespread (Chapter 4), as also reported for the mountain lake 
districts of Colombia (Zapata et al., 2021; Catalan & Donato 
Rondón, 2016), ruling out polymyxis as has traditionally been 
suggested for these tropical areas (Löffler 1964; Steinitz-Kannan et 
al., 1983). However, the lakes that are at higher altitudes (> 4000 m 
a.s.l.) and relatively shallow (<20 m, maximum depth) showed an 
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annual polymictic regime similar to that reported by Michelutti et al. 
(2019) for relatively shallow lakes above 4800 m a.s.l. (range 4778–
5107) in the Vilcanota mountain range in the Peruvian Andes. 
 
5.2 Lake size 

The area and the depth have very relevant effects on mountain lakes. 
In European alpine lakes, the lake size has been identified as an 
environmental variable determining the assemblages of diatom, 
rotifers, chydorids, planktonic crustaceans, and chironomids 
(Catalan et al., 2009). In the case of the lakes of the Cajas massif, 
mean depth and the ratio between watershed and lake areas 
significantly influence the water chemistry (Chapter 3). The smaller 
and shallower lakes are most organic (> DOC, TP, and NH4+), less 
mineralized (< conductivity and Ca2+), and show higher metal levels 
(e.g., aluminum and iron). These characteristics should determine 
different biological communities compared to larger lakes. 
Shallower systems in other tropical areas of the Andes (Colombia, 
Peru, and Bolivia) have shown the same organic ranges (DOC range: 
0.15 - > 21 mg/l) as the lakes of the Cajas Massif (Zapata et al., 2021; 
Michelutti et al., 2019) and low transparency with high UV-A light 
attenuation coefficients due to high DOC contents (Aguilera et al., 
2013). 
 
5.3 Bedrock  

In general, the lithology of the mountain lake districts in the Andes 
is the product of active volcanism, which produces lava flows that 
overlap unevenly and heterogeneously over time, complemented 
more locally by hydrothermal processes that reach the surface 
creating substrate patches that differ from the dominant rock. This 
variability of volcanic bedrock provides highly diverse chemistry in 
relatively small areas, with calcium being the most common and 
dominant cation (Chapter 3). This variability has also been reported 
in other Andean lake districts (Zapata et al., 2021; Michelutti et al., 
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2019; Steinitz-Kannan et al., 1983) and, generally, the acid 
neutralizing capacity (ANC) of the lakes. Tropical mountain lakes of 
the Andes exceed the two European thresholds (ANC 200 and 1000 
µeq L-1) established for European mountain lakes, so their 
sensitivity to acidification is lower (Catalan et al., 2009). 
 
5.4 Wetlands 

The proportion of wetlands in the lake catchment of tropical 
mountain systems is a significant factor influencing water chemistry, 
especially in shallow and small systems. The models of the lakes of 
the Cajas Massif showed a positive relationship between the levels 
of nutrients and metals (iron, manganese, nitrate, phosphorus, and 
DOC) and the proportion of wetlands in the catchment (Chapter 3). 
Possibly the explanation is that water in wetlands has an acidic pH 
and a lower redox potential, which facilitate the solubility of the 
organic Matter)-Al(Fe)-phosphate complexes characteristic of 
tropical mountain soils (Van Colen et al., 2017; Sanchez-Murillo et 
al., 2022). This effect is more critical in smaller lakes (ponds and 
shallow lakes) because wetland areas appear as patches that are 
generally not extensive in a large grassland matrix. So, for large and 
deep systems, the occupation of wetlands in the catchment is 
generally low and not directly attached to the water body. Therefore, 
the effects of the runoff from wetlands to the lake might not be 
noticeable in the final chemistry. 
 
5.5 Anoxic layers 

A characteristic of tropical mountain lakes that differentiates them 
from temperate mountain lakes is the presence of a thick deep anoxic 
layer (Chapter 4). This anoxia is more related to the stable annual 
stratification (9 months) and to the high oxygen demand determined 
by the allochthonous loads of organic matter than to the lake’s 
productivity since lakes are essentially oligotrophic or 
ultraoligotrophic. The anoxia should influence the biogeochemical 
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pathways in many ways; for instance, becoming a reservoir of 
ammonium and generating a great denitrification potential around 
the oxycline coupled with nitrification. Consequently, nitrogen 
losses from the aquatic system could be high, and nitrogen fixation 
could become a crucial process to maintain the activity of the aquatic 
ecosystem (Catalan & Donato Rondón, 2016). Similarly, anoxia can 
facilitate the solubility of phosphorus and metals, providing a more 
significant internal load of nutrients, the thicker and stronger the 
redox gradient, which could influence productivity throughout the 
year by diffusion (Donato-Rondon, 2010). The functional role of 
these deep anoxic layers is a subject that merits further research. 
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6. Conclusions 
 
Chapter 2 
 
• The shape of the distribution of the lake-area abundance from the 

Cajas Massif is similar to those found in other high-mountain 
lake districts of glacial origin. It appears as a general feature that 
the mountain lake distribution differs at both ends from a power 
law relationship. The deviation in the large-size lake extreme has 
been attributed to the restriction imposed by altitude, and 
additional factors like periglacial processes, steep slopes, thin 
soils, and torrential stream flows that may have enhanced the 
lake filling. 

 
• The Cajas Massif lakes show shorelines with a fractal dimension 

D=1.08, similar to Earth’s lakes < 4.7 km2, with no clear 
departure from this scaling along the lake-size range. One can 
conclude that the interaction with terrestrial systems and littoral 
environments in these lakes scale similarly throughout the lake-
size range. 

 
• One of the consequences of the biased distribution of the lake-

area abundance is that within the Cajas Massif—and probably in 
similar mountain lake districts—most of the lentic water surface 
is in midsize lakes and not in ponds. About 50% and more than 
85% of the water surface area is on lakes >105 and >104 m2, 
respectively. It is particularly relevant in the context of gas 
emissions and watershed fluvial network dynamics. Ponds may 
be of interest for the metacommunity dynamics of some aquatic 
organisms restricted or with a preference for these systems. 

 
• Significant scattering in some parts of the lake-size gradient 

(e.g., 104 to 105 m2) indicates variations in the geomorphological 
process configuring the current lake basins. Several 
particularities point to a differential lake filling as the cause of 
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the high depth (volume) variation at this mid-lake-size range. 
The markedly less noisy relationship between area and perimeter 
than between area and volume indicates that there has been a 
transformation of the lake bottoms processes posterior to the lake 
formation. 

 
• Despite the likely profound transformation of some of the Cajas 

Massif lakes after the excavation of the basin, the general pattern 
of lake basin formation, illustrated by the patterns between lake 
area and the maximum depth, still agrees with that from alpine 
lakes in European ranges and differ from those in subarctic areas. 
In the latter region, lakes are much wider with respect to depth 
than in high mountains. 

 
• The dynamics of these relatively shallow lakes, with high water 

renewal, are mainly dominated by what happens in the watershed 
and associated stream transport; therefore, they are excellent for 
reconstructing extreme rainfall events and vegetation and land 
use changes. 

 
Chapter 3 
 
• High mountain lakes in volcanic basins can present extremely 

variable water chemistry in relatively small areas, comparable to 
that in large mountain ranges, where the substrate includes 
plutonic, metamorphic, and carbonate bedrock changing over 
large areas.  
 

• The high correlation of calcium with alkalinity and conductivity 
indicates that partial aluminosilicate dissolution is the primary 
source of cations in these lakes. Water alkalinity generation 
primarily occurs in the subsoil saprolite, which explains why 
water hardness increases with watershed and lake size. 
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• Complementary weathering processes beyond the predominant 
cation source could be found in high mountain lakes in volcanic 
basins. Silica levels indicate complete aluminosilicate 
dissolution and are associated with monovalent cations (sodium) 
and sulfate. Likely, they are associated with former hydrothermal 
processes of active volcanism, which may enhance albitization. 

 
• Average and extreme DOC and iron levels are higher in the Cajas 

Massif lakes than in temperate mountain lake districts and 
similar to some boreal areas. Small lakes and ponds record the 
higher values related possibly to the idiosyncratic connections 
with organic soils surrounding the water body. The organic and 
metal contents do not share the same main drivers. 
Paludification, nevertheless, is not a generalized feature in Cajas 
lakes and ponds, and a wide range of clear to brownish waters 
are present. 

 
• The chemical variation (main ion composition, dissolved organic 

matter, and metals) found in the Cajas Massif lakes and ponds is 
comparable to that of all the European mountain ranges. 
Therefore, tropical high mountain lakes provide a variety of 
aquatic chemical niches in relatively small territories that might 
foster species richness of aquatic organisms that are sensitive to 
a specific water chemical composition.  

 
Chapter 4 
 
• Mixing regimes in tropical high-mountain lakes show that a 

warm monomictic regime is the most extended pattern, not 
annual polymixis, as traditionally suggested. Polymixis occurs 
only during a limited period of the year (2-3 months). The all-
year-long polymictic regime is limited to the highest (~4.000 m 
a.s.l.) and relatively shallow lakes (<20 m, maximum depth) 
lakes. 
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• The density gradients across the water column in tropical high-
mountain lakes are relatively weak compared to temperate high-
mountain lakes. Nevertheless, the water column stability is 
provided by the cumulative effect of many relatively thin layers 
(a few meters thick) and the lake volume development. This 
stepwise gradient develops due to alternating high buoyancy gain 
during the clear sky days and turbulent mixing in windy and 
cloudy days. 
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SUPPORTING INFORMATION 

This section comprises supporting information for Chapter 2, 
Chapter 3 and Chapter 4. 
 
APPENDIX A 

Chapter 2 

Introduction  

The details of the digital bathymetry methods are provided in Text 
S1, and Figure S1 and the lakes covered by the bathymetry survey 
in the Cajas National Park are listed in Table S1. Four more figures 
supporting the main text are also included. Figure S2 shows the 
altitudinal distribution of the high mountain water bodies of the 
Cajas Massif. Figure S3 illustrates some lake shapes across the 
shoreline development (DL) gradient. Figure S4,  the volume-area 
relationship considering two lake morphologies. And, Figure S5, the 
maximum depth (Zmax), mean depth (Zmean) and relative depth (Zr) 
distribution among the Cajas National Park lakes. 
 
Text S1. Digital bathymetry method 

The process to produce the digital bathymetry of the studied lakes 
and the derived geomorphological products included: (i) in-situ 
gathering and office processing of the surveying data so that any 
incongruence could be filtered out; (ii) preparing the information 
with the right digital format for the forthcoming steps; (iii) selecting 
and applying an interpolation algorithm to obtain the bathymetric 
surface (i.e. the digital bathymetric model) of every surveyed lake; 
and (iv) obtaining the required geomorphological products derived 
from the digital bathymetric models of the lakes. For most of these 
processes, specific-task subroutines were programmed, particularly 
with PERL (Practical Extracting and Reporting Language) and 
Matlab®. 
 
The first step included the integration of the depth data collected in 
the field with the data derived from the digitalization of the 
orthophotos (i.e. boundaries of the lakes associated with zero-depth) 
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so that the feasible bounds of the following interpolation process 
could be defined properly (besides adding additional zero-depth data 
for the interpolation process). For filtering out some potential pitfalls 
of the data collected in the field, these lake boundaries as well as 
other relevant spatial information, together with field annotations, 
were contrasted with the aid of geographical information systems 
(GIS) (ArcGis® and IDRISI® Selva).  
 
In the second step, suitable specific-task subroutines, usually 
programmed with PERL, were used so as to get the different data 
saved with the right format, as a function of the software that was 
used later for the interpolation process, particularly Surfer® 13.0.  
 
The third step was obtaining the digital bathymetric model of the 
surveyed lakes. It included assessing an appropriate interpolation 
algorithm for the current study, by judging the depth accuracy of the 
resulting interpolation product (i.e. the bathymetric model of a given 
lake).  
 
For some of the studied lakes, the implemented quality assessment 
process considered a visual comparison (Figure S1) of the results of 
the different alternative interpolation methods. Through this visual 
analysis, some of the methods were already discarded. In a second 
approach, similarly to what is typically done in topographic studies 
(Vázquez and Feyen, 2007), the accuracy assessment was based on 
the comparison of the depths modelled with a set of field 
observations (quality control data set), selected randomly from the 
set of total field observations. It is important to note that the data of 
this randomly selected set of observations were not included in the 
interpolation process itself but, instead, they were only used for 
quality assessment purposes; that is, only 80 % of the available 
information was used for deriving the interpolated bathymetric 
surfaces. 
 
For a particular interpolation method, the depths comparison was 
characterised using residuals, that is, the depth difference between 
the interpolation model and the quality control data set (at the spot 
locations of these control quality data). This comparison was further 
aggregated to a single measure depicting the elevation difference 
between the interpolation product and the quality control data: the 
Mean Absolute Error (MAE), which is the average of the absolute 
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values of all of the residuals for a particular interpolation product 
and a particular lake. Absolute values were used to avoid residuals 
of similar magnitude, but of opposite sign, cancelling to each other, 
as such, giving the false sensation of low depth discrepancies 
(Vázquez and Feyen 2007). For a particular tested interpolation 
algorithm, the quality of the method was assessed through a 
frequency distribution (empirical) function of the MAE, calculated 
considering the respective interpolation products of all of the studied 
lakes; so that, the outcome of the quality assessment is a plot of 
frequency distributions of the MAE as a function of the interpolation 
method (Figure S1c). 
 
In total, ten interpolation methods were tested (Franke and Nielson 
1980; Franke 1982; Renka 1988; Hanselman and Littlefield 1998; 
Wise 2000; Vivoni et al. 2005; Vázquez and Feyen 2007; Eldrandaly 
and Abu-Zaid 2011), namely, (1) Inverse Distance to a Power, (2) 
Kriging Standard, (3) Minimum Curvature, (4) Modified Shepard's 
Method, (5) Natural Neighbour, (6) Nearest Neighbour, (7) 
Polynomial Regression, (8) Radial Basis Functions, (9) Triangular 
Interpolation Network (TIN) combined with linear interpolation 
along the edges of the triangles, and (10) Moving Average. 
 
Finally, in the fourth step, the most suitable interpolation method 
was applied to obtain the digital bathymetric model of each lake 
surveyed. Given the significant number of lakes considered in the 
current study, the interpolation and quality control analyses were 
carried out automatically, using (i) the programming framework that 
Surfer® enables by mean of Visual Basic; and (ii) PERL specific-
purpose subroutines. 
 
The outcome of the quality assessment on the products of the ten 
different interpolation methods considered in this study is depicted 
in Figure S1c, in the form of ten frequency distribution curves. For 
a given interpolation method, every dot in the respective distribution 
curve represents the quality (measured by the MAE) of the 
bathymetric surface of one of the study lakes obtained by applying 
the method to the available observations. The figure depicts that 
indeed these distribution curves enable characterising the differences 
(and similitudes) among the different interpolation methods since 
differences (and similitudes) among these curves are systematic. 
Further, the quality of the products of a given interpolation method, 
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characterized herein by the MAE, shapes the evolution of the 
respective distribution curve so that better interpolation methods 
have associated distributions that evolve in a relatively short MAE 
range, whilst methods that are not that suitable have associated 
distributions that are spanning (much) longer MAE ranges (Figure 
S1c).  
 
The analysis shows that the best interpolation methods for the 
conditions of the current study were: (2) Kriging Standard, (3) 
Minimum Curvature, (5) Natural Neighbour, (6) Nearest Neighbour 
and (9) TIN with Linear Interpolation, given that the differences 
among their respective distributions are only marginal and that the 
associated MAE range is the shortest possible (about 2 m). Thus, we 
use the Standard version of the Kriging interpolation method for the 
bathymetry digital development. Nevertheless, statistically, there is 
not any advantage in using this interpolation method over the other 
methods with similar MAE distributions in Figure S1c. Indeed, even 
the simple and traditional (1) Inverse Distance to a Power method 
performs acceptably compared to methods 2, 3, 5, 6 and 9 (Figure 
S1c). 
 

 
Figure S1. Process followed to define the digital bathymetry of the studied 
lakes: (a) sonar used for the surveying; (b) graphical assessment of the 
quality of the interpolation methods applied on the observed bathymetric 
data; and (c) statistical evaluation of the quality of the interpolation 
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methods (i.e., frequency distributions of the mean absolute error, MAE, as 
a function of the interpolation method).

Figure S2. Altitudinal distribution of the high-mountain lakes of the 
Cajas Massif.

Figure S3. Some examples of the lake shapes and their corresponding 
shoreline development (DL) in the Cajas National Park. a) Laguna de la 
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Cascada , b) Lagartococha , c) Angas , d) Luspa , e) Burín Grande , f) 
Mamamag , and g) Osohuayco.

Figure S4. The volume-are relationship for the lakes of the Cajas Massif 
based on a survey of 202 lakes and ponds in the Cajas National Park and 
assuming two lake morphologies.  The lakes were initially classified into 
two groups (relatively deep (rd) and relatively shallow (rs)) according to
the positive or negative residuals with respect equation (3) in the main text. 
Then an allometric equation was fit to each group. The new equations were 
applied to the whole set, and the lakes were reclassified into two groups 
according to the lowest residual of the two equations. A new fitting with 
the new two groups was performed, and then a new reclassification. This
procedure was repeated until there were no changes in the classification. 
The resulting equations were: 
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Figure S5. Distribution of the maximum depth (Zmax), mean depth (Zmean) 
and relative depth (Zr) among the Cajas National Park lakes. 
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Table S1 List of the water bodies of the Cajas National Park included in the bathymetry survey 
 

Code Name Latitude Longitude Altitude (m a.s.l.) 
CJ-001 Llaviucu 2o 50' 35.584" S 79o 8' 46.136" W 3152 
CJ-002 Patoquinuas 2o 46' 54.316" S 79o 12' 30.998" W 3800 
CJ-003 Toreadora 2o 46' 45.871" S 79o 13' 26.144" W 3917 
CJ-004 Illincocha 2o 46' 44.674" S 79o 13' 52.401" W 3983 
CJ-005 Chica Toreadora 2o 46' 29.042" S 79o 13' 48.313" W 3984 
CJ-006 Piñancocha 2o 45' 13.787" S 79o 13' 55.515" W 4221 
CJ-007 Fondococha 2o 45' 35.329" S 79o 14' 10.861" W 4127 
CJ-008 Pallcacocha 2o 46' 15.057" S 79o 13' 57.561" W 4046 
CJ-009 Riñoncocha 2o 45' 58.862" S 79o 13' 46.836" W 4034 
CJ-010 Toreador 2o 45' 53.128" S 79o 13' 22.564" W 3927 
CJ-011 Ataudcocha 2o 46' 15.415" S 79o 12' 52.294" W 3882 
CJ-012 Tintacocha 2o 50' 58.385" S 79o 17' 39.274" W 4033 
CJ-013 Del Diablo 2o 50' 39.448" S 79o 17' 45.972" W 4063 
CJ-014 Contrahierba 2o 50' 47.165" S 79o 18' 8.754" W 4004 
CJ-015 Totorilla 2o 50' 5.796" S 79o 19' 21.697" W 4090 
CJ-016 Cristales 2o 50' 27.292" S 79o 19' 5.25" W 4148 
CJ-017 Yanacocha de Jerez 2o 50' 18.087" S 79o 19' 33.27" W 4159 
CJ-018 Yantahuaico 1 2o 50' 0.697" S 79o 20' 37.242" W 4075 
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CJ-019 Yantahuaico 2 2o 50' 4.024" S 79o 20' 19.202" W 4110 
CJ-020 Yantahuaico 3 2o 50' 16.909" S 79o 20' 14.198" W 4112 
CJ-021 Marmolcocha 2o 46' 53.399" S 79o 13' 9.881" W 3926 
CJ-022 Unidas 2o 46' 17.781" S 79o 13' 7.02" W 3861 
CJ-023 Atugyacu Grande 2o 50' 26.725" S 79o 18' 12.249" W 3969 
CJ-024 Estrellascocha 2o 51' 8.014" S 79o 20' 31.706" W 4128 
CJ-025 Negra de Jerez 2o 51' 19.484" S 79o 19' 9.092" W 4045 
CJ-026 Atascaderos 2o 51' 20.023" S 79o 19' 21.913" W 4038 
CJ-027 Pailacocha de Jerez 2o 51' 39.945" S 79o 19' 42.445" W 3970 
CJ-028 Atugloma 2o 51' 31.146" S 79o 18' 52.109" W 4141 
CJ-029 Angas 2o 52' 1.014" S 79o 17' 56.213" W 3886 
CJ-030 Dublaycocha 2o 51' 36.005" S 79o 17' 51.749" W 3915 
CJ-031 S/N 2o 52' 11.2" S 79o 17' 32.173" W 4023 
CJ-032 Estrellascocha 2o 54' 47.902" S 79o 15' 13.615" W 3818 
CJ-033 Lagunaloma o Verdecocha 2o 53' 12.162" S 79o 18' 27.871" W 3837 
CJ-034 Napalé Vía 2o 53' 38.702" S 79o 17' 28.384" W 3945 
CJ-035 Tinguercocha 1 2o 53' 11.919" S 79o 17' 34.608" W 3895 
CJ-036 Ingacasa 2o 51' 31.179" S 79o 16' 19.544" W 3977 
CJ-037 Ingacocha 1 2o 51' 39.453" S 79o 16' 1.497" W 3958 
CJ-038 Chachacomes 2o 51' 18.704" S 79o 15' 54.082" W 4000 
CJ-039 Larga 2o 47' 41.422" S 79o 14' 40.103" W 3940 
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CJ-040 Negra 2o 47' 0.622" S 79o 14' 33.915" W 4043 
CJ-041 Cardenillo 2o 46' 56.252" S 79o 14' 49.979" W 4104 
CJ-042 Togllacocha 2o 48' 0.985" S 79o 14' 59.984" W 3859 
CJ-043 Luspa 2o 48' 17.395" S 79o 15' 45.61" W 3776 
CJ-044 Tinguercocha 2 2o 53' 10.185" S 79o 17' 50.735" W 3888 
CJ-045 Cucheros 2o 47' 34.028" S 79o 12' 7.595" W 3887 
CJ-046 Canutillos Grande 2o 49' 10.558" S 79o 15' 25.102" W 3851 
CJ-047 Canutillos chica 2 2o 49' 50.577" S 79o 15' 9.534" W 3942 
CJ-048 Canutillos chica 1 2o 49' 40.139" S 79o 15' 17.255" W 3934 
CJ-049 Osohuayco 2o 49' 48.808" S 79o 13' 37.361" W 3856 
CJ-050 Mamamag / Taitachugo 2o 49' 44.619" S 79o 11' 38.063" W 3543 
CJ-051 Sunincocha Grande 2o 49' 49.679" S 79o 17' 7.03" W 3842 
CJ-052 Burín Grande 2o 48' 28.58" S 79o 12' 44.938" W 3891 
CJ-053 Burín Chico 1 2o 48' 38.229" S 79o 12' 53.017" W 3872 
CJ-054 Burín Chico 2 2o 48' 19.537" S 79o 13' 10.69" W 3900 
CJ-055 El Ocho 2o 47' 57.211" S 79o 12' 52.691" W 3991 
CJ-056 3ra de Sunincocha 2o 49' 21.461" S 79o 17' 33.718" W 3808 
CJ-057 Las Chorreras 2o 49' 12.401" S 79o 17' 5.563" W 4079 
CJ-058 2da de Sunincocha 2o 49' 7.169" S 79o 17' 55.949" W 3768 
CJ-059 Quinuascocha 2o 50' 15.991" S 79o 16' 6.997" W 3894 
CJ-060 Potro muerto 2o 50' 6.73" S 79o 16' 18.343" W 3897 
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CJ-061 Culebrillas 2o 49' 45.304" S 79o 16' 37.056" W 3955 
CJ-062 Cueva Escrita 2o 50' 49.7" S 79o 16' 16.724" W 4019 
CJ-063 Llipus loma 2o 50' 59.438" S 79o 15' 58.223" W 4023 
CJ-064 Llipus loma 3 2o 50' 38.607" S 79o 16' 22.342" W 4001 
CJ-065 Llipus loma 2 2o 50' 42.737" S 79o 16' 19.293" W 4007 
CJ-066 Negra  2o 47' 29.339" S 79o 14' 57.895" W 3973 
CJ-067 Azul 2o 47' 17.374" S 79o 14' 46.225" W 4043 
CJ-068 Pampeada Grande 2o 46' 4.85" S 79o 15' 56.877" W 4121 
CJ-069 Pampeada Chica 2o 45' 55.309" S 79o 16' 17.643" W 4158 
CJ-070 Del Rayo 2o 46' 7.585" S 79o 16' 19.826" W 4149 
CJ-071 Cuchichaspana 2o 50' 14.266" S 79o 15' 45.534" W 3962 
CJ-072 Cuchichaspana Chica 2o 50' 25.562" S 79o 14' 37.626" W 3972 
CJ-073 Piedra Blanca o Llaviucu 2o 50' 14.636" S 79o 15' 35.834" W 3950 
CJ-074 Ojo de Osohuaico 2o 50' 10.497" S 79o 13' 42.055" W 3878 
CJ-075 Patos Colorados 2o 50' 12.043" S 79o 13' 10.648" W 3946 
CJ-076 Lagartococha 2o 51' 20.322" S 79o 13' 40.233" W 4001 
CJ-077 Anexo Osohuayco 2o 50' 0.759" S 79o 13' 39.253" W 3871 
CJ-078 Ingacocha 2 2o 51' 40.377" S 79o 16' 10.206" W 3959 
CJ-079 J 2o 52' 0.997" S 79o 15' 57.288" W 3919 
CJ-080 Martillo 2o 51' 16.491" S 79o 16' 16.199" W 3977 
CJ-081 Apicocha 1 2o 47' 14.254" S 79o 12' 40.874" W 3924 
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CJ-082 Apicocha 2 2o 47' 9.61" S 79o 12' 48.133" W 3924 
CJ-083 Apicocha 3 2o 47' 3.046" S 79o 12' 55.88" W 3916 
CJ-084 Cascarilla 1 2o 52' 0.094" S 79o 16' 45.694" W 4008 
CJ-085 Cascarilla 2 2o 51' 49.49" S 79o 16' 51.182" W 4002 
CJ-086 Cascarilla 3 2o 52' 34.23" S 79o 16' 36.48" W 3984 
CJ-087 Chica luspa 1 2o 48' 35.76" S 79o 15' 5.145" W 3806 
CJ-088 Chica luspa 2 2o 48' 39.979" S 79o 14' 56.106" W 3818 
CJ-089 Trensillas 1o 48' 37.684" S 31o 7' 47.755" W 3997 
CJ-090 Chullacocha 3o 1' 22.439" S 79o 13' 20.954" W 3787 
CJ-091 Quimsacocha 1 3o 3' 12.64" S 79o 14' 43.933" W 3827 
CJ-092 Quimsacocha 2 3o 3' 3.29" S 79o 14' 59.297" W 3827 
CJ-093 Vado de los Arrieros 1 2o 51' 54.074" S 79o 14' 39.172" W 3814 
CJ-094 Vado de los Arrieros 2 2o 51' 25.312" S 79o 14' 49.285" W 3820 
CJ-095 Botacocha 2o 51' 38.827" S 79o 14' 31.554" W 3839 
CJ-096 Carpahuayco 2o 50' 42.632" S 79o 14' 48.799" W 3917 
CJ-097 Jigeno 2o 54' 42.645" S 79o 17' 31.396" W 3969 
CJ-098 De Patos 2o 54' 8.287" S 79o 16' 40.515" W 3971 
CJ-099 De la Cascada 2o 45' 48.633" S 79o 12' 58.808" W 3967 
CJ-100 Cardenillo 2o 45' 25.534" S 79o 12' 46.573" W 4137 
CJ-101 Derrumbo Amarillo 2o 45' 52.536" S 79o 12' 35.558" W 4036 
CJ-102 Perro Grande 2o 45' 37.052" S 79o 13' 47.775" W 4000 
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CJ-103 Chica Ventanas 2o 52' 31.268" S 79o 15' 32.668" W 3856 
CJ-104 Bejuco 2o 52' 57.996" S 79o 14' 30.203" W 3628 
CJ-105 Tintacocha 2o 52' 42.586" S 79o 15' 4.32" W 3679 
CJ-106 Ventanas 2o 52' 47.451" S 79o 15' 56.312" W 3913 
CJ-107 Chusalongo 1 2o 55' 48.502" S 79o 14' 42.631" W 3778 
CJ-108 Chusalongo 2 2o 55' 38.583" S 79o 14' 48.702" W 3794 
CJ-109 Chusalongo 3 2o 55' 45.875" S 79o 14' 28.227" W 3780 
CJ-110 Chusalongo 4 2o 55' 56.395" S 79o 14' 31.578" W 3764 
CJ-111 Del Sharo 2o 46' 1.264" S 79o 16' 38.548" W 4253 
CJ-112 Negra 2o 46' 8.977" S 79o 16' 36.627" W 4228 
CJ-113 De Patos Blancos 2o 45' 40.312" S 79o 16' 24.755" W 4210 
CJ-114 Juan Pasana 2o 45' 30.525" S 79o 16' 33.057" W 4294 
CJ-115 Chica Hunanchi 2o 51' 58.855" S 79o 13' 54.419" W 3874 
CJ-116 Hunanchi 2o 52' 19.022" S 79o 14' 4.328" W 3834 
CJ-117 Verdes 2o 51' 33.277" S 79o 12' 57.346" W 3886 
CJ-118 Estrellascocha 2 2o 55' 10.523" S 79o 15' 11.119" W 3769 
CJ-119 Estrellascocha 3 2o 55' 4.383" S 79o 14' 58.274" W 3802 
CJ-120 Estrellascocha 4 2o 55' 15.687" S 79o 15' 23.674" W 3761 
CJ-121 Dos Choreras 2o 46' 12.542" S 79o 9' 36.858" W 3690 
CJ-122 Taquiurco 2o 46' 44.076" S 79o 11' 57.279" W 3623 
CJ-123 Barros 2o 46' 38.203" S 79o 12' 10.108" W 3815 
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CJ-124 Charco-Anex-Barros 2o 46' 41.038" S 79o 12' 11.82" W 3824 
CJ-125 Humedal Totora 2o 46' 44.464" S 79o 12' 17.448" W 3824 
CJ-126 Charco Pardo Anex Humedal 2o 46' 44.174" S 79o 12' 19.358" W 3832 
CJ-127 Barros 2 2o 46' 18.392" S 79o 12' 19.624" W 3871 
CJ-128 Barros 3 2o 46' 24.609" S 79o 12' 18.675" W 3873 
CJ-129 Charca Anexo Barros 3 2o 46' 28.025" S 79o 12' 17.181" W 3863 
CJ-130 Charca 2 Anexo Barros 3 2o 46' 28.48" S 79o 12' 17.018" W 3859 
CJ-131 Totoras 2o 46' 50.554" S 79o 12' 40.424" W 3810 
CJ-132 Verdecocha 2o 48' 54.131" S 79o 9' 35.117" W 3659 
CJ-133 San Antonio 1 2o 49' 17.978" S 79o 10' 7.034" W 3846 
CJ-134 San Antonio 2 2o 49' 34.423" S 79o 10' 10.925" W 3721 
CJ-135 Patococha 1 2o 48' 34.226" S 79o 10' 27.498" W 3841 
CJ-136 Charca Anexo Pato 2 2o 48' 21.486" S 79o 10' 19.586" W 3801 
CJ-137 Patococha grande 1 2o 48' 22.024" S 79o 10' 9.873" W 3783 
CJ-138 Charca Anexo Patococha 1 2o 48' 11.467" S 79o 10' 3.512" W 3754 
CJ-139 Lago Anexo Estrellascocha 1 2o 51' 5.881" S 79o 20' 19.729" W 4125 
CJ-140 Charca Anexo Estrellascocha 1 2o 51' 9.305" S 79o 20' 23.933" W 4116 
CJ-141 Estrellascocha 2 2o 51' 20.09" S 79o 20' 52.508" W 4074 
CJ-142 Estrellascocha 3 2o 51' 15.583" S 79o 20' 42.283" W 4092 
CJ-143 Estrellascocha 4 2o 51' 19.298" S 79o 20' 45.192" W 4088 
CJ-144 Charca Anexo Estrellascocha 4 2o 51' 18.876" S 79o 20' 45.937" W 4095 
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CJ-145 Lago somero anexo Estrella 2 2o 51' 28.681" S 79o 20' 49.55" W 4073 
CJ-146 Estrellas 5 2o 51' 22.036" S 79o 20' 47.034" W 4084 
CJ-147 Lago somero anexo Yantahuaico 1 2o 50' 7.428" S 79o 20' 31.696" W 4085 
CJ-148 Lago somero anexo Yantahuaico 4 2o 50' 7.787" S 79o 20' 32.019" W 4086 
CJ-149 Cocha totorilla 1 2o 50' 4.336" S 79o 19' 47.213" W 4223 
CJ-150 Cocha totorilla 2 2o 50' 4.435" S 79o 19' 48.41" W 4229 
CJ-151 Cocha totorilla 3 2o 50' 4.274" S 79o 19' 49.479" W 4232 
CJ-152 Cocha totorilla 4 2o 50' 20.934" S 79o 19' 21.351" W 4169 
CJ-153 Cocha Jerez 1 2o 51' 23.571" S 79o 19' 21.52" W 4040 
CJ-154 Cocha Jerez 2 2o 51' 17.444" S 79o 19' 16.769" W 4029 
CJ-155 Cocha Jerez 3 2o 51' 16.337" S 79o 19' 16.35" W 4036 
CJ-156 Cocha totorilla 5 2o 49' 46.18" S 79o 19' 31.568" W 4078 
CJ-157 Culebrillas 2o 25' 25.25" S 78o 51' 38.535" W 3901 
CJ-158 Paredones 2o 25' 36.083" S 78o 51' 35.508" W 3946 
CJ-159 Charca anostraceos 2o 47' 2.928" S 79o 14' 51.944" W 4131 
CJ-160 Charca L2 2o 47' 2.359" S 79o 14' 41.261" W 4070 
CJ-161 Lago somero anexo L2 2o 47' 2.23" S 79o 14' 42.427" W 4071 
CJ-162 Lago somero anexo larga 2o 47' 34.331" S 79o 14' 44.257" W 3955 
CJ-163 Lago somero anexo luspa 2o 48' 12.803" S 79o 15' 22.306" W 3819 
CJ-164 Charca anostraceos 2 2o 48' 1.836" S 79o 15' 46.96" W 3804 
CJ-165 AN-CH001 2o 52' 22.047" S 79o 17' 57.639" W 3884 
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CJ-166 Charca anostraceos anexo angas 2o 52' 22.346" S 79o 18' 1.685" W 3881 
CJ-167 Lago Azul 2o 52' 56.986" S 79o 17' 19.412" W 3974 
CJ-168 Charca Anexo a tinguercocha 1 2o 53' 10.27" S 79o 17' 20.72" W 3894 
CJ-169 Las Chorreras 2 2o 49' 10.655" S 79o 16' 51.806" W 4085 
CJ-170 Mangacocha 1 2o 49' 52.989" S 79o 16' 16.097" W 4009 
CJ-171 Mangacocha 2 2o 49' 49.301" S 79o 16' 10.048" W 3995 
CJ-172 Mangacocha 3 2o 49' 52.261" S 79o 16' 8.619" W 4009 
CJ-173 Charca SU 1 2o 49' 49.433" S 79o 16' 33.294" W 3966 
CJ-174 1ra de Sunincocha 2o 48' 54.454" S 79o 18' 5.195" W 3752 
CJ-175 Charco 1 anexo Ingacocha 1 2o 51' 19.642" S 79o 16' 32.674" W 4046 
CJ-176 Lago somero 2 anexo a Ingacasa 2o 51' 15.586" S 79o 16' 41.519" W 4045 
CJ-177 Charco 3 anexo a Ingacasa 2o 51' 22.125" S 79o 16' 38.693" W 4007 
CJ-178 Lago somero anexo a Ingacocha 2 2o 51' 42.128" S 79o 15' 44.042" W 3960 
CJ-179 Lago somero 2 anexo a Ingacocha 2 2o 51' 41.357" S 79o 15' 50.81" W 3975 
CJ-180 Lago somero 3 anexo a Ingacocha 2 2o 51' 37.646" S 79o 15' 50.654" W 3984 
CJ-181 Charco 1 anexo a tintacocha 2o 52' 42.367" S 79o 12' 23.534" W 3705 
CJ-182 Hato de Chocar 2o 52' 10.414" S 79o 12' 12.123" W 3706 
CJ-183 Lago somero Hato de Chocar 1 2o 52' 22.521" S 79o 12' 9.74" W 3703 
CJ-184 Totoracocha 2o 52' 55.054" S 79o 11' 36.535" W 3583 
CJ-185 Hato de chocar 2 o Tintacocha 2o 52' 31.435" S 79o 12' 26.789" W 3968 
CJ-186 Chuspihuaycu 2o 51' 36.54" S 79o 11' 19.014" W 3578 
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CJ-187 Perro chico 2o 45' 41.136" S 79o 13' 36.212" W 3950 
CJ-188 L-SU1 2o 50' 9.413" S 79o 16' 27.404" W 3886 
CJ-189 LSO2 2o 50' 6.975" S 79o 16' 29.739" W 3897 
CJ-190 L. somero anexo a Culebrillas 2o 49' 42.518" S 79o 16' 46.255" W 3971 
CJ-191 Charco anexo Culebrillas 2o 49' 49.114" S 79o 16' 37.762" W 3957 
CJ-192 Charco anexo Culebrillas 2o 49' 50.548" S 79o 16' 38.893" W 3953 
CJ-193 Charco anexo Osohuayco 2o 50' 0.99" S 79o 13' 41.228" W 3865 
CJ-194 Charco anexo Osohuayco 2 2o 49' 59.753" S 79o 13' 41.359" W 3867 
CJ-195 Charco anexo Osohuayco 3 2o 49' 58.971" S 79o 13' 41.166" W 3883 
CJ-196 Chico Juan Manuel 2o 50' 12.024" S 79o 12' 37.171" W 3775 
CJ-197 Charco anexo Osohuayco 4 2o 49' 59.768" S 79o 13' 51.363" W 3894 
CJ-198 Charco anexo Osohuayco 5 2o 50' 2.587" S 79o 13' 42.488" W 3866 
CJ-199 Atucpamba 1 2o 52' 1.934" S 79o 18' 45.685" W 4143 
CJ-200 Atucpamba 2 2o 51' 55.38" S 79o 18' 38.539" W 4156 
CJ-201 Atucpamba 3 2o 51' 53.233" S 79o 18' 40" W 4148 
CJ-202 Atucpamba 4 2o 51' 47.079" S 79o 18' 39.329" W 4147 
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Chapter 3

Figure S1. Geological formations in the Cajas Massif study area and 
main drainage basins. The formation characteristics are summarized 
in Table S1. The main rhyolite spots and dacite belts associated with 
the Chulo and Filo Cajas units are highlighted. Drainage watersheds 
for many waterbodies correspond to a unique formation, but there are 
cases including several. Even so, lithological variation within a 
formation may be locally high concerning bedrock composition and 
material. Geological information based on Dunkley, P., and A. 
Gaibor. 2009. Mapa Geológico Cordillera Occidental 2o-3o. Hoja 
geológica Cuenca -NVF 53. . In I. G. M. d. Ecuador [ed.]. Servicio 
Geológico Nacional. Ministerio de Minas y Petróleos. República de 
Ecuador.



Supporting Information

157

Figure S2. Land cover map produced by digitalization and 
classification of aerial photographs of the project SIG-Tierras (2010–
2014, www.sigtierras.gob.ec). The scale of cartographic 
digitalization was 1:5000.

Figure S3. Correlation between water chemistry variables in 
the study lakes of the Cajas Massif, Ecuador.
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Figure S4. Relationship between water body depth and DOC 
concentration in the Cajas Massif (Andes, Ecuador).
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Figure S5. The pH range and distribution in Cajas NP are 
equivalent to those found in large European mountain ranges 
(e.g., Pyrenees, Alps). In these ranges, the same variation is 
achieved only by combining areas of plutonic, metamorphic, 
and carbonates bedrocks; here illustrated showing pH 
distributions for different geographical parts of the Alps 
(Catalan, J., C. J. Curtis, and M. Kernan. 2009. Remote 
European mountain lake ecosystems: regionalisation and 
ecological status. Freshw Biol 54: 2419-2432).  
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Table S1. Lithostratigraphy classes in the study area   

Geological 
formation 

Layering Volcanic 
material 

Primary 
parent rock 

Secondary 
parent rock 

Geological 
period 

Age 
(Ma) 

Other features Lakes in the 
study  

Chulo Unit Upper: Filo Cajas, 
Tomebamba, Chanlud 

Tuffs, 
breccia, 
domes 

Rhyolite Dacite, 
andesite 
(dykes) 

Late Eocene 37*  28 

Filo Cajas 
Unit 

Upper: Chanlud 
Lower: Chulo 

Tuffs, 
lava, 
breccia 

Dacite Andesite Very Late 
Eocene or 
Early 
Oligocene 

35* Rich quartz 
crystals. Large 
dacite belt. 
Locally, 
rhyolite domes 

8 

Tomebamba 
Unit 

Upper: Chanlud 
Lower: Chulo 

Tuffs, 
lapilli 

Andesite 
and dacite 

 Early 
Oligocene 

34.1±1.
3 

Tuff secondary 
alteration with 
chlorite, 
epidote, 
actinolite, 
calcite, and 
pyrite 

10 

Chanlud 
formation 

Upper: Soldados 
Lower: Chulo, Filo 
Cajas, Tomebamba 

Lava, 
breccia, 
tuffs 

Andesite Dacite, 
rhyodacite, 
basalt 
(dykes) 

Early 
Oligocene 

33* Up to 1 km 
thickness. 
Intrusive 
diorites. 

30 

Rio Blanco 
formation 

Upper: Soldados 
Lower: Chulo 
 

Lava, ash 
tuffs, 
breccia 
with 
sandston
e 

Andesite Dacite, 
meladiorite 
(intrusive) 

Early 
Oligocene 

33* Feldspathic 
lava with 
hypersthene 
and hornblende. 
Some 

15 
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underwater 
deposited.  

Soldados 
formation 

Upper: Plancharumi 
Lower: Chanlud, Rio 
Blanco 

Ash 
tuffs, 
lapilli 

Dacite Andesite Late 
Oligocene 

29.8±1.
2 

Rich in feldspar 
and quartz. 
Chlorite lapilli 

70 

Plancharumi 
formation 

Upper: Quimsacocha Tuffs, 
breccia, 
sandston
e, lava, 
lapilli 

Rhyolite  Late 
Oligocene 

25.7±1.
1 

  

Quimsacoch
a formation 

Lower: Plancharumi, 
Turi (8-9 Ma) 

Lava, 
breccia 

Andesite  Late 
Miocene 

<8*  3 

Cisarán 
formation 

Lower: Turi Lava Andesite Dacite Late 
Miocene 

6.9±0.7  1 

Intrusive 
rocks 

  Diorite    10-30*  Intrusive bodies 
occur across 
several 
formations. 
Some 
contemporary 
of the volcanic 
rocks and 
others much 
younger  

 

Mainly based on Dunkley and Gaibor (2009), see Fig. S2 legend.         * Estimated age by relative stratigraphic position  
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Table S2. Summary of the land cover relative abundance in 
i di id l h d (%)Land cover 
class Minimum 1st 

Quartile Median Mean 3rd 
Quartile Maximum 

Páramo 0 31 50 45 60 95 
Shrubs 0 0.005 1.9 3.9 4.8 47 
Polylepis 
forest 0 0 0.75 2.4 2.9 27 
Rocky páramo 0 7.1 22 27 40 93 
Eroded land 0 0 0.09 2.6 2.7 45 
Bare rock 0 0 0 2.1 0.7 32 
Wetlands 0 1.9 5.6 7.3 9.3 48 
Waterbodies 0 5.4 8.1 9.9 12 37 
Note: Montane evergreen forest was only present in Lake Llaviucu (8.2%), located at a lower 
altitude (i.e., 3152 m a.s.l.).   
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Chapter 4 

 

Table S1. Thermistor deployment depth according to 
cumulative relative lake volume.  
 Depth (m) 
 Lake / Volume (%) ~100 75 50 25 15 <5 
Llaviucu 0.2 2.5 5.5 - - 16 
Toreadora 0.2 3.5 8 14 - 29 
Yantahuaico-3 0.2 - 5 - - 19 
Atugyacu Grande 0.2 5 11 18.5 22 34 
Estrellascocha 0.2 6 13 22 - 42 
Larga 0.2 5 12 23 29 47 
Luspa 0.2 8 18 31.5 39 65 
Sunincocha Grande 0.2 5 12 23 30 61 
Jigeno 0.2 2 5 9 - 25 
Dos Chorreras 0.2 3 6.5 10.5 - 18 

 

Equations used for water density, ρ (kg m-3)  

1) Temperature related density, ρT = 999.8429 + 0.001 (0.059385 T3 
– 8.56272 T2 + 65.4891 T) 

2) Conductivity related density, ρK = 0.67 x 10-3 K20 
3) ρ = ρT + ρK 

where T is water temperature (oC) and K20, water conductivity at 20 oC 
(mS cm-1)  
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Figure S1. Cross-wavelet analyses between heat flux fluctuations of 
lake pairs.
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Figure S2. Averaged coherence across temporal scales for lake pairs 
cross-wavelet comparisons in Fig. S1. 
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Figure S3. Weather components comparison between the stable and 
unstable periods in Lake Toreadora.
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Figure S4. Monthly wind direction and speed distribution in Lake 
Toreadora.
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Figure S5. Weather components comparison between days with wind 
direction shift towards west (a-f) and days with persistent east wind 
direction (a’-f’). 
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APPENDIX B 

 

This appendix provides the original publication of Chapter 2 and 
Chapter 3. 
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Abundance and morphometry changes across the high-
mountain lake-size gradient in the tropical Andes of
Southern Ecuador
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Abstract The number, size, and shape of lakes are key determinants of the ecological functionality of a
lake district. The lake area scaling relationships with lake number and volume enable upscaling
biogeochemical processes and spatially considering organisms’ metapopulation dynamics. These
relationships vary regionally depending on the geomorphological context, particularly in the range of lake
area <1 km2 and mountainous regions. The Cajas Massif (Southern Ecuador) holds a tropical mountain lake
district with 5955 water bodies. The number of lakes deviates from a power law relationship with the lake
area at both ends of the size range; similarly to the distributions found in temperate mountain ranges. The
deviation of each distribution tail does not respond to the same cause. The marked relief limits the size of
the largest lakes at high altitudes, whereas ponds are prompt to a complete infilling. A bathymetry survey
of 202 lakes, selected across the full-size range, revealed a volume-area scaling coefficient larger than those
found for other lake areas of glacial origin but softer relief. Water renewal time is not consistently propor-
tional to the lake area due to the volume-area variation in midsize lakes. The 85% of the water surface is in
lakes >104 m2 and 50% of the water resources are held in a few ones (�10) deeper than 18 m. Therefore,
midlakes and large lakes are by far more biogeochemically relevant than ponds and shallow lakes in this
tropical mountain lake district.

1. Introduction

Many ecological processes in lakes scale with size [Fee, 1992; Post et al., 2000]. Lake-size distributions play a
pivotal role from biogeochemistry to community ecology; e.g., for upscaling metabolism or emission pro-
cesses to regional and global contexts or investigating species distribution and metacommunity dynamics.
Based on this interest, the estimation of the number of Earth’s lakes indicated that they could be power law
distributed across the full-size gradient [Downing et al., 2006]. In the initial data sets used, nonetheless, there
was a cutoff for small lakes or were operatively underrepresented. Consideration of a broader size range has
shown that small lakes deviate from the power law distribution and are less abundant than previously
expected, although they still dominate inventories [Cael and Seekell, 2016]. Consequently, there is a current
need to investigate the regional patterns of small water bodies (subkilometer scales) and unveil the geo-
morphological processes that may drive and constrain them.

Remote lakes, defined as those in which human activities in the catchment are not the primary drivers of
their dynamics, are of interest for tracking the footprint of global change at regional and planetary scales
[Hobbs et al., 2010; Catalan et al., 2013]. Many of these lakes are of glacial origin and located in high moun-
tains all over the planet and Arctic and subarctic regions. They are typically relatively small [Catalan et al.,
2009] and thus their abundance may likely deviate from the general Earth’s scaling [Cael and Seekell, 2016].
In the case of mountain lakes, the relieve imposes additional topographical limitations that cause deviations
from lake-size distributions in flatter regions [Seekell et al., 2013]. There is an increasing relevance of high-
mountain lakes in the assessment of global change, including climatic [Smol, 2012; O’Reilly et al., 2015],
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pollution aspects [Grimalt et al., 2001; Yang et al., 2010] and the interaction among both [Psenner and
Schmidt, 1992]. To increase the reliability and comparability of the observations, it becomes fundamental to
develop comprehensive regional mountain lake inventories and characterize the abundance-area distribu-
tion across the lake-size gradient. Recent changes in the thermal seasonal patterns in remote lakes are call-
ing attention in the current warming situation [Sorvari et al., 2002; Smol, 2012]. Inevitably, observations are
performed on a few sites. The degree by which the observations can be extended to a large number of
lakes requires some regional knowledge of the lake basin morphometric scaling. Under a similar external
forcing, the physical behavior of lakes depends on to the lake aspect ratio (area versus volume) [Imberger,
2012]. The available data on lake volume distributions are more limited than the lake area ones as the for-
mer cannot be easily inferred from remote sensing and GIS modeling as the latter. In practice, it is com-
monly assumed that the lake volume-area scaling does not change for lakes of similar origin. However, this
assumption may not always apply, or dispersion around a general pattern may be high [Cael et al., 2017].
Some lakes may be on watersheds with relief, bedrocks or soils that erode more quickly than others. On the
other hand, high-mountain lake districts provide excellent frameworks for the understanding of species dis-
tribution in habitats that occur discretely (that is as ‘‘islands’’) in a matrix of unsuitable leaving space for
organisms [de Mendoza et al., 2017]. The metapopulation and metacommunity dynamics of the species
highly depend on the abundance, density, and size structure of the habitats [Logue et al., 2011]. One can
expect that research on this topic will increasingly take advantage of the high-mountain natural experimen-
tal setting.

There is an increasing interest in tropical high-mountain lake systems and climate change [Michelutti
et al., 2015a]. The information about these ecosystems is sparser than for mountain lakes in temperate
zones [Catalan and Donato-Rond�on, 2016]. Particularly, there is still only a partial knowledge of the sea-
sonal and interannual variability in the lake mixing and stratification patterns. If there is any current para-
digm, this is based on a few sites of unknown representability for the whole set of lakes. A large group of
tropical high-mountain lakes is situated along the Andean range in the equatorial zone (i.e., at Venezuela,
Colombia, Ecuador, Peru, and Bolivia), above the tree line, between 3500 and 4500 m asl in the Paramo
ecosystem [Gunkel, 2000; Donato-Rond�on, 2010]. These lakes play a significant role in the hydrology of
the region by regulating the availability and supply of water. Eventually, they feed both the great tributar-
ies of the Amazon and rivers draining to the Pacific Ocean. Part of the water is used for human consump-
tion, industry, irrigation, and electricity generation for millions of people who live in or nearby the
Andean range [Luteyn, 1992; Buytaert et al., 2006]. Climate change may result in severe threats for water
supply [Bradley et al., 2006]. Despite their relevance as ecosystems and water resources, there is little
information available on the limnology of the Andean tropical lakes [Catalan and Donato-Rond�on, 2016;
Van Colen et al., 2017]. Some of the studies were carried out in the 1980s and 1990s [Steinitz-Kannan et al.,
1983; Donato-Rond�on, 2010] but knowledge on the hydrogeomorphology of these lakes is extremely
scarce [Rivera Rondon et al., 2010].

In Ecuador, most of the high-mountain tropical lakes are situated within national protected areas, out of
which, 17 areas are found entirely or partially in the Paramo mountain belt [Steinitz-Kannan, 1997]. Herein,
the Cajas National Park (Cajas NP), located in the austral region of Ecuador, contains a large number of
lentic systems, which provide drinking water to nearly the 60% of the population of Cuenca, the third
largest city in Ecuador. In fact, the National Park is embedded in a large UNESCO Biosphere reserve com-
prising the entire Cajas Massif. In this area, geomorphological processes occurring at the last glacial
period resulted in an exceptionally high density of lakes above 3400 m asl (i.e., 13 lake km22). In this
study, we aim at characterizing the lake’s morphometry across the full-size gradient and providing scaling
relationships for the region and similar tropical high-mountain lake districts in the Andes. We performed
an inventory of all the high-mountain lakes of glacial origin in the Cajas Massif and determined their area
using GIS information. For a representative lake subset in the Cajas NP, we carried out a bathymetry sur-
vey to complete the morphometric characterization. We compare the relationships found with those in
other alpine and lowland locations and discuss the results according to current geomorphological theo-
ries. The lake abundance and morphometric relationships derived constitute a comparative framework
for current and future ecological, biogeochemical and physical research in these lakes and the basis for a
more robust geographic upscaling of the processes investigated and informed management of the pro-
tected areas.
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2. Materials and Methods

2.1. The Region and Study Sites
The studied lakes are situated in the Cajas Massif by the south of Ecuador, between 381102600 and 284002100

South; and 798900900 and 7981705700 West. An inventory of all the lakes and ponds of glacial origin (5955) was
intended for the region, and a representative subset of them (202) was selected within the Cajas NP for a
bathymetry survey (Figure 1). For the sake of brevity, we will use ‘‘lake’’ as the general name for water

Figure 1. Some representative lake images from the Cajas National Park (CNP) ((a) Cascarilla 3–086, (b) Fondococha-007, (c) Luspa-043,
and (d) Apicocha 1–081) and (e) a map with an indication of the lakes included in the bathymetry survey. The numbers refer to identifica-
tion codes that have been used in the scope of the current study (see supporting information Table S1).
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bodies of any size throughout most of the text. The 45% of the area drains to the Pacific Ocean, and the
remaining 55% to the Atlantic. The primary bedrock is volcanic (Tarqui formation), including rhyolite, andes-
ite, tuff, pyroclastic, and ignimbrites [Hungerb€uhler et al., 2002]. The regional geomorphology was shaped
by glacier activities until the late Pleistocene when the ice retreated around 17,000–15,000 years ago
[Colinvaux et al., 1997; Hansen et al., 2003; Rodbell et al., 2009]. Part of the glacier footprint is a large density
of relatively small lakes above 3400 m above the sea level (asl), except Lake Llaviucu located at a lower alti-
tude (3146 m asl) at the backside of a terminal frontal moraine of a large glacial tongue. The main soil types
at the region are nonallophanic Andosols and Histosols from volcanic origin [Borja and Cisneros, 2009;
Crespo et al., 2011]. Both types present dark colored epipedons characterized by high organic matter con-
tent, high porosity, low apparent density (400 kg m23) and a high water retention capacity (in average, 6 g
g21 at a pressure of 1500 kPa), with higher values in the H horizon [Buytaert et al., 2005]. Most of the rainfall
is retained in soils and released gradually to the water courses, regulating the hydrology of these ecosys-
tems [Poulenard et al., 2003; Buytaert et al., 2005]. The vegetation in 91% of the total extent of the Cajas NP
and about 50% of the massif is herbaceous with a dominating presence of the genera Stipa and Calama-
grostis [Ramsay and Oxley, 1997]. Concerning woody vegetation, only Polylepis species are present above
the 3400 m asl. Lower altitudes—below the alpine lake inferior limit—are covered by the high-mountain
forest (‘‘bosque montano’’). At present, the main impacts of land use and human activities on vegetation are
tourism, fishery, grazing, and localized burning of the vegetation. Annual precipitation is between 900 and
1600 L m22 yr21 with contrasting seasons and high variation from year to year [Vuille et al., 2000; Celleri
et al., 2007; Padr�on et al., 2015]. High rainfall causes enhanced soil erosion with deposition of light-colored
clastic laminae in the sediments of some lakes [Rodbell et al., 1999].

2.2. Lake Inventory and Area, and Perimeter Estimation
The boundaries of each lake were generated by heads-up digitalization of the aerial photographs of the
project SIG-Tierras (2010–2014, www.sigtierras.gob.ec/) for the zone of the Cajas Massif. The images were
orthorectified and georeferenced and had a spatial resolution of 30 3 30 cm2. Only one digitizer performed
the manual task, for consistency, and several people repeatedly checked for omissions and mistakes. ArcGIS
10.0 (ESRI Inc., Redlands, CA, USA) was used with a screen zoom of the photographs always below a scale of
1:200. The scale of cartographic digitalization was 1:5000. The area and perimeter of each lake were calcu-
lated from the digitized contour shapefile using the ArcGIS 10.0 calculator and the altitude from the raster
of the SIG-Tierras digital elevation model that has a spatial resolution of 3 3 3 m2.

2.3. Bathymetry Survey and Lake Basin Modeling
A selection of 202 lakes and ponds, covering the full-size gradient, was made to perform a bathymetry sur-
vey (supporting information Figure S1) within the Cajas NP (Figure 1). The survey was carried out with the
aid of an inflatable rubber boat (Navigator II, RTS, China), approximately 3.5 m long, equipped with a propel-
ler (2 HP, Yamaha, Japan) and an echo sounder HumminbirdVR model 1198c SI (Eufaula, AL, USA). The previ-
ously digitized lake boundary was used as zero-depth reference and for the planning of the number of
gridded profiling transects and the spacing between them according to the lake size: for lakes with
area> 0.2 km2, the transect spacing was around 100 m; for lakes between 0.1 and 0.2 km2, around 50 m;
and for lakes< 0.1 km2, around 25 m. The distance between the bathymetry points not exceeded 5 m. In
the shallow lakes and ponds, where the use of the boat was not possible, measurements were taken at sev-
eral points of the water body using a topographic measuring rod.

The digital bathymetry procedure is described in detail in the supporting information Text S1. The main
steps included: (i) integration of the depth data collected in the field with the data derived from the digitali-
zation of the orthophotos (i.e., boundaries of the lakes associated with zero depth); (ii) data preparation
according to the demands of the following processing steps; (iii) selection and application of an appropriate
interpolation algorithm for each lake, in total, ten interpolation methods were tested [Franke and Nielson,
1980; Franke, 1982; Renka, 1988; Hanselman and Littlefield, 1998; Wise, 2000; Vivoni et al., 2005; V�azquez and
Feyen, 2007; Eldrandaly and Abu-Zaid, 2011]; and (iv) production of the digital bathymetric models and geo-
morphological parameters. Given the number of lakes considered in the bathymetry survey, the interpola-
tion and quality control analyses were carried out automatically, using the programming framework that
SurferVR 13.0 enables in conjunction with PERL (Practical Extraction and Report Language) subroutines.
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From the digitalized lake basins several morphometric variables and indicative ratios were determined
(Table 1). Fetch, defined as the maximum distance that the wind can travel on the surface of the water
before it is intersected, was estimated according to Hakanson [1981].

3. Results

3.1. Lake Abundance and Size
In the Cajas Massif, all the lakes of glacial origin are< 1 km2 in area. Lake abundance (N) increases with
declining area (A). Although the fitting of a scaling factor (b) is significant, the distribution deviates from a
true power law at both ends (Figure 2a).

N � Ab (1)

The deviation in the low-size range is not related to a methodological bias as the distribution starts to
diverge at values without orthophoto image resolution problems for digitalization [Seekell and Pace, 2011].
The distribution is also truncated at the large-size range. This kind of truncation has been attributed to the
particular situation of mountain lake districts, where there is a decline of the available surface at higher ele-
vations and, therefore, the probability to find large lakes drops above certain altitude [Seekell et al., 2013].
The maximum density of lakes in the Cajas Massif occurs about 3936 m asl and declines symmetrically
towards both ends, although without following a normal distribution (supporting information Figure S2).
The highest lake is located at 4424 m asl, and the lowest at 3146 m, although the latter is an exception cor-
responding to a terminal moraine and, in fact, the rest of the lakes are located at elevations> 3400 m asl. If

Table 1. Morphometric Descriptors of the 202 Lakes and Ponds Included in the Bathymetry Survey of the Cajas National Park (Ecuador)

Variable Acronym Unit Mean Median Minimum Maximum

Area A m2 58,860 25,708 6 774,775
Perimeter S m 1,146 895 10 8,795
Fetch Fetch m 324 271 4 1,563
Maximum length Lmax m 341 274 4 2,142
Maximum width Bmax m 175 153 2 956
Mean width Bmean m 105 92 1 531
Volume V m3 692,717 38,046 0.6 22,369,167
Maximum depth Zmax m 11.0 6.0 0.2 75.5
Mean depth Zmean m 4.2 1.9 0.1 30.6
Shoreline development DL 1.6 1.5 1.0 3.1
Volume development Dv 1.0 1.0 0.4 1.8
Zmean/Zmax ratio Zmean/Zmax 0.3 0.3 0.1 0.6
Lmax/Bmean ratio Lmax/Bmean 3.3 2.9 1.4 9.9
Relative depth Zr % 4.6 4.2 0.1 15.5
Watershed area Aw km2 2 1 0.000015 48
AW/V ratio AW/V 173 12 0.1 10,113
Water renewal time tWR Day 167 48 <1 4,261

Figure 2. Lake-area distribution in the Cajas Massif (Southern Ecuador). (a) All high-mountain lakes and ponds from the Cajas Massif. (b)
Subset of lakes around the average altitude of the lake distribution. The straight line indicates a power law fitting (equation (1)). In Figure
2b, only the right linear range was fitted.
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one considers only the lakes around the mean altitude of the lakes (Figure 2b), the distribution becomes
less bent at the large-size extreme, whereas, at the small-size end, the shape of the distribution scarcely
changes respect to the whole lake set. This feature indicates that the deviation of a power law at each
extreme does not respond to the same cause. The large lake-size tail of the distribution is much affected by
altitude than the small lake-size end. Nevertheless, some restriction to the appearance of large lakes
remains as the log-log representation of the tail is still not linear (Figure 2b). The truncation may also hap-
pen if the study extent is small, which could be the case with the altitudinal restriction.

3.2. Lake Shape
The complexity of the shoreline geometry is captured by the relationship between the lake area and the
perimeter (Figure 3a). The fractal dimension (D), defined as

S �
ffiffiffi

A
p D

(2)

is close to one (D5 1.079) for the whole lake set of the Cajas Massif, indicating as such that the lake shape,
in general, corresponds to polygons scarcely ramified. Through the size range, there is no a significant devi-
ation from this general pattern (Figure 3a).

The shoreline development (DL) evaluates the departure of the shape from a circle (DL5 1). Most of the
lakes show DL values close to one (Table 1 and Figure 3b). This feature, however, relaxes when the size of
the lakes increases as larger lakes tend to be more convoluted than the smaller ones (Figure 3b and sup-

porting information Figure S3). A few large
lakes show elongated subrectangular or sub-
circular forms with sinuous shorelines such
as Osohuayco (DL5 3.1) and Toreadora
(DL5 2.6), both being within the Cajas NP.

3.3. Lake 3-D Shape
The bathymetry survey in the Cajas NP pro-
vided the basis for extending the lake shape
analysis to a third dimension. There is a general
significant allometric relationship between lake
area (A, m2) and volume (V, m3) that describes
the invariance in shape as size changes:

V50:0107 A1:52; r250:93; n5202 (3)

The distribution of the deviations from the
general relationship (Figure 4) does not
appear to be homogeneous across the entire

Figure 3. (a) Allometric relationship between the area and the perimeter of the Cajas Massif lakes. (b) Distribution of the shoreline
development (DL) for lakes with size above and below 1000 m2, respectively.

Figure 4. The relationship between area and volume for the lakes of the
Cajas Massif based on a survey of 202 lakes and ponds in the Cajas
National Park.
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lake-size gradient. Particularly, between 104 to 105 m2 the range of lake volumes that correspond to the
same lake area may cover two orders of magnitude. In this range, one could suspect the coexistence of two
lake morphologies (supporting information Figure S4). However, the examination of available geological,
geomorphological, and edaphological information did not provide any conclusive and robust evidence for
such a distinction.
3.3.1. Mean and Relative Lake Depth
The majority of lakes are very shallow (Zmax< 5 m) (Table 1) as could be expected from the dominance of
the small lake areas (supporting information Figure S5). Lakes from 10 to 20 m depth (Zmax) are relatively
common, and there are only a few deep lakes (40< Zmax< 80 m). The bias toward shallow forms accentu-
ates when considering the mean depth of the lakes (supporting information Figure S5) as Zmean is nearly
isomorphically proportional to about one third of the maximum depth.

Zmean50:33 3 Z1:0268
max ; r250:98; n5202 (4)

A vast majority of the water bodies, therefore, show Zmean< 5 m, only a few exhibits Zmean> 10 m and
none Zmean> 35 m. The close relationship between Zmax and Zmean facilitates a quick estimation of the lake
volume of the Cajas Massif water bodies from a single bathymetric transect and the lake area.

Mean depth is a stabilizing factor against wind mixing action. The amount of momentum that the wind can
transfer to the water column depends on the lake fetch. In general, it could be expected a large influence of
the wind on the physical structure of most of the lakes. However, there can be contrasting situations among
the Cajas NP lakes as there is more variation in fetch than in mean depth (Figure 5a).

The relative depth (Zr) indicates the ratio between the lake’s maximum depth and its mean diameter. It has
been used as an indicator of the degree of the basin excavation by the glacier and posterior filling. The

Figure 5. (a) Fetch versus Zmean for the lakes of the Cajas National Park (Cajas NP). (b) Relative depth (Zr) distribution (box-plots) for the
main lakes in the Cajas NP.

Figure 6. (a) Relationship between the watershed area and lake area. The legend lists the subbasins in the Cajas National Park. (b) The rela-
tionship between lake volume and watershed area as proxies for water retention capacity by the lake and watershed runoff, respectively.
Colors indicate water renewal time (tWR) estimated assuming 1000 L m22 yr21 and 35% average precipitation and evapotranspiration,
respectively [Crespo et al., 2011].
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Cajas NP lakes show low Zr values (Figure 5b). Only a few lakes show Zr> 10%; a value considered the
threshold for high overexcavation. It can be thought that either the basins were not so much excavated as
in other high-mountain ranges, the in-filling process has advanced more or a combination of both consider-
ations. In fact, about 20% of the water bodies show Zr< 2%, which is considered an indication of being
closer to an eventual complete filling. The Zr patterns do not show any correspondence with the watershed
orientation and main river basins distribution. Only at the level of relatively small subbasins, they display a
geographical pattern (Figure 6b). Some of these subbasins show a high proportion of water bodies close to
filling up (i.e., Canoas, Culebrillas, and Jerez), whereas the highly overexcavated lake basins are scattered
over many subbasins, only Atugyacu is particularly rich in these latter lakes.

3.4. Lake Watershed
As could be expected from glacier erosive processes, the larger the watershed, the larger the lake (Figure
6a). However, the tendency is allometric so that the lake’s area increases at a lower rate than the respective
watershed.

A51:95 3 Aw
0:71; r250:86; n5202 (5)

There is not a marked geographical pattern in the lake-size distribution across the main subbasins (Figure
6a). The watershed area and lake volume are the primary determinants of the average water renewal time
(tWR) in the lakes of the Cajas NP, provided the relatively homogeneous climate and geological landscape of
the area. Under a similar amount of average precipitation, the runoff entering the lakes is proportional to
the watershed area, whereas the retention capacity is proportional to the lake volume. Consequently, the
morphological dissimilarities among lakes of a similar size result in marked differences in the tWR (Figure
6b). Overall, tWR of a few weeks to a few months largely predominate, and only a few lakes may show aver-
age tWR above 1 or several years.

4. Discussion

4.1. Lake-Size Distribution
The shape of the distribution of the lake-area abundance from the Cajas Massif (Figure 2a) is similar to those
found in other high-mountain lake districts of glacial origin [Hanson et al., 2007; Seekell and Pace, 2011]. The
general features are deviations at both ends from a power law relationship and a slope around 20.5 of a
log-log linear fitting (20.66, 20.43, and 20.43 in the Adirondack Mountains, the Northern Highland Lake
District, and our study, respectively) [Seekell and Pace, 2011]. It appears as a general feature that the moun-
tain lake distribution differs from a power law, and the scaling slope is well below one; thus not following
the two features that characterize the self-similar distribution of lakes >1 km2 in the planet [Lehner and
Doll, 2004; Downing et al., 2006; Cael and Seekell, 2016].

The deviation in the large-size lake extreme has been attributed to the restriction imposed by the departure
from a flat surface so that the available area declines with altitude and thus the probability for large lakes
diminishes [Seekell et al., 2013]. Considering a belt of lakes around the elevation of the highest lake density
mitigates this restriction; however, even only fitting the large-size long tail, the slope remains around 0.5,
and the distribution does not significantly fit a power law in the Cajas Massif. It seems, therefore, that there
is an additional factor, beyond elevation, modifying the lake-size distribution in high-mountain lake districts.
Periglacial processes, steep slopes, thin soils, and torrential stream flows may have enhanced the lake filling,
perhaps at an early phase during deglaciation, when retreating glaciers move high amounts of detrital
material and stream flows are rich in glacier flour. The large lakes in the central valleys may have been par-
ticularly affected by these processes so that their presence in the landscape has been substituted by flat
lands of meandering streams or peatlands.

One of the consequences of the biased distribution is that within the Cajas Massif—and probably in similar
mountain lake districts—most of the lentic water surface is in midsize lakes and not in ponds (Figure 7a).
About 50% and more than 85% of the water surface area is on lakes >105 and >104 m2, respectively. Bio-
geochemical processes in these systems are thus particularly relevant in the context of gas emissions and
watershed and fluvial network dynamics. On the other hand, the still enormous numbers of ponds may be
of interest for the metacommunity dynamics of some aquatic organisms restricted or with a preference for
these systems (e.g., amphibians).
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4.2. Lake Basin Morphology
Earth’s lakes >4.7 km2 show shorelines with a fractal dimension D5 1.34, close to expected predictions
(D5 4/3) of the percolation theory [Cael and Seekell, 2016]; whereas lakes <4.7 km2 depart from this pattern
and show D5 1.00. The Cajas Massif lakes are close to the last model (D5 1.08), in this case in agreement
with the general pattern in relatively flat landscapes. There is no clear departure from this scaling along the
lake-size range (Figure 3a) as may occur if a subset of lakes or ponds become particularly convoluted [Hohe-
negger et al., 2012]. Nevertheless, the shoreline development ratio (DL) indicates that the larger the lake
there is an increasing probability to become subrectangular and present sinuous shorelines in some cases
(Figure 3b), yet the high scattering prevents from a significant departure from the general pattern. The lakes
with higher DL (e.g., >2) may correspond to cases of flooding of several subbasins (supporting information
Figure S3). In any case, for most of the lakes, the differences are relatively small. One can conclude that in
these lakes the interaction with terrestrial systems and littoral environments scale similarly throughout the
lake-size range.

Large scattering in some parts of the lake-size gradient (e.g., 104 to 105 m2) indicates some variation in the
geomorphological process configuring the current lake basins. Several particularities point to a differential
lake filling as the cause of the high depth (volume) variation at this mid lake-size range. (1) The markedly
less noisy relationship between area and perimeter than between area and volume indicates that there has
been a transformation of the lake bottoms processes posterior to the lake formation; otherwise, the shape
heterogeneity in surface usually also correspond with the 3-D variation [Hakanson, 1981]. A comparison of
the sediment records and detailed watershed bedrock and soil characteristics could provide the necessary
evidence on this issue. Up to now, only the sediments of one of the ‘‘relatively shallow’’ lakes have been
cored up to the bedrock (i.e., Pallcacoha) [Rodbell et al., 1999]. The sedimentary record shows a relatively
fast accumulation of light-colored inorganic sediment during Late Glacial and a transition to dark organic-
rich gyttja at the onset of the Holocene, with lower accumulation rates. The average rates increase again
and accelerate up to present by Mid-Holocene. Part of this acceleration may be due to the observed increas-
ing frequency of ENSO events throughout the Holocene. This situation implies torrential rains that produce
clastic laminae in the sediment profile. The volcanic bedrock of the watershed erodes easily, and debris
flows and talus are abundant and located not far from the lake. However, the accumulation rate of the dark
facies also increases. This feature may be due to natural processes, such as aquatic and subaquatic vegeta-
tion growth, with higher retention of fine sediment, or to human land perturbation (e.g., fire) as early cul-
tures in the Andes have affected vegetation and soil stability since ancient times [Coblentz and Keating,
2008]. (2) The relative depth of many lakes (Zr � 10%) depart from values typical of overexcavation by gla-
ciers. Assuming that there is no reason for a differential excavation of glaciers in tropical areas, the explana-
tion should rely on an enhanced infilling compared to the temperate zone, which could be related to the
soil erodibility and littoral vegetation development both enhanced in tropical volcanic humid regions. (3)
The lakes deviating more from the general relationship between lake and watershed area (Figure 6a) also
are lakes that are relatively shallow compared to their areas; for example, those in the Canoas subbasin.
That is, the filling process may have also contributed to reducing the shoreline, although not as much as it

Figure 7. (a) Percentage of cumulative lake area from the largest lake to the smallest pond in the Cajas Massif. (b) Percentage of cumula-
tive lake volume (blue) and lake area (red) with increasing maximum depth in the Cajas Massif as estimated with equations (3) and (5),
respectively.
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has affected mean depth. (4)
Lakes relatively deep and rela-
tive shallow for intermediate
lake areas can be found in the
same subbasins, which indicates
that they do not respond to a
geographical differentiation of
the glacier erosion but rather to
strictly nearby site geomorpho-
logical particularities.

Despite of the likely profound
transformation of some of
the Cajas Massif lakes after the
excavation of the basin, the
general pattern of lake basin
formation, illustrated by the
patterns between lake area and
maximum depth (Figure 8), still
agrees with that from alpine
lakes in European ranges and
differ from those in subarctic

areas. In the latter region, lakes are much larger compared to depth than in high mountains [Catalan et al.,
2009]. Glacier excavation in the ice accumulation zones depends on the steepness of the slope of the basin.
In this aspect, the Cajas’ lakes follow the pattern of some of the high-mountain lakes in the Colombian
Andes and differ from others there that are closer to subarctic forms [Catalan and Donato-Rond�on, 2016].
Accurate bathymetry surveys comprising a relatively large numbers of high-mountain lakes are not broadly
available. It would be interesting to investigate whether the pattern of differential lake filling found in the
Cajas NP lakes repeats elsewhere or, alternatively, they are more likely in particular climatic regions (e.g.,
tropical) and bedrock substrates (e.g., volcanic). Development of littoral and subaquatic vegetation may
also play a role, and this could be particularly relevant in tropical high-mountain lakes.

5. Conclusions

Inventories of lake and pond areas are increasingly available at higher spatial resolution and become useful
for multiple purposes. Lake-size distributions are the basis for upscaling biogeochemical processes to land-
scape scales, design research projects that depend on the selection of a few sites, and applying manage-
ment criteria in protected or land used areas. The three activities require either some categorization of the
water bodies or the characterization of the continuum variation. The use of lake surface area, which is
broadly available, is not sufficient for an accurate functional classification of the water bodies in the Cajas
Massif. At long term, the goal should be to increase the number of maximum depth measurements, at least
for those lakes between 7000 and 40,000 m2, the range of higher volume-area variation. Then, the use of
the corresponding allometric equations can provide acceptable mean depth and lake volume estimations.

Concerning biogeochemical processes, the results presented herein show that lakes rather than ponds
cover much more landscape surface and hold an even larger percentage of water volume (Figure 7). About
50% of the water is contained in a few lakes (�10) >18 m depth (Figure 7b). Water bodies <5 m depth,
only account for about 5% of the total water stored. Research regarding the water column physical struc-
ture, biogeochemical process, and responses to global change merits concentrating in lakes >12 m depth
as they hold about 80% of the volume and 50% of the pond and lake surface. However, lake morphology is
not the only criteria to take into account. The size of the lake watershed cannot be ignored as they led to
renewal times that differ markedly (Figure 6b). The issue becomes particularly critical for lakes with volume
>105 m3 as the water renewal times may vary from a few weeks to a few years depending on the watershed
size and lake connectivity to the drainage network.

Figure 8. The relationship between lake area and maximum depths for remote lakes. Cajas
National Park lakes are compared with a set of European temperate high-mountain lakes,
subarctic lakes and tropical high-mountain from other parts of the world, mostly
Colombian lakes.
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Beyond the identified allometric relationships that allow large-scale estimations and provide criteria for site
selection, the detailed bathymetry survey within the Cajas NP constitutes a precise piece of information for
research studies and management in the context of climate and other environmental changes. Studies on
the thermal structure related to climate change may be preferentially accomplished in the relatively deep
lakes, whereas those focusing on watershed transport may select relative-shallow lakes. In any case, all the
lakes cannot be accommodated under a similar interpretative umbrella. For instance, in the Cajas NP, paleo-
limnological studies have been performed in several lakes, some of them referring to climatic and environ-
mental changes during the Holocene and Late Glacial, others addressing current climatic change. The
relatively shallow lake Pallcacocha provided a record of El Ni~no-Southern Oscillation (ENSO) throughout the
last 15,000 years by the light-colored clastic laminae produced by storm-induced events [Rodbell et al.,
1999]. The dynamics of these relatively shallow lakes, with high water renewal, are mainly dominated by
what happens in the watershed and associated stream transport; therefore, they are excellent for recon-
struction of extreme rainfall events, vegetation [Hansen et al., 2003] and land use changes. The relatively
deep lakes, with water renewal longer than 1 year, are more appropriate for addressing issues related with
proxies generated within the lake (e.g., diatom records) that respond to the physical and chemical charac-
teristics of the water column and their changes throughout the year. These changes may also depend on
extreme events, but also on more gentle climatic fluctuations and, particularly, interannual tendencies
[Michelutti et al., 2015b]. The allometric patterns found in the tropical high-mountain lakes of Southern
Ecuador are worth to be investigated in other ranges with the aim of building up a full understanding of
the morphometric structure of high-mountain lakes and their implications for biogeochemical and ecologi-
cal dynamics.
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Abstract
Water chemistry and its ecological implications have been extensively investigated in temperate high-mountain

lakes because of their role as sentinels of global change. However, few studies have considered the drivers of water
chemistry in tropical mountain lakes underlain by volcanic bedrock. A survey of 165 p�aramo lakes in the Cajas Mas-
sif of the Southern Ecuador Andes identified 4 independent chemical variation gradients, primarily characterized by
divalent cations (hardness), organic carbon, silica, and iron levels. Hardness and silica factors showed contrasting
relationships with parent rock type and age, vegetation, aquatic ecosystems in the watershed, and lake and water-
shed size. Geochemical considerations suggest that divalent cations (and related alkalinity, conductivity, and pH)
mainly respond to the cumulative partial dissolution of primary aluminosilicates distributed throughout the subsur-
face of watersheds, and silica and monovalent cations are associated with the congruent dissolution of large
amounts of secondary aluminosilicates localized in former hydrothermal or tectonic spots. Dissolved organic carbon
was much higher than in temperate high-mountain lakes, causing extra acidity in water. The smaller the lakes and
their watersheds, the higher the likelihood of elevated organic carbon and metals and low hardness. The watershed
wetland cover favored metal levels in the lakes but not organic carbon. Phosphorus, positively, and nitrate, nega-
tively, weakly correlated with the metal gradient, indicating common influence by in-lake processes. Overall, the
study revealed that relatively small tropical lake districts on volcanic basins can show chemical variation equivalent
to that in large mountain ranges with a combination of plutonic, metamorphic, and carbonate rock areas.

Orogenesis provides crystalline bedrock with low perme-
ability and, consequently, past glacial excavation promoted
lake districts on many high mountains around the world
(Jacobsen and Dangles 2017). The water chemical composition

of these lakes is driven by atmospheric deposition, geological
background, watershed and in-lake biological activity, and
human influence (Psenner and Catalan 1994). Crystalline
rocks usually lack readily soluble minerals; therefore, lakes and
headwaters in mountains show low salt content and low acid-
neutralizing capacity, making them sensitive to acidic deposi-
tion. As a consequence of the “Great acceleration” (Steffen
et al. 2015), emissions of sulfur and nitrogen oxides to the
atmosphere caused the acidification of ecosystems in remote
areas, including mountains in North America (Beamish and
Harvey 1972) and Europe (Massabuau et al. 1987). High-
mountain lakes became indicators of the acidification process
and its ecological impact (Kop�aček et al. 1998; Rogora
et al. 2001). Interest in the biogeochemistry and biota of
mountain lakes has increased, and as a result, information
and knowledge have been accumulating over the last decades
(Catalan et al. 2009b). Currently, high-mountain lakes across
the globe are considered sentinels of the systemic change of
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the planet (Moser et al. 2019). In this context, there is a grow-
ing interest in tropical high-mountain lakes (Michelutti
et al. 2015; Van Colen et al. 2017; Benito et al. 2019; Steinitz-
Kannan et al. 2020; Zapata et al. 2021), which have histori-
cally received less attention (Eggermont et al. 2007). Although
high-mountain lakes are among the most comparable ecosys-
tems globally, and a common conceptual framework might be
used to analyze them (Catalan and Donato-Rond�on 2016),
tropical high-mountain lake regions have unique environ-
mental characteristics that require special attention. Seasonal
weather changes are low, and mean air temperature and rain-
fall are higher than in temperate high-mountain lake districts
(Jacobsen and Dangles 2017).

The chemical composition of water in temperate high-
mountain lake districts is primarily related to the bedrock
(Psenner 1989; Nauwerck 1994; Marchetto et al. 1995; Kamenik
et al. 2001). Although the ionic strength is consistently lower
than that of low-land waters, temperate mountain lakes on
metamorphic, plutonic, or carbonate rocks may markedly vary
in acidity and dominant ions under similar sea salt- and
human-influenced atmospheric deposition (Catalan
et al. 1993). Mountain lake districts that show considerable
chemical variation usually have a high diversity of bedrock
composition, common in large massifs and ranges resulting
from old collisional orogeny (Camarero et al. 2009). Uplifted
and bent sedimentary rock landscapes may include highly
metamorphosed materials, which eventually surround intrusive
igneous rocks. Slates rich in sulfides may provide highly acidic
waters, granitic batholiths have very low ionic levels, whereas
carbonate bedrock holds alkaline waters (Marchetto
et al. 1995). This broad range of chemical conditions provides
niche gradients for species segregation (Catalan et al. 2009a).

Many tropical lake districts are located on volcanic bedrock in
young accretionary orogenic belts. Therefore, the chemical diver-
sity that results from weathering could be expected to be lower
than in the ranges of high lithologic diversity. Furthermore,
alpine areas in temperate zones continuously expose fresh rock
to chemical weathering, fostered by cryofracturing of bare rock
and unstable slopes. In tropical zones, warmer conditions and
high vegetation cover likely diminish the availability of exposed
surfaces, with rock weathering relegated to deep subsoils. Soils in
tropical high-mountain lake districts have a postglacial origin.
Despite their relatively young origin, they are depleted in
exchangeable cations because of the high rainfall and relatively
warm temperature (Molina et al. 2019). Therefore, we might
expect less chemical diversity and lower acid-neutralizing capac-
ity in mountain lakes on tropical volcanic bedrock than in tem-
perate mountain lake districts. However, the limited data
available suggests that significant variation may occur (Armienta
et al. 2008; Catalan and Donato-Rond�on 2016), perhaps related
to the higher weatherability of basaltic lithologies compared to
granite (Dupre et al. 2003), which may result in higher temporal
and spatial heterogeneity of the process over the same substrate.

Consequently, this study aimed to comprehensively analyze
the primary drivers of water chemistry variation in a tropical
lake district on volcanic bedrock. We performed an extensive
survey of the lakes and ponds (n = 165) in the Cajas Massif in
the Andes of Southern Ecuador and measured the main chemi-
cal components of surface waters. The chemical variation was
related to lake and watershed morphological characteristics,
volcanic geological formations, and land cover. We evaluated
the possible mechanisms behind the observed patterns con-
cerning rock weathering in the spatially complex lithology pro-
vided by volcanism and a water-saturated cold tropical
landscape that fosters organic matter accumulation. Finally, we
briefly discuss the potential ecological implications of the
chemical variation for constraints and ecological thresholds in
species distributions and metacommunity dynamics.

Material and methods
Study sites and sampling

The Cajas Massif in the Southern Ecuador Andes contains
approximately 6000 lakes and ponds of glacial origin (Mosquera
et al. 2017a). The present study included data from 165 water
bodies (Fig. 1), mainly within the Cajas National Park (CNP).
Lakes (> 0.5 ha) were selected proportionally to their density in
the 2 main hydrological basins of the CNP (western, eastern)
and 15 subbasins (Supporting Information Fig. S1). Two other
watersheds outside the park were also included to consider the
lakes at the highest altitudes. In each subbasin, we sampled the
largest lakes and a proportion of the rest (> 50%) based on alti-
tude and size distribution (Table 1). When visiting the lakes,
ponds were opportunistically sampled by heuristically selecting
those of varying characteristics (e.g., transparency, macrophyte
cover). Lake bathymetries are available from all water bodies
(Mosquera et al. 2017a). Although the area studied was relatively
small (� 334 km2), it represented the entire Cajas Massif varia-
tion in lithology, vegetation, and aquatic ecosystems. The land-
scape corresponds to p�aramo ecosystems with surplus water
(Carrillo-Rojas et al. 2016). Seasonal and interannual rainfall
modes correspond to the equatorial Andes (5�S–1�N), character-
ized by a bimodal regime with wet periods from February to
April and October to November associated with a westward
humidity transport from the equatorial Amazon (Segura
et al. 2019) with occasional extreme fluctuations conditioned by
the equatorial Pacific (Oñate-Valdivieso et al. 2018; Schneider
et al. 2018). Although the Amazonian air masses tend to lose
humidity over the eastern flanks of the cordillera, rainfall occurs
throughout the year (only � 12% dry days) at the lake district
elevation, primarily as drizzle (� 80% duration), with mean
annual precipitation in the Cajas Massif from ca. 900–1400 mm,
with the maximum around 3400 m a.s.l. (Padr�on et al. 2015).
Cloud condensation is common, and fog interception can
increase conventional rainfall by > 25% (Rollenbeck et al. 2011).

A lake survey for chemical analysis was carried out during
2014–2015. Lakes with > 1-m depth (76%) were sampled at

Mosquera et al. Tropical mountain lake water chemistry
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the deepest point from a dinghy; shallower lakes and ponds
were sampled from the shoreline. The upper mixed layer was
determined by performing temperature profiles, and water
samples were collected using Van Dorn bottles (3 L) every two
meters and integrated. Water samples were immediately
screened (64-μm mesh) to remove zooplankton and debris
before being cold stored and transported to ETAPA EP labs in
the nearby city of Cuenca (Ecuador) for analysis. For nitrate,
soluble reactive phosphorus (SRP) and dissolved organic car-
bon (DOC) samples were filtered using precombusted (450 �C,
4 h) GF/F Whatman® (Maidstone) 47-mm Ø glass fiber filters
and Swinnex® (Merck Millipore) syringes.

Chemical analysis
Standard methods for water chemical analyses were followed

(APHA-AWWA-WEF 2012). Sodium, potassium, silica, alumi-
num (only for 2019–2020 samples), iron, and manganese were

determined by inductively coupled plasma spectrometry
(SM 3120 B; ICP-OES, Optima 7000 DV, PerkinElmer); calcium
and magnesium by ethylenediaminetetraacetic acid (EDTA) titri-
metric methods (SM 3500-Ca B and 3500-Mg B); alkalinity by
potentiometric titration (SM 2320Bb); sulfate by a turbidimetric
method (SM 4500 SO4

2� E); chloride by mercuric nitrate titra-
tion (SM 4500-Cl� C); SRP and total phosphorus (TP) following
the method of Murphy and Riley (1962), the latter after potas-
sium persulfate digestion; nitrate was reduced to nitrite and
determined by colorimetry (SM 4500-NO3

� E); ammonium by
the salicylate method (10012, HACH), total organic carbon
(TOC), and DOC by acidic digestion (Method 10129, HACH).
Conductivity at 20�C was measured using a YSI-EXO-1 sensor
and pH with a WTW 3320 pH meter (Xylem Analytics)
equipped with a sensor for low-ionic-strength samples (SenTix®

HW). Apparent color was determined spectrophotometrically
using platinum–cobalt standards (SM 2120 C). Ultrapure water

Fig. 1. Location of the study area and lakes. The large majority are located in the Cajas National Park (162), and some are in the Quimsacocha volcano
area (3) and Sangay National Park (Culebrillas lake, #157, not shown). Identifiers correspond to codes from Mosquera et al. (2017b).

Table 1. Summary of the physical features of 165 lakes and ponds sampled for this study.

Variable Unit Minimum First quartile Median Mean Third quartile Maximum

Latitude, N Degrees �3.05 �2.86 �2.84 �2.83 �2.80 �2.42

Longitude, E Degrees �79.35 �79.29 �79.26 �79.26 �79.23 �78.86

Altitude m a.s.l. 3152 3856 3958 3945 4043 4294

Maximum depth m 0.15 1.50 8.25 13 18 76

Mean depth m 0.05 0.50 2.5 4.8 6.6 30.6

Area m2 22 12,177 32,012 68,698 81,331 774,775

Volume m3 3.2 6214 72,124 841,645 521,336 22,369,167

Watershed area km2 0.00002 0.28 0.98 2.74 2.19 47.70

Mosquera et al. Tropical mountain lake water chemistry
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type 1 was used in blanks and reagents. Precision varied across
compounds, and the wide range of concentrations analyzed: 3–
20% relative standard deviations. Accuracy was better than 5%
in all analyses. Analytical quality assessment was performed
using ion balance, ion-calculated vs. measured conductivity,
and ion-estimated vs. measured alkalinity (Moiseenko
et al. 2013). Samples with marked deviations corresponded to
low ionic strength, which showed overestimated calcium (1) or
magnesium (4) levels, which were substituted by zero values in
the numerical analyses. Chloride was not considered in the fac-
torial analysis because of the high number of values below the
quantification limit. For other variables, limits of quantification
were used in the numerical analyses (Table 2). During the 2014–
2015 laboratory analysis, no aluminum measures were per-
formed. However, for a subset of 10 lakes of the original survey,
aluminum data were available from monthly sampling during
2019–2020, which were only used to confirm some mineral
equilibrium assumptions.

Geomorphology, lithology, and land cover
Three main drivers important for water chemistry variation

were considered: the parent rock, the ultimate primary source
of solutes; land cover, which may condition water–rock inter-
actions; and watershed and waterbody morphology that may
determine the interaction duration. Climate is relatively simi-
lar across the survey area (Padr�on et al. 2015); therefore,

altitude was the only variable considered as a surrogate of
potential climatic effects.

Lake and watershed geomorphological descriptors
(1 : 5000) were available from Mosquera et al. (2017b), whose
site coding was maintained. Geological information was
extracted from a 1:100,000 geological map (Dunkley and
Gaibor 2009), which was used to calculate the area of the
main lithostratigraphic classes for each lake watershed. The
Cajas bedrock corresponds to a complex imbricate layering of
volcanic formations (i.e., eight in the surveyed lakes) of vary-
ing age (7–37 Ma), from the late Eocene to Miocene, and some
minor areas of intrusive rocks (Supporting Information
Table S1; Fig. S1). The geological formations vary in dominant
parent rock (rhyolite, andesite, dacite, and diorite) and mate-
rial (tuffs, breccia, lava, lapilli, and sandstone), but all of them
show a large secondary variability within the formation.

Although the p�aramo landscape appears relatively homoge-
neous at first glance, lake watersheds may markedly differ in
vegetation cover and development (Fig. 2). The identified land
cover classes included p�aramo grassland vegetation
(e.g., Calamagrostis), Loricaria and Gynoxis shrubs, Polylepis
open forest, montane evergreen forest, rocky p�aramo, bare
rock, eroded land, wetlands, rivers, and water bodies
(Supporting Information Fig. S2). The land covered by the
respective classes was uneven (Supporting Information
Table S2), and the montane forest was exclusively present in
the Lake Llaviucu watershed. The land cover map was

Table 2. Summary of the water chemistry variation in the study lakes of the Cajas Massif, Southern Ecuadorian Andes.

Variable Units Minimum First quartile Median Mean Third quartile Maximum

Conductivity μS20 cm�1 4.3 28 48 52 69 191

pH 4.6 6.6 7.0 7.0 7.5 8.5

Calcium μeq L�1 � 0* 200 400 457 640 1922

Magnesium μeq L�1 � 0* 71 116 138 194 697

Sodium μeq L�1 5 29 44 47 61 117

Potassium μeq L�1 < 3† < 3† 3 4 6 37

Alkalinity μeq L�1 47 260 440 525 720 2208

Sulfate μeq L�1 10 55 76 88 104 343

Chloride μeq L�1 < 10† <10† < 10† — < 10† 30

Silica μmol L�1 13 67 90 90 108 196

Nitrate μeq L�1 0.01 0.02 0.15 0.26 0.34 2.8

TP μmol L�1 0.02 0.12 0.22 0.26 0.31 1.40

SRP μmol L�1 < 0.02† < 0.02† < 0.02† 0.05 0.05 0.61

TOC mg L�1 0.15 3.6 5.0 5.9 6.6 > 21†
DOC mg L�1 0.15 2.1 3.0 4.1 5.3 > 21†
Apparent color CU 7 20 28 37 39 187

Iron μmol L�1 0.18 0.64 1.07 1.71 1.92 15.25

Manganese μmol L�1 0.05 0.11 0.25 0.43 0.48 5.04

Aluminum‡ μmol L�1 1.30 1.83 1.97 2.11 2.15 3.20

*Estimated by cation–anion balance because below quantification limits (20 μeq L�1 for calcium and magnesium, and 15 μeq L�1 for chloride).
†Beyond quantification limit values.
‡Data only for 10 lakes. Ammonium was below the quantification limit (1 μeq L�1) in all lakes.
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produced by heads-up digitalization of the aerial photographs
of the project SIG-Tierras (2010–2014, www.sigtierras.gob.ec).
The images (30 � 30 cm2 resolution) were orthorectified and
georeferenced. Only one digitizer performed the manual task
for consistency, and several people repeatedly checked for
omissions and mistakes. ArcGIS 10.0 (ESRI Inc.) was used with
a screen zoom of the photographs consistently below a 1:200
scale. The scale of cartographic digitalization was 1:5000. The
area of each land cover class within the lake watershed was
calculated from the digitized land cover contour shapefile, and
the lake watershed shapefile (3 � 3 m2 resolution) using the
ArcGIS 10.0 analysis tools and summarize function.

Numerical analyses
Descriptive statistics, analyses of variance, Tukey’s honest

significant differences, and other statistical analyses detailed
below were performed using R (v. 4.0.4). Except for pH and sil-
ica, most water chemistry components had a skewed distribu-
tion; hence they were log-transformed in numerical studies.
Maximum likelihood factor analysis (factanal R-function) was
used to investigate the correlation structure among the water
chemistry variables. Varimax rotation was applied to facilitate
axis interpretation, and the optimal number of factors was
determined using the nFactors R-package. The influence of
potential drivers on the main water chemistry variation was
investigated using multivariate linear regression (lm R-func-
tion) based on altitude, geomorphological, lithological, and
landcover descriptors. Fifteen explanatory variables were con-
sidered; lake mean depth, watershed/lake area ratio, main rock
proportions (rhyolite, dacite, and diorite), geological forma-
tion age, land cover proportions (p�aramo, rocky p�aramo,

Polylepis forest, shrubs, bare rock, eroded land, water bodies,
and wetlands), and altitude. Andesite, the most common sub-
strate across lake basins, determines the typical conditions
from which other substrates can cause deviations. Therefore,
only the percentages of the other 3 substrates were included
as potential deviations from the andesite norm. Drivers with
skewed distributions were log-transformed (i.e., mean depth,
watershed/lake ratio), and all of them were standardized (z-
scores) to obtain coefficients that directly indicate the degree
of influence in the regression. We ranked all possible models
(215) using the corrected Akaike’s information criterion (AICc),
which is more appropriate for relatively small datasets, and
the dredge function from the MuMIn R package (v.1.43.17).
Regression coefficients were standardized to allow compari-
sons of their relative magnitudes between the models. The
coefficients of all models with an AICc < 4 higher than the
lowest AICc were averaged (model.avg function): the coefficient
absolute mean deviation from zero indicates the variable
explanatory capacity and the coefficient range shows the
uncertainty associated with that deviation (Dormann
et al. 2018). Speciation and solubility diagrams were deter-
mined using Geochemist’s Workbench® (Aqueous Solutions
LLC), version GWB 2021, SpecE8, and Act2 programs, respec-
tively (Bethke 2008).

Results
Water chemical variation

The Cajas lakes typically showed low ionic content,
circumneutral pH, low nutrient, and slightly brownish condi-
tions (Table 2). Although the ionic content was relatively low
(conductivity always < 200 μS20 cm

�1), most water bodies were

Fig. 2. Some illustrative lakes and landscapes from Cajas Massif in Southern Ecuadorian Andes: (a) Laguna de la Cascada, #99; (b) Cardenillo, #100; (c)
Cocha totorilla 1, #149; (d) Ingacasa, #36; (e) Estrellascocha de Quitahuayco; and (f) example of the land cover class “eroded land.”
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not sensitive to acidification (alkalinity > 200 μeq L�1). Acidic
water bodies (i.e., pH < < 6.5) were uncommon and limited to
small ponds. Calcium was commonly the dominant cation,
although magnesium also showed high values and was domi-
nant in a subset of lakes (Fig. 3). The potassium concentration
was extremely low compared to other cations, including sodium.
Bicarbonate and sulfate could be dominant among the anions
(Fig. 2), yet the latter was not associated with acidic conditions.
Chloride levels were generally below quantification limits
(Table 2), which indicated an atmospheric origin consistent with
the low chloride content (< 10 μeq L�1) in the deposition of
Southern Andes (Beiderwieden et al. 2005). High values (� 30
μeq L�1) were only found in the Quinuas river basin, close to
the only mountain road crossing the study area, which connects
Cuenca and Guayaquil cities (e.g., lakes 81–83, Fig. 1). Nitrogen
components had extremely low concentrations; ammonium was
always below the quantification limit, while nitrate concentra-
tion seldom exceeded > 1 μeq L�1. Phosphorus values were also
usually low; therefore, water bodies were oligotrophic, with few
exceptions. The lake color ranged from crystal clear to reddish
and brown tones. Accordingly, organic matter (TOC and DOC)
and iron content revealed a wide variation (Table 2).

The chemical variables showed clear correlation patterns
(Supporting Information Fig. S3). The factor analysis indicated
that these relationships could be summarized by four main
latent factors, which explained 53% of the total variance
(Table 3). F1 could be interpreted as a total ionic strength fac-
tor, provided mainly by calcium and magnesium cations
(water hardness) that primarily determined alkalinity and con-
ductivity values, with a secondary sodium contribution
(Table 3). The higher the F1 score, the lower the apparent
color and TP. Therefore, the higher the alkalinity, the more
transparent and less productive the environment becomes. F2
denoted the organic matter content, which appeared largely
independent of the inorganic chemical characteristics, and
was only weakly associated with the apparent color.

F3 was primarily related to silica and monovalent cations,
indicating a more congruent dissolution of aluminum–silicate

minerals than F1. The association of sulfate with this factor,
although weak, might point to a particular bedrock type.
Finally, F4 was characterized by metals, particularly iron.
Interestingly, the iron present was not strongly bonded to
organic content. Indeed, the apparent color showed a higher
loading on F4 than F2, likely related to the reddish color when
the iron level was very high. TP (positively) and nitrate (nega-
tively) were associated with F4, indicating that water bodies
richer in metals tend to be slightly more productive.

Drivers of water hardness variation
Chemical rock weathering should be connected to both the

F1 and F3 axes of the factor analysis. They should, however,

Fig. 3. Ternary diagrams of the relative ionic water composition of the study lakes. Symbols indicate the predominant geological formation in the lake
watershed.

Table 3. Variable loadings on four significant main axes (F1–F4)
of a water chemistry factorial analysis.*

Variable F1 F2 F3 F4

Log (alkalinity) 0.98 0.17

Log (conductivity) 0.91 0.29

Log (calcium) 0.90

pH 0.70 0.17

Log (magnesium) 0.50

Log (TOC) 0.98 0.16

Log (DOC) 0.77

Log (sodium) 0.41 0.83

Silica �0.20 0.74

Log (potassium) 0.43 0.34

Log (sulfate) 0.26

Log (SRP) �0.22 0.14

Log (iron) �0.18 0.93

Log (manganese) 0.56

Log (apparent color) �0.34 0.33 �0.22 0.50

Log (TP) �0.31 0.23

Log (nitrate) �0.17

*Only loadings > j0.14j are shown. Factors explained 22%, 11%, 10%,
and 10% of the total variation, respectively.
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be linked to different underlying processes because they
emerge in the factor analysis as orthogonal components, indi-
cating independence. Alkalinity and conductivity high load-
ings on F1 link the factor to a dominant rock weathering
process. High calcium and magnesium (hardness) contribu-
tions to F1, but not silica, point to a noncongruent mineral
dissolution of aluminum–silicates bearing divalent cations and
consequently forming secondary minerals that retain silica.
Given the wide alkalinity and conductivity range, this primary
process should be highly variable across space (Table 2).
Indeed, the geological formations showed significant differ-
ences in water hardness (Fig. 4a). The high variability within
formations was initially unexpected because the lithological
composition in most formations comprised andesite and
dacite in varying proportions and mixed volcanic materials
(Supporting Information Table S1). Rhyolite, which in

principle is less weatherable, only predominated in the Chulo
unit, which indeed showed lower than average ionic strength.

Interestingly, the differences in divalent cation levels (and
thus ionic strength, alkalinity, and weathering rates) between
the geological formations corresponded to their age within
the andesite–dacite dominion. The older the volcanic forma-
tions, the higher the cation levels (Fig. 4a). Formations of
comparable age (i.e., Tomebamba-Filo Cajas, Rio Blanco-
Chanlud) showed similar hardness distributions. In contrast,
Chulo formation (rhyolite) showed significantly lower hard-
ness levels than the closest andesite-dacite formation by age.

Despite the general rock type and age patterns, F1-related
variables showed broad variability within some formations
(i.e., Soldados, Chanlud, Chulo). Part of this variation could
be because some lakes included more than one formation in
their watersheds, although this is not a common feature

Fig. 4. Chemical variation distribution within the geological formations: (a) water hardness (calcium + magnesium), (b) silica, (c) dissolved organic car-
bon, and (d) iron. The four chemical components were selected to represent the four axes of the factorial analysis (Table 3). Each lake was assigned to
the geological formation with the highest percentage in the watershed. Sharing a lower case letter on the x-axis indicates a nonsignificant mean differ-
ence between a pair of geological formations (p-value, >0.05). The number of lakes, characteristics, and geographical distribution of the geological for-
mations are shown in Supporting Information Table S1 and Fig. S1, respectively.
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(Supporting Information Table S2). Therefore, most of the var-
iability should be due to other weathering drivers that may
increase the contact between water, carbon dioxide, and min-
erals. The multivariate regression analysis confirmed, with low
uncertainty, that water hardness was favored by rock age and
limited by rhyolite (Fig. 5a).

The most significant hardness drivers were geomorphological
variables (i.e., mean depth and watershed/lake area ratio). Increas-
ing the hardness with watershed and waterbody size indicated an
accumulation process in the drainage basin. In contrast, the influ-
ence of land cover features was less conclusive in the models; the
coefficients showed considerable variability (Fig. 5a). Wetland,
bare rock, and Polylepis forest showed positive coefficients in the
models. They might enhance the divalent cation content by pro-
viding more substrate or moisture and CO2 at the interface where
weathering occurs. P�aramo and rocky p�aramo influence were

highly uncertain; despite some models showing the highest coef-
ficients, they were inconsistently positive or negative, depending
on the combination with other variables. To understand the
effect of vegetation in weathering, finer resolution in vegetation,
soil, and topography details is required. Overall, these models
explained approximately 36% of the total hardness variation.

Drivers of silica variation
The contribution of silica to the F3 axis in the factorial

analysis and the poor loading of divalent cations suggested a
secondary weathering process. There were marked average dif-
ferences between the geological formations (Fig. 4b). However,
the differentiating patterns changed from those shown by
hardness, which is a clear indication that the causal drivers for
F1- and F3-related variables were relatively independent.
Indeed, the multivariate regression models showed that

Fig. 5. Driver significance for selected water chemistry components: (a) hardness (calcium + magnesium); (b) silica; (c) dissolved organic carbon; and
(d) iron. The plots indicate the mean and range of the standardized regression coefficients of multivariate models with a < 4 AICc difference from the best
model (indicated by an orange dot). All possible models (215) were assessed and ranked by the lowest AICc. The larger the mean departure from zero
and the smaller the range of coefficients, the greater the probability of relevance of the driver. The range of variance explained (R2) by the selected
models is included in the plots. (*) Watershed/lake area ratio.
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geomorphological features were not significant for silica levels
(Fig. 5b), in contrast to the water hardness case.

Despite the high variation in calcium levels, the relatively
constrained silica concentration indicated oversaturation or
equilibrium of secondary silicates, such as kaolinite
(Al2Si2O5(OH)4) clay (Fig. 6a). Only a few cases were more
likely related to aluminum hydroxide minerals (i.e., gibbsite,
Al(OH)3); those with the lowest silica levels.

Rhyolite bedrock contributed positively to silica levels,
while rock age contributed negatively, just opposite effects of
drivers than on hardness. The presence of eroded land in the
watershed had a positive effect. This landscape feature
occupies only a small part of the overall territory (Fig. 2e); it
may have a marked influence when it is present. The propor-
tion of water mass in the watershed resulted in a pronounced
negative effect on silica levels, likely related to biological con-
sumption (e.g., diatoms).

Overall, the regression models explained approximately
30% of silica variation. The patterns found, particularly the
decline with rock age and association with eroded land,
suggested some relationship with secondary volcanism pro-
cesses with less extension and more random spatial distribu-
tion, which may be exhausted over time. The lack of any
relationship with watershed or lake geomorphological features
indicates that source areas are relatively small and do not
show accumulative effects at the watershed scale.

Drivers of organic matter variation
The organic matter content in lake water (F2 in the factor

analysis) did not differ between geological formations (Fig. 4c).

Indeed, the regression models only showed some relevance of
the geomorphological variables (Fig. 5c). The smaller the lake
and its watershed, the higher the DOC levels that could be
expected. Although these parameters were significant, their
explanation was limited (� 5% of the overall variation), indicat-
ing high DOC scattering regardless of lake depth (Supporting
Information Fig. S4) or watershed size.

Drivers of metal variation
There were significant differences in the metal levels

among the geological formations (Fig. 4d). The concentrations
were higher on average in Chulo, Filo Cajas, Tomebamba,
and, particularly, Quimsacocha, although only three lakes
were sampled in the latter case. The variation was substantial
in the other formations, and the higher values overlapped
with those in the metal-rich formations.

High iron levels were more likely in small water bodies with
smaller watersheds (Fig. 5d), as occurs for DOC, indicating
that point sources were not evenly distributed in the land-
scape. These point sources were markedly more when the rhy-
olite bedrock was dominant. In addition, the higher the
proportion of wetlands in the watershed, the higher the iron
levels. These significant drivers accounted for approximately
41% of the variation. Altitude (negatively) and shrubs (posi-
tively) contributed appreciably to some models, but the gen-
eral uncertainty may indicate a spurious contribution.

Water bodies with higher iron concentrations were over-
saturated (Fig. 6b). In some lakes, iron precipitation was partic-
ularly evident and colorful, associated with inlets connected
to wetlands (Fig. 2f). As the metal levels declined and the pH

Fig. 6. Water chemistry position of the lakes in theoretical stability diagrams. (a) Mineral stability in a system with varied activities of calcium and silica,
and activity = 1 of aluminum (in mineral form) and water. (b) Iron solubility assuming a 0.0002512 oxygen fugacity; an average oxygen value in the sur-
face lake water samples. Temperature was fixed at 15�C in both cases. Reddish background indicates a solid phase, while bluish background represents
an aqueous form. Calculations were performed using GWB 2021.
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increased, soluble iron hydroxide forms were more likely to
occur. Nevertheless, some measured iron could be associated
with colloidal and small particles in lakes where hematite
(Fe2O3) oversaturation is indicated.

Discussion
Water chemical variation and rock weathering

Our results show that high mountain lakes in volcanic
basins can present extremely variable water chemistry in rela-
tively small areas. The variation found in Cajas NP was com-
parable to that in large mountain ranges (Fig. 7; Supporting
Information Fig. S5 for pH), where the substrate includes plu-
tonic, metamorphic, and carbonate bedrock changing over
large areas (Camarero et al. 2009). Active volcanism produces
lava flows that overlap unevenly and heterogeneously distrib-
uted tuff, lapilli, and ash. Even more locally, hydrothermal
processes reaching the surface create patches of substrate that
differ from the dominant rock. Cajas Massif lakes show that
this heterogeneity still influences water composition variation
in volcanic bedrock dating millions of years. Indeed, the spa-
tial heterogeneity and eventual water chemical variation may
be increased by the presence in the watersheds of layers
corresponding to several volcanic phases that differ in domi-
nant rock, age, and associated secondary processes.

Lakes on watersheds where rhyolite bedrock dominated
had softer water than lake basins where andesite, dacite, or
diorite predominated. The latter rock types are richer in pla-
gioclase and pyroxene, which are minerals that are more easily
weathered than quartz and orthoclase (White and Bran-
tley 1995). Calcium and silica levels indicate that the
weathering of these primary minerals is not complete; second-
ary silicates, most likely kaolinite, are formed. This incongruent

dissolution has been found in other volcanic rock areas
(Di Figlia et al. 2007). The high correlation of calcium with alka-
linity and conductivity indicates that this partial aluminosilicate
dissolution is the primary source of cations. Recent studies of
Cajas’ andesitic soils indicate that they are depleted in mono-
and divalent cations with an accumulation of Al-humus com-
plexes in the soil matrix (Molina et al. 2019) even though these
soils are postglacial and therefore relatively young. Conse-
quently, water alkalinity generation primarily occurs in the sub-
soil saprolite, which explains why water hardness increases with
watershed and lake size. The cation excess increases the longer
the water travels through the subsurface before reaching the
lake or pond.

In addition to rock type, the surface area available for the
reaction influences weathering rates (White and Bran-
tley 2003). Older volcanic bedrock presents higher porosity
and surface area for hydration and reaction. Our results indi-
cate that the age of the geological formation is a significant
driver for divalent cation levels and alkalinity. This finding is
consistent with 5-yr field investigations that indicate that
older rhyolite rocks with similar initial compositions have
faster chemical weathering rates than younger ones
(Matsukura et al. 2001). The significance of the bare rock pro-
portion in the watershed also points to the same mechanism,
as these outcrops are usually heavily fractured, providing more
and fresher surfaces for reaction (Kop�aček et al. 2017). Vegeta-
tion has been identified as a factor promoting weathering
(Burghelea et al. 2015) because it increases the availability of
carbon dioxide and protons; however, our results were incon-
clusive. P�aramo and rocky p�aramo both show positive and
negative effects depending on the regression model. Con-
versely, the role of wetlands appeared robust; it always indi-
cated weathering enhancement when included in the
regression models. Nevertheless, there is still a considerable
proportion of the hardness variation to be explained. Molina
et al. (2019) showed a significant difference in soil chemical
weathering related to topographic gradients and vegetation
change at spatial scales that cannot be documented in our
macroscale landscape study. The uncertainty associated with
vegetation variables in the multiple regressions could be
related to the lack of resolution at fine spatial scales.

Our factorial analysis suggested a complementary
weathering process beyond the predominant cation source.
Silica levels, which indicate complete aluminosilicate dissolu-
tion, were associated with monovalent cations and sulfate as
part of a third main orthogonal factor. The silica drivers iden-
tified in the multivariate regression analysis supported the
interpretation of an independent complementary weathering
process. It was not related to the size of the watershed or the
lake; hence, it did not have an extended occurrence that could
sustain an accumulative process like that of divalent cations.
This process likely occurs in hot spots sparsely distributed in
watersheds. The association with eroded land was also noted
in this local character. Furthermore, contrary to the hardness

Fig. 7. Relationship between pH and divalent cations in several lake dis-
tricts in temperate mountain ranges and boreal areas (data from Catalan
et al. 2009b) for comparison with Cajas NP (this study data). Theil-Sen lin-
ear robust regression (mblm R package) was applied to downscale the
influence of the outliers, mostly from waters affected by sulfide oxidation.
High DOC waters show a higher intercept due to the effect of organic
acids on pH.
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factors, silica levels were favored in the rhyolite bedrock and
declined with rock age. This evidence points to a bedrock
affected by former hydrothermal processes, which occur dur-
ing periods of active volcanism (Pozzo et al. 2002). High water
temperatures modify the original aluminosilicates, making
secondary ones deficient in cations (Ohba and Kitade 2005)
and other processes such as albitization (Engvik et al. 2008).
The latter may eventually result in chemical weathering, pro-
viding sodium (Cruz et al. 1999). The hydrothermal activity
may or may not be associated with sulfur. Both types have
been described in the Quimsacocha formation during exhaus-
tive mining prospecting (Mor�an-Reascos 2017). There is no
reason to think that they are not present in other formations,
particularly in the Chulo unit, where rhyolite predominates,
and thus the likely contingent association with this bedrock
in the driver analysis. The decline with the formation age indi-
cates that this original mineral material was not replaced by
rock fragmentation, which makes sense if these are spots in
the landscape where the initial rock already consists of sec-
ondary aluminosilicates, which offer more reaction surfaces
(e.g., clays), and thus can provide locally higher silicate values.
Sodium-rich volcanic rocks can also be related to tectonic pro-
cesses (Sun et al. 2020), and faults could be another location
for this particular weathering.

Weathering occurring in two distinct environments has
been described in other tropical watersheds (White
et al. 1998). Plagioclase and hornblende reacted at the heavily
fractured bedrock—the saprock interface, as likely occurred in
our case. Secondarily, biotite and quartz reacted preferentially
in the overlying thick saprolitic regolith, providing more K,
Mg, and Si to water chemistry. This latter mechanism shows Si
delivery in common with our case but differs in the main cat-
ions (i.e., Mg). Overall, independent weathering mechanisms
seem to be more likely in tropical volcanic watersheds than in
temperate watersheds with less intense weathering. Investigat-
ing the water systems (streams, subsurface, ponds, and lakes)
associated with the eroded land identified in the land cover
classification and areas with tectonic faults should shed light
on our conjectures.

Silica levels were negatively affected by the water mass pro-
portion in the watershed. This relationship points to aquatic
biological consumption without evidence of terrestrial biologi-
cal pumping effects, as found in other volcanic areas
(Benedetti et al. 2002). In contrast, the observed low potas-
sium levels could reflect uptake by terrestrial plants.

No specific atmospheric chemical deposition studies have
been conducted in the Cajas NP area. Occasionally, dust depo-
sition arriving at the equatorial Andes as far as the Sahara
desert may provide divalent cations (Boy and Wilcke 2008),
and biomass burning in the Amazon basin may provide acidi-
fying sulfur and nitrogen compounds, as found in other areas
of Southern Ecuador (Fabian et al. 2005). However, it is not
possible to evaluate the deposition incidence on the average
chemical composition of lakes and its variation without

specific studies. ANC in the Cajas waterbodies is usually high
(> 200 μeq L�1), but some sensitive sites could be influenced
by atmospheric deposition. Low chloride levels indicate that
most of the deposition is from westward air masses. However,
significant rainfall episodes from the Pacific have been
described for nearby areas during the wet season, bringing
high salt deposition (Makowski Giannoni et al. 2016). There-
fore, atmospheric deposition can provide seasonal and inter-
annual variability in Cajas Massif waterbodies. Higher chloride
values associated with the only road across the park indicate
the system sensitivity.

Brown waters
Average and extreme DOC levels are higher in Cajas Massif

lakes than in temperate mountain lake districts (Fig. 7) and simi-
lar to some boreal areas (Camarero et al. 2009). In contrast to
cations related to rock weathering, DOC is higher in ponds and
small lakes with relatively small watersheds. These features indi-
cate a relatively local DOC origin, likely related to the idiosyn-
cratic connections with organic soils proximal to the water
body. Land cover features that apparently should be relevant for
DOC (Gergel et al. 1999), such as the wetland percentage in the
watershed, did not significantly influence our case.

In boreal watersheds, stream DOC originates predomi-
nantly from wetland sources during low flow conditions and
from forested areas during high flow (Laudon et al. 2011), and
detailed hydrology is becoming an essential component of
DOC regulation. In the Cajas Massif, extreme values were
achieved in small ponds, which are sometimes marginal to
other water bodies. As these systems are very shallow, they are
not fed with subsoil water but by water draining from immedi-
ate surface soils lacking buffering capacity. Consequently,
these ponds had lower pH values (� 5). Comparing across lake
districts with significantly different average DOC levels
(Fig. 7), Cajas’ lakes align with high DOC lake districts
(e.g., Greenland) in the relationship between divalent cation
levels (or alkalinity) and pH. In these high DOC lake districts,
the average pH was lower at the same alkalinity than in low
DOC lake districts, showing the relevance of organic acids in
providing acidity. Although the direct correlation between pH
and DOC is low in Cajas waters, DOC becomes a significant
parameter explaining residuals between pH and hardness;
therefore, a better fit was obtained with multiple regression
(pH = 6.37 + 0.0012 hardness – 0.026 DOC; R2 = 0.46).

Nevertheless, paludification is not a generalized feature in
Cajas lakes and ponds, and a wide range from clear to brown-
ish water was found. Indeed, the apparent color is related to
organic matter and metal content, yet there is no strong corre-
lation between the latter two, indicating different sources. The
chelation of metals may occur in high DOC systems, but there
are lakes with high iron content and low DOC in the Cajas
Massif. The organic and metal contents in the Cajas lakes do
not share the same main drivers. Compared to iron levels, the
drivers’ low DOC explanatory capability necessitates an ad
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hoc investigation of DOC composition and sources in the
p�aramo lakes.

High iron availability
Iron levels are generally high; however, similar to DOC, the

smaller the water body and its watershed, the higher the prob-
ability of finding elevated values. The differences between the
several geological formations were significant and reflect the
idiosyncrasies of the volcanism in each, with rhyolite bedrock
resulting in increased iron levels. Nevertheless, the driver with
more influence was the proportion of wetlands in the water-
shed. Water in wetlands may achieve lower pH and redox
potential, thus facilitating iron solubility. Lake surface layers
are usually well-oxygenated and foster iron precipitation, evi-
dent in some colorful lake littoral beds (Fig. 2f). Some iron
may remain in colloidal form, as measured concentrations
often indicate oversaturation.

Interestingly, TP was associated with iron and manganese
in the factorial analyses. Therefore, some iron sources may
also provide essential nutrients for primary production.
Apatite-bearing iron deposits can be associated with
magmatic-hydrothermal events (Allen et al. 1996). Our study
considered only lake surface samples. Although dominant cat-
ions may change little throughout the water column, this is
not the case for metals, whose solubility depends on redox
conditions. Because of the persistent stratification, many of
these lakes show oxygen depletion in deep layers (Steinitz-
Kannan et al. 1983). These layers provide an environment for
reduced metal forms and other reduced compounds, such as
ammonium, which are undetected in surface waters. The
anoxic conditions also facilitate phosphate solubility; there-
fore, the correlation between iron and phosphorus is possible
because of watershed sources or in-lake processes.

Ecological implications
Main ion composition and dissolved organic matter are

two primary factors influencing the biota distribution in high-
mountain lakes (Kernan et al. 2009). The chemical variation
found in Cajas Massif lakes and ponds is comparable to that
of all the European mountain ranges (Fig. 7). Therefore, a
small area and relatively homogeneous bedrock provide a vari-
ety of aquatic chemical niches that is equivalent to large terri-
tories of contrasting bedrock. This remarkable feature might
foster species richness in relatively small territories of aquatic
organisms that are sensitive to cation composition. The Cajas
alkalinity range includes the two ecological thresholds (i.e.,
� 200 and � 1000 μeq L�1) identified in European mountain
ranges in terms of community composition (Catalan
et al. 2009a). Diatoms and some crustaceans show this
nonlinear community response to the alkalinity gradient,
which will be interesting to confirm in this far-flung lake dis-
trict, which shares with European ranges many diatom species
(Benito et al. 2019), but not crustaceans (Catalan and Donato-
Rond�on 2016).

In these volcanic environments, a biologically interesting
factor is the Ca : Mg ratio variation (Fig. 3), which is probably
related to variations in andesite plagioclase and hornblende
proportions. The biological influence of the dominant diva-
lent cation type has been barely explored as a driver of species
segregation in aquatic mountain ecosystems, probably because
of the lack of a balanced number of sites. Organisms with car-
bonate shells (e.g., ostracods, mollusks, etc.) are candidates to
respond to this factor, as found in other aquatic ecosystems
(Dussart 1976; Chivas et al. 1986).

Soils largely depleted in cations enhance the chemical con-
trast between lakes and ponds. Small and shallow ponds may
lack the inflow of water circulating below the soils; conse-
quently, some show the most acidic water or high DOC con-
tent, favoring biotic differentiation (Catalan et al. 2009a). We
considered many ponds in our study, but many smaller ones
exist in the area (Mosquera et al. 2017a); thus, more extreme
pH and DOC conditions can be expected in some of them.
DOC and TOC levels in the Cajas massif are higher than in
temperate high-mountain lakes and comparable to Nordic
mountain lakes and tundra lakes (Camarero et al. 2009). How-
ever, these high-latitude lakes freeze during winters, a feature
non-present in the p�aramo that may have driven adaptation
in other directions. In this regard, tropical high-mountain
lakes are unique. Apart from the high average level, DOC has
a wide range, making it a possible axis of nonlinear species
segregation that might include a wide range of organisms
(e.g., rotifers, crustaceans, and chironomids), as has been
observed in temperate high-mountain lakes with narrower
DOC ranges (Catalan et al. 2009a).

Metals provide a further environmental gradient for biodi-
versity enhancement, which is not necessarily linked to the
organic matter content of water. Vertical redox gradients have
been observed in these tropical lakes (Steinitz-Kannan
et al. 1983), but specific investigations concerning species
adaptations are lacking. Furthermore, horizontal redox gradi-
ents from lakes to neighboring wetlands also likely foster spe-
cies segregation.

The high chemical variability in tropical high-mountain
lakes makes them ideal as global change sentinel lakes; some
are more susceptible to acidic or dust deposition, while others
are better suited to temperature changes impacting redox con-
ditions. In addition, the long, independent chemical gradients
offer the possibility of developing local calibration sets for pal-
eoenvironmental reconstructions using indicator organisms,
particularly diatoms (Rivera-Rond�on and Catalan 2020). Given
the high lake heterogeneity, surveillance and reconstructions
may require a thoughtful selection of lakes for making mean-
ingful inferences.

Data availability statement
The data supporting this study are available in Zenodo at

https://doi.org/10.5281/zenodo.6506282.
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