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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
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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
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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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