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Abstract: Studies on limnology are essential to reservoir management; nevertheless, few are known
about the limnological features of the Andean reservoirs in Ecuador. To overcome this limitation
in the information, from December 2018 to December 2019, the limnological characteristics of El
Labrado and Chanlud reservoirs in the Machangara river basin (Ecuador south) were examined.
Using the light/dark bottles technique, the primary productivity (PP) of phytoplankton was studied
in conjunction with (1) vertical profiles of oxygen concentrations, water temperature, nitrogen,
phosphorus, alkalinity, and heterotrophic bacteria; (2) Secchi disk transparency; and (3) meteorological
factors such as wind force, precipitation, and water level. Data indicate that both reservoirs are
polymictic, with alkaline waters, low nutrients, and low PP rates. Despite this, a principal component
analysis revealed that Chanlud exhibits higher nitrogen, alkalinity, heterotrophic bacteria, and PP
values. In two approaches through multiple linear regression analysis, each per reservoir, the PP
was explained mainly by water temperature, depth, light, heterotrophic bacteria, and meteorological
parameters. The low concentrations of nutrients and the low residency time explain the low PP
values. Likewise, the altitudinal factor (i.e., both reservoirs are 3400 m above sea level) and the low
human perturbations in surrounding reservoir zones play a crucial role in explaining their poor PP.
Notwithstanding the low metabolic rates, clear seasonal trends were observed in both reservoirs;
the lowest PP rates occurred during the cold season. To our knowledge, this is the first limnological
study of high Andean reservoirs in Ecuador. These findings should be part of Andean reservoir
management protocols, contributing significantly to local conservation efforts. Additionally, they
could be extrapolated as a frame of reference to similar eco-hydrological systems.

Keywords: limnological features; primary productivity; high Andean reservoirs

1. Introduction

Reservoir construction is one of the most remarkable human activities in modifying
freshwater ecosystems. It is a widespread practice worldwide that involves utilizing rivers
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by building a series of reservoirs [1]. In this sense, dams are infrastructures commonly
related to reservoirs. Dams/reservoirs are primarily designed for hydroelectric power
generation [2] and other uses such as irrigation, flood control, water supply, improved
navigation, fish culture, recreation, or some combination. However, damming water
courses exerts negative effects; dams/reservoirs can adversely affect the structure and
functioning of aquatic ecosystems [3], downstream [4] and in situ. Several problems arise
in situ with the slowing down of running water added to inadequate land use management
of the surrounding areas of the reservoirs; the best known are eutrophication [5,6], the loss
of biodiversity [7], and greenhouse gas emissions [8], among others.

Limnology is a comprehensive science that deals with water systems and the surround-
ing land. It considers physical, chemical, geological, and biological features to provide
conceptual models of freshwater ecosystems and fundamental information needed to deter-
mine causes and potential solutions to environmental stresses [9]. Therefore, limnological
characterization is a key tool for designing reservoirs’ conservation and management
plans [10,11] in response to, for example, ongoing climate change [12] or catchment distur-
bances [13]. Particularly in a region such as the Andes, whose ranges extend along western
South America, from south Venezuela to Tierra del Fuego, with irregular topology [14],
where multiple stressors and increasing water demands impose unprecedented stress on
freshwater ecosystems, the inclusion of a limnological framework of research is crucial.
The ability to assess the response of Andean freshwaters to anthropogenic stressors re-
quires knowledge of baseline limnological conditions [15]. However, with a few notable
exceptions, limnological surveys in the tropical Andes reservoirs are rare [16-21]. Except
in Brazil [22-26], knowledge about neotropical reservoirs is extremely limited, and this
trend is more significant for the high Andean region. In Ecuador, where many reservoirs
have been implemented during the last two decades, limnological studies of these artificial
ecosystems are non-existent, and no information is available. Up to now, only water quality
has been analyzed for Ecuadorian reservoirs from the point of view of compliance with
the limits required by Ecuadorian environmental legislation (gray literature), and most
limnological research on lentic ecosystems is focused only on natural lakes [27]. Thus,
although the overall principles and controlling factors that govern lakes and reservoirs
are the same, the premise to consider is that reservoirs were made artificially, and their
dynamics are not controlled naturally, i.e., they exhibit many differences relative to natu-
ral lakes; consequently, specific studies must be performed to evaluate and characterize
reservoirs [28].

Our paper describes, for the first time, the limnological features of two adjacent high
hydroelectric Andean reservoirs (i.e., Chanlud and El Labrado) in austral Ecuadorian
Andes and their seasonal variations. This study aims to add to the understanding of the
limnological characteristics of tropical Andean reservoirs and contribute to management
efforts. The results will also form an important baseline for information on assessed
reservoirs. We estimate the primary production of both reservoirs concerning selected
environmental parameters. We addressed three research questions/goals: (i) What are the
differences in limnological features between reservoirs? (ii) What are the main driving
factors for primary productivity in the studied reservoirs? Furthermore, (iii) we aimed to
study the seasonal limnological variability of the assessed reservoirs.

2. Materials and Methods
2.1. Study Area

The Andes in Ecuador are divided into eastern and western ranges. The second divides
the Pacific and Atlantic slopes [29]. The studied reservoirs, Chanlud and El Labrado, are
located on the Atlantic slopes in the upper area of the Machdngara river basin, which
belongs to the Paute river basin (Figure 1). The total area of the Machangara catchment
is 323.55 km?, and the altitude range is 2424 to 4424 m above sea level (m a.s.L.); that is,
this is a typical hydrologic system of the Andean paramo ecosystem of South America [30].
The average annual precipitation varies between 877 mm and 363 mm per year, while the
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average annual temperature fluctuates between 16.0 °C and 9.0 °C in the lower and upper
areas, respectively [31]. Two seasons are present during the year: a season of precipitation
from the middle of February to the beginning of July and a dry season during the rest of the
year. The average flow of the Machangara river measured from 1964 to 2010 was 8.4 m> s 1,
and this river is used for domestic and industrial purposes, agricultural irrigation, and
hydropower generation. Currently, 60% of Cuenca’s drinking water (Ecuador’s third

largest city) comes from the Machangara hydrological system.
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Figure 1. (a) Location of the Paute river basin in continental Ecuador and its largest city (Cuenca);
(b) location of the Machangara river basin in the Paute river basin and (c) elevation distribution and
the river network in the Machangara river basin. Coordinate system: WGS84 UTM 17S; coordinate

units: meters.

Regarding the reservoirs Chanlud and El Labrado, the former is in the Machangara
Alto River sub-basin, and the latter is in the Chulco river sub-basin. Both reservoirs form the
Machangara River Hydroelectric Complex. The Chanlud reservoir became operational in
1992 and is located at 3464 m a.s.l. (at their centroid point); it has a maximum depth of 40 m,
a storage capacity of 17 hm3, and a regulated discharge of about 4.8 m3 s~1. The reservoir
area is ~0.69 km?, and its shoreline is 5.6 km. El Labrado reservoir became operational in
1972 and is located at 3418 m a.s.l. (at their centroid point); it has a maximum depth of 14 m,
a storage capacity of 6.15 hm?, and a regulated discharge of about 2.4 m3 s~1. The reservoir
area is ~0.58 km?, and its shoreline is 5.1 km [32]. In 1985, the national environmental
authorities declared the upper area of the watershed of Machangara a protected forest (i.e.,
Machéangara-Tomebamba protected area), so human activities such as agriculture, etc., were
restricted in the surrounding areas of both studied reservoirs (for Chanlud, 0.3% of their
contributing basin is anthropized, and for El Labrado, the percentage is 0.5%). However,
the middle and lower zones of the Machangara watershed continued to deteriorate [33].
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2.2. Sampling Design

For both reservoirs, sampling campaigns from December 2018 to October 2019, and
December 2019, were performed in their deepest part (previously determined through
bathymetry) between 8.30 and 16.30 h, with a spatial replicability of one site per reservoir.
Vertical samples were taken every 5 and 3 m from surface to bottom in Chanlud and El
Labrado, respectively, using a Van Dorn sampler (2L). The different intervals of vertical
sample design were due to the significant dissimilarities in depth and their variability for
both reservoirs. For Chanlud, the range of depth was 30.7-39.5 m, while for El Labrado,
it was 8.4-14.1 m. Vertical sampling for El Labrado every 5 m was assumed to have a
low number of samples, which would have negative implications for integrated analysis
based on the scalar vector of depth. Therefore, vertical sampling was performed for this
reservoir every 3 m of depth. Due to the water level variability of both reservoirs, their
depths were first measured per visit using sonar (Speedtech® depth-mate portable sounder).
Thus, the number of vertical samples per reservoir was established as a function of depth
during the start of the field visit. For each water sample at each depth, measurements
of alkalinity (mg L~! of CaCO3), orthophosphate (mg L~! of PO,3~), nitrite (mg L~!
of NO; ™ -N), nitrate (mg L~! of NO3~-N), heterotrophic bacteria (bacteria 100~ mL~1),
and ammonium (mg L~! of NH,*-N) were performed. Orthophosphate, nitrite, nitrate,
and ammonium were obtained using a modular system for performing continuous flow
analysis (OI Analytical—Flow Solution® FS 3100), with the detection limits being 0.001,
0.0005, 0.0005, and 0.0005 mg L™}, respectively. Alkalinity was determined by a titrimetric
approach, SM 2320 B method [34], with a detection limit of 8 mg L.~!. Heterotrophic bacteria
were estimated by the spread plate method, in which the water sample was mixed for 5 min
at low speed before serial dilution. Samples were spread in duplicate on a pre-cooled agar
plate consisting of a glucose—nitrogen minimal medium with a 0.2% w/v casamino acids
supplement. Plates were incubated at 22 °C for 3, 5, and 7 days and at 37 °C for 1, 3, and
5 days [35].

Vertical profiles of water temperature (°C) and dissolved oxygen (mg L~! of O,) were
performed using EXO2 sonde [36] at one-second intervals. Light penetration in the water
column was determined with a standard Secchi disk (Zsq) (25 cm in diameter) in meters.
The depth (m) of the euphotic zone (Z¢y) was assumed equivalent to 1% of the surface
light level and was estimated by multiplying the Secchi-disk depth (Zsq) by a factor of
2.7 [37,38]. The light vertical extinction coefficient (E) was calculated using this equation:
Ey" X Zgq = constant, where n = 0.84, and the “constant” is 1.54 [39,40]. Likewise, an
integrated water sample from the Z., was taken to determine chlorophyll-a concentration
(ug L) in the laboratory through spectrophotometric analyses of acetone extracts [41],
with a detection limit of 0.023 ug L1

In this context, photosynthesis and phytoplankton are the prime components of
aquatic primary production, and chlorophyll-a is a fundamental indicator of phytoplankton
abundance [42]. Herein, primary productivity (PP) was obtained by measuring oxygen
concentrations in dark and clear bottles incubated in situ at various depths (i.e., every 5
and 3 m for the Chanlud and EI Labrado reservoirs, respectively) throughout the water
column, using a line of supports placed on an anchor located in the deepest part of each
reservoir. Thus, the number of incubation levels was established as a function of the depth
for each reservoir per visit. Each bottle was filled with water from the corresponding
depth. Lightproof bags were used to store dark bottles wrapped in aluminum foil. A
wood wire frame with an attached rope held the bottles vertically at 25 cm to prevent
self-shading. Before placing the bottles on the supports and starting the incubation, the
initial dissolved oxygen concentration (initial O,) in each was measured using a HANNA
oximeter (model HI 9146). Another measure of oxygen was performed after the incubation
(final Oy). Calculations of gross primary production (GPP) and net primary production
(NPP) and respiration (R) rates were based on the changes in the oxygen content in the
light and dark bottles. The initial O, concentration (c1) could be expected to decrease to a
lower value by R in dark bottles (c2) and increase to a higher concentration (c3) in clear
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bottles, according to the difference between photosynthetic production and respiration [43].
The difference (c1 — c2) represents R activity per unit volume during the incubation time
interval (At) (for both bottles, the average At was 5:56 h, £ 0:52 standard deviation). The
difference (c3 — cl) is equal to the NPP, and the sum (c3 — c1) + (c1 — ¢2) = (c3 — c2)
corresponds to the GPP [40]. To obtain the PP (i.e., GPP + NPP) and R rates per area and
time units (mg C m~2 d~!) for each sampling month, vertical integrations were performed
through the trapezoidal method [44—-46]. Thus, since R, NPP, and GPP are vectors, the
method calculated the integrated function for them concerning the scalar space specified
by the depth (i.e., 0,5, 10...,and 0, 3, 6. . ., m for the Chanlud and El Labrado reservoirs,
respectively). The trapezoidal rule is a method that approximates integration over an
interval by breaking the area under the curve into trapezoids with more easily comparable
areas [47]. Herein, the trapezoidal vertical integrations were carried out using the “trapz”
function of MATLAB® [48]. For the PP, the integrations were calculated on the Zg,, and
the day length was assumed to be 12 h. The integral function for R was calculated for the
entire water column over 24 h, assuming that the R rate at night was the same as during
the day [39,49].

Finally, meteorological parameters such as precipitation (mm) and wind force (m s~1)
were considered. These variables were obtained using two meteorological stations located
in the proximity of each dam wall (for Chanlud, N —2°40'45” E —79°2'1" and for El
Labrado, N —2°43/44" E —79°4/22"). Sub-daily data were recorded from the meteorological
stations during the study period, and they were aggregated into daily datasets and finally
to a monthly frequency (i.e., accumulated for precipitation and averaged for wind force).

2.3. Data Analysis

Considering the varying number of records for each parameter in the two reservoirs
(e.g., numerous monthly records for water temperature versus only one per month for
primary productivity), the data analysis relied on a single monthly value for each parameter
and reservoir. An aggregate process was carried out for the parameters with multiple values
based on central tendency measures. To perform this, the normality of each dataset per
parameter and month was checked using the Shapiro-Wilk (S-W) test [50], considering a
95% confidence level. For a particular parameter, if the S-W test suggested normality, their
mean value was used for aggregating; otherwise, the median was used [51,52]. The S-W
tests were performed through the shapiro.test() function in the R environment [53]. As a
result, a matrix/database (X1) was developed for ngp = 2 sampling points, one per reservoir,
nrep = 24 sampling replicates, 12 monthly records per reservoir that overall contained
nyar = 18 variables, resulting in a total of nyp,s = 432 observations (ngps = Nvar X Nrep), which
are represented by X1, withi=1,2,...,nyrandj=1,2, ... nep. Once the matrix X1 was
organized, a Pearson correlation analysis was performed for their ny,; to exclude redundant
information characterized by a positive or negative correlation magnitude above 0.75 [54].
This was achieved to minimize multicollinearity issues. Pearson correlation analysis was
performed using the R environment’s cor() function [53]. Likewise, parameters with weak
chemical signals were excluded from the data analysis. After the matrix was stripped of
redundant and weak signals (i.e., X2), a range scaling process [55] was used to standardize
its associated distribution (X2,). Then, a principal component analysis was performed
for X2,.

2.3.1. Principal Component Analysis (PCA)

The PCA is an ordination method where the original data matrix (herein X2,) is
reduced to parts Ay, (loadings) and Ug (scores). Ay indicates how much an original variable
is “loaded into” a principal component (PC), and Ug are the coordinates of one replicate
in the new system [56,57]. Linear combinations of Aj, and Ug reproduce the matrix X2,
as new synthetic variables that are non-correlated between them, representing a certain
quantity of variables of the X2, and explaining their variance [58]. A critical prior task of a
PCA is selecting an optimal number of PCs [59]. Herein, the Average Eigenvalue Criterion
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(AEC) was used for this purpose through the Venetian blinds cross-validation method.
AEC is based on eigenvalues and only accepts components with an eigenvalue larger than
the average eigenvalue as significant [59]. The Venetian blinds cross-validation method
is based on splits of observed data [60-62]. In this research, the nye, was split into five
splits [63] for cross-validation (i.e., four groups for model training and the fifth group for
validation). To perform the ordination PCA process, a quantitative response vector was
loaded to X2, corresponding to n, (i.e., 1, 2 reservoirs) to assess the potential differences
between studied reservoirs. The response vector does not affect PCA calculation, but it
allows for a visual differentiation of samples/replicates during interpretation. Within this
framework, through Ay, PCA identifies the most informative original variables that explain
the differences between both reservoirs. For this purpose, the “cut-off rule” criterion
was applied [64], which regards |loadings | > 0.25 as being significant [65]. Furthermore,
Fisher’s least significant difference (LSD) test was used to calculate/visualize intervals
around the means of the most significant variables (i.e., |loadings| > 0.25). These intervals
were constructed in such a way that if two means were the same, their intervals would
overlap 95.0% of the time; on the contrary, any pair of intervals that did not overlap
vertically corresponded to a pair of means that had a statistically significant difference [66].
The PCA was implemented with MATLAB® using the PCA toolbox version 1.3 [59], and the
LSD test was calculated using the LSD.test() function in the R® package “agricolae” [67].

2.3.2. Multiple Linear Regression Analysis (MLRA)

Finally, to identify the informative parameters that explain the variability of the PP
(GPP + NPP), using X2, two multiple linear regression analyses (MLRA) were performed,
each one per reservoir (i.e., MLRAc}, and MLRA}). In each MLRA, the PP was the depen-
dent variable, and the rest of parameters were independent ones [68]. Backward stepwise
selection (BSS) (i.e., a stepwise selection method) was applied to identify the independent
variables with statistic effects on the dependent variable. Beginning with a model that
includes all variables, the BSS removes variables one at a time if they are not statistically
significant (i.e., variables are removed from the model at a given step if their p values are
greater than the P-to-Remove value, herein fixed as 0.05) [69]. Thus, the most informative
explanatory variables to explain the variability of PP were identified at the end of the
process [70]. To evaluate each MLRA, the Adjusted R-squared (Adj—Rz) statistic was
used. Also, the Durbin-Watson (DW) [71] statistic test was implemented for the residual
and serial correlation assessment. Finally, an analysis of variance was performed for each
MLRA. Of particular interest were the F-tests and their associated p-values, which test
the statistical significance of the fitted model. A small p value (less than 0.05) indicated
a significant relationship between PP and the independent variables. Both MLRAs were
performed using the Im() function in the R environment [53].

3. Results

After Pearson correlation analysis, eleven variables were chosen for the planned statis-
tical protocol: dissolved oxygen (O,), water temperature (WT), nitrate (NO3 ~-N), alkalinity
(CaCO3), heterotrophic bacteria (HB), wind force (WF), Secchi disk (Zs4), maximum depth
(Dmax), primary productivity (PP), chlorophyll-a (Chl) and precipitation. The excluded
variables were the euphotic zone (Z¢y), light vertical extinction coefficient (E+ ), respiration
(R), and gross and net primary productivity (GPP and NPP, respectively). Orthophosphates
(PO43), nitrites (NO, ~-N), and ammonium (NH,*-N) were not detected in both reservoirs;
only trace values were registered for them. Therefore, these parameters were not considered
for the statistical analysis. A summary of assessment parameters for both reservoirs is
given in Table 1 (for most cases, henceforth, the mean is termed X).
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Table 1. Summary of assessment parameters for both reservoirs. The first ten columns show the means + standard deviations. For the last nine columns, there
are unique values because of the nature of the variables. Values highlighted in gray come from datasets with non-normal distributions for which the median
instead of the mean value was used for data analysis. WT = water temperature, O, = dissolved oxygen, CaCOj3 = alkalinity, NO3 ~-N = nitrate, NO, ~-N = nitrite,
NH4*-N = ammonium, PO43* = orthophosphate, HB = heterotrophic bacteria, WF = wind force, PPt = precipitation, E, = light vertical extinction coefficient,
Dmax = maximum depth, Zgyq = Secchi disk, Zey = euphotic zone, Chl = chlorophyll-a, GPP = gross primary productivity, NPP = net primary productivity,
PP = primary productivity, and R = respiration.

WT 0, CaCOg NO3;~ -N NO, -N NHy*-N PO, 3 HB WF PPt Ev Dmax Zsq Zeu Chl GPP NPP PP R
[{e) (mgL 1) (bac. 100~ 1 m1~1) ms~1) (mm) ] (m) (ugL™h (mgCm 2da T

dec-18 11.92 + 047 6.09 +0.28 4438 +2.17 0.11 £ 0.16 0.01 £ 0.01 0.03 £+ 0.02 0.01 £ 0.00 343 +£237 0.84 +0.13 0.12 +£0.19 17.74 32.70 6.57 17.74 1.60 11.67 8.14 19.81 9.73

jan-19 11.80 4 0.70 6.26 + 0.20 48.97 + 17.66 0.04 4 0.02 0.01 + 0.00 0.04 4 0.02 0.01 + 0.01 9.67 + 8.59 0.90 +0.21 0.16 4 0.21 16.07 30.70 5.95 16.07 6.24 10.25 9.97 20.22 0.56

feb-19 11.91 + 0.87 6.61 +0.21 4212 +49 0.10 + 0.16 0.03 + 0.07 0.05 + 0.01 0.00 + 0.00 0.50 + 1.07 0.68 + 0.20 0.234+0.26 12.96 35.10 4.80 12.96 0.80 4.95 317 8.12 3.57

mar-19 11.49 + 0.62 6.19 + 0.35 42.26 + 3.24 0.02 + 0.01 0.00 + 0.00 0.06 + 0.01 0.04 £ 0.03 1.38 £ 2.50 0.61 +£0.15 0.24 +0.32 12.83 38.10 4.75 12.83 0.53 12.38 10.29 22.67 6.99

apr-19 11.21 +0.30 5.80 £ 0.72 4239 £229 0.01 £+ 0.01 0.06 £ 0.03 0.04 £+ 0.02 0.01 £ 0.01 3.50 +5.81 0.51 +0.20 0.16 +0.22 11.29 39.10 4.18 11.29 0.53 13.65 8.02 21.67 12.75

Chanlud may-19 11.15 + 0.62 6.06 = 0.43 39.83 + 3.06 0.03 £+ 0.01 0.02 £ 0.01 0.04 £ 0.01 0.03 £+ 0.00 429 £7.93 0.64 £0.22 0.17 £ 0.20 14.93 38.10 5.53 14.93 267 10.47 6.81 17.28 9.37
reservoir jun-19 8.97 + 0.46 7.80 £ 0.17 35.28 +£2.62 0.07 £ 0.05 0.01 £+ 0.00 0.05 £+ 0.01 0.00 £ 0.00 42.50 £+ 45.53 0.85 +0.32 0.26 +£0.28 1247 38.40 4.62 12.47 241 8.06 4.32 12.38 8.13
jul-19 8.97 + 0.38 7.77 £0.16 33.63 £ 1.70 0.03 £+ 0.02 0.01 £ 0.00 0.05 £+ 0.01 0.00 £ 0.00 63.86 £ 94.36 0.84 +0.20 0.19 +£0.23 11.53 38.50 4.27 11.53 117 4.12 3.85 7.97 0.53

aug-19 7.96 + 0.31 7.12 £ 0.10 37.03 + 2.62 3.51+279 0.02 £+ 0.02 0.07 £+ 0.02 0.01 £ 0.00 29.86 + 18.22 1.00 +0.25 0.16 £ 0.22 12.64 38.75 4.68 12.64 0.53 6.64 5.44 12.08 274

sep-19 9.14 + 1.08 717 £0.11 40.58 4+ 5.07 424 + 281 0.01 £ 0.00 0.06 + 0.01 0.01 £ 0.00 76.57 + 34.80 0.84 + 0.08 0.09 £+ 0.14 16.36 34.50 6.06 16.36 1.34 8.75 741 16.16 272

oct-19 9.87 4 0.84 7.11 4029 4091 + 1.16 0.06 + 0.06 0.01 + 0.00 0.05 4 0.01 0.01 + 0.00 13.29 +11.25 0.75+0.16 0.23 +0.26 13.64 39.50 5.05 13.64 0.41 8.85 5.64 14.49 9.17

dec-19 11.87 £ 0.42 6.40 + 0.52 39.51 +£2.32 0.02 £ 0.01 0.01 £ 0.00 0.03 £ 0.01 0.00 £ 0.00 20.71 £ 19.20 0.87 £0.17 0.19 £ 0.21 14.90 38.00 5.52 14.90 1.84 19.45 12.96 3241 22.44

dec-18 11.92 +0.14 6.48 +0.01 29.78 + 3.10 0.03 £ 0.00 0.00 £ 0.00 0.04 £+ 0.03 0.02 £+ 0.02 3.67 +2.08 0.84 +0.25 0.10 + 0.11 17.82 8.40 6.60 17.82 1.34 2.04 1.38 342 1.36

jan-19 12.02 +0.28 6.52 + 0.09 29.23 +£1.25 0.04 +0.03 0.01 £ 0.01 0.03 £ 0.00 0.01 £ 0.01 225+222 0.90 +0.29 0.14 +0.18 14.31 10.10 5.30 14.31 2,67 1.90 1.72 3.62 0.39

feb-19 12.23 + 0.41 6.60 + 0.07 28.58 + 1.81 0.11 4 0.04 0.00 + 0.00 0.03 4 0.00 0.0 + 0.00 6.20 + 5.31 0.68 +0.28 0.21 +0.22 16.47 14.10 6.10 16.47 0.36 2.05 1.32 3.37 1.46

mar-19 12.93 + 0.68 6.52 + 0.16 28.19 + 2.69 0.03 & 0.02 0.00 £ 0.00 0.05 4 0.02 0.03 £ 0.03 0.00 + 0.00 0.61 +0.26 021 +0.24 17.36 10.80 6.43 17.36 0.27 3.46 1.88 5.34 3.20

apr-19 12.90 + 0.10 6.76 = 0.06 29.70 £ 1.08 0.02 £+ 0.00 0.07 £ 0.02 0.04 £+ 0.01 0.01 £ 0.01 98.50 £+ 77.29 0.51 +£0.27 012+ 0.16 16.39 11.30 6.07 16.39 0.00 3.58 3.02 6.60 1.12

El Labrado may-19 12.31 +£0.38 6.78 £ 0.20 28.08 £ 1.76 0.02 £+ 0.00 0.01 £ 0.01 0.03 £+ 0.02 0.02 £ 0.01 1.25 £ 0.96 0.64 +£0.33 0.15 £+ 0.17 15.23 10.70 5.64 15.23 347 1.80 1.09 2.89 1.42
reservoir jun-19 8.46 +£0.13 7.36 = 0.03 2592+ 176 0.04 £ 0.01 0.01 £ 0.00 0.06 = 0.01 0.00 £ 0.00 44.00 £ 51.12 0.85 +£0.59 0.20 £ 0.21 15.09 14.00 5.59 15.09 1.60 240 1.37 3.77 2.06
jul-19 8.80 + 0.10 7.17 £ 0.03 25.38 + 1.08 0.02 +0.01 0.01 £+ 0.00 0.05 £ 0.00 0.00 £+ 0.00 0.25 + 0.50 0.84 +0.34 0.10 +£0.13 17.09 12.00 6.33 17.09 0.67 1.81 1.20 3.01 1.18

aug-19 8.41 +0.12 8.00 + 0.05 2484 +1.25 0.02 £+ 0.02 0.01 £ 0.00 0.06 £+ 0.03 0.00 £ 0.00 26.25 +16.88 1.00 + 0.52 0.12 +0.18 16.50 12.40 6.11 16.50 0.00 2.30 1.45 3.75 1.70

sep-19 10.61 & 0.10 7.35 +0.21 26.08 + 1.04 0.35+0.26 0.01 £ 0.00 0.03 £+ 0.01 0.00 £ 0.00 30.00 £+ 11.97 0.84 +0.18 0.06 £+ 0.10 18.04 10.80 6.68 18.04 0.80 0.51 0.21 0.72 0.64

oct-19 10.84 +0.19 7.06 £ 0.01 32.20 + 5.61 0.03 4 0.03 0.01 £ 0.00 0.05 4 0.01 0.00 + 0.00 2.25+3.30 0.75 + 0.30 0.26 +0.29 15.39 11.60 5.70 15.39 0.27 1.64 1.58 3.22 0.12

dec-19 12.51 + 0.06 6.56 + 0.21 27.12 +1.71 0.01 & 0.00 0.01 + 0.00 0.04 4 0.01 0.00 + 0.00 18.25 + 6.13 0.87 +0.25 0.23 4+ 0.29 12.96 10.20 4.80 12.96 1.54 2.23 2.23 4.46 0.00
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3.1. Principal Component Analysis (PCA)

Regarding the Average Eigenvalue Criterion (AEC), two components (PCs) were
identified, i.e., the optimal number of PCs. The percentage of explained variance for these
two components were 70.1% and 13.8% for PC1 and PC2, respectively. Figure 2 shows the
score plot of the PCA of each monthly record of both studied reservoirs. A clear distinction
between both reservoirs is observed.

,,,,,,,,,,,,,,,,,,,,,,,,,,, 1.2
o i ©Chanlud |
© . AElLabrado | | g g
- o  oleo o |+ Centroids
@ o o + 0.4
o
T + 0.0
N
+ =04
8 A A A A
at A | -0.8
AA
| ! | -1.2
-2.2 -1.8 -1.4 -1.0 -0.6

PC1-EV 70.1%

Figure 2. Score plot from the principal component analysis performed for the Chanlud and El
Labrado reservoirs.

In Figure 2, the centroids of the coordinates of each reservoir are shown, (—1.59, 0.53)
and (—1.24, —0.68) for Chanlud and El Labrado, respectively. The points for El Labrado are
closer to their centroid than the points of the Chanlud reservoir, which are more dispersed
from its centroid. This finding implies that fewer temporal (monthly) differences exist for
El Labrado than for Chanlud. The average Euclidean distance between points belonging
to the Chanlud reservoir and their centroid is 0.23 £ 0.13; meanwhile, for the points of El
Labrado, it is 0.18 4 0.07.

Eight informative variables were identified by the PCA (|loadings | > 0.25) that explain
the variability of studied reservoirs (Table 2, Figure 3).

Table 2. Loading values for the principal components of the PCA model. Bold and italic values
indicate a strong influence of the variables (i.e.,, |loadings| > 0.25). WT = water temperature,
PPt = precipitation, Dmax = maximum depth, Zgq = Secchi disk, CaCOj3 = alkalinity, O, = dissolved
oxygen, WF = wind force, PP = primary productivity, HB = heterotrophic bacteria, Chl = chlorophyll-a,
and NOj3 ™ -N = nitrate.

Parameter PC1 PC2
WT —0.40 —-0.17
PPt —0.39 0.06

Dmax —0.38 0.54
Zq —0.37 —0.40

CaCO3 —0.36 0.40
O, —0.34 —-0.23
WE —0.27 —0.46

PP —0.23 0.28
HB —0.13 —0.06
Chl —0.12 —0.06

NOs;~-N —0.06 0.07
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Figure 3. Means and Fisher’s test-based intervals of the significant variables for studied reser-
voirs (Ch = Chanlud and L = El Labrado). (a) WT = water temperature, (b) PPt = precipitation,
(¢) Dmax = maximum depth, (d) Zyq = Secchi disk, (e) CaCOj3 = alkalinity, (f) O, = dissolved oxygen,
(g) WF = wind force, and (h) PP = primary productivity. Mean values are depicted with a black
point symbol.

Table 2 shows the informative variables for PC1 and PC2 based on the values of their
loadings. Considering the percentage of explained variance for these two components
(i.e., 70.1 and 13.8% for PC1 and PC2, respectively), the variables of PC1 have the most
informative load to comparatively evaluate the studied reservoirs.

The mean values of the following parameters, WT (Figure 3a), Zy4 (Figure 3d), O,
(Figure 3f), and WF (Figure 3g), were reported to be higher in El Labrado than Chanlud (x
of WT expressed in °C is 11.1 for El Labrado and 10.3 °C for Chanlud; X of Zs4 is 5.9 m for
El Labrado and 5.2 m for Chanlud; X of O, is 7.0 mg L~! for El Labrado and 6.7 mg L~!
for Chanlud; and X of WF expressed in m s~ 1is 1.4 for El Labrado and 0.8 for Chanlud).
For precipitation (Figure 3b), Dmax (Figure 3c), CaCOj3 (Figure 3e), and PP (Figure 3h), the
inverse trend was observed (X of precipitation expressed in mm is 116.5 for El Labrado
and 134.4 for Chanlud; X of Dpay is 11.4 m for El Labrado and 36.7 m for Chanlud; X of
CaCOj3 expressed in mg L' is 28.1 for El Labrado and 40.0 for Chanlud; and X of PP
expressed in mg C m~2 d~! is 3.7 for El Labrado and 17.1 for Chanlud). However, for the
specific cases of WT (Figure 3a), precipitation (Figure 3b), and O, (Figure 3f), the intervals
displayed around the mean based on Fisher’s least significant difference (LSD) procedure
overlap 95.0% of the time, indicating that nonsignificant differences exist between the
means of those parameters. It is important to emphasize this finding because although
WT, precipitation, and O, do not exhibit significant statistical differences between assessed
reservoirs (Figures 3a, 3b, and 3f, respectively), they are parameters that, under the PCA,
are key to explaining each reservoir’s temporal variability.
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Analysis of the Variables Identified by PCA as Informative to the Studied Reservoirs

With regard to meteorological parameters, for the Chanlud reservoir, the annual wind
force (WE, Figure 4) ranged from 0.51 to 1.0 m s 1(x=08+01ms ). In many months,
the WF was similar (range = 0.7-1, x =09 £ 0.1 m s~1). However, in the months of
February, March, April, and May, the WF ranged from 0.5 to 0.7 m s~1, with the mean
value of 0.6 + 0.1 m s~ ! reported in those months. For El Labrado reservoir, the annual
wind force (WF) ranged from 1.2 to 1.9 m s ! (x=1.4 £ 0.2 m s~ ') and was similar for
most months (range = 1.2-1.4,X=09 £ 0.1 m s_l). However, a comparatively high WF
was reported in June, July, and August and ranged from 1.6 to 1.9 m s~ ! with a mean value
of 1.7 + 0.1 m s~ 1. Regarding precipitation, in Chanlud, it ranges from 66.0 to 184.4 mm
(x=134.4 + 35.8 mm), and for El Labrado, it ranges from 46.0 to 191.3 mm (x = 116.5 + 44.9
mm). A seasonal trend was observed for El Labrado where for July, August, and September,
the lowest precipitation was registered, X = 71 &= 22.8 mm (Figure 4).

(b) 2.0

r 1.5

1.0

Wind force (m s7)

0.5

. ==-Wind force |

- 0.0
12 3 45 6 7 8 9 1011 12 12 3 45 6 7 8 9 10 11 12

Figure 4. Monthly data of the cumulative precipitation (PPt) and the average wind force recorded
in meteorological stations located in the proximity of the studied reservoirs: (a) Chanlud and (b) El
Labrado in (1) December 2018 and (2) January, (3) February, (4) March, (5) April, (6) May, (7) June,
(8) July, (9) August, (10) September, (11) October, and (12) December of 2019.

Vertical changes in the water temperature (WT) in the reservoir Chanlud are given
in Figure 5. No evidence of consistent thermal stratification was observed. The coldest
months were from June to October, and the mean temperature reported for this period was
9.0 £ 0.7 °C (Figure 5). The rest of the months reported a mean temperature of 11.6 £ 0.3 °C,
i.e., the warmest period. The change in the temperature between the warmest period and
the rest of the time is 2.6 °C. The maximum and minimum differences between the surface
and the bottom were 2.9 and 0.9 °C in October and April, respectively. This emphasizes that
mixing events are related to the warmest periods, and weak stratification occurs during
colder times. Like WT, vertical profiles of dissolved oxygen (O,) exhibit the highest values
at the surface and the lowest O, concentrations at the bottom (Figure 5). A seasonal O,
concentration is present, i.e., during the coldest period, a higher solubility of O, is notorious
(X=7.4+0.4mg L"), while, on the other hand, a lower O, solubility (X = 6.2 + 0.3 mg L™1)
is associated with the warmest months. Water transparency by the Secchi disk (Zs4q) ranged
between 4.2 and 6.6 m (X = 5.2 &= 0.8 m). The depth of the Chanlud reservoir ranged from
30.7 to 39.5 m, and the mean depth was reported as 36.8 & 2.8 m. The euphotic zone (Zey)
ranged from 13.0 to 18.0 m (x = 16.1 &£ 2.0 m). The light vertical extinction coefficient (Ey)
ranged from 0.2 to 0.3 (X = 0.24 & 0.04) (these last two parameters were not significant
regarding the PCA, namely, |loadings| < 0.25).
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Figure 5. Monthly vertical profiles of dissolved oxygen (O,) and water temperature (WT) of the
Chanlud reservoir: depth of the Secchi disk (Zgq4), euphotic zone (Zey), and maximum depth (Dmax)
in (a) December 2018 and (b) January, (c) February, (d) March, (e) April, (f) May, (g) June, (h) July,
(i) August, (j) September, (k) October, and (1) December of 2019.

The water temperature (WT) vertical profiles of El Labrado reservoir (Figure 6) show
a typical curve, with the warmest water temperatures at the surface and the coldest at
the bottom for most months. No thermic stratification is observed (with the exception of
August, see Figure 6i). Evenly, in El Labrado reservoir, a clear thermic temporal trend is
reflected, where, as in the case of Chanlud, June, July, August, September, and October
are the coldest months (x = 9.4 £ 1.2 °C), and the rest of the months correspond with the
warmest period (X = 12.4 + 0.4 °C). There is a 3.0 °C difference between the warmest and
coldest periods. The maximum and minimum differences between the surface and the
bottom were 1.8 and 0.2 °C in March and December 2019, respectively. The vertical profiles
of O, do not exhibit a trend regarding the depth gradient. Still, a seasonal O, concentration
is present, where a higher solubility of O, is during the coldest period (X = 7.4 0.4 mg L~1).
To the contrary, a lower O, solubility (X = 6.6 = 0.1 mg L™!) is associated with the warmest
months. Z,4q ranged between 4.8 and 6.7 m (X = 6.0 & 0.6 m), and the depth range values
were between 8.4 and 14.1 (X = 11.4 & 1.6 m). Z¢, was always greater than the maximum
depth for El Labrado reservoir, and the Ey ranged from 0.2 to 0.3 (x = 0.2 £ 0.0.2).
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Figure 6. Monthly vertical profiles of dissolved oxygen (O,) and water temperature (WT) of El
Labrado reservoir: depth of the Secchi disk (Zsq) and maximum depth (Dmax) in (a) December 2018
and (b) January, (c) February, (d) March, (e) April, (f) May, (g) June, (h) July, (i) August, (j) September,
(k) October, and (1) December of 2019.

The total alkalinity in Chanlud fluctuated between 32.4 and 85.0 mg L~! of CaCO3
(X =40.6 + 6.4 mg L~1). No evidence of a trend regarding depth gradient exists for total
alkalinity, and their maximum value was detected in January (i.e., 85.0 mg L~! of CaCO3).
For El Labrado reservoir, the total alkalinity fluctuated between 23.8 and 38.8 mg L~! of
CaCO;3, with an overall mean of 27.9 & 2.9 mg L. No trend regarding depth gradient
exists, and their maximum value was detected in October (i.e., 38.8 mg L~! of CaCO3).

Concerning primary productivity (PP), it was used as a single value in the PCA;
however, in the current section, we approach this parameter according to its components
(i.e., GPP + NPP = PP) to give the reader a more detailed description. Thus, the X gross
primary productivity (GPP) value in the Chanlud reservoir was 9.9 & 4.1 mg C m2d1,
and for net primary productivity (NPP), the X = 7.2 £ 2.9 mg C m~2 d~!. Higher values
were found near the surface and decreased irregularly to the bottom. For the temporal
component, a downward trend in GPP and NPP was observed during the coldest period
(i.e., for the warm period, Xgpp = 11.8 £4.3 mg C m2d-L; Xnpp =85+ 3.1 mg C m2dL;
for the cold period, Xgpp =7.3 +2.0mg Cm 2 d ! Xxpp =53 £ 1.4mg Cm =2 d ') (see
Figure 7a).

For El Labrado reservoir, the Xgpp = 2.1 + 0.8 mg C m 2 d~!, and for NPP, it was
1.540.7mgCm~2d~!. Asin the case of the Chanlud reservoir, seasonality is essential to explain
the trends in GPP and NPP—namely, for the warm period, Xgpp = 2.4 & 0.8 mg C m2d};
xnpp = 1.8 £ 0.7 mg C m~2 d~1; for the cold period, Xgpp = 1.7 £ 0.8 mg C m2d};
xnpp = 1.2 £0.5mg C m2d-! (Figure 7b).

Concerning the respiration (R) rates for the Chanlud reservoir, Xg =7.4 + 62mgCm—2d .
For the warm period, Xg = 9.4 + 7.1 mg C m 2 d~!, and for the cold period, Xg = 4.7 +
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3.8 mg C m~2d~!. The mean R rate in El Labrado reservoir was 1.20.9 +0.9mg Cm2d .
However, contrary to the Chanlud reservoir pattern, seasonality marginally influences
R in this reservoir (i.e., for the warm period, Xg = 1.3 = 1.0 mg C m 2 d~! and for the
cold period, Xg = 1.1 & 0.8 mg C m~—2 d~!) (R was not significant regarding the PCA, i.e.,
lloadings | < 0.25).

(b)
4.0
20 Legend
’ 7 i ---NPP
i —GPP
W :
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! 4+ 0.0 —Fd—F—t—t—t——t—F——F— "
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Figure 7. Gross primary productivity (GPP), net primary productivity (NPP), and respiration (R)
rates for each month at the (a) Chanlud and (b) El Labrado reservoirs in (1) December 2018 and
(2) January, (3) February, (4) March, (5) April, (6) May, (7) June, (8) July, (9) August, (10) September,
(11) October, and (12) December of 2019.

3.2. Multiple Linear Regression Analysis (MLRA)

Concerning the individual MLRAs performed for each reservoir, the Adjusted R-
Squared (Adj—R?) values were 0.7 and 0.8 for the Chanlud (MLRAp,) and El Labrado
(MLRA1,) regression models, respectively, which implies that the models, as fitted, very
well explain the variability in PP in both cases. The Durbin—-Watson (DW) statistic value
was 2.1 in both cases, which is congruent with the absence of serial autocorrelation in
the residuals at the 95.0% confidence level (the DW statistic becomes smaller as the serial
correlation increases). The p-values of the analysis of variance of both cases were less
than 0.05 (i.e., 0.04 for MLRAp, and MLRA}); therefore, there are statistically significant
relationships between the independent variables and PP at the 95.0% confidence level in
both models.

The output equation of the fitted model for the Chanlud reservoir is as follows:

PPcp = —5.39 + 0.87 X WT + 3.87 X Dmax + 1.14 x Chl + 1.66 x Alkalinity + 0.75 x HB + 1.70 x WF

and for El Labrado reservoir, it is as follows:
PP, = —0.26 — 0.31 x Oy +0.12 x WT +0.12 x HB + 0.09 x Precipitation + 0.60 x WF

Different planned approaches were designed for PCA and MLRAs in the current
research; despite this, both analyses choose similar variables as informative to perform
their corresponding modeling. For example, WT, precipitation, and O, are critical variables
according to the PCA to describe the seasonal variability of both reservoirs and are equally
chosen by MLRAs as crucial variables to explain the variability of the PP in the studied
reservoirs. Also, Dmax, CaCOs, and WF are all critical variables identified by the PCA to
perform a clear discrimination between both reservoirs. MLRAs equally choose them as the
most informative variables to explain the variability of the PP in the evaluated reservoirs.

Nevertheless, notwithstanding these similarities, each reservoir itself has its own
set of descriptive parameters to explain the variability of its corresponding PP trends.
Hence, checking the output MLRA equations shows that Chanlud is more complex than El
Labrado, not only due to the number of variables but also due to their nature. For example,
the hydraulic and chemical components in Chanlud are more critical than in El Labrado;
conversely, the metrological component in El Labrado is more relevant than in Chanlud.
Orographic factors (the almost complete absence of hills around Chanlud, which is opposite
El Labrado) and the critical size difference between the contributing hydrological areas
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of both reservoirs (for Chanlud, the contributing hydrological area is 85.5 km?, and for El
Labrado, it is 42.0 km?) could explain these differences in terms of complexity between
both multiple regression analyses (MLRA¢, and MLRAY).

On the other hand, in both MLRAs, some variables identified as not significant by the
PCA (i.e., Iloadings| < 0.25) were chosen as essential to explain the variability of the PP
(i.e., heterotrophic bacteria and chlorophyll-&, HB and Chl, respectively). Thus, for Chan-
lud, values of HB were found between 0 and 250 with a mean value of 21.6 + 39.2 bacteria
100~ mL~!. The highest values were found in July and September (250 and 141 bacteria
100~ mL ™!, respectively). In the case of El Labrado reservoir, the heterotrophic bacteria
were found in a range of 0 to 190 bacteria 100~! mL~! with a mean value of 19.5 + 36.8 bac-
teria 100~ mL~! (Table 1). The highest values were found in April and June (190 and
120 bacteria 100~! mL ™!, respectively). Both reservoirs showed non-trends in HB con-
cerning depth gradients. The chlorophyll-a (Chl) measurements in the Chanlud reservoir
ranged from 0.4 to 6.2, with a mean of 1.7 4- 1.6 pug L~!, while it ranged from 0 to 3.5, with
ameanof 1.1 £1.1pugL ~1in El Labrado reservoir (Table 1).

4. Discussion

In Ecuador, there are no previous studies that address the issue of limnology in
reservoirs, and the availability of baseline data are restricted only to lakes [27,72-76]. This
present paper is a pioneer effort to address the study of limnological aspects in high Andean
reservoirs in Ecuador and one of the few references to tropical Andean reservoirs [16,21].

Both statistical approaches used in this research, i.e., the principal components analysis
(PCA) and multiple linear regression analysis (MLRA), gave relevant results in selecting
appropriate explanatory variables representative to (i) explain the seasonal variability of
each reservoir, the (ii) potential differences between the two studied reservoirs, and (iii) the
variability of the PP in each reservoir. Furthermore, the high values of their performance
statistics validate the scientific reliability of the outputs.

For both reservoirs, the monthly mean values of dissolved oxygen and water tempera-
ture followed temporal patterns previously reported for reservoirs and lakes; namely, the
higher the temperature, the lower the diffusion of dissolved oxygen and vice versa [77,78].
Additionally, both variables exhibited a downward trend regarding depth; however, no
thermal stratification was observed, which implies frequent mixing events, probably due to
strong winds (wind force was a variable that both PCA and MLRAs chose as informative)
and the lack of hills or mountains around the reservoirs [21], mainly in Chanlud. The
downward pattern of dissolved oxygen regarding depth was weaker in El Labrado than
in Chanlud; however, no statistically significant differences existed for this parameter
between both reservoirs (Figure 3f). This last finding can be partially explained, consid-
ering that wind force is significantly higher in El Labrado than in the Chanlud reservoir
(Figure 3g). Similar to most tropical lakes, the thermal stratification of the water column
in both reservoirs is typically weak due to limited seasonal variation in temperature [79].
Thus, in tropical Andean reservoirs, the high and cold inflows during the wet season ho-
mogenize the water column below a shallow surface mixed layer; in dry seasons, warmer
inflows enter at intermediate depths, favoring the development of a thick metalimnion
with sharper temperature gradients at its top and base [20,77,80,81]. Our results did not
show this seasonal trend. Other studies in the lakes of Cajas National Park, near the area of
this current research, identified the same colder period; however, contrary to this study, the
authors linked this period with the thermal stratifications of some of the studied lakes [76].
The differences in the flushing time of water bodies and the effects of riverine inflows at
the studied sites could explain this non-congruence between both studies.

Concerning nutrients, only nitrates were representative of signal chemical detection.
Nitrates were most notorious in the Chanlud reservoir (i.e., the mean of nitrates for Chan-
lud is 0.56 & 1.52 mg L~!, and for El Labrado, it is 0.06 4= 0.12 mg L~!). We interpret the
increased availability of nitrates in Chanlud as mainly the result of the notoriously larger
size of their contributing hydrological area relative to El Labrado. Thus, higher rates of
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organic material production in the terrestrial part of the catchment subsequently increase
the leaching of nitrates into aquatic systems [82,83]. However, despite the nitrate concentra-
tions detected, their values were generally consistent with very low concentrations, which
is congruent with the fact that both PCA and MLRAs considered nitrates a nonsignificant
variable. The rest of the nutrients (i.e., nitrites, ammonium, and orthophosphates) pre-
sented weak chemical signals (Table 1). Two explanations are provided in this regard: (i) In
tropical regions, in the first rainy season, many nutrients are carried into reservoirs by the
first precipitations. A peak in nutrient input can often be attributed to surface runoff from
nutrient-rich soils [84]. However, most of these nutrients will not remain in the system for
long if the residence time of the water is short, i.e., if there is a high flushing rate, as is the
case in many reservoirs. (ii) There is an almost complete absence of human populations in
the region’s reservoirs [85]; i.e., the contributing hydrological areas for both reservoirs are
highly conserved. Their landscapes are conformed by pristine ecosystems (for Chanlud,
0.3% of their contributing basin is anthropized, and for El Labrado, the percentage is
0.5%) [86].

Regarding alkalinity, the current outputs are congruent with other Andean lentic
systems, such as La Brava and La Punta lakes in northern Chile, where very similar values
were reported [87]. Thus, the current results suggest that for both reservoirs, the waters
are slightly alkaline, especially Chanlud (Figure 3e). In this context, the more alkaline
a lake is, the greater the concentration of carbonates [88], which has been reported as
a promoter of the growth of many groups of phytoplankton [89,90]. This is consistent
with this study’s findings, where a congruence between trends in alkalinity and primary
productivity (Figure 3e,h) was observed for both reservoirs. Furthermore, concerning
the MLRA(y,, alkalinity is an important explanatory variable to explain the variability of
primary productivity.

For water transparency (Zsq), there was a difference between the monthly measure-
ments of both reservoirs. El Labrado reservoir contained the most transparent waters
(Figure 3d), which could be explained by the lowest nutrient concentration and primary
productivity (Figure 3h) in this reservoir compared to Chanlud. Furthermore, this finding
could be explained by the contributing hydrological areas of both reservoirs (86.8 and
40.1 km? for Chanlud and El Labrado, respectively); i.e., the greater the contribution area,
the greater the runoff area, and therefore, the greater the amounts of total solids going into
the reservoir. Despite this, the reservoirs’ current water transparency values were slightly
lower than reported in the lakes of the Cajas National Park, Zs4 X = 6.7 m [76].

Regarding the primary productivity (PP) values, PPcpaniud > PPE| Labrado (Figure 3h).
The outputs for PP correspond with low ecosystem metabolic activity and a low loading
nutrient rate. In general, in lakes and reservoirs, it has been reported that low PP occurs
when (i) human activities in the surrounding areas are scarce, (ii) as a product of wind
stress, (iii) when there is no stability concerning solar radiation, and (iv) as a product of
non-effective nutrient recycling [91-93]. This latter factor is congruent with findings for
twenty-four tropical high-altitude lakes in southern Ecuador [94]. In this study, the authors
found that lower phosphate concentrations explain the low productivity of the studied
lakes, which is consistent with our findings in the studied reservoirs, where the phosphates
(among other nutrients) were undetectable. In addition to these four factors, two more
explanatory elements must be included for this current study case: (v) the relatively short
water residence times and (vi) the fact that both reservoirs are above 3400 m a.s.l. Hence,
despite the low PP values obtained, the PP method efficiently captured increased and
decreased dissolved oxygen data in the clear and dark bottles. It is necessary to consider
that current PP datasets are expected to be typical of the Andean lentic water bodies,
mainly due to their pristine conditions and altitudinal factors The latter is congruent with
findings for northern Sweden lakes, where the PP decreases as altitude increases [95].
Unfortunately, very few studies on similar reservoirs in physiographic terms to those
studied in this research have been conducted in order to be able to perform a comparative
analysis (mainly in the Andean region). However, some findings about metabolic rates in
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this current research are congruent with other studies. For example, in the case of Lake
Monte Alegre (south-eastern Brazil), a study reported that the higher PP in the water
column occurred in the transition periods when thermal stratification was unstable and
lower PP occurred in the cold season (frequent mixing) [96]. Both findings are congruent
with the outputs of the two studied reservoirs. In Chanlud, the peak of PP is just after the
coldest period, and for El Labrado, it is before it (Figure 7); i.e., timing/season is essential.
Thus, for Chanlud, during the coldest months, the xpp = 12.6 mg C m2d-! and in the
warmest period, the Xpp = 20.3 mg C m~2 d~1; for El Labrado, for the coldest months,
Xpp =29 mg C m~2 d~!, and for the warmest period, Xpp = 4.2 mg C m~2d~!. These
results are consistent with more studies carried out in other lakes and reservoirs, where
the same PP and water temperature relationship was observed [97,98] (herein, the MLRAs
chose water temperature as one of the critical parameters to explain the variability of PP in
both reservoirs). In this context, the PP in the studied reservoirs is subject to multifactorial
regulation. Besides water temperature, meteorological (i.e., wind force, precipitation) and
biological (i.e., heterotrophic bacteria) factors describe the PP and their variability. This is
like other studies, where there is evidence that a set of variables (like the ones reported
here) have been described as determining factors in regulating biological processes in the
lakes of the Andes [73,99,100].

Following a statistically sound approach, this study aims to increase our understand-
ing of the limnological characteristics of tropical high Andean reservoirs, which have yet to
be studied in much detail. The results will also form an important baseline for information
to determine future changes that might take place in them, such as climatic changes, which
are predicted to be dramatic at high latitudes [101], and local stressors. Also, this research
identifies significant and nonsignificant descriptive variables to describe (i) the variability
of each reservoir and discriminatory factors between them and (ii) the primary productivity
of the studied reservoirs. Both findings have the potential to reduce the number of variables
to be monitored in future similar research and, consequently, the monitoring time and
related monetary expenses.

5. Conclusions

Some differences are evident between both reservoirs in aspects related to physico-
chemical (i.e., alkalinity, light penetration) and biological factors (i.e., primary productivity).
Chanlud exhibits a more photosynthetically efficient euphotic zone. Although the pri-
mary productivity of Chanlud was higher than El Labrado, the results for both reservoirs
correspond to low metabolic rates. This was expected since primary productivity rates
are linked to the intrinsic conditions of reservoirs, that is, high elevation, low nutrient
recycling, low temperatures, wind stress, and short retention times. The method used to
estimate the metabolic rates of the reservoirs was practical and provided representative
and reliable information. This is validated by contrasting the vertical integrations of pri-
mary productivity with variables such as temperature and dissolved oxygen. Temperature,
heterotrophic bacteria, and wind force are critical variables in both reservoirs since the
results significantly influence primary productivity rates. The study’s weaknesses include
its reliance on accessible areas near dam walls. Incorporating new sampling sites associated
with a horizontal zonation of reservoirs would benefit future evaluations. Also, more
accurate methodologies to measure the primary productivity and respiration rates could
be tested—for example, the oxygen isotope (§'80) mass balance approach.
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