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• Size of wetlands is determined by the
balance of groundwater and evapora-
tion.

• Wetlands grow and shrink in response
to seasonal changes in evaporation.

• Groundwater recharge is infrequent
with a period of recurrence of 20 to
30 years.

• Wetlands' size gradually decreases as
groundwater reservoir empties be-
tween wet years.

• The Tropic of Capricorn is a natural
boundary for classifying high Andean
wetlands.
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High Andean wetlands of the elevated plateaus of the Andes Mountains of Chile, Argentina, Perú and Bolivia are
true oases that sustain life in this arid region. Despite their ecological value, they have been rarely studied and are
vulnerable to climate change and human activities that require groundwater resources. One such activity that
may be intensified in the near future is mining for nonmetallic minerals such as lithium, whose worldwide de-
mand is expected to increase with the rise of electric vehicles that need batteries. To determine a baseline of
the natural dynamics of these systems, which allows sustainable management, it is essential to understand the
spatiotemporal dynamics of these wetlands. In this article, we studied the temporal and spatial dynamics of
high Andean wetlands of Chile, with the aim of identifying the key processes that govern their dynamics. To
do this, we used time series of Landsat data from 1984 to 2019 to study 10 high Andean wetlands. Furthermore,
to characterize the climate variability in these systems,we studied the long-term relation between the changes in
water and vegetation areas with rainfall and evaporation variability. It was found that the groundwater reservoir
plays a key role in sustaining the high Andeanwetlands.Wet yearswith a period of occurrence of 20–30 years are
the years in which the groundwater reservoirs are actually recharged, and in betweenwet years, the groundwa-
ter reservoirs gradually release thewater that sustains the aquatic ecosystems. Hence, groundwater exploitation
should be carefully designed from a long-term perspective, as groundwater levels could take decades to recover.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

High Andean wetlands are found in the elevated plateaus of the
Andes Mountains of Chile, Argentina, Perú and Bolivia. These are true
oases that sustain life in this arid region. Despite the ecological value of
these systems, they have been rarely studied, and paradoxically, they
are under threat from the renewable energy revolution, as they have
themain deposits of lithium salts in theworld, which is an essentialmin-
eral for battery manufacturing (Kesler et al., 2012; Munk et al., 2016).

These wetlands are the result of groundwater upwelling that flows
into terminal shallow lakes located at the central depression of a closed
basin (Risacher et al., 2003; Cabrol et al., 2009; de la Fuente and Niño,
2010). These systems are hydrologically closed basins, as the water
that precipitates into the basin is completely evaporated from the soil
and the terminal shallow lake of the basin, thus evapo-concentrating
the salts up to 250 g l−1 (reported in de la Fuente and Niño, 2010),
which is why these shallow lakes are called salars (Dorador et al.,
2009; de la Fuente and Niño, 2010). Vegetation patches can be found
in the perimeter of the shallow lakes, whose distribution responds to
local conditions of soil humidity and salinity (Ahumada and Faúndez,
2015; Tölgyesi et al., 2015). These places become important since the
vegetation supports different types of fauna that take advantage of
these wetlands for drinking, hunting and nesting (Risacher et al.,
2003), thus forming ecological hotspots in the Andes Mountains.
Fig. 1. A) Chilean part of the Altiplano region of the Andes Mountains. Location of selected hig
precipitation (white circles) and evaporation (black crosses) monitoring. B to D) pictures of w
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Furthermore, these high Andean wetlands in the Altiplano region
have tremendous economic value because they contain the main re-
serves of lithium and several other minerals in the world (Kesler et al.,
2012; Munk et al., 2016). Lithium exploitation is based on brine
pumping from the groundwater, which reduces the availability of
water that upwells into these systems (Marazuela et al., 2019a, 2020),
thus producing serious damage to the ecosystem. Therefore, to obtain
a baseline of the natural long-termdynamics of these systems, which al-
lows designing sustainable management, it is essential to first under-
stand the long-term spatiotemporal variability in these terminal
wetlands, as argued by Wilkinson et al. (2020).

In this article, we hypothesize that spatial and temporal variability of
the high Andean wetlands is high, and strongly related to rainfall and
evaporation, with groundwater recharge being of major importance.
This is an important aspect for thewater balance of the endorheic basins
not only of the Altiplano but fromall theworld, as typically it is assumed
that the areas of these wetlands are constant, an assumption that not
necessarily is valid. Hence, we study the temporal and spatial dynamics
of thesewetlands in the Altiplano plateau of Chile, with the aim of iden-
tifying the key processes that govern their long-term dynamics. To do
this, we use time series of Landsat data from 1984 to 2019 to study
the 10 high Andean wetlands detailed in Fig. 1. The Landsat satellite
products provide reliable data for studying wetlands and are thus ex-
tensively used for characterizing long-term temporal changes in water
h Andean wetlands (red circles with numbers) and meteorological stations in the area for
etlands 2, 4 and 10.
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and vegetation areas (Bortels et al., 2011; Kayastha et al., 2012; Tulbure
andBroich, 2013; Banerjee et al., 2016;Mueller et al., 2016; Bowen et al.,
2017). Furthermore, to characterize the climate variability in these sys-
tems, we study the long-term relation between the changes in water
and vegetation areas with rainfall and evaporation variability. For this,
we use the PERSIANN product (Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks, Nguyen et al.
(2019)) for precipitation, and the potential evaporation is computed
with the spectral model of de la Fuente and Meruane (2017a, 2017b).

2. Materials and methods

We choose the 10 high Andean wetlands located along the Chilean
side of the Altiplano plateau shown in Fig. 1 and listed in Table 1. For
each of these wetlands, we characterized the temporal and spatial var-
iation in the areas of the shallow lake and vegetation patches in re-
sponse to changes in the precipitation and evaporation rates, as
detailed below.

2.1. Sizes of shallow lakes and vegetation patches

The sizes of each shallow lake and the surrounding vegetation
patches were estimated with Landsat 5 and 8 satellite images, as
described below. For this, we obtained a total of 533 images, which cor-
respond to the entire record of Landsat 5 and 8 satellite images: 389
images between May 1984 and June 2013 (Landsat 5) and 144
images between March 2015 and December 2019 (Landsat 8).
Each pixel of the satellite images corresponds to a parcel of land of
30 m ×30 m. No satellite information is available between June 2013
and March 2015.

Satellite-derived indices were used as a surrogate of the sizes of
the vegetation patches and the shallow lakes. Several satellite-derived
indices have been developed for vegetation monitoring, as the spectral
reflectance signature reveals information about the state, biogeochemi-
cal composition, and structure of a leaf and canopy (Huete, 2012), as
well as for surface waters delineation (McFeeters, 1996; Ji et al., 2009;
Gao et al., 2012). On one hand, the Normalized Difference Vegetation
Index (NDVI) captures the contrast in light reflection from green leaves
between the red and the near infrared (NIR) spectral bands, enhancing
locationswith terrestrial vegetation. Consequently, it was used to delin-
eate vegetation patches and to determine their size. On the other hand,
the Normalized DifferenceWater Index (NDWI) aims to enhance water
features (McFeeters, 1996), and thus it was selected to delineate the
shallow lakes and its extent. For each pixel of the satellite images, we
computed the NDVI and NDWI indexes (Rouse et al., 1973; McFeeters,
1996; Gao, 1996; Guichard et al., 2000), defined as:

NDVI ¼ NIR−Redð Þ
NIRþ Redð Þ ; NDWI ¼ GREEN−SWIRð Þ

GREEN þ SWIRð Þ ð1Þ
Table 1
Identification of the high Andean wetlands chosen for this research. Lat, Lon and Elev denote
Risacher et al. (2003), Pp is themedian annual precipitation computed based on the PERSIANN
(2017a, 2017b).

ID Name Lat (oS) Lon (oW) Elev (

1 Surire 18.834 69.036 4260
2 Salar del Huasco 20.305 68.839 3778
3 Ascotan 21.550 68.283 3716
4 Tara 23.033 67.275 4400
5 Pujsa 23.207 67.710 4500
6 SH Soncor 23.418 68.266 2300
7 Aguas Calientes IV 25.004 68.621 3665
8 Pajonales 25.343 68.814 3537
9 Pedernales 26.228 69.148 3370
10 Maricunga 26.948 69.108 3760
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where Red denotes the red wavelengths, SWIR denotes the shortwave
infrared and GREEN denotes the green wavelength band (Ji et al.,
2009). Note that we used the GREEN bandwidth for computing the
NDWI because Ji et al. (2009) showed that it provides more stable re-
sults than those obtained based on the Near Infrared bandwidth. The
NDVI andNDWI indices are dimensionless numbers that take values be-
tween −1 and 1, and the adopted methodology for identifying vegeta-
tion or open water is to define a threshold value for each index (NDVI
and NDWI) such that if the value of the index is larger than this thresh-
old, the pixel is coveredwith vegetation orwater; otherwise, the pixel is
empty of vegetation or water (Gao, 1996; Guichard et al., 2000; Ji et al.,
2009). The thresholds for each wetland were defined by the manual in-
spection of satellite images to define the size of the wetland, whichwas
contrasted to the size of the wetland computed based on the NDWI and
NDVI indices. The limitation of the adopted methodology are that ob-
tained threshold for delimiting the areas covered with vegetation and
water are not unique and varies wetland to wetland, and recent studies
showed that the computed NDWI and NDVI indexes varies in time due
to orbit drift of the satellites (up to 10% in USA, Roy et al., 2020). Conse-
quently, the impact of the uncertainty of the threshold values on the
computed areas was quantified by recomputing the areas of the wet-
land by changing the threshold value in ±20%. Then, the frequency dis-
tribution of the areas of thewetlandwas computed and used to evaluate
how sensible is the obtained areas to changes in the threshold values.

Finally, the analysis for quantifying the temporal variations of the
sizes of the shallow lakes and vegetation patches was performed
based on computing the percentage of time that each pixel corresponds
to vegetation or water. As a consequence, it is possible to identify areas
of the wetland that are usually covered with vegetation or water (more
than 50% of the time), areas that are temporarily covered by vegetation
or open water (more than 16% of the time), and desert areas. A time se-
ries of these two characteristic sizes was computed with a moving time
window of five years, in which each of these timewindows has approx-
imately 70 satellite images. The timewindow of 5 years was chosen due
to its reliable representation of decadal variation (Nyquist's theorem),
while keeping a significant number of observations (70 satellite images)
for the statistical analysis. Since one of our hypothesis is that the tempo-
ral variability of the size of thewetlands is high, the analysis of the tem-
poral evolution of the size of the wetlands is given in terms of the 16%
and 50% percentiles of the frequency distribution of the areas within
the time window of 5 years. These percentiles are associated to areas
of the wetland that are sporadically covered with vegetation or water
(less than 16% of the time) and frequently covered with vegetation or
water (more than 50% of the time), thus enabling identifying changes
in the core of the wetlands and the peripheral area of the wetlands.

2.2. Precipitation and evaporation variability

Daily precipitation and evaporation in the AndesMountains are reg-
ularly measured by the Chilean NationalWater Agency (DGA, Dirección
the coordinates and elevations of the wetlands. The catchment area was obtained from
product, and Ev is themedian annual potential evaporation from de la Fuente andMeruane

masl) Catchment area (km2) Pp (mm/yr) Ev (mm/yr)

574 285 1053
1572 135 1285
1757 149 1070
2035 228 855
634 195 848

1810 70 957
656 96 1036

1984 76 1039
3620 156 1075
3045 272 865
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General de Aguas), with nearly 102 stations in the Altiplano region for
precipitation (white circles in Fig. 1) and 42 stations for evaporation
(black crosses in Fig. 1). However, not all of these stations have data
for the entire time period where Landsat information is available, and
some of the chosen high Andean wetlands have no measurements for
their corresponding basin. Consequently, we decided to base the analy-
sis on the combination of directmeasurements, remote products and in-
direct methods. Particularly, the PERSIANN product (Precipitation
Estimation from Remotely Sensed Information using Artificial Neural
Networks, Nguyen et al., 2019) is used for precipitation, and the poten-
tial evaporation is computedwith the spectralmodel of de la Fuente and
Meruane (2017a, 2017b).

The PERSIANN product has been updated on a daily basis since Jan-
uary 1983 for a worldwide regular grid with information distributed
every 0.25°. To validate the use of this remote sensing product for the
Altiplano region, the PERSIANN information from the regular grid was
spatially interpolated to the location of each DGA station. The compari-
son between the measured precipitation at the 102 DGA stations and
the PERSIANNproduct is shown in Fig. 2A,where the gray circles denote
the mean daily precipitation at each station, and the red triangles de-
note the average monthly precipitation at all stations. Furthermore,
Fig. 2C shows in bars the observed monthly precipitation of all the sta-
tions and for three different exceedance probabilities (16%, 50% and
84%), and in red circles the corresponding value of the PERSIANN prod-
uct. As a consequence, Fig. 2A and C show that the PERSIANN product is
capable of reproducing both the spatial distribution of the precipitation
and seasonal variability in the Altiplano region, thus validating the use
of this product for the purpose of this study. The standard difference be-
tween these two sets of information on a daily basis was 0.6 mm.
Fig. 2.A) Comparison between the averagemeasured daily precipitation at eachDGAmeteorolo
of all stations (red triangles). B) Similar to A), for themeasured potential evaporation and the co
total monthly precipitation (bars) and the corresponding PERSIANN product (red circles) f
evaporation.

4

The potential evaporation is defined as the evaporation that occurs
from openwater bodies without considering reduction due to water sa-
linity (de la Fuente and Niño, 2010) or the presence of terrestrial vege-
tation. It was computed with the spectral model of de la Fuente and
Meruane (2017a, 2017b), which uses the NCEP-NCAR atmospheric re-
analysis as input (Kalnay et al., 1996) and computes the surface energy
balance in shallow lakes of the Altiplano region. Similar to Fig. 2A and C,
Fig. 2B and D compares the observed and predicted potential evapora-
tion for the 42 DGA stations in the Altiplano region with evaporation
measurements. A pan coefficient of 0.65 was used (Risacher et al.,
2003; de la Fuente and Meruane, 2017b). Fig. 2B and D shows that the
model can reproduce the spatial distribution and seasonal variability
in potential evaporation in the Altiplano region; however, the model
tends to amplify the seasonal variability in potential evaporation since
the simulated potential evaporation are higher than the observation in
summer, and smaller than the observations in winter. The standard dif-
ference between these two sets of information on a daily basis was
1.1 mm.

The water cycle is closed in endorheic basins of the Altiplano, such
that a fraction of the water that precipitates into the catchment is evap-
orated from the basin, while the rest of the water infiltrates and re-
charges the groundwater reservoir and then upwells toward the
terminal wetland (de la Fuente and Meruane, 2017b; Marazuela et al.,
2019a, 2020). Sophisticated models perform a water balance in the va-
dose zone to quantify the actual groundwater recharge (Uribe et al.,
2015); however, as a first approximation, the vadose zone was not in-
cluded in this article, and we directly estimated the amount of water
that actually infiltrates toward the aquifer (herein called groundwater
recharge, GR) as
gical station and the corresponding PERSIANN product (gray circles) andmonthly average
mputed potential evaporationwith the spectral model. C) Comparison betweenmeasured
or different exceedance probabilities (84%, 50% and 16%). D) Similar to C) for potential
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GR ¼ max Pp−Ev, 0
� � ð2Þ

GRwas computed based on the daily values of precipitation and po-
tential evaporation, and then the monthly and annual totals were com-
puted; otherwise, GR would be equal to 0, as monthly and annual
potential evaporation are always larger than the monthly and annual
precipitation.

2.3. Normalization of variables

For comparison among the different wetlands, the variables were
normalized as

X∗ ¼ X−average Xð Þ
standarddeviation Xð Þ ð3Þ

where the subscript * is used to note dimensionless variables and X de-
notes the variable that is normalized (precipitation Pp, groundwater re-
charge GR, area of shallow lakes Aw, or area of vegetation patches Av).
Note that here we used the statistical metrics to understand the tempo-
ral fluctuations of the variables. X ∗< 0means that the dimensional var-
iable X is smaller than the average; and if the absolute value of X ∗ is
smaller than 1, the dimensional variable is within the standard devia-
tion of the time series.

3. Results

3.1. Climatic variability in the water balance

The results for eachwetland are shown in Table 2 and Fig. 3. Theme-
dian annual precipitation for the entire period (1983–2019) ranges
from 100 to 300 mm/year (Fig. 3A), while the groundwater recharge
is between 10% and 35% of the precipitation (Table 2). Changes in the
percentage of groundwater recharge are primarily explained by the
total precipitation (Fig. 3B). In particular, the percentage of groundwa-
ter recharge increases with the total precipitation, as only the precipita-
tion that exceeds the potential evaporation contributes to groundwater
recharge.

Figs. 4 and 5 describe the seasonal evolution of precipitation and
groundwater recharge for the studied wetlands. As shown below, the
Tropic of Capricorn is used to delimit two classes of terminal wetlands.
Fig. 4 shows the time series of the total monthly precipitation and
groundwater recharge for wetlands 2 (Salar del Huasco) and 9 (Peder-
nales) from July 1995 to July 1999. Thesewetlands are selected as exam-
ples as Salar del Huasco is located north of the Tropic of Capricorn,
whereas Pedernales is located south of it. Fig. 4 shows that the precipi-
tation in Salar del Huasco (Fig. 4A) is more concentrated in the austral
summer (December to April), while it is more difficult to identify sea-
sonal patterns in the precipitation in Pedernales (Fig. 4B). This differ-
ence between wetlands 2 and 9 can be attributed to the relative
latitude of the wetland with respect to the Tropic of Capricorn, as
shown in Fig. 5A, which plots the median total monthly precipitation
for all 10 terminal wetlands and was constructed based on the
PERSIANN information. As shown in Fig. 5A, precipitation is concen-
trated during the austral summer (December to March), which is due
to humid air advection from the Amazon region (Garreaud et al.,
2003). The Tropic of Capricorn, on the other hand, is a limit that allows
classifying high Andean wetlands in terms of their seasonal distribution
of precipitation: for those located north of the Tropic of Capricorn (with
latitudes smaller than 23.5°S), precipitation is concentrated from De-
cember to March, while for high Andean wetlands located south of the
Tropic of Capricorn, precipitation is more uniformly distributed over
the year. On average, for wetlands located north of the Tropic of Capri-
corn, 74% of precipitation is expected to occur from December to
5



Fig. 3. A) Median annual precipitation for the different high Andean wetlands identified in Fig. 1 and differentiation between the groundwater recharge (red area) and amount of water
that is locally evaporated (gray area). Bars define the 84% and 16% percentile. B) Percentage of precipitation that corresponds to the groundwater recharge as a function of the total
precipitation.
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March,while for those located south of the Tropic of Capricorn, this frac-
tion is reduced to 60%.

In terms of potential evaporation (Fig. 5B and black lines in Fig. 4),
maximum values occur in December and January, without significant
classification in terms of the latitude of the wetland. The total potential
evaporation in a month is always larger than the total precipitation, as
shown by the black lines in Fig. 4. However, intense daily precipitation
Fig. 4. A) Time series of totalmonthly precipitation (gray bar), groundwater recharge (red part
wetland 2 (Salar del Huasco). B) Similar to A) for wetland 9 (Pedernales).

6

eventsmay result inmore precipitation than daily potential evaporation
and thus contribute to groundwater recharge in some months, espe-
cially in austral autumn, when evaporation is reduced with respect to
austral summer. Consequently, in response to the combined seasonal
evolution of precipitation and potential evaporation, groundwater re-
charge is also concentrated during austral summer, as observed from
the red bars in Figs. 4 and 5C.
of the bar) and total potential evaporation (black lines) between July 1995 and July 1999 in



Fig. 5.A)Median totalmonthly precipitation normalized by themedian total annual precipitation. B)Median totalmonthly evaporation normalized by themean total annual evaporation.
C) Median total monthly groundwater recharge normalized by the mean total annual groundwater recharge. The horizontal dashed line indicates the latitude of the Tropic of Capricorn.
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Frequency distribution of the normalized areas of thewetland obtainedwith the threshold value of Table 2 (gray bars), and±20% (blue and red lines). First column is for normalized
area of vegetation, and second column for water. First row is for wetland 2 (Salar del Huasco) and second row for wetland 9 (Pedernales).
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3.2. Spatial variability in shallow lakes and vegetation patches

Water evaporation occurs in the form of groundwater evaporation
from areas where the groundwater is shallow, in the form of direct
evaporation from shallow lakes, and in the form of evapotranspiration
from vegetation (de la Fuente andMeruane, 2017b). The computedme-
dian areas of the shallow lakes and vegetation patches are shown in
Table 2, and the sensitivity analysis of the resulting areas is shown in
Fig. 6 that plot the frequency distribution of the normalized areas com-
puted with the threshold values of the NDVI and NDWI identified in
Table 2 (gray bars), and the frequency distribution of the areas com-
puted with the threshold values ±20% (red and blue lines). In terms
of the normalized areas that are here used to quantify the temporal evo-
lution of the size of thewetlands, Fig. 6 shows that the impact of thresh-
old value can be considered small. However, it is important to notice
Fig. 7. Satellite images of the studied wetlands; the colour indicates the percenta

8

that this conclusion is not valid for dimensional areas listed in Table 2
(not normalized areas shown in Fig. 6) since changes in the threshold
value do produce differences in the dimensional area of the wetlands.

In terms of the temporal evolution of the size ofwetlands, Fig. 7 plots
the percentage of the time that a particular pixel is covered by water
(blue) or vegetation (green). Fig. 7 shows that high Andean wetlands
are desert oases with a core area that is usually covered with water or
vegetation and a peripheral area that is not always covered by water
or vegetation.

Seasonal growth and shrinkage dynamics are observed in all the
high Andean wetlands studied in this article. Fig. 8 shows the monthly
average sizes of the vegetation patches and shallow lakes for wetlands
2 (Salar del Huasco, Fig. 8A) and 9 (Pedernales, Fig. 8B). The sizes of
the shallow lakes of these wetlands between 1995 and 1999 (blue
bars in Fig. 8) responded to evaporation, with maximum values in the
ge of the time when a particular pixel is water (blue) or vegetation (green).



Fig. 8. A) Time series of the size of vegetation (green bars) and shallow lake (blue bars) and total monthly evaporation (black line) of wetland 2 (Salar del Huasco). B) Similar to A) for
wetland 9 (Pedernales).
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austral winter (July–August, when evaporation is the lowest) and min-
imum values in summer (December–January, when evaporation is the
highest). Moreover, the sizes of vegetation patches also showed sea-
sonal patterns with maximum values in the months from February to
April (green bars in Fig. 8) and minimum values in the months from
Fig. 9. Normalized size of the shallow lakes and vegetation patches in the wetlands as a functio
line indicates the latitude of the Tropic of Capricorn.

9

July to September. However, in terms of the vegetation peak, there is
one month of delay between the maximum sizes of the vegetation
patches in Salar del Huasco and Pedernales.

Fig. 9 plots the normalized size of each wetland (shallow lakes in
Fig. 9A and vegetation patches in Fig. 9B) as a function of the month of
n of the month of the year: A) shallow lakes, B) vegetation patches. The horizontal dashed
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the year. The largest areas of the wetlands shallow lakes are observed
from April to September. In contrast, the largest areas of the vegetation
patches are observed from December to May, with peak values from
February to March. Once again, differences are observed in terms of
the relative location of the wetland to the Tropic of Capricorn: the sea-
sonal changes in the sizes of the shallow lakes are more pronounced
south of the Tropic of Capricorn (Fig. 9A), while the size of areas of veg-
etation tend to be more uniformly distributed throughout the year for
the wetlands located south of the Tropic of Capricorn (Fig. 9B).

3.3. Decadal variability in shallow lakes and vegetation patches

The 2D representation of the morphological dynamics observed in
the Altiplano region, shown in Fig. 7, enables identification of core
areas of thewetland that are frequently covered bywater or vegetation,
surrounded by other areas that are partially covered in time. Following
this spatial classification, the temporal evolution of the size of the termi-
nalwetlandwas analyzed by computing the surface areas of openwater
and vegetation that were covered more than 16% and 50% of the time
(Fig. 10). To understand the decadal dynamics of the size of shallow
lakes and vegetation patches, and its relation with climatic variability,
the time series of the ENSO index and of groundwater recharge are
presented in Fig. 10A and B. Fig. 10C depicts areas that are sporadically
covered by open water bodies, and it shows the existence of shallow
Fig. 10. ENSO index (A) that has been related to the climatic variability in the Altiplano regio
wetland sorted by latitude (B), temporal evolution of the normalized area covered by water m
of the vegetation patches that are active more than 16% (E) and 50% (F) of the time. Groundw
The horizontal dashed line indicates the latitude of the Tropic of Capricorn.
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lakes with areas larger than the average areas (red colors) in two time
periods: after 1985 and after 2001, both during LaNiña events (negative
ENSO index). While the first time period can be attributed to high
groundwater recharge that occurred in the entire region between
1984 and 1985 (Fig. 10A), the second period can be attributed to four
years (from 1999 to 2002) with groundwater recharge larger than the
average, although less intense than 1984–85. Furthermore,wetlands lo-
cated north of the Tropic of Capricorn showed a more pronounced re-
sponse than wetlands located south of the Tropic of Capricorn. Also, a
gradual reduction of the area that is persistently covered by open
water bodies is observed since 1984 (Fig. 10D), with a small increase
for the second period identified in Fig. 10C (after 2001). It is also inter-
esting to note that 2008 was a wet year, with a small increase in the
water extension in wetlands located south of the Tropic of Capricorn
in 2009. In terms of vegetation patches, both the areas covered with
vegetation more than 16% of the time (Fig. 9E) and more than 50% of
the time (Fig. 10F) showed a similar response to that observed for
open water bodies, but the magnitude of the increase in the area cov-
ered by vegetation was not as intense as that observed for open water
bodies (Fig. 10C). Finally, it is important to note that in the first years
of satellite coverage (since 1984), the areas of the terminal wetlands
covered with vegetation patches and open water bodies were smaller
than the areas observed in 1985, and this response can be attributed
to the intense precipitation that occurred in 1984 and 1985.
n (Aceituno, 1988, 1989), annual normalized groundwater recharge time series for each
ore than 16% (C) and 50% (D) of the time, and temporal evolution of the normalized size
ater recharge and water- and vegetation-covered areas were normalized using Eq. (3).



Fig. 11. A) Time series of normalized annual precipitation (Pp*) measured by 102 stations
in the area (gray lines) and average value (thick black line). Red areas indicate period of
the time where the size of the wetlands was larger than the average. B) Frequency
distribution of Pp* at all of the meteorological stations in the region.
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4. Discussion

Our results validate the hypothesis of this article, in which we ex-
pected to see high spatial and temporal variability in the high Andean
wetlands, which is strongly related to rainfall and evaporation, with
groundwater recharge being of major importance. Particularly, our re-
sults suggest that the spatiotemporal variability in high Andean wet-
lands is regulated by the groundwater reservoir, and modulated by
seasonal changes in the evaporation, the latitudinal seasonal distribu-
tion of precipitation within the year and by their climatic variability
due to the El Niño Southern Oscillation (ENSO). In the following subsec-
tion,we discuss about these aspects, aswell as the implications that this
high temporal variability has on closing the hydrological cycle and the
water and soil salinity of these wetlands..

4.1. Latitudinal variability in high Andean wetlands

The information analyzed in the article shows that there are some
important differences between high Andean wetlands located north of
the Tropic of Capricorn and those located south of it. In general, the
main difference between thesewetlands is the distribution of precipita-
tion within the year. Although to the north of the Tropic of Capricorn,
precipitation is expected to occur mainly between December and
March, to the south of the Tropic of Capricorn, precipitation ismore uni-
formly distributed throughout the year. This difference is due to the
general atmospheric circulation that produces that precipitation re-
gime, which is associated with convective precipitation from humid
air advection from the Amazon basin during the austral summer north
of the Tropic of Capricorn, while the area south of the Tropic of Capri-
corn became more important for the influence of frontal rains that
reach the continent from the southwest during the austral winter
(Aceituno, 1988, 1989; Stull, 1988).

4.2. Temporal variability in high Andean wetlands

It can be inferred that the dynamics describing the size of the high
Andean wetlands in the Altiplano region of Chile are driven by a se-
quence of infrequentwet years followed by several yearswithout signif-
icant precipitation rather than a consistent condition, and wetlands
grow and shrink in response to seasonal changes in evaporation, as de-
scribed in Figs. 8 and 9. Under this scheme, the role of the groundwater
reservoir is crucial in the dynamics of wetlands, as it stores large vol-
umes of water that enters the reservoir in wet years and gradually re-
leases the water during dry years, sustaining the terminal wetlands.
This behavior is better observed in Fig. 11A, which shows the normal-
ized total precipitation based on direct measurements in all the DGA
meteorological stations identified in Fig. 1 (black line is the average of
the gray lines). In Fig. 11A the red areas depict the periods identified
in Fig. 9 where the size of the wetlands was larger than the average
(1985–1990 and 2001–2005). Note that 95% of the meteorological sta-
tions used in this analysis are located north of the Tropic of Capricorn.
Fig. 11A shows that the increase in the sizes of the terminal wetlands
in response to the total precipitation is only observed after the wet
years 1984–85 and 1999–2001. Recall that no satellite information is
available to infer if the wet years of 2012–2013 also resulted in an in-
crease in the size of the terminal wetlands.

The period of occurrence of wet years, on the other hand, which is
associated with an increase in the size of a terminal wetland (normal-
ized annual precipitation, Pp ∗ ≳ 1), ranges between 15 and 20 years.
The frequency distribution of Pp* is not normal or symmetric but asym-
metric (Fig. 11B), such that the median precipitation is Pp ∗ = − 0.21.
Moreover, the occurrence of wet years with net precipitation larger
than the average (Pp ∗ > 0) is less frequent than the dry years with
Pp ∗ < 0, and the wettest years correspond to precipitation values up
to 4 times the standard deviation of the serieswith respect to its average
(Pp ∗ ≈+ 4), while the driest years have extreme values of Pp ∗ ≈ − 2.
11
This statistical description suggests that groundwater recharge is infre-
quent, and wet years with a period of recurrence of 20 to 30 years are
the years in which the groundwater reservoirs that feed the terminal
wetlands are actually recharged. Between wet years, the size of a wet-
land gradually decreases as the inflow discharge is reduced. However,
it is important to note that groundwater recharge due to glaciermelting
should also be added and becomes important in dry years. Therefore,
the groundwater reservoir plays a key role in sustaining the high An-
dean wetlands. This means that the exploitation of these systems
based on groundwater extractions should be carefully designed from a
long-term perspective, as the groundwater level could take several de-
cades to recover. A similar analysis has been presented for high Andean
wetlands in Perú (Mazzarino and Finn, 2016; Pauca-Tanco et al., 2020),
where a persistent increase in the size of terrestrial vegetation was re-
ported for two of these wetlands in the satellite Landsat 5. Unfortu-
nately, these trends were not possible to be identified in our analysis.

4.3. Soil and water salinity

The interactions among freshwater recharge, groundwater levels
and evaporation rates produce strong water and salinity gradients in
thewetlands, which significantly affect the spatial distribution of terres-
trial and aquatic biota (Wetzel, 2001; Mitsch and Gosselink, 2015). On
one hand, de la Fuente and Niño (2010) showed that water salinity
increases with the distance to the groundwater spring that feeds the sa-
line lake, in response to the balance between salt advection, evapo-
concentration and salt precipitation. Therefore, dynamic changes in
the size of the saline lakemay also produce important temporal changes
in the salinity distribution within the saline lakes, and conversely to the
aquatic biota that feed the birds (Hulbert and Chang, 1983;Mascitti and
Kravetz, 2002; Angel et al., 2016). On the other hand, the spatial distri-
bution of terrestrial vegetation species in high Andean wetlands has
been related to soil humidity (hydrophilic to halophilic vegetation)
and salinity (Ahumada and Faúndez, 2015). Based on these two criteria,
the vegetation types of high Andean wetlands are classified as bofedal,
pajonal or vega, together with their saline and non-saline variants
(Ahumada and Faúndez, 2015). Therefore, changes in soil humidity
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and salinity could generate changes in the structure of vegetation
patches in the perimeter of the wetlands; for example, it has been
shown that small variations on the water table has produced changes
on the vegetation species, thus finding xerophytic species where previ-
ously hydrophilic species were found (Tölgyesi et al., 2015). These
changes occurred in the long-term,when the species cannot acclimatize
to the new conditions that are permanent in time, which is different
from the natural variability of growth and shrink of wetlands.

Finally, it is important to contextualize that all of the wetland-scale
processes associated to the salt transport in thewetlands, are integrated
to the hydrogeological salt transport processes in the entire basin
(Tejeda et al., 2003; Vásquez et al., 2013; Marazuela et al., 2018,
2019b). Similarly to the hydrological closed cycle in these basins, the
salt transport cycle is also closed in the context that there is no external
source/sink of salt to/from the basin. Therefore, the salt that enters to
the wetland is salt that primarily was diluted from the soil/rock of the
basin (the salinity of rainwater can be assumed 0). Furthermore, the in-
flowmass of salt into the wetland is evapo-concentrated and then pre-
cipitates forming the characteristic crust of salt of these wetlands (de la
Fuente and Niño, 2010). As a consequence of this hydrogeological cycle
of salt transport, the gradual increase of soil salinitymay be expected in
the geological scale.

4.4. Hydrological cycle in closed basins

The hydrological cycle in closed basins is known such as the long-
term balance between precipitation and evaporation is a constraint.
Therefore, the terminal wetland is the place where the groundwater re-
charge is evaporated, and the resulting size of the wetland is the size
that enables the complete evaporation of all of the groundwater that up-
wells in the perimeter of thewetland (de la Fuente and Niño, 2010). Be-
cause of this, seasonal changes in the size of thewetland can be linked to
seasonal changes in the evaporation (i.e. higher evaporation rates re-
quire smaller areas to evaporate the same inflow), and the long-term re-
duction of the size of thewetland in dry year is linked to the depletion of
the groundwater reservoir. Therefore, we showed that a constant area is
not a reasonable assumption, neither for the seasonal time scale nor for
the decadal time scale. The actual rate per unit of surface area at which
thewater is transported into the atmosphere should be studied in detail
in further studies, such as those performed by Suárez et al. (2020), as
well as quantifying the role of groundwater evaporation in the hydro-
logical cycle in endorheic basins of this Andean region (Costelloe et al.,
2009; Johnson et al., 2010; Hernández-López et al., 2016). A conclusion
that can be obtained from this dynamic is that any permanent ground-
water extraction in the basin will eventually produce a permanent de-
cline in the size of the terminal wetland. Therefore, the management
of these wetlands with conservation purposes should include the entire
basin, and not only the vicinity of the wetland.

Finally, the role that the size of the terminal wetland plays in closing
thehydrological cycle is not only restricted to the highAndeanwetlands
studied in this article. In fact, high Andean wetlands are also known as
playas or salt flats landscapes, which can be widely found in the
World in places were the annual evaporation exceeds the annual pre-
cipitation (Yechieli and Wood, 2002; Kampf et al., 2005). In these type
of terminal lakeswhose size is dynamically determined by the complete
evaporation of the inflow, the long-termmonitory of their sizes can be a
valuable remote perception tool that would reflect changes in surface
and groundwater extraction for human activity, as well as reflecting
the impact of climate change on precipitation or evaporation rates.

5. Summary and conclusions

In this article, we use remote sensing to study the spatiotemporal
variability in high Andean wetlands in northern Chile. These aquatic
ecosystems are vulnerable to climate change and to human economic
activities that require groundwater resources, such as mining for
12
nonmetallic minerals (e.g., lithium) whose worldwide demand is ex-
pected to increase in the near future. To determine a baseline of the nat-
ural dynamics of these systems, which allows sustainablemanagement,
it is essential to understand the spatiotemporal dynamics of these
wetlands.

Our analyses focused on characterizing the past long-term variabil-
ity in 10 high Andean wetlands located in the Altiplano plateau of
Chile. To do this, we described the climate variability in terms of
groundwater recharge. This variable needed to be computed on a daily
basis, as the monthly and annual potential evaporation results always
exceed the monthly and annual precipitation results in this arid region.
Furthermore, we characterized the temporal and spatial variability in
these systems by studying the entire record of Landsat satellite images
from 1984 to 2019. We showed that the spatiotemporal variability in
highAndeanwetlands ismodulated by the latitudinal seasonal distribu-
tion of precipitationwithin the year and by their climatic variability due
to the El Niño Southern Oscillation (ENSO). Because of the latitudinal
seasonal distribution of precipitation, wetlands located north of the
Tropic of Capricorn have more seasonal variability in their size than
wetlands located south of the tropics. Furthermore, the climatic vari-
ability in the rain due to ENSO results in the spatiotemporal variability
in the size of the wetlands. In years with la Niña events (negative
ENSO index), the area of wetlands increases, and this is more pro-
nounced in wetlands located north of the Tropic of Capricorn.
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