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The objective of this work is to validate a model to characterize and evaluate the water
resources (supply and downstream demands) of the hydrological basins associated with
the Conguillío National Park, located in the Andes Mountains in central-southern Chile
(38°14’–38°54’S). This area is part of the Chilean biodiversity hotspot, of the first geopark in
Chile, and constitutes the core of the Araucaria biosphere reserve, which provides multiple
ecosystem services. To describe the behavior of the water resources in the four main river
sub-basins originating in the park, the Water Evaluation and Planning System (WEAP)
software was used, which was calibrated and validated with local hydrological data from
2000 to 2015. The WEAP System allows to quantify parameters involved in the
hydrological cycle and water consumption of the different user sectors, and their
interrelationships, to establish the water balance of the basins. Water is supplied by
rain and snow, which occurs from June to December upstream in the Andes, and feeds the
rivers Cautín, Allipén, Quepe and Lonquimay, which maximum flows occur between June
and September, andminimum flows between January and April. The evolution of the water
demand during the year was determined for each sub-basin for the following user sectors:
human consumption, agriculture, livestock, industry, electricity production, aquaculture
and other uses. As expected, the main water consuming sector is agriculture, with an
average of 79.4 Mm3/yr. Considering that mountain ecosystems are areas of high
productivity value, but are very fragile and vulnerable to anthropic and climatic effects,
the use of the obtained data and the calibrated/validated model describing and
characterizing these resources, will allow future studies under different socio-economic
and climate change scenarios, to assess the importance of mountain basin ecosystem
services, providing an example for equivalent studies throughout South America.
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INTRODUCTION

Freshwater resources are essential both for society (human
consumption, agriculture, and other uses) and for
ecosystems. Sustainable water management promotes their
development and protection, as socio-economic benefits are
provided in a fair balance with environmental sustainability
(Clark et al., 2004; Liu et al., 2008; Maliehe and Mulungu, 2017).
Water provides various Ecosystem Services (from now on ES),
like drinking water supply, recreation, and dilution of pollution
discharges (Brauman et al., 2007). The future capacity of natural
systems to provide these services will depend on water
availability and quality (Sample et al., 2016). “Ecosystem
services” are defined as the benefits that people obtain from
ecosystems (MEA, 2005), and the direct and indirect
contributions that ecosystems make to human well-being.
Several studies (Yang et al., 2015; Fan et al., 2016; Liu et al.,
2017; Momblanch et al., 2017) indicate that mainly human
activity is responsible for the decline in ES. Changes in land
use/land cover affect the hydrological cycle, e.g., infiltration
(Nelson et al., 2009), evapotranspiration, and groundwater
recharge (Fan et al., 2016). There exist few watershed studies
in protected areas that analyze the effects of land-use change and
climate change (Fan et al., 2016).

Given its biogeographical condition, Chile is endowed with a
great and unique diversity (Valdés-Pineda et al., 2014) of
terrestrial, marine, coastal, glacial, river, lake, wetland and
island ecosystems, hosting nearly 30 thousand endemic species
which transform large areas of the territory in dedicated natural
laboratories (Rubilar 1994;MMA 2014;MMA, 2015). The natural
protected areas have been very significant and effective for
ecosystems conservation, such as the different species present
(Jorquera-Jaramillo et al., 2012). Each ecosystem, based on its
functioning and interactions, provides a series of ecosystem
services, ranging from the regulation of the hydrological cycle
to the provision of direct goods and services for society (MMA,
2015). A study (Figueroa, 2009; Figueroa, 2010) estimated a value
of US$ 1,368 million per year of the ecosystem services provided
by the natural protected areas in Chile, and noted that these areas
contribute to the country with 0.5% of its GDP.

Different studies point out the importance of mountains as
providers of a large number of ES of fundamental importance for
life (Bauhus et al., 2010; Decocq et al., 2016; Mori et al., 2017).
Studies by Gao et al. (2020) indicate that mountains contribute
greatly to the planet’s terrestrial biodiversity, hosting 85% of the
world’s wildlife within 25% of the earth’s surface (Rahbek et al.,
2019a; Rahbek et al., 2019b). The rich biodiversity of mountains is
due to the complex topography, which creates acute vertical
heterogeneity in climate, soil and vegetation (Chaplin, 2005).
Canedoli et al. (2020) point out that mountain ecosystems are
fragile and vulnerable and face serious threats due to climate
change, changes in land use or unsustainable exploitation of
resources, as well as political decisions and socio-economic
pressures (see also Kurz et al., 2008; Huber et al., 2013).

In this context, Protected Areas are very important for Chile,
which protect the existing natural heritage, representing a unique
biodiversity in the world CONAF, Corporación Nacional Forestal

(2012). The distribution from north to south, the altitudinal
gradient and the extension of the coast provide the country
with a great variety of habitats, being one of the most
threatened, according to the global index 200 of WWF and
the (World Bank 2011, WWAP, 2014). It should be noted that
Chile’s economy is heavily dependent on the exploitation and
export of natural resources, including resources from sectors that
affect or are affected by the condition of biodiversity and the
provision of ecosystem services, such as the mining, agricultural,
fisheries and forestry sectors (MMA, 2016). In this sense, Chile
has the challenge of being able to develop these industries without
undermining the biodiversity that sustains them, both because of
the wealth of biological diversity that it possesses, and because of
its relevance to the economy itself.

Biodiversity, water resources, built infrastructure and
economic sectors may be adversely affected by the global
climate change within this century (Santibañez et al., 2013).
Chile, including its mountain ecosystems, is highly vulnerable
to climate change, fulfilling seven of the nine characteristics
defined by the UNFCCC (Universidad de Chile, 2007;
Universidad de Chile, 2012; CEPAL, 2012). For example, in
the central-south zone of the country, in the last 10 years a
statistically significant decrease in rainfall has been observed
(Schulz et al., 2011; Quintana and Aceituno, 2012; Boisier
et al., 2016).

On the other hand, in Chile there is an evident lack of water
resources management and there exist only few planning skills to
face climate variability and uncertainty. It is urgent to implement
strategies for its use in many regions, considering also the
country’s most important watersheds, which are located within
protected areas and at high altitudes. Besides, the allocation of
water resources is limited for agricultural and industrial use, and
human consumption.

Chile’s 1981 Water Code defines water as a “national good of
public use,” but at the same time as an “economic good.” It
authorizes the privatization of water through the concession of
free use rights in perpetuity (it does not set limits to the
concession of use rights). It establishes a system of water
redistribution through transactions between private parties,
thus creating a Water Market, and favors the concentration of
ownership of this resource. In this context, several investigations
have reported that in Chile there is no adequate water
management, and the water use rights are granted more or
less in an arbitrary manner, generating that there is no equity
in its distribution (Larraín et al., 2010; Larraín, 2012).

Historically, water management has been the responsibility of
the Ministry of Public Works (MOP, 2016), with its ministerial
departments (General Direction), the Direction of Hydraulic
Works, the Direction of Irrigation, the Direction of Planning,
and the Department of River Defense, among others. The
Ministry of Economy, Development and Reconstruction,
through the National Irrigation Commission (CNR), also has a
relationship with water. Thus, water resources involve a set of
institutions and government agencies that are responsible for
water or regulate the actions of users within a basin, making this
finally such an intricate and complicated subject, that at the end it
is ineffective. As an example we cite the conservation of river
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flows: the only existing measure is the ecological flow, established
with the reform of theWater Code in 2005; but this is very limited
and insufficient to preserve the diversity and integrity of the
watersheds.

One of the major challenges at national level is the
systematization of data and monitoring of water quality and
biodiversity in these ecosystems, where the main threats are
pressure on water resources. At the global level, this pressure
is also present and is occurring in the water-energy-food
relationship. In this context, several studies (Biggs et al., 2015;
Zhang et al., 2016; Tidwell and Moreland, 2016) pointed out the
need to establish a balance between the supply of natural
resources and human demand on the environment to promote
sustainability.

Insufficient knowledge of the hydrology of a basin can lead to
deficiencies in water supply and a failure to meet the water
demands of users. It is necessary to know the evolution of the
water balance, especially during dry seasons, and to develop
allocation and management strategies. Maliehe and Mulungu
(2017) reported that basin-scale assessments provide essential
information for water resources management, in particular
predictions of water supply and demand. There exists high
uncertainty in water resource management when it comes to
describing future conditions (Forni et al., 2016a; Medellín-Azuara
et al., 2016). For these purposes, simulation models are
indispensable, which can consider the interaction of different
variables in a basin, representing their spatio-temporal
dependencies and the effects of climate change and human
activities on environmental systems (Bhave et al., 2014).
Several studies have been performed to capture various aspects
of water resources planning in several parts of the world, using
hydrological models (Condom et al., 2011; Bhave et al., 2014;
Forni et al., 2016a; Medellín-Azuara et al., 2016).

The Water Evaluation and Planning (WEAP) tool is an
integrated model for water resource planning (Yates et al.,
2005a; Purkey et al., 2008). Several articles (Yates et al., 2005,
Yates et al., 2009) describe how watersheds are integrated into
WEAP. A set of climate forcing data (precipitation, temperature,
relative humidity, and wind speed) is uniformly applied across
each catchment, which is fractionally divided into land use/land
cover classes (Yates et al., 2005b). Thus, the WEAP model is a
useful tool for advising on water resources development and
management alternatives (Forni et al., 2016a; Medellín-Azuara
et al., 2016; Maliehe and Mulungu, 2017). It is widely used to
support water resources planning, providing an analytical and
management framework for decision-makers in an open
planning process (Yates et al., 2005a; Forni et al., 2016b;
Galaitsi et al., 2016), particularly in Africa (e.g., Mulungu and
Taipe, 2012; Droogers et al., 2014), because it can be applied at the
basin and sub-basin levels (Bhave et al., 2014; Maliehe and
Mulungu, 2017). Also, it has been used at the basin level in
Chile (Vicuña et al., 2011) and in California (Yates et al., 2007;
Young et al., 2009; Forni et al., 2016a; Medellín-Azuara et al.,
2016).

This work focuses on the water network of a natural
protected area located in the pre-Andean mountain range of
the Araucanía Region. Here is located the Conguillío National

Park, formed by the mountain range at a variable height between
750 and 3,125 masl, where the Sierra Nevada and the Llaima
Volcano stand out, being one of the most active and voluminous
volcanoes of the Southern Andes, with 29 km2 of glaciers
(Naranjo and Moreno, 2005). This park has two UNESCO
nominations, is the core zone of the Araucaria Biosphere
Reserve, and is the first Geopark in the country. It is
considered to be of great ecosystemic importance, given the
diverse environments typical of this mountain zone, where
forests, wetlands, slag heaps, and high peaks are found.
Besides, this park is one of the most visited in the country,
due to its excellent landscape value. In this context, the magazine
National Geographic (2018) chose this park in the fourth place
among the ten most beautiful forests on the planet.

The administration and management of Chile’s Natural
Protected Areas is responsibility of the National Forestry
Corporation (CONAF), which is an entity belonging to the
Ministry of Agriculture. Its main objective is to protect the
preservation of nature and environmental heritage. In this
sense, CONAF, Corporación Nacional Forestal (2009) carried
out a study to evaluate a management plan for this natural
protected area and raised a baseline, which states that within
all studies to be conducted (for example studies of flora and fauna,
geomorphology, landscape, tourism, archaeological sites, and
others), it is necessary to conduct a hydrological study to
determine the productive capacity of this area, and the supply
and demand of water for the population benefiting from the
resource in the sub-basins of the Allipén, Lonquimay, Quepe and
Cautín rivers, respectively. It is worth mentioning the importance
of this park as a source of water production, since it feeds several
communes, providing at the same time countless opportunities
for product development. However, they point out the
importance of complementing the study with climatological
and water quality information that best approximates the
reality of the sub-basins. Until now, this study had not been
carried out, and this is one of the reasons for our work.

Furthermore, this study is part of a work that includes having a
validated model to support the sustainable management of wild
protected areas. It will allow for the implementation of proper
decision-making strategies in different scenarios, with a focus on
sustainable development. Noteworthy, it may allow us to propose
and evaluate measures to ensure the ecosystem services
sustainability provided by the Conguillío National Park, such
as water and landscape resources. In this context, with this study
we want to provide a tool that integrates hydrology with the
administration and operation of water resource systems, which
can be used in micro-basins as well as in big basins.

Thus, the objective of this study is to stablish the actual water
balance of the water requirements within the sub-basins fed by
the Conguillío National Park.

This requires the following stages
(1) Characterization of the basins, considering the

meteorological data required by the model (rainfall,
temperature, wind speed, relative humidity, river flows
and land cover of the study area) (see Study Area and
Local Data).
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(2) Calibration and validation of theWEAPmodel for the period
2000 to 2015 (see Water Evaluation and Planning
Calibration and Validation).

(3) Determination of water requirements at different demand
sites and catchment descriptions (see Demand sites and
Catchment Description).

(4) Estimation of the water balance of the study area (see Water
Balance Estimation Methodology).

METHODS

Study Area and Local Data
The study area (Conguillío National Park) is located in the
Araucanía Region of south-central Chile (38°14’-38°49’S)
(Figure 1A) (BCN, 2019). It is characterized by its
mountainous landscapes, with the presence of active volcanoes
in the pre-Andean mountain range, which extends from low
valleys to highlands with steep slopes, across an elevation range
from 450 to > 3,000 masl (BCN, 2019), with a variety of climatic
conditions. The natural forests are composed of Nothofagus sp.
(CONAF, 2011), as well as Araucaria araucana, a vulnerable
endemic species recognized as a natural monument in Chile,
recognized by UNESCO with the nomination of Araucaria
Biosphere Reserve (Moreira-Muñoz and Troncoso, 2014). It
also plays an essential role for Mapuche indigenous people
(Miranda et al., 2015).

Rainfall in Chile tends to increase with latitude and altitude.
Thus, in south central Chile, annual rainfall increases southward
from around 100 mm at 30°S to nearly 2000 mm at 40°S. The
annual precipitation increases with elevation, up to a maximum
of 3,000 mm annually above 1,200 masl in the Andes (Luebert
and Pliscoff, 2006). The Andes range isolates this region from
the influence of continental air masses (Valdés-Pineda et al.,
2014). Thus, south-central Chile has an annual rainfall cycle
with a peak in the winter season and lower values in summer,
gradually increasing towards the south. In the region under
study, climate is characterized by moderate, cold rain with
Mediterranean influence under a prominent role by the
Pacific Anticyclone, which is the main protection against
torrential rainfall in Chile (Garreaud et al., 2009; Orrego
et al., 2016), characterized by a significant decrease in rainfall
during the summer months, when the highest temperatures are
present (Armesto et al., 2008). Rainfall is mainly concentrated in
the month’s May to September, and climate variability is
influenced by the El Niño Southern Oscillation (ENSO)
phenomenon (Falvey and Garreaud, 2009; Demaria et al.,
2013; Valdés-Pineda et al., 2014; Orrego et al., 2016). ENSO
events in central-southern Chile (38°–41°S) are associated with
higher than average spring rainfall (35°–38°S) and lower than
average summer rainfall (Garreaud et al., 2009; Valdés-Pineda
et al., 2014; Orrego et al., 2016). The average annual temperature
in the study area is 10.2°C, with a mean maximum of 15.8°C in
January and February, and a mean minimum of 4.7°C in June
and July (DGA, 2016). An example of this climate is that
recorded by the Lonquimay meteorological station

(38°45’50’’S - 71°36’19’’W) located at 900 masl in the Andean
range, with a mean annual temperature of 8.4°C and annual
precipitation of 1,850 mm.

On the other hand, studies by Rubio-Alvarez and McPhee
(2010) on the patterns of spatial and temporal variability of river
flows in south-central Chile for the period 1952–2003 reported
the time series of annual and seasonal flows of 44 rivers in
southern Chile, covering the ecoregion between 34°S and 45°S.
They found a significant correlation with climatic indexes at
different spatial and temporal scales, with El Niño–Southern
Oscillation (ENSO) influence being stronger at the northern
subregion, and notably, the Antarctic Oscillation (AAO) and
the Pacific Decadal Oscillation (PDO), showing strong
correlation with summer flows in the southern subregion.
Also, they found significant decreasing trends affecting a
region between 37.5°S and 40°S. These were consistent with
decreasing trends observed in precipitation in the area, and
also with a decreasing trend observed in the Southern
Oscillation Index (SOI). Also, the drought affecting central
Chile is evident, as indicated by studies conducted by Boisier
et al. (2016) on the anthropogenic and natural contributions to
the decrease in rainfall in the Southeast Pacific and the mega-
drought affecting Central Chile.

Chile’s natural heritage is protected by the National System of
State Natural Protected Areas (SNASPE). It currently includes
105 units, with 41 national parks, covering an area of
approximately 18.6 million hectares (21.3% of Chile’s
continental territory). It should be noted that the study area
(Parque Nacional Conguillio) has two UNESCO designations, is
part of the Araucaria Biosphere Reserve, and also is part of the
first Geopark in Chile around the Llaima volcano. It is worth
mentioning that Chile possesses ten (10) Biosphere Reserves
(UNESCO, 1995). Three of them are located in the pre-
mountain range of the Andes Mountains, as is our study zone,
with heights above 3,000 m above sea level and the presence of
permanent snow in winter above 1,100 masl. It is also part of a
world biodiversity hotspot, defined as regions where a large
amount of species biodiversity is concentrated, and where the
original habitat has been strongly impacted and threatened by
human actions. Only thirty-five hotspots that meet these
characteristics have been defined worldwide (Mittermeier
et al., 2004). The “Chilean winter rainfall-Valdivian forests”
hotspot is located mainly in Chile. It extends from the Pacific
coast to the Andean peaks between 25°S and 47°S (Arroyo et al.,
2004).

There are several State-Protected Natural Areas (SPA) in the
region; one of these is the Conguillío National Park (CNP)
(38°30’S; 71°30’W), with an area of 60,833 ha, where we started
our study (Figure 1A). The CNP has four defined natural
environments: mountain, volcanic slag, forests, and water
bodies (rivers, streams, lagoons, lakes, and wetlands). It is
characterized by its water network composed of streams,
rivers, lagoons, and large lakes, fed by snow-melt, rain, and
groundwater. It has two UNESCO distinctions: the Araucaria
Biosphere Reserve, and the Kutralkura Geopark, which presents
interesting geological characteristics. The landscape and
ecological value of the park is dominated by Sierra Nevada
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and Llaima volcano CONAF, Corporación Nacional Forestal
(2012). The presence of the active Llaima volcano, which
occupies a large part of the park, has formed the
geomorphological characteristics of the park, rising from 700
masl at its base to the crater rim at 3,125 masl. Historically, it is
one of the most active volcanoes in South America, with its last
recorded eruption in 2008–2009 (Bathke et al., 2011) and one of
the largest in the Southern Andes, with more than 29 km2 of
glaciers (Naranjo and Moreno, 2005).

Basin Characterization
The Araucanía Region contains two large basins: the Imperial
River Basin and the Toltén River Basin. Additionally, it includes a
small part of the Bío-Bío River Basin. The main tributaries are the
following: of the Imperial river: Cautín, Blanco, Quepe, Calbuco
and Vilcún; of the Toltén river: Truful-Truful and Allipén; and of
the Bío Bío river: Lonquimay. The study zone covers an area of
3,365 km2 (IDE, 2017; Universidad de Chile, 2017).

For this study, the basins system was grouped in four sub-
basins, with the following notation (associated to the main river
of each of them) (see Figure 1A):

• SBA: Sub-basin of the Allipén river
• SBQ: Sub-basin of the Quepe river
• SBC: Sub-basin of the Cautín river
• SBL: Sub-basin of the Lonquimay river

These rivers were selected despite the limitations of data
availability in each case. Figure 1B shows the Digital Elevation
Model (DEM) of the study area and the meteorological stations of
the four sub-basins selected for this study.

Land Uses
Table 1 shows the distribution of land uses, representing the
dominant land cover categories present in each sub-basin, each
component in km2, which were geo-referenced from the
National Native Forests Inventory CONAF, Corporación

Nacional Forestal (2012). Bare lands include rocky areas and
dunes. Forest plantations are exotic species for timber and paper
production, such as Pinus radiata and Eucalyptus spp. The
native forest is represented mainly by the genus Nothofagus,
mixed with Araucaria araucana, and old-growth native forest
(Miranda et al., 2015). Water bodies include rivers, lakes, and
estuaries identifiable to the resolution of the images. Farmland
and forests have dominated the composition of the landscape in
the study area. Currently, pine and eucalyptus plantations have
overtaken the area covered by native forests (Miranda et al.,
2015). Cover change is spatiotemporally heterogeneous, as
significant relationships are found between the spatial
distribution of land cover types and different biophysical
variables (Schulz et al., 2011; Nahuelhual et al., 2012). These
changes in the landscape of south-central Chile are related to the
expansion of agriculture and the introduction of exotic tree
plantations (Aguayo et al., 2009; Little et al., 2009; Echeverría
et al., 2012). The most abundant land cover is the native forest,
which predominates in all the catchments of the study area, and
crops in SBQ, SBC, and SBA. Next, shrublands are important for
SBL and SBC; this class includes both arborescent shrublands of
Nothofagus species or other native woody species, as well as
shrublands formed by exotic species. Forest plantations are also
important in SBA, SBC, and SBQ. Finally, SBA has the most
extensive grassland coverage. SBA and SBC are located at higher
altitudes. They include large areas of volcanic slag from Llaima
Volcano, covered with snow during the year. Table 1 shows that the
SBC and SBA sub-basins have the most significant cover by native
forest, scrublands, snow, and water bodies, suggesting that they also
have a greater volume of water resources.

Processing of Climatic Data
Some of the meteorological stations run by DGA (General
Directorate of Waters) and AGROMET (National
Agroclimatic Network of Chile) have only operated for a few
years, while other records cover different periods. There are
significant gaps, extending from a few days to several years.

FIGURE 1 | (A) Map of Chile, Araucanía Region, sub-basins of the study area, and Conguillío National Park. (B) Geographical data of the study area, including
location of meteorological stations and the rivers Cautín, Quepe, Lonquimay and Allipén.
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After a preliminary review of these data, a small number were
evaluated for data quality, consistency, and extension (Iroumé
and Palacios, 2013). Nine precipitation stations were finally
selected (see Table 2), covering the four basins (DGA, 2016;
Orrego et al., 2016). There are few stations with temperature
records (Table 2). We included other AGROMET stations close
to the study zone.

The temperature-elevation gradient was estimated considering
the average temperature values for stations located at different
elevations, based on two index stations for the basin, as suggested
by Vicuña et al. (2011). Where there are no station data to
estimate the temperature gradient, we used the values generally
used in Chile: −0.5°C/m when there is precipitation, and −0.65°C/m
when there is no precipitation (Cortes, 2010; DGA, 2017).

The entire watershed contains four (4) stream gauges with
records from at least 2000 to 2015. Table 2 shows the location of
these gauges (see also Figure 1B). These are the Rari-Ruca
gauging station for Cautín river, the Melipeuco gauging station
for Allipén river, the Vilcún gauging station for Quepe river, and
the Lonquimay river gauging station just arriving the Bío-
Bío river.

Wind speed and relative humidity (RH) data were obtained
from two AGROMET stations. The average monthly wind speed
at that location was 5.1 m/s, and the relative humidity (RH) 81%.
WEAP requires this information in each hydrological unit or sub-
basin (catchment).

Water Evaluation and Planning Model
Basic Description of the Water Evaluation and
Planning Model
The Water Evaluation and Planning (WEAP) model was
developed initially by The Stockholm Environment Institute at
Boston, United States (Van Loon and Droogers, 2006). It presents
an integrated system of water resources planning by connecting
hydrological processes and their operations in a single analytical
platform (Forni et al., 2016a; Medellín-Azuara et al., 2016). It also
uses a scenario-based method to determine water supply and
demand and their priorities for current and future periods.
Within these features, WEAP software can simulate catchment
hydrology as surface runoff, evaporation and infiltration, and
evaluate water availability (Sieber et al., 2005).

The model is based on a one-dimensional soil water
accounting scheme with two storage tanks, which uses
empirical quasi-physical functions (Yates et al., 2005) that
describe evapotranspiration (potential evapotranspiration is
derived using a Penman-Monteith formulation (Maliehe and
Mulungu, 2017), surface runoff or interflow, and deep
percolation (Vicuña et al., 2011).

The model input information includes the following
parameters: precipitation, temperature, relative humidity,
wind speed, melting point, freezing point, and land cover.
These are required to estimate the water balance components
of evapotranspiration, infiltration, surface runoff, and
baseflow, providing the framework for the water models
system operations (Forni et al., 2016a; Medellín-Azuara
et al., 2016).

WEAP can integrate the water supplies generated through
hydrological processes from a water management model (Yates
et al., 2005; Yates et al., 2007; CCG, 2009). Mass balance equations
are the basis of WEAP’s monthly water accounting, considering
total inflows, total outflows, and storage in reservoirs and aquifers
(see Eq. 1 and Figure 2).

∑ Inflow −∑Outflow −∑AdditionToStorage � 0 (1)

The term AdditionToStorage only applies to reservoirs and
aquifers. AdditionToStorage is positive for an increase in storage
and negative for a decrease in storage. Outflow includes
consumption and losses (http://www.weap21.org/). Every node
and link in WEAP has a mass balance equation, and some have
additional equations that constrain their flows. Eachmass balance
equation becomes a constraint in the linear program (LP). Every
flow from one point to another is represented by a variable in the
LP (http://www.weap21.org/). For example, assume Demand Site

TABLE 1 | Land uses in the sub-basins Cautín river (SBC), Lonquimay river (SBL),
Allipén river (SBA) and Quepe river (SBQ).

Basin SBC SBL SBA SBQ Σkm2

Surface (km2) 1,291.4 464 1,052.7 556.5 3,364.6
Native forest 698.5 281.6 475.5 221 1,676.6
Agricultural crops 188.1 2.3 80.5 190.1 461
Bare land 2.1 5.1 3.3 0.8 11.3
Shrublands 143.3 76.8 79.1 41.5 340.7
Forest plantations 32.2 0 92.1 34.9 159.2
Grassland 59.5 13.9 122.2 24.6 220.2
Volcanic slag 104.5 39.1 135.2 31.1 309.9
Urban zone 4.4 0.1 3.1 4.2 11.8
Snow 44 15.7 38.5 5.3 103.5
Water bodies 9.8 1.1 5.7 1.8 18.4
Wetland 6.4 28.7 17.2 1.3 53.6

TABLE 2 | Meteorological Stations and Streamflow gauging stations (DGA
Station) and meteorological stations (AGROMET Station).

Sub-Basin DGA station Latitude Longitude Elevation
(m)Stations gauges

SBA Allipén river in Melipeuco 38°51′5″S 71°44′0″W 450
SBQ Quepe river in Vilcún 38°41′0″S 72°13′6″W 292
SBL Lonquimay river in front of

Bio Bio River
38°26′0″S 71°14′0″W 0

SBC Cautín river in Rari-ruca 38°25′4″S 72°00′3″W 425
Station (pp, T°)

SBC Malalcahuello 38°28′2″S 71°34′4″W 950
SBC Malalcahuello 38°28′2″S 71°34′4″W 950
SBC Curacautín 38°27′2″S 71°53′5″W 535
SBQ Calbuco river Interlake

Route
38°43′4″S 71°56′1″W 640

SBQ Cherquenco 38°41′1″S 72°00′9″W 500
————

a Tricauco 38°51′1″S 71°33′9″W 520
AGROMET station
Station (T°, RH, Wd)

SBQ Carillanca 38°41′3″S 72°25′0″W 200
SBA The Membrillo 38°43′5″S 71°08′2″W 1084
————

a Marimenuco 38°50′0″S 71°40′5″W 527

Dsch, discharge; Pp, Precipitatios; T°, Temperature; RH, Relative Humidity; Wd, Wind.
aStation outside the study area.
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A draws from Supplies B and C and returns water to those same
supplies, as well as consumes some of the water (http://www.
weap21.org/), as described in Eq. 2.

[InflowB,A + InflowC,A] − [OutflowA,B +OutflowA,C]

− [ConsumptionA] � 0 (2)

InflowB,A is the inflow from supply B to demand site A.
The current accounts, key assumptions, and scenarios

were defined during the model set up. Key assumptions
can be built into current accounts (Maliehe and Mulungu,
2017), to represent policy, supply, and hydrology. For our
study, irrigation needs for agriculture and water demands for
human consumption were included in the characterization
of the basins. The definition of the study with the WEAP
model includes several steps, such as the spatial-temporal
boundaries, all system components, the establishment of the
water supply and demand, and the problem configuration.
Thus, scenarios based on current accounts allow exploring
the impacts of alternative assumptions (Maliehe and
Mulungu, 2017). For example, for instance modifying the
“key Units Domestic”, “water use”, “irrigation water needs”
and “population growth rate” (Van Loon and Droogers,
2006).

The Soil Moisture Method is used for each study basin (http://
www.weap21.org/). It represents the basin with two soil layers
(Yates et al., 2005) and the potential accumulation of snow
(Vicuña et al., 2011). For each catchment, rainfall-runoff
processes (Yates et al., 2005) are simulated using a 2-bucket
representation of a root zone layer and a deep layer formulation
of rainfall-runoff hydrology (Yates et al., 2005; http://www.
weap21.org/). The variability of land covers in each catchment

FIGURE 2 | Water balance diagram of the WEAP model.

TABLE 3A | (A) Goodness-of-fit statistical criteria for the calibration and validation
of the WEAP model to simulate the streamflow of each river. (B)

A Rivers

Calibration Cautín Allipén Quepe Lonquimay

Period (years) 2000–2007
Bias 0.08 0.04 0.19 0.2
NSE 0.86 0.84 0.8 0.83
R2 0.9 0.86 0.94 0.91
RMSE 0.02 0.02 0.03 0.03
Validation
Period (years) 2008–2015
Bias 0.1 0.08 0.23 0.15
NSE 0.83 0.84 0.77 0.81
R2 0.89 0.88 0.96 0.93
RMSE 0.02 0.02 0.03 0.02

TABLE 3B | Results of the flows in each station: annual Q (m3/s); Coefficient of variation; max and min flows (m3/s) of the study rivers.

Station name Latitude
S

Longitude
W

Elevation
(masl)

Area
(Km2)

Annual Q
(m3/s)

SD Cva Maximum flow
(m3/s)

SD Minimum flow
(m3/s)

SD

Allipén river in Melipeuco 38°51′55″ 71°44′01″ 450 747 69.6 25.2 0.4 86.8 31.3 46.1 6
Cautín river in Rari-ruca 38°25′4″ 72°00′38″ 425 1365 85.3 49 0.6 146.2 50.8 36.7 6.7
Lonquimay river in front of Bio
Bio River

38°26′00″ 71°14′00″ 0 463 26.8 19.9 0.7 47 30.3 8.3 2.4

Quepe river in Vilcún 38°41′00″ 72°13′60″ 292 386 27 16.6 0.6 50 18.6 11.4 2.5

aCoefficient of variation
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is represented by subdividing the area into representative land
cover types that are parameterized individually. Finally,
demand priorities and supply preferences are established
using linear programming to increase water demand
satisfaction as an alternative to the multi-criteria weighting
or logical approaches based on rules and scenarios (Yates et al.,
2005). The model gives an overall water balance for the entire
study area.

Hydrological Set-Up
For the construction of the WEAP model in the study basin,
the water system was characterized by water demand sites and
flow-gauge stations. The demand sites are represented by
nodes and connected to the rivers through transmission and
return links. These nodes were created in the diagrammatic
view of the WEAP model (Maliehe and Mulungu, 2017), and
the demand priority set and supply preferences were
established. WEAP computes a mass balance of all water
entering and leaving one or more demand sites for every node,
linking the system in monthly steps (Purkey et al., 2008; Condom
et al., 2011; Harma et al., 2012). Figure 1B shows each of the basins
Digital Elevation Model (DEM). Geographic Information System
(GIS) data on elevations, catchment, and land cover were obtained
and used to define and characterize each basin (Mehta et al., 2013).
Elevation data were extracted from the DEM provided by the U.S.
Geological Survey (USGS, 2016). To compute water resource
systems, the analysis included monthly rainfall, temperature,
wind speed, and relative humidity information, where month-
to-month variations produce interannual variations in flow rates.
In this context, modelling can incorporate climatic factors such as
wind, humidity and temperature, and variations in
evapotranspiration (Bhave et al., 2014). Thus, this model
supports the analysis of the hydrological characteristics of a
basin for future scenarios of climate change, land use (Mehta
et al., 2013), and water demand (Bhave et al., 2014).

Water Evaluation and Planning Calibration and
Validation
The WEAP model was calibrated and validated using data of the
four streamflow gauging stations located in the study area (see
Table 2), which represent the natural streamflow of the region. A
monthly time step was used for calibration and validation
analyses to cover the residence time of the survey area, during
which all flows are assumed to occur (Purkey et al., 2008; Bhave
et al., 2014). The calibration period extended from January 2000
to December 2007, while the validation period considers from
January 2008 to December 2015. The period is the same for all
four catchments based on data availability.

The model was manually calibrated to maximize the fit
between the observed and simulated flow (Vicuña et al., 2011;
Bhave et al., 2014). As shown in Table 3A, four well known
statistical criteria were used to evaluate the ability of the model to
simulate the measured streamflows. For the Root Mean Squared
Error (RMSE), the lower the number, the better the model
performance, with a zero RMSE indicating a perfect fit
between the model and the observed data. The Nash-Sutcliffe

Efficiency (NSE) can vary from minus infinity to 1 (Mehta et al.,
2013; Bhave et al., 2014). When it is lower than 0, the mean
predicts the variable better than the model; when it is between 0
and 1, the model works with standard cases, and the closer to 1,
the better the correspondence between observed and modelled
data. Also, lower values of Bias represent better correspondence
between observed and modelled data. A positive Bias indicates
overestimation and a negative Bias indicates an underestimation
of flows (Condom et al., 2011). The coefficient of determination
R2 represents how well a linear model fits the data. It varies in
the range 0≤R2≤1; a value of 1 means a perfect linear fit, and a
value of 0 indicates that the linear model is not representative
(Bhave et al., 2014; Maliehe and Mulungu, 2017).

Calibration was performed by comparing the observed and
modelled monthly streamflows at the outlets of the four sub-
basins or study catchments (Figures 1A,B and Table 2).

Demand sites and Catchment Description
As explained in Basin Characterization, four hydrological units
were defined as catchments (sub-basins).

Demand for Human Use
Urban demand was characterized according to the number of
inhabitants, population growth rate, and per capita consumption.
To estimate the water requirements of the demand sites for
human use, eight urban domestic demand sites were
identified, composed of small towns with populations of
approximately 1,000 to 16,000 people: Vilcún, San Patricio,
Cherquenco, Melipeuco, Conguillío National Park, Lonquimay,
Malalcahuello, and Curacautín (see Table 4A). According to data
from the Chilean General Water Agency (DGA, 2007; DGA,
2016) and the National Institute of Statistics (INE, 2014), the
average annual water consumption in Chile is 54.8 m3/person/
year. However, in the study area, the average consumption is
slightly lower (47 m3/person/year). It is important to note that the
estimate of human water consumption is obtained from official
sources and companies that provide this service, supported by the
last census conducted on the number of population (INE, 2007).

Demand for Irrigation
The irrigation needs of the considered sub-basins were
determined by selecting the land cover and the annual
irrigation requirements. The covers (crops, meadows, and
forest plantations) were calculated in ArcGIS 10 (Table 1),
as described in Land Uses. The irrigation water demands,
together with crop area records and information on their
requirements, were obtained from AGRIMED (Universidad
de Chile, 2015) and the National Irrigation Commission
(CNR, 2011). Agricultural demand sites were created in
WEAP to assess irrigation demands. Basins with significant
percentages of crop cover, forest plantations, and grassland were
considered. The main crops in the study area are cereals, mainly
oat and wheat. The forest plantations are Pinus radiata and
Eucalyptus globulus (INE, 2014), and the forage grasslands
mainly consist of grasses, fescue, and clover. The irrigated
area (ha) also was defined.
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Demands for Hydropower and Other Uses (Livestock,
Aquaculture, Industry)
We can point out that in Chile there are more than 140
hydroelectric plants operating, considering reservoirs, run-of-
river and mini run-of-river hydraulics. In total, they exceed
6,600 MW of installed power. The participation of
hydroelectricity (reservoir and run-of-river) in the electrical
matrix by December 2016 covers 28.8% of the energy
generation at the national level (www.cne.cl). Thus, through
the use of the WEAP model, we estimate the water demand
for hydroelectric use of the four sub-basins under study (SBA,
SBC, SBQ and SBL). This information was obtained mainly by
reviewing reports from the Environmental Assessment Service
(SEIA) of the Ministry of the Environment.

In addition, the water demand for livestock production was
calculated, which represents 10.4% of the country’s production
(ODEPA, 2018). To make this estimation, our calculation base
was obtained from the Agricultural Census (INE, 2007), where it
is estimated that a cattle consumes 45.4 L per day, a cow that
produces milk 132 L per day and poultry between 0.2 and 0.4 L
per day.

With respect to water demand for aquaculture, information
was obtained from official reports of DGA (2007) and permits
granted by this state institution, as well as for industrial and other
uses (e.g., manufacturing, agro-industry, tourism, etc.).

Finally, there is no public information available for all the
economic activities classified as manufacturing industry, which
allows to determine or estimate their use and consumption of
water. Therefore, an estimate of the water demand for these uses
is constructed by integrating information of the sub-sectors from
different public and private entities.

Water Balance Estimation Methodology
As the basins investigated are mountain basins, the climate
forcing gradient was studied with extrapolation at higher
elevations (see Processing of Climatic Data). Where a
fluviometric record exists, these gradients were adjusted to
obtain an acceptable discrepancy term. The estimation of the
water balance is based on the mass conservation equation (DGA,
2017), where the main hydrological processes of the system
inputs and outputs are precipitation (P), runoff (Q), and
evapotranspiration (ET). A discrepancy term is also considered
(η). In simplified form, this Eq. (3) can be expressed as follows:

(P) + (Q) � (ET) − η (3)

The above equation is applied to a given area and period.
As noted above, the WEAP hydrological model was calibrated

for the period 2000–2007, and validated for the period 2008–2015
for the four basins under study, using the Soil Moisture Method,
which was developed to model the hydrological processes with a
quasi-physical representation, but in a robust method (see
Figure 2).

RESULTS AND DISCUSSION

After calibrating (2000–2007) and validating (2008–2015) the
WEAP model, we computed the efficiency criteria (Water
Evaluation and Planning Modelling Results and Analysis of
Efficiency Criteria). We calculated the water resources supply
and demand for human consumption (Demand for Human Use),
irrigation for agriculture (Irrigation Demand), livestock
production, industry, aquaculture and other uses (Livestock
Production Demand), and electricity production (Demand for
Hydropower). Finally, the whole water resources and demand
balance and its components (precipitation, evapotranspiration
and runoff) were established for each month in the four basins
(Water Balance) throughout the study period.

Water Evaluation and Planning Modelling
Results and Analysis of Efficiency Criteria
To calibrate and validate the model and test the validity of the
different simulation scenarios, the four efficiency criteria
presented in Water Evaluation and Planning Calibration and
Validation were used to assess the model accuracy to simulate the
observed streamflow at each of the four stations (Bhave et al.,
2014). The obtained values are summarized in Table 3.
According to all the goodness-of-fit statistical criteria, the
model shows an outstanding representation of all rivers, with
the best fit to the Quepe river. The best results in the efficiency
criterion NSE was obtained for the Cautín river. The Allipén river
presents a poorer fit for the R2 adjustment criteria. However, the
R2 was higher than 0.86 in both the calibration and validation,
which is considered quite significant (Condom et al., 2011; Yan
et al., 2015). Thus, these results indicate a more than reasonable
ability of the WEAP hydrological model to simulate the flows.

TABLE 4A | Water requirements of each demand site for human consumption
(m3/yr).

Demand sites Population Domestic water
consumption (m3/year)

Sub-basin

(N° persons)

Curacautín 16,221 7,62,387 SBC
Malalcahuello 1,000 47,000 SBC
Lonquimay 10,957 5,14,979 SBL
Cherquenco 5,534 2,60,098 SBQ
San Patricio 2,490 1,17,030 SBQ
Vilcún 13,835 6,50,245 SBQ
Melipeuco 5,837 2,74,339 SBA
Conguillio National Park 1,500 70,500 SBA

TABLE 4B | Total area (Ha), planted area (Ha), irrigated area (Ha) and coverage of
the demand (%)

Sub_basin Surface
(ha)

Surface
planted (ha)

Irrigation
(ha)

Demand
coverage (%)

SBA 1,05,270 29,483 4,353 14.7
SBC 1,29,110 27,938 4,330 15.5
SBQ 55,650 24,963 3,870 15.5
SBL 46,430 1,617 0 0
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Considering the sensibility of the WEAP model, the factors
that most affected the calibration of the streamflows were the
Land Use module factors (deep-water capacity, runoff resistance
factor, deep conductivity, and preference flow direction) and the
Climate module factors (freezing point, melting point, and
albedo).

Figure 3 (A, B, C and D) shows the average monthly river
flow time series for the calibration (2000–2007) and validation
(2008–2015) periods. It compares the measured (in blue) and
simulated (in red) values for the four rivers (Cautín, Allipén,
Quepe and Lonquimay) with the respective values of the
efficiency criteria, corroborating the good performance of the

FIGURE 3 | Average monthly streamflow time series (m3/s) for the calibration and validation period, comparing observed (blue) andWEAP-simulated (red) data. (A)
SBC basin: Cautín river at the Rari-Ruca station. (B) SBA basin: Allipén river at the Melipeuco station. (C) SBQ basin: Quepe river at the Vilcún station. (D) SBL basin:
Lonquimay river at the station located before its junction with the Bío-Bío river. For more details see also Table 2.
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WEAPmodel. Table 3B summarizes the river’s average annual flow
and the monthly historical maximum and minimum flows. The
Cautín river (SBC) is the most important water body in the study
area, followed by the Allipén river (SBA).

From both the figures and the tables, and as expected, the
highest flows occur each year between June and September,
and the lowest flows between January and April. Thus, the
four rivers showed their historical maximum monthly flow in
July 2001 and their historical minimum monthly flow in
March 2009. We reported a mean maximum flow of
146 m3/s for the Cautín River, and 50 m3/s for the Quepe
River, while the minimum mean flow was 36.7 m3/s and
11.4 m3/s respectively.

Note that the study of Rubio-Alvarez and McPhee (2010) shows
an interannual variability of 0.4 (for the Rio Cautín station in Rari-
Ruca and Quepe River station in Vilcún) and an annual flow of
107 m3/s for the Cautín River in Rari-Ruca and 34 m3/s for the
Quepe River in Vilcún. Their results correspond to an average
over 50 years of data (1952–2003). In our 16-years study
(2000–2015), for these same river stations, the variability is
0.6 (for Cautín and Quepe Rivers), and the annual flows are
85.3 m3/s and 27 m3/s, respectively. Therefore, we can point
out that in both cases, there is a more significant variability (0.6
greater than 0.4), and, in addition, for both rivers the annual
flows decreased by 20%.

Water Demand
First it is important to note that, as specified in Land Uses and
Demand for Irrigation, the model uses land cover information,
which is a crucial element for water usage in irrigation. Based

on the information showed in Table 1, we can point out that
the sub-basin with the largest surface area is the Cautín river
basin (SBC, 1,291 km2), of which 54% is native forest, 19% is
agricultural use and 2.5% is forest plantations (mainly pine and
eucalyptus). With respect to SBA (Allipén river, 1,052.7 km2),
45% is native forest, 19.3% is agricultural use and 8.7% is forest
plantations. The information related to land uses for the other
sub-basins is also included in Table 1.

The characteristics of the study area suggest the following
types of activities that generate water demands: Human
consumption, Agriculture (irrigation), Livestock production,
Industry, Electricity production, Aquaculture, and Other uses.
In Figure 4A, the annual water demands for each activity are
shown in millions of cubic meters per year (hereinafter Mm3/
yr). Figure 4B shows the domestic demand of the different
demand sites. As expected, the highest demand is generated
for agricultural uses, mainly irrigation of crops and meadows.
Additionally, Figures 5 B, C, D, E and F show the monthly
distribution of the average water demand of the main activities
for each sub-basin. The distribution of the results over all the
basins is as follows: Agriculture: 79.4 Mm3/yr; Electricity
production: 22.3 Mm3/yr; Livestock production: 6.2 Mm3/yr;
Industry: 2.79 Mm3/yr; Aquaculture: 3.58 Mm3/yr; Human
consumption: 2.69 Mm3/yr; and other uses: 2.4 Mm3/yr. It
can be observed, that the highest demands are produced
in agriculture and electricity production. However, results
reveal a series of differences between the sub-basins. For
example, human consumption is associated mainly to the
Quepe and Cautín sub-basins, which correlates with the
demands for industrial and other uses, and with its
population settlements (Table 4A). Livestock demand is
highest for the Cautín and Lonquimay sub-basins. In
contrast, agricultural demand is associated mainly with
the Allipén sub-basin, which also has the largest surface
with agricultural uses (crops, forest plantations, and
grassland, as shown in Table 1 and Table 4B). The
highest variability during the year is observed in irrigation
uses, since it only is required during the dry season, from
November to April.

Considering its relevance, in the following sections the
demand for human uses, irrigation, hydropower and livestock
are described in more detail.

Demand for Human Use
As described in Demand for Human Use, the water demand for
human uses is associated with the eight urban areas identified in
Table 4A, where also its water requirements are shown, which
correlate with its population. Therefore, the highest demand is
recorded in Curacautín (762,387 m3/yr), and the lowest in
Malalcahuello (47,000 m3/yr). The Conguillío National Park
(70,500 m3/yr) has to be considered as a particular demand
site, since it receives many visitors in the summer months
(more than 100,000), when the water demand increases
significantly. With respect to water consumption at the sub-
basin level (Figure 5B), the monthly consumption of these basins
is shown: SBQ is the largest with 1,027,373 m3/yr; then SBC with
809,387 m3/yr; then SBL with 514,979 m3/yr, and finally SBA,

FIGURE 4 | (A) Water Demands for different uses (Mm3/yr). (B) Annual
domestic water demand of demand sites (Mm3/yr).
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which demand increases considerably due to visitors to Conguillío
National Park during the summer. Without considering these
months, the SBA has a demand of 274,339 m3/yr, which
increases in the summer period to 344,839 m3/yr.

Irrigation Demand
According to the 2007 Census, the Araucanía Region covers
20.6% of the national surface area dedicated to the forestry
and agricultural sector (916,993 ha). The main use corresponds
to forestry plantations, with 64.3% of this total, followed by
cereals with 18.5% and fodder plants with 9.8%. These three
items concentrate 92.6% of the hectares of forestry and
agricultural use in the region. At the same time, the region
presents great importance, at national level, in six items:
industrial crops, cereals, forest plantations, legumes and

tubers, seedbeds and fodder plants. With respect to cereals,
legumes and tubers, of the total area of the country dedicated
to these crops, 52.7% is located in the Araucanía Region,
(ODEPA, 2015). It is also important to take full advantage of
the excellent soil and climate conditions of the region, such as the
yield of cereal crops in Chile, compared to the world, due to the
quality of its soil, mainly in this region, which has volcanic soil
with a high percentage of organic matter (Fernandez-Alberti
et al., 2012). Taking a base of more than 50 years, in the
world the yield has increased by 200% and in Chile more than
350% (FAO, 2015).

Table 4B shows the distribution of different types of surfaces
associated with irrigation demands. The sub-basin with the
largest planted area is SBA (28%), followed by SBC (22%).
Thus, the largest sub-basin is the Cautín area, with a total

FIGURE 5 | (A) Water supply in study sub-basins (Mm3/month); (B) Water demands for human consumption in each basin (Mm3/yr); (C) Water demands for
agricultural uses in each basin (Mm3/yr); (D) Electricity production in each basin ((Mm3/yr); (E) Water demands for livestock farming in each basin (Mm3/yr); (F) Water
demands for industry and other uses in each basin (Mm3/yr).
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surface of approx. 130,000 ha. About one-third of SBA and SBC
correspond to cultivated area (84,000 ha), which potentially may
need irrigation. In the case of SBQ, it happens that it has a smaller
area than the previous basins (55,650 ha), but its ratio in terms of
planted area is 45%, and finally SBL only 3%. However, and this is
very important, the area effectively irrigated (12,553 ha)
represents only 15% of the potential irrigation demand.

To understand this, it is necessary to know the following: The
Office of Agrarian Studies and Policies (INE, 2007; ODEPA,
2015) considers a fixed water demand of 2,700 m3/ha for
irrigation during the dry season (November to April). This
implies a real irrigation demand of approximately 227 Mm3/yr.
On the other hand, the irrigation water effectively authorized for
these basins is only 11 Mm3/yr. These facts allow us to suggest
that there exists a significant gap between the water effectively
used for irrigation purposes, and the potential needs of water
resources to cover the future potential demands.

As shown in Figure 5C, which presents the monthly irrigation
demands at sub-basin level, the irrigation requirements are
associated only to the dry season. At regional level, 21%
(634.5 ha) of the territory has a water deficit, with the

northern sector of the region being associated with land under
strong pressure for agricultural and forestry use, (ODEPA, 2015).
This poses the typical challenge of an adequate water resources
management system, which inevitably requires the implementation
of artificial water reservoirs, and the use of water balance models like
WEAP to develop an effective management strategy.

Livestock Production Demand
The Araucanía region has approximately 1,000,000 ha of
grasslands of excellent quality, which constitute the base for
the breeding and feeding of cattle and sheep, and, on a
smaller scale, horses and goats. As reported by ODEPA
(2018), the region represents 10.4% of the livestock production
of the country, and occupies the second place nationally in
importance in the bovine mass. Specifically in the area of beef,
the region has the necessary conditions to become an important
producer - exporter of meat. In 2016, the region contributed with
18% of the country’s cattle profit, measured in tons of meat
(39,828 tons). In 2015, the region contributed with 7.7% of the
milk received by the country’s largest dairy industry plants
(ODEPA, 2018). Figure 5E shows the average monthly water
demand for livestock production during the year. The total
demand in the entire basin is 6.2 Mm3/yr, and the highest
demand is for SBC (2.12 Mm3/yr), mainly cattle production,
followed by SBL (1.68 Mm3/yr) mainly sheep and goat
production. It should be noted that the surface area destined
to pasture in these sub-basins is 4.6% and 3% respectively.

Demand for Hydropower
The results of our study for water demand for electricity
production was 22.3 Mm3/year (see Figure 5D). The SBC and
SBA subbasins have the highest value of water use for
hydroelectric production (8.14 and 7.95 Mm3/year,
respectively), and the SBL has a very small value
(0.01 Mm3/year). It should be noted that energy demand or
consumption also has a relevant spatial component. For
example, the Toltén river basin (where the SBA sub-basin is
included) has a total hydroelectric potential of 1,123 MW
distributed relatively evenly among all the sub-basins that
make up the Toltén river basin and ranging from 100 to
500 MW (Energia, 2016).

In addition, when mapping the basin and its respective sub-
basins, it was established that the areas with greatest potential
for hydroelectric use, coincide with zones where natural
protected areas are located. Therefore, there should be
greater restrictions on use. However, today the greatest
opposition to the installation of small hydroelectric plants
are related with areas of important heritage (national parks)
and, mainly, associated with cultural aspects of the native
Mapuche people. So, the optimization model used seeks to
know how much hydroelectric potential does not overlap
with natural protected areas.

Water Balance
An essential aspect of estimating the water availability in a specific
area is to have reliable data of the local precipitations behavior.
This is the leading term of the inflow streams of any water balance

FIGURE 6 | Results of the WEAP simulations: Calculated terms of the
monthly water balance for each sub-basin (mm). (A) Precipitations (pp). (B)
Runoff (Rf). (C) Evapotranspiration (ET).
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model (see Figure 2). Figure 5A shows the average (2000–2015)
monthly water supply of the total watershed under study,
subdivided into the four sub-basins. This supply is the
accumulated water, product of rainfall and snow upstream in
the Andean mountain range, mainly in the periods from June to
December, with the highest values from June to August.

The main components of the water balance are precipitation,
runoff, and evapotranspiration. The monthly behavior of these
terms for each catchment area, as simulated by the WEAP
model using the available input data, is shown in Figures 6 A,
B and C, respectively. It can be observed that the catchment
which presents the highest precipitation, runoff, and
evapotranspiration for the entire period is the Allipén sub-
basin (SBA). This catchment shows a well-marked rainfall
regime since most of the runoff occurs in the winter months.
Precipitation is around 2,175 mm/yr, with higher values in
winter, while runoff and evapotranspiration reach 1,420 and
919 mm/yr, respectively. Thus, the runoff factor of the basin is
close to 65%, and the evapotranspiration factor is 42%. In
principle, the runoff component may be utilized to cover
different water demands. However, if there is no adequate
infrastructure to accumulate this freshwater, in a few hours, it
will flow directly into the ocean. Also, Viviroli et al. (2020)
point out that in many parts of the world mountain areas
provide excessively high runoff. However, it is projected that
1.5 billion people (24% of the world’s lowland population) will
be critically dependent on contributions frommountain runoff
(39% of the world’s land mass) by the middle of the 21st
century.

According to DGA studies (2017), the Toltén River basin, of
which the SBA catchment forms part, receives less than 15% of its
precipitation in the form of snow, since the elevation of the Andes
Mountain Range is lower in these latitudes. Almost the entire
precipitation of the basin falls in liquid form, causing a marked
pluvial regime in the flows.

Changes in the water balance during the cold, wet season
(April-September) dominated those in the hot, dry season
(October-March). Precipitation was higher between May and
September in all the sub-basins, also causing a consistent runoff
increase in that period. The essential point of the model is that
supply can be summarized as the sum of direct runoff from
precipitation, snow-melt, and baseflow. At the same time,
evapotranspiration extracts water stored in the unsaturated
subsoil (Yates et al., 2005).

CONCLUSION AND RECOMMENDATIONS

This research aimed to advance in the understanding of the
behavior of the mountain basins of the Andean mountain range
in south-central Chile. Mountain basins are the primary sources
of its freshwater supply (Momblanch et al., 2017) and also for
the main watersheds of the Araucanía Region, in addition to
providing ecosystem services. The study focused on four
watersheds of a protected natural area (Conguillío National
Park) located in the pre-Andean range of the Southern Andes.
These basins drain their water to different communities, which

use it as water resources. Using the different local hydroclimatic
data available, theWEAP hydrological model was calibrated and
validated, allowing not only to correctly determine the water
balance, but also its usage.

Our results show that the total water available in the basin
almost all the year is greater than the water consumption in the
study area. On the other hand, downstream of the study area, the
distribution of water is more complex, since the demand for
consumption increases due to the fact that in the lower zones
(valleys) there are significant human settlements (cities with
populations greater than 100,000 persons), large agricultural
and forested areas, and various industries. These conditions
have to be considered in a territorial planning strategy,
preferably based on watershed management. Unfortunately, at
this time, the territorial planning based on watersheds is not yet a
common practice in Chile. It is limited mainly to academic
initiatives (Larrain et al., 2010).

Even if the obtained results of this study agree with the
general behavior expected for this type of systems, to the best
of our knowledge it is the first time in Chile that hydroclimatic
and related data is processed, systematized, and used to
validate a water management model. Therefore, this study
developed a highly valuable planning skill to support strategic
decision-making in the allocation of water resources to
various sectors, including the corresponding investment
requirements for water regulation infrastructure. This is a
fundamental issue to face successfully the challenges raised by
the different potential future changes, both in climate as in
water demand for human activities. The increase in demand
and changes in cropping patterns, combined with the effects
of climate change, could present serious problems for
agriculture if this activity and its irrigation demand are not
planned.

In the context of global climate change, it is expected that
Chile will be affected significantly (Valdés-Pineda et al., 2014).
Future scenarios indicate a considerable decrease in
precipitations (20–50%) and an increase in temperatures
(1–3°C) (Orrego et al., 2016), which will have a dramatic
impact on the natural and socio-economic environment,
mainly in agro-industry. Droughts and floods may cause crop
damage, while increased population growth (INE, 2015) will
intensify pressure on freshwater supplies. Indeed, in the near-
future global water supply will not be sufficient to cover the
increasing demand. It is crucial to develop a public strategy to
adapt to this uncertain new conditions (Valdés-Pineda et al.,
2014; DGA, 2017).

On the other hand, in Chile the existence of several
institutions related to water regulation means that the legal
framework is fragmented, which generates coordination and
financing problems. The use and management of water
resources are regulated by the Water Code of 1981, which
focuses on Water Rights. The Water Code defines water as a
"national good of public use" but at the same time as an
"economic good". It authorizes water privatization through
the free use rights in perpetuity concession (it does not set
limits to the concession of use rights). It establishes a system of
water redistribution through transactions between private
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parties, thus creating a Water Market, and favors the
concentration of ownership of this resource (Larraín et al.,
2010; Larraín, 2012). Currently, a great debate takes place in
Chile regarding the legislation change concerning water use and
management. This debate requires correct knowledge of the
distribution of water for different uses.

Therefore, a recommendation is that Chile should have a
single institution that regulates and assigns water rights for
different uses. For these reasons, a thorough review of the
water legislation through the Water Code is needed.

In this context, obtaining calibrated results of a water balance
through a water management model, allows to determine the
different usages (domestic, agricultural, livestock, fish farming,
hydroelectric, and industrial uses). It can be inferred that these
sub-basins have a high use value, allowing the supply of water to
different communes of the region demanding this resource, providing
at the same time abundant opportunities for the development of
different economic activities. Besides, it will contribute to a
satisfactory and responsible decision-making process, allowing
strategies implementation against the different current and future
scenarios, such as land-use changes, industrial activities demands
(fish farming, hydroelectric, and many others.), and thus will also
ensure the Conguillío National Park ecosystem services sustainability.

From an ecosystemic point of view, the presence of these water
bodies allows for the maintenance of a balance in the water
balance of the basin, controlling runoff, reducing overflows and
drying up of downstream flows, offering a high potential for the
development of productive activities such as tourism, sport
fishing, irrigation and many others CONAF, Corporación
Nacional Forestal (2009). Furthermore, protected natural areas
are important not only for Chile, since the existing natural
heritage is made up of a unique global biodiversity
(Mittermeier et al., 2004; Arroyo et al., 2006). Thus, these
mountain ecosystems are areas of high production value.
However, they are very fragile (Canedoli et al., 2020) and
vulnerable to anthropic and climatic effects (Gao et al., 2020;
Immerzeel et al. 2020).

Finally, nothing in hydrology can be correctly established
without an accurate, modern, and homogeneous network of
measurements, both meteorologically and hydrologically. It

does not exist in Chile today, even for its most important
watersheds. Therefore, it is recommended that the pertinent
authorities implement policies oriented to meet the basic
needs that allow the reliable follow-up of water flows, both in
surface and subsurface, and push forward to effective
implementation of watershed-based territorial planning
strategies. The results and skills developed in this study are a
valuable contribution to these objectives, since the WEAP water
resource planning model provides accurate information for
decision-making facing different future socio-economic
scenarios, such as population growth, land-use changes,
forestry, and agricultural use, and of course, those associated
with climate change that will influence all the others (de Marsily
and Abarca-del-Rio, 2016; Konapala et al., 2020).
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