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Water allocation under climate change: A diagnosis
of the Chilean system

Pilar Barrı́a1,2,*, Ignacio Barrı́a Sandoval3, Carlos Guzman4, Cristián Chadwick2,
Camila Alvarez-Garreton5,6, Raúl Dı́az-Vasconcellos2, Anahı́ Ocampo-Melgar2, and
Rodrigo Fuster7

Chile is positioned in the 20th rank of water availability per capita. Nonetheless, water security levels vary
across the territory. Around 70% of the national population lives in arid and semiarid regions, where
a persistent drought has been experienced over the last decade. This has led to water security problems
including water shortages. The water allocation and trading system in Chile is based on a water use rights
(WURs) market, with limited regulatory and supervisory mechanisms, where the volume to be granted as
permanent and eventual WURs is calculated from statistical analyses of historical streamflow records if
available, or from empirical estimations if they are not. This computation of WURs does not consider the
nonstationarity of hydrological processes nor climatic projections.This study presents the first large sample
diagnosis of water allocation system in Chile under climate change scenarios.This is based on novel anthropic
intervention indices (IAI), which were computed as the ratio between the total granted water volume to the
water availability within 87 basins in north-central and southern Chile (30�S–42�S).The IAI were evaluated for
the historical period (1979–2019) and under modeled-based climatic projections (2055–2080). According to
these IAI levels, to date, there are 20 out of 87 overallocated basins, which under the assumption that no
further WURs will be granted in the future, increases up to 25 basins for the 2055–2080 period. The results
show that, to date most of north-central Chilean catchments already have a large anthropic intervention
degree, and the increases for the future period occurs mostly in the southern region of the country
(approximately 38�S), which has been considered as possible source of water for large water transfer
projects (i.e., water roads). These indices and diagnosis are proposed as a tool to help policy makers to
address water scarcity under climate change.
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1. Introduction
Water projections indicate that by mid-21st century, more
than half the world population will live in regions under
water stress conditions, either associated to the physical
lack of water supply to meet the water demand (water
scarcity; Van Loon et al., 2013) or to the inability of the
water management systems to satisfy human and ecolog-
ical demands for water (water access; UN, 2018). As popu-
lation and economic development is projected to grow,
the water demand is expected to increase worldwide up
to 55% by 2050 (WWAP, 2014), exacerbating water

scarcity in many areas of the world (Greve et al., 2018).
These projections raise concerns about future global water
security (Schewe et al., 2014) and the achievement of the
Sustainable Development Goals (UN, 2015), most of which
are strongly linked to water availability and quality (Van-
ham et al., 2018). This is particularly important in devel-
oping semiarid and Mediterranean climate regions of the
world, such as north-central Chile, where general climate
models (GCMs) consistently project decreases in rainfall
over the following decades. These projected decreases
highlight the need to revise current water management
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systems in order to adapt or transform them to manage
the finite fresh water under an increasing demand (Polade
et al., 2017).

In this context, there is a growing number of studies
that propose large-scale water management strategies to
deal with water scarcity (e.g., Kahil et al., 2015; Wada et al.,
2016). Many of these studies propose guidance toward
improving the operation or building new hydraulic infra-
structure to increase the water supply based on informed
decision making (e.g., Hoekstra, 2014; Zhang et al., 2019).
The governmental investments in such large-scale strate-
gies need to be founded on robust local information
regarding water availability and climate projections at the
regional scale (Greve et al., 2018). Studies on hydrology
have stressed the need to start planning as viewing
through a “cone of uncertainty” representing the multiple
unknown affecting water supply (Waage and Kaatz, 2011),
as current climatic trends are no longer valid (Milly et al.,
2008). In this way, advancing the understanding of the
physical limits of the resource (surface and groundwater
availability) and water uses (Garrick and Hall, 2014) under
different possible futures (Lempert et al., 2003; Kwakkel
et al., 2016) should facilitate the design of resilient water
security strategies (Ericksen et al., 2011; Fazey et al., 2011).

Chile is a narrow and long strip of land located
between the high ranges of the Andes mountains and the
Pacific Ocean, which provides an exceptional scenario for
analyzing spatial and temporal variability of climate and
water resources. In this territory, information on water
availability and management is one of the main chal-
lenges toward addressing water scarcity (Mundial, 2013).

Chilean water management is ruled by the 1981 Water
Code (WC81), which establishes that water allocation is
based on a water use rights (WURs) system that grants
a quantity of water to solicitor users. These can then be
traded (or reallocated) through the water market, which
theoretically would regulate the reallocation of the avail-
able water resources based on economic efficiency. How-
ever, the Chilean water market is constrained by severe
limitations to provide responses to water conflicts and to
reach environmental sustainability (Rı́os and Quiroz, 1995;
Hearne and Donoso, 2014; Rivera et al., 2016; Peña, 2018).
Challenges as the lack of robust and updated databases of
water availability (total precipitation and runoff), and ex-
isting total WURs and effective water use at the basin
scale, highly debilitates the assumption of efficient reallo-
cation (Donoso, 2018).

Furthermore, as water markets are driven by demand
price set by relatively high-valued water uses (Donoso et
al., 2014), the partly human-induced declines in water
availability experienced in central Chile during the last
2–3 decades (Boisier et al., 2016; Boisier et al., 2018) have
led to severe water-access problems, particularly for less
profitable sectors such as subsistence agriculture or rural
drinking water systems (Bauer, 2015; Muñoz et al., 2020).
Considering the mounting evidence of climate change
projections, there is still limited knowledge of how the
hydrological regimes will evolve in the future decades
(McPhee, 2018), and how well the existing water

allocation methods will work under a changing climate
(Barria et al., 2019).

In this context, to contribute into advancing toward
a sustainable water management system that leads to
water security under climate change scenarios, in this
study, the historical and future performance of the Chi-
lean water allocation system under nonstationary hydrol-
ogy have been assessed. To do that, a hydrological model
was implemented within 87 catchments in north-central
and southern Chile to simulate water availability under
historical and future climate change scenarios. Then, two
indices were developed to facilitate the incorporation of
current and future water availability states into a diagnos-
tic of the national water allocation system. These indices,
named the Indices of Anthropogenic Intervention (IAI),
are computed at the catchment-scale and account for es-
timations of water availability and human intervention
within the basin (granted WURs). The research questions
here addressed are as follows:

1. What is the spatial-temporal variability of the
anthropic intervention degree in the north-
central and south Chilean region considering
a large sample of catchments located in
a wide latitudinal range?

2. How prepared is the current Chilean water
management system to avoid the overalloca-
tion of basins under a nonstationary climate
change scenario?

3. What are the implications of these results for
large-scale projects aimed at increasing water
supply?

1.1. Insights into the market-based Chilean water

allocation system

As aforementioned, Chilean water allocation is based on
a tradable WURs market originally granted by the Direc-
ción General de Aguas (Chilean Water Directorate, DGA),
and later traded by the owner as it is considered as immov-
able good which has to be registered in the Real State Title
Offices and constitutes perpetual private property with
high legal security (Bauer, 1998). However, this market-
based system is limited by several failures regarding: water
price, WURs hoarding (Bauer, 2004, 2015), and most
importantly for this analysis, an incomplete information
regarding the amount of WURs that is placed in the mar-
ket. As it will be described in the following paragraphs, the
latter is related with the official WURs database and the
limited national water resources monitoring system that
should support it.

Although much has been advanced in characterizing
and understanding the Chilean hydrology over the last
decades, from scientific perspectives (Alvarez-Garreton et
al., 2018) and institutional perspectives (e.g., the Chilean
Atlas Water by the DGA, 2016, and the National Water
Balance project by the DGA, 2017), key challenges regard-
ing water management still remain unaddressed,
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including the lack of robust and updated databases of (1)
water availability (total precipitation and runoff), and (2)
existing total WURs and effective water use at the basin
scale (Donoso, 2018). The Chilean Water Atlas and Water
Balance were efforts to improve the knowledge of the
Chilean hydrology by systematizing the historical hydro-
meteorological records of the national territory at the
basin scale, but continuous monitoring of hydrometeoro-
logical variables is still scarce and inexistent in many ba-
sins of Chile, especially glaciers monitoring (McPhee,
2018), key for snowmelt-dependent basins (Donoso,
2018). Glacier monitoring is crucial to have a good under-
standing of groundwater resources in Chile, especially in
north-central semiarid and arid basins, where most of the
groundwater recharge takes place in high elevations in the
Andes Mountains (Suarez et al., 2021).

Regarding water use, several diagnoses (Mundial, 2011;
Donoso, 2018; Fundación Chile, 2018; Barria et al., 2019)
reported that the lack of reliable WURs records is one of
the main problems of the Chilean water allocation system,
which prevents a realistic quantification of the water bal-
ance within a basin and thus reliable water availability
calculations. The main problems with the DGAWURs data-
base reported by these studies are as follows: (1) contains
WURs with different units of measurement or nonvolu-
metric units (shares); 2) as the databases aims to provide
traceability of all the administrative processes that have
affected WURs historically (purchases, sells etc.), there are
several duplicates WURs, which are not identified in the
database; (3) existence of pre-WC81 WUR granted during
the agrarian reform (1970) that have not been systema-
tized in the DGA databases; (4) existence of WUR that do
not require to be registered in the databases, such as
mining water use and the subsistence water uses (DS56);
(5) information is not presented at the catchment scale,
and location of the WURs is inaccurate in some cases,
hampering the calculations of water balances to allocate
further WURs; and (6) the database lacks information
regarding effective water use, which means some granted
WURs might not be currently used.

In addition to the aforementioned limitations in the
water availability and use records, Barria et al. (2019)
showed that the Chilean water allocation methodology
disregards climate change impacts on water availability,
which hinders a sustainable management of water and
threatens long-term water security. Indeed, as stated by
the WC81 (Articles 20, 22, 23, 57–60, 130, 141, 149, and
150), the DGA must grant any WUR requested if there is
water availability in the basins. However, according to the
methodology adopted by the DGA, that water availability
(the available water volume to be granted via WURs) is
determined based on statistical analysis of historical run-
off information, and under the assumption of stationarity
(DGA, 2008).

In the meantime, increased water consumption associ-
ated to the economic growth in agriculture and mining
exports since the early 1990s (Anrı́quez and Melo, 2018),
combined with the gradual decrease in precipitation dur-
ing the last two to three decades (Boisier et al., 2016;
Boisier et al., 2018), and exacerbated by the decade-long

(2010–2019) precipitation deficits experienced during the
so-called megadrought (MD; Garreaud et al., 2017, 2020),
have pushed the proposition of large private and public
infrastructure initiatives to increase water supply. These
initiatives include a national dams plan that aims to build
26 dams in nine regions, desalination plants in coastal
cities (Ministerio de Obras Públicas [MOP], 2018), and
immense water transfer infrastructure of approximately
US$10–20 million and over 1,000 km of distance, trans-
porting water from the humid catchments located in
southern Chile to the semiarid regions of the country.
Currently, there are two long distance water transfer pro-
jects in pre-feasibility status, both pushed by noncorpora-
tions sponsored by farm and mining industry associations
(e.g., Chilean fruit exporters association, National Agricul-
tural Society, or the Mining Council, the trade association
that brings together the largest mining companies pro-
ducing in Chile). The more advanced project, named
Hydric Road Project, plans to be constructed inland con-
necting existing infrastructure with new pipelines (Cor-
poración Reguemos Chile, 2020), while the Aquatacama
project is planning to submerge in the ocean a large pipe-
line using a new technology called SubmaFlex1 (Aqua-
tacama, 2020). Robust and reliable information are not
only necessary for a strict enforcement of water use and
water regulations (Vargas et al., 2020), but also to a deeper
understanding of the trade-offs associated with such large-
scale projects. Recent studies have stressed that these
kinds of megaprojects require sound cost-benefit evalua-
tions to assure sustainable water management (i.e., Vargas
et al., 2020), incorporation of environmental impacts in
the donor catchment (Albiac et al., 2006), as well as the
long term projections of the opportunity cost of alterna-
tive water uses (Vargas et al., 2020).

In that regard, considering the current limitations of
the Chilean water management system to deal with water
scarcity problems during the MD (e.g., Alaniz et al., 2019;
Muñoz et al., 2020; Barrı́a et al., 2021), and the possible
implementation of mega infrastructure strategies to
search for new and distant water sources, it is urgent to
revise and improve current water allocation mechanisms
(Barria et al., 2019).

2. Study area and data
2.1. Study area

This analysis comprises from north-central to southern
regions of Continental Chile, located between 30�S in the
north and 42�S in the south. Following the Köppen-Geiger
climate classification (Kottek et al., 2006), that region
spans a variety of climates, from the desertic north (BWk)
to the very wet rain-oceanic (Cfb) climate in the south,
including the central sub-humid Mediterranean climate
(Csb) region. These physiographic characteristics feature
a large spatial variability of climate and result in a wide
range of hydrological regimes within this region (McPhee,
2018). Indeed, as shown in Figure 1a, the mean annual
precipitation ranges from around 240 mm/year in the
northern basin (e.g., Rı́o Limarı́ en Panamericana,
-30.67�S) to around 1900 mm/year in the southern basin
(e.g., Rı́o Rahue en Forrahue, -40.52�S) of the study.
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Furthermore, the study region concentrates more than
70% of the national population (INE, 2018), over 75%
of the total irrigated agricultural activity of the country
(INE-ODEPA, 2007) and more than 90% of the national
forestry industry (INFOR, 2019). These activities are
characterized by large and increasing water demands,
which have propitiated substantial land use and land
cover changes, and water use demands during the last
three decades (i.e.- Schulz et al, 2010, Alaniz et al., 2019).

To assess historical and future performance of the Chi-
lean water allocation system under a nonstationary
hydrology, a modeled-based water balance of a large num-
ber of north-central and south Chilean catchments was
obtained using historical, future climate change hydrome-
teorological data, and WURs information, all of them
described below.

2.2. Observed hydrometeorological data

Monthly time series of streamflow, precipitation, and tem-
perature data at the catchment scale were obtained from
the CAMELS-CL (Alvarez-Garretón et al., 2018) database,
which can be downloaded from the CAMELS-CL explorer
(http://camels.cr2.cl). The database includes catchment
boundaries, catchment-averaged hydrometeorological
time series, and attributes characterizing the topography,
geology, climate, hydrology, land cover for 516 basins
across Chile, for the 1979–2019 period.

From the 516 CAMELS-CL catchments, a subset of 87
catchments that fulfilled the selection criteria described in
Section 3.1 were used to calibrate and validate the water
balance model. The subset of 87 catchments, feature
diverse climatic (Figure 1a and b) and geographical con-
ditions (Figure 1c), with areas ranging from approxi-
mately 81 km2 to approximately 24,270 km2 and mean

elevations ranging from approximately 132 m a.s.l. to over
2,460 m a.s.l. Detailed information about the ensemble of
basins is presented in Table S1. As presented in Figure 1a,
precipitation within the study catchments generally in-
creases southward. Also, the Andes mountains range is
an important feature as it provides conditions for oro-
graphic precipitation enhancement (Viale and Garreaud,
2015). Because of the large climatic and geographical var-
iability, the Chilean catchments encompass a wide range
of hydrological regimes (McPhee, 2018) including pluvial,
snowmelt, and mixed rainfall-snowmelt regimes. How-
ever, as illustrated in Figure 2a, the catchments analyzed
in this study have predominantly pluvial hydrological
regime, characterized by peak runoffs during austral win-
ter months (June–July–August), with few pluvio-nival
regime catchments.

2.3. GCM-based precipitation and temperature

projections

Monthly temperature and precipitation data from the
GCMs collated by the CMIP5 (Taylor et al., 2012) ensem-
bles were used to analyze the projections of water avail-
ability within the study catchments under climate change
scenarios. A list of the 75 simulations from the 41 CMIP5
GCMs used in this analysis, along with the GCMs charac-
teristics, are presented in Table S2. CMIP5 GCMs were run
under control forcing (preindustrial or representative of
year 1900 conditions) for the period between 1900 and
2005 and transient forcing (time-varying concentrations
of greenhouse gases) for the period between 2006 and
2100. The anthropogenic forcing Radiative Concentration
Pathway (RCP) scenarios considered in this study are the
RCP8.5 and RCP4.5 scenarios (Van Vuuren et al., 2011),
which correspond to a more risk-averse and moderate

Figure 1. Location and characterization of the 87 study catchments. Mean annual precipitation (a), Aridity index (b),
and elevation (c) of the study basins. DOI: https://doi.org/10.1525/elementa.2020.00131.f1
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perspective regarding future runoff reductions,
respectively.

2.4. WURs

In this study, the official postprocessed (debugged)
granted WURs database available at the Chilean Water
Directorate was used. Although this information is not
published in the DGA website, it can be requested
through the Transparency Law website (Consejo para la
Transparencia, 2020). As indicated in Section 1.1, the DGA
WURs database is affected by several shortcomings regard-
ing the location, amount, and type of WURs. Indeed, as
presented in Figure S1, a preliminary assessment of the
official DGA WURs database information within the
administrative regions of the country where the 87 study
basins are located was performed. According to that, from
around 80,000 surface WURs and 110,000 groundwater
WURs, a 58% and a 52% of the surface and groundwater
WURs, respectively, lacks information to locate them at
the basin scale. This problem is exacerbated in the basins
located north of 36�S (north-central Chile), where the lack
of geographical coordinates information affects to a 71%
of the total WURs (Figure S1b and S1c), hampering the
calculations of water balances.

As for the official WURs DGA database, in the de-
bugged database here used, water entitlements are classi-
fied according to their use as either permanent or
eventual water rights, and according to the source in sur-
face or groundwater rights. PEWRs (permanently exercis-
able water rights) correspond to runoff with probability of
exceedance greater than 85%, which can be used uninter-
ruptedly. EEWRs (eventually exercisable water rights) cor-
respond to large streamflow volumes, calculated as runoff
with 5% probability of exceedance (DGA, 2008), which
can be used only after permanent water rights have been
satisfied and while respecting stipulated ecological river

runoff. It is important to mention that there are also non-
consumptive WURs, related with activities that in theory
(according to the WC81) will not consume water and
therefore will use it and return it somehow “intact” to the
river channel, that is, for a hydroelectricity production. In
this study, the same assumption was applied, then non-
consumptive WURs are diverted in the same catchment
where they were captured, not affecting the basin scale
water balance. Also, as the DGA database includes some
WURs with nonvolumetric information (water shares),
which are not presented at the basin scale, some postpro-
cessing were required to include those WURs in the indi-
ces calculation (more information in Section 3.3.1).

3. Methods
The spatiotemporal variability analysis of water availability
contrasted with the anthropic demands in terms of WURs
was evaluated considering time-windows of 26 years
length, following four stages. First, as detailed in Section
3.1, the airGR “GR2M” lumped hydrological runoff model
was calibrated for the 516 catchments collated in
CAMELS-CL data set, from which those that have good
performances were selected to obtain runoff projections
forced by climatic data under different climate change
scenarios.

Second, two different approaches were proposed to
calculate the theoretical available volumes of water to
be granted as permanently exercisable surface and subsur-
face water rights on an annual basis (water availability): (1)
based on the standard DGA procedure under scrutiny,
using runoff records (see Section 3.2) and (2) considering
the total water entering the basin, using the rainfall re-
cords. The water availability was calculated for three per-
iods: (1) considering the data before the MD occurrence
(1980–2005), (2) for the recent observed period including

Figure 2. Streamflow seasonal variation of the 87 catchments for the 1980–2019. Calculations are based on (a)
observed DGA runoff records, (b) simulated monthly runoff times series using the airGR GR2 M model. DOI:
https://doi.org/10.1525/elementa.2020.00131.f2
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the last 10 years of MD period (1994–2019), and (3) con-
sidering future climate change scenarios (2055–2080).

Third, the indices of anthropic intervention within
every catchment were calculated as the ratio between the
annual surface and subsurface flow (groundwater flow)
WURs allocated within every catchment plus the ecosys-
tem requirements based on the ecological runoff, and the
two theoretical water availability calculations here pro-
posed (as it is calculated based on the DGA procedures;
Section 3.3).

Finally, a spatiotemporal analysis of water availability,
indices of anthropic intervention and granted WURs, was
conducted for a variety of historical and future scenarios:
the observed period before the MD (1980–2005), the
recent historical period considering the MD (1994–
2019), and the future period considering climate change
projections (2055–2080).

3.1. Modeled-based hydrological projections

To obtain runoff projections for the large sample of catch-
ments collated by CAMELS-CL, the airGR monthly lumped
hydrological model (GR2 M) was used. The “GR2M”
(Mouelhi, 2003) is an R-package (R Core Team, 2015),
which simulates the monthly water balance at the catch-
ment scale, forced with monthly rainfall and potential
evapotranspiration. In this study, the Oudin et al. (2005)
model was used to estimate the historical and future
monthly potential evapotranspiration, from monthly tem-
perature and solar radiation data, computed using the
airGR package in R (R Core Team, 2015). The GR2 M airGR
model considers two buckets: (1) Soil moisture, which has
infiltration, evaporation, and percolation fluxes, and (2)
Groundwater storage, where percolation is an inflow,
superficial flows are outflows, and groundwater fluxes to
other basins act either as inflows or outflows depending
on the basin (Mouelhi et al., 2006).

The GR2 M model was implemented within the 516
CAMELS-CL catchments using catchment scale monthly
precipitation, temperature, and runoff data from the
CAMELS-CL database. However, only the catchments that
fulfilled the following criteria were selected: (1) catch-
ments with more than 75% of their monthly runoff data
during the calibration period (1990–2019), (2) catchments
with more than 50% of their monthly runoff data during
the validation period (1979–1989), and (3) catchments
with a Nash–Sutcliffe efficiency (NSE) greater than 0.5 in
the calibration process, and coefficient of determinations
above 40% during the validation process (R2). These effi-
ciency values are considered as satisfactory in runoff si-
mulations (Moriasi et al., 2007).

Once the monthly water balance models of the 87
selected catchments were implemented for the historical
period (1979–2019), bias-corrected future monthly tem-
perature and precipitation data from the GCMs collated by
the CMIP5 ensembles were used to obtain future projec-
tions of runoff within the studied catchments. To account
for the uncertainties in climate change projections, 75
simulations from 41 CMIP5 GCMs were used in this anal-
ysis (GCMs list is presented in Table S2). As indicated in
Section 2.2, the anthropogenic forcing scenarios

considered in this study correspond to the risk-averse
RCP8.5 and the moderate RCP4.5 scenarios (Van Vuuren
et al., 2011). These GCMs data were bias-corrected using
a delta change approach (Hay et al, 2000). The delta
change approach consists of applying the changes simu-
lated in the raw GCMs projections between a future and
a historical period to the observed climate data. Thus, the
observed precipitation series were multiplied by the
change factor, and the temperatures were corrected apply-
ing an additive factor, both obtained from the raw GCM
projections.

The calibrated GR2 M model for each catchment was
run under bias-corrected monthly precipitation and tem-
perature data (from the CMIP5 GCMs) to obtain evapo-
transpiration estimations and runoff projections for the
long-term future 2055–2080.

3.2. Determination of the water availability at the

catchment scale

According to the DGA procedures (DGA, 2008) and as
governed by the Water Code, the available water supply
in a catchment is determined from the observed runoff
records on a monthly basis as follows:

QPEWRi ¼ Q85 i ð1Þ

where,

QPEWR i ¼ Runoff available for permanently

exercisable water rights for month i

Q85 i ¼ 85% probability of exceedance runof f f or month i

Based upon the DGA (2008) procedures, and according
to the letter b of the Supreme Decree 14 of year 2014
(BCN, 2014), monthly ecological runoff is calculated from
historical runoff records, as follows:

1. If 50% of the Q95 i is less than 20% of mean
annual runoff (Qannual), then,

Qecol i ¼ 0:5� Q95 i ð2Þ

where,

Q95 i ¼ 95% probability of exceedance runof f f or month i

2. If 50% of the Q95 i is greater than 20% of
mean annual runoff, then,

Qecol i ¼ 0:2� Qannual ð3Þ

where,

Qannual ¼ Mean annual runof f in a period of interest

It is important to notice that considerable research has
indicated the ecological flow calculations considered in
the DGA methods do not necessarily comply with the
ecosystem requirements associated with the surface
source (i.e., Toledo and Muñoz, 2018). Moreover, the
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methods here described rule the calculations of water
availability since year 2008, and the calculations of ecolog-
ical runoff only affect WURs granted after year 2005. How-
ever, to accomplish the aims of this study, regarding
estimating the anthropic intervention at the basin scale in
a wide latitudinal range of Chile under historical and future
climate scenarios, a conservative theoretical approach has
been considered, applying the aforementioned expressions
for all basins under all the climate scenarios.

In this study, empirical distribution functions were
used to calculate different exceedance probabilities of
runoff.

In addition, and as a proxy for estimating the theoret-
ical available water for granting WURs without consider-
ing the effect of water withdrawals on the observed
runoff, precipitation statistics for each basin were com-
puted as follows:

PPEWR i ¼ P85 i ð4Þ

where,

P85 i ¼ 85% probability of exceedance precipitation f or

month i

The monthly amounts of theoretical available water for
granting PEWR from runoff and precipitation data (QPEWRi

and PPEWRi, respectively) were then processed on an
annual basis considering the different analyzed time win-
dows represented by the letter j (QPEWRj, PPEWRj). Although
according to Equations 2 and 3, the calculations of eco-
logical runoff may vary according to the time-window
implemented in the analysis, considering that the actual
minimum ecosystem requirements do not decrease on
time, and that the DGA estimations are not fully aligned
to the actual ecosystem requirements, the annual Qecol

was treated as a constant ecological runoff for the three
periods here analyzed, based on the observed period
before the MD (1980–2005). These data were then used
to calculate the anthropogenic intervention indices.

3.3. Collection and systematization of granted

WURs at the catchment scale

In this study, to know the water already allocated in each
basin, geographical information systems were used to sys-
tematize the granted WURs obtained from the official
debugged DGA databases at the basin scale, following
these stages:

� The granted WURs database of all Chile was
plotted and clipped within each catchment of
CAMELS-CL database.
� The granted WURs with wrong or incomplete
coordinates were associated to the gravity
center of the subcatchment they belong to
(which is an attribute of the database).
� The duplicated WURs were identified and
eliminated from the database (changes in the
coordinates, WURs bought or sold, etc.).

� The volumetric equivalent (in l/s) of WURs
presented with qualitative information
(shares) was estimated using the Water Use
Associations share information (Universidad
de Chile, 2018). For WURs which are not
included in any of the Water Use Associations
of Universidad de Chile (2018), an equivalent
of 1l/s per one water share was considered.

More information regarding the DGA WURs database
postprocessing is presented in Supplementary Material
(Text S1).

3.4. Indices of Anthropogenic Intervention at the

catchment scale

To characterize the level of anthropic intervention within
the basins, two indices were defined, which account for
the total allocated consumptive WURs as a function of
water availability within the basin. Indices of anthropic
intervention were defined as the ratio between the water
use (granted WURs from the DGA databases plus the eco-
logical runoff quantified from the historical runoff re-
cords) and the calculated water availability at the
catchment scale. These indices correspond to a theoretical
approach to assess the spatiotemporal variability of
anthropogenic intervention, which are not entirely coin-
cident to the administrative processes considered by the
DGA to declare that a basin is depleted (Article 282 of the
81WC). Indeed, the Article 282 of the 81WC stipulates
that the depleted basin declaration originates under
a third-party request, aside from the fact that they could
be physically depleted.

Two indices were calculated using the annual runoff
data (IAIQ), and the annual precipitation data (IAIP) as
water availability proxies. The first index is computed as
the ratio of WURs granted within every basin and the
ecological runoff to the Q85 (Equation 5), that is, repre-
senting water availability following the same approach
than DGA uses for allocating WURs (Section 3.2). Given
that the observed streamflow used to compute Q85
implicitly represents the volume of water already in use
within the basin, we propose a second index, which repre-
sents water availability as the P85, that is, relying on the
total water entering the basin (Equation 6).

IAIQ and IAIP were computed for the three-time win-
dows used in Section 3.1: the observed period before the
MD (1980–2005), the recent observed period including
the last MD decade (1994–2019), and the future period
considering climate change projections (2055–2080). In
all the cases and as presented in Equations 5 and 6, the
water use was quantified from the postprocessed con-
sumptive, surface and groundwater granted WURs at the
basin scale, from the DGA databases and the ecological
runoff (Qecol), considered as an ecosystem water use. It is
important to note that the granted WURs (GrantedPEWRj)
change in time during the observed period, but as there is
no information regarding future granted WURs, this study
adopts a conservative criterion considering that the WURs
of year 2019 remain constant in the future.
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IAIQj ¼
GrantedWURj þ Qecol

QPEWRj
ð5Þ

where,

IAIQj ¼ Index of anthropogenic intervention using

QPEWR calculated f or time window j

GrantedWURj ¼ Surf ace and groundwater granted WURs

on time window j

and in terms of precipitation, the index is:

IAIPj ¼
GrantedWURj þ Qecol

PPEWRj
ð6Þ

where,

IAIPj ¼ Index of anthropogenic intervention using

PPEWRj f or time window j

GrantedWURj ¼ Both surf ace and groundwater Granted

WURs on time window j

Two IAI thresholds were then defined: (1) catchments
with IAI over 1, meaning basins are already overallocated,
therefore under large risk of water scarcity, as the

calculated water availability is insufficient to satisfy the
anthropic water demand and the minimum ecosystem
requirements; and (2) catchments with IAI over 0.75, or
at risk of future overallocation, especially considering that
projections of IAI are based on the optimistic assumption
that there will not be more WURs granted after year 2019.
These thresholds are in accordance to the water scarcity
analyses presented in Falkenmark (2013), which indicated
basins with anthropic intervention degrees above 0.7
could be considered as basin at risk of water scarcity.

Finally, to assess the spatiotemporal variability of the
water availability and the water use, the changes in the
QPEWR, the PPEWR, the IAIQ, and the IAIP for different time
windows were quantified. Boxplots Kolmogorov Smirnov
and z test of means were used to test the spatial patterns.

4. Results
4.1. Water availability based on observed runoff

and precipitation data

Eighty-seven basins fulfilled the selection criteria pre-
sented in Section 3.1, where the implemented runoff
models had a good performance to represent the hydrol-
ogy of the catchments (NSE and R2 of the models during
the calibration and validation period are around 0.8, Fig-
ure S2), as revealed by the comparison of the observed and
the modeled seasonal variation of runoff in Figure 2a
and b respectively. The water availability for granting

Figure 3. Water availability for granting permanently exercisable water use rights (QPEWR) and indices of anthropic
intervention (IAIQ). These calculated using annual runoff for (a) the 1980–2005 period, (b) the 1994–2019 period, and
(c) the 2055–2080 period. DOI: https://doi.org/10.1525/elementa.2020.00131.f3
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permanently exercisable water rights estimated from run-
off (QPEWR) data are presented in Figure 3a–c for the
1980–2005, the 1994–2019, and the 2055–2080 periods,
respectively, while the available water for granting
permanently exercisable water rights based on precipita-
tion records (PPEWR) is presented in Figure 4a–c for the
1980–2005, the 1994–2019, and the 2055–2080 periods,
respectively. Considering the mean of all the 87 catch-
ments, the QPEWR calculated from the 1980–2005 period
is 13% larger than the QPEWR calculated for the 1994–
2019 period. Similarly, the PPEWR computed from the
1980–2005 precipitation records is about 4% larger than
the PPEWR computed for the 1994–2019 period, changes
that are influenced by the effect of the MD. However,
according to Figure 3, Figure 4, and Table 1, there is
large spatial variability in the PEWR calculations. This is
a consequence of the unique natural and anthropic land-
scape characteristics of each catchment, which define the
terrestrial part of the hydrological cycle. This spatial het-
erogeneity of natural and anthropic landscape character-
istics and hydrologic propagation of precipitation leads to
different challenges for achieving water security at the
local scale.

Following the DGA definitions (DGA, 2016), and as
presented in Figure 1, the boundary between north-
central and south Chile was defined at the latitude 36�S
(dividing central and south Chile macrozones). On

average, the changes in the calculation of the QPEWR con-
sidering the 1980–2005 and the 1994–2019 periods is
�32% in the central Chilean catchments and of –11%
in the southern Chilean catchments. While for the PPEWR,

the changes between the 1980–2005 and the 1994–2005
is of –18% and –3% for the north-central and south Chi-
lean catchments respectively. These results indicate that
the calculations of the water availability in the basins
located in the north-central macrozone are more sensitive
to the rainfall and runoff reductions of the MD period
than the basins located in the southern macrozone. Also,
the results show that elasticity of changes in runoff versus
precipitation of the semiarid basins located in north-
central Chile are lower than the elasticity of changes in
southern, humid catchments (1.8 vs. 3.2 times).

The simulations of QPEWR under the RPC8.5 scenario
for the long-term future (2055–2080) are presented in
Figure 3c. According to Table 1, on average, the pro-
jected QPEWR for the 2055–2080 period for all the studied
catchments is 30% lower than the QPEWR computed for
the historical 1980–2005 period. This indicates WURs
granted before the year 2005 considered a much larger
water availability compared to what is projected for the
second half of the 21st century under a severe climate
change scenario (RCP8.5). A similar result was obtained
under projections based on a moderate climate change
scenario (RCP4.5). As illustrated in Figure S3 of the

Figure 4.Water availability for granting permanently exercisable water rights based on precipitation (PPEWR) calculated
from annual rainfall data. These calculations are based on (a) the 1980–2005 period, (b) the 1994–2019 period, and
(c) the 2055–2080 period. DOI: https://doi.org/10.1525/elementa.2020.00131.f4
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Supplemental Material, the QPEWR for the 2055–2080
period, based on the RCP4.5 scenario, is 19% lower than
the QPEWR computed for the 1980–2005 period. This in-
dicates that even under a moderate climate change sce-
nario, the calculations of the water availability considered
during the 1980–2005 period are an overestimation of
the future water availability for granting WURs.

According to Table 1, although the water availability is
projected to decrease in all the analyzed catchments, the
reductions are larger for catchments in the central macro-
zone. Considering the RCP4.5 scenario, the projections of
QPEWR for north-central Chile catchments have reductions
of about 47% compared to the historical period (1980–
2005), while for catchments located in the south Chile
macrozone, the reductions in QPEWR compared to the his-
torical period are around 23%. Furthermore, the changes
in the QPEWR calculations for the 2055–2080 and 1980–
2005 period under the RCP8.5 scenario, indicate the
north-central Chilean catchments will have reductions of
around 65%, while south Chilean catchments present re-
ductions of about 32%. Regarding precipitation, the pro-
jections of PPEWR calculated for the 2055–2080 period
under the RCP8.5 scenario are presented in Figure 4, and
the projections of PPEWR under the RCP4.5 scenario are
presented in Figure S4 of the Supplementary Material. As
shown in Table 1, on average, the PPEWR calculated for the
2055–2080 period under the RCP8.5 scenario is 15%
lower than the PPEWR during the 1980–2005 period. Con-
sistently with runoff projections, the water availability
based on precipitation data also has large spatial variabil-
ity. According to Table 1, the difference in the PPEWR for
the 2055–2080 and the 1980–2005 periods for north-
central Chile macrozone catchments is about -27%, while
the difference for southern catchments is about –12%.

4.2. Indices of anthropic intervention

The Indices of Anthropogenic Intervention (IAI) calculated
from runoff and precipitation data (IAIQ and IAIP) for the
two observed (historical) and the future periods are pre-
sented in Figures 5 and 6, respectively. As illustrated in
Figure 5a and b, the number of catchments overallocated
or with IAIQ larger than one greatly increases between the
1980–2005 (Figure 5a) and the 1994–2019 period

(Figure 5b). While 13% (11 basins) of the ensemble of
catchments were already overallocated during the 1980–
2005 period, they increased to about 23% (20 basins) in
the 1994–2019 period. On the other hand, what is spe-
cially concerning is that even considering the IAIP, calcu-
lated from precipitation records as a proxy for water
availability (illustrated in Figure 6), the 4% (3 basins) of
the catchments were already overallocated during the
1980–2005 period, which increased to about 6% (5 ba-
sins) in the 1994–2019 period.

As indicated in Section 3.4, the analysis of catchments
under risk of overallocation with IAIQ above 0.75 (panels
a and b of Figure 5) shows an increase from 13% (16
basins) to 23% (23 basins) from the 1980–2005 (panel
a) to the 1994–2019 (panel b) period. While according to
the results presented in panels a and b of Figure 6, for the
IAIP, the percentage of basins under risk of overallocation
increases from 8% (7 basins) to 14% (12 basins) during
the 1980–2005 (panel a) and 1994–2019 (panel b) peri-
ods. This increasing risk of overallocation is partly associ-
ated with the decreases in water availability during the
recently observed period (Section 4.1) and to the growing
number of granted WURs (more detail is presented in
Section 4.3).

Moreover, to further explore the implications of the
overallocation, the information of urban and rural popu-
lation (INE, 2018) and surfaces of the studied basins were
also assessed (not shown). According to the IAI results
during the observed period, a 43% of the national popu-
lation is currently affected by overallocation (IAIQ > 1 for
the 1994–2019), which increases to 45% when consider-
ing the basins under risk of overallocation (IAIQ > 0.75 for
the 1994–2019). In the same line, around a 39% and
a 48% of the total studied surface (123,808 km2) is over-
allocated or under risk of overallocation, respectively.

The spatial pattern of IAIQ and IAIP calculations shows
an increase in the percentage of overallocated catchments
from 44% (7 basins) to 63% (10 basins) located in the
north-central Chile macrozone for the 1980–2005 and the
1994–2019 periods, while the percentage of overallocated
catchments located in the southern macrozone increases
from 6% (4 basins) to 14% (10 basins) between the 1980–
2005 and the 1994–2019 periods. The same spatial

Table 1. Runoff and rainfall for the 87 central-south Chilean catchments. DOI: https://doi.org/10.1525/
elementa.2020.00131.t1

Statistic

QPEWR

1980–2005

QPEWR

1994–2019

QPEWR RCP4.5

2050–2080

QPEWR RCP8.5

2050–2080

PPEWR

1980–2005

PPEWR

1994–2019

PPEWR RCP4.5

2050–2080

PPEWR RCP8.5

2050–2080

(m3/s) (m3/s) (m3/s) (m3/s) (mm) (mm) (mm) (mm)

Mean 51.69 45.12 39.61 34.35 837.38 828.62 783.01 724.10

5th percentile 0.69 0.42 0.04 0.03 120.16 94.03 96.12 88.87

95th percentile 246.38 227.85 190.13 168.45 1730.34 1737.19 1509.52 1409.91

Mean north of 36� 26.14 22.42 17.79 14.37 257.26 233.50 222.28 204.80

Mean south of 36� 57.46 50.23 44.53 38.86 968.12 962.73 909.37 841.12
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pattern is observed from the IAIP, where the percentage of
overallocated catchments is larger in the region north of
36�S, but the new overallocated basins distribute equally
between the northern and southern region.What is note-
worthy is that even considering the IAIP, computed from
water availability based on rainfall records (which is an
overestimation of the actual water availability at the
catchment scale), around a 29% (4 basins) and a 1% (1
basin) of catchments located in the north-central and
southern macrozones, respectively, are overallocated dur-
ing the recent historical 1994–2019 period. This raises
concern regarding how this IAI will evolve during the
following decades considering the projections of drier
futures under a climate change context (Boisier et al.,
2018). As it will be presented in Section 4.3, this is a par-
ticularly important consideration for those costly and
long-term impact infrastructures aiming at regionally
redistribute “available water.”

Figure 5c shows the IAIQ for the 2055–2080 period,
calculated using the WURs granted until year 2019, that is,
assuming there are not further WURs granted in north-
central and south Chilean catchments. The results indicate
that under the RCP8.5 scenario, by the second half of the
century, 25 catchments will be overallocated in north-
central and south Chile (IAIQ > 1), equivalent to a 29%
of the total sample considered in this study and 14 more

than the number of overallocated catchments during the
1980–2005 period. Considering the results presented in
Figure S3 of the Supplementary Material, under the
RCP4.5 scenario, 21 catchments are projected to be over-
allocated (24%), which considers 10 new basins compared
to the 1980–2005 period. Figure 6c presents the IAIP
obtained under RCP8.5, and Figure S4 of the Supplemen-
tary Material for the RCP4.5 scenario. For both scenarios,
and under the assumption, there will be no more granted
WURs in the future, four catchments will have a noticeable
anthropic intervention (IAIP > 1) equivalent to 5% of the
sample, with one new overallocated basins compared to
the 1980–2005 period.

Again, there are significant differences between the
percentage of basins that are projected to be overallocated
in north-central and south Chile under the RCP8.5 sce-
nario. As presented in Figure 5c, 81% (13 basins) of cen-
tral Chilean catchments and 17% (12 basins) of south
Chilean basins will be overallocated by 2055–2080 period
(IAIQ > 1). Similarly, according to Figure 6c, central Chile
has a larger number and percentage of overallocated ba-
sins (3 basins, 18%) computed from the precipitation re-
cords (IAIP) than the southern macrozone (1 basin, 1%).
These results mean that although south Chilean basins
have larger water availability than central Chilean catch-
ments, they will be increasingly affected by overallocation

Figure 5. Indices of anthropic intervention (IAIQ) calculated from annual runoff. These calculations are based on (a) the
1980–2005 period, (b) the 1994–2019 period, and (c) the 2055–2080 period. DOI: https://doi.org/10.1525/
elementa.2020.00131.f5
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and water scarcity by 2055–2080 compared to the histor-
ical period (Figure 7).

Furthermore, considering the climate and runoff pro-
jections for the 2055–2080 period (under the RCP8.5
scenario), the basins under risk of overallocation (IAIQ >
0.75) increase significantly compared to the 1980–2005
period. Around 81% of north-central Chilean catchments
and 28% of south Chilean basins will be under risk of
overallocation by 2055–2080 period (4 more basins com-
pared to the 1980–2005 period). Finally, the analyses
based on the IAIP indicate that around 44% (7 basins) and
9% (6 basins) of the basins located in the north-central
and southern macrozones respectively are projected to be
under risk of overallocation for the 2055–2080 period
(Figure 6c), which includes three more basins than for
the 1980–2005 period.

Moreover, by considering the hydrological projections
under the RCP8.5 high-emission scenario, a 45% of the
national population will be in overallocated basins by
2055–2080 (IAIQ > 1), which increases to 49% when con-
sidering the basins under risk of overallocation (IAIQ >
0.75) for the same period. In the same line, around
a 51% and a 62% of the total studied surface (123,808
km2) will be overallocated or under risk of overallocation,
respectively, when considering the water availability for
the 2055–2080 period.

4.3. Assessments of long-term variability of

anthropogenic intervention along a large north-

central and south Chile latitude range, implications

for water supply

To analyze the regions or macrozones that are under
major risk of overallocation, the KS and the z test of means
were used to identify spatial patterns, which indicated
that there is a significant change in the IAIP and IAIQ
around the latitude 36.5�S. This is also observed in Figure
8, where the cumulative IAIP was plotted against the lat-
itude of the catchments indicating there is a clear differ-
ence between basins located north and south of 36.5�S,
with southern basins having a much more homogeneous
behavior than northern basins (note that the jump in the
curve around 33�S is explained by the lack of basins that
comply the selection criteria in that area).

Figure 9a shows the distribution of the IAIQ and the
IAIP for the three-time windows here evaluated for the
catchments located north of 36.5�S, while Figure 9b
shows the IAIQ and IAIP of the southern catchments. The
catchments located north of 36.5�S have IAIs notoriously
larger (two orders of magnitude) than for the southern
catchments, with several catchments above one. Accord-
ing to Figure 9a, the median of the IAIQ for catchments
located north of the 36.5� during the 1994–2019 and
2055–2080 (under the RCP8.5) periods are overallocated.

Figure 6. Indices of anthropic intervention (IAIP) calculated using annual rainfall data. These calculations are based on
(a) the 1980–2005 period, (b) the 1994–2019 period, and (c) the 2055–2080 period. DOI: https://doi.org/10.1525/
elementa.2020.00131.f6
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On the other hand, while the median of the IAI for south-
ern catchments increases with time, they are still below
one, with some catchments overallocated during the

1994–2019 and the 2055–2080 periods. These results
provide important insights regarding the sustainability
of the mentioned large-scale projects currently under

Figure 7. Projected changes of water availability and the indices of anthropic intervention. (a) QPEWR between the 2055–
2080 and 1980–2005 period, (b) PPEWR between the 2055–2080 and the 1980–2005 period, (c) IAIQ between the
2055–2080 and the 1980–2005 period, and (d) IAIP between the 2055–2080 and the 1980–2005 period. DOI:
https://doi.org/10.1525/elementa.2020.00131.f7

Figure 8. Cumulated indices of anthropic intervention compared to the latitude (IAIP). DOI: https://doi.org/10.1525/
elementa.2020.00131.f8
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evaluation, such as the construction of twenty six new
dams distributed in nine regions of the country,
recently announced by the Chilean Ministry of Public
Works, desalinization plants in coastal cities (MOP,
2018), and “water roads” of over 1,000 km of pipeline
aiming at transfer water from the humid catchments
located in southern Chile to the semiarid regions of the
country (Aquatacama, 2020; Corporación Reguemos
Chile, 2020). According to these results, water supply
is not assured under current circumstances, and it is
projected to worsen under a climate change context.
Indeed, as indicated in Figure 9b, there is increasing
risk of overallocation and thus water scarcity in these
basins, even without considering the transfer projects.
These projections compromise the reliability and effec-
tiveness of the mentioned large and long-term invest-
ments, as well as the foundations of the efficiency of
tradable WURs under the water market paradigm, call-
ing to rethink Chilean current water management
approach to deal with scarcity.

Regarding surface and groundwater granted PEWR,
a spatialization considering the boundary of 36.5�S was
applied and plotted in Figure 10. Although there is large
variability within the sample of catchments, there are clear
differences in granted WURs between the northern com-
pared to the southern catchments (Figure 10a and b com-
pared to 10c and 10d, respectively). First, regarding
surface granted WURs, both northern and southern basins
had a large increase around the 1980s, with continuous
increases since then. These growths are in concordance
with the economic growth experienced in Chile during
the 1990s (Anrı́quez and Melo, 2018). However, the

surface WURs of basins located south of 36.5� are 2.1
times larger than basins located north of 36.5�S. On the
other hand, there are noticeable differences between the
granted groundwater WURs of the northern and southern
basins of 36.5�S. The northern basins have 2 times more
granted groundwater WURs than the southern basins.
Also, according to Figure 10b, granted groundwater
WURs of the northern basin had large increases since the
mid-80s, while according to Figure 10d, southward ba-
sins started largely increasing since year 2000. Consider-
ing the granted groundwater WURs of southern
catchments started increasing after year 2000, and its
positive slope curve, it’s very likely the granted WURs of
this region will continue raising during the following dec-
ades. These results indicate that the assumption that no
more WURs will be allocated in the basins during the
following years may be an underestimation of the future
water demand, and thus, the IAI projected for the period
2055–2080 in this study might also be higher than the
estimations here presented.

Finally, to display the implications that the incomplete
and limited DGA WURs database could have on the study
zones water balances, Figure S5 shows the number of
basins with IAIQ (Figure S5a) and IAIP (Figure S5b) larger
than 1 (overallocated) obtained using the debugged data-
base and the official DGA database. Based on those results
(Figure S5a and S5b), by using the official DGA database,
the number of overallocated basins increases on average
by 3% and by 16% under the IAIQ and the IAIP indices,
respectively, thus reinforcing that the analyses here pre-
sented are conservative and is very likely they are an
underestimation of the actual overallocation.

Figure 9. Indices of anthropic intervention. The IAI are presented by (a) catchments located north of 36.5�S and (b)
catchments located south of 36.5�S. DOI: https://doi.org/10.1525/elementa.2020.00131.f9
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5. Discussion and conclusions
Although robust decision making needs to be based on
reliable information, there are serious limitations in Chi-
lean WURs databases and current State’s capacity to
improve in the near future the amount of monitoring
information necessary for long-term investing and deci-
sion making over water resources allocation. A novel
approach based on the indices of anthropic intervention
was applied to 87 Chilean basins to get profound insights
into one key process for water management under climate
change uncertainty: water allocation under nonstationar-
ity conditions. The methodology developed and applied in
this study allows to assess the risk of overallocation, as
well as the potential future water security risk in some
of the currently nonthreatened basins as result of the
market-based system prevailing in Chile.

Spatiotemporal variability of the anthropic interven-
tion degree in the north-central and south Chilean regions
indicates the water availability calculations in the basins
located in the north-central Chile macrozone are more
sensitive to the rainfall and runoff reductions of the MD

period than the basins located in the south Chile macro-
zone. Also, the results show that elasticity of changes in
runoff versus precipitation of the semiarid basins located
north of 36�S are lower than the elasticity of changes in
southern, humid catchments (1.8 vs. 3.2 times). In combi-
nation, the spatiotemporal analysis shows that percentage
of overallocated catchments based on observed runoff
records (IAIQ) located in central Chile increases from
44% (7 basins) to 63% (10 basins) between the 1980–
2005 and the 1994–2019 periods, while the percentage
of overallocated catchments located in south Chile in-
creases from 6% (4 basins) to 14% (10 basins) between
the 1980–2005 and the 1994–2019 periods.

Results show that current Chilean water allocation sys-
tem is not prepared for a nonstationary climate change
scenario as WURs granted before the year 2005 consid-
ered a much larger water availability compared to what is
projected for the second half of the 21st century under
a severe climate change scenario (RCP8.5), and even
a moderate climate change scenario (RCP4.5). Even if no
more WURs are granted, under the RCP8.5 scenario, by

Figure 10. Analysis of cumulated WURs. These calculations are based on (a) surface granted WURs in basins located
north of 36.5�S, (b) groundwater granted WURs in basins located north of 36.5�S, (c) surface granted WURs in basins
located south of 36.5�S, and (d) groundwater granted WURs in basins located south of 36.5�S. DOI: https://doi.org/
10.1525/elementa.2020.00131.f10
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the second half of the century, 25 catchments will be
overallocated in central-south Chile (IAIQ > 1), 14 more
than the number of overallocated catchments during the
1980–2005 period, affecting the water security of around
a 45% of the current national population.

The implications of these results for public and private
initiatives pushing for large-scale projects aimed at
increasing water supply by collecting water from
upstream, or transferring water long distances, are that
water is not assured in any basin today and is even pro-
jected to worsen under a climate change context. These
results worry as they show future water availability may
compromise the effectiveness of these investments and
the foundations of the efficiency of tradable WURs under
the water ruling market paradigm.

The overallocation of catchments have several legal,
social, and environmental negative consequences that un-
dermined the sustainability of the water resources and
hampers the implementation of climate change adapta-
tion plans.Water scarcity creates inefficiencies in the water
market and diminishes legal certainty when, as shown in
this study,WURs exceed the physically available water, and
the latter significantly changes for different time windows.
From a social–environmental perspective, water scarcity
increases the competition, the social conflicts, and have
detrimental consequences on the ecosystems. This is espe-
cially concerning as the ecological flow considered in the
DGA methods is likely to underestimate the actual flow
ecological requirements (Toledo & Muñoz, 2018). More-
over, as presented in the Results section, the scenario
could be worse when considering the WURs of the official
DGA database that have geographical information (around
50%), in which case the number of basins under high risk
of overallocation increases up to 16% in comparison to
the results under the debugged database, thus underlin-
ing the relevance of complete and robust information to
estimate the water balances, which is fundamental to
assess sound decision making on water management
strategies.

This study provides a unique data set with information
at the catchment scale of water use and water availability
that can be used to assist decision making to diagnose the
risk of water scarcity in different catchments for different
periods of time and prioritize measures to deal with cli-
mate change and drought considering a climate change
context. Although the local characteristics of the Chilean
water allocation system were considered in this study, the
methods and results can be adapted in other water allo-
cation systems in regions with similar climates such as
those spanned in central-south Chile.
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and runoff projections.
Text S1. DGA WURs systematization.
Figure S1. Distribution of the Public DGA WURs data-

base within the administrative regions of the study zone.
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tive regions of the study zone, (b) Comparison of surface
WURs with and without coordinates information, (c) Com-
parison of groundwater WURs with and without coordi-
nates information.

Figure S2. Evaluation of the GR2 M model in the 87
catchments using the NSE and R2 coefficients.

Figure S3.Water availability under the RCP4.5 scenario
for granting permanently exercisable water use rights
(QPEWR) and indices of anthropic intervention (IAIQ). The
indices were calculated from model-based annual runoff
projections considering: (a) QPEWR for the 2055–2080
period, (b) Changes in the QPEWR between the 2055–
2080 and 1980–2005 periods, (c) IAIQ for the 2055–
2080 period, and (d) Changes in the IAIQ between the
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Figure S4. Rainfall available under the RCP4.5 scenario
for granting permanently exercisable water rights (PEWR)
and indices of anthropic intervention (IAIP). The indices
were calculated using projected annual rainfall consider-
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basins. The overallocated obtained using the debugged
and the official WURs database considering the (a) IAIQ
and the (b) IAIP indices.
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Stepwise development of a two-parameter monthly
water balance model. Journal of Hydrology
318(1–4): 200–214. DOI: http://dx.doi.org/10.
1016/j.jhydrol.2005.06.014.

Mundial, B. 2011. Chile: Diagnóstico de la gestión de los
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