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Abstract: This study presents the first continental assessment of water storage and its influence on
the availability of water of the river systems of South America. Although hydraulic infrastructure
has the potential to cause several impacts on river systems and the environment, their relevance
in water resources systems is irrefutable. The human services that dams and reservoirs provide to
society, e.g., hydroelectricity, water supply, irrigation, or flood control, are vital services that society
requires to develop. Despite this fact, the interactions of dams and reservoirs in the river systems of
South America have not been explored from a hydrological perspective. In this study, we present
the first assessment of the potential effects of water storage at a basin scale in South America. For
this purpose, first we present an analysis of the current conditions and the influence of water storage
in the basins of the continent. Then, we estimate the potential water availability of each basin, to
evaluate the role of water storage in the availability of water in the continent. Our findings indicate
that the ‘Colorado’ and ‘Negro’ basins in Argentina are the most influenced by water storage in the
continent. Moreover, our results suggest that reservoirs improve the potential water availability
capacity, particularly in the southern basins of the continent. With this study, we expect to provide
helpful insights about the current interactions of reservoirs with the river systems of the continent.

Keywords: water resources; reservoir storage; water availability; South America; WAAPA model;
regional study

1. Introduction

Providing reliable information about the hydrodynamics of the river systems in South
America at a basin scale is necessary to improve the management of water resources
of the region. During the last two decades, several global, regional, and local studies
have been conducted about water scarcity in different regions of South America [1–8].
While many of these studies agree that this continent has the world’s highest availability
of water resources in the planet, they also emphasize that several regions face severe
water scarcity conditions. For example, some coastal areas of Peru and Chile suffer from
seasonal water shortages due to climatic phenomena and aridity [5,7], several southeast
basins from Brazil to Argentina suffer from water stress mainly caused by intense water
extraction from industries and socioeconomic activities [5], or some capitals emplaced in
the Andes Mountains, which are subjected to water scarcity issues due to insufficient water
infrastructure and high population density [4]. However, most of the studies regarding
water scarcity in South America available to date present at least one of these limitations:
(a) they have been developed only from a socio-economic perspective, and thus, do not
consider the hydrodynamics of the river systems of the continent, or (b) their area of study
is focused on a local scale.

Water 2021, 13, 1992. https://doi.org/10.3390/w13141992 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-8071-8500
https://orcid.org/0000-0002-9186-8395
https://orcid.org/0000-0001-9989-9455
https://orcid.org/0000-0001-9087-3638
https://doi.org/10.3390/w13141992
https://doi.org/10.3390/w13141992
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13141992
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13141992?type=check_update&version=3


Water 2021, 13, 1992 2 of 24

Global hydrology models are useful tools for assessing current and future trends
in water dynamics. In general, global hydrology models (GHMs) allow the simulation
of the water cycle and the lateral transfer of water, which enables the identification of
present and future problems of scarcity and water stress [9]. However, many GHM models
have limitations in regard to reproducing water flow at a local level [10]. To solve this
problem, authors such as Beck et al. or Zaherpour [11,12] have suggested the need for
calibration and regionalization of hydrological models to improve the understanding of
relevant phenomena that generally cannot be solved by global models. In South America,
several GHMs have been developed on a regional scale in recent years, e.g., Siquiera [10],
Pontes [13], Getirana [14], Fleischman [15], and de Paiva [16]. Although these models have
proven to give reliable results, most of them highlight the pending necessity to acquire
comprehensive, reliable, and updated hydrological information for most of the regions in
the continent. Despite the fact that recent advances in hydrological data availability could
contribute to reduce this gap of information (e.g., national datasets like CAMELS-BR [17]
and CAMELS-CL [18]), most advances in this subject are focused only in local or national
scales, which limits their use at a continental scale.

In general, water availability assessments require more than just water flow infor-
mation. In addition to runoff, which for this assessment is considered as the difference
between precipitation and evapotranspiration, other inputs like hydraulic infrastructure
(e.g., dams) are as much as important for these types of analyses [19]. Overall, when
considering measures related to hydraulic infrastructure in water availability assessments,
policy makers and water resource systems managers usually consider two types of actions,
to increase their infrastructure or to improve water management efficiency. However, in
recent years, the option of building new infrastructure is no longer considered a suitable
option in many countries due to high social and environmental costs [20]. Moreover, recent
trends suggest that improving the efficiency of water resources systems to satisfy user
demand is currently the most applied option [21,22]. Despite this trend, several countries
in South America have expressed their intention to carry out projects to build hundreds of
new dams in the future for different purposes [23–27].

Dams and reservoirs play an important role in the management of water resources.
These hydraulic infrastructures alter natural hydrological regimes and are associated with
several environmental impacts. In general, dams are built to provide valuable and neces-
sary human services such as hydroelectric energy, drinking water, irrigation water, flood
protection, fisheries, or navigation. However, these structures can also cause significant
environmental impacts like the disruption of aquatic ecosystems, reduction of riparian bio-
diversity, modification of stream morphology, degradation of water quality, or alterations
of seasonal hydrological events [28,29]. In South America, several studies have examined
the upstream and downstream impacts of dams and reservoirs, especially on the most
renowned basins like the Amazon or La Plata [30–35]. However, regional assessments
about the potential impacts of dams and reservoirs and their influence on water flows for
the river systems of South America are not yet available.

In this study, we aim to provide the first large-scale assessment regarding water
storage and its influence on the river systems of South America. First, we provide a
clear picture of the distribution of water storage in the continent, both in a geographical,
hydrological, and human context. For this, we present a basin-scale compilation of South
America’s hydrological characteristics. We describe characteristics such as the mean annual
flow, water stored in reservoirs, runoff, catchment areas, and population. Furthermore, we
include an analysis of the potential impacts of the dams at a basin scale.

In addition, we also present an analysis of the effects of reservoir storage on the avail-
ability of water in the continental area of South America. The analysis between reservoir
storage and yield has been extensively studied around the world, from the basic reliability
analysis of individual reservoirs to the reliability-yield analysis of multiple reservoirs [36–40]
and the simulation of the operation of large water resources systems [41–43]. Although to
date these models have proven useful in ensuring water in decision-making processes
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for water resources systems, in order to obtain reliable results for water availability as-
sessments, it is necessary to include the analysis of different climate scenarios [44,45].
Authors such as Sordo-Ward et al. [46,47], Granados et al. [48], and Garrote et al. [49] have
extensively examined water availability using different climate scenarios in current and
projected time periods. Although most climate models present a certain level of uncertainty,
these studies highlight the important role of climate models in evaluating the potential
impacts of climate change on water availability. In the case of South America, there are
several assessments which consider climate models in their water availability analysis. For
example, Krol et al. [50] studied the impacts of climate change on water availability from
reservoirs in northeast Brazil. Elliot et al., 2014 [51] assessed the potential impacts of climate
change on freshwater availability for irrigation purposes in the continent. Álvarez-Dávila
et al. [52] analyzed the effects of water availability on forest biomass in Northwest South
America. Most of these assessments also highlight the fact that climate change impacts on
water availability may be severe in some areas of the continent.

In this assessment, we define water availability as the amount of water demand that
can be satisfied at a given point of the regulated river system, under certain reliability
parameters [38,53]. For the water availability analysis, we used the model proposed
by Garrote et al. [54]: ‘Water Availability and Adaptation Policy Assessment’, WAAPA,
which is a specific simulation model that assesses the role of reservoirs in the availability
of water for water resources systems in different climate scenarios and management
policies [19,49,53,55]. First, we carried out an analysis of the potential water availability for
each basin of the continent. Then, we evaluated the role of the reservoirs in the availability
of water for each basin.

The findings of this study demonstrate the great diversity of the water resource sys-
tems of South America. Overall, the basins of the Colorado and Negro rivers in Argentina
tend to be the areas most influenced by water storage. The basins in the north of the conti-
nent, like the Amazon, are, on the other hand, the areas that will be less ‘affected’ by the
potential effects of water storage. In terms of water availability, our findings suggest that
reservoir storage improves the water availability potential primarily in the south-eastern
regions of the continent.

2. Materials and Methods
2.1. Area of Study

The area of study encompasses the continental area of South America and includes
13 countries: Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, French Guiana, Guyana,
Paraguay, Peru, Suriname, Uruguay, and Venezuela. In addition, the continental area of
South America is also mapped according to the 27 hydrological regions (HR) proposed by
the Food and Agriculture Organization of the United Nations (FAO) [56], which represent
the major basins in the continent (Figure 1). South America is the richest continent in
terms of total water resources [57]. The diversity of South America’s geography and
environment, on the other hand, creates significant disparities in water distribution across
the continent. In the north, including the Amazon and the Orinoco basins, the humid
and tropical climate around the equator causes large amounts of precipitation. In the
southeast, most regions present semiarid conditions and highly variable climates. In the
southwest, there are several arid regions with low precipitation, e.g., the Atacama Desert.
The Andes mountains, which are placed alongside almost the entire Pacific coast, provide
large amounts of glacier water in the north, which mostly drains east to the rainforest basins.
The altiplano regions of the Andes pose a significant challenge to water resources due to
their intricate topography and climate conditions [5]. Some interannual climate events
like the ‘El Niño Southern Oscillation’ (ENSO), the sea surface temperature anomalies
(SST) in the Atlantic Ocean, the Pacific Decadal Oscillation (PDO), the Antarctic Oscillation
(AAO), or the North Atlantic Oscillation are also highly relevant in the availability of water
resources in South America [23,58–62].
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Figure 1. Area of study. The 13 countries considered for this study are represented with colors. The
27 hydrological regions defined by FAO [56] are represented with letters.

2.2. Methodology

The catchment and stream delineation for the continent was performed using the
HydroSHEDS (Hydrological data and maps based on SHuttle Elevation Derivatives at
multiple Scales) dataset [63], which was derived primarily from the Shuttle Radar Topogra-
phy Mission (SRTM) and provides reliable hydrographic information in a 15 arc second
resolution. Considering the regional scale of this study, the HydroSHEDS dataset was
processed to consider only catchments of reservoirs or catchments larger than 5000 km2.
Smaller catchments without reservoirs were merged into their nearest downstream catch-
ment. The resulting catchments follow a ‘drain-to’ relationship, which run from headwater
catchments to larger downstream catchments draining to the sea.

In total, the topological model for this study comprises 4661 catchments derived from
the HydroSHEDS dataset. All catchments were assigned to its corresponding hydrological
region. Dam and reservoir information was taken from the ‘Dataset of Georeferenced
Dams in South America’ DDSA [23], which currently is the most complete database of
geolocated dams in the continent, and provides reliable information about the dam’s
attributes and their catchments. For this analysis, a total of 808 dams with a reservoir
greater than 0.002 km3 were considered (Figure 2a). Each dam was then aligned to its
corresponding stream from the HydroSHEDS dataset.
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Figure 2. Inputs and main characteristics considered for this study mapped by hydrological region: (a) Inputs: the blue lines
represent the rivers derived from the HydroSHEDS dataset [63], the grey lines represent the major hydrological regions
of South America determined by FAO [56], and the green triangles represent the reservoirs from the DDSA database [23]
pare, (b) mean annual flow (km3/yr.), (c) runoff (mm/yr.), (d) total water storage (km3), (e) area of the hydrological region
(×1000 km2), and (f) population density (per/km2).

Monthly streamflow time series were obtained from the results of the forcing of
the ‘PCRaster Global Water Balance’ (PCR-GLOBWB) [64] hydrological model within the
‘Inter-Sectoral Impact Model Intercomparison Project’ (ISIMIP) [65]. The PCR-GLOBWB
is a global hydrological model which simulates the terrestrial hydrology at a 0.5-degree
resolution and was forced using the output from five global climate models: GFDL-ESM2M
(GFDL), HadGEM2-ES (HadGEM2), IPSL-CM5A-LR (IPSL), MIROC-ESM-CHEM (MIROC),
and NorESM1-M (NorESM1). These five climate models were selected based on three
criteria: First, because of their global coverage, they have proven useful in large-scale
assessments regarding water resources [19,48]. Second, they have been used in several
climate assessments in the continent [66–72]. Furthermore, because they can be projected in
different Representative Concentration Pathways (RCPs), and cover extensive time periods
(from 1960 to 2100), these models can be used for assessments of current and projected time
periods. Since the focus of this analysis is to study the current conditions of water resources
and the effects of reservoir storage in the continent, the time period considered for this
study is from 1960 to 1999. For each of the five climate models, the forcing of the PCR-
GLOBWB model produced runoff information of each of the 4661 catchments. However,
since runoff information derived from climate models usually presents significant bias,
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the results from each climate model had to be corrected before they were accepted into
this analysis.

Runoff information from the climate models was corrected for potential bias using
the mean monthly runoff data provided by the ‘University of New Hampshire and Global
Runoff Data Centre’ (UNH/GRDC) Composite Runoff field v1.0 [73], which has been
usually regarded as one of the best large-scale runoff datasets [74]. For this, we used
González-Zeas [75] bias correction methodology, which is based on the determination of
a monthly correction factor. It is calculated by considering the ratio between the mean
annual runoff values from the UNH/GRDC model and the mean annual values from the
five historical climate models. Finally, the corrected results of monthly streamflow from
each climate model were averaged for each catchment of the topological model.

Estimates of water withdrawal for consumption and irrigation were also considered
for the water availability analysis. Information on water withdrawals were derived from
the World Bank database [76], which details country-based annual freshwater information
from 1960 to 2020. Then, these estimates were spatially distributed considering two vari-
ables: population density and irrigated area. Population data was derived from the ‘Global
Rural–Urban Mapping Project’ (GRUMP) [77], which was produced by the Socioeconomic
Data and Applications Center (SEDAC). This dataset offers reliable georeferenced informa-
tion based on polygons at a 30-arc second resolution, which were defined by night-light
imagery and approximated urban extents of settlements and provides reliable georefer-
enced population information at continental, regional and national scale [23,78,79]. The
irrigated areas were derived from the ‘Global Map of Irrigated Areas’ dataset [80] provided
by the Food and Agriculture Organization of the United Nations. This dataset provides
valuable data regarding irrigated areas at a 0.5-degree resolution and was derived from the
combination of FAO statistics on agriculture and irrigation with geographical information.

2.2.1. Water Storage Analysis

The main characteristics of each of the 4661 catchments of our model were calculated
after the input data was compiled into the topological model. The area (A) of each catch-
ment was determined from the HydroSHEDS dataset and is expressed in square kilometers.
The mean annual flow (F) and the mean annual runoff (R) of each stream and catchment
in the model were derived from the corrected mean results of the PCR-GLOBWB model
and are expressed as cubic kilometers per year and millimeters per year, respectively. The
number of dams (D) and the storage volume information (S) for each reservoir were taken
from the DDSA database and is expressed in cubic kilometers. The population (P) of
each catchment was derived from the GRUMP database and is expressed as the number
of inhabitants. Then, these results were clustered into each hydrological model and are
described in Table 1 and mapped in Figure 2. It should be noted that the study produced
results for the 4661 catchments of the topological model, including the reservoirs. For the
sake of simplicity, in the main body of the manuscript these results were averaged and
clustered into their respective hydrological regions. Detailed and quantitative results for
the entire topological model are presented in the Supplementary Materials Section.

Once we determined the main hydrological characteristics of each catchment, an
analysis of these variables was performed to provide a perspective on the potential effects
of water storage in the river systems of the continent. To accomplish this, we examined
the reservoirs’ geographical locations to determine the potential effects of reservoirs on
the natural processes of each catchment. In particular, our water storage assessment
sought to ascertain the potential effects of water storage on mean annual flow, area of
the hydrological region, and people. We determined the ratios between storage and
the three variables mentioned above for each catchment of the model. In general, these
ratios represent broad estimates of the potential impacts of reservoirs on the continent’s
hydrological processes, the potential for ecological disruption, or the degree of hydraulic
infrastructure development in each catchment. Then, the results were then clustered
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according to the continent’s 27 hydrological regions considered in this study. The results of
the 4661 catchments are presented in the Supplementary Materials Section.

Table 1. Main characteristics of the Hydrological Regions (HR) considered for this study.

Code Major Basin
Name (FAO) Countries

Area of
the HR
103 km2

Mean
Annual

Flow
km3 × yr−1

Storage
Volume

km3
Runoff

mm × yr−1
Population

106 per
Dams

A—Col-Ecu
Colombia—

Ecuador, Pacific
Coast

Colombia, Ecuador 127.37 143.47 7.73 1126.39 9.27 12

B—Per Peru, Pacific Coast Perú 161.2 19.62 2.72 121.73 6.2 31

C—NChi North Chile, Pacific
Coast Chile 142.51 3.33 1.96 23.4 1.54 23

D—SChi South Chile, Pacific
Coast Chile 235.29 206.76 15.6 878.76 10.19 27

E—Magdalena Magdalena Colombia, 313.86 320.31 15.17 1020.57 29.91 31

F—CarCoast Caribbean Coast Colombia,
Venezuela 167.07 41.02 6.44 245.52 11.92 49

G—Orinoco Orinoco Venezuela 938.76 1051.81 159.27 1120.42 9.88 25

H—NESA
Northeast South
America, South
Atlantic Coast

French Guiana,
Guyana, Suriname,

Venezuela
467.31 511.83 28.58 1095.26 1 8

I—Amazon Amazon
Bolivia, Brazil,

Colombia, Ecuador,
Perú, Venezuela

5912.92 6521.88 32.41 1102.99 26.04 56

J—Tocantins Tocantins Brazil 901.36 494.75 119.49 548.89 5.8 19

K—NBra North Brazil, South
Atlantic Coast Brazil 213.57 82.44 0.04 386.03 3.05 1

L—Parnaiba Parnaiba Brazil 332.83 23.97 13.86 72.01 3.71 14

M—NEBra East Brazil, South
Atlantic Coast Brazil 222.11 41.59 25.91 187.25 10.93 124

N—SaoFrancisco Sao Francisco Brazil 637.4 109.66 73.74 172.04 13.29 54

O—EBra East Brazil Brazil 288.39 43.05 16.95 149.3 6.54 28

P—SEBra Southeast Brazil Brazil 168.44 71.28 14.5 423.18 14.01 40

Q—SBra South Brazil Brazil 197.91 127.57 9.63 644.59 7.04 44

R—LaPlata La Plata
Argentina, Bolivia,
Brazil, Paraguay,

Uruguay
2948.04 776.61 352.81 263.43 81.4 154

S—NArg
North Argentina,

South Atlantic
Coast

Argentina 136.39 20.3 0.33 148.83 1.23 1

T—Colorado South America,
Colorado Argentina 294.59 6.18 22.04 20.98 2.4 13

U—Negro Negro Argentina 112.93 36.37 77.93 322.11 0.52 10

V—SArg
South Argentina,

South Atlantic
Coast

Argentina 199.59 31.22 1.86 156.4 0.24 1

W—LaPuna La Puna Region Argentina, Bolivia,
Chile, Perú 212.38 37.3 0.64 175.64 2.15 10

X—
SalinasGrandes Salinas Grandes Argentina 171.77 1.55 1.22 9.03 0.86 16

Y—MarChiquita Mar Chiquita Argentina 129.9 1.95 2.81 15 3.85 10

Z—Pampas Pampas Region Argentina 108.72 1.06 0.28 9.73 0.65 7

AA—CPatagonia Central Patagonia
Highlands Argentina 36.37 2.83 0 77.7 0.01 0

2.2.2. Water Availability Analysis

We determined the potential availability of water for all catchments in our model
in order to analyze the effects of reservoir storage capacity on water availability in the
South American continental area. The potential water availability (WA) is defined as the
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annual water demand that can be satisfied at any point of the stream network with a prede-
termined reliability. The WA in this analysis was estimated using the Water Availability
and Adaptation Policy Analysis (WAAPA) model [49]. The methodology applied by the
WAAPA model can be divided in two stages: (a) the analysis of the forcing scenarios for
the hydrological model, and (b) the analysis of the model’s response to potential water
availability. First, the analysis of the forcing scenarios consists in the compilation of a large
cycle of runs of the hydrological model to produce monthly streamflow series for each
catchment of the model for the period of this analysis. The streamflow monthly series are
also corrected for bias. Then, the analysis of the hydrological model’s response consists
in the assessment of the potential water availability allowed by the reservoir’s storage
capacity of each catchment of the model.

The WAAPA model’s capabilities allow the user to get a clear picture of the behavior
of the reservoirs in the river system. For this, the WAAPA model applies a series of
predetermined instructions to operate all the reservoirs in the river system in order to
satisfy any given water demand, even accounting for environmental flows, water spills,
and evaporation losses. This process is then applied to each node of the model, which in
turn allows the user to obtain monthly time series results of water availability for the entire
topological model, including reservoirs, as well as any given node of the river network.
Since the focus of this assessment is to provide an initial approximation of the influence of
reservoirs in the river systems of the continent, and since there is no uniform legislation
at a regional level, the environmental flow was not considered for the water availability
analysis. Depending on the predetermined water demand reliability criterion adopted, the
WAAPA model can determine the potential water availability through an iterative process
of local demand variations until the criterion is met with a predetermined standard. The
reliability performance index (RI) used for this analysis was set to satisfy a 98% of the gross
volume of water. The basic methodology of the WAAPA model is described in Figure 3.

Figure 3. Diagram of the methodology applied to determine water availability with the WAAPA
model [19].



Water 2021, 13, 1992 9 of 24

After the WAAPA model was assembled according to the defined topology, we evalu-
ated the availability of water in the continent. First, we run the WAAPA model to determine
the water availability of each catchment of our model. Then, we examined the ratios be-
tween water availability and three variables: mean annual flow, area, and people, to identify
the catchments that might have the potential to be affected by water scarcity. To analyze
the role of storage in the availability of water in the continent, we made a comparison of
the availability of water under two different case scenarios: the ‘current’ case scenario with
reservoirs (CCS), and a ‘natural’ case scenario (NCS) without reservoirs. For the NCS, we
run the WAAPA model using the same topology and input data described above, except
for the reservoir information. With these results, we determined the increment of water
availability (∆WA) between the two scenarios (Equation (1)). Finally, we analyzed the ratio
between the increment of water availability and reservoir storage. Both analyses allow us
to evaluate the potential benefits of reservoir storage to water availability across the region,
and thus, provide valuable insights about the influence of reservoirs on the catchments of
the continent.

∆WA =
Water availability in CCS scenario − Water availability in NCS scenario

Water availability in NCS scenario
(1)

3. Results
3.1. Analysis of Water Storage in South America

A total of 808 dams with a reservoir greater than 0.002 km3 in the continental area of
South America, were considered in this study. The storage volume of the aforementioned
reservoirs is approximately 1004 km3 of water, accounting for nearly 90% of the total
storage volume identified on the continent [23]. Although dams are not as numerous in
this region as they are on other continents, almost every representative catchment or river
has at least one dam. Dam-related indicators are important from a hydrological standpoint
because they allow us to predict the potential effects of hydraulic infrastructure. For
instance, the geographical distribution of dams can provide preliminary insights into the
potential effects of stream fragmentation [81]. For example, the largest reservoir in South
America corresponds to ‘El Guri’ dam in Venezuela, with an estimated storage volume
of 135 km3. From a national perspective, the country with the highest number of dams
considered for this assessment is Brazil, with more than 500 dams. However, while this
information is useful from a political and geographical perspective, it is not as useful from
a hydrological perspective.

The hydrological region with the highest number of dams is the region ‘R’ which
corresponds to ‘La Plata’ river, a basin which includes Argentina, Bolivia, Brazil, Paraguay,
and Uruguay, with 154 dams. The region with the highest density of dams is the region ‘M’
in the east of Brazil in the South Atlantic Coast, with a density of 0.56 dams per 1000 km2,
which means that dams ‘divide’ this region in average watersheds of 1790 km2. However,
because reservoirs smaller than 0.002 km3 were not considered for this study, our results
regarding dams are not conclusive and should be addressed in further research.

A useful indicator of the potential impacts of reservoirs in river systems is the ra-
tio between the water storage (S) and the mean annual flow of the catchment (F) (S/F)
(Figure 4a). Some authors define this ratio as ‘Residence Time’, which represents the ca-
pacity of the reservoirs in the catchment to regulate flow [23,48]. On average, reservoirs
across the continent store about 10% of their mean annual flow. However, the S/F ratio
varies considerably between hydrological regions. Since the reason for this fluctuation
could be caused by a variety of factors, we examined how the ratios behave in relation to
the hydrological variables (mean annual flow, runoff, storage volume, area, population).
For this, we used the Spearman’s rank correlation coefficient (r) and p-value (p) because
the relationship between the ratios and most of the hydrological variables is usually non-
linear. The correlation results indicate that the S/F ratio is most likely related to runoff
(r = −0.476, p < 0.05), which indicates a significant moderate inverse relationship between
S/F and R. This suggests that regions with high runoff values are most likely to present low
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storage volumes. Or in other words, this would suggest that low runoff regions require
larger reservoirs to meet their water demands. The region with the highest S/F ratio, and
therefore, the most prone to experience potential impacts in flow regulation because of
water storage is the region ‘T’, which corresponds to the ‘Rio Colorado’ river basin in
Argentina. The residence time in this region is over 3.5 years, which implies a potential
water storage of more than 3 years of the mean annual flow of the basin. On the other hand,
most regions in the north of the continent present minimum potential to be affected by
flow regulation, most likely due to their high runoff values. For example, the reservoirs
in region ‘I’ in the Amazon River, store less than 0.5% of the river’s mean annual flow.
The regions with the highest values of runoff in the continent are located in the north of
the continent. Region ‘A’, which is located between Colombia and Ecuador, presents the
highest value of specific mean annual runoff, with more than 1126 mm of water per year.
In both regions, the S/F ratios are very low. The results of the S/F ratio for the entire
topological model, and scatterplots between S/F and each of the hydrological variables are
presented in the Supplementary Materials Section.

Table 2. Storage and water availability ratios for the hydrological regions of South America.

Hydrological
Region (HR)

Storage Ratios
WA

km3 × yr−1

Water Availability (WA) Ratios

S/F
yr

S/A
103 m3 ×

km−2

S/P
103 m3 ×

per
WA/F WA/A

mm.

WA/P
103 m3 ×

per−1.yr−1

A—Col-Ecu 0.05 60.71 0.83 83.40 0.58 655 9.00
B—Per 0.14 16.88 0.44 12.90 0.66 80 2.08

C—NChi 0.59 13.73 1.27 2.08 0.62 15 1.35
D—SChi 0.08 66.31 1.53 96.58 0.47 410 9.48

E—Magdalena 0.05 48.34 0.51 218.04 0.68 695 7.29
F—CarCoast 0.16 38.53 0.54 12.87 0.31 77 1.08
G—Orinoco 0.15 169.66 16.12 829.55 0.79 884 83.98
H—NESA 0.06 61.16 28.64 250.28 0.49 536 250.80

I—Amazon 0.005 5.48 1.24 3455.69 0.53 584 132.73
J—Tocantins 0.24 132.56 20.59 310.89 0.63 345 53.56

K—NBra 0 0.18 0.01 18.76 0.23 88 6.14
L—Parnaiba 0.58 41.63 3.74 20.42 0.85 61 5.51
M—NEBra 0.62 116.66 2.37 30.17 0.73 136 2.76

N—SaoFrancisco 0.67 115.69 5.55 89.26 0.81 140 6.71
O—EBra 0.39 58.77 2.59 25.54 0.59 89 3.91
P—SEBra 0.2 86.07 1.04 42.21 0.59 251 3.01
Q—SBra 0.08 48.65 1.37 81.52 0.64 412 11.59

R—LaPlata 0.45 119.68 4.33 709.95 0.91 241 8.72
S—NArg 0.02 2.4 0.27 8.21 0.40 60 6.69

T—Colorado 3.57 74.83 9.19 6.50 1.05 22 2.71
U—Negro 2.14 690.1 150.23 36.56 1.01 324 70.48
V—SArg 0.06 9.29 7.6 25.77 0.83 129 105.57

W—LaPuna 0.02 3 0.3 19.23 0.52 91 8.94
X—SalinasGrandes 0.79 7.1 1.42 1.47 0.95 9 1.71

Y—MarChiquita 1.44 21.63 0.73 1.92 0.98 15 0.50
Z—Pampas 0.26 2.57 0.43 0.24 0.23 2 0.37

AA—CPatagonia 0 0 0 1.97 0.70 54 136.91
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Figure 4. Store ratios per hydrological region mapped as quartiles (a) reservoir storage per runoff; (b) reservoir storage per
area; and (c) reservoir storage per person. See Table 2 for specific values for each hydrological region.

The ratio between water storage volume and the area of its catchment (S/A) can
highlight helpful indicators of potential disruptions in river flow and therefore, potential
effects on downstream and upstream catchments [81] (Figure 4b). In average, the reservoirs
in the continent store almost 64,000 m3 of water per km2. The S/A ratio shows a significant
strong correlation with the storage volume S (r = 0.88, p < 0.01), which would be expected
as the regions with higher values of water storage are more prone to be affected by the
fragmentation of their catchments. The basin with the highest volume of water storage per
drainage area is the region ‘U’, which corresponds to the ‘Rio Negro’ river in Argentina,
with over 690,100 m3 of water storage per km2. In this case, the ratio of water storage per
area is relatively large due to the small area of the basin. However, rivers with a larger basin
like region ‘G’, which corresponds to the Orinoco River in Venezuela and Colombia, region
‘J’, which corresponds to ‘Tocantins’ River in Brazil, or region ‘R’ also present high ratios
of water storage per unit of area, most likely due to the large number of reservoirs and
the high volumes of water storage of the basins. The results of the S/A ratio for the entire
topological model, and scatterplots between S/A and each of the hydrological variables
are presented in the Supplementary Materials Section.

Finally, we analyzed the ratio between S and population (P) S/P (Figure 4c). On
average, the reservoirs in the continent have the potential to store almost 4000 m3 of water
per person. However, there are marked differences between regions. For example, the
region ‘U’ has the highest ratio in the continent with more than 150,000 m3 of water per
person. Other regions, like regions ‘G’, ‘J’, or ‘H’ in the northeast of the continent, also
present high amounts of water storage per person, with more than 15,000 m3 of water
per person. On the other hand, regions ‘S’ and ‘W’ store less than 300 m3 of water per
person. We found that there is a significant strong correlation between S/P and S (r = 0.79,
p < 0.01), which would indicate that the S/P ratio is related to regions with large reservoirs.
This is the case of the region ‘U’ which stores the highest amount of water per unit of area
in the continent, with large reservoirs mainly operated for hydroelectric generation. The
results of the water storage ratios for the 27 hydrological regions are presented in Table 2.
In addition, the results of the S/P ratio for the entire topological model, and scatterplots
between S/P and each of the hydrological variables are presented in the Supplementary
Materials Section.

3.2. Water Availability in South America

The WAAPA model was applied to simulate five hydrological scenarios for the conti-
nental area of South America from 1960 to 1999. The WAAPA model produced results for
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the 4661 catchments of the topological model, including the reservoirs. However, for the
sake of simplicity, the results from the five hydrological scenarios were averaged for each
catchment, and the results from each catchment were then clustered into their respective
hydrological region.

In terms of volume of water, our WA results emphasize the relevance of the Amazon
River in the continent’s water resources systems. In total, the availability of water on the
continent is almost 6400 km3 of water per year, of which almost 55% correspond to region
‘I’ in the Amazon River basin. The ‘La Plata’ (region ‘R’) and ‘Orinoco’ (region ‘G’) river
basins also present some of the highest amounts of water availability. Region ‘R’ has a
water availability of more than 700 km3 of water and region ‘G’ has a water availability
of almost 830 km3 of water, which combined represent 24% of the total amount of water
availability in the continent. On the other hand, the areas with the lowest levels of water
availability are found in the south of the continent, on Chile’s north coast (region ‘C’),
and in the endoreic regions of north and central Argentina (regions ‘X’, ‘Y’, ‘Z’, and ‘AA’),
where annual water availability is less than 2 km3 of water. Our water availability results
are directly related to the mean annual flow F (r = 0.96, p < 0.01). This clearly indicates that,
in addition to reservoirs, our water availability results are influenced by the abundance of
water resources of some regions, especially in the north. The results of water availability
for the 27 hydrological regions of the continent are presented in Table 2. On the other
hand, our results on the ratio between WA and mean annual flow, area and persons enable
a more in-depth understanding of the particular situation of each hydrological region.
For example, the ratio of water availability per mean annual flow (WA/F) (Figure 5a)
gives us an initial approximation of the management of water resources in the different
hydrological regions. In this case, the regions with the highest WA/F values are located
most prominently in the southeast of the continent, particularly in the regions ‘R’, ‘T’,
‘U’, ‘X’, and ‘Y’, where the availability of water is equivalent to more than 90% of their
mean annual flow. On the other hand, region ‘K’ in the north of Brazil, or region ‘Z’ in
the north of Argentina are the regions with the lowest WA/F ratio with less than 23% of
water availability per its equivalent mean annual flow. There is a significant moderate
correlation between WA/F and S/F (r = 0.63, p < 0.01), which evidences the connection with
water storage. This suggests that water availability tends to be improved in regions with
a larger number of dams, or high quantities of water storage. In other words, the WA/F
ratio could prove useful to highlight the fact that water availability has been benefited
by water resource management and the development of hydraulic infrastructure in some
regions of the continent. The results of the WA/F ratio for the entire topological model,
and scatterplots between WA/F and each of the hydrological variables are presented in the
Supplementary Materials Section.

In the same way, the ratios between water availability and catchment area or popu-
lation provide us with a clearer picture of the current state of the water resource systems
in each hydrological region. The WA/A ratio (Figure 5b) allows us to observe how much
water is available for each region in relation to its catchment size. In this case, the hydro-
logical regions with the largest values of runoff, which are mainly located at the northern
part of the continent, present the highest values of water availability per their respective
discharge areas. We observe a significant strong correlation between WA/A and F (r = 0.91,
p < 0.01) and R (r = 0.95, p < 0.01). This would suggest that because of their beneficial
climatic conditions, which provide them with an abundance of water resources, the regions
with a high value of their WA/A ratio are less likely to require a larger number of hydraulic
infrastructures (e.g., dams or reservoirs) to meet their water needs. The regions with the
highest proportion of water availability in relation to their area are region ‘A’, ‘E’, and
region ‘G’ in an area that comprises Colombia, Ecuador, and Venezuela. As in the case of
WA, the areas with the lowest values of WA/A are found in the south of the continent, on
Chile’s north coast (region ‘C’), and in the endoreic regions of central Argentina (regions ‘X’,
‘Y’, and ‘Z’). The results of the WA/A ratio for the entire topological model, and scatterplots
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between WA/A and each of the hydrological variables are presented in the Supplementary
Materials Section.

Figure 5. Water availability ratios per hydrological region mapped as quartiles (a) water availability per runoff; (b) water
availability per area; and (c) water availability per person. See Table 2 for specific values.

Finally, the water availability per person (WA/P) ratio (Figure 5c) indicates how much
water is available for each region in relation to its population. Although in average, the
amount of water availability per person is around 24,250 m3 of water per person per year,
this value fluctuates considerably between regions. The WA/P ratio shows a significant
moderate correlation with R (r = 0.65, p < 0.01), but also shows significant moderate inverse
correlations with the S/F ratio (r = −0.52, p < 0.01) and population density (r = −0.41,
p < 0.05). This could indicate that the WA/P ratio tends to be higher in regions with large
amounts of runoff and lower density. These results suggest that the WA/P ratio might
prove useful in identifying the regions whose settlements are less likely to suffer from
water scarcity. The region with the highest proportion of water availability per person is
the region ‘H’, which includes Guyana, Suriname, and French Guiana, with more than
250,800 m3 of water available per year and per person. On the other hand, the lowest
values of WA/P are found in the north of the continent (region ‘F’), Chile’s north coast
(region ‘C’), and in the endoreic regions of central Argentina (regions ‘X’, ‘Y’, and ‘Z’), with
less than 2000 m3 available of water per person per year. The results of the WA/A ratio for
the entire topological model, and scatterplots between WA/A and each of the hydrological
variables are presented in the Supplementary Materials Section.

3.3. The Role of Storage in Water Availability in South America

In order to improve our understanding of the role of water storage in the availability
of water in the continent, we compared two case studies: the availability of water in
‘current’ conditions with dams (CCS) (Figure 6a,d), and the availability of water in ‘natural’
conditions without dams (NCS) (Figure 6b,e). We found several similarities between both
case studies. First, both CCS and NCS case studies are closely related (r = 0.97, p < 0.01).
In addition, both case studies are related to F (r = 0.95, p < 0.01 for CCS, and r = 0.96,
p < 0.01 for NCS), and to R (r = 0.87, p < 0.01 for CCS, and r = 0.89, p < 0.01). These strong
relationships clearly highlight the fact that water availability is generally higher in the
basins where water resources are abundant. However, our results also demonstrate the
benefit of water storage. In the case of the NCS scenario, the total availability of water for
the 27 hydrological regions is 4967.01 km3 of water per year. In the CCS scenario, the total
availability of water is 6391.95 km3 of water per year. This indicates that, because of the
presence of reservoirs, water availability on the continent has increased by 1424.94 km3,
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which is equivalent to an increase of nearly 28% over the NCS scenario. The results of
the CCS and NCS case scenarios for the entire topological model are presented in the
Supplementary Materials Section.

Table 3. Water availability scenarios considered for this study.

Hydrological Region (HR)

Water Availability (WA)

∆WA ∆WA/SCCS (with
Dams)

km3 × yr−1

NCS (without
Dams)

km3 × yr−1

WAS
(CCS-NCS)
km3 × yr−1

A—Col-Ecu 83.40 65.22 18.18 0.28 0.036
B—Per 12.90 9.51 3.40 0.36 0.131

C—NChi 2.08 0.99 1.09 1.10 0.561
D—SChi 96.58 69.14 27.44 0.40 0.025

E—Magdalena 218.04 159.85 58.19 0.36 0.024
F—CarCoast 12.87 8.21 4.65 0.57 0.088
G—Orinoco 829.55 405.72 423.83 1.04 0.007
H—NESA 250.28 234.27 16.01 0.07 0.002

I—Amazon 3455.69 3293.25 162.44 0.05 0.002
J—Tocantins 310.89 124.55 186.33 1.50 0.013

K—NBra 18.76 18.70 0.06 0.00 0.081
L—Parnaiba 20.42 9.48 10.94 1.15 0.083
M—NEBra 30.17 17.84 12.33 0.69 0.027

N—SaoFrancisco 89.26 33.24 56.02 1.69 0.023
O—EBra 25.54 11.91 13.63 1.14 0.068
P—SEBra 42.21 17.04 25.17 1.48 0.102
Q—SBra 81.52 58.95 22.57 0.38 0.040

R—LaPlata 709.95 359.52 350.42 0.97 0.003
S—NArg 8.21 8.17 0.04 0.00 0.015

T—Colorado 6.50 4.21 2.28 0.54 0.025
U—Negro 36.56 14.94 21.62 1.45 0.019
V—SArg 25.77 20.98 4.79 0.23 0.123

W—LaPuna 19.23 17.79 1.44 0.08 0.127
X—SalinasGrandes 1.47 0.85 0.61 0.72 0.591

Y—MarChiquita 1.92 0.46 1.45 3.12 1.112
Z—Pampas 0.24 0.24 0.00 0.00 0.000

AA—CPatagonia 1.97 1.97 - - -

However, the individual results of each hydrological region better demonstrate the
benefits of water storage and reservoirs on water availability. In the case of two of the
largest and most representative rivers of the continent, the ‘La Plata’ and ‘Orinoco’ rivers,
our results show the positive impact of reservoirs in increasing the availability of water. In
the case of the ‘La Plata’ River (region ‘R’), the increment of water availability (∆WA) due
to the presence of reservoirs is 97%. Moreover, in the case of the ‘Orinoco’ River (region
‘G’), water availability is increased by almost 105% due to the presence of reservoirs. This
significant increase in water availability could be directly attributed to the fact that both
rivers have advanced hydraulic infrastructure, whether in the form of many dams or large
reservoirs. On the other hand, although the Amazon River (region ‘I’) has the highest
volume of water availability on the continent, the increase in water availability due to the
presence of reservoirs in this river is less than 5%, which is one of the lowest values in the
continent. In the same way as regions ‘I’ and ‘G’, this relatively low increment of water
availability could be attributed to the fact that the Amazon basin has a reduced number of
reservoirs and water storage capacity in comparison to its area and mean annual flow. The
increment of water availability ∆WA for each hydrological region was determined using
Equation (1) and is presented in Table 3 and was also mapped in Figure 6. In addition,
the results of ∆WA for the entire topological model are presented in the Supplementary
Materials Section.
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Figure 6. Effects of reservoirs on the availability of water of the hydrological regions in South America. The CCS scenario
represents the case scenario of water availability with reservoirs, and the NCS scenario represents the ‘natural’ conditions
without reservoirs. Figures (a–c) are mapped as flow values and represent water availability in the CCS scenario, water
availability in the NCS scenario, and the increment in water availability ∆, respectively. Figures (d–f) represent the water
availability values mapped as quartiles. See Table 3 for specific values.

At the continental scale, the positive impact of reservoirs on increasing water avail-
ability is better observed in the southeast of the continent. The region with the highest
increment in water availability ∆WA is the region ‘Y’ in the north of Argentina, with an
increase of more than 310%. In the same way, regions ‘C’, ‘J’, ‘L’, ‘N’, ‘O’, ‘P’, and ‘U’, show
an increase of in water availability of more than 100% due to the presence of reservoirs.
In all these regions, the common factor is the high level of development of hydraulic
infrastructure. This could be attributed to different causes, either due to necessities caused
by unfavorable climatic or hydrological conditions, as in the case of the regions in northern
Chile (region ‘C’), or the north of Argentina (region ‘Y’), or also due to increasing human-
induced demands (hydroelectricity, water supply, irrigation) as in the case of the central
region of Argentina (region ‘U’) or Eastern Brazil (regions ‘J’, ‘L’, ‘N’, ‘O’, and ‘P’). With
the exception of region ‘G’, most northern regions of the continent, where there are fewer
reservoirs, do not experience the same increase in water availability as the southern regions.
The results for all hydrological regions are presented in Table 3 and are also mapped in
Figure 6. In addition, the results of ∆WA for the entire topological model are presented in
the Supplementary Materials Section.

Finally, we determined the ratio of the increment of water availability per storage
(∆WA/S). This ratio allows us to observe the specific influence of reservoirs on the avail-
ability of water of each catchment. The regions that make the best use of their water storage
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are regions ‘C’, ‘X’, and ‘Y’ in Northern Chile and Central Argentina. In these cases, it is
observed that the increase in water availability in these regions in relation to the volume
of storage in their basins is significant. On the other hand, it can be observed that in the
regions where water resources are more abundant (regions ‘G’, ‘I’, ‘R’), the increase in water
availability in relation to water storage is the lowest in the continent. Although the increase
in water availability that is caused by the presence of reservoirs or water storage can occur
due to several factors (e.g., management of reservoirs, or climatological or hydrological
characteristics), the ∆WA/S ratio can prove useful to help us identify the hydrological
regions that make a more ‘efficient’ use of their water storage and reservoirs to meet their
water resource needs. The ∆WA/S ratio is presented in Table 3 and is also mapped as
quartiles in Figure 7. In addition, the results of the ∆WA/S ratio for the entire topological
model are presented in the Supplementary Materials Section.

Figure 7. Relationship between the increment of water availability and storage (∆WA/S) mapped as
quartiles. See Table 3 for specific values.

3.4. Estimates of Water Consumption and Potential Water Availability in South America

In order to provide a better understanding of the impact of reservoirs in the availability
of water in South America, we examined the relationship between water availability and
the estimated water consumption (WC) in the continent. Despite the fact that many authors
have studied water consumption on the continent [82–87], the majority of the research
conducted to date is focused on local areas within the different countries of the continent.
Furthermore, estimates of water consumption vary greatly for each country in South
America due to the region’s great climatic diversity, different social customs, and different
levels of economic income.

For this study, the estimated water consumption of each hydrological region was
determined using population and irrigated areas data. The estimates on population and
equipped areas for irrigation of each hydrological region were derived from the ‘Global
Rural–Urban Mapping Project’ (GRUMP) [77] and the ‘Global Map of Irrigated Areas’
dataset (GMIA) [80], respectively. We assumed a water consumption of 390 liters of water
per person per day for domestic and industrial purposes, and 7250 cubic meters of water
per hectare per year for agricultural purposes.

The estimates of water consumption of the continent were derived from the World
Bank information on water withdrawals [76], which is presented for different years and for
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all the countries in the continent. First, we determined the average water withdrawals for
domestic, industrial, and agricultural purposes for the time period of this analysis from the
World Bank database. Then, we determined the average consumption for domestic and
industrial purposes based on the population information from the GRUMP database. The
average consumption for agricultural purposes was determined based on the equipped
areas for irrigation data from the GMIA database. The estimates for water consumption
per country and per different use are presented in the Supplementary Table S1, which is
presented in the Supplementary Materials Section.

Again, the estimates of water consumption and their relationship to potential water
availability show significant differences between the continent’s hydrological regions. The
region with the highest needs of water is region ‘R’ in ‘La Plata’ river with 25.46 km3 of
water per year. The regions with the lowest water needs are regions ‘K’, ‘S’, ‘V’, and ‘Z’
with less than 0.5 km3 of water per year. As shown in Table 4, the difference in water
needs between regions is related to the number of inhabitants and the number of hectares
equipped for irrigation in each region. The relationship between potential water availability
and water consumption, on the other hand, suggests that some hydrological regions are
better suited to meet their water needs. For example, in the region ‘R’ in ‘La Plata’ river,
the potential water availability is almost 28 times higher than their estimated water needs.
In the case of the region ‘I’ in the Amazon River, the potential water availability is more
than 450 times higher than their estimated water needs. Region’s ‘G’, ‘H’, ‘J’, and ‘V’ also
present high volumes of water availability in relation to their estimated water needs. In
contrast, on regions ‘C’, ‘X’, ‘Y’, and ‘Z’ the estimated water needs represent more than the
half of their potential water availability, which indicates that these regions could suffer
potential problems to meet their water demands on the future, if no additional measures
or water sources are considered. Results of estimations of water consumption and their
relationship with potential water availability for all the hydrological regions of this analysis
are presented in Table 4.

3.5. Data Limitations

Some limitations of this study should be noted. First, because the WAAPA model is de-
signed to maximize potential water availability, the reservoir operation is highly simplified.
Usually, reservoir operation is typically more complex due to additional conditions and
constraints encountered during reservoir management. They are either operated individu-
ally to meet local demands, or they are operated as part of systems throughout the basin.
Thus, the results of this study’s WAAPA model should be regarded as the upper bound of
the water availability that could be obtained during actual reservoir operation. Second,
the system performance was evaluated as gross volume reliability and the potential water
availability was obtained under the hypothesis of 98% reliability.

Third, considering the continental scale of this assessment, the water availability has
been estimated using a continuous monthly distribution of the water demand. Therefore,
given that the actual proportion between water supply and irrigation demand is unknown
for many nodes of the river system, water availability results should be carefully considered
if they are intended to be used at a local scale. Fourth, our results and conclusions are
inextricably linked to the uncertainty of the global climate models (GCMs) considered in
this analysis. We did not consider regional climate models (RCMs), which are expected to
present less associated uncertainty than GCMs since they account for more detailed and
specific regional characteristics. However, it should also be noted that as mentioned by
Llopart, 2020 [71], uncertainties from both GCMs and RCMs are greater in some regions of
South America, such as the Andes mountains and the Patagonia region.
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Table 4. Estimates of water consumption in the hydrological regions of South America.

HR Population
106 per

Equipped
Areas

for Irrigation
km2

WA
km3 × yr−1

WC a

km3 × yr−1 WA/WC

A—Col-Ecu 9.27 3414.89 83.40 3.79 22.0
B—Per 6.20 3683.78 12.90 3.55 3.6

C—NChi 1.54 1292.36 2.08 1.16 1.8
D—SChi 10.19 8237.91 96.58 7.42 13.0

E—Magdalena 29.91 5947.51 218.04 8.57 25.4
F—CarCoast 11.92 1840.84 12.87 3.03 4.2
G—Orinoco 9.88 3461.02 829.55 3.92 211.9
H—NESA 1.00 833.67 250.28 0.75 335.3

I—Amazon 26.04 5052.27 3455.69 7.37 468.9
J—Tocantins 5.80 1800.35 310.89 2.13 145.9

K—NBra 3.05 88.58 18.76 0.50 37.6
L—Parnaiba 3.71 267.23 20.42 0.72 28.3
M—NEBra 10.93 1672.81 30.17 2.77 10.9

N—SaoFrancisco 13.29 2490.71 89.26 3.70 24.1
O—EBra 6.54 1500.41 25.54 2.02 12.7
P—SEBra 14.01 2562.99 42.21 3.85 11.0
Q—SBra 7.04 5123.93 81.52 4.72 17.3

R—LaPlata 81.40 19,134.04 709.95 25.46 27.9
S—NArg 1.23 75.94 8.21 0.23 35.7

T—Colorado 2.40 3110.33 6.50 2.60 2.5
U—Negro 0.52 745.69 36.56 0.61 59.5
V—SArg 0.24 190.31 25.77 0.17 149.2

W—LaPuna 2.15 537.78 19.23 0.70 27.6
X—SalinasGrandes 0.86 997.99 1.47 0.85 1.7

Y—MarChiquita 3.85 1209.07 1.92 1.42 1.3
Z—Pampas 0.65 84.72 0.24 0.15 1.6

AA—CPatagonia 0.01 0.50 1.97 0.002 816.6
Note: HR = Hydrological region, WA = Potential Water Availability, WC = Estimated Water Consumption.
a Information on water consumption was obtained from the World Bank database on water withdrawals [76].

Fifth, groundwater storage was not considered in this study. In general, groundwater
storage on the continent has not been extensively studied, and there are still regions that
require more in-depth analysis of their groundwater resources [88]. Several authors have
conducted various studies on the continent’s groundwater resources [88–93]. However,
most of these studies are focused on a local scale. Although most studies agree on the
importance of groundwater resources in the continent, owing to rising demand for both
domestic and agricultural purposes, they also emphasize the need for additional research in
this area and most importantly, in the necessity to promote discussion on the development
on comprehensive frameworks for groundwater management [93]. Finally, it should be also
noted that the environmental flow was not considered for this study. This is due the fact that
there is no uniform legislation regarding environmental flow in South America. Although
some countries in the region, such as Argentina, Chile, Ecuador, or Peru, establish minimum
parameters for environmental flows (e.g., between 10 and 20% of the multiannual mean
monthly flow) [94–97], in the rest of the continent (Bolivia, Brazil, Uruguay, or Venezuela),
environmental flow legislation is still recent, and thus, no specific methods have yet been
determined. [98–102]. Hence, we consider that additional analysis of water availability
on a local scale and considering the local requirements of environmental flows, might be
required to improve the results of this study.

4. Conclusions

The potential effects of reservoir storage in river systems in South America have been
analyzed in this study. For this purpose, 808 dams with a reservoir volume of almost
1004 km3 were considered. The hydrological model developed for this analysis consists
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of 4661 water catchments, which were grouped into 27 hydrological regions covering the
entire continental area of South America. Although in general, this continent is usually
considered as the region with the most abundant water resources in the planet, our analysis
shows the great complexity of the dynamics of the water resources systems and, above all,
the great variability in the distribution of water resources throughout the continent.

For the water storage analysis, we determined relevant hydrological data: area, mean
annual flow, runoff, water storage, population, and irrigated areas. In addition, the analysis
of water storage was carried out based on three variables, runoff, area, and population.
On average, the reservoirs in South America store almost 10% of the continent’s annual
runoff, which is equivalent to 64,000 m3 of water per km2, or 4000 m3 of water per person.
However, the distribution and potential effects of water storage vary substantially between
hydrological regions. The potential impacts of water storage are more evident in the
southeastern regions of the continent, especially in regions ‘T’ and ‘U’ in the ‘Colorado’
and ‘Negro’ rivers in Argentina, respectively. Region ‘U’ has the greatest water storage in
terms of area and number of persons. On the other hand, the reservoirs in region ‘T’ store
an equivalent to 3.5 years of their total runoff. These two basins stand out above the rest of
the regions in the continent, and our results suggest that they are the most prone to being
‘affected’ by the potential impacts associated with dams.

In addition, the availability of water in South America was analyzed by applying the
WAAPA model. The overall result indicates that the availability of water in the continent is
6391.95 km3 of water per year, which represents almost 60% of the continent’s mean annual
flow. As in the case of water storage, our assessment was focused on three variables: runoff,
area, and population. In general, our findings indicate that water availability is higher
in the southeast of the continent, which suggests that water availability has improved in
regions with a high level of development of its hydraulic infrastructure. We also carried
out an assessment of the role of water storage in the availability of water in the continent.
According to our findings, Region ‘Y’ in Argentina has the greatest increase in water
availability due to water storage, with an increase of more than 310% due to the presence of
reservoirs. Water availability is significantly increased due to the presence of reservoirs in
regions ‘C’, ‘G’, ‘J’, ‘L’, ‘N’, ‘O’, ‘P’, ‘R’, and ‘U’, which are mostly located in the continent’s
southeast. Because of the presence of reservoirs, water availability in these hydrological
regions is increased by more than 100%. These results suggest a positive influence of water
storage on the potential water availability in the river systems of the continent. On average,
our results suggest that water availability in the continent has been increased by nearly
72% due to the presence of reservoirs.

Finally, although several uncertainties related to seasonal or interannual discharge
variations are expected in some regions, our findings depict a very likely scenario of
the current potential effects of reservoir storage in the water resources systems of South
America. To the knowledge of the authors, this is the first study on a continental scale that
studies water storage and its effects on water availability at a basin level. Thus, with the
results derived from this study, we expect to serve as an initial approach to further research
of the water resource systems of South America, both for present and future scenarios. The
effects of environmental flows, the study of water withdrawal, or the assessment of the
potential effects of climate change for future scenarios in the continent will be addressed
by the authors in their ongoing research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13141992/s1, (1) High-resolution images of Figures S1–S7. (2) Results of the hydrological
variables of Figure S2 (F, R, S, A, and population density) for the entire topological model are
presented as Figures S2b–f respectively). (3) Results of the storage ratios in Figure 4 for the entire
topological model are presented in Figure S4a–c. (4) Results of the water availability ratios in Figure 5
for the entire topological model are presented in Figure S5b–c. (5) Results of the ∆WA/S ratios in
Figure S7 for the entire topological model are presented in Figure S7.1. (6) Scatterplots for the S
and WA ratios are presented in Figures S8–S13. (7) The topological model used for this assessment,
including the information presented in Figures S2 and S4 for all catchments is presented in the file
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‘SAModelInfo.shp’ as a shapefile (*.SHP) format. In addition, the water storage analysis results for
the 808 dams considered in this study were revised and included in the ‘Dataset of Georeferenced
Dams in South America (DDSA)’ [23]. Finally, Supplementary Table S1 ‘Supplementary Table S1.
Water consumption estimates for South America (1960–2000)’ is also included in the Supplementary
Materials Section.
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