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Abstract 

Climate change has resulted in declining water availability and increased water risk in various 

regions of Chile, a phenomenon also observed in other countries. A potential approach to address 

this situation is territorial planning, which could mitigate water vulnerability by managing water 

demand and protecting ecosystems that provide essential services such as drinking water supply and 

watershed regulation. The present study examines the role of Regional Land Use Plans (PROTs) in 

modifying water vulnerability levels through spatial management strategies. Four catchments are 

analyzed considering the current land use and zoning proposed by the PROTs. The results indicate 

that in three catchments the vulnerability indicator exhibits an increase under the proposed zoning, 

while in one catchment there is a slight decrease. The findings suggest a discrepancy between the 

development objectives articulated in the plans and the proposed land use patterns. Despite 

incorporating guidelines for water resource management within the PROTs, implementing these 

guidelines does not necessarily reduce vulnerability. This study posits the necessity of transitioning 

towards spatial planning methodologies that systematically incorporate hydrological criteria. 

Keywords: water security; vulnerability; spatial planning; water scarcity 

 

1. Introduction 

According to Fuentes et al., [1] Territorial Ordering defines the principles established by a 

country to use the territory; therefore, it is understood as a policy. Similarly, Bustos et al., [2] describe 

it as “the disciplinary articulation that establishes the conceptual body, parameters and criteria that 

enable the development of human activities, and of these with the natural environment, compatible 

and sustainable”. In particular, the Chilean State, in the guide of the Undersecretariat for Regional 

and Administrative Development (SUBDERE, its acronym in Spanish) for the elaboration of the 

Regional Land Use Plans (PROTs, its acronym in Spanish) adopted the definition of the European 

Spatial Planning Charter: “the spatial expression of the economic, social, cultural and ecological 

policies of society (...) whose objective is a balanced development of the regions and the physical 

organization of space according to a guiding concept” [3]. This paper will consider the definition of 

the European Spatial Development Charter. 

Territorial Planning lacks a legal definition in Chile and is associated with urban planning [1,4,5]. 

However, in the context of this paper, spatial planning will be understood as “the process of 

regulating the usage of a territory defined at different levels (regional, inter-communal and local), to 

achieve the objectives outlined by the Territorial Ordering in the physical territory, which is, in short, 

the realization of the aims described by a Territorial Ordering policy” [1]. 
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The binding or normative planning instruments in Chile, available in the legislation, correspond 

to the Territorial Planning Instruments [4,5]. These instruments are the Regional Urban Development 

Plan, the Intercommunal or Metropolitan Regulatory Plan, the Communal Regulatory Plan, the 

Sectional Plan, and the Urban Boundary [5]. The Territorial Planning Instruments are mainly 

concerned with the urban sector. In contrast, in the rural sector, there is a binding analogue 

corresponding to the Intercommunal Regulatory Plan [1], which is restricted to specific sectors of the 

rural sector. Its action is limited and is inclined towards urban and infrastructure aspects [6]. 

The Regional Development Strategies are associated with the regional territory, both urban and 

rural, and are indicative instruments that, based on strategic objectives and regional guidelines, 

promote economic and social development but are not aimed at specific territorial planning [7]. 

As a consequence of the absence of a comprehensive instrument at the regional level, in 

coherence with the Regional Development Strategies, the government promotes the Regional Land 

Use Plans (PROTs), which by definition guide the use of the region’s territory to achieve its 

sustainable development through strategic guidelines and macro-zoning [8,9]. These PROTs have a 

binding character regarding the location for providing infrastructure and productive activities in 

areas not included in urban planning, along with identifying areas for their preferential location” [9]. 

It is the only territorial planning instrument with a spatial expression that covers the rural territory, 

thus contributing to territorial planning and organization [7]. 

To date, and in the absence of developed and implemented PROTs, the different productive 

activities are arranged in the territory based on criteria of availability, private property (land and 

water) and economic factors rather than the territory’s carrying capacity [10]. With, in some cases, 

infrastructure projects and interventions in the territory being assessed individually by the 

Environmental Impact Assessment System [11], or practically without assessment in the case of 

agricultural activity [12]. 

The use of the territory to achieve sustainable development implies, among other things, 

considering the possible hazards to which the territory is exposed and identifying its vulnerability to 

them [10,13]. A relevant threat in our country is drought, currently called mega-drought, due to its 

extension over time [14]. 

In this context, given the decrease in water availability and the increase in water risk suffered by 

our country because of Climate Change [14–16], the effects of the threat of drought are becoming 

more recurrent in various areas of the country. This situation and the sustained increase in demand 

place us in a state of scarcity [17], which can be conceptualized as a threat derived from drought. 

Territories are vulnerable to this water situation, which can be tackled from various angles [18,19]. 

One of them is territorial planning, which could reduce the territory’s sensitivity to scarcity through 

the orientation of land use in space. For this work, vulnerability will be understood as the 

predisposition to be negatively affected [20,21]. These results from three main elements: Exposure, 

sensitivity, and the capacity to respond and adapt [21]. 

In this scenario, PROTs could contribute to the solution by reducing the levels of water 

vulnerability through the spatial management of water demand and, consequently, the management 

and protection of ecosystems that provide ecosystem services, including the provision of water [22]. 

In this sense, Carter et al. [23] indicate that territorial planning is a relevant tool in achieving objectives 

and addressing challenges related to the environment and, specifically, to water resources. In turn, 

the National Land Use Planning Policy of Costa Rica states that it is possible to reduce vulnerability 

through land use planning processes, exposing its potential in terms of its preventive approach 

associated with exposure and resilience [24]. 

The elaboration of the PROTs does not necessarily consider criteria oriented towards reducing 

the vulnerability to water scarcity, so the zoning of planned land use could have negative or positive 

effects. The potential of PROTs as tools to help mitigate this vulnerability and increase water security 

has not been evaluated, and their effects are unknown. 

Parallel to understanding these concepts, and of equal importance, is to review how water 

security is understood. The term was most likely first used by the Global Water Partnership [25]. 
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Although in the first discussions in which the term was used, it was in the context of concerns about 

water scarcity [26]. Today, the concept has evolved, and hence its definition, to such an extent that it 

is combined with other areas such as Integrated Water Resources Management (IWRM) [27]. As a 

result, IWRM has linked science, management, policy, and governance through an integrative debate 

on the means to achieve water security. However, because IWRM debates focus on specific case 

studies, the definition of water security has inevitably been case-dependent and primarily influenced 

by geography [27–29]. 

For a better understanding, this paper will take the definition of Water Security of the 

Framework Law on Climate Change, which defines Water Security as the possibility of access to 

water in adequate quantity and quality, considering the natural particularities of each basin, for its 

sustenance and use over time for human consumption, health, subsistence, socio-economic 

development, conservation and preservation of ecosystems, promoting resilience against threats 

associated with droughts and floods and the prevention of pollution [30,31]. In addition, this law 

contemplates a strategic instrument that seeks to address the adverse effects of climate change on 

water resources to safeguard water security; these are the strategic water resource plans. 

The legal definition recognizes water uses that must be sustained in a Water Security scenario, 

these are i) human consumption and health; ii) socio-economic development; iii) conservation and 

preservation of ecosystems; and iv) resilience of the system to water-related hazards. The 

operationalization of the definition in indicators for its evaluation has been structured through four 

dimensions related to the uses and conditions of resilience mentioned above. For this reason, this 

study conceptualizes water security through four dimensions (see Figure 1): three focusing on 

consumptive and non-consumptive water uses and the fourth on associated risks. Each dimension 

has a further level of disaggregation, giving rise to sub-dimensions, at which level vulnerability 

indicators are applied. 

 

Figure 1. Dimensions and sub-dimensions of Water Security. 

In other words, the term Water Security is related to Vulnerability through the concept of Risk, 

corresponding to one of the four dimensions of Water Security. Risk, in turn, comprises three 

concepts: hazard, exposure and vulnerability. In addition, the concept of risk in the context of water 

security implies its management and the reduction of vulnerability [32], as well as the definition of 

an adequate or tolerable level of risk [31,33]. 

Considering the water situation in Chile, the question arises of whether PROTs, as planning 

instruments, contribute to better water security in watersheds. To answer this question, this paper 

takes four regions of Chile. 
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2. Materials and Methods 

To approach this study, PROTs from four regions of Chile were used as case studies, 

representing four distinctive zones of this country: North, Centre, South and Extreme South. The 

selected regions are Atacama, Metropolitana de Santiago (from now on Metropolitana), the Los Ríos 

region, and the Aysén del General Carlos Ibáñez del Campo region (from now on Aysén), 

respectively (see Figure 2). 

 

Figure 2. Regions and basins correspond to the case studies. 

The reason for choosing these four regions is to cover different scenarios regarding water 

resource availability and productive activities. In this sense, the territory presented as a case study is 

not a conditioning or limiting element, as the objective is to understand the effects of the macro 

zoning of the PROT on water security through vulnerability indicators independent of the territory 

and its baseline conditions. 

The selected regions exhibit hydrologically concerning precipitation and temperature 

projections. Projections indicate a decrease in precipitation of 5% to 15% in the Metropolitan, Los 

Ríos, and Aysén regions. In the Atacama region, however, projections are less specific [34]. A 

temperature increase of at least 1°C is projected for 2030-2060 compared to 1985-2015 (considering 

scenario 8.5) in the Atacama, Metropolitan, and Los Ríos regions. In the case of the Aysén Region, 

however, projections are uncertain [34]. In critical drought situations, Chilean water institutions issue 

declarations of water scarcity zones. From 2010 to 2024, the Atacama Region submitted 13 

declarations of scarcity, the Metropolitan Region submitted 79, the Los Ríos Region submitted 2, and 

the Aysén Region submitted 1 [35]. A comparative analysis of the decrees reveals that the Atacama 

and Metropolitan Regions are experiencing more critical conditions. 

About productive activities, in the Atacama Region, agriculture and mining are the activities 

with the highest water consumption at the regional level. In the Metropolitan Region, the activities 

with the highest water demand correspond to agriculture, drinking water, and electricity generation, 

the latter corresponding to non-consumptive demand. In the Los Ríos Region, the activities with the 

highest water demand correspond to industry, drinking water and the agricultural sector. In this 

region, there are also non-consumptive demands associated with electricity generation. Finally, in 

the Aysén Region, the most water-demanding activities are drinking water, mining and the 
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agricultural sector; in this region, there are non-consumptive demands associated with aquaculture. 

The activities in the selected regions present the diversity of activities with the highest water demand 

in Chile [17]. 

In addition, the respective Regional Governments of each region have the necessary information 

to carry out the assessment proposed in this document. It should be noted that the plans of the 

Atacama, Metropolitan, and Los Ríos regions are not in force [9]. 

Once the representative regions of each zone had been selected, a specific selection was made. 

Because the aim was to carry out a vulnerability assessment at the basin level, work was carried out 

in the Copiapó River basin, the Maipo River basin, the Valdivia River basin, and the Aysén River 

basin. 

All data used in this work is freely accessible and is available on the respective referenced 

websites. The methodology focuses mainly on obtaining the percentage value of the Water Security 

vulnerability indicator in two scenarios, one of the current uses (current territorial model without 

PROT) and another of the use proposed in the PROT (from now on PROT scenario); both scenarios 

will be obtained for each river basin (one per region), to subsequently compare the scenarios and see 

the effect that their respective PROTs have on them. It should be noted that the current territorial 

model corresponds to the land use scenario indicated in the PROTs in their diagnoses. 

The formula for the Water Security vulnerability indicator (Equation (1)) [31] relates the water 

demand to the water availability of the basin under natural conditions; in other words, it describes 

what is extracted from the system to what is generated by the system itself. 

 𝑉 =
𝐷

𝐷𝑖𝑠𝑝85%
 × 100 (1) 

Where V corresponds to the level of vulnerability associated with Water Security (percentage), and 

D corresponds to the annual demand of the uses under evaluation, in this study, agriculture, 

livestock, industry, mining, and ecological flow. Disp85% corresponds to the physical availability of 

water (average annual flow) with a probability of exceedance of 85%. This probability is associated 

with the return period containing 85% of the mean annual flow [36]. 

The base information used to calculate the indicators was obtained from state databases, 

technical reports, and scientific information. 

Water Resource Availability 

To estimate water availability with an 85% probability of exceedance, the denominator of the 

vulnerability indicator (Equation (1)), information from the CAMELS-CL explorer platform [37,38], 

was used, with data from at least 40 years. To approximate the availability under natural conditions, 

we opted to estimate the basin runoff through rainfall [39], using the empirical formula of Peñuelas 

(Equation (2)) [40] for the runoff of each basin. 

𝐸𝑠𝑐 =  {
0.5 × 𝑃2[𝑚]        𝑃 ≤ 1 [𝑚]

𝑃 − 𝐷𝑚𝑎𝑥             𝑃 > 1 [𝑚]
 (2) 

Where P is the precipitation, and D is the deficit. In the second interval of the equation, Dmax 

corresponds to 0.5 m since all the precipitation runs off. 

The runoff approximation satisfies the requirements for calculating the indicator [39]. And it is 

within the scope of this study. The use of fluviometric stations is discarded, as this would mean using 

stations both at the headwaters of all the tributaries of the basins and at the outlet of the basins, and 

to the latter should be added the upstream Water Use Rights (water abstractions). This approach 

assumes that all the Water Use Rights of the Public Water Cadastre are in use, which would 

overestimate the availability of the basin; it assumes that the Public Water Cadastre is complete and 

does not consider the inflows in the intermediate or lower basin. 
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Water Demand 

The water demand estimation for the different land uses was based on approximating the 

consumption of the productive sectors, such as agriculture, mining, industry, and livestock. They are 

considering their production or surface area in the case of agriculture. The reason for using this 

approach is to establish a direct correlation between water consumption and the area allocated to 

agriculture, as well as water consumption and production for mining, industry, and livestock. The 

details of each productive sector are shown in the Supporting Information (SI). 

1. Agriculture. The methodology for calculating water demand is based on the study “Diagnosis 

of water demand in Northern Chile” [41], schematically presented in Figure 3. This methodology 

allows for estimating the Gross Irrigation Demand (GID) at the level of a given geographical 

unit, in this case, the river basin. 

 

Figure 3. Representative schematic of the methodology for estimating crop water demand. 

The Irrigated Area (IA) per crop was obtained through crop proportions [42,43]. Of the regions 

identified in the current and PROT scenarios. It should be noted that only the crop groups and types 

with the highest percentage representation in the region or province are considered (For more details, 

see SI). 

Monthly crop coefficients (Kc) were used from various Water Road Project Evaluation Study 

references [44]. And Estimation of Current Demand and Future Projections [17]. Potential 

evapotranspiration (mm/month) (PEt) was obtained from the CAMELS-CL explorer platform [37,38], 

and used from 1979 to 2019. 

Effective precipitation (EP) is the “fraction of rainfall that will be available to meet at least part 

of the water needs of plants”. It corresponds to the precipitated water stored in the root zone and 

available for use by the plant [41,45]. The formulas indicated by FAO are used to calculate EP 

(Equation (3)) [45]. 

𝐸𝑃 = 0.6 × 𝐴𝑃 − 10 (𝑖𝑓 𝐴𝑃 ≤ 70𝑚𝑚) 

𝐸𝑃 = 0.8 × 𝐴𝑃 − 25 (𝑖𝑓 𝐴𝑃 > 70𝑚𝑚) 
(3) 

Where, EP is the Effective Precipitation measured in millimeters per month (mm/month), and AP is 

the Average Precipitation measured in millimeters per month (mm/month). The latter was obtained 

between 1979 and 2019 from the CAMELS-CL explorer platform [37,38]. 

The Net Unit Demand (NUD) corresponds to the water needs of each basin according to crops 

(m3/month) [46]. For its calculation, the potential evapotranspiration (PEt), the crop coefficient (Kc), 

the effective precipitation (EP), and the irrigated area (IA) per crop type in the basin (m2) are required, 

following Equation (4). The “n” corresponds to the number of crops present in the catchment. 

𝑁𝑈𝐷 = ∑ [
(𝑃𝐸𝑡 × 𝐾𝑐𝑖) − 𝐸𝑃

1000
× 𝐼𝐴𝑖]

𝑛

𝑖=1

 (4) 
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Irrigation efficiency (IE) was extracted from the Estimation of Current Demand and Future 

Projections [17]. Corresponding to 2015. This average value changes depending on the type of 

irrigation farmers own and the surfaces associated with these. 

The Gross Irrigation Demand (GID) (m3/month) (Equation (5)) represents the amount of water 

that must be provided to the crop through the irrigation system, considering the water losses that the 

latter generates due to its inefficiencies [47]. 

𝐺𝐼𝐷 =
𝑁𝑈𝐷

𝐼𝐸
 (5) 

It is important to note that the demand estimation for the four configurations of land use 

proposed by the PROTs does not consider climate change projections concerning PEt and 

Precipitation. The estimate is theoretical and aims to identify the flows that should be extracted for 

irrigation. This does not mean that these flows are abstracted for agricultural use. 

2. Mining. The methodology used in estimating water demand corresponds to that published in 

the study on estimating current market and future projections of the DGA [17]. The estimate 

integrates the demands of large-scale copper mining, non-copper metal mining (gold, silver, and 

iron), and non-metallic mining. 

In the study mentioned above, the estimation is based on three main aspects: regional mineral 

production and/or mineral production, which the mining companies report, the unit rate of water 

consumption (cubic meters of water per ton of ore processed), and finally the ore grade (concentration 

of ore present in the rocks and mineralized material of a deposit). 

For the calculation at the river basin level, regional production was disaggregated based on the 

spatial location of active sites. Georeferenced cadastral information on active mining sites as of 2015 

was obtained from DGA [17]. The estimation in the context of this study considers only the water 

demand of mining sites without desalinated water. This is because the vulnerability indicator 

comprises the relationship between demand and natural water availability in the basin without 

considering external sources. 

The unit rates and copper ore grade used in calculating the PROT scenario land use 

configuration demand was taken from the COCHILCO statistics yearbook [48]. Precisely, the most 

current existing information by region was selected. The data indicated in the DGA’s Current 

Demand and Future Projections Study was used for Iron, Gold, and Zinc mining [17]. This demand 

is not estimated in the Valdivia River basin, as no reported mining operations exist (See Table S1 in 

SI). 

3. Industry. The estimation of industrial water demand used the methodology of the DGA’s 

Estimation of Current Demand and Future Projections Study [17]. The study indicates that in 

our country, two realities are associated with water consumption in the industrial sector. The 

first concerns the industries that the sanitation companies supply. Therefore, their consumption 

is considered within the water demand of the sanitation companies, and the second corresponds 

to the industries that are supplied with water for their production from their sources, i.e., that 

capture water either from surface water or groundwater independent of the urban distribution 

system. There are no records for the latter, so the study proposes an indirect approximation 

through the records of industrial effluents (Pollutant Release and Transfer Register of the 

Ministry of the Environment). 

Industrial use is a specific use, so the increase or decrease does not directly influence the increase 

or decrease in demand in the area allocated for industrial uses; therefore, for the calculation of 

industrial water demand in the PROT scenario, the demand projection for the year in which the 

Regional Development Strategies or PROT is in force is used, a projection based on the sectoral Gross 

Domestic Product made in the DGA study [17]. This study presents the geo-referencing of the 

industries that allowed the selection of those belonging to the basins under study. 

Industries with non-consumptive water use (hydroelectric, fish farming) are not considered in 

the calculation of water demand since the calculation of the indicators is carried out at the river basin 
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level, and only those uses that correspond to the extraction of water from the system (consumptive 

use) are of interest. This demand is not estimated in the Copiapó River basin as no information is 

associated with the basin in the industrial effluent register [17]. 

4. Livestock. The methodology used in estimating water demand corresponds to that published in 

the DGA’s Current Demand Estimation and Future Projections Study [17]. The estimate includes 

cattle, pigs, goats, poultry production, and other less-represented areas in Chile. 

The demand estimate considers the livestock’s unit consumption per head [49–51]. And the 

number of livestock in the study area [42,52]. For those species without information, 10% of the live 

weight or usual values for each species are considered [17]. A quantity of water of 0.3 l/day for water 

for personnel is also considered. 

It is essential to point out that the use of land to maintain livestock activity is considered within 

the analysis of agricultural activity. The agricultural estimate corresponds to the theoretical value of 

irrigation; therefore, those areas destined for forage are considered. Natural meadows were not 

considered in calculating agrarian demand because they do not correspond to irrigated land 

(rainfed). The number of head projections of the DGA study was considered to estimate the demand 

of the PROT scenario [17]. 

Ecological Flow 

The ecological flow corresponds to the Water Security sub-dimension “protection and 

conservation of ecosystems.” The ecological flow was estimated based on Law [53], specifically the 

calculation rules associated with watercourses with ecological flow definitions corresponding to 10% 

of the average annual flow. It is calculated through runoff, using the average rainfall of the basin and 

the empirical formula of Peñuelas [40]. 

3. Results and Discussion 

The availability, corresponding to the denominator of the vulnerability indicator, was estimated 

through runoff. This decision was made because the ideal information corresponds to the natural 

flow, information that is currently very difficult to calculate, and the cost of generating it is high, 

considering the scope of this work. 

Given that the focus of the analysis is the change in water demand due to the implementation of 

the PROT, the water availability of the basin is a constant value between both scenarios under 

evaluation (current use scenario and PROT scenario). In this context, it is essential to make it explicit 

that the availability in the future scenario does not consider the impacts of climate change. It is also 

important to point out that other water sources were not considered when estimating the availability; 

therefore, the amounts of water from desalination plants currently in operation were not considered, 

nor were projections of their construction and execution in the territory. 

The methodological adjustments associated with demand are structured based on the 

dimensions of water security set out in Figure 1. Each dimension presents sub-dimensions in which 

the water footprint of the specific use is related to the existing water availability for the use in 

question. In this assessment context and given that the analysis is at the basin level and annual 

temporality, methodological adjustments were made to calculate a single indicator at the basin level, 

considering the sum of the demands of the uses included in this analysis (current use and PROT 

zoning). The dimensions and sub-dimensions considered in the calculation of the indicator are set 

out below: 

• Dimension 1. Water is of adequate and accessible quality and quantity for human consumption. 

This dimension includes human consumption and subsistence activities. Neither use is 

considered from the perspective of the PROTs or the proposed zoning. The growth of cities or towns 

is not considered within the PROTs, being limited in most cases to maintaining current urban limits. 

This responds to the hierarchy of territorial planning instruments in our country, where the PROT 
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does not have attributions for urban limits, with specific instruments existing in this area, such as 

urban boundaries and communal and intercommunal regulatory plans. 

Regarding family subsistence activities, this use is also not explicitly considered in the land uses. 

Within the subsistence activities, we have agriculture and livestock farming, both considered in 

dimension 2 of sustainable, productive development. 

After the above analysis, it was decided not to consider human consumption in both urban and 

rural areas and subsistence activities in the analysis because there is no surface area variation between 

current use and PROT zoning in spatial terms. Although the population trend is increasing, there is 

no intentionality (except for the Aysén region, which states in its development objectives “to increase 

the population based on a pattern of human settlements”) from the Regional Development Strategies 

regarding this issue or the growth of cities. 

• Dimension 2. Water must be of adequate and accessible quality and quantity to ensure 

sustainable, productive development. 

Within this dimension, there are two sub-dimensions: the first is limited to extractive uses 

(consumptive) and the second to non-extractive uses (non-consumptive). The extractive uses 

considered in the battery of indicators are mining, industry, agriculture, and forestry. 

Concerning mining and industry, these uses are of an ad hoc nature, and the surface area 

available for these uses (if they are incorporated in the zoning) is not directly related to their demand. 

In these cases, the water demand is associated with the specific industry’s production level and not 

with the surface area made available or used by the use. The categories named “mining interest” in 

the zoning do not imply that all of them are used for mining activity, nor that there is mining 

development in the same period. This is why the approach to mining and industrial use will not be 

related to the surface area allocated to each. Still, methodologies and assumptions will be used to 

estimate the current demand and projections in the DGA study [17]. These uses are included in the 

analysis due to the intentionality of growth and momentum recognized in the Regional Development 

Strategies and because they correspond to activities of regional relevance. 

As for agriculture, water demand is closely related to the surface area and the irrigation system 

of the crops, so it was estimated through a theoretical approximation. Unlike other mining and 

industrial uses, this approach does not consider databases of water abstracted for production, which, 

in that case, is water for irrigation. This approach finds estimates of the water requirements of a crop 

in consideration of historical climatic information and production characteristics (type of irrigation, 

crop, etc.). Livestock use is not explicit in the description of the indicator; however, it will be 

considered since it is of national relevance. Like mining and industrial use, livestock use was 

estimated through the production projections contained in the DGA study [17]. which only finds the 

drinking consumption of the animals, as the water demand associated with the cultivation of fodder 

is considered within the agricultural use. 

Consideration of the green footprint in the calculation of water demands was ruled out, given 

that the effective precipitation used in the evapotranspiration process is not considered in the water 

availability; based on the methodological approach for estimating this availability, the approximation 

of availability corresponds to the estimate of runoff from the basin through precipitation from the 

basins under study; therefore the consideration of the green footprint would imply an overestimation 

of the demand. In this sense, forestry consumption is discarded from the accounting of water 

demand, both plantations and the use of preservation and conservation (native forests). This study is 

limited to the variation in water demand associated with water abstractions. The effects of the 

proposed PROT planning on water availability are beyond the scope of this study. 

The sub-dimension of non-extractive uses considers aquaculture, tourism, and energy. These 

uses were not considered in this study because the scale of analysis is the river basin, and therefore, 

non-consumptive uses do not influence the water balance. This analysis becomes valuable when 

indicators are assessed at river basin sections or stretches. 

• Dimension 3. Water bodies in quantity and quality guarantee human health, the environment, 

and different uses. 
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This dimension comprises two sub-dimensions, the first called ecosystem protection and 

conservation, and the second called pollution control. The sub-dimension of protection and 

preservation of ecosystems points to the consideration of ecological flow, this being the water 

demand necessary for the maintenance of ecosystems. The ecological flow was included as water 

demand in the calculation of the indicator, for which purpose it was estimated from the estimated 

runoff. It should be noted that the approximation established in Chilean law was considered an 

approximation that seeks the constant passage of a minimum ecological flow. 

The analysis does not consider the second sub-dimension corresponding to pollution control, as 

it is associated with the grey footprint, which corresponds to the water required to dissolve 

pollutants. It is not considered because this use does not alter the water balance at the river basin 

level, as the dilution flows correspond to volumes of water in the natural source used downstream 

by other water users. 

The objective of the application of the indicator is to identify how the indicator varies concerning 

the changes proposed from a current use to a proposed use, established based on the zoning proposed 

in the PROT and the intentions set out in the Regional Development Strategies. Therefore, the data 

recovered from the current and proposed use mapping (the two moments of analysis) is the surface 

area destined for use. Likewise, from the Regional Development Strategies, the productive activities 

indicated as part of the regions’ development are identified, thus identifying the intentionality of 

growth associated with these activities (land uses). 

It is essential to point out that the values obtained from the calculation of the indicators 

correspond to orders of magnitude that allow for a comparison of moments of analysis, i.e., the value 

taken by the indicator at the current moment (current use) is used exclusively in contrast with the 

second moment of analysis corresponding to the zoning proposed in the PROT (future horizon) in 

the basin. 

Table 1 shows the results of applying the vulnerability indicator for the current use scenario and 

the future scenario given by the proposed PROT zoning. As discussed in the methodology, the 

vulnerability indicator relates water demand and availability with a probability of exceedance of 85%. 

When the indicator takes the value of 100%, it indicates that water demand equals availability with 

an 85% probability of surplus, i.e., all available water is consumed under a low flow scenario. Values 

less than 100% indicate a less vulnerable situation, as water demand is less than available. Scenarios 

with values greater than 100% indicate situations with water vulnerability, meaning that demand 

exceeds availability. The Water Security study from which this indicator originates proposes a 

qualitative scale where an indicator with a value greater than 100% corresponds to a severe level of 

vulnerability, a value between 85% and 100% indicates a moderate level of vulnerability, and a value 

less than 85% indicates low vulnerability [31]. 

Table 1. Result of estimation of vulnerability indicators in current use and PROT scenarios (pro-posed zoning). 

Item 

Current use scenario PROT Scenario 

Copiapó 

River 

Basin 

Maipo 

River 

Basin 

Valdivia 

River 

Basin 

Aysén 

River 

Basin 

Copiapó 

River 

Basin 

Maipo 

River 

Basin 

Valdivia 

River 

Basin 

Aysén 

River 

Basin 

Agricultural 

Demand (m3/s) 
3.8 66.9 10.9 16.8 4.1 75.1 15.0 16.5 

Mining Demand 

(m3/s) 
0.6 0.5 - 0.03 0.6 0.6 - 0.02 

Livestock Demand 

(m3/s) 
0.002 0.4 0.06 0.02 0.002 0.5 0.1 0.04 

Industrial Demand 

(m3/s) 
- 1.2 0.9 0.0007 - 1.7 1.2 0.001 

Ecological Flow 

(m3/s) 
0.09 7.2 123.6 70.1 0.09 7.2 123.6 70.1 
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Water Demand* 

(m3/s) 
4.4 76.2 135.5 86.9 4.8 85.2 140.1 86.6 

Anthropogenic 

Water Demand** 

(m3/s) 

4.3 69.0 11.9 16.8 4.8 78.0 16.4 16.5 

Availability with an 

85% Probability of 

Exceedance 

0.2 30.5 486.1 281.1 0.2 30.5 486.1 281.1 

Vulnerability 

Indicator (%) 
2474.8 250.3 27.9 30.9 2706.3 279.8 28.8 30.8 

Vulnerability 

Indicator (without 

ecological flow) (%) 

2423.3 226.7 2.4 6.0 2654.8 256.2 3.4 5.9 

*Water demand considers the sum of all estimated demands of productive activities and the ecological flow. 

**Anthropic water demand comprises the sum of estimated demands of productive activities without the 

ecological flow. 

The approach followed in this study considers the assessment of the state of territorial 

vulnerability to water scarcity without considering elements of sensitivity and resilience that would 

explain the level of vulnerability registered in each territory. This approach is practical when 

considering the demand-availability relationship, which is relative and applicable only when 

comparing scenarios in the same territory. However, for a larger scale and more complex assessment, 

it is recommended that elements be incorporated to evaluate the sensitivity of the basins to the hazard 

and the response and adaptation capacity. 

The values shown in Table 1 correspond to orders of magnitude because the numerical value is 

constructed based on water demand and availability estimates. Nevertheless, the order of magnitude 

is sufficient for this study. 

The Copiapó and Maipo river basins are in severe vulnerability in both scenarios. In the case of 

the Copiapó river basin, water demand exceeds water availability by 24 and 27 times, with an 85% 

probability of surplus in the current and future scenarios, respectively. This implies an increase in 

vulnerability of 9.35% in the Copiapó River basin from the current scenario to the one projected with 

the use of the PROT. This change in vulnerability levels could be seen as a minor increase. However, 

the current situation of the basin is already critical (severe vulnerability level), and the scenario 

coming from the PROT increases this situation. In the Maipo River basin, the availability is exceeded 

by more than 2.5 times in both scenarios. The percentage change from the current scenario to the 

PROT scenario is approximately 11.8%, corresponding to an increase in the severity of the basin’s 

vulnerability. It is important to remember that the estimates do not consider the effects of climate 

change. This situation could be even more severe given the projected decrease in rainfall (impact on 

availability) and temperature increase (increase in evapotranspiration) [54]. 

In the Copiapó river basin, the Regional Development Strategies catalogue the water resource 

as a driving force and address it from multiple spheres (physical, regulatory, and management). In 

the case of the Maipo River basin, water is considered a barrier to unsustainability. This recognition 

of water resources in the region’s development is not in line with the future effects that the 

implementation of their PROTs would entail. This is visualized in the zoning methodologies used in 

the four PROTs, which incorporate risks from exposure. 

The Valdivia River basin has a low vulnerability level in both scenarios. In this basin, the 

ecological flow has satisfied its water requirements (based on the Chilean conceptualization of 

ecological flow). This may be due to the region’s high water availability, the type of territorial 

development promoted, and development based on protecting its identity, river region, and natural 

values. The indicator shows a low percentage change and is within the range defined as low 

vulnerability. However, the assessment indicates that PROT zoning in the Valdivia River basin 

increases baseline vulnerability. 
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In the Copiapó, Maipo, and Valdivia River basins, the percentage growth of the vulnerability 

indicator increases by 9.4, 11.8, and 3.4, respectively; the only basin studied that has a slight tendency 

to decrease is the Aysén basin. 

The evaluation presents opportunities for improvement related to the sources of information, 

for example, the incorporation of climate change projections, and the use of coupled hydrological 

models that consider both surface water and groundwater. However, it is essential to note that not 

all watersheds in Chile have coupled hydrological models and the necessary information for their 

implementation [55]. Demand estimation could be improved by collecting information at the local 

level, specifically, irrigation efficiency and use coefficients in industry and mining. 

5. Conclusions 

In general terms, there are no significant numerical variations between the current scenario and 

the one proposed by the PROTs in the four basins included in this study. However, very relevant 

information can be derived. Firstly, by comparing the water demand of each sector between 

scenarios, it is possible to appreciate the repercussions of the different intentions set out in the 

Regional Development Strategies in the basins. The demand (both Water Demand and 

Anthropogenic Water Demand) in three of the four basins increased, except for the Aysén River basin, 

understanding that this region prioritizes its development around water resources based mainly on 

the development of research and productive activities such as tourism and aquaculture (non-

consumptive uses). Despite this, the vulnerability indicator, with and without consideration of 

ecological flow, does not manage to mark a considerable difference between scenarios. 

The future scenario established by the PROT in both basins, Río Copiapó and Río Maipo, 

presents a higher value in the vulnerability indicator, indicating that the PROT proposal and the 

intentionality set out in the Regional Development Strategies have negative repercussions on the level 

of vulnerability to water scarcity. Even though water is considered relevant for development in both 

regions, in this scenario and climate change projections, it is worthwhile to continue researching and 

looking for development mechanisms that increase people’s quality of life but maintain low 

vulnerability to different hazards. 

Changes in productive processes that imply increases in water efficiency could help maintain 

the values of the vulnerability indicator; however, given development aspirations and the pressure 

on water resources, it is very likely that water efficiency will not be sufficient in the long term. In this 

sense, it is essential to diversify the strategies of the State and the private sector to reduce water use, 

increase productivity, and reduce the vulnerability of watersheds (reduce sensitivity and increase 

resilience). This work is based on the Chilean reality. However, this problem is not foreign to the rest 

of the world.56 Although all countries have different realities, they present similar needs, and the 

level of response can be extrapolated. 

It should be noted that using PROTs to manage the demand for water resources does not a priori 

ensure an increase in water security since, for this to be achieved, it is necessary to provide the 

inclusion of other factors, such as the correct analysis and proposal of planning criteria, which are 

crucial to reducing vulnerability and which unfortunately have not been taken into account in the 

four river basins. The PROTs analyzed in this work do not incorporate direct and explicit planning 

criteria. However, this comprehensive analysis has allowed us to recognize elements that have the 

potential to be used in the PROTs to reduce vulnerability and thus ensure water security. Some 

relevant elements that should be considered are the ERD (Regional development strategy) and the 

location conditions for the different activities. The ERD functions as the navigation chart of the 

regions, delineating the development aspirations that contribute to more resilient territories in the 

face of the effects of climate change (decreases in water availability). Furthermore, when the ERD 

stipulates the context and objective to address the water condition, indicators should be incorporated 

to assess that impact during the development of the PROTs and their implementation. These 

indicators should reflect the level of water scarcity. Moreover, in the context of the prevailing climate 

crisis, it is imperative to adopt a risk-based approach in these instruments and to encompass hazards 
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from two perspectives: firstly, exposure to these hazards, and secondly, the sensitivity and resilience 

of the regions concerned. The results presented above demonstrate the impact of land-use changes 

given development objectives. In this sense, it is essential to investigate the possibilities of 

incorporating location conditions for different activities in the PROT, depending on the territorial 

context in which they are located. It is necessary to understand that all PROTs coexist with greater or 

equal hierarchy regulations, which strongly limit the instrument’s potential. 

It is important to note that this assessment could be applied to other plans that have an impact 

or consequence on water consumption in the basins, e.g., inter-communal regulatory plans and 

strategic water resource plans, in order to foresee the consequences and take the necessary 

safeguards. 

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, 

methodological details of agriculture and mining (Table S1). 
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Abbreviations 

PROTs Regional Land Use Plans, its acronym in Spanish 

SUBDERE Undersecretariat for Regional and Administrative Development, its acronym in Spanish 

IWRM Integrated Water Resources Management 

GID Gross Irrigation Demand 

IA Irrigated Area 

Kc Crop coefficients 

PEt Potential evapotranspiration 

EP Effective precipitation 

IE Irrigation Efficiency 

AP Average Precipitation 

NUD Net Unit Demand 

DGA General Department of Water, its acronym in Spanish 

ERD Regional Development Strategy, its acronym in Spanish 
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