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Abstract: This article presents a novel methodology to assess the spatial and temporal variations
of water resources exploitation within regulated river basins. The methodology, which is based
on the application of a basin management model to properly assess the consumed and available
water, was applied to a case study in the Iberian Peninsula to analyze the effects of environmental
flows in the water resources exploitation of all rivers in the basin. It was demonstrated that the river
sections in the upper part of the Orbigo River are subjected to lower water stress levels, so that they
would be more suitable alternatives to supply new possible water uses. In addition, it was found
that, during the summer months, the available water resources in natural regime are more than 1.5,
1.8 and 2.4 times lower than the consumed water in the upper, lower and middle stretches of the
Orbigo River, respectively. This reveals the necessity of regulating the water resource to fulfill the
water demands of the basin throughout the year. Finally, it was found that increases (decreases) in
environmental flows not only lead to reductions (rises) in water availability, but also can induce
decreases (increases) in consumed water resources due to lower (greater) water availability. This
effect is more significant as water stress levels are higher. The results of this paper highlight the
importance and usefulness of basin management models to accurately estimate the spatial variability
of the water exploitation index, and the effects of environmental flows on both water availability
and consumed water resources. The proposed approach to reduce the spatial scale of the water
exploitation index is also helpful to identify the best water sources in river basins to meet future
demands and/or higher values of environmental flows.

Keywords: basin management model; environmental flow scenarios; available water; consumed
water; WEI*; Orbigo River basin

1. Introduction

Water scarcity is a matter of concern in society, since although water is considered a
renewable resource, it is also a finite resource that cannot be replaced [1]. Water scarcity,
which can be defined as a condition where available water resources do not meet de-
mand [2], is estimated to affect around 80% of the world’s population [3]. In fact, water
scarcity is considered a key driver of migration due to its impact on health and livelihoods,
as well as the conflicts it can trigger [4].

Climate change is generating a reduction in naturally available water resources by
creating alterations in the hydrological cycle [5-7]. The reduction in water availability
induced by climate change leads to a worsening of water quality [8,9], affecting river
ecosystems and compromising the future sustainability of water resources. Therefore, the
impact of climate change on socioeconomic activities and the environment represents an
aggravating factor of the problem of water scarcity [10-12]. In addition, the projected
growth of the world population [13] will imply a greater demand for food in the future
and, consequently, a greater use of water in agriculture [14].
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Assessing the effects of water management decisions on nature and socioeconomic
activities is essential for sustainable water resource planning [15]. The use of water basin
management models allows for simulating, in an integrated manner, the different sources,
uses and demands of water resources. Therefore, sustainable planning strategies that
address water scarcity can be optimized using such basin management models, which are
helpful in supporting decision-making processes [16,17].

Environmental flows (also known as ecological flows) can be defined as the flow
regime that sustain aquatic ecosystems, which, in turn, support human cultures, economies,
sustainable livelihoods and human well-being [18]. The range of intra and interannual
variation of the regime, as well as its characteristics of magnitude, seasonality, duration,
frequency and rate of change are essential to preserve natural biodiversity and the integrity
of aquatic ecosystems [19-21]. In regulated basins, the use of operating rules in reservoirs
allows for both the maintenance of environmental flow regimes in most river sections and
the supply of water for different uses and demands [22,23]. Ecological flow regimes are
established in river sections in order to guarantee the maintenance of a good ecological
status and the biodiversity of the basin [24]. Therefore, the definition of environmental
flow regimes affects the amount of water available for socioeconomic activities in the basin
and river ecosystems.

In this context, it is important to have indicators that allow for evaluating the effects
of environmental flows on the availability of water resources for other uses and the water
stress of the basins. Given the random nature of climatic factors, a proper assessment
of water scarcity is a complex task. The use of water scarcity indicators is useful to
help decision makers assess the balance between supply and demand in water resources
systems. During the last decades, various indicators of water scarcity have been proposed,
such as the vulnerability index of water resources [25], the water stress index [26], the
international water management institute (IWMI) index [27], the criticality ratio [28,29], the
water poverty index [30,31] or the SDG6 index [32], among others. Most of these indices
address one or more aspects of water scarcity with a sectoral approach [2]. Other indicators
related to water scarcity are the system of environmental and economic accounting for
water (SEEAW) [33], the water footprint and virtual water [34,35] or the water resource
exploitation index (WEI) [36-39].

The WEI is obtained as the percentage of annual average freshwater demand with
respect to long-term annual average freshwater resources. It is an indicator of the pressure
of the total water demand on the availability of water resources [40]. However, the way this
indicator was initially conceived did not allow for the monthly variability to be represented.
This leads to unreliable results if demands and resources are not properly assessed [41].
These limitations were overcome with the introduction of a modified water resources
exploitation index (WEI*), which can be used on different time scales and, thus, allows for
addressing seasonal variabilities. The WEI* has been evaluated in Europe from 1990 to
2017 by the European Environment Agency [42]. This index has been commonly applied
at river basin scales; however, to our best knowledge, it has not been used to analyze the
spatial variability of the water resource exploitation within a river basin by means of basin
management models.

The main objective of this work is to investigate the effects of environmental flows
on the spatial variability of the water exploitation index (WEI*). To this end, a novel
methodology is proposed to assess the WEI" in each river stretch of regulated water
resources systems based on the implementation and application of basin management
models. The methodology is applied to a case study in northwestern Spain (the Orbigo
River basin). This manuscript is structured as follows: (i) the main characteristics of the
studied river basin are described in Section 2; (ii) Section 3 details the material and methods,
including data collection, natural regime estimation, implementation and application of the
basin management model, and assessment of WEI" for nine environmental flow scenarios;
(iii) the results obtained are reported and discussed in Section 4; and (iv) the conclusions
derived from these results are summarized in Section 5.
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2. Study Site

The Orbigo River basin is an exploitation system that belongs to the Duero River basin
district. It is located in the northwestern part of Spain, on the Iberian Peninsula (Figure 1).
The total area drained by the Orbigo River is about 5000 km? and the length of the river
is 162 km. The average annual precipitation in the Orbigo basin is 725 mm. This rainfall
is irregular, with a significant difference between the average precipitation of the driest
month (23 mm, in July) and the rainiest month (74 mm, in November). Under natural
conditions, the average flow is equal to 1576 hm? per year (i.e., 49.97 m3/s). The climate is
temperate, and the summers are dry. The annual average temperature is 11.2 °C, and the
mean temperature of the hottest month is 19.9 °C (in July). The potential evapotranspiration
is, on average, equal to 755 mm/year.
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Figure 1. Location of the Spanish part of the Duero River basin, and the Orbigo River basin (north-
western Spain). The main river sections of the Orbigo River Basin and the two river paths analyzed
in this work are indicated in the right panel.

The reservoirs of the Orbigo water resources system have a total regulation capacity
of 373.6 hm? (i.e., 373,600 m3). The reservoirs are essential to provide water resources
in summer, and to prevent flooding events during the spring and autumn rains. Thus,
the reservoirs are often filled for the irrigation season, and are emptied at the end of the
summer, which represents an intra-annual regulation cycle. Among the reservoirs of the
Orbigo River basin, Villameca and Barrios de Luna, which are located in the upper part of
the basin, are the two most important regulation infrastructures.

3. Methodology

The methodology proposed in this work, and applied to the case study, is mainly
based on: (i) collecting and analyzing the data required to implement a basin management
model of the water resources system and to compute the natural flow regime; (ii) estimating
renewable water resources in natural regime; (iii) simulating water supplies and returns for
different environmental flow scenarios; (iv) calculating the WEI* in each river stretch; and
(v) analyzing the temporal evolution, spatial variation and changes in WEI* induced by
different environmental flow scenarios (Figure 2). The environmental flow values are input
data for the basin management model, whereas water supplies and returns are output
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variables of the model. As it is detailed in Section 3.3, the basin management model is used
to obtain water supplies, water returns and WEI+ values for the current environmental
flow regimes and for eight additional environmental flow scenarios (Figure 2).
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Figure 2. Flowchart of the methodology of this work.

3.1. Natural Flow Regime

The estimation of the natural flow regime is required in this work to calculate the
renewable water resources (which are used to obtain the WEI"), and to provide the hydro-
logical data that are used as input by the basin management model to simulate the managed
(altered) scenarios. The natural regime is commonly estimated by means of rainfall-runoff
models, such as HBV [43,44], SWAT [45,46], TOPDM [47], GR4] [48], Témez [49] or SAC-
SMA [50,51], among others.

In this work, we used the same hydrological data employed by the Duero River Basin
Agency for the Hydrological Plan [52] as the input series to model the altered regime, as
well as to compute the natural flow regime in each river stretch of the water resources
system. This last task was carried out through the basin management model (detailed
in Section 3.2). For this, all the elements that represent alterations of the natural regime
(demands, reservoirs, intakes, etc.) were eliminated.

3.2. Basin Management Model

The current managed situation of the basin was simulated through the SIMGES basin
management program, which is a module of the AQUATOOL Decision Support System [53]
that allows for the simulation of the management of complex water resource systems by
means of a conservative flow network that considers surface and underground regulation
and/or storage elements, intakes, transport elements, water demands, artificial recharge
and pumping devices, etc. Thus, SIMGES allows for simulating all the elements and
variables of a water resources system, such as surface water bodies, groundwater bodies,
natural water supplies, aquifer recharges, hydraulic infrastructures, demands, returns or
environmental flows, among others.
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In this paper, a model of the Orbigo water resources system was implemented for the
proper application of SIMGES. The model, which is shown in Figure 3, includes 52 river
stretches, 7 reservoirs, 21 runoff elements, 26 agricultural demands, 8 urban demands, 7
aquifers and 50 nodes. This model was previously calibrated for the elaboration of the
Hydrological Plan of the Duero River basin district [52].
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Figure 3. Topology of the Orbigo water resources system used in the basin simulation model
(SIMGES). The green, pink and blue squares represent agricultural, urban and industrial demand
units, respectively. Three river stretches (represented as arrows in the figure) analyzed in this work
(Orbigo 43a, Orbigo 46 and Orbigo 49d) are marked in the figure.

The operating rules of the reservoirs, the priorities between sources of water resources
and the priorities between the different water uses (urban demands, environmental flows,
agricultural demands, etc.) were also defined in accordance with the Hydrological Plan
of the Duero River basin district. The Spanish water planning regulations [54] establish
that, among the different water uses, urban demands generally have priority in the supply
of available water, followed by environmental flows and agricultural demands. Thus, the
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environmental flow regimes defined in the basin management model have a negative effect
on the reliability of agricultural water demands [22].

3.3. Assessment of the Water Exploitation Index: Environmental Flow Scenarios

The values of the water exploitation index in each month and each river stretch were
computed by means of the following equation:

WEI+ — Abstractions — Returns
"~ Renewable Water Resources — Environmental Flows

)

where Abstractions are the supplies to water demands, Returns are the water returns of the
demands, Renewable Water Resources are the resources in natural regime and Environmental
Flows are the flows specified in each river stretch to meet environmental restrictions. The
four terms of Equation (1) are expressed as volume per unit of time and must have the
same units.

To compute abstractions, returns and renewable water resources in each river stretch,
the results of the basin management model for these variables upstream of each stretch
were accumulated. On the other hand, the environmental flow values are specified in
the Hydrological Plan of the Duero River basin district [52] and were used not only to
calculate the water exploitation index (Equation (1)), but also as input data to apply the
basin management model (Section 3.2). The environmental flow values of the Hydrological
Plan were obtained through hydrological methods and habitat simulation methods.

The values of the water exploitation index were obtained in each river stretch of the
Orbigo water resources system for the current environmental flow regimes established in
the Hydrological Plan, and for eight additional environmental flow scenarios: —30%, —20%,
—10%, +10%, +20%, +30%, +40% and +50% with respect to the current environmental
flow values. The environmental flow values for these eight scenarios were obtained by
multiplying the environmental flows of the current scenario by 0.7,0.8,0.9,1.1,1.2,1.3,1.4
and 1.5, respectively.

4. Results and Discussion
4.1. Spatial Distribution of the Water Exploitation Index

In this section, the spatial distribution of the water exploitation index within the
Orbigo water resources system is analyzed. Firstly, Figure 4 shows the overall water
exploitation index (i.e., the WEI* based on the sum of all the monthly values of abstractions,
returns, renewable water resources and environmental flows during the entire simulated
period) in each river stretch. It is observed that the values of the overall WEI* are generally
lower than 0.2. The WEI" is greater than 0.6 only in one river stretch (Valdesamario River,
Figure 4). These results indicate that, on average, the water stress in the river basin during
the simulated period is generally low. However, for a more exhaustive analysis of the water
stress, the calculation of the yearly values of WEI" is helpful since the regulation of the
Orbigo water resources system is annual.

Figure 5 depicts the minimum, mean and maximum values of the yearly WEI* along
the two river paths indicated in Figure 1. In the first river path, the mean values of the
yearly WEI* along the middle and lower parts of the basin are higher than in the upper
basin, but the mean values along path 1 are always less than 0.25. However, in some years
the WEI+ values are much greater, reaching maximum values above 0.47.
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On the other hand, the highest values of the yearly WEI* along river path 2 are
obtained in the upper part of the basin (Tuerto river stretch, Figure 5), which indicates that
this river stretch is subjected to greater water stress than the Orbigo River. In fact, in some
years, the yearly WEI* values in the Tuerto River are greater than 0.6, reaching a maximum
value of 0.76 in the Tuerto 102a river stretch. Thus, if new demands are projected in the
Orbigo River basin, it would be more recommendable to supply these demands with water
resources from the Orbigo River than from the Tuerto River. For this reason, the following
section (Section 4.2) analyzes the temporal evolution of the yearly and monthly WEI" in
three river stretches of the Orbigo River in the upper, lower and middle parts of the basin.

4.2. Temporal Evolution of the Water Exploitation Index

Figure 6 shows the temporal evolution of the yearly WEI* in three stretches of the
Orbigo River in the upper, middle and lower parts of the basin, which are indicated in
Figure 3. It can be observed that the yearly WEI" values experience a significant variability
between years. These yearly WEI" values are higher in the middle and lower parts of the
basin (Orbigo 46 and Orbigo 49d) than in the upper part (Orbigo 43a). Thus, along the
Orbigo River, the stretches of the upper part are subjected to lower levels of water stress, so
that they could be more suitable to satisfy possible new water demands (and/or greater
values of environmental flows) in the future. However, the monthly evolution of the water
evolution index should also be considered to ensure that the regulation capacity of the
upstream reservoirs (Barrios de Luna and Selga de Ordas, Figures 3 and 4) is enough to
satisfy all the water demands and environmental restrictions throughout the year.
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04 |——Orbigo 49d

0.35
0.3

+.—
w0.25

02

0.15
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Figure 6. Evolution of the yearly WEI* in three river stretches in the upper (Orbigo 43a), middle
(Orbigo 46) and lower (C)rbigo 49d) parts of the basin (Figure 3).

In Figure 7, the monthly average values of WEI" and the WEI"* values during a year
with a high level of water stress (2002, Figure 6) are depicted for the three Orbigo river
stretches previously analyzed (Orbigo 43a, Orbigo 46 and Orbigo 49d). It is observed that
the monthly WEI* values are negligible between October and March, whereas in August,
the average WEI* is greater than 1.6, 1.85 and 2.45 in the upper, lower and middle stretches
of the Orbigo River, respectively. These maximum monthly WEI* values in 2002 (lower
panel of Figure 6) are equal to 1.67, 3.04 and 3.37, respectively.
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Figure 7. Monthly average values of the WEI* (a) and monthly values of the WEI* in 2001 (b) in
three river stretches in the upper (Orbigo 43a), middle (Orbigo 46) and lower (Orbigo 49d) parts of
the basin (Figure 3).

These WEI" values indicate the high levels of water stress in the summer months in the
upper, middle and lower parts of the river basin, as well as the importance and necessity of
river regulation to satisfy the water demands and environmental constraints during all the
months. In fact, the consumed water resources (numerator of Equation (1)) in August in
the upper, lower and middle stretches of the Orbigo River are, on average, more than 1.6,
1.85 and 2.45 times greater than the available water resources (denominator of Equation (1))
in this month, respectively. The values of available and consumed water resources are
influenced by the environmental flow regimes established in the river stretches, as reported
in Section 4.3.

4.3. Effects of Environmental Flows on the Water Exploitation

This section deals with the implications of the environmental flows on the spatial
variability of the water exploitation index. To this end, the WEI" values were obtained for
each river stretch for the nine ecological flow scenarios defined in Section 3.3 (i.e., from
—30% to +50% with respect to current environmental flows). Figure 8 shows the overall
WEI" values for the nine scenarios along the two river paths indicated in Figure 1, whereas
Figure 9 depicts the WEI" variation along these paths with respect to the current scenario
of ecological flow scenario, i.e., (WEscenario1 — WEIcurrent)/ WELcurrent-
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Firstly, it is observed in Figure 8 that the spatial variability of the WEI* values along
both paths for all scenarios is consistent with the results of the current situation (reported
in Section 4.1 and summarized in Figure 5). Regarding the variability between the WEI*
values for the different scenarios, as a general trend, the higher the ecological flows, the
greater the WEI" values. This is induced by the reduction of available water resources
(denominator of Equation (1)) as the ecological flows increase.

However, this trend is not proportional, as the ecological flow values also induce
variations in the consumed water resources. An increase (decrease) in the environmental
flows causes a reduction (rise) in available water resources that, in turn, could lead to
a reduction (rise) in consumed water resources due to the lower (greater) availability of
water. This effect is observed, for example, in the Q.30 and Q. 49, scenarios in the river
path 1 (upper panel of Figure 9). In this case, the increase in the environmental flows from
scenario Q. 30, to scenario Q.49 induces a lower availability of water resources, but also a
lower volume of consumed water, which leads to similar WEI* values, even equal in some
stretches. Thus, despite the increase in ecological flows, water stress in some river stretches
in the Q. 409, scenario is the same as in the Q,3¢9, scenario (Figures 8 and 9).

For a more exhaustive analysis of the effects of environmental flows on available and
consumed water resources, Figure 10 shows the overall WEI" in the three river stretches
indicated in Figure 3, as well as the values of available water (denominator of Equation (1))
and consumed water (numerator of Equation (1)) for the nine environmental flow scenarios.
The percentage variations with respect to the current scenario are displayed in Figure 11. It
is clearly observed that the increases in environmental flows induce a reduction in available
water (middle panels), but also a reduction in water consumption (lower panels) due
to the lower availability of water resources. This leads to a non-constant/proportional
relationship between ecological flows and WEI" values, which was previously mentioned
and is clearly visible in the upper panels of Figures 10 and 11.
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Figure 10. WEI*, available water (WEI* denominator) and consumed water (WEI* numerator) for
each environmental flow scenario in three river stretches in the upper (Orbigo 43a), middle (Orbigo
46) and lower (Orbigo 49d) parts of the basin (Figure 3).
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Figure 11. Variation of the WEI*, available water (WEI* denominator) and consumed water (WEI*
numerator) induced by environmental flow scenarios in three river stretches in the upper (Orbigo
43a), middle (Orbigo 46) and lower (Orbigo 49d) parts of the basin (Figure 3).

The effects of ecological flows on consumed water are greater as the level of water
stress are higher. Among the three river stretches analyzed, Orbigo 46 and Orbigo 49d,
which are located in the middle and lower parts of the basin, respectively (Figure 3),
experience a higher level of water stress (Figures 6 and 7) than Orbigo 43a. As shown in the
lower panels of Figures 10 and 11, the variations in consumed water between ecological
flow scenarios are more notable in these river stretches with greater water stress, since in
stressed river sections, the probability of not meeting water demands is higher.

The results of this section highlight the importance and necessity of using basin
management models to adequately compute the water exploitation index, the spatial and
temporal variability of these WEI" values, as well as the effects of environmental flows not
only on availability of water resources, but also on water consumption.

5. Conclusions

In this paper, a novel methodology is proposed to address the spatial variability of
the water exploitation index within river basins. The methodology is endorsed by the
implementation of a basin management model and is applicable to any regulated river
basin. It was illustrated through a case study in Spain (the Orbigo River basin), where the
spatio-temporal variation and the changes in the water exploitation index (WEI*) induced
by nine environmental flow scenarios were investigated.

It was found that the Orbigo River is subjected to less water stress than the Tuerto
River, so that the former would be a more suitable alternative to supply new future water
demands. Within the Orbigo River, the sections of the upper part of the river have a greater
availability of water to fulfill new water uses and/or environmental restrictions, since they
have lower values of the WEI*. The assessment of the monthly evolution of the water
resources exploitation in all the river stretches indicated that the monthly WEI* values
are negligible between October and March, while in August, the consumed water is more
than 1.6, 1.85 and 2.45 times greater than renewable water resources in the upper, lower
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and middle stretches of the Orbigo River, respectively. This highlights the paramount
importance of water regulation to satisfy all the water uses in the basin.

Finally, it was proven that the relationship between ecological flow values and water
exploitation index is not as simple as might be expected based on the WEI* equation, since
the reduction or rise in environmental flows not only induces an increase or decrease,
respectively, in available water resources, but can also lead to increases/decreases of the
consumed water due to the greater/lower availability of water resources. This effect is
more evident as the water stress of the river stretch is greater. These results reveal the
necessity and usefulness of the methodology proposed in this work to accurately assess
the intra-basin variability of the water exploitation index, which is the main novelty of this

paper.
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