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Abstract: The Flumendosa dams are a key part of the water resources system of the island of Sardinia.
The analysis of a long-term (1922-2022) hydrological database showed that the Flumendosa basin
has been affected by climate change since the middle of the last century, associated with a decrease
in winter precipitation and annual runoff (Mann-Kendall 7 = —0.271), reduced by half in the last
century, and an increase in the mean annual air temperature (Mann-Kendall T = +0.373). We used a
spatially distributed ecohydrological model and a water resources management model (WARGI) to
define the economic efficiency and the optimal water allocation in the water system configurations
throughout the evaluation of multiple planning and management rules for future climate scenarios.
Using future climate scenarios, testing land cover strategies (i.e., forestation/deforestation), and
optimizing the use of water resources, we predicted drier future scenarios (up to the end of the
century) with an alarming decrease in water resources for agricultural activities, which could halt
the economic development of Sardinia. In the future hydrological conditions (2024-2100), irrigation
demands will not be totally satisfied, with up to 74% of future years being in deficit for irrigation,
with a mean deficit of up to 52% for irrigation.

Keywords: water resources management; climate change; ecohydrological model; long-term
hydrological database; dams

1. Introduction

Over the past century, climate change has been altering precipitation and air tempera-
ture regimes across the world [1-5]. The Mediterranean region is considered to be one of the
most pronounced “hot spots” in the world, highly sensitive to climate change [6]. While air
temperature is increasing, precipitation and runoff are mainly decreasing in Mediterranean
regions, impacting water resource conditions [7-10]. In Sardinia, one of the largest islands
in the Mediterranean Sea, ref. [9] estimated a persistent negative trend of winter precipi-
tation (Mann—Kendall T up to —0.40) in the 1922-2010 period, which produced an even
more dramatic negative trend of runoff (Mann—-Kendall T up to —0.45), with runoff more
than halved in recent decades and a decrease in the mean annual basin runoff coefficient
(Mann-Kendall 7 value of —0.32; Montaldo and Oren [11]). Runoff is a key term in basin
water resources and a good indicator of water availability [12,13]. Indeed, the impact on
water resources has been dramatic in Sardinia in recent decades, with frequent water supply
restrictions, including domestic consumption [14]. A further negative precipitation trend
and warmer conditions have been predicted for the near future [15-18], affecting the central
Mediterranean basin and further intensifying the desertification process [11,15,19-24].

Nowadays, long-term databases of land-observed hydrologic data (e.g., rain, runoff,
and air temperature) have been available for most of the last century [25-27], and so the
impact of past climate change on water resources can be evaluated [28,29]. Ecohydrological
models are a key tool for predicting climate impacts on the state of water resources and
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land cover dynamics through the coupling of hydrologic and vegetation dynamics models
at the basin scale with a spatially distributed approach [24,30-36]. The availability of a
long-term hydrological database is important for the accurate calibration and validation of
ecohydrological models, which, when well validated, are a robust tool for predicting the im-
pacts of future climate change scenarios. The availability of future climate scenarios [15,37]
predicted by global circulation models (GCM), e.g., in the reports of the Intergovernmental
Panel on Climate Change (IPCC) [37], when coupled with robust ecohydrological models,
allows the prediction of the state of water resources and their interactions with vegetation
and land surface fluxes up to the end of the century [36-40].

In Mediterranean regions under scarce water conditions, water resource management
models have, historically, been developed for optimizing water uses and demands [41-43].
Irrigated agriculture accounts for around 85-90% of global water consumption, making it
the largest consumer of water globally [44]. Climate change will have a profound impact on
irrigation water supply and demand, especially in the Mediterranean basin, as shown by
Eekhout et al. [45] in southeastern Spain and by Lyra and Loukas [46] in Greece. Examples
of water resource management are in those areas with scarce water resources but with
favorable conditions for population growth, irrigation, and tourism, like countries in the
Mediterranean Sea basin, California, and Australia, which developed a long tradition of
adaptation to irregular water resources [42]. Water resource management models are a
required tool for optimizing water uses (e.g., irrigation, drinking, and industrial activities)
under definite hydrological conditions [41,47-50]. In Mediterranean regions, the rainfall
regime has strong seasonality, with wet months in autumn and winter producing most of
the runoff and aquifer recharge, in contrast to dry spring and summer months [9,51,52].
This seasonality has historically determined the needs of the hydraulic infrastructure
required to make water resources available, being produced in the wet months for the
whole year [42]. Storage infrastructure in regions under water scarcity conditions has been
built in the last century, producing an increase in water availability, and water resources
management models allowed the optimization of water demands [42]. The sustainability
of current water resource management systems is under pressure due to recent climate
change impacts and the growth of water use needs. Water resource planning needs to be
updated and adapted to the predicted future water resource scenarios and uses. Future
water resource scenarios can be predicted by the coupling of future GCM climate scenarios
and ecohydrological models; water resource management models can allow the evaluation
and optimization of water uses under predicted hydrological scenarios.

Considering future water resource scenarios, water resources planning needs to con-
sider both the impact of environmental strategies (e.g., land cover change) in the contribut-
ing basin and potential changes in water demands according to social and economic growth
politics [53]. Land cover change strategies, such as afforestation or deforestation, can impact
the environment and water resource conditions of the basin. Forests are important for
carbon sequestration, erosion control [54], and runoff production [55]. A reduction in forest
cover may lower soil water infiltration [55], increasing surface runoff with implications on
the water yield at a catchment scale [56-58]. From a water resource perspective, a forest
cover reduction may be positive, in contrast with the afforestation strategies for contrasting
global warming [56,58]. Recently, Hou et al. [59] compared the hydrological sensitivity to
deforestation and afforestation of multiple watersheds across the globe and concluded that
the water-limited watersheds have the largest hydrological sensitivities. Land cover strate-
gies under climate change are, therefore, still questioned and need to be analyzed further.
At the same time, future water uses can change in relation to regional social and economic
growth policies [53]. Agricultural and industrial water demands may still be growing in
the economic plans of Mediterranean regions [42], but these challenging increases in water
use need to be consistent with available water resources and water demands for ecological
river conservation.

Studying the impacts of climate change on Sardinia is interesting because of its position
in the center of the Mediterranean Sea, its high sensitivity to climate change [9,11,23,60],



Hydrology 2024, 11, 200

30f26

its relatively low urbanization and human activity (with ~50% of the total area covered by
forest [61]), and the lack of relevant land cover changes [24]. In the dry seasons, water use is
typically higher due to agricultural needs (for irrigation), domestic use, and tourism-related
uses. To satisfy the Sardinian water resources needs, an artificial reservoir system spread
over the whole island was designed one century ago [62] and improved over time [63].
This artificial reservoir system was a key point in the economic development and growth of
Sardinia in the nineteenth century, enabling it to support the increase in industry, tourism,
and agriculture [64,65]. In particular, agricultural uses are still predominant (60-70% of
total water consumption in Sardinia), although the growth of domestic and tourist demands
occurred as the population increased after the second-world war and with the expansion of
tourism in recent decades [14,65]. Recent droughts [9] and drier future climate conditions
may undermine the Sardinian water resource management system, not allowing it to satisfy
the water demand and slowing its economic growth.

The Flumendosa water resource system is a well-suited Sardinian case study because
of its long-term hydrological database (1922-2022) and the major reservoir system (about
620 x 10° m3 total capacity). The reservoir system supplies the main Sardinian plain and
irrigated area, the Campidano, and the main city (Cagliari); it has been crucial for the
economic development of Sardinia since the last century [10,62,64]. Our objectives are as
follows: (1) to evaluate past climate impacts on basin water resources using the Flumendosa
basin’s long historical hydrological database; (2) to predict future water resources and
use conditions through a proposed approach that couples a distributed ecohydrological
model, a water resources management optimization (WARGI) model, and the IPCC’s future
climate scenarios; and (3) to provide directions on the impact of simplified land cover
change strategies on future scenarios of water resources management.

2. Materials and Methods
2.1. The Ecohydrological Model and the Water Resource Management System

We used an ecohydrological distributed model and a water resource management
model (WARGI) (Figure 1), which are described below; their coupled use in the proposed
approach is also outlined. The ecohydrological model predicts the basin soil water balance
and the runoff, which fills the reservoir system and is the input of WARGI, which optimizes
reservoirs and water uses. WARGI manages a multi-reservoir system and the water
demands, which can be irrigation, civil, industrial, and environmental.
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Figure 1. The schemes of the distributed ecohydrological model and the water resources management
model (WARGI).
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The use of the coupled models allowed us to predict the future scenarios of water
resource management and the optimal water allocation in the system configurations for
water demand and land cover change scenarios.

2.1.1. The Distributed Ecohydrological Model

The spatially distributed ecohydrological model (Figure 2) couples a hydrological
model and a vegetation dynamics model, as derived from the [24] model. The model
runs at a daily timescale and 200 m spatial resolution. Three principal components can be
identified in the model (Figure 2): (1) the soil water balance model (SWBM) that computes
soil moisture, water balance, surface runoff, and subsurface water flux; (2) the vegetation
dynamic model (VDM) that computes biomass budgets and leaf area index (LAI); and
(3) the simplified overland flow and base flow computations.

SoiL WATER RAINFALL Wer
BALANCE MODEL EVAPORATION

I

I

I

VEGETATION

! THROUGHFALL ¢ o

1 INTERCEPTION
|

1

I

I

i BUDGETS OF ROOT,
{ H Grass LEAVES, AND STANDING
LAl DEAD BIOMASSES RESPIRATION,

SENESCENCE

| BARE soIL
_________ | NFILTRATION EVAPORATION :
AT BASIN
SCALE WATER
SURFACE BALANCE OF :
[ GRASS TRANSPIRATION H
RUNOFF SURFACE :

PHOTOSYNTHESIS

BUDGETS OF ROOT,

|
! |
! I
! I
| | :
! | SOIL LAYER :
: OUTFLOW I LEAVES, STEM AND
|| HYDROGRAPH L I STANDING DEAD I RESPIRATION, |
. 1! BIOMASSES SENESCENCE |
| 1! i | Tree | ! :
! | : HYDRAULIC LAl 1 i
! LUMPED : | DRAINAGE REDISTRIBUTION T PHOTOSYNTHESIS
| :
BASE FLOW | : 1
: ROUTING : : a —@spmmw :
: | I
1 1 - :
[ | WATER BALANCE OF
: : I'|_LEAKAGE | ROCK SOIL LAYER :
I_________I I______________________________':.._...:.._...:.._.' ...................................................................
Figure 2. The flowchart of the distributed ecohydrological model.
In the first component, the soil water budget is computed for each cell of the basin.
From this model component, the surface runoff and drainage are predicted and used
by the third component of the model to compute runoff at the basin scale. The second
component, the vegetation dynamics model, provides the LAI at each cell, which is used by
the SWBM for computing the evapotranspiration (ET) and rain interception (Figure 2). The
meteorological model inputs are precipitation (P), air temperature (T,;,), wind speed (WS),
relative humidity (RH), incoming short-wave solar radiation (Rs), and photosynthetically
active radiation (PAR). We used the Thiessen method for the spatial interpolation of the
meteorological model inputs. The parameters of the model are provided in Table 1.
Table 1. Ecohydrological model parameters for the Flumendosa basin.
Parameter Description Grass Forest
Fomin [sM 1] Minimum stomatal resistance 150 290
Owp [-] Wilting point 0.08 0.05
O1im [-] Limiting soil moisture for vegetation 0.20 0.18

Toin [°K] Minimum temperature 279.15 268.15
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Table 1. Cont.

Parameter Description Grass Forest
Topt [°K] Optimal temperature 293.15 288.15
Tax [°K] Maximum temperature 299.15 304.15

ca [m? gDM 1] Specific leaf areas of the green biomass 0.01 0.0065
¢y [m? gDM_l] Specific leaf areas of the dead biomass 0.01 0.0062
ke [-] PAR extinction coefficient 0.5 0.5
Ga[-] Parameter controlling allocation to leaves 0.6 0.55
Gs [-] Parameter controlling allocation to stem 0.1 0.1
&r -] Parameter controlling allocation to roots 04 0.35
Q-] Allocation parameter 0.8 0.1
g [d71] Maintenance respiration coefficients for aboveground biomass 0.032 0.0001
Sa [-] Growth respiration coefficients for aboveground biomass 0.32 0.85
my [d1] Maintenance respiration coefficients for root biomass 0.007 0.0003
gr -] Growth respiration coefficients for root biomass 0.1 0.1
Qo [-] Temperature coefficient in the respiration process 2.5 3
5, [d71] Death rate of aboveground biomass 0.023 0.0019
5, [d1] Death rate of root biomass 0.005 0.0001
ko [d71] Rate of standing biomass pushed down 0.23 0.35
On[-] Soil respiration coefficient related to temperature 1.2
Ry [mmol CO,/m? s] Reference respiration at 10° C 2.54
Zom,p [M] Vegetation momentum roughness length 0.05 0.5
Zoow [M] Vegetation water vapor roughness length Zom/ 7.4 Zom /2.5

Zom bs [M] Bare soil momentum roughness length 0.015

Zonbs [M] Bare soil water vapor roughness length Zom/ 10

The Soil Water Balance Model

The SWBM predicts land surface fluxes and soil moisture evolutions for each grid cell.
It is derived from the models in [24,66,67] and includes three land surface components for
each cell: bare soil, grass, and trees. The model includes two vertical layers: a surficial soil
of variable depth (d;) according to the soil depth of the cell and an underlying layer with
d, depth. In the following, the soil water balance is described because it is updated here
to include a soil sublayer or a root-accessible fractured rock sublayer according to the soil
depth below the surficial soil layer. The soil water balance model for the root zone can
include a soil sublayer or a root-accessible fractured rock sublayer according to the soil
depth (if it is greater or lower than 1 m, respectively [68]). The model simulates the water
balance of the two layers for each cell:

a0
dsafts =P —Ey — Qsup — fosEps — fgEg — &t ftEts + fa — Dr (1)
a6
draitr:Df_fd_(l_gt)ftEt,r—Lg )

where 05 is the moisture of the upper soil layer, 8, is the moisture of the underlying
soil/rocky layer, P is the precipitation, Qs is the surface runoff, E;, is the wet evapo-
ration (which is equal to the rainfall interception, characterized by a storage capacity of
0.2 LAI [69]), Eps is the bare soil evaporation, Eg is the grass transpiration, E; s is the tree
transpiration from the surface soil layer, E¢ , is the tree transpiration from the underlying
layer (with tree transpiration, E; = E;s + (1 — Gt) Etr), G is the percentage of tree root water
uptake from the surface soil layer, f; is the daily hydraulic redistribution flux between the
surface soil and the underlying layer through the tree roots, D, is the vertical drainage, L.
is the leakage, and f, f;, and ft are the fractions of bare soil, grass cover, and tree cover in
each cell, respectively, with fj,; + fo + ft = 1. Qsyp is estimated using the Soil Conservation
Service Curve Number (SCS-CN) method [70-73] from P, and the antecedent moisture con-
ditions from the rain in the previous five days are computed [24]. D, and L, are estimated
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using the unit gradient assumption of gravity drainage [74] and related to soil moisture,
as follows [75]:

95 2bs+3

Dr - ksat,s (9> (3)
sat,s
9r 2by+3

Le - ksut,r (9) (4)
sat,r

where kgqt s and kgq - are the saturated hydraulic conductivity of the surficial soil layer and
the deeper layer, respectively, bs and b, are the slopes of the soil retention curve of the
two layers, and 6y s and 6y, are the saturated soil moisture of the two layers. The f;
contribution is estimated as a function of the soil moisture gradient between the surface
and underlying sublayer through the following [67,76]:

fd:af(er_QS)bf/ 5)

where 4y and by are tree root parameters. Evapotranspiration components (Eg, Ets, and Eyr)
are estimated by the Penman—-Monteith equation ([77], Equation (10.34)), with the canopy
resistance (r.) given by Jarvis et al. [78]:

re = S (£, (6) f2(T) f2(VPD)] ! ©)

where f1, f», and f3 are stress functions of soil/rock moisture, air temperature, and
VPD [11,24,33]. Bare soil evaporation is estimated as a function of soil moisture through
Eps = a PE [79], and PE is the potential evaporation based on Penman—Monteith [80]
(Equation (10.15)). Total evapotranspiration is given by the following:

ET = fbsEbs + ngg + gt ftEt,s + (1 - Ct)ftEt,r + Ew (7)

The Vegetation Dynamics Model

The VDM computes the change in biomass over time, from the difference between the
rates of biomass production (photosynthesis) and loss, such as occurs through respiration
and senescence [81,82]. The VDM distinguishes between trees and grass components and
was derived by [31,33] from the Nouvellon et al. [83] model.

In the VDM of trees, four separate biomass states (compartments) are tracked (green
leaves, stems, living roots, and standing dead), while the VDM of the grass cover dis-
tinguishes only three of these biomass compartments (green leaves, roots, and senesced
aboveground components; Table S1). The model equations are provided in Table S1, and
the parameters are provided in Table 1. The leaf area index is estimated from the biomass
through linear relationships ([30,31,33,83]; Table S1).

The key term of the VDM, photosynthesis P, is computed using the approach in [31],
which includes the canopy resistance estimated through (6), linking P to soil moisture.
Hence, Pg accounts for the contributions of two water sources: the surface root zone and
the underlying sublayer down to the reach of tree roots. Details on the estimates of the
VDM terms are provided in [33]. Carbon exchange rates for each vegetation component
are computed as the difference between P¢ and respiration (see Table S1; [66]). The VDM
provides estimates of daily values of leaf biomass and, thus, the LAI of the trees and grass.
In turn, this is then used by the SWBM to estimate evapotranspiration, energy flux, rainfall
interception, and the soil water content in the root zone at half-hour intervals (Figure 2).
The SWBM provides soil moisture and aerodynamic resistance to the VDM (Figure 2).

The Surface Runoff and Base Flow

In each cell of the basin, the Qs surface runoff is computed daily by the SWBM, and
the total surface runoff at the basin scale is computed by summing the daily surface runoff
contribution of the cells in the basin. Following [84], the Q; subsurface flow at the basin
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outlet is computed at the j + 1 time step through a lumped conceptual approach, namely a
linear reservoir method [85]:

Q) = Qe L (1 - ) ®)

where At is the time step (=daily) and k is a linear reservoir parameter. At each daily time
step, the total runoff at the basin outlet (Q) is given by the sum of total surface runoff
and Qy.

2.1.2. Water Resources Management

WARGI is a Decision Support System that was developed by [63,86,87] to provide a
tool to analyze the behavior and performance of a complex water resource system. It was
developed to manage the requirements of multi-reservoir systems under water scarcity con-
ditions, as frequently occur in Mediterranean regions [41]. Water allocation in the WARGI
is retrieved via user-defined preferences for supply sources and priorities for demand
centers; the water flows in the system are evaluated by considering an optimal path search
procedure. Additionally, the user can define reserved storage in reservoirs, the withdrawal
of water from which is managed to satisfy user-selected higher-priority demands.

The water resource system can be viewed as a physical network where the nodes and
arcs are as follows:

e  Reservoir nodes: These represent surface water resources with storage capacity. In
these nodes, losses by evaporation can be considered;

Demand nodes: For irrigation, civil, and industrial, among others;

Hydroelectric nodes: They are non-consumptive nodes associated with hydroelectric units;
Confluence nodes: Such as river confluence, withdraw connections for demands
satisfaction, etc.;

Aquifer nodes: These nodes represent ground water resources with storage capacity;
Natural stream arcs: These represent the natural runoff along rivers or river beds;
Conveyance work arcs: These are artificial channels, such as ditches, pipes, etc.;
Water pumping facility arcs: These are arcs with a pumping plant;

Emergency transfer arcs: These arcs allow transfers of water to alleviate shortages;
Recharge facility arcs: These allow the direct injection of surface water from a connec-
tion node into an aquifer;

Some of the operational management issues to consider in the problem can be easily
modeled using graph structures as follows:

Priorities in the stored water level of reservoirs;
Priorities in demand satisfaction of demand nodes;
Penalty on shortage and emergency transfers;
Water quality aspects related to storage conditions.

The planning issues refer to the design of the physical system with dimensions associ-
ated with future works: reservoir capacities, pipe dimensions, irrigation areas, etc.

2.1.3. The Coupling of the Ecohydrological and Water Resource Management Models

To predict future scenarios of water resources and use conditions, we coupled the
distributed ecohydrological model with the WARGI model (Figure 1). In general, by
using meteorological inputs, the ecohydrological model predicts the runoff that fills the
reservoir system, and that is the input of the water resource management model, which
optimizes reservoirs and water uses. When the meteorological inputs are derived from the
IPCC future climate scenarios, the coupled models predict the future scenarios of water
resource management.
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2.2. The Flumendosa Basin Case Study
2.2.1. Basin Characteristics

The Flumendosa basin, located in central-eastern Sardinia (9.33° E, 39.8° N), is the
second longest river of the region with a length of 127 km (Figure 3), a mean elevation
of 721 m a.s.l., a mean slope of 11%, and an area of 1017 km? at the Monte Scrocca sec-
tion. The northern part of the basin is mountainous, with steep hillslopes and higher
rainfall compared to the southern part. The reservoir system includes two large dams,
the Flumendosa dam at Nuraghe Arrubiu (reservoir capacity of 300 x 10® m?®) and the
Mulargia dam at Monte Su Rei (reservoir capacity of 320 x 10 m?3) (Figure 3). The two
reservoirs are interconnected by an underground conduit to increase the collection of the
runoff coming from the Nuraghe Arrubiu dam basin (751 km?), which is much larger than
the Mulargia basin (180 km?). The total capacity of the reservoir system is 620 x 10® m?,
one of the largest reservoir capacities in Europe. Due to its key role in the Sardinian water
resource system, the Flumendosa basin became an experimental basin of the University of
Cagliari [10,33,66,88], resulting in an extensive hydrological database.

@ Thermometer and
Relative Humidity

@ Thermometer

@ Rain Gauge

A Hydrometer

A Dam

® Anemometer

© Radiometer

Figure 3. The Flumendosa basin with the positions of the rain gauges, the meteorological stations,
the hydrometers, and the dams.

The climate regime is typically Mediterranean, the mean annual precipitation is
885 mm, and the mean annual air temperature is 14.21 °C. The soil thickness in the basin
generally ranges from 5 to 200 cm with an average depth of 44 cm with deeper soils in
the valley and thin soil in the steep slopes; the soil texture is mainly silt loam soils in
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the valley with the mountainous part dominated by exposed rocks. The land use is also
inhomogeneous, with forested and natural areas predominant in the north and agricultural
activities and grazing areas in the south (downstream) due to thicker soils. The urbaniza-
tion is negligible (=2.31%) in the basin, while forested areas are predominant (=57%). The
spatial distribution of the tree cover in the basin (spatial resolution of 200 m) was estimated
from Sentinel 2 remote sensing data using the Scene Classification Mask (SCL) product
(Figure S1).

2.2.2. Hydrologic Data

Daily precipitation data from 41 rain gauge stations in and surrounding the Flu-
mendosa basin and monthly runoff data at the basin outlet were collected for the period
1923-2022 (Figure 3). Data were collected from the Sardinian environmental protection
agency and the Sardinian water resources authority. Data were processed, and the linear
regression method was used for gap-filling (using the data collected at the gap time in
the nearby consistent station). Runoff data are also available for the Mulargia section for
a shorter period (2003-2007). Air temperature data from 13 stations are available at the
daily scale (Figure 3) from 1924, and air temperature and relative humidity data from 16
stations are available from 2011, at 30 min intervals. Incoming short-wave radiation data
are available from 2007 (from 5 stations at 30 min intervals), and wind speed data are
available from 1973, at an hourly timescale at 4 stations.

Data from two eddy-covariance-based micrometeorological stations at Orroli and Nurri
are also available [66]. The Orroli site is located in east—central Sardinia (39°41'12.57" N,
9°16'30.34”, 500 m elevation), with thin soils (mean soil depth of 15 cm) and has been
monitored since 2003. The vegetation is a patchy mixture of wild olive tree (Olea Sylvestris)
clumps with canopy cover of ~33% and herbaceous seasonal species. Data for sensible
heat flux, evapotranspiration, and CO, exchanges are available [89]. The second site is at
Nurri (39°41'11.51” N, 9°12'57" E). The soil is mainly silty clay loam (17.7% sand, 52.2% silt,
30.3% clay), and the soil depth is more than 1.5 m. The site is located in an alluvial plain
valley of the Mulargia river, a subbasin of the Flumendosa. It is a C3 grass site with a
maximum height of 70 cm during the spring season. Data are available for the 17 April
2003-30 September 2005 period only. For a historical hydrological analysis from 1923, data of
relative humidity, wind velocity, and incoming solar radiation were collected from the ERA5
European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
datasets [90,91], which have been successfully validated using 13 years of data of wind velocity
from the Orroli station (RMSE = 1 m/s), 13 years of incoming solar radiation data from the
Orroli station (RMSE = 35 W/m?), and 5 years of data of relative humidity from the Orroli
station (RMSE = 10%).

2.3. The WARGI Model of the Flumendosa Case Study

WARGI was applied to the Flumendosa water resources system, including 14 nodes,
13 arcs, 3 reservoirs, 4 demands (urban, industrial, irrigation, and environmental), and
2 confluences. WARGI is the actual water resource management system of the Sardinian
water resources authority [41]. In the Flumendosa water resources system, the total annual
demand is an average of ~240 million cubic meters, with predominantly irrigation (48%)
and civil uses (31%). In Table 2, the WARGI rules of priority for water use, in the case of
water restrictions in the Flumendosa reservoir system, are reported; first priority is given to
civil demands, then industrial demands, which are, however, lower than civil and irrigation
demands. These rules are the official rules for the Flumendosa water resources system,
managed by the Sardinian water authority (ENAS), and have been preserved in our study.
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Table 2. The rules of priority classification of water uses in the Flumendosa reservoir system.

Class Civil Industrial Irrigation Ecological
I 50
I 30 80
I 20 20 50 50
v 50
Vv 50

2.4. Future Climate Scenarios

For future climate scenarios, we considered the IPCC scenarios of the Sixth Assess-
ment report [92]. We tested the historical time series of precipitation and air temper-
ature from 17 Global Climate Models (GCMs), comparing the mean annual variation
of the two variables for the period 1983-2014 compared to the period 1950-1982. We
selected the MPI-ESM1-2-LR, which better represented the historical period (historical
variation of the Flumendosa mean annual precipitation: APy Flumendosa = —14.16%,
APy MPI-ESM1-2-LR = —8.70%, historical variation of the Flumendosa mean annual air
temperature: AT, Flumendosa = +0.40 °C, AT,, MPI-ESM1-2-LR = +0.36 °C), compared to
other 16 GCMs (Figure S2), and provided complete datasets of precipitation, temperature,
relative humidity, wind velocity, and incoming solar radiation. We considered two future
scenarios of high emissions (MPI-ESM1-2-LR SSP3-RCP7.0, MPI-ESM1-2-LR SSP5-RCP8.5).

Future climate scenarios were generated for the Flumendosa basin up to the year
2100 from the GCM predictions through the multivariate bias correction technique [93],
which uses the land-observed meteorological data of the past to estimate the required
statistics. The reference period is from 1925 to 2014. The multivariate bias correction
technique uses an iterative algorithm that consists of three main steps: (1) constructing
a uniformly distributed random orthogonal rotation matrix and applying it to the land-
observed meteorological target data and to the GCM meteorological source data from
the past; (2) correcting the marginal distributions of the rotated source data by using an
empirical quintile map; and (3) applying the inverse rotation to the resulting data. These
steps are repeated until the multivariate distribution converges to the target distribution.
The multivariate bias correction allowed us to statistically downscale GCM data at the
resolution of 1.25° latitude and 1.87° longitude (~150 km) to the Flumendosa basin.

2.5. Land Cover Change and Water Usage Strategies

For investigating the impact of land cover change strategies (e.g., increase/decrease in
tree cover distribution) on soil water and runoff in future climate scenarios, we developed
two opposite land cover strategies: an afforestation process and a deforestation process. The
afforestation was predicted in those land areas of the basin where, due to human activities,
the forested areas were removed in the past, particularly in the plain areas (Figure S1). The
afforestation and deforestation land cover strategies increase and decrease the fraction of
tree cover of the basin by 33% and 22%, respectively, compared to the actual state (mean
value of 0.57; Figure S1).

Considering the potential socio-economic growth scenarios of Sardinia, mainly related
to the growth of agricultural water usage, we identified three future water use scenarios
based on historical water demands (Table 3): scenario A (242.1 x 10° m3), which confirmed
the mean water demands of the 2019-2021 period; scenario B (279.6 x 10° m3), which
assumed a demand equal to the maximum annual water demands of the 20122021 period;
and scenario C (364.0 x 10° m3), with further higher water demands. Irrigation demands
are predominant and increased in all three scenarios (48% for scenario A, 49% for scenario
B, and 61% for scenario C; Table 3).
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Table 3. The yearly water demands of civil, industrial, irrigation, and ecological uses for water
demand scenarios A, B, and C.

Civil Demand Irrigation Demand
Demand Total Industrial Ecological
Scenario Demand S"“_tl“ Orroli Gerrei JOTAL  Demand Sou.th‘ Isili TOTAL  pemand
Sardinia Demand Sardinia Demand

[mm3/yl [mmy]l [mm3/y] [mmdy]l [mm?y]l [mm3/y] [mmdy]l [mmdy]l [mm3/y] [mmd/y]

A 2421 73.1 0.5 0.9 74.5 12.2 115.0 1.2 116.2 10% of
B 279.6 86.6 0.8 1.0 88.4 14.5 136.2 1.3 137.5 the
C 364.0 86.6 0.8 1.0 88.4 14.5 220.6 1.3 221.9 runoff

2.6. Comparisons and Statistical Data Analysis

Data were analyzed using monthly, seasonal, and yearly time scales. For annual
computations, we used the hydrologic year beginning in Sardinia in September, the end
of a typical dry summer. The runoff coefficient (Q/P, runoff/precipitation) was used
for relating the runoff amount to the incoming precipitation amount, and an index of
wetness (P/PE, precipitation/potential evaporation) was used for distinguishing annual
meteorological conditions.

Model “goodness-of-fit” was evaluated by comparing modeling results with observa-
tions and using the following statistics: mean (i), standard deviation (SD), coefficient of
variation (CV), mean error (me), root mean square error (RMSE), correlation coefficient (p),
and the Nash-Sutcliffe model efficiency coefficient (NSE).

Trends of the data are computed using the Mann-Kendall non-parametric test [94-96].
The Mann-Kendall T measures the monotonic relationship between two x and y variables
(in this study, the time, e.g., year, and the hydrological variable, e.g., precipitation), and it is
less sensitive to outliers and missing data values. In the method, all data pairs are ordered
by increasing x and analyzing how y varies; T value will be positive if y values increase
more often than they decrease, while T will be negative if y values decrease more often than
they increase. To evaluate 7, a parameter D has been evaluated as follows:

D=NP - M (9)

where NP is the “number of pluses”, the number of times y increases as x increases, and
M is the “number of minuses”, the number of times y decreases as x increases. Defining
n as the number of elements of the time series and n(n — 1)/2 as the number of possible
comparisons, the Mann-Kendall T coefficient is defined as follows:

(10)

To verify the significance of the T value, it is necessary for the null hypothesis to be
rejected; for n < 10, an exact Mann—-Kendall test is computed, while if n > 10, the test
is modified to be approximated by a normal distribution [96]. Details are in Montaldo
and Sarigu [9].

The Theil-Sen slope method is used to estimate the slope linear trends [97,98]. The
estimator is also called the “median of pair-wise slope”. Generally, this estimator is
frequently applied in climatology and for the analysis of the hydrometeorological time
series to define the rate of change. The f sign represents the direction of change, and its
value indicates the steepness of change. The Theil-Sen method and the Mann—-Kendall
test are strongly connected; the p slope estimator is related to the Mann-Kendall 7 test
statistic, such that if T <0, then § <0, and if T > 0, then § > 0 because T is equivalent to the
number of positive D (Equation (1)) minus the number of negative D, and f is the median
of these D. This estimator is widely used in hydrologic applications [99-102] because it is
quite resistant to the effect of extreme values in the data.
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3. Results
3.1. Analysis of Historical Hydrological Data

The annual rainfall in the Flumendosa basin significantly decreased in the last century
(Mann-Kendall T = —0.247, p < 0.005, and Theil-Sen slope p = —2.50 mm/y), with mean
annual precipitation reducing from 922 mm/y to 764 mm/y (Figure 4a). The decrease
in rainfall is even higher if we consider that winter precipitation is the key to the water
resources management system. Due to the precipitation regime in the basin (Figure 5a),
precipitation is mainly concentrated in the autumn and winter months, with mean monthly
precipitation ranging from 86 mm in March and 134 mm in December to 15 mm in July
(Figure 5a); the decrease in precipitation was significant in winter (Mann-Kendall T of
—0.271 with p < 0.005, and Theil-Sen § of —0.52 mm/y; Figure 5b). On the other hand, the
increase in air temperature was higher in the spring and summer months (Mann-Kendall
T up to 0.26 in summer; Figure 5c), when the air temperature was already much higher
(up to 24 °C on average in summer; Figure 5a), in contrast with the colder winters (7.1 °C,
on average in January). The negative trend of observed annual runoff was significant
and higher than the negative trend of annual precipitation, reaching a Mann-Kendall 7 of
—0.276 (p = 0.001) and a Theil-Sen B of —2.337 mm/y (Figure 5b). In the 1990s and the first
decades of the 2000s, annual runoff was very low, with values lower than 100 mm/y for
three years (1995, 2002, and 2018) (Figure 4b). In contrast, the mean annual air temperature
of the basin increased in the last century (Mann—Kendall 7 = 0.37, p<0.005 and Theil-Sen
slope B = +0.011 °C/y), highlighting warmer conditions in the last decade, with an increase
in air temperature of +0.55 °C (Figure 4c).
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Figure 4. Annual series and trends of (a) precipitation (Py), (b) runoff (Qy), and (c) air temperature
(Ty) at the Flumendosa basin. The slopes of the trend lines (red dashed) are estimated using the
Theil-Sen method.
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Figure 5. Historical climate at the Flumendosa basin: (a) monthly precipitation (Py;) and air tempera-
ture (T},) regimes (the statistics of the 19242022 period are shown in each estimation box: filled circles
indicate the means, the horizontal lines show the median, the box, and whiskers represent quartiles,
and outliers are depicted individually); (b) the Theil-Sen B of the seasonal mean precipitation (fp)
and air temperature (B7) trends; (c) the Mann-Kendall 7 (Tyx) of the seasonal mean precipitation
and air temperature trends (thicker arrows when p < 0.05).

3.2. The Ecohydrological Model Results for the Historical Period

The distributed ecohydrological model was calibrated and validated at the Flumen-
dosa basin (at Monte Scrocca), comparing the modeled and observed runoff for the longer
1925-2022 period (Figure 6a). Tables 1 and 4 report the values of the calibrated parame-
ters: the CN of the SCS-CN method (the key parameter for the runoff modeling) was
equal to 84 on average, ranging from 42 to 99. CN map was first derived from the
map of the whole of Sardinia Island (made by the regional environmental authority)
and then calibrated by comparing runoff predictions and observations. We used the
first 65 years (1925-1989) for calibration (Table 5) and the last 33 years for validation.
The warm-up period was one year. Yearly runoff predictions were tested successfully
(Figure 6 and Table 5; RMSE = 66.01 mm/year, R2=0.87, and p <0.001 in calibration, while
RMSE = 87.52 mm/year, R? = 0.72, and p < 0.001 in validation. The total predicted runoff
of the whole period only had a difference of 10% from that observed). The predicted runoff
coefficient was 0.28 on average, ranging from 0.63 in the winter months to 0.20 in dry
months, which is close to that observed (RMSE = 0.40, R? =0.52, and p < 0.005). The model
was also validated at a monthly timescale in the Mulargia subbasin for a shorter period
due to the availability of the hydrometer data for the 2003-2007 period only, confirming the
model’s reliability (Figures 6¢ and 7d; RMSE = 10.42 mm/month, R?=0.84, and p <0.001;
total predicted runoff of the whole period with a difference of 6.8% from the observed one).
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Figure 6. For the historical period, the comparison between observed and modeled runoff of the
Flumendosa basin at (a) yearly timescale and (b) the corresponding cumulative runoff, and of the
Mulargia subbasin at (c) monthly time scale and (d) the corresponding cumulative runoff (values are
expressed in millions of cubic meters [mm3]).

Table 4. Soil-related parameters of the ecohydrological model for the Flumendosa basin.

Parameter Description Mean Range
CN Curve Number of the Soil Conservation Service method 84 42-99
Osat s [-] Saturated soil moisture in the surface soil 0.44 0.41-0.46
bs [-] Slope of the retention curve in the surface soil 10.28 7.75-11.40
ksats [m/s] Saturated hydraulic conductivity 2.82 x 1077 10-8-10°
ds [m] Surface soil depth 0.36 0.20-0.85
Osatr [-] Saturated moisture in the underlying layer 0.48 0.45-0.50
by [-] Slope of the retention curve in the underlying layer 7
ksat,r [m/s] Saturated hydraulic conductivity in the underlying layer 1.41 x 1077 5 x 1079-5 x 1077

Table 5. Runoff prediction evaluation for the calibration and validation periods (RMSE: root mean
square error, NSE: Nash-Sutcliffe model efficiency coefficient, AV: the variation of the total cumulative

runoff volume).
Monte Scrocca Mulargia
Calibration Validation Validation
R2 0.87 0.72 0.84
P <0.0005 <0.0005 <0.0005
RMSE 66.01 [mm/y] 87.79 [mm/y] 10.42 [mm/m]
NSE 0.84 0.52 0.72
AV 11% 6.8%

The model parameters for ET predictions were first derived from the literature data
and then calibrated for the site. Indeed, we also tested the ET predictions with the ET
observations from the two eddy-covariance stations at Orroli and Nurri, confirming the
model’s robustness (RMSE = 1.12 mm/d at the Nurri site and RMSE = 0.68 mm/d at the
Orroli site; the difference of the total evapotranspiration measured and modeled at a daily
timescale is 5.22% at the Orroli site and 4.86% at the Nurri site). The historical trend of
predicted basin average ET was not significant (Mann-Kendall T = —0.01, p = 0.84), while
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the predicted tree transpiration decreased significantly (Mann-Kendall T = —0.14, p < 0.05).
The predicted F. carbon assimilation decreased significantly (Mann—-Kendall T = —0.15
and p = 0.01), and the predicted LAI decreased significantly (Mann-Kendall T = —0.41 and
p < 0.05) in the last century.
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Figure 7. In the Flumendosa basin, mean predicted changes in the future with respect to the historical
period of (a) annual precipitation (APy); (b) annual air temperature (ATy); (c) annual runoff; and
(d) number of dry days in the year.

We performed a univariate sensitivity analysis of predicted runoff and evapotranspi-
ration to vegetation model parameters for tree and grass (75 uin, O1im, Owp) and soil model
parameter (CN), varying parameter values in a range of £50% of the calibrated values
(which are in Table 1). When we varied the CN parameter, we found the largest effects
on predictions of runoff (from —20% to 115% of the runoff). While varying the vegetation
parameters, the largest effects were on ET predictions, although lower (from —17% to 15%).

3.3. Future Scenarios of the Water Resources System

Future scenarios of MPI-ESM1-2R-LR predicted a decrease in annual precipitation
for the representative concentration pathways SSP3-RCP7.0 and SSP5-RCP8.5, reaching
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a decrease of 17.62% for the SSP3-RCP7.0, and 14.10% for the SSP5-RCP8.5 for the period
2076-2100, when compared with the 2001-2025 period (Figure 7a). For future scenarios
in the 2076-2100 period, annual air temperature is predicted to increase by ~3 °C for the
SSP3-RCP7.0 and ~3.7 °C for the SSP5-RCPS (Figure 7b). Using the calibrated distributed
ecohydrological model, the yearly runoff is predicted to further decrease in most future
scenarios, mainly amplifying the rain changes (Figure 7c), reaching the highest decrease
of 26% for the SSP3-RCP7.0 configuration in the 2076-2100 period, with a strong decrease
in the number of dry days in the year, up to 13% for the SSP5-RCP8.5 and the 2076-2100
period (Figure 7). Combining the effects of the decreasing precipitation and the increasing
temperature, the model also predicted a drastic decrease in carbon assimilation: up to
—10% for the SSP3-RCP7.0 scenario and —15% for the SSP5-RCP8.5 scenario (for the period
2076-2100). LAl is also predicted to decrease (—10% for the SSP3-RCP7.0 scenario and
—15% for the SSP5-RCP8.5 scenario for the period 2076-2100).

Future hydrological predictions have been used to predict the behavior of the water
resources management system, considering the civil, industrial, irrigation, and ecological
water demands in the WARGI model. Monthly distributions of these water demands
have been estimated from historical data and showed an increase in civil demands during
the summer months, a strong increase in water demand for irrigation during summer
months (up to 22%), an almost constant industrial demand (average 9%), and an increase
in ecological water demands in the winter months (Figure S3).

The WARGI model predicted the water volume stored in the reservoir system for the
two future climate scenarios and used the three water demand scenarios (Figure 8). With
the SSP3-RCP7.0 scenario, the reservoir volume decreased below the reserved volume for
civil and industrial demands over several years, which means that irrigation demands
could not be satisfied in those months, especially for irrigation scenario C. The number
of years of deficit for irrigation increases when the SSP5-RCP8.5 scenario is considered,
with extremely low values of stored volume at the end of the twenty-first century, reaching
the strategic volume of the dam system for scenario C. This means that, in that dramatic
year, domestic water demands will not be satisfied (Figure 8). Figure 9 summarizes the
results, distinguishing the number of years of deficit and the mean deficit for each water
demand use for the two future scenarios and for water demand scenario C. Irrigation water
demands are often not satisfied (up to 74% of years of deficit for the SSP5-RCP8.5 scenario)
and the ecological water demands (the minimum water flow) even less so (Figure 9).

We investigated the water resources system for two land cover planning strategies
(afforestation/deforestation, see Figure S1) and for the two future emission scenarios under
water demand scenario C (Figure 10). The afforestation and deforestation land cover
strategies increased and decreased the fraction of tree cover of the basin by 33% and 21%,
respectively. We evaluated the variation of the runoff for the three future reference periods
(2026-2050, 2051-2075, and 2076-2100) and the two future emission scenarios characterized
by a decrease in mean annual wetness conditions, estimating a decrease in runoff with
decreasing wetness conditions for the actual cover conditions (Figure 10a). Runoff increased
for the future scenarios with basin deforestation, while afforestation activity brought a
further decrease in runoff, up to 31% for the SSP5-SSP3-RCP7.0 scenario in the period
20762100 (Figure 10a). In contrast, the afforestation will produce a lower decrease in
carbon assimilation despite the predicted drier conditions of both future scenarios. During
deforestation, the decrease in carbon assimilation will be much higher, up to 40% for
the SSP5-RCP8.5 scenario in the period 2076-2100 (Figure 10b). With the deforestation
case, WARGI predicted a decrease in the number of deficit years for irrigation, in contrast
with the increase in the number of deficit years for irrigation for the afforestation case
(Figure 10c).



Hydrology 2024, 11, 200

17 of 26

_________ ——Scenario A |4

.M m ' il ' b |
Ml | 'l \\ i \ ,M

— Scenario B
—Scenario C

50

Reservoir Volume [Mm°]
o

400

300

200 1

100, = = = = =

B @0 8P O o (P P

Figure 8. The WARGI model predictions of the water volume stored in the reservoir system using the
three water demand scenarios for the (a) SSP3-RCP 7.0 future emission scenario and (b) SSP5-RCP 8.5
future emission scenario. Dash-dot lines indicate the reserved water volume for civil and industrial

water demands, and the dashed lines indicate the strategic water volume that cannot be reached.
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Figure 9. The predicted water deficit for urban, industrial, irrigation, and ecological demands under
future emissions scenarios (SSP3-RCP7.0 and SSP5-RCP8.5) and the C demand scenario (Table 3).
Note that a year of deficit is when the water demand is not satisfied for more than 15%.
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Figure 10. (a) The impacts of the land cover change scenarios on runoff (Qy), (b) carbon assimilation
(Fey), and (c) irrigation (number of years of deficit of irrigation) for the different mean annual wetness
index (P/PE) of the two future emission scenarios (SSP3-RCP7.0 and SSP5-RCP8.5) and the three
future reference periods (2026-2050, 20512075, and 2076-2100) under water demand scenario C
(Table 3).

Finally, we predicted the number of deficit years for irrigation for three water de-
mand scenarios, one conservative water demand scenario (scenario A), an optimistic water
demand scenario (Scenario B), and the C scenario with the highest water demands, con-
sidering three land cover planning strategies (afforestation, deforestation, and actual land
cover), and under two future emission scenarios (SSP3-RCP7.0 and SSP5-RCP8.5). The
full set of strategies under future climate change scenarios provided directions on water
demand and land cover planning strategies (Figure 11), with few years of deficit of irriga-
tion (from 4 to 8 years for the actual land cover conditions) for the conservative scenario of
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water demand, while with much more years of deficit of irrigation for the B scenario (up to
26 years of deficit of irrigation) and the C scenarios (up to 42 years).
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Figure 11. (a,b) The number of years of deficit of irrigation for the three future water demand
scenarios (A, B, and C, details in Table 3), for the future reference period (2051-2100), for three land
cover planning strategies (afforestation, actual conditions, and deforestation) under the two future
emission scenarios (SSP3-RCP7.0 and SSP5-RCP8.5).

4. Discussion

The Flumendosa basin and its dam system for water resources supply are a key
component of the Sardinian water resources system (33% of Sardinia’s total reservoir
capacity) and is suffering an increase in drought conditions with a historical reduction
in winter precipitation (Mann-Kendall T = —0.271) and an increase in annual air tem-
perature (Mann-Kendall T = +0.373) since 1923. These results are in agreement with [9],
who analyzed all of the Sardinian rainfall data up to 2010, highlighting a large variabil-
ity of the Mann—Kendall T for winter precipitation across the island, with an increase in
negative Mann-Kendall T on the west Sardinian coast, where the Flumendosa basin is
mainly located, and [24]. Sirigu et al. [24], however, estimated a lower decrease in winter
precipitation (Mann-Kendall T = —0.15) in a smaller basin in the South East of the island.
Hurrell et al. [103] demonstrated a clear connection between the persistently positive phase
of the North Atlantic Oscillation (NAO) and precipitation reduction in the Mediterranean
area. Corona et al. [10] evaluated a strong correlation of the Flumendosa basin winter pre-
cipitation with the NAO index (Pearson correlation coefficient of —0.5), highlighting a clear
connection between the basin climate and the large-scale NAO dynamics and the represen-
tativeness of the basin for the Mediterranean area, with a climate point of view. Sardinia
provides an interesting case study of the impacts of climate change because of its position
in the center of the Mediterranean Sea, its high sensitivity to climate change [9,11,23,60], its
relatively low level of urbanization and human activity (with ~50% of the total area covered
by forest [61]), and the lack of relevant land cover changes [24]; the Flumendosa basin is
one of the main basins of the Sardinian Island. The strong historical decrease in runoff
(Mann-Kendall T of —0.276) and the simultaneous increase in annual air temperature
are testament to the dangerous desertification process in progress in this representative
Mediterranean basin, mainly mountainous and historically characterized by a sufficiently
high mean annual precipitation (=895 mm). Indeed, one century ago, in the economic
development plan of Sardinia, the water resources plan was a key point for the growth of



Hydrology 2024, 11, 200

20 of 26

the island, and the Flumendosa basin was one of the main water resources. A dam system,
with a total capacity of 620 x 10° m3, was designed to support the growth of the main city
of Sardinia, Cagliari, and the main cultivated area of the island, the Campidano [62,64].
Although the basin did not suffer land cover changes and human impacts in the past, the
runoff and, therefore, the recharge of the dam system systematically decreased due to the
impact of climate change, causing a rethink of Sardinian water resources planning (last
updated in the 1990s [104]). There is a growing need to rethink water resource planning in
semi-arid areas with scarce water resources but with favorable conditions for population
growth, irrigation, and tourism, such as the countries in the Mediterranean Sea basin, Cali-
fornia, and Australia, with a long tradition of adaptation to irregular water resources [42].
Updating water resource planning is even more essential due to the future predictions of
the recent IPCC climate scenarios in the Flumendosa basin, which anticipates drier (by an
average of 10%, up to 18%) and warmer (by an average of +1.8 °C, up to +3.7 °C) climate
conditions (Figure 7), consistent with other findings in the Mediterranean area [15,20]. The
use of a distributed ecohydrological model, which simulated almost one hundred years
of past data of observed runoff well (Figure 6), allowed us to predict future land surface
flux conditions from the IPCC climate scenarios. The downscaling of GCM data at the
resolution of 1.25° latitude and 1.87° longitude (~150 km) to the Flumendosa basin scale
(~1000 km?) is subject to uncertainty. However, the use of the multivariate bias correction
technique for statistically downscaling GCM future predictions to the basin scale (also
at similar spatial scales of the Flumendosa basin) is commonly used for future climate
and hydrologic predictions (e.g., [105-107]), and the use of the multivariate bias correction
method for the Flumendosa basin was successful, as demonstrated by the high performance
of the method when tested with the past data (difference in the mean annual precipitation
of 1.95%). Furthermore, the predicted future conditions were similarly observed in other
Mediterranean basins ([53], a Turkish basin [48], and Sardinian basins [24,108]. The soil
water balance will be modified, with a decrease in infiltration (—8%), soil water content
(—4% in the sublayer), and evapotranspiration (—7%). The runoff will further decrease by
about 18% (up to 31% for the SSP3-RCP7.0 scenario and the 2076-2100 period) (Figure 10).
Water resource planning needs to take these future conditions into account, which highlight
a depletion of the basin’s water resources that need to match the water demands in the
future to maintain sustainability in the system.

Water demands are highly seasonal, and they increase in summer months due to
the increase in water usage required for irrigation and civil (including touristic) demands
(Figure S3). Hence, the highest water demands coincide with the driest months of the
year (Figure 5a), so the collected water in the artificial reservoirs in the wet seasons needs
to match the gross summer water use under a multi-year water resource management
perspective that needs to prevent possible future repetitive dry years, as included in
WARGI [41,86,87]. Irrigation is already the main water demand on the Flumendosa dam
system, but we also evaluated the possibility of increasing the irrigation water demands by
up to 61% for scenario C. Indeed, while industrial activities are not significantly growing
in Sardinia and are not considered a beneficial development choice, the possibility of
developing modern agricultural practices is an interesting option for the economic growth
of Sardinia, as is typical in Mediterranean growth plans [109,110]. This development
strategy needs to be tested in future scenarios in terms of water availability for irrigation.

Due to the WARGI rules of priority for water use in the case of water restrictions,
irrigation demands can only be satisfied after civil (first priority) and industrial (second pri-
ority) demands, so that, in the future, up to 74% of deficit years are predicted for irrigation,
with a mean deficit up to 52% for irrigation scenario C. Hence, in the future, irrigation water
demands will not often be satisfied, and irrigation scenario A, which just plans to maintain
the actual mean water demands, will be at risk (Figure 8). The only sustainable scenario
of water demands for future climate conditions will be a conservative scenario, excluding
increases in irrigated areas in southern Sardinia both for the actual conditions of the basin
land cover and for the afforestation strategy (Figure 11). The agricultural development for
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the growth of the Sardinian economy may be arrested due to the water resources declining,
despite the use of optimization criteria for water resources management.

The Flumendosa basin is hydrological sensitive to forest changes (AQy/Af;, [59])
with values of 0.4-1.4, which are in agreement with Hou et al. [59] results for water-
limited watersheds of small areas. Paradoxically, an extreme land cover change strategy of
deforestation could help to increase the availability of water resources in future scenarios
(Figure 10) because the decrease of 21% of the forested cover of the basin will lead to
an increase in runoff (~7%) and a decrease of 20% of the number of years of irrigation
deficit for scenario C. These results agree with several studies [56,111] at a small scale,
showing that afforestation reduces runoff. Moreover, deforestation will have a strong
impact on the carbon assimilation in the basin, which will decrease by up to 37%; this
is definitely not compatible with policies of climate change mitigation and adaptation.
Furthermore, in a larger regional and global context, afforestation supplies the atmospheric
moisture that becomes precipitation in the hydrologic cycle, increasing water yield. Note
that the uncertainty of the future precipitation and temperature data projected by the
GCMs have been quantified comparing eleven projections of GCMs (CNRM-CM6-1-ssp-
245, CNRM-CM6-1-ssp-585, EC-Earth3-CC-585, EC-Earth-AerChem-370, Hadgem3-11-126,
Hadgem3-11-245, Hadgem3-11-585, Hadgem3-mm 585, Mpi-esm1-2lr-sf-126, Mpi-esm1-2r-
s£370, Mpi-esm1-2r-sf585) that provided complete datasets for the Sardinian area. The SD
for the downscaled average yearly value of precipitation was low (=31.2 mm), and the
interquartile range (IQR), which is the difference between 25 and 75 percentiles [112], was
also low (=38 mm). Similarly low values of SD and IQR were estimated for the yearly
temperature (SD = 1.9 °C, and IQR = 1.7 °C)

The results of the study are limited to a medium-sized Sardinian basin, the Flumendosa
basin, which is, however, significant for the Sardinian water resources system. Following
the proposed approach, future similar research activities need to be extended to other
main Sardinian basins and to other basins along the Mediterranean biome and climate
types to identify and compare water resources management and planning strategies for
contrasting drier climate conditions in the Mediterranean region. However, these results
and the impact of climate change on water resources need to be carefully considered in
the Sardinian development plans (and in semi-arid regions in general) because growth
policies need to be consistent with mitigating the disastrous effects of human activities on
the global climate.

5. Conclusions

The Flumendosa basin case study is characterized by a very attractive long-term
(one century) hydrological database, low urbanization, and its key role in the water re-
sources of the Sardinian Island (the Flumendosa reservoir system has a total capacity of
about 620 x 10° m?). It provides an interesting opportunity to analyze the response of
water resource systems to historical and future climate change. Historical climate change
(1922-2022) is impacting the Flumendosa basin’s water resources, with an increase in
drought conditions being highlighted by a significant decrease in winter precipitation in
the last century (Mann-Kendall 7 = —0.271) and an increase in air temperature (Mann—
Kendall T = +0.373). The drier climate conditions of the last 40 years raise questions about
the pre-existing regional water resource planning. The proposed distributed ecohydrologi-
cal model effectively predicted one century of runoff data and became a powerful tool for
water resource and environmental planning. We used the spatially distributed ecohydro-
logical model and a water resources management model (WARGI) to define the economic
efficiency and the optimal water allocation in the water system configurations throughout
the evaluation of multiple planning and management rules for future climate scenarios.

Using the IPCC future climate scenarios (up to the end of the century), the soil is
predicted to become drier, with a decrease in infiltration and evapotranspiration (—7%); the
runoff will further decrease by about 18%, on average, and up to 31% for 2076-2100 period.
In these future hydrological conditions (2024-2100), irrigation demands will not be totally
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satisfied, with up to 74% of future years being in deficit for irrigation, with a mean deficit
of up to 52% for irrigation scenario C, the scenario with the maximum increase in irrigation
in the future. Only a conservative scenario for irrigation, which will exclude the growth of
irrigated areas, will be sustainable for the Sardinian water resources system under future
climate change scenarios.

We demonstrated that the Flumendosa basin is hydrological sensitive to forest cover
changes, as typical of water-limited basins. In this sense, extreme land cover change
strategies, such as deforestation, may help to increase water resources in future scenarios
but can clearly not be accepted because the deforestation will have a strong impact on the
carbon assimilation amount in the basin, which will decrease by up to 37% at the end of the
2076-2100 period, as well as on other environmental factors (e.g., soil erosion control); this
is not compatible with policies of climate change mitigation and resilience. Afforestation
activities will bring a positive increase in carbon assimilation but a further reduction in
runoff, slightly increasing the number of deficit years for irrigation.

These results and the impact of climate change on water resources need to be carefully
considered in the Sardinian development plans. Although climate change is caused on
a global scale, it impacts water resources and growth at a local scale, with consequences
in an island such as Sardinia, which has been a positive example of environmental and
natural preservation.
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for the period 1983-2014 is compared to the period 1950-1982; Figure S3: Mean monthly water
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Equations of the vegetation dynamic model components. Parameters are defined in the table.
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