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Abstract: A

ances havefbeefnade in water resource investigation due to the implementation of
mathematiCal Q

dels, the deygelgpment of theoretical frameworks, and the evaluation of sustainability
indices. Tog e improv{r;f make integrated water resource management more efficient. In
this paper, in th area of the Dﬁi

series of numericalindicessef the Water
water governance in a
Index, Water Governance d Waters
it is possible to establish and"e
implementation of the Watersh nance Pri
define a quantitative status and evo\é ter gover;
a watershed. /
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Water crises will persist until governance at the watershed level is renewed, innovated,
and adapted. Governance is the interaction between the State and society regarding the
management of resources and provision of services; it is an integrative process within
an institutional framework used to solve collective problems through the participation of
society and the State. Water governance is a multisectoral arrangement of systems (political,
social, economic, and administrative) used to develop and manage water resources [1].
Watershed governance goes further and addresses water and land issues at the regional
scale, the provision of water services, and the protection and conservation of aquatic
ecosystems [2]. Successful watershed governance frameworks include the State sharing the
leading role, and public policies are established by a consensus of all the actors involved in
water management [3]. As water crises are governance crises [4], effective governance is
necessary to address most water-related problems [5].

Integrated water resource management approaches are more likely to promote a
transition toward sustainable development, focusing on problem-solving using a system'’s

iver Basin, located in Michoacan, Mexico, we schematize a

sented as axes, perspectives, and prisms in the Axis
nce Prism Index, provide the conclusion that

} 4 . . .
zovernance Prism Index using our numerical
etical framework. Thus, it is possible to

is being designed and implemented in

Governance Prism Index

1. Introduction
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approach [6]. Different water—environmental management approaches have been proposed
that include integrated water resources management worldwide [7]. EcoHealth is an
Ecosystem approach to health (used in America, Africa, and Asia) [8]; there are also the
Ecosystem Approach (Central and South America) [9], the Water Framework Directive
(Europe) [10], the Watershed Governance Prism (Canada) [11], and the Sustainability Wheel
(Switzerland) [12]. Local, state, national, and international governmental agencies and
research groups have proposed all of these approaches. Thus, there is a need for resource
management frameworks to be more inclusive and embrace mixed-method approaches [13].
Parkes et al. (2010) argue that the WGP can be used for water and environmental resources
management in watersheds, given that the WGP is a contemporary theoretical framework
that uses an inclusive and holistic approach.

The WGP uses a systems approach, and it integrates four main components (Figure 1):
watersheds, ecosystems, health /well-being, and social systems. These four components
can be graphically seen as a tetrahedral prism. From the mutual interaction between
these four components (graphically displayed as vertices), six linear axes are formed: (1)
d health/well-being; (2) watersheds and ecosystems; (3) watersheds and
eing; (4) watersheds and social systems; (5) social systems and health/well-
tems and social systems. In turn, the interaction between the prisms’
a orms fouz aces representing four different perspectives of water governance.

J{ s of water governance for sustainable development (links: watersheds,
oco s, and, s@eidl systems). Perspective B consists of water governance for ecosystems
anmbeing (linksﬁ;sheds, ecosystems, and health/well-being). Perspective C
consists o ter gover for the social determinants of health (links: watersheds,
being). Perspective D consists of water governance to
gical hedlth (links: ecosystems, social systems, and health/well-being).
ween the fouf p, ectives (A, B, C, and D) makes up the WGP [11],

The integration b

which facilitates inte waters overnance and allows us to better understand the
interactions between' perspecti f water governance [11,14].
y N l V,
Watersheds back Watersheds

"R WATERSHEDS

Eco Social
systems systems

Health / Social
well-being systems

Perspective A: Perspective C:

Water Governance for Social
Determinants of Health
(biophysical environmental can be

overlooked)

Water Governance for
Sustainable Development
(economy-environment-society,
but health often neglected)

ECOSYSTEMS

S0CIAL §YSTENS

Watershed i Health /
atersheds ; HEALTHIWELL BEING well-being

H ]

D Eco Social

Eco Health / : bottom
_systems __ well-being of prismi_Systems __ systems
Perspective B: Perspective D:
Water Governance for Water Governance for socio-

ecological health promotion

Ecosystems & Wellbein,
Y g (potential to neglect driving forces)

(social/equity issues can be
overlooked)

Figure 1. The Watershed Governance Prism. Source: Parkes et al. [11].
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The overarching goal of this study is to evaluate the water resources management of
a basin using the WGP framework. Three scenarios are considered: the natural scenario,
where there is no influence of human development in the basin; the regulated scenario,
which considers historic water resources management; and the future scenario, which
considers climate change. Our main hypothesis is that it is possible to evaluate and
compare water resources management strategies at the watershed scale using the WGP.
First, each of the WGP axes was quantified using indices, which are useful tools that help
synthesize information about the relationships between the environment, economy, and
society, as they allow the complex phenomena to be conceptualized and condensed from
a dynamic environment to a quantitative value [15]. The indices used for each axis were
tractable, adequate for evaluating each relationship, simple, and used only the necessary
indices [16]. Second, a perspective index was quantified to summarize the results from
the axes; this approach allowed us to compare the performance among WGP perspectives.
Finally, a proposed Watershed Governance Prism Index was estimated as the summary
of the framework. The proposed WGPI is a versatile summary index that can be used
to evaluagesyater resources for development by including feedback from the interested
parties dback on the resources intended to be evaluated in the watershed.

Ot esearch studies have evaluated water and environmental resources manage-
it by int@n heoretical approaches to management [11,12,17-19], using mathemati-
nodels [2 —{ﬁnd developing water resources assessment indices [12,18-20,23]. The

of our study is the proposal of a quantitative framework for evaluating

@’ ina watersh&%g indices to summarize the performance by axes, perspectives,

and the e rism. IfTt ork, the quantitative status of water governance is referred to

as the cons eand i poor decisions made in water resource governance. The
T

case study se s the Duero River Basin (DRB), located in Michoacan, Mexico, due to
g(i)zrce variet rious problems, as well as being a representative

its great natura
area of the centra re@ ? Mexic
1.1. The Duero River BaSi @ ) Q

The DRB has an area of km? anoqyt’ed in the northwest part of the State of
Michoacan in Mexico (Figure eadwatér, e Duero River is the springs located
in the town of Carapan, and its #aig tgibutaries Celio and the Tlazazalca rivers.
The DRB possesses a wealth of nat d water ces, such as rivers, lakes, springs,
aquifers, pine and oak forests, and ge umerdts fish and macroinvertebrate species
represent the aquatic biological diversity. ionally, there are places where people can
enjoy recreational and ecosystem services, s e Camecuaro National Park, La Beata
hill, the Geiser de Ixtlan Recreation Center, a rious spas, providing visitors with the
opportunity to interact closely with the environment. There are also reservoirs, a hydroelec-
tric power plant (El Platanal), agricultural areas, canals, extraction wells, treatment plants,
and drinking water systems, which together comprise the hydraulic infrastructure [24-26].
Watersheds are the most appropriate planning unit for water resources management be-
cause they consider the natural hydrologic boundary and they explicitly consider river
ecosystems [27,28]. The DRB is divided into four regions representing the main areas of
the DRB, which are bounded by their respective streamflow gages. The DRB is a suitable
area of analysis for water resources management. It integrates four watersheds in the
Region of Influence I or Urepetiro Region, sixteen in Region II Camecuaro, one in Region
III Tenguecho, and twenty-six in Region IV La Estanzuela.

1.2. DRB Problematic

Despite its natural wealth, the DRB faces adversities that affect the river flow regime,
its riparian corridor, and aquatic ecosystems, such as deforestation, erosion, change of land
use for agricultural activities, introductions of exotic species, raw wastewater discharge
into rivers, and a lack of wastewater treatment. In terms of agriculture, a lack of efficient
irrigation and eutrophication in irrigation channels caused a loss of biodiversity and water
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quality degradation due to the discharge of agricultural waters that pollute the river, reduce
water availability, and degrade the habitat for freshwater ecosystems. Other activities that
threaten the health of freshwater ecosystems are the increasing urbanization of stretches of
rivers, the lack of impermeable sites for solid waste disposal, and the pressure exerted by
users of irrigation modules located downstream of the Duero River due to not being able
to use better-quality water, since the river receives discharges upstream [24,25].
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Figure 2. Delimitation of the DRB as a study area, divided into 4 different regions of influence
(Urepetiro, Camecuaro, Tenguecho, and La Estanzuela) made up of 5, 16, 1, and 26 watersheds,
respectively. Source: own elaboration created with Qgis v2.18.21 and data from the Instituto Nacional
de Estadistica y Geografia (INEGI).

1.3. Factors Impacting Water Resources in the DRB

The Duero River receives raw wastewater discharges from three main cities: Tanganci-
cuaro, Zamora, and Jacona. These communities and communities downstream have not
registered widespread enteric diseases, suggesting that the water dilutes pollutants. In
addition, Zamora and Jacona also discharge water pollution from industrial, agricultural,
and service economic activities. Unfortunately, raw wastewater discharge into rivers exists
due to a lack of enforcement of current regulations and a lack of funding and functional
infrastructure for its treatment. The sanitation system in the region comprises sewage and
drainage services, which generally discharge into agricultural-irrigation infrastructure.
Some populations have treatment plants, although they have low efficiency levels, except
for the municipality of Zamora (which operates at 90% efficiency) [24].

Regarding the water supply and scarcity in the towns of La Luz, El Valenciano, and
El Limon, there is usually one well per community that supplies water for 3 to 8 h a day,
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although the water presents boron problems. All these communities live under stress due
to the short duration of the water supply and the high electricity cost. Some communities
even have legal disputes over the distribution of water volumes [24,26].

Moncayo-Estrada et al. (2015) evaluated the biotic integrity index in the Duero River
to compare it with previous years (1986, 1991) and contrast the health or contamination
state of the river ecosystem. They found that the Etucuaro region has retained a fair
condition, while Lake Camecuaro changed from a good to fair status; additionally, the El
Platanal watershed status was poor, and that of Zamora, La Estanzuela, and San Cristébal
“A” changed from fair to poor. Bacterial contamination was found from the beginning of
the Cafiada de Los Once Pueblos narrow valley (in the Municipality of Chilchota) to the
Zamora valley limits, except for the Carapan and Camecuaro springs [24].

As the waters of the Duero River move downstream, water quality decreases. For
example, contamination due to Escherichia coli limits the diversion of water for high-value
fruits and vegetables (such as strawberries) in Irrigation Modules 2 and 3 because water
contaminated with raw sewage discharges upstream. Furthermore, Module 4 spends more
money tgeating the water because it is located at the basin outlet, where all raw sewage
discharrs [24]. This is coupled with the great efforts of the Zamora treatment plant.
The functie he Irrigation or Surface Modules is to operate, preserve, and manage the

'@ ure and volumes under concession.

h il aulic i f
2 erials an&ﬁods
2.1. odel

The piodel is a simp | conceptualization of reality and quantitative mathematical
representatiénsef the site dpable of representing the different processes involved in
the groundwa face water, fygeshwater ecosystem’s response, and water resources
operation of the B (Figure 3) groundwater system, a groundwater simulation
model was built usi ODFL tform [30]; it considered the area of the aquifer,
geological and hydrw al media e, available water resources (rivers, springs,
and wells), recharge ar@r ter con t e aquifer boundary, water table, and

demand sites. For surface w

ydrology unoff model was built using the WEAP
platform [31]. It considered th é&

-runoff esSes of 27 watersheds, climate and land-
use data, and historic discharge reamﬂ es that were used for calibration
and validation purposes: Urepetl e 12,3 7033), Camecuaro (gauge 12,396),
Tenguecho (gauge 12,379), and La Est (gau 12,310). In terms of the ecosystem’s
response to streamflow, a habitat—suitabiliédel was built in the PHABSIM platform to
simulate the suitable habitat according to th ow at Ixtlan de Los Hervores, which
is located at the outlet of the DRB. Then, a watef resources planning model was built in
the WEAP platform to represent the water-allocation system in the DRB. The collection of
information was carried out in governmental and academic institutions, as well as from
related projects available in electronic media [24,25]. Finally, the WGP [11] was used as

a theoretical framework for evaluating water-management scenarios. After the scenarios
were generated, they were evaluated using the WGP axes, perspectives, and prism indices.

2.2. Surface Water and Groundwater Hydrologic Modeling

Hydrologic and water planning models can be used to evaluate water-management
strategies [32]. This research study used two hydrologic models to represent surface water
and groundwater hydrology. For groundwater hydrology, the MODFLOW [30] platform
was used to model the hydrodynamic simulation of underground flow in porous media.
The parameters with greater sensitivity were the horizontal hydraulic conductivity and
specific performance. The hydraulic conductivity and storage coefficient parameters were
adjusted. They were calibrated for the years 1999 and 2007 using piezometric information.
The root mean square error (RMS) from 1999 and 2007 was 7.54 m and 10.01 m, normalized
(nRMS) as 3.7 and 4.4%, respectively.
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For surface water hydrology, the Soil Moisture algorithm built in the WEAP [31]
platform was used to calculate the water balance for each watershed. The La Estanzuela
gauge station, located close to the outlet of the DRB, was used for calibration purposes.
The most sensitive parameters were the preferential flow coefficient and soil water capacity.
The calibration consisted of minimizing the RMS (2.3 m?/s and nRMS of 5.6%), simulating
the annual average volume in the mainstem and tributary rivers [33], and maximizing the
Nash-Sutcliffe criterion (NS = 0.94) (Table 1). Once the models were calibrated individually,
both models were linked, followed by homologizing the time step to monthly in each model.
After they were linked, both models were run simultaneously using the WEAP platform.
The NS coefficient evaluates the goodness of fit for the validation of the model [34].

Table 1. Statistical summary of the WEAP model calibration (* n = 264).

Gauging Station = BANDAS Keys ~ RMS (m®/s)  nRMS (%) r IA NS
Urepetiro 12,395-12,533 0.9 10.3 0.84 092 0.70
Camecuaro 12,396 2.0 8.7 090 093 0.68

La Estamzuela 12,310 2.3 5.6 0.98 0.98 0.94
Note(s): @ 5: National Bank of Surface Water Data; RMS: root mean square error; nRMS: normalized root

mean squi ; 12 correlation coefficient; IA: index of agreement; NS: Nash—Sutcliffe coefficient. * n: number
of @bserved datal

refefredinaturadperiod f; 1936 to 1955 (a, b, c) and the regulated period from 1977 to
1999, e, ), The six c ion hydrographs refer to the streamflow gauge belonging to
the Urepgfiro) Camecua %a Estanzuela regions (Figure 1, lower section).

iiure 4s calibration of the observed and simulated monthly runoffs for the
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Figure 4. Shows the calibrations of the observed and simulated monthly runoff for the Urepetiro,
Camecuaro, and La Estanzuela regions. Calibrations refer to two periods: natural from 1936 to 1955
(a—c) and regulated from 1977 to 1999 (d—f).

2.3. Methods for Determining Environmental Flows

Various methodologies have been developed to establish environmental flows [35].
The In-Stream Flow Incremental Methodology (IFIM) is a theoretical framework used to
assess the requirement of environmental flow in rivers. For the IFIM, the Physical Habitat
Simulation Model (PHABSIM) calculates the amount of habitat available for different
target species within a river section [36]. In this study, the IFIM was limited only to a
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stretch of the Duero River [37] (Figure 5a). In addition, the flow duration curves (FDC)
approach was used when there were streamflow data for three-gauge stations. The FDC
method recommends instream flows in regulated streamflow; it defines Environmental
Management Classes (EMC) to maintain a given flow rate for ecological conservation.
Both methods were compared on a monthly time scale. The environmental flow regime
(EFR) curves at 80% and 81% of the natural flow (from 1936 to 1955) were adopted as
the environmental flows. The EMC for the proposed EFR curves falls in the category of
Class A natural flow, which represents minor modifications within the river channel and
habitat [38]. Figure 5b—e show the annual behavior of the environmental flows proposed
from natural flows for a 20-year analysis period for the Estanzuela (12,310) and Camecuaro
(12,396) gauging stations, 14 years for the Tenguecho gauging station (12,379), and 13 years
for the Urepetiro gauging station (12,395-12,533).

Comparison between two environmental flows regimes
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30 4
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Figure 5. (a) Monthly comparison between the EFR proposed by PHABSIM and FDC of WEAP. (b-e)
The annual comparison between the natural flow regimes and the environmental flows proposed by
WEAP through the flow duration curve (FDC).

2.4. Water-Planning Model

A water-planning model for the DRB was built to assign water to users according to
a water-allocation system established in the National Water Law (LAN—Ley de Aguas
Nacionales) [39]. A total of 47 surface water and 27 groundwater demands were considered
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in the model. Three scenarios were evaluated: (1) the Natural scenario, where there is little
influence of human development in the basin from 1936 to 1955; (2) the Regulated scenario,
which considers historic water resources management from 1956 to 1999—this is a close
representation of the current baseline conditions; and (3) the Simulated scenario, which
considers the effects of climate change and environmental flows using the EFR from 2000
to 2070. Two carbon emission scenarios were considered in the simulated scenario: high
(A2) and medium (B2) carbon emission scenarios. The outputs of two global circulation
models were used: HADGEMI1 for the B2 scenario and MPIECHAMS for the A2 carbon
emission scenario model [40] (Figure 6).

National Water Law, Mexico

Integrated Water Resources

Management

Duero River Basin (DRB)

FIFTEENTH. Article 22, the following I |

order of water uses will be observed for
the consession and assignment of the !
explotation, use or development of
national surface and goundwater:1.
Domestic, 2. Urban Public, 3. Livestock, 4.
Agricultural, 5. Aquaculture, ‘
6. Uses for ecological conservation or
environmental use...

47 surface water demand and
27 groundwater

Three scenarios are evaluated:
Natural, Regulated and Simulated

L 2 L 2 2

Little influence Considers the Considers climate
of human historical effects and
development in management of environmental
the basin from water resources flows 2000 to

1936 o0 1955. from 1956 to 1999 2070

. 2

Global models
were used:
HADGEM1 (B2) and
MPIECHAMS (A2)

A\ 4

Figure 6. Water-planning mod
accordance with Article 22, the Fifte

"
DRB, in w/

C priority and allocation of water were in

generated, such as ecosystems-health/well-béing (EH), watersheds—ecosystems (WE),
watersheds—health/well-being (WH), watersheds—social systems (WS), social systems—
health/well-being (SH), and ecosystems-social systems (ES). In turn, the direct link between
these axes forms four planes or perspectives, established as watersheds—ecosystems-social
systems (WES), watersheds—ecosystems-health/well-being (WEH), watersheds—social
systems—health/well-being (WSH), and ecosystems—social systems-health/well-being
(ESH). The integration of the four perspectives related to water governance gives rise
to the WGP [11].

A set of water resources indices were compiled and evaluated considering two char-
acteristics: (1) ease of evaluation considering the available data from the hydrologic,
environmental, and planning models; (2) uniqueness of the indicators compared to the rest
of the indices (i.e., nonredundant). The selection of the indices was based on information
from historical and simulated records. For example, there was a series of historical records
of gauge stations in rivers. The natural flows and EMCs were derived from the observed
streamflow of at least 20 years. Another example is the estimation of the habitat availability
time series using PHABSIM, streamflow, and the weighted usable area curves.

Thirteen indices were selected for evaluating the six axes of the WGP—eleven from the
literature and two proposed by the authors. Each index was characterized as follows: name,



Water 2023, 15, 743

10 of 26

mathematical expression, component variables, and a relevant WGP component that can be
associated. Table 2 shows the indices that were used in the WGPI evaluation. For instance,
the Sustainability Index (SI; [41]) is associated with policies that seek to reduce the negative
impacts of undesirable events while meeting current and future water needs for humans
and the environment from any water source (surface water and groundwater). It also
measures the adaptive capacity of a system to reduce its vulnerability to stressors. Another
example is the Water Availability Index (WAIL; [42]); this is an index (of risk) that considers
water availability and human water demands, and it compares the available water to
the demands of all sectors (such as domestic or agricultural sectors). The Environmental
Flow Regime (EFR; [38]) uses flow duration curves (FDCs) to calculate six Environmental
Management Classes (EMCs) by gradually reducing the natural flow regime by a fixed
number of percentiles. Finally, two volumetric factors were proposed for the flows or return
flows discharged by the demand sites (cities, irrigation modules, channels, and treatment
plants) to determine the volumetric dilution degree between the incorporation of the return
flow to the rivers and the hydraulic network. This established the factors of flow with
treatmen ad without treatment (TreaF and UntreaF). The first is the relationship between

t h&%elation:
strea
Tab

dices used in th

een the return flow (from cities) without treatment (Quntrear) and the

: river flow (Qprr) leaving the treatment plant. Similarly, the second is
@
w (QDRF)-

PI evaluation and its main characteristics.

# Index/Factor Data Source Equati ne. Parameter Theme
'O 7 Measures the water
/ / > resource sustainability.
‘ ‘ Rel reliability, Res: Improve water
1 Sustainability [41] SI = Rel’ ! (1 - Vu resilience, Vul: management for the
Index (SI) 1 jaxdef Inerability, Maxdef: ~ future and identify areas
0 1mum deficit. of potential
improvement by
analyzing its variables.
R: surf{ ff time Indicates the risk to
o eries; dwater water safety, considering
2 Walts(rii(vzi‘:\l;zbll)llty [42] WAI=R+G—-D)/R+G + esource tifme series; D: the demand for water
f the demands of use and water
tors. availability.
No ifnoe: A: natural Used to estimate the
ﬂOW‘%"Sli‘ hil recommended flow in a
mol di.fie df?’ C: y modified stream,
Environmental [38] Flow duration curves, FDC moderately modified; urﬁ;?i?;?}liiiigr;rgntehe
Flow Regime (EFR) (Hydrological Method) D: significantly . . gime.
s . This estimated time
modified; E: seriously .
modified; F: critically series represents the
mo:iifie d environmental flow
’ requirement.
CV: coefficient of
variation; the standard The CV is essential in
deviation (SD), and the hydrological changes
Coefficient mean are calculated over time and in
4 Variability [43] CV =SD/Mean; CVB = CV/BFI from the historical comparing river regimes.
Baseflow (CVB) series of natural flows The CVB is a reflection
(dry and wet months). of climate variability
CVB: coefficient (dry and wet periods)

variability baseflow.
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Table 2. Cont.

# Index/Factor Data Source Equation Parameter Theme
F1nar1.c1al analysis was The quotient of updated
. . carried out for each .
Benefit/Cost Ratio . . values between income
5 [20] (XBenefits)/(}_Costs) crop in irrigation
(B/C) L and costs (expenses) at a
district (average cost discount rate
of water, $/m3). ’
Median (Qsg) (flow Flow duration curves
exceeded 50% of the ~ (FDC) represent the flow
time). The Qgg or Qg5 characteristics of a
Baseflow Index B are commonly used for ~ stream under natural or
6 (BFI) [44] BFT = Qo%./ Qs low flow rates. The regulated conditions. A
ratio of Qgg/Qsg is BFI close to 1 has less
used as an index of the  variability than a value
baseflow contribution. close to 0.

SPI: standardized Improves the detection
precipitation index; X: of the beginning of the
annual precipitation of  drought. It is based on

Standardized @ % anr):EZf ;ﬂﬁﬁiﬁ:ﬁiﬁ in Preciﬁ?:t?lgglz(l)isaoéiven
7 Prec1p1’zg’;(1>)n Index = (X; — MX;)/S period i; S: standard period. Quantifies the
deviation of the precipitation deficit to
f annual precipitation consider the different
O series of the period impacts on water
/‘ analyzed. resources.
- O < Based on accumulated
/ / Uy and Sy are the runoff volumes (for
@ mean and standard periods of 3, 6,9, and
O & deviation of the 12 months of a
lative runoff hydrological year). The
Streamflow SDI k = (U x Q ;i=1, umes of the SDI is used for the
8 Drought Index [46] ’ @ . -
(SDI) Lonmk=1, 4 e ce period k. characterization of
Uj i #fie vBlume of the  hydrological drought.
accu owin  The hydrological year is
the i-t nd k is Oct. to Dec., Oct. to
Othe refe e period. Mar., Oct. to Jun., and
@ Oct. to Sep.
Expressed as an average
. number of years in
eturn period .
which an event of
(years); n: number of magnitude equal to or
9  Return Period (RP) [47] Tr=1/P(9; P() = (m — 0.4)/(n years of registration; greater than “x” will
+0.2) m: order number; P(x): .
- occur in the future. The
probability of an event T .
. r was applied at both
(Cunnane equation). .
maximum and
minimum flow rates.
Iv: usele to The flash flood index.
characterize the . .
L Streams with high Iy
annual variability of
Flash Flood I, = (S(log x; — log x)2/(n — eak flood flows: log x: values are prone to
10  Magnitude Index [48] v =i=tos 11))0_50g I?che mean flood évei i flash-flooding behavior;
(FFMI) ’ they may also have

log xi: the annual
maximum event; n:
number of events.

lower species diversity
and stream abundance.
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Table 2. Cont.
# Index/Factor Data Source Equation Parameter Theme
The relationship
. between the surface of a
Useful Available Vlﬁiﬁllfﬁgtzee&i}igl flooded riverbed (flows)
11 . 36,49 WUA = WUARgg/WUA . 4 and the microhabitat at
Habitat (UAH) [36:49] REG NAT WUARgG: weighted preferential disposal
useful regulated area. of a species or a fluvial
community.
TreaF: treated flow
1 Treated Factor Proposed TreaF = Q /Q rgf&%?ﬁg?;:ﬁgiq Treated volumetric
(TreaF) factor = <Treal/ %<DRF ¢ factor.
Qprr: downstream
river flow.
UntreaF: untreated
flow rate; QpgsinT:
13 Untreated Factor Proposed ntreaF Q /Q untreated flow or Untreated volumetric
(UntreaF) factor UntreaF / 2<DRF return flow; Qpgg: factor.
downstream river
flow.

omrehensw ﬁlatlon of water resources indices was performed to identify

guld relate GP components and provide a quantitative framework for
each of the }/ axes. T ws the relationship between the indices and WGP axes;
it demonstral ome i dlces n be associated with more than one WGP axis. For

example, the S wgs associated wi E, WS, EH, SH, and ES axes; its versatility enabled
the evaluation of flo variou§ seglrces (springs, rivers, and bypass channels), water
uses (municipal and mental), &uifer storage. The EFR index was associated
with the WE and EH ax EFR eva a& protection of environmental flows and
loss of ecosystem services. enefit—co i6 (BCR; [20]) was associated with the ES
axis, considering the main cro&f the Irrigati ules and their associated water right
volumes. The WAI was associated w; lates social policies and resource
behavior (water availability) that cdn ififlmence th and community development of
society, increasing inequality and pov @ he Baseflow Index (BFI; [44]) was associated
with the WE axis, as it is linked to the proteg fog of baseflow. The Standardized Precipitation
Index (SPI; [45]), Streamflow Drought IndeX 46]), and Flash Flood Magnitude Index
(FFMLI; [48]) are associated with the WH axis; thegy’evaluate natural disasters that generate
floods, droughts, and their effects on irrigation and drainage systems—the same was found
for the remaining five indices (CVB; [43], RP; [47], UAH; [36,49], TreaF and UntreaF), and
the application objective of each index was associated with the respective thematic axis
of the prism axes (CVB-WS; RP-WH; UAH-EH; TreaF-WH; and UntreaF-EH) (Table 3).
This holistic approach for selecting indices has the advantage that the selection of indices
is open to the professional judgment of each individual who decides to use the WGPL
That is, other indices can be chosen by how they fit each WGP axis. In addition, for
index selection, decision making can be achieved through multicriteria methods and thus
choose from a range of indices with better ranking. Additionally, each selected index is a
function of the thematic axes of the WGP. It should be noted that the index evaluation, prior
to implementing the WGPI, will depend on which environmental or social basin water
resources are to be evaluated. For instance, if the river base flow is to be evaluated, an
index that references the base flow has to be chosen.
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Table 3. List of indices that were used to calculate the WGP axes. Source: own elaboration.

Count Index Source EH WE WH WS SH ES
1 Sustainability Index (SI) [41] X X X X X
2 Water Availability Index (WAI) [42] X
3 Environmental Flow Regime (EFR) [38] X X
4 Coefficient Variability Baseflow (CVB) [43] X
5 Benefit—cost ratio (BCR) [20] X
6 Baseflow Index (BFI) [44] X
7 Standardized Precipitation Index (SPI) [45] X
8 Streamflow Drought Index (SDI) [46] X
9 Return Period (RP) [47] X
10 Flash Flood Magnitude Index (FFMI) [48] X
11 Useful Available Habitat (UAH) [36,49] X

12 Treated Factor (TreaF) Proposed X
13 Untreated Factor (UntreaF) Proposed X

Note(s): EH: ecosystems-health /well-being, WE: watersheds—ecosystems, WH: watersheds-health/well-being,
0C1a1 systems, SH: social systems-health/well-being, and ES: ecosystems—social systems.

Watershed Governance Prism Index (WGPI)

l
irst, mo, e indices used in Table 3 have already been normalized from their
to a geneTicgcale from 0O to 1, except for some, such as the proposed Treated Factor
(Tre ntrea actor treaF) CVB, and BFI. The score-normalization method (Min—
etho ) propos ] consists of a transformation of the original value of all the
1nd1cato 0 common@ ith a range from 0 to 1 (Equation (1)), considering 1 as a
more favon 6nd1t10n a as unfavorable.

X ormalize®:
Here, X is the ori Qlue of eal tor; X, ormalized score 1S the normalized value;
and X,,;;;, and X,y are th m and values of the indicator set, respectively.
Second, for each axis, tsm axes 1vis) 18 calculated using the geomet-
ric mean of the associated indic s i) (& . For example, the watershed-
ecosystems axis (xwg) was forme % e SI, BF FR indices. This approach was
applied to every axis. It should be nofe the ge ric mean has an advantage over the

X — Xminimum

Xmaximum - Xminimum

M

arithmetic mean because it is less affect treme values in a skewed distribution [51].
That is, when we evaluated the respecti iees of each prism axis, there were some
percentage variations. Thus, we decided to evaluate with a geometric mean and

thus obtained a more stable value. Subsequently, with the following indices, such as the
perspective (PI) and the WGP], it was more appropriate to use an arithmetic mean.

Xaxis = YUX1 ¥ Xp ... %Xy 2)

Here, x,.s is the Axes Index (Al) for the associated axes of the prism, and x;, refers to
the associated indices used on a given axis.

Third, the Perspective index (Yperspective) Was calculated for each of the four perspec-
tives; this index is the arithmetic average of the three axes that form a given perspective
(see Equation (2)). For example, for Perspective A, Water Governance for Sustainable
Development, the Perspective Index (Yperspective 4) 18 the arithmetic average of the axes
of watershed—ecosystems (xyr), watershed—social systems (xys), and ecosystems—social
systems (xrs). The same process was used for the remaining perspectives (B, C, and D).

o Xaxis ¢ + Xaxis 2 + Xaxis 3 3
Xaxis ; = 3 ( )

Yperspective ; =

Q| =
.Mw

1
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Here, Yperspective i 18 the Perspective Index (PI) or Water Governance Index (WGI), and
the x,,s ; is the axes index corresponding to a given perspective.

Fourth, the Watershed Governance Prism Index (WGPI) was calculated as the arith-
metic average of the four Perspective Indices (Yperspective i)- Thus, the WGPI takes on a greater
sense of governance, integrating the four perspectives of water governance (A, B, C, and D;
Figure 1):

1 4
WGPI = ZL Z Yperspective ; (4)
i=1

where WGPI is the Watershed Governance Prism Index, and Yperspective ; 18 the Perspective
Index (PI) of the four perspectives (i). To avoid confusing the WGI with the WGPI, from
now on, we will refer to the WGI as the Perspective Index (PI).

3. Results
3.1. Indices for Prism Axes and Perspectives
Figure 7 shows the AI (Figure 7a—c) and PI (Figure 7d—f) results for the natural,
@ d simulated periods. For the natural period (1936-1955), results for the
1),and PI (Figure 7d) have higher indices values compared to those of the
refulated a@ ted periods. These results are expected because there was minimal
n interv fzm the region. For the regulated period (1956-1999), four of the six Al

(Figure d all the PI decreased (Figure 7e). These results reflect the increase
in t?nstruct n of hy lic infrastructure, agricultural activity, canals, and pumping.
The Al an quantlf esponse between six linear axes and four perspectives that
form theg;;ir Govern m for three different periods. In addition, these indices
were calculat r regl s, inc udlng Region IV (La Estanzuela), which represents the
behavior of t e DRB.

For the simtilati iod (20 70), the SH axis (Figure 7c) shows the largest re-
duction in perform ompared atural and regulated periods. The SH axis is
integrated by two indl SI, whic the water supply for the municipal sys-
tems in the region, and th hich evejt;;; fie surface and groundwater availability.
The increase in water dema ductlo ater availability caused the precipitous
decrease in the SH axis. The SH yalugywas 0.46, as deemed inadequate. All the PI
od (Figure 7d), while three out of

(Figure 7e); this is because the Al that 1nte esgthis perspective (EG, WE, and WH) had a
significantly low performance in this period.

(C) Axis Index (Natural 1936-1955) (b)  Axis Index (Regulated 1956-1999) (©€)  Axis Index (Simulated 2000-2070)

1.0 - 1.0 1.0 0.91 1.0 {97
0.86 0.81

0.87
[
So08 0.77
2

EH WE WH WS SH ES ’ EH WE WH WS SH ES ’ EH WE WH WS SH ES
(d) Perspective Index (Natural 1936-1955) (e) Perspective Index (Regulated 1956-1999) f) Perspective Index (Simulated 2000-2070)
1.0 3 1.0 1.0
.84
£ 08 508 28 0.76 0.78 508
o = 0.64 Aol
© 06 © 0.6 T 06
= =2 2
S 0.4 S 0.4 S 0.4
i} w w
T 02 5 02 & 02—
0.0 0.0 0.0
WES EH WSH WES WEH WSH ESH WEH WSH

Figure 7. Cont.
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(9) Watershed Governance Prism Index (WGPI)

B8 Natural I Regulated B simulated

1.00

0.90

0.80

0.70 A

0.60

WGPI Evaluation

0.50

0.40 -

0.30

0.20 -
Duero River\ Celio River\ Duero River\ Tlazazalca River\
La Estanzuela Region Tenguecho Region Camecuaro Region Urepetiro Region

@ e results of each of the six axes of the prism through the proposed evaluation of the
rising the links between the four vertices (watersheds, ecosystems, social systems,
eing) for evaluation in the natural (1936-1955), regulated (1956-1999), and
070). (d—f) The numerical evaluation of the Perspective Index (integrated

ed perio
. Additigfially, (g) i"the total evaluation of the Watershed Governance Prism Index (WGPI)
for eaCh of four regi influence (Urepetiro, Camecuaro, Tenguecho, and La Estanzuela),
with an egaluation of the fnatural, regulated, and simulated periods. Modified Rating
. (Ca .0

Scale [52]. ( ical value 0>, >0.91—good condition; 0.90>, >0.81—acceptable; 0.80>,
>0.61—marginalf0 60>, >0.41—in, ate; 0.40> unacceptable.) Source: own elaboration.

3.2. Watershed Gover rism In 1)

Figure 7g shows Plasa indicator for the natural, regulated, and
simulated periods. Fig ows the ¢ension of the four regions of the DRB.
Results for Region I, Urepe igure 7g); e lowest WGPI performance for all
regions and periods: marginal'i natura @‘d (WGPI = 0.74), inadequate in the

lated period (WGPI = 0.61). The

main river in Region I is the Tlaza iver, a emeral river with a seasonal flow
regime and a reservoir along its mainstead’

Results for Region II, Camecuaro (F Ve the best overall performance of

regulated period (WGPI = 0.59), an Einal in

all four regions: acceptable in the natural pe @ GPI = 0.85) and marginal for both
regulated (WGPI = 0.77) and simulated (WGPI =0.71) periods. The main river of Region II
is the Duero River, a perennial river with permanent flow and springs that feed the base
flow of the river throughout the year. There is a downward WGPI trend in this region that
shows a current trend of increased water consumption over time.

Results for Region III, Tenguecho (Figure 7g), have the most consistent WGPI perfor-
mance for all periods: acceptable in the natural period (WGPI = 0.83) and inadequate for
both the regulated (WGPI = 0.79) and simulated periods (WGPI = 0.77). The main river of
Region III is the Celio River, a perennial river with permanent flow throughout the year
that includes underground contributions from a shallow aquifer.

Finally, results for Region IV, La Estanzuela (Figure 7g), represent the performance
for the whole DRB: acceptable in the natural period (WGPI = 0.86) and marginal for both
regulated (WGPI = 0.75) and simulated (WGPI = 0.72) periods. There are three irrigation
modules located in this region that have an extensive network of irrigation canals, as well
as the most important cities in the region, Zamora and Jacona. Overall, the Duero River has
suffered important human alteration that has modified its natural hydrology. Because of
this continual human alteration through time, the WGPI of the simulated period decreased
by 8% with respect to the regulated period, from 0.77 to 0.71, respectively. To mitigate



Water 2023, 15, 743 16 of 26

human alteration, there is a need to implement environmental flow policies that mimic the
natural flow regime [28].

(a) [ buero River Basin (DRB) (b) 1 buero River Basin (DRB)
To Chapala Lake Urban areas To Chapala Lake Urban areas
V\ Watersheds \ - Watersheds

Main rivers / —-——- Secondary rivers Main rivers / === Secondary rivers
Region of influence |l (sixteen watersheds)
Streamflow gauge 12,396

A\ Urepetiro Dam

Region of influence | (four watersheds)
Streamflow gauge 12,395-12,533
A\ Urepetiro Dam

Tlazazalca River\Urepetiro Region Duero River\Camecuaro Region

L — Watershed Governance Prism Index (WGPI)
o 5 10 20 30 km
B Natural Bl Regulated W& simulated
(c) [ Duero River Basin (DRB) (d) [ ouero River Basin (DRB)
To Chapala Lake Urban areas To Chapala Lake Urban areas

- Watersheds - Watersheds
Main rivers / —-—-—- Secondary rivers

Main rivers / —-—-—-- Secondary rivers
Region of influence Il (one watershed)

Streamflow gauge 12,379

A\ Urepetiro Dam

Region of influence IV (twenty six watersheds)

Streamflow gauge 12,310

s

< Urepetito |
i ‘Dam o\

Duero River\La Estanzuela Region Celio River\Tenguecho Region

Figure 8. The four regions of influence: (a) Urepeti b) Camecuaro—II, (c) Tenguecho—III, and
(d) La Estanzuela—IV. These were proposed to evaluate the Watershed Governance Prism Index
(WGPI) for evaluation in the natural (1936-1955), regulated (1956-1999), and simulated periods
(2000-2070), (first bar, second, and third, respectively). Each region of influence is delimited at the
outlet of the watershed by a gauging station. Source: own elaboration created with Qgis v2.18.21
and data from the Instituto Nacional de Estadistica y Geografia (INEGI) and Fideicomiso de Riesgo
Compartido (FIRCO).

Figure 9 shows a graphical display of the results for the Al, PI, and GWPI (Figure 7b,e,g)
using the theoretical framework of the Watershed Governance Prism [11] for the regulated
period in Region IV—La Estanzuela. Results for the four perspectives (PI) and six axes
(AI) are shown. The WGPI is marginal (WGPI = 0.75); this result shows that significant
improvements need to be made in multiple areas of the watershed to improve water
management overall in the DRB. Similar graphical representations can be created for the
natural and simulated periods for each region.
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Four plane connection

Duero River \ La Estanzuela IV Region

WATE Rs H E D s Linear connection (two vertices)
WGPI (Watershed Governance Prism Index): ;

WGPI = 0.75 “Marginal” (Regulated 1956-1999)

Three vertices connection

Pl (Perspective Index):

A= WES =0.82
B= WEH =0.64
C= WSH =0.76
D= ESH =0.78

ECOSYSTEMS

Al (Axis Index):

EH =0.62
WE =0.77
WH = 0.52
WS =0.86
SH=0.91
ES =0.81

Average values

SOCIAL §YSTEwS

HEALTH/NELL-BEING

_ Good conditions (small improvements are necessary)

0.81-0.90
0.61 -0.80
0.41-0.60

Acceptable (improvements are recommended to enhance resources)
Marginal (significant improvements are necessary in multiple areas)

Inadequate (many areas of improvement are necessary)

- Unacceptable (it is already an untenable situation)

’
Figure 9. Numerical represen the WGi! ical framework [11] created through the
proposed evaluations of the Al (w1 valuation forgach axis), PI (with an evaluation for each
governance perspective), and WGP average a @ etween the four values of PI) for the
regulated analysis period. Modified rati le [52]. ‘Seftirce: own elaboration based on Parkes

etal. [11].

Figure 10 shows the annual runoff vo u@ the Duero River Region IV—La Es-
tanzuela individually. Figure 10a demonstrate§’a downward trend in the annual runoff
volume for the simulated period (1956-12999) and then a subsequent upward trend from
2000 to 2070 in the simulated period. Figure 10b shows the results for two added conditions
to the simulated period: (1) considering the delivery of environmental flows throughout the
basin and (b) evaluating medium (B2)- and high (A2)-greenhouse-gas-emission scenarios.
The results of Figure 10b show a downward trend in the annual runoff of the Duero River
until 2030 and an upward trend until 2070. The natural flow considered in this scenario is
the amount of water that can be extracted from a river without compromising the integrity
of ecosystems [53].

In addition, Figure 10b shows that the medium-emission scenario (B2) produces lower
annual runoff than the high-emission scenario (A2). This is because the medium-emission
scenario (B2) considers a decrease in precipitation (Table 4), while the high-emission
scenario (A2) does not (Table 5). Figure 10b shows the response of the Duero River to
climatic pressures and anthropogenic activities, such as climate change and water diversion
for irrigation. Figure 10c shows the temporal values of the WGPI for the two climate
emission scenarios (A2 and B2), considering the delivery of environmental flows for Region
IV. Figure 10c shows a downward trend in the WGPI from the natural period in 1956
(WGPI = 0.85) and the regulated period in 2000 (WGPI = 0.75) until the end of the simulated
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period in 2070 (WGPI = 0.70). When considering a policy implementing environmental
flows in the DRB, the results for the medium (B2)- and high (A2)-greenhouse-gas-emission
scenarios are the same.

(a) (b) (c)
Annual Runoff Volume (La Estanzuela\Duero River) Annual Runoff Volume considering WGPI evolution - La Estanzuela Region
. . environmental flow (La Estanzuela\Duero River) .
. —-—-— Simulated scenario s EFR\CC-B2 scenario
= - EFR\CC-B2 scenario e EFR\CC-A2 scenario
o 400 e e 4001 ————- EFR\CC-A2 scenario 0.90
& ~ T 5 085
380 - 380 S
£ s £ § 080
o 360 ———_. - :J’ 360 T 075
5 340 £ 340 S
° o 0.65
> = o
N 320 = 320 < 0.60
Z 300 2 300t 0.55%
= 1950 1970 1990 2010 2030 2050 2070 & 1950 1970 1990 2010 2030 2050 2070 1950 1970 1990 2010 2030 2050 2070
Time Time Time
Figure 10. (a) The behavior of the runoff volume of the simulation scenario; (b) the behavior of
the run e under the environmental requirement and climate change scenarios, as well as

; (¢) the historical evaluation of the WGPI in the climate scenarios. Source: own

e ration.

jble 4 sh / result of the temperature variation for various periods in time,
Y

usi ECC- y 2 the temperature increase will be 1.1 °C; by 2050, 1.6 °C; and
2.5 These ature increases are referred to the average historical period.
The hist cal)average a recipitation of the region was calculated at 906 mm/year,
increasing m/year 30 and decreasing for the periods 2050 and 2070 by 898
and 882 mm spectlvely
Table 4. Trend and diff @ e@nd precipitation of emission scenario B2 in the DRB
Historical MPIECHAMS (B2) * UKHADGEM1 (B2) *
1950-2000 2030 2050 / 2050 2070
7.5 (°C) 18.6 19.1 898 882
A (°C) 1.1 1.6 . -8.0 —24.3
A (%) +6.3 +9.3 Y —0.88 —2.6
Note(s): * MPIECHAMS (B2) and UKHADGEM eral Circulation Models of the Centro de Ciencias de
la Atmosfera—UNAM. A (°C, mm): Difference be istorical and the climatic scenario. A (%): Percent
Variation. y
Table 5. Trend and increase in temperature and precipitation of emission scenario A2 in the DRB.
Historical MPIECHAMS (A2) * Historical MPIECHAMS (A2) *
1950-2000 2030 2050 2070 1950-2000 2030 2050 2070
17.5 (°C) 18.6 19.4 21 906 (mm) 909 918 945
A (°C) 11 1.9 35 A (mm) 3.0 12.1 38.7
A (%) +6.0 +10.8 +20 A (%) +0.3 +1.3 +4.3

Note(s): * MPIECHAMS (B2) and UKHADGEMI1 (B2), General Circulation Models of the Centro de Ciencias de la
Atmosfera—UNAM.

Table 5 shows that the temperature increase is slightly higher in 2050 and 2080 (1.9 and
3.5 °C), with the exception of the year 2030, where it remains unchanged (at 1.1 °C). The
average annual precipitation of the A2 scenario increased 0.3% (909 mm/year), being 0.7%
lower than that calculated in the B2 scenario. However, the years 2050 and 2070 increased
rainfall +1.3 and +4.3% (918 and 945 mm/year) regarding the historical period of 1950-2000
(906 mm /year). It can be seen that in both Tables there is no great difference between
scenarios B2 and A2 for 2030. Similarly for the year 2050, there is little difference between
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the scenarios (B2 and A2) in temperature. However, precipitation decreases (—0.9%) in B2
and increases (+1.3%) in A2.

Figure 11 shows the comparison between the volume of surface water used for agricul-
tural activity (Figure 11a) and groundwater pumping for the main water uses (Figure 11d).
Figure 11a indicates the reference year (1999) and the simulation year (2030), with the
surface water volume granted to the irrigation district (185 Mm?/year), in a variation
interval (decrease and increase from 50 to 150%, respectively) to show the trend of the
irrigation volume and its implication in the Duero River. The projection to 2030 (Figure 11a)
at 100% shows the same assigned volume; however, the Duero River indicates a rise of
5.5%, probably contributed by the return flow (Figure 11b). As the percentage of diversion
volume (150%) used by the irrigation modules increases, the volume of water in the Duero
River (La Estanzuela gauging station) will reach a volume of 356 Mm?/year (Figure 11b).
Between Figure 11a,b, a trend can be observed. As the diversion percentage decreases
there will be an increase in the river volume, and vice versa. Figure 11c shows the WGPI
evaluation with a stable trend between the decrease percentages with WGPI values between
0.75 and 0#£4. This is not so for the increases in water diversion with a WGPI = 0.72, which
aluation of the marginal observation.

b
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Figure 11. Percentage variation and comparison be the surface water volumes used for agricul-
ture (a) and groundwater pumping to supply various uses (d), as well as its implication in the flows
of the Duero River (b,e) and the WGPI evaluation for both water supplies (c,f), respectively.

Similarly, Figure 11d shows the pumped volume extracted up to 1999 (43 Mm?/year).
In 2006, it reached 66 Mm?/year and by 2030, 78 Mm?/year. As the percentage of pump-
ing decreases and increases (Figure 11d), the volume in the Duero River presents vari-
ations proportional to the extraction. For instance, when pumping decreases to 50%
(20 Mm?3/ year), the volume in the Duero River presents a stable volume similar to the
reference of 345 Mm?3/year, but this is not so because when the percentage increases,
so do the volumes in the river, probably contributed by the return flow volumes. The
WGPI evaluation shows that the evaluation improves when the extraction percentage
decreases to 50% with a WGPI = 0.77, and the evaluation decreases at higher extraction
percentages, WGPI = 0.67. The WGPI evaluation is more sensitive for groundwater than
for surface water.

4. Discussion

This study shows that it is possible to establish and evaluate the WGPI using the
WGP theoretical framework [11]. Consequently, it is possible to define a quantitative state



Water 2023, 15, 743

20 of 26

of water governance in a watershed. The anthropogenic activities developed in the DRB
impact the watershed’s resources, as demonstrated by the WGPI through its evaluation
scale. Possible measures that can be taken once the evaluation has been completed are
as follows:

e For “good condition” evaluations, few improvements will be necessary to implement
in the watershed.

e  For “acceptable” evaluations, improvements will be recommended to maximize re-
sources and verify that they are in good condition.

e  For “marginal” evaluations, significant improvements will be necessary for multiple
watershed areas.

e  For “inadequate” evaluations, many improvements will be necessary for many areas
throughout the watershed.

e  For “unacceptable” evaluations, the situation will be considered untenable.

These evaluations are examples and are at the discretion of the government actors
involved in the care and protection of the watershed’s resources.
illustrates how the numerical evaluation of the components that comprise
slaccomplished, and it presents three modalities: (1) the Al which is a partial

O status of the watershed’s water resources (flows, river habitats, rainfall

ﬁ ior, and f round storage); (2) the PI, which is a comprehensive assessment of the

of differ ﬁrnance perspectives, such as sustainable development, ecosystems

an -being soci terminants of health, and the promotion of socio-ecological

health’and (3) the WCX ich is an evaluation of the global state of governance in the
watershed!

The al evalua ﬁ?of the Al, PI, and WGPI respond directly to the water
resources’ p ate (natural #iyregulated) in the watershed. Natural resources that
present loss of qdality, degradafio alteration due to the constant stress (pressure) to
which they are subje erate n%ffects with direct and indirect impacts on other

ecosystems within t hed. Th es result from poor management, insufficient
human and financial res inoperative iled water organizations, inadequate public

policies, and inadequate go nt inte and coordination. Taken together, all
the sys a@aking it possible to worsen problems

cause inadequate water gover
instead of solving them [54]. Mahy eXisfing issued'iz @ ing water resource management
are mostly due to a lack of manage er thdh ‘agfabsence of resources [3].

These issues (Figure 12a) contrib degradation of ecosystem capabilities and
water quality [24]. Therefore, it is necessa@ verse these adverse conditions [55]. The
water crisis motivates governance actors to e and organize to achieve sustainabil-
ity and balance in the watershed. The Duero Riv@r Basin Commission (DRBC) was created
in 2010 with this in mind while under the constant emergence of environmental threats in
the watershed. This supports government actors working together to enhance the integrity
of ecosystems [3]. Similarly, the WGP perspectives were used to propose actions aimed
at environmental improvement in the watershed and reversal of the issues that impact it.
Figure 12b illustrates some proposals or alternative solutions that promote sustainability
and environmental health in the DRB using the information from work carried out in the
last 15 years by Velazquez [24] and CONAGUA-IPN [25]. These improvement measures
result from adequate water governance and are expected to positively affect the WGPI
evaluation.

It is possible to determine how good or how badly water governance is exercised in
the watershed using the evaluation of the prism indices. The symptoms of inadequate
governance are represented by degraded rivers, intensive pumping, inefficient water use,
excessive demand, inequality in access [56], and deficits in public service coverage and
sanitation. Just as in the DRB, regions with a governance assessment of a marginal type of
watershed were identified. Additionally, acceptable evaluations were identified, referring
to good governance, by reaching agreements and actions with clear and transparent regu-
lations to make decisions, recognizing rights and obligations, ensuring the participation
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of the parties, supporting accountability, performing audits [54], and creating effective
policies to regulate and manage water resources [3]. When organizations can cope with
each of these symptoms, they are considered to have adequate governance [56].

WH:  infrastructure deterioration

(a) Main issues DRB: WATERSH EDS Water quality deterioration

Linear connection (two vertices)

Lack of technific
Without territorial planning, Chi-Tco.

Lack of proposal for environmental flows

Reduction of springs and irrigation water

EH:

Crop change due to low quality water
Fecal coliform presence alongside the river
Fly larvae and exotic species present in rivers
Riverbank invasion and ecosystem modification
River and reservoir contamination (Urepetiro dam)

Erosion and soil degradation
Without house drainage

“hange, Cha-Tla-Tco.

ation (strawberry), Jac-Zam
structure, water access and equity in modules
anagement to separate clean/discharge water

Poor spring management, such as the Ixtlan geyser

&

ES: social pressure anj
Irregular settiemg
Water deman

ECOSYSTEMS

Sewage discharge

SH: Growing urban development
Without control schemes for solid waste disposal
Use of the hydrographic network as sewage and
urbanization of sections

(b) Sustainable actions DRB:

Three vertices: (watershed ¥ ial sy

Payment for environmental services, PES
(forestry and hydric)

Reforestation, restoration, rehabilitation and
ecological improvement (forests, natural
vegetation, rivers, riverbanks)

More inter-municipal participation and
organization to take care of the resources

Alternation between superficial and
subterranean water (water banking)

Implementation of forestry
management programs

Rational use of the ecosystems e
culture in the future

A ,  WATERSHEDS

,,,,,,,, hiwellbeing: ial

(watershed

Greater inter-institutional coordination
at the three government levels

PES in the upper river basin will ensure
better quality downstream water

Operation and working of the
treatment infrastructure

Restructuring of the park's board of trustees
for better management of natural resources

Rainwater separation from sewage
Access to water and infrastructure

Refund of fees collected by the
city council

SOCIAL §YSTES

ECOSYSTENS

£
(watershed-ecosystems-health/wellbeing) HEALTH/"ELL.BEIHG ( ol health/wellbeing)
Hydraulic infrastructure improvement Septic tanks construction
(planning and modernization) . e
Supervision and monitoring of clean or first use
Installation of collectors and relocation water in urban supply wells by the Ministry of Health
of wastewater plants Dialogue tables for conflict resolution
Awareness programs (ecosystem care, (using scientific methods)
canyon cleaning and water care) .
Implementation of programs for
Preparation of a census of pollution sources urban planning and agricultural activity
Training infrastructure and pluvial storage Regulation of wastewater discharges to

inhibit their discharge into the hydraulic network

Mitigation measures facing Global Climate Change

(environmental flow regimes implementation)

Infrastructure generation for solid waste (specific sites)

Figure 12. Shows the theoretical framework of the WGP [11]: (a) the main problems pre-
sented in the DRB, linked in each axis of the prism, thus identifying the type of problem (EH:
ecosystems—health/well-being, WE: watersheds—ecosystems, WH: watersheds—health /well-being,
WS: watersheds—social systems, SH: social systems-health /well-being, and ES: ecosystems—social sys-
tems). Likewise, (b) shows the main proposals aimed at improving the sustainability and resilience
of resources in the DRB. Municipalities: Jacona (Jac), Zamora (Zam), Chilchota (Chi), Tanganci-
cuaro (Tco), Tlazazalca (Tla), Tangamandapio (Tmp), Chavinda (Cha), and Ixtlan (Ixt). Source: own
elaboration based on Parkes et al. [11], Velazquez [24], and CONAGUA-IPN [25].

Problems that put pressure on the watershed can influence the WGPI evaluation
negatively. A more positive evaluation could also arise with proposed actions taken to
benefit the watershed. Figure 7b, the evaluation of the WH axis, presents a rating of 0.52
(inadequate); compared to the WGP axis (Figure 12a), it can refer to four characteristic
issues of that axis. This is the same with the EH axis (0.62, marginal) and the axis of the
EH prism (Figure 12a), which has the most issues associated with that axis. The allocation
of issues depends on the number of themes identified, so it is open to incorporating more.
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However, the density of issues depends on the context of each axis. In Figs. 2b and 6a,
similar behavior is identified, as the lowest PI was evaluated for WEH (0.64—marginal),
which, compared to Perspective B of the WGP, has the highest density of issues (Figure 12a).
In general, the WGPI can help us determine the adequacy or inadequacy of governance in
a watershed.

Rivers must be allowed to flow with sufficient water to ensure downstream environ-
mental benefits [57]. The scenario of demand for environmental water, class “A,” maintains
the natural conditions in the ecosystem. This environmental-management category is based
on the relationship between flow and ecological status through identifiable thresholds [38].
The flow rates can oscillate by taking the natural conditions of 1936-1955 as the upper
threshold and the “A” class environmental requirement as the lower threshold. For exam-
ple, Figure 10b functions as the natural threshold of Figure 10a, with a difference in volume
in 2030 (simulated) of approximately 40 Mm?/year, equivalent to 1.26 m3/s. The WGPI's
assessment of climate change demonstrated a few notable changes when comparing the
current trend and environmental-requirement scenarios. The exposure to climate change
in the DRBspresents a degree of medium climatic stress and low sensitivity, which is how
@ potentially modified by external forces [58]. The advantage of simulating

QoD tal scenario is that it provides a minimum threshold for maintaining flow
i
“

tural status. The WGPI has a higher assessment when the water-
action p age of the river is lower, and the assessment decreases as the percentage
action inc?rﬁf

m highes averwaluation of the WGPI was for the Tenguecho Region (a single
watershed)fand the | @ras for the Urepetiro Region (four watersheds). The Came-
cuaro Regiopf(half DRB); xtends from the middle to the top part of the DRB, was
evaluated as @ lyhigher than the La Estanzuela Region. The latter region represents the
entire DRB. TI€seftesults concord with places with higher and lower water quality in the

DRB. The purest watewsupplies st m the Celio River (Tenguecho Region), while the
Tlazazalca River (Ur egion) 15'V4
concentrations of nitrate, @ %acteria 9, the biotic integrity index in the Duero

contaminated and anoxic, with overabundant
River was evaluated to c6 it to 198 §91, and results demonstrated that the
Etucuaro locality had change Urepetir ). Camecuaro Lake transitioned from
good to regular (Camecuaro Regién) from thefmiddle of the DRB until the exit of the
watershed, the conditions changed4rg @ his environmental degradation

is related to human activity and water .

Figure 10b shows the resilience of aguiydr system for the specific case of the EMC
class “A” simulation, called “natural flo lower threshold is indicated for the
volumetric regulation exerted upon the river. the incorporation of the environmental
flow regime, it was determined that the annual average regulatory activity from 1977
to 1999 and the simulation of the status-quo scenario remained within the intervals set
by the simulation of EMC “A.” That is, the regulation period did not exceed the lower
threshold set by the simulated environmental requirement for the Duero and Tlazazalca
rivers. In the La Estanzuela Region, the governance index did not show significant variation
between the simulation scenario and the climate scenarios; even with the incorporation of

the environmental regime, it remained in a marginal condition.

5. Conclusions

The WGP illustrated greater sensitivity to the evaluation of a few water sources, such
as the Urepetiro-Tenguecho regions, compared to the Camecuaro-La Estanzuela regions,
which presented less sensitivity in the simulation curves obtained. We believe that the
proposed structure used to evaluate the theoretical framework of the WGP was adequate
for implementing and developing the WGPL. Subsequently, it can be used as a proactive
index to determine the status of water governance in a watershed within the theoretical
framework of the WGP by evaluating water resources (such as rivers, precipitation, river
habitat, underground storage, and flow base).
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The evaluation of the Al can represent the efficiency or deficiency of the connections
between the four vertices of the prism. The PI represents the quantitative status in which
water governance is found. Thus, it refers to effective or inadequate governance in the
processes related to decisions that revolve around the watershed’s resources; that is, both
good and bad decisions from the governance structure (society—government) have direct
consequences on natural resources, and vice versa. In general, the WGPI can refer to the
evaluation of the consequences of the resources and not of the decisions that generate the
consequences. To evaluate the WGP, just when using the WGP, it is necessary, according
to Parkes et al. (2010), to approach it as a whole (with the four governance perspectives)
to avoid biases when visualizing and integrating watershed governance. The solution
alternatives indicated in the water-governance perspectives help to reduce the issues in the
watershed, thus improving the evaluation of the prism indices and favoring the resilience
and sustainability of the watershed’s resources. Subsequently, as a complement to the
WGP], in the DRB, we will use the Water Governance Assessment Tool (WGAT) to identify
the degree of supportiveness or restrictiveness of the governance [59].
is gegommended to use one or two evaluation indices for each axis of the prism,

ation, so it is necessary to have a minimum historical data series
ion, the types of resources (water, environmental, and social) that can
tershed determine which index can be chosen and evaluated. For

, if the intentio o use the water quality index, but there are no records of that

n it is fu e that index. It should be noted that in the case of calculating

the axis ifid ,itis re ded to use the arithmetic mean to avoid obtaining a value

of zero. Fi is,advisable to create models that are not overly extensive—recalling
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