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Abstract: The assessment of environmental policies and sustainability in socio-ecological systems
(SES) should be tackled from a holistic perspective, using methodologies such as dynamic system
models. However, the integral assessment of SES generally suffers from high levels of uncertainty.
In this work, the potential of sensitivity analysis (SA) to assess uncertainty and its implications in SES
models, specifically in the Fuerteventura sustainability model, has been explored. An extensive SA
was applied in different stages of model development and application. The different SA techniques
applied allowed, besides a detailed assessment of robustness, the identification of leverage points and
their application to define environmental policies and management measures intended to improve
sustainability. The results suggest that measures based on leverage points identified by the SA in
the model are more effective than others proposed so far by different agents. Furthermore, the
assessment of uncertainty of measures thought to contribute to sustainability shows that, when
uncertainty ranges are considered, the thresholds of some sustainability indicators might be exceeded,
whereas mean values would not. Therefore, the surpassing of some sustainability thresholds might
go unnoticed if uncertainties are not considered in the policy analysis. This work shows SA to be
a powerful tool that provides important insights to policy makers and end users, with regard to
improving environmental policies for sustainability.

Keywords: leverage point; policy assessment; sustainability indicators; system dynamic models;
uncertainty

1. Introduction

1.1. Uncertainty in the Assessment of Sustainability Policies in Socio-Ecological Systems

The assessment of sustainability in socio-ecological systems (SES) should be tackled from a
holistic perspective that enables an integral analysis of socioeconomic and ecological factors and
their nonlinear interactions and feedbacks [1]. The application of the system dynamic modelling
approach has numerous advantages in this assessment, due to its capacity to conceptualize their
complex interrelationships and to facilitate their comprehension and monitoring, with the aim of
generating useful information for decision-making [2,3].

Nevertheless, the integral assessment of SES generally suffers from high levels of uncertainty [4].
Uncertainty, as has been pointed out [5], represents “an analytical state of limited knowledge which
aggravates the exact depiction of a system’s current situation or the future outcomes of the system’s
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development”. For several authors [6,7], uncertainty analysis is indispensable in modelling since it
illuminates the adequacy of models and reveals the reliability of the model outputs. Since policy
makers make their decisions based on the available information, the evaluation and minimization of
uncertainties, to avoid bias or even faults in decision making, are crucial [5,8]. Policy and scenario
analysis might be a tool to deal explicitly with different assumptions about the future, which is
inherently uncertain [9].

Moreover, complex socio-ecological models are usually controlled by a high number of parameters,
which may constitute a problem in their application and transferability [10]. In addition to the
already mentioned purposes of uncertainty analysis, the importance of discovering policy leverage
opportunities has been highlighted [11,12]. This refers to regions in parameters space where policy
interventions may be particularly efficient and, therefore, useful for decision-making processes [13].

An extensive sensitivity analysis (SA) applied in different stages of model development and
application is presented in this paper. This is done with the Fuerteventura sustainability dynamic
model (FSM), developed as a tool to assess the expected effects of different environmental policies,
intended to achieve a more sustainable development of this insular socio-ecological system [14,15].
The SA was applied to answer the following questions:

(i) Are all the model parameters really required? Is the model as simple as possible?

(ii)) How robust are the conclusions derived from the model?

(iii) Which parts of the system have the greatest influence on sustainability outcomes?

(iv) How does uncertainty affect the assessment of environmental policies intended to
achieve sustainability?

Thus, the main purpose of this paper is to develop a strategy based on sensitivity analysis
to address the following objectives: (i) To improve model formulation, by identifying insensitive
parameters which can be removed from the model; (ii) to perform a detailed assessment of model
robustness; (iii) to identify the system parameters which have the greatest influence on sustainability, as
a basis to define efficient environmental policies; (iv) to explore how uncertainty affects the assessment
of different environmental policy options in relation to improved sustainability.

1.2. Case Study: The Fuerteventura Sustainability Dynamic Model (FSM)

1.2.1. Study Area

The arid island of Fuerteventura (The Canary Islands, Spain), with an average annual rainfall
below 120 mm, has experienced a later tourism development than the other islands of the archipelago.
Nevertheless, tourism has already become the main driving force of the socioeconomic and
environmental changes on the island [16]. Due to these recent changes and the vulnerability of its
ecosystems, Fuerteventura is considered a relevant case in which the management and decision-making
process in relation to a more sustainable development can be analyzed.

The most challenging themes regarding sustainability on the island were identified by an expert
panel in the framework of the XI" Atlantic Conference of the Environment, and they are also found in
the Fuerteventura Biosphere Action Plan [17]. Among these challenges, the following are taken into
account in this work when policy measures are assessed:

e Landscape and high quality natural vegetation degradation [18].
e Increasing residential and tourism development. Abandonment of traditional activities [19].
e Rising concern about key species conservation [20,21].

1.2.2. Model Description

The building of the Fuerteventura sustainability dynamic model (FSM, [14,15]) arose as a
tool to assist decision-makers in the sustainable management of natural resources of the island in
the long-term.
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The FSM, built by following the system dynamics methodology [22,23], provides in-depth
knowledge of the main components of this socio-ecological system and their changes over time.
It is structured in five sectors (Socio-tourism, Land Uses, Biodiversity, Environmental Quality and
Water Resources), and it includes 520 variables. As part of the model variables, 37 sustainability
indicators were integrated into the FSM. Moreover, 110 parameters—constants or coefficients—were
identified in the model. Details of the model equations, which link variables and parameters, can be
found in References [14,15]. A brief conceptual description of the model is provided below.

e  Regarding the Socio-tourism sector, tourism represents the main driving force of the employment
and wealth generation in Fuerteventura. The migratory flows are strongly influenced by the
employment provided by the activities of the tourists. The rising trends in the tourist and resident
population have a strong impact on the dynamics of the urban land uptake. Besides, tourism and
related activities have substituted traditional productive activities, such as ranching, artisanal
fishing, and farming of non-irrigated land in ‘gavias’, a traditional agro-ecosystem [19].

e  The different land uses and their changes over time are considered in the Land Use sector, which
includes three categories: urban uses, agricultural uses and natural areas. Some land use changes
result in the degradation of the high quality natural vegetation of the island; this represents one
of the main threats to the sustainable development of Fuerteventura, according to the Action Plan
of the Biosphere Reserve [17,18].

e The Biodiversity sector is focused on two endangered and endemic bird subspecies of the Canary
Islands: the Canarian houbara bustard (Chlamydotis undulada fuertaventurae) and the Egyptian
vulture (Neophron percnopterus majorensis). Their modelling shows how certain changes which
have happened on the island have affected these species in recent decades [20,21,24].

e  The scarcity of water resources has traditionally represented one of the limiting factors for the
development of this arid island. Nevertheless, the advances in seawater desalination have
overcome this limitation. The Water Resources sector also includes the groundwater and the
surface resources, which are not enough to satisfy the demands of the population or the irrigation
requirements. This highlights the importance of the role of desalination in covering the total water
demand [14]. Therefore, the island is highly dependent on energy consumption, even to supply a
basic need such as the water demand.

e  The Environmental Quality sector allows the quantification of some indicators regarding the
energy generation and consumption, such as the share of renewable energies, and the per capita
CO, emissions of the island.

1.2.3. Parameters of the Fuerteventura Sustainability Dynamic Model

As aforementioned, the FSM includes 110 parameters, which are part of the different model
equations. The values of the parameters were determined directly when data were available
(e.g., statistics, local sources and scientific literature), as shown in Table Al. When no reliable
information was found, as was the case for 13 parameters, an automatic calibration process was
carried out [25], which allowed the selection of the parameter values that maximized the adjustment
of the simulation results of the model to the observed data [14]. During this process, the parameter
ranges were constrained to realistic levels for the target system, since this increases the power of
the calibration without compromising the resulting model structure [26]. All these parameters were
subjected to a SA, the purpose of this work, as described in the following sections.

1.2.4. Model Testing

The FSM was calibrated for the 1996-2011 period, by means of a set of model testing
procedures [27] including: a dimensional consistency test, an extreme conditions test, a goodness of
fit test for the 20 variables with available series of observed data series (See details in Table A2), and
a preliminary SA. The model successfully passed the testing procedures [14,15]. However, in order
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to improve the evaluation of the robustness of the model, its potential regarding the identification of
environmental measures to improve sustainability [28], and how uncertainty affects the assessment of
the sustainability of specific measures, a deeper SA was carried out in this work.

2. Methodology

2.1. Sensitivity Analysis

Different SA techniques were applied, ranging from a local sensitivity analysis, using the simplest
class of “One factor at a time” screening techniques (OAT), to general sensitivity techniques, such as
Monte Carlo simulation. The purpose was not to select one of the two methods but to benefit from
their complementarities, regarding the objectives set out in Section 1.1.

2.1.1. Objective 1: To Improve Model Formulation, by Removing the Less Sensitive Parameters

One factor at a time (OAT) sensitivity analysis allows for the identification of those parameters
to which the behavior of the model is not responsive. Then, the model structure can be simplified,
removing those parameters and achieving a more compact model without losing information valuable
for the system [29].

Moreover, for the FSM, a complex model with more than 500 variables and parameters and
long computational run times, the OAT was used prior to a general SA [28]. In spite of its
shortcomings—since it does not take into account interactions resulting from the simultaneous
variation of multiple parameters—the OAT method has its strengths (easy and rapid evaluation
of the effects of extreme parameter values) and has been widely applied [30,31]. Furthermore, the
general sensitivity techniques applied later allow the mentioned drawbacks to be overcome [32].

In this work, 18 target variables were selected, by means of which the behavior of the model
was assessed. This selection was performed in the framework of the XIth Atlantic Conference of the
Environment, due to its representation of the main socio-ecological processes; some of these variables
are also sustainability indicators. The screening of the most and least sensitive parameters within the
model was undertaken using the OAT sensitivity analysis function within Vensim [33] and a sample
size of 200 runs. The response to each one of the model parameters examined was tested using an
arbitrarily selected range of +25% variation around the default parameter value. Some authors [34,35]
used +20% and indicated to other possibilities, such as £50%. Thus, the effect of each parameter on
the model outputs may be compared based on a homogeneous range of variation. The sensitivity
index (Si,j; Equation (1), [36]) was calculated for years 2012 and 2025 as follows:

OMi,t — Omi,t PM] - Pm]

o, 7! Pb;

Sij=(

) x 100 @

where Si,j represents the sensitivity index of the target variable 7 in relation to the parameter j; OMji,t
and Omi,t are the maximum and minimum values, respectively, of the ith target variable at time ; Obi, ¢
represents the base (default) model value of the ith target variable at time t; PMj and Pm;j represent the
maximum and minimum values of the jth parameter, respectively; and Pbj is the base model value of
the jth parameter.

Regarding this sensitivity index, the parameters will be classified into five categories: insensitive
(5i,j = 0%), low sensitivity (5i,j < 10%), moderate sensitivity (10% < Si,j < 50%), high sensitivity (50%
< §i,j <100%), and very high sensitivity (Si,j > 100%).

2.1.2. Objective 2: To Assess the Robustness of the Model Outputs

In order to achieve realistic SA results and avoid running the model under impossible conditions,
a screening was carried out using a new local SA. This time, each parameter was perturbed within
an “acceptable” or reasonable range [26,34]. This range may have a slightly different meaning: (i) the
range in which it is expected to find the true value of the parameter; (ii) the range of real variability
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of the parameter in the system (observed or predicted variability); and (iii) the realistic values that a
parameter might adopt for a certain management measure.

The local SA with acceptable ranges allowed the identification and selection of the most sensitive
parameters (Si,j > 50%) for each of the 18 target model variables. These acceptable ranges are important
for the general SA, since they ensure that the parameters are constrained to realistic levels and will
produce behavior consistent with known facts [37].

Once the sensitive parameters for each target variable had been identified, a Monte Carlo (MC)
simulation was carried out, with a Latin Hypercube sampling [38]. This general SA was implemented
to assess the effects of a simultaneous variation of all sensitive parameters for each variable. The MC
simulation is appropriate when models may generate interactions between factors or have non-linear
outputs [39]. A Latin Hypercube search (LH) was applied as a mechanism to ensure that the full
reasonable range of each parameter was explored using a manageable number of runs (200 simulations).
The LH is designed to reduce the required number of model runs needed to get sufficient information
about the distribution in the outcome [35]. This is desirable for big models where each simulation
takes a long time, such as the FSM.

In order to obtain the confidence intervals of the model outputs in relation to changes in the most
responsive parameters, 18 MC simulations were run (one per target variable). Here, the Vensim tool
for the MC simulation was used [33], which provides the 50%, 75%, 95% and 100% percentile bounds
of the established simulations run (200 in our case). According to Reference [35], such percentiles can
be interpreted, approximately, as the corresponding confidence bounds.

The variation coefficient (VC;;, Equation (2)) of the target model variables shown by the MC
simulation was calculated for years 2012 and 2025 as follows:

OM95i,t — Om95,',t

VCi,t = ( 0.
1

) x 100 2)
where VC;; represents the relative variation of the target variable i with respect to its mean value using
95% confidence bounds; OM95; ; and Om95; ; are the maximum and minimum values of the ith target
variable at time ¢, using the 95% confidence bound; and O; is the mean value of the target variable i.

Regarding this variation coefficient, the responses of the target model to changes in the most
responsive parameters were classified into three categories: low response (VCi < 50%), moderate
response (50% < VCi < 100%) and high response (VCi > 100%).

2.1.3. Objective 3: To Identify the Places in the System which have the Greatest Influence, as a Basis to
Define Policies for Improving Sustainability

The most responsive parameters from the OAT analysis may be useful in establishing future
priorities [40]. In complex socio-ecological systems, it is often possible to find leverage points, defined
as “places within a complex system where a small shift in one thing can produce big changes in
everything” [41].

In this work, the identification of leverage points was used as the basis to define potential
policy options.

2.1.4. Objective 4: To Explore how Uncertainty Affects the Assessment of Different Environmental
Policies Intended to Achieve Sustainability

Indicators could represent useful tools to compare the impacts of the alternative options [42,43].
This work shows how a selection of seven indicators (Table 1) would react to different policy measures.
These indicators were selected on the basis of their direct relationship with the policies concerned
(see Table A3 for their model formulation).

The establishment of thresholds for each indicator is a clear step forward in sustainability since
they represent a reference for decisions and quantify what is acceptable regarding sustainability
goals [43]. When there were no published thresholds for an indicator, a value was established based
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on a proportion of the value adopted for that indicator in 2009, when Fuerteventura was declared a
Biosphere Reserve [44]. In this work, the value used was 75% of the 2009 value. This is related to the
concept of “Limit of Acceptable Change” (LAC) [15,45], since this proportion allows certain change due
to socio-touristic development, but the threshold is still far from compromising the conservation goals.

The simulation results obtained with MC analysis for each indicator over the 20122025 period,
will determine whether the sustainability thresholds of the seven indicators selected might be exceeded
under any of the options analyzed when uncertainty is taken into account.

Table 1. Selected indicators included in the Fuerteventura sustainability dynamic model and

their thresholds.
. . Direction Meaning of the Sources of the
Indicators Units of Change  Lhreshold Threshold Thresholds
The ratio of tourists to
Ratio of tourists to . . Less is local inhabitants should
residents (tures) Dimensionless better <0.3152 be lower than the [46]
threshold.
Ratio of tourl.sts .. . Ratio of tourist
accommodation to Touristic Less is <0.97 accommodations to [46]
resident beds/inhabitant  better ’ . .
. resident population.

population (ear)
Artificial land o Less is Percentage of modified

ercentage (alp) Yo better <20 land (agriculture, urban, [47]
p infrastructures).
High quality . 0.139 is the Limit of .
vegetation Dimensionless I\{)Iotrte is LCA >0.1394  Acceptable Change (75% Mode;lo\cz)glue mn
proportion (hqp) ette of the 2009 value). ’
Qv§rgra21ng Dimensionless Less is <1 Values al?ove 1 mean [14]
indicator (oi) better overgrazing.

. . 0.75 is the Limit of .
Iizuk;i:i)ia(l})zlhta; Dimensionless Dgz:;is LCA >0.75 Acceptable Change (75% Mod;lo\(l)glue mn
prop P of the 2009 value). '
Egyptian vulture . 0.75 is the Limit of .
population Dimensionless Dﬁg{;is LCA >0.75 Acceptable Change (75% MOdle\(;;lue m
proportion (Evp) of the 2009 value). ’

3. Sensitivity Analysis Results

3.1. Improvement of Model Formulation

According to the values of the sensitivity index, 54 of the 110 parameters studied had
sensitivity below 10% for all the target model variables, which may be considered as low sensitivity.
Moreover, seven of them were removed from the model structure, since they were not sensitive
(51 = 0% for all target variables). See Appendix A and Electronic Supplementary Material for details.

After the removal of these insensitive parameters, a new goodness of fit test for the 20 variables,
in relation to the available series of observed data series was carried out (see Table A2), to confirm that
the goodness of fit had not changed.

3.2. Detailed Assessment of Model Robustness

After the removal of these seven insensitive parameters from the model structure, a new local
SA was carried out, varying each parameter within its acceptable range (see Table A1 and Electronic
Supplementary Material for details). Therefore, there were now 48 low-sensitivity parameters
(51 < 10%), 28 moderate-sensitivity parameters (10% < S;; < 50%), and 26 high-sensitivity parameters
(Sij = 50%). Of these latter parameters, 18 showed high sensitivity for just one target variable; therefore,
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their impact on the model response was very local. In contrast, five of these high-sensitivity parameters
were considered the most responsive: B and BIRBASE (involved in the effect of the Gross Domestic
Product on population growth, specifically on births), MFACTOR IET (involved in the computation
of the attractiveness to tourists), NGP (grazing proportion), and THRESHOLD OR (occupancy rate
of accommodation facilities). Each one of these five parameters is highly sensitive for five or more
target variables.

The results of the global SA (Monte Carlo simulations) are shown in Table 2, which also presents
the set of sensitive parameters (i = 50%) for each target variable. The results show a moderate
response of the model to changes in parameter values. Half of the 18 variables analyzed showed a low
response (variation coefficient below 50%); seven showed a moderate response (variation coefficient
between 50% and 100%); and two variables showed a high response (variation coefficient above 100%),
which were: the per capita emissions of CO, and recycled waste.

Table 2. Results of the Monte Carlo sensitivity analysis. For each target variable, the most
responsive parameters (Sensitivity index, S;; > 50%) were used. See Table Al for the meanings

of the parameter acronyms.

Sensitivity Results 95%

Target Model Variable Confidence Interval (in 2025)

Responsive Parameters

Built-up urban (bu)

AIR, B, BIR BASE, MF GDPca INMIG, MFACTOR

10,335 + 8042

IET, THRESHOLD OR, TSUCVpc (Hectares)

High quality vegetation  -prp pIR BASE, MEACTOR IET, NGP, RT 0.141 £0.12
prop (hgp) (Dimensionless)

: - 0.058 £+ 0.0015
Gavias proportion (gap) GCR, REUSR (Dimensionless)
O\@rgrallng indicator CPRE, NGP 0:518 i 0.125
(o0i) (Dimensionless)
Fodder importation NGP, TINGCAPROV, THRESHOLD OR 0:575 £ 0.088
needs (fin) (Dimensionless)
Resident population AIR, B, BIR BASE, MF GDPca INMIG, MFACTOR 140,862 + 118,391
(respop) IET, THRESHOLD OR (Inhabitants)
Equivalent tourist B, BIR BASE, MFACTOR IET, THRESHOLD OR 37,042 + 17,705
population (etp) (Inhabitants)
Houbara habitat BIR BASE, MFACTOR IET, THRESHOLD OR 0738 £ 0.213
proportion (hhp) (Dimensionless)
Egyptla.n vulture NGP, eLGCC 1:113 i 0.263
proportion (Evp) (Dimensionless)
Electric energy B, BIR BASE, MFACTOR IETTHRESHOLD OR, 1030 + 0.721
consumption (ernc) EECBR, TCEO (Mwh/year)
Share of renewable B, BIR BASE, MFACTOR IET, TCV, THRESHOLD 0.011 £ 0.006
energy (SER) OR, TMONT, TPP (%)
Per capita CO, emissions NEEfactor, preFACTOR, MFACTOR IET, 322 +37.3

(COz pe)

THRESHOLD OR, AVERGOODS, FUEL CONSs

((Metric tonnes CO, /(pc-year))

Groundwater recharge IR 17.26 £ 2.75
(gwr) (Hm?3/ year)
Groundwater pumping IRCONR. SCG. GOLECONR 6.589 & 0.74
(gwp) ’ ! (Hm?/year)
. B, BIR BASE, MFACTOR IET, RPOPCONRDbase, 18.27 +12.25
Desalinated water (desw) THRESHOLD OR (Hm? /year)
Brine production (brire) B, BIR BASE, MFACTOR IET, RPOPCONRDbase, 20.26 £ 12.36
produ SEADES CONVR, THRESHOLD OR (Hm?3 /year)
Treated sewage RPTREATMENTP 0.845 & 0.06

proportion (sewage prop) (Dimensionless)
B, BIR BASE, MFACTOR IET, TGEREURBpc, 7769 £ 7951

Recycled waste (recwas)

THRESHOLD OR, TRECRES

(Tonnes/year)
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Figure 1 shows the results of the Monte Carlo SA simulations. The red, green, blue and
yellow areas account for the confidence bounds of 50%, 75%, 95% and 100% of the Monte Carlo

simulations, respectively.
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Figure 1. Monte Carlo SA results for changes in the values of sensitive parameters (local sensitivity

over 50%), for the following target model variables: (a) Built-up urban, (b) High quality vegetation
proportion, (c) Gavias proportion, (d) Overgrazing indicator, (e) Fodder importation needs, (f) Resident
population, (g) Equivalent tourist population, (h) Houbara habitat proportion, (i) Egyptian vultures

proportion, (j) Electric energy consumption, (k) Share of renewable energy, (1) Per capita CO, emissions,
(m) Groundwater recharge, (n) Groundwater pumping, (0) Desalinated water, (p) Brine production,
(q) Treated sewage proportion, and (r) Recycled waste.
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3.3. Which Parts of the System Have the Greatest Influence on Sustainability Outcomes?

This section is based on the most responsive parameters from the local SA. This analysis was
used to identify the leverage points in the FSM, where decisions can most effectively influence the
performance of the system.

As mentioned in Section 3.2, the most responsive parameters were: B, BIRBASE, MFACTOR
IET, THRESHOLD OR and NGP. Since the first three parameters came from automatic calibration,
the potential of using the latter two parameters to develop effective environmental policy measures
was assessed: THRESHOLD OR is related to socio-tourism measures and NGP to the conservation of
natural vegetation.

Regarding the socio-tourism dynamics, it was intended to assess a policy aimed at controlling
the effect of the tourism on some key variables: resident population, equivalent tourist population
and accommodation capacity, in order to moderate the present trend towards high urban and tourism
growth in Fuerteventura. Two measures aimed at achieving a more sustainable state were assessed: one
based on policies proposed so far (M1), and another based on one of the model leverage points (M2).

Measure 1 (M1). The limitation of new tourist accommodations is modified by changing the
maximum number of tourist beds. The maximum tourist accommodation capacity, determined as the
MAXACCOMMODATION parameter (Table A1), would be reduced by 10%, in line with the proposal
of the General Regulation Directives and the Canary Islands Tourism Regulation Directives—TRD,
henceforth [48].

Measure 2 (M2). The limitation of new tourist accommodations is modified by changing the
occupancy rate threshold. The development of new tourist accommodation beds is partially determined
by the occupancy rate, THRESHOLD OR. The Sensitivity Analysis identified this parameter as a
leverage point. In this measure, this parameter is increased by 10%, meaning that the accommodation
facilities should maintain a higher occupancy rate before new infrastructure is built-up.

The simulation results (Figure 2) show that a 10% change in MAXACCOMODATION, would
mean changes of 4.8%, 1.4% and 4.4% change in the resident population, equivalent tourist population
and tourist accommodation, respectively, in 2025; whereas, a 10% change in THRESHOLD OR would
mean changes of 24.5%, 22.4% and 29.4%, respectively, in these variables.

<)

)
-4

100,000

400,000 1 60,000

75,000

300,000 45,000

200,000 30,000 8,000

Etp (inhabitants)

15,000

100,000
-;-""

25,000

Resident population (inhabitants)
Tourist accommodation (beds)

L I 3 L l_ 4 0
1996 2001 2007 2013 2018 2025 1996 2001 2007 2013 2019 2025 1996 2001 2007 2013 2019 2025

Years Years Years

BAU - Measure 1 ———— Measure2 - -~~~

Figure 2. Simulation results under different measures for the following indicators: (a) resident
population; (b) equivalent tourist population; and (c) tourist accommodation.

Regarding the land use dynamics, the idea was to assess a policy aimed at improving some
indicators: the high quality vegetation proportion (hgp), the overgrazing indicator (0i) and the landscape
indicator (li). These three indicators would improve if grazing pressure were reduced. To achieve this,
two measures were assessed:

Measure 3. The reduction of grazing pressure on high-quality natural vegetation is achieved by
restoring the ‘gavias’, the traditional farming system of non-irrigated lands. This measure, supported
by the Abandoned Gavias Restoration Plan [49], was tested by increasing the reuse of urban reclaimed
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water (REUSR) by 10%, to restore abandoned ‘gavias” and to cultivate in them the fodder for cattle
feeding, thereby reducing the needs for grazing on natural vegetation.
Measure 4. Direct reduction of grazing pressure. This measure considers a 10% reduction in the
proportion of grazing on the island (NGP). The parameter NGP was identified as a leverage point.
In this case, the simulation results (Figure 3) show that a 10% change in REUSR, would mean
changes of around 3.8%, 6.3% and 3.7% change in hgp, oi and Ii, respectively, in 2025; whereas, a 10%
change in NGP would mean changes of 6%, 10% and 5.5% change in these indicators, respectively.
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Figure 3. Simulation results under different measures for the following indicators: (a) high
quality vegetation proportion; (b) overgrazing indicator and (c) landscape indicator. All of them
are dimensionless.

3.4. How Does Uncertainty Affect the Assessment of Environmental Policies Intended to
Achieve Sustainability?

Based on the aforementioned measures defined according to the identified leverage parameters
and on the main challenges for sustainability in Fuerteventura (Section 1.2), two environmental policies
were defined:

Environmental Policy I. Limitation of new tourist accommodations. This policy requires an
increase in the occupancy ratio to 75% in the existing accommodation before the building of new
tourist facilities, in line with Reference [46]. It might be implemented by different measures, such as a
tax on the accommodation capacity.

Environmental Policy II. Reduction of grazing to protect the soil and the high quality natural
vegetation. This measure considers a reduction in the net grazing proportion from 50%, under the
Business as Usual scenario (BAU), to 29%, as in the case of the neighboring island of Tenerife [50].

To explore how uncertainty affects the assessment of such policies, a set of sustainability indicators
and their thresholds were used (Table 1). Table 3 shows the mean value of the MC simulation for each
indicator and the 95% confidence bounds for BAU and for the two environmental policies.

The ratio of tourists to locals (fures) would exceed its sustainability threshold under BAU in 2025,
both for the mean value and its associated uncertainty with the 95% confidence bound is considered.
Under Policy I, this indicator would worsen by around 29% (Table 3).

The same pattern was shown by the ratio of tourist accommodation to the resident population
(ear), with a worsening of around 20% under Policy I. The mean values of the simulation results of
ear would be far below the threshold under both simulations (BAU and Policy I). Nevertheless, when
uncertainty is taken into account, this sustainability threshold might be exceeded.

The percentage of artificial land (alp) would be reduced by almost half under Policy I, with respect
to BAU, since the reduction of the tourist and resident populations would slow down the land uptake
processes. Fuerteventura would still be far from the sustainability threshold for this indicator, even
considering the uncertainty range.
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Table 3. Monte Carlo simulation results for the sustainability indicators under BAU, Policy I and

Policy II.
Sustainability Indicators Thresholds MC Simulation Results in 2025
BAU Policy I Policy II
Ratio of tourists to residents <0.3152 0.329 + 0.277 0.426 4+ 0.189 0.329 + 0.277
(tures) ’ (0.053-0.606) (0.236-0.616) (0.053-0.606)
accomif‘gg’a?ifo tr?‘t‘(fl:etsi dent 0,97 0618 £0.643 0741 +£0532  0.618 + 0.643
population (car) (0-1.261) (0.209-1.273) (0-1.261)
e 6.83 £4.74 3.658 + 1.845 6.83 £4.74
Artificial land percentage (alp) <20 (2.09-11.57) (1.813-5.503) (2.09-11.57)
High quality vegetation LCA > 0.1394 0.141 4+ 0.119 0.146 4+ 0.109 0.287 4+ 0.1306
proportion (hgp) ’ (0.021-0.261) (0.038-0.255) (0.144-0.405)
Overgrazing indicator (0i) <1 0.518 £+ 0.125 0.518 £+ 0.125 0.380 + 0.009
grazing (0.399-0.644) (0.399-0.644) (0.371-0.989)
Houbara habitat proportion LCA >0.75 0.738 £ 0.213 0.9349 £ 0.034 0.738 = 0.213
(hhp) ’ (0.525-0.952) (0.901-0.959) (0.525-0.952)
p
Egyptian vulture population LCA > 0.75 1.113 £ 0.263 1.138 4+ 0.267 0.745 + 0.1001
proportion (Eop) : (0.85-1.376) (0.871-1.405) (0.645-0.845)

The reduction of land uptake under Policy I would lead to an improvement in the high quality
vegetation proportion (hgp) and the houbara habitat proportion (hhp). For the former, hgp, both mean
values (BAU and Policy I) would not exceed the threshold, although they might when uncertainty is
considered. The threshold of hhp would be exceeded under BAU, but this indicator would remain far
from its threshold under Policy I, even when taking its uncertainty into account.

The proportion of Egyptian vultures (Evp) would not exceed its threshold under BAU or Policy I,
even when considering its uncertainty. Moreover, this indicator would slightly improve (around 2%)
under Policy L

Regarding Policy II, the hgp would double in value relative to BAU. According to its mean
values, this indicator would be far from its threshold, under both BAU and Policy II. However, when
uncertainty is taken into account this threshold might be exceeded under BAU, but not under Policy II.

The overgrazing indicator (0i) also would show an improvement, of around 27%, under Policy II.
In neither case (BAU or Policy II) would the threshold be exceeded, even taking the uncertainty into
account. On the contrary, the reduction in the grazing proportion considered under Policy II would
lead to a decrease of 33% in Evp, exceeding its threshold, since for the grazing cattle this constitutes
the basis of their diet, whereas the value of this indicator would increase between 2012 and 2025
under BAU.

In summary, under BAU, the mean values of two out of seven indicators (tures and hhp) would
exceed their thresholds; but when uncertainty is taken into account, the thresholds of four of the
seven indicators might be exceeded. Regarding Policy I, the mean value of one of the seven indicators
(tures) would exceed its threshold; but, when uncertainty is considered, the thresholds of three of the
seven indicators might be exceeded. Under Policy II, the mean values of three of the seven indicators
(tures, hhp, and Evp) would exceed their thresholds; but, when uncertainty is taken into account, the
thresholds of four of the seven indicators might be exceeded.

4. Discussion

The Discussion Will Address the Questions Underlined in the Introduction.
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4.1. Was the FSM Built as Parsimoniously as Possible?

Parsimony (maximization of the explanatory capacity while keeping a model as simple as possible)
is an important attribute in environmental modelling. Hence, the number of parameters should be
kept to the minimum number which achieves the best model performance. An important aim of the
parameter SA is to allow a reduction in the number of parameters that must be estimated, thereby
reducing the computational time required for model calibration [51].

Of the 110 parameters studied, eight were removed from the model structure, since they were not
sensitive (S;; = 0% for all target variables). This resulted in a more compact and parsimonious model
without losing valuable information. The results of a new goodness of fit analysis (Table A2) confirm
that, without these parameters, there was no loss of model performance.

4.2. How Robust are the Conclusions Derived from the FSM? May They be Taken into Account in the
Decision-Making Process with a Sufficient Level of Confidence?

Decision-makers are increasingly interested in understanding the uncertainties of the models.
It has been underlined previously that only by evaluating the nature and extent of the uncertainties
in the system can a model provide decision-makers with a realistic picture of the possible outcomes,
since it is impossible to predict with certainty the result of each management decision [23,28].

Sensitivity analysis is a critical tool in the evaluation of the reliability of model outputs [38].
The results of the detailed assessment of robustness (Section 3.2) showed that there is sufficient
confidence in the model outcomes. In summary, 76% of the parameters showed low to moderate
sensitivity, according to the local sensitivity analysis, whereas 16 of the 18 model target variables had
low to moderate variation, according to the Monte Carlo analysis.

In particular, the results of the local SA show that the model displays, generally, low to moderate
sensitivity to changes in the values of the parameters. The model displays high sensitivity (S;; > 50%)
for 26 parameters, 24% of the total, while 10 parameters display sensitivity above 100%, meaning that
the model interactions might exacerbate the input variation for such parameters [52]. However, for
the majority of these high-sensitivity parameters, only one target variable showed a high response.
Only five parameters exhibited high sensitivity for five or more target variables; four of these
(B, BIRBASE, MFACTOR IET, and THRESHOLD OR) belong to the socio-tourism sector. This is
consistent with the findings of several authors [53,54] who stated that tourism is highly influenced
by external drivers—including economic, environmental, political, social, technological, and even
attitudinal dimensions—which provide a high degree of uncertainty.

At high levels of model complexity, individual sources of uncertainty are more likely to exhibit
interactions that may greatly increase the overall model uncertainty. Therefore, in models with many
interactions among sources of uncertainty, the overall uncertainty may be amplified [52]. In the FSM,
the MC simulation results show that two of the 18 target variables would change markedly (variation
greater than 100% with respect to the mean value with its 95% confidence bound) if one were to use
their respective combination of most responsive parameters (Table 2). These MC results mean that
decision-makers should treat with caution the policy options and measures involving variables with
high uncertainty. In Fuerteventura, this is particularly the case for the per capita CO, emissions and
the recycled waste.

According to Reference [28], as decisions should be made based on the prevailing knowledge,
but also acknowledging the gaps in it, transparent representation of uncertainty is recommendable at
each level of modelling and stage of decision-making. Moreover, uncertainty should be considered a
normal component of decisions and, instead of inaction, it should appeal to the prudence of policy
makers [13]. The precautionary principle should be applied in relation to the uncertainty analysis:
The higher the uncertainty, the less risky the policy should be [15].
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4.3. Which Parts of the System have the Greatest Influence on Sustainability Outcomes?

The identification of the leverage points in the FSM, the most responsive parameters from the
local sensitivity analysis, may be useful to establish future priorities and thus to develop the policies
that most effectively influence the performance of the system [55,56].

In this work, the potential of using leverage points to develop more effective measures is shown.
Leverage points-based measures have been compared with other measures with a similar aim proposed
by different agents, by means of two simple cases. The simulation results (Figure 2) show that bigger
changes in key socio-ecological variables were achieved under Measure 2 (a 10% change in the
occupancy rate threshold, a leverage point), than under Measure 1 (a 10% change in the maximum
number of beds, based on the Tourism Regulation Directives (TRD), [48]). These results are consistent
with those of other authors [16,57,58] who suggested that the moratorium set out by the TRD has been
shown to be insufficient to stop the increase in the number of beds and the impacts it involves.

Regarding policies aimed at improving some indicators related to the conservation of the
vegetation, the simulation results (Figure 3) also showed bigger changes in these indicators under
Measure 4 (a 10% of reduction in the net grazing proportion, a leverage point), than under Measure 3
(a 10% of change in the water reuse ratio, based on the Abandoned Gavias Restoration Plan, [49]).

These results show that measures based on the identified leverage points have a higher
impact than others, including many of those proposed by different agents. This analysis may help
decision-makers to reconsider misconceived plans and policies, and thus to direct the political and
economic efforts towards more effective environmental measures that improve the overall sustainability
of the socio-ecological system concerned.

4.4. How does Uncertainty in Model Outcomes Affect the Assessment of Policies?

It is widely acknowledged that uncertainty needs to be accounted for in impact studies for decision
support. Scenario and policy analysis represents a tool to deal explicitly with different assumptions
about the future [8]. However, the existing models are often deterministic, without any indication
of the amount of uncertainty or expected variation around the simulation values [9]. Some authors
highlighted that models which include the uncertainties involving the management options considered
may be of considerable added value for the decision-makers [28].

This work has assessed how a set of sustainability indicators included in the model would react
under two environmental policy measures based on the identified leverage points. The focus is not
only the mean values of these indicators, but also their associated uncertainty ranges.

Regarding Policy I, the limitation of new tourist accommodations would lead to the improvement
of two key sustainability indicators, when compared to BAU: the artificial land proportion (alp) and the
houbara habitat proportion (hhp). Even when uncertainty is considered, the sustainability thresholds
for alp and hhp would not be exceeded under Policy I. In contrast, the ratio of tourists to residents (fures)
and the ratio of tourist accommodation to residents (ear) would increase relative to BAU (Table 3),
the threshold of tures being exceeded in all the simulations considered. This can be explained by the
increase in the resident population, the denominator in both indicators, which would be greater under
BAU than under Policy I. This illustrates how possible misunderstandings may appear when relative
sustainability indicators (for example, efficiency indicators and per unit indicators, such as per capita
or per hectare) are considered alone. Therefore, relative indicators should be viewed with caution to
avoid errors in the diagnosis of sustainability [15,59].

Regarding Policy II, the high quality vegetation proportion (hgp) and the overgrazing indicator (o7)
would improve. In the case of hgp, this improvement would distance the indicator from its threshold,
even when considering its uncertainty. In contrast, the Egyptian vulture population proportion (Evp)
would decrease under Policy II, exceeding its threshold. The provision of an estimate of the uncertainty,
along with each model outcome, is of crucial importance, since it has the potential to change the
management recommendations that are based on the model [28]. In this sense, the surpassing of some
sustainability thresholds may have gone unnoticed in previous work when only the mean values of
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the simulations were considered. As aforementioned, the number of indicators which might exceed
their threshold when uncertainty is taken into account would increase from two to four under BAU,
from one to three under Policy I, and from three to four under Policy II. These policies are, a priori,
thought to be environmentally sound, and Policy I does reduce the number of indicators exceeding
their thresholds when the mean values are considered. However, when uncertainty is taken into
account, an important finding arises: BAU and both environmental policies are riskier than expected,
since the number of indicators exceeding their thresholds is higher.

The work presented here has some shortcomings. Three of the five parameters with high
sensitivity were determined by an automatic calibration process, since no other information was
available. There is also a lack of knowledge about the acceptable range of change for several
of the parameters. Such knowledge would provide greater certainty in the model outputs.
These shortcomings will be addressed in subsequent work, which must involve stakeholders and
decision-makers for a joint assessment of the results obtained regarding policy measures and
their uncertainty.

5. Conclusions

In this paper, a set of analyses has been applied to a socio-ecological model, the Fuerteventura
sustainability dynamic model (FSM), in order to improve the model as a tool for management and the
decision-making process. These analyses have allowed:

e  The improvement of the model formulation by removal of the least sensitive parameters, by
means of screening techniques such as one factor at a time (OAT). Eight insensitive parameters
were removed, making the model more compact and parsimonious.

e A detailed assessment of robustness. The Monte Carlo simulations showed a low (variation
lower than 50% with respect to the mean value) to moderate (variation between 50% and 100%)
response for 16 of the 18 target model variables to changes in the values of their most responsive
parameters, which means that the model outcomes can be accepted with confidence.

e Regarding model application and, more specifically, the definition of policy measures, the
sensitivity analysis (SA) has also allowed the identification of the leverage points of the model;
that is, the parameters to whose changes the model is more responsive. The results point to the
potential of using these leverage points to develop more effective measures, as compared with
other measures with the same objective proposed by different agents. The greater effectiveness
of leverage-based measures has been shown regarding the objectives of reducing grazing on
the high quality natural vegetation and controlling the tourist accommodations growth. The SA
has also allowed the explicit consideration and quantification of uncertainty in the assessment
of policies. Conclusions regarding whether some objectives are achieved or not or, or whether
certain sustainability thresholds might be exceeded or not, may change when uncertainty is taken
into account. Monte Carlo simulations applied to the leverage-based policy measures showed that
for several indicators their sustainability thresholds would not be exceeded when mean values
are considered, but such thresholds might be surpassed when the uncertainty range with the 95%
confidence bound is taken into account. Under the Business as Usual scenario, the number of
indicators analyzed which would exceed their thresholds would increase from two to four out
of seven. Under Policy I (limitation of new tourist accommodation) the number of indicators
exceeding their thresholds would shift from one to three out of seven, whereas under Policy II
(reduction of grazing to protect the soil and the high quality natural vegetation) the increase
would be from three to four out of seven. Therefore, the potential risks related to the surpassing
of sustainability thresholds may go unnoticed when the uncertainty is not considered.

To sum up, sensitivity analysis has been revealed as a powerful tool in all the stages of the model
development and applications, and it is able to provide important insights to policy makers and end
users regarding the sustainability of socio-ecological systems.
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Table A1l. List of the parameters of the Fuerteventura sustainability dynamic model.
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References Regarding Range

Parameters Model Value (Units) Definition Range of Variation 7
of Variation
ABROAD 0.74 (Dmnl) Proportion of tourists arrived from abroad 0.66-0.83 [60]
Accommodation increase ratio (Automatic Standard range when no
AR 01899 (Dmnl) Calibration, AC) 0.1424-0.2374 references (25%)
ARC 0.367 (Dmnl) Adjustable runoff 0.2753-0.4588 Standard range when no
references (25%)
AVERGOODS 12203 x 10° (kg/year) Average value of t;‘sosde: transportation of 0.763 x 109-1.698 x 10° [60]
AVERSTAY 9.06 (days) Average length of the stay 7.53-11.11 [60]
B 33.2455 (Dmnl) Intercept between births and GPDca 24.934-41.557 Standard range when no
references (25%)
BIR BASE —0.0188 (1/year) Factor between births and GPDca (—0.024)~(—0.014) Standard range when no
references (25%)
Factor of urban built up which affects the Standard range when no
CFBUEU 3.37 (Dmnl) houbara habitat 2.528-4.213 references (25%)
CO2FACTORgav —300,000 (g CO,/(year-ha)) CO; factor for gavias (—300,000)—(—176,800) [61,62]
Standard range when no
— 6 . _ 6_(_ 6 &
CO2FACTORgc 6.46 x 10° (g CO,/(year-ha)) CO;, factor for golf courses (—8.78 x 10°)—(—4.85 x 10°) references (25%)
Standard range when no
.. . 6 . .. . o 6\ (_ 6 g
CO2FACTORirrig 5 x 10° (g CO,/(year-ha)) CO,, factor for irrigation area (—6.25 x 10°)-(—3.75 x 10°) references (25%)
CPRE 0.00082 (LU/(ha-mm)) Rainfall coefficient 0.00080-0.00084 Regression
desal CORRALEJO 1.46 x 10° (m /year) Capacity of the desalination facilities in 1.095 x 106-1.825 x 106 [63]
Corralejo
DIST1 316.14 (km/inhab) Distance from Gran Canaria by passenger’s 237 105-395.175 Standard range w?en no
flights (round trip) references (25%)
DIST?2 3234.26 (km /inhab) Distance from Madrid by passenger’s 2425.695-4042.825 Standard range when no

flights (round trip)

references (25%)
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References Regarding Range

Parameters Model Value (Units) Definition Range of Variation 7
of Variation
DIST3G 6973.66 (km /inhab) Distance from Berlin by passenger’s flights 5030.245-8717.075 Standard range wl(;len no
(round trip) references (25%)
DIST3UK 5604.92 (km /inhab) Distance frqm London by.passenger s 2101.845-3503.075 Standard range w(k)len no
flights (round trip) references (25%)
. Distance from Puerto de Cadiz to Puerto Standard range when no
DIST4 229112 km/journey del Rosario (round trip) 1718.34-2863.9 references (25%)
DVEF 189.6 (g CO, /kwh) Diesel vehicles CO, emission factor 1422237 Standard range when no
references (25%)
ECO2E 360 (g CO,/kwh) Electricity CO, emission factor 351-410 [64-66]
Population electric energy consumption Standard range when no
EECBR 829.495 (kwh/(inhab-year)) base ratio, before considering the GPDca 622.1213-1036.8688 & o
references (25%)
effect
EICF 2 (MJ/km) Energy intensity conversion factor 1.75-2.75 [67,68]
Effect of the livestock over the carrying Standard range when no
eLGCC 0.0215 Ev/LU capacity of the Egyptian vulture (AC) 0.016-0.027 references (25%)
EVAPORATION 67,000 (m? /year) Annual evaporation rate from water 30,150-67,000 [69]
reservoirs
Evapotranspiration (after the improvement
EVTp 0.9 (Dmnl) of model formulation by means of the SA, 0.675-1.125 Standard range when no
. references (25%)
the model value is 0.315)
FCO,E 69 (g CO,/M]) Flights CO, emissions 69-71.6 [67]
Insensitive parameters.
FLOWSEAR 8.692 x 10~* (1/year) Volume flowing into sea ratio [69] 6.519 x 1074-10.865 x 104 Removed from the model
structure after OAT.
Insensitive parameters.
FLOWSPRINGR 4.8751 x 107° (1/year) Flow spring ratio [69] 3.656 x 107-6.094 x 10~° Removed from the model

structure after OAT.
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References Regarding Range

Parameters Model Value (Units) Definition Range of Variation 7
of Variation
FODDER YIELD 37,705.5 (kg/(ha-year)) Annual fodder yield 17,178.2-37,705.5 [70,71]
FUEL CONSs 804.812 (kg fuel /km) Fuel consumption of ships by each 740.43-869.2 [72]
kilometer
GCR 0.0516 (1/year) Gavias change ratio (AC) 0.0387-0.0644 Standard range when no
’ y 8 ’ ’ references (25%)
GDPcaFACTOR 4240 (ships) Effect of the GDPca on sea transportation 2971-5509 Regression
of goods
GOLFCONR 10,950 (m3/ (ha-year)) Golf courses water consumption 10,950-11,000 [73]
GOLFLOSR 0.2 (Dmnl) Water loss in golf courses water supply 0.2-0.3 [74]
GVEF 95.312 (g CO, /kwh) Gasoline emission factor (vehicles) 71.48-119.14 Standard range w(l)len no
references (25%)
HCRac 0.96 (Dmnl) Houbara habitat change ratio due to active 0.73-1.21 Standard range w?en no
crops references (25%)
HCRpermabandon 0.178 (Dmnl) Houbara habitat change ratio du? to 0.134-0.223 Standard range w?en no
permanent abandonment of gavias references (25%)
HCRroads 15.509 (ha/km) Houbara habitat change ratio due to roads 11.632-19.386 Standard range w(})1en no
references (25%)
HCRtracks 8.42 (ha/km) Houbara habitat change ratio due to tracks 6.315-10.525 Standard range when no
references (25%)
HCRub 0.119 (Dmnl) Houbara habitat change ratio per hectare of 0.089-0.149 Standard range when no
new urban built up references (25%)
HOTEL
ACCOMMODAT 0.0059 (ha/bed) Demanaic"(f Iij‘;i;g’t;aﬁ:s“hmel 0.0047-0.006 [75]
LAND DEM
ICR 0.001103 (1/year) Irrigation change rate (AC) 0.00083-0.00138 Standard range when no
references (25%)
IR 0.062 (Dmnl) Infiltration ratio from rainfall 0.052-0.062 [69,74,76]
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References Regarding Range

Parameters Model Value (Units) Definition Range of Variation 7
of Variation
IR gavias 0.2 (m/year) Infiltration ratio in gavias 0.2-0.4 [69,74]
IRCONR 7000 (m3/ (ha-year)) Irrigation consumption ratio 4631-7000 [69,74]
IRLOSR 0.43 (Dmnl) Irrigation loss ratio 0.19-0.43 [74]
Proportion of tourist arrived from other
ISLAND 0.18 (Dmnl) island of the Archipelago 0.13-0.223 [60]
Insensitive parameters,
Kc 0.35 (Dmnl) Cereal coefficient 0.3-0.4 removed from the model
structure after OAT
Egyptian vulture population carrying
Kn 23.533 (Ev) capacity natural, without considering the 17.65-29.417 Standard range when no
. references (25%)
livestock effect
LOSS 0.31 (Dmnl) Loss ratio for urban water supply 0.25-0.35 [69,74]
MAX .
ACCOMMODATION 133,000 (beds) Maximum number of beds 133,000-283,935 [771178]
MF GDPca INMIG 1.24816 (Dmnl) Effect of the GDPca on immigration (AC) 0.9361-1.5602 Standard range when no
references (25%)
MEACTOR GDP 3.14604 (Dmnl) Effect of the GDPreal on foreign tourists 2 3595-3.93255 Standard range w(l)len no
arrivals (AC) references (25%)
MFACTOR IET 0.704086 (Dmnl) Factor on the tourist choice index (AC) 0.5281-0.8801 Standard range when no
references (25%)
Maximum or intrinsic growth ratio for the Standard range when no
MIR 0.6094 (1/year) Egyptian vulture (AC) 0457-0.762 references (25%)
MOR 0.0036523 (1/year) Mortality rate 0.0035-0.0037 [79]
NBEACH 2. .
THRESHOLD 30 (m*/inhab) Normalized beach factor threshold 10-30 [46,77]
NEEfactor 1.13987 x 107(g CO,/(year-ha)) Net ecosystem exchange factor 0.878 x 107-1.402 x 107 Regression
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Parameters Model Value (Units) Definition Range of Variation References Regarf:l ing Range
of Variation
NGP 0.5 (Dmnl) Net grazing proportion 0.29-0.5 [80]
& § prop
NONHOT ACCOM Demand of land by each nonhotel
LAND DEM 0.0042 (ha/bed) accommodation bed 0.0035-0.007 [75]
NONHOT ACCOM Nonhotel accommodations ratio regarding
RATIO 0.53 (1/year) the total tourist accommodation. 0.25-0.68 [81]
. . Insensitive parameters.
Ng&ggng 0.249 (Dmnl) Proportion of emp lsryi:;ent not linked to 0.187-0.3111 Removed from the model
structure after OAT
PEGepl 2425 x 10-5(1/ (km-year)) Probability of electr.ocutlon w.1th corrective 1.819 x 10-5-3.031 x 10-5 Standard range w?en no
measures in power lines references (25%)
PEGspl 9.7 x 105 (1/(km-year)) Probabl.hty of electro.cutlon w1thout 7975 x 10-5-12.125 x 10-5 Standard range w?en no
corrective measures in power lines references (25%)
PENINSULA 0.078 (Dmnl) Proportion of tourist arrived from the 0.021-0.136 [60]
Iberian Peninsula
PLRpc 0.00335 (km/inhab) Power lines Ratio per capita 0.0024-0.0035 [82]
—2.25604 x 10° ((g . 6 6 .
preFACTOR CO,)/(year-ha-mm) Rainfall factor on the NEE (—=2.775 x 10°) =(—1.737 x 10°) Regression
ptotFACTOR 0.000326 (ships/inhab) Effect of the tota.I population on the sea 0.000245-0.000408 Standard range w?en no
transportation of goods factor references (25%)
ratioG 0.61 (Dmnl) Proportion of.German tourists from the 0.52-0.63 [60]
foreign total tourists
Proportion of United Kingdom tourist from
ratioUK 0.38 (Dmnl) the total foreign tourists arrived to 0.32-0.39 [60]
Fuerteventura
REUSR 0.35 (Dmnl) Ratio of reusing urban reclaimed water 0-0.9 [74]
ROADSn 0.000358 (km/inhab/year)

New roads demand ratio

0.00027-0.00045

Standard range when no

references (25%)
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Parameters Model Value (Units) Definition Range of Variation 7
of Variation
RPOPAQUIFR 0.01 (Dmnl) Population Waterriteg‘and from aquifer 0.01-0.12 [69,74]
RPOPCONRbase 65.7 (m3/(year-inhab) Residential population consumption ratio 55.72-65.7 [69,74]
. Standard range when no
RPSEWAGEPROP 0.6 (Dmnl) Sewage proportion 0.45-0.75 references (25%)
Treatment water proportion from resident
RPTREATMENTP 0.91 (Dmnl) . 0.73-0.9 [73,74]
population.
RT 136.75 (years) Average time of plant composition 40-200 [83,84]
v recovery (AC) !
RUNOFFcte 0.026 (Dmnl) Runoff constant 0.025-0.026 [85]
SCG 44 (ha/golf course) Area occupied by golf course 4045 [82]
SCO,E 3200 (g CO,/kg fuel) Ships CO, Emission Factor 3170-3200 [86]
SEADES CONVR 0.45 (Dmnl) Seawater desalination conversion ratio 0.45-0.55 [87-89]
Insensitive parameters.
SEADESCAP 2.757 x 107 (m3/year) Seawater desalination capacity 2.068 x 107-3.446 x 107 Removed from the model
structure after OAT
SEWAGE PROP TUR 0.57 (Dmnl) Proportion of sewage w'ater from tourist 057-0.6 [90]
consumption
SFACTOR 691.1 (ships) Ships factor. Intercept ships 476.9-905.3 Regression
. . . . Standard range when no
9 . 9 . 9 &
shipCAPACITY 2.566 x 10° (kg/ships) Ship carrying capacity for goods 1.925 x 10°-3.208 x 10 references (25%)
Period of succession after the
ST 79 (year) abandonment of agricultural areas 5279 o1
TCEO 0.254 (Dmnl) Electric energy consumption ratio by other 0.254-03 [92]
sectors
TCEOne 0.27 (Dmnl) Non electric energy consumption ratio by 0.2025-0.3375 Standard range when no
other sectors references (25%)
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Parameters Model Value (Units)
TCNE 333.302 (kwh/ (inhab-year)) Non electric energy consumption ratio by 249 977-416.628 Standard range wl(;len no
population references (25%)
. Insensitive parameters.
TCONBOV 17.3 (m3 /head of livestock) Water congumptlon by each head of 3.65-17.3 Removed from the model
livestock (cows)
structure after OAT.
TCONCAPROV 1.825 (m?/head of livestock) Water consumption by each head of 1.825-2 [69]
livestock (goats and sheep)
TCONPORC 2.87 (m3/head of livestock) Water consumption by each head of 2.87-3.65 [69]
livestock (pigs)
TCV 13,816.1 ((kwh/(car-year)) Annual energy CO“SC‘;TPU(’“ ratio by each 13,816.1-17,124.519 [58]
TEMIG BASE 0.084 (1/year) Base emigration ratio 0.071-0.092 [79]
. . Standard range when no
TES 6.405 (year) Time to detect the overgrazing effects (AC) 4.804-8.006 references (25%)
TGEREURBpc 589.28 (kg/(inhab-year)) Urban waste generation per capita 569.4-589.28 [77]
THRESHOLD OR 0.5305 (inhab /bed) Profitability thres};;’f for the occupancy 0.5305-0.75 [46]
. Insensitive parameters.
TINGBOV 16,607.5 (kg/(head -year)) Fodder consumption by each head of 15,695-17,520 Removed from the model
livestock (cows)
structure after OAT.
Fodder consumption by each head of
TINGCAPROV 657 (kg/(head-year)) livestock (goats and sheep) 657-730 [93]
. Insensitive parameters.
TINGPORC 1124.2 (kg/ (head -year)) Fodder consumption by each head of 886.95-1343.2 Removed from the model
livestock (pigs)
structure after OAT.
Time of the effect of the GDPca on the Standard range when no
TINMIGDPca 2 (year) immigration (AC) 15225 references (25%)
3.123-5.877 [87,88]

TKWM3

4.5 (kwh/m?)

Energy consumption for desalination
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Parameters Model Value (Units) Definition Range of Variation R
of Variation
TMOTN 0.421658 (car/inhab) Motorization index base (AC) 0.316-0.527 Standard range when no
references (25%)
TPP 1 (Dmnl) Non. electric energy lqss ratio (from 0.75-1.25 Standard range w(k)len no
primary energy to final energy) references (25%)
TRACKSn 0.001719 (km/inhab/year) New tracks demand ratio 0.0013-0.0022 [82]
TRECRES 0.07 (Dmanl) Recycled waste ratio from the mixture of 0.048-0.111 82]
waste.
TRECSELEC 49.57 (kg/(inhab-year)) Selective urban solid wastes collection 31.65-54.4 [82]
. Built Urban and other uses per house ratio Standard range when no
TSUCVOpc 0.074 (ha/(inhab-year)) (AC) 0.064-0.074 references (25%)
TURCONR 126.02 (m3 / (inhab-year)) Tourist water consumption ratio 101-126.02 [74,77]
WCO,E 2200 (g CO,/kg) Waste CO, Emission factor 1650-2750 Standard range when no

references (25%)

Table A2. Detailed results of the goodness of fit tests for the 20 variables with available observed data series, before and after removing the insensitive parameters.

Results for Calibration Period before =~ Results after Removing Insensitive

Variables n Removing Insensitive Parameters Parameters
MAPE (%) RMSE (%) MAPE (%) RMSE (%)
Resident population 16 4.30 5.45 4.30 5.45
Births 12 6.22 5.62 6.22 5.62
Immigration 16 26.18 23.38 26.18 23.38
Emigration 15 32.70 31.65 32.70 31.65
Tourist equivalent population 16 9.52 12.03 9.52 12.03
Tourist accommodation capacity 16 7.29 9.4 7.29 9.4
Occupancy rate 16 8.71 10.84 8.71 10.84
Tourist employment 13 5.39 6.63 5.39 6.63

Houbara habitat 3 0.98 1.53 0.98 1.53
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Results for Calibration Period before

Results after Removing Insensitive

Variables n Removing Insensitive Parameters Parameters

MAPE (%) RMSE (%) MAPE (%) RMSE (%)
Egyptian vulture population 13 4.54 5.08 4.54 5.08
Urban built-up 16 2.34 2.84 2.34 2.84
Tracks 3 1.06 1.73 1.06 1.73
Roads 3 0.71 1.05 0.71 1.05
Active crops area 15 10.14 11.40 10.14 11.40
Irrigated crops area 15 11.76 13.70 11.76 13.70
Active gavias area 15 10.49 11.55 10.49 11.55
Natural vegetation area 3 0.28 0.45 0.28 0.45
Golf courses area 15 10.01 24.45 10.01 24.45
Vehicles fleet 12 4.57 4.15 4.57 415
Electric energy consumption 14 4.98 7.14 498 7.14

n: Number of observed data.

Table A3. Model formulation of the 7 selected sustainability indicators.

24 of 30

Indicators Equations Variables Involved
Ratio of tourists to residents (fures) tures = etp etp: eqt.uvalent tourls-t population.
res res: resident population.
Ratio between tourist accommodations ear — tac tac: tourist accommodation capacity.

and resident population (ear)

res

res: resident population.

Artificial land percentage (alp)

rea+hot+nho+go f+rod-+tra+irr
Foa

alp = X 100

rea: area occupied by residential uses.
hot: area occupied by hotels and their facilities.

nho: area occupied by non-hotels and their facilities.

gof: area occupied by golf courses.

rod: area occupied by roads.

tra: area occupied by tracks or unpaved roads.
irr: area occupied by irrigation lands.

Fova: Fuerteventura island area.
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Indicators Equations Variables Involved
High quality vegetation hap — hqo hgv: high quality natural vegetation area.
proportion (hgp) 9P = totv totv: total natural vegetation.

Is: livestock of the island.
0i = ( Is-ngp ) ngp: net grazing proportion.
— \ rf-src rf: rainfall.
src: sustainable stocking rate capacity.

Overgrazing indicator (o7)

chag: annual changes in abandoned gavias area (from and to active
gavias).

HPag is the proportion of abandoned gavias which is part of the
habitat.

par: the abandoned gavias to natural vegetation succession rate.
HPpa: the proportion of natural vegetation which is part of the
habitat.

bu: the annual change of urban areas.

HPbu: the proportion of these urban areas which negatively affect
the habitat.

nr and nt: the new paved roads and unpaved tracks which
annually appear on the island, respectively.

HPnr and HPnt: the proportion of the new roads and tracks which
negatively affect the habitat, respectively.

hhref: reference value.

(Chag-HPag )+ (par-HPpq ) —(bu-HPy,)— (nr-HP,) — (nt-HPy)
hh
ref

Houbara habitat proportion (hhp) hhp =

ev: population of the Egyptian vulture.
mir: is the maximum or intrinsic growth ratio for the Egyptian
vultures.
k: Egyptian vulture carrying capacity without considering the
livestock effect.
Egyptian vulture population <ev~mir- ktﬁiiw ) —((ep-pli-ev+ fo ) +pos) kls: the additional carrying capacity generated by the existence of
proportion (Evp) Evp = = ey livestock. N .
ep: the probability of electrocution.
pli: the length of power lines on the island.
fstk: the stochastic factor included in the electrocution probability.
pos: refers to poisonings.
evref: reference data of the population of the Egyptian vulture.
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