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Abstract

The environmental and multi-sectoral challenges faced by small islands requires consider-

ation of sustainability issues. The sustainability challenges in these regions involve in partic-

ular the achievement of a greater autonomy through the development of local resources.

This is a complex system that encompasses interconnections between the resources avail-

able and the land use. In this article we focus on the study of the Water-Energy-Food (WEF)

nexus, and propose an integrated and systemic approach to do so. Our contribution consists

in studying food system sustainability of small islands by exploring the reciprocal influences

between the valorization of local WEF resources and land use competition for various inte-

grated WEF scenarios. Additionally, we integrate dietary behaviors and demonstrate their

close interlinking with land use practices, and thus their impact on the potential for transition-

ing towards a more sustainable food system. To achieve this, we present a generic com-

bined Geographical Information Systems (GIS) and robust optimization model. This model

is then applied to Reunion island using collected real data. Our approach aims to assist local

policymakers, at the island scale, by constructing insightful scenarios to facilitate informed

decision-making. Our results highlight the need to save land space when developing local

resources through effective land use management policies combined with a shift in food

practices. This shift would imply in particular, to convert some of the sugarcane areas into

subsistence farming. Furthermore, the results emphasize the importance of transitioning

consumption practices under various integrated WEF scenarios, showcasing our model as

an insightful decision-support tool.

Introduction and related work

Small islands can be defined as territories surrounded by water, with a small surface area, lim-

ited resources and characterized by strong economic, climatic and demographic vulnerabilities

[1]. More precisely, small islands are characterized by important environmental issues such as
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the land fragility or biodiversity loss, notably because of their geographical isolation, their

exposure to natural risks and to anthropic pressure [2]. In addition, these islands present a

great vulnerability to climate change, as well as energy vulnerabilities, through their depen-

dence on fossil fuel imports, leading to greater exposure to any economic disruption such as

rising energy prices or supply shortages [3], food vulnerabilities with high dependence on food

imports [4] and land vulnerabilities due to biophysical, socio-economic and demographic fac-

tors [5]. Indeed, due to strong territorial constraints, land use is a major issue for these islands

where the preservation of natural spaces is essential, especially when they experience popula-

tion growth [6]. All of these vulnerabilities, specific to the island context, require a sustainabil-
ity goal especially since small islands have strong territorial constraints and a geographical

isolation. Sustainability evaluation criteria can be tested within these territories before being

scaled up to a broader context [7]. Sustainability for small islands is a complex concept to

define, lacking consensus, and strongly dependent on the geographic and demographic con-

text [8], but also on the historical context often marked by a colonial heritage [9]. However,

several ideas revolve around this concept, including the decision-making paradigm shift, gov-

ernance and community involvement, and finally, resilience [7]. The IPCC defines this idea of

resilience as follows: Resilience is defined [. . .] as the ability of a social-ecological system and its
components to anticipate, reduce, accommodate, or recover from the effects of a hazardous event
or trend in a timely and efficient manner [10]. The resilience of these socio-ecological systems

represented by small islands is a key aspect in the search for sustainability [11], and a lack of

resilience implies an increased vulnerability of these territories which are already fragile and

highly dependent on international trade (imports and exports) [12]. Indeed, the vulnerability

of these islands to external shocks such as the Covid crisis and the associated border closures

[13], the impact of climate change on international trade [14], or the impact of international

conflicts on exports further increases the need for resilience in these territories. This objective

of resilience implies improving water management [15] and considering greater autonomy

harnessing local resources [16] by the development of renewable energies and local food sys-

tems to support energy self-sufficiency process [17] and food self-sufficiency process [18].

Nevertheless, land use is a core issue to tackle the challenges of multiple resource management

and planning, especially if one aims to maximize local resources use in a highly spatially con-

strained territory [8]. A suitable and promising approach to address the multiple and interde-

pendent challenges is the integrated Water-Energy-Food (WEF) nexus. This nexus approach

explores the connections between water, energy and food resources to better understand their

interdependence in the context of sustainable development. There is a growing interest in

studying the equilibrium of food, energy, and water resources within the WEF nexus, espe-

cially under various exogenous constraints including climate change, population growth, and

urban growth [19].

On a world scale, the study conducted by [20] analyses the various issues surrounding

WEF resources management. It reviews waste management and identifies crisis surrounding

these resources, as well as the main solutions for dealing with declining resource availability

and accessibility. This study provides insightful information on the future sustainability of

these resources. On the same scale, the study presented in [21] proposes to analyze the impacts

of different agricultural production and food consumption scenarios on WEF resources pro-

duction and associated environmental consequences using a combination of two Integrated

Assessment Models (IAM): IMAGE 3.0 (Integrated Model to Assess the Global Environment)

and FDM for food and demand production. This study identifies the different impacts of the

scenarios on water withdrawal, energy consumption, crop and grass consumption, as well as

the land-use impact in relation to agricultural production. Another modelling approach pro-

posed by [22] consists in an optimal planning of the WEF nexus through stochastic
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optimization modelling under constraints using GAMS (General Algebraic Modeling System)

optimization software. This decision-support model is an extension of the model proposed by

[23] in deterministic form. Optimization consists in minimizing economic costs (electricity

production costs, fixed and variable costs associated with power plants, water consumption

costs, food production costs) and environmental costs (greenhouse gases emission costs) con-

sidering a 15-year planning horizon. Results present an optimal electricity production for each

type of fuel (here coal and natural gas), as well as specific considerations regarding water use

(ground or surface water) and optimal food production.

On a national scale, [24] propose a systemic approach to study food security issues in

South Africa. This study highlights the reciprocal influences of energy and water resource

prices on food prices, as well as the role of water and energy systems on food quality, availabil-

ity and affordability. It provides a set of practical solutions for improving food security, taking

into account its interactions with other resources. A spatio-temporal decision support model

was developed by [25] for the assessment of energy requirements in the agricultural sector in

Saudi Arabia. A web-based Geographical Information Systems (GIS) application was created

to facilitate user selection of a site on a map. Then, from various input agricultural crop infor-

mation, the corresponding water, land and energy requirements are returned to the user. To

achieve this, an agriculture land suitability map is created based on several factors. The tool

developed is intended as a decision-support tool, providing a global view of the interactions

between food, energy and water at a crop level and at several spatial points in order to spare

the use of these resources.

On a local scale, methodological approaches are varied and are presented as decision-sup-

port tools. It is the case of [26] through a multi-objective optimization model for the evaluation

of securing WEF resources according to sustainability, availability and security criteria in the

Monterrey Metropolitan Area (in Mexico). The optimization consists in minimizing, succes-

sively, economic costs related to the nexus, freshwater consumption and greenhouse gases

emissions for the design of energy and water distribution networks. In this way, the securing

of resources varies based on the objective function, enabling stakeholders to find the best com-

promises. Another decision-support model presented by [27] consists in a mixed-integer non-

linear modelling applied to Yucheng Station (China) where land use is fully integrated into the

model. The aim is to find the best combinations of agricultural crops based on different objec-

tives such as maximizing profit and agricultural yields, and minimizing water, energy con-

sumption and CO2 emissions. In this way, land use competition between different agricultural

crops is illustrated and the study reports on optimal planning for crop rotation.

On an island scale, [28] provide a decision support-tool through scenarios production to

analyze future trends in energy consumption and greenhouse gases emissions on the island of

Tenerife (Spain), based on projections of demand for water and energy resources, as well as

demographic, economic and climatic variables. Two different scenarios are proposed for 2050,

a maintained trend scenario in which renewable energies are underdeveloped, and an ecology

aware scenario with an electricity mix made up of 100% renewable energies. This study high-

lights the island’s dependence on imports as a function of the increase in demand for water

and energy according to the scenarios. The approach developed by [29] encompasses all three

dimensions of the WEF nexus. The concept of sustainability for the Carribean Small Islands

Developing Sates (SIDS) is analyzed using several indicators selected to assess the sustainability

of each island concerning the food, water and energy components. The analysis incorporates

multiple data sets, including climate and population growth projections for 2050. This study

provides a holistic view of the concept of sustainability and highlights specific features of each

Caribbean SIDS. The risks associated with the nexus (in terms of balance between demand

and supply) due to demographic growth and economic development have been highlighted by
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[30]. For this purpose, an indicator quantifying the balance between demand and supply was

built. The study consists in a material flow analysis to assess the risks associated with the nexus

on Kinmen island. Results show that a high risk is linked to high resources consumption by

industries and households, giving us important information on the impact of population

growth and industrial development on securing WEF resources in islands. [31] constructed a

framework and developed a user-friendly nexus platform based on GIS in Taiwan: GREAT for
FEW. This tool is based on a life cycle assessment approach to analyze the links between WEF

resources. It enables environmental impacts to be quantified for different time horizons on the

basis of parameters linked to local crop production and energy production. The integration of

land use data as input enables the generation of various maps as impacts distribution maps or

land use allocation map as output. A key aspect of the tool is the preservation of agricultural

lands for food security, and when this objective is achieved, the remaining agricultural lands

are converted into industrial/urban lands to support population and demographic growth.

This study enables to investigate the influences of food security on land-use change dynamics,

and to study the trade-offs between bioenergy production, food supply and environmental

benefits. Finally, [32] proposed a spatio-temporal modelling of drivers of change that influence

food and energy self-sufficiency through semi-directive interviews in Reunion island (French

overseas department). Land use maps are generated following different land use scenarios

(extrapolation, food+, bioelectricity+, planning+) for 2035. This article gives a clear vision of

the trends associated with food and energy self-sufficiency process as a function of time, and

of the issues surrounding land availability in small islands, seen as a resource limiting the

development of local food production and energy projects. Land use competition between

urban growth, food and energy is also evaluated.

In summary, many approaches tackle parts of the problem we want to address, with differ-

ent focus of studies and at different scales. On a global scale, WEF nexus studies give a systemic

view of the issues associated with the nexus and the factors to be considered to enhance sus-

tainability from both economic and environmental perspectives. However, the approaches

developed cannot be directly applied to the small island scale, as these studies overlook the spa-

tial dimension and land use constraints linked to the WEF nexus. On a national and local

scale, some studies incorporate spatial data and territorial specificities. Nevertheless, there is a

lack of exploration into territorial land-use dynamics related to land use competition. On an

island scale, existing literature does not address sustainability in terms of land use competition

induced by the use of local WEF resources.

In this paper, food system sustainability in small islands is discussed by studying the recip-

rocal influences between the use of local WEF resources and land use competition under vari-

ous integrated WEF scenarios. The corresponding research question is the following: Does the

pursuit of resilience necessarily contributes to enhancing the sustainability of small islands

within a systemic approach?

The key challenges we identified to assess food system sustainability in small islands

through scenarios are: (1) the integration of multi-source data through projections data (WEF

resources demand, urban growth) for a future horizon 2035, spatial data that enables the char-

acterization of specific features of the territory, and qualitative data for shaping scenarios, (2)

the definition and specification of heterogeneous spatio-temporal constraints reflecting the

WEF nexus, (3) the construction of integrated WEF scenarios that integrate diverse food con-

sumption profiles and various means of agricultural production to accurately characterize the

food system and (4) a comprehensive model aimed at identifying the thresholds to food self-

sufficiency process beyond which it affects food system sustainability. In the context of sys-

temic modelling, the objective is to formulate a comprehensive methodology integrating data

collection, constraint specification, and optimization modules to generate insightful scenarios.
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The primary objective is to extract potential alternative land usages, to be determined trough

the optimization process, for each cadastral parcels by establishing geographical constraints

that the parcels must meet using a set of geographical data layers. The optimization process

necessitates the incorporation of contextual data digitalization, including factors like popula-

tion and resource demand as input. For each scenario, it allows to derive future land uses for

each parcel over a 10-year projection (by 2035) while satisfying spatio-temporal constraints

characterizing the WEF nexus. In this paper, we present our integrated GIS and robust optimi-

zation methodology as a comprehensive decision-support tool. This combined approach

enables the modelling of interactions between WEF resources self-sufficiency process and land

use competition. Thus, it becomes possible to identify thresholds to food self-sufficiency pro-

cess beyond which it affects food system sustainability under various integrated WEF

scenarios.

Summary of contributions. Our contributions can be summarized as follows: 1) Food sys-

tem sustainability in small islands is addressed by examining the reciprocal influences between

WEF resources self-sufficiency process and land use competition. This is accomplished

through the integration of a GIS and optimization model that integrates diverse data and

nexus-specific constraints, aiming to maximize a food Self-Sufficiency Ratio (SSR). 2) The

development of integrated WEF scenarios is based on various consumption patterns and agri-

cultural pathways on the island, to be incorporated into the comprehensive model. These sce-

narios are shaped by qualitative data collected from field interviews and existing literature.

The article is structured as follows: the methodology section provides a comprehensive

overview of our methodology and outlines the inputs of the integrated model, including each

of its component: the land use potential allocation model and the land use scenarios optimiza-

tion model. In the case study section, the described methodology is applied to the specific case

of the food system in Reunion Island, a French overseas. It shows how our model can provide

a framework for land-use pathways policies that respect local resource limits for various inte-

grated WEF scenarios. This integrated model is thought as a simple decision-support tool for

policymakers aiming to enhance the resilience of the food system through a systemic

approach.

Our methodology

This paper aims to address food system sustainability regarding land use dynamics resulting

from the valorization of local resources within a WEF nexus approach. One key aspect of our

approach involves quantifying each dimension of the nexus in terms of its direct impact on

land use. Fig 1 illustrates the conceptual model designed to provide insights into sustainability

challenges within small island food systems and constitutes one of our contributions. In this

study, demographic growth and economic development are considered as the main drivers

influencing change within the WEF nexus [28, 33]. Urban growth, resulting from economic

development and population growth, impacts not only land use through urban sprawl but also

the demand for WEF resources, assuming a constant average resource consumption per

inhabitant. It leads to an increased supply of these resources to meet the growing demand. The

means of production implemented to meet demand will determine the island’s capacity to

achieve food system sustainability. In a situation where no environmental objectives are con-

sidered, increased demand for WEF resources leads to a greater reliance on imports, resulting

in an unsustainable food system [34]. Conversely, in the quest for resilience, dependence on

imports is reduced in favor of local WEF resources. However, the valorization of local WEF

resources can strengthen land use competition, already reinforced by urban sprawl. This land

use competition may also limit the development of local resources (mutual influences) due to
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strong spatial constraints characteristic of small islands. Thus, there may be a maximum

threshold for the valorization of WEF resources due to land use competition. As a result, food

system sustainability in small islands is discussed through the study of reciprocal influences

between WEF resources self-sufficiency process and land use competition for several inte-

grated WEF scenarios.

From a methodological perspective, identifying thresholds to discuss food system sustain-

ability involves addressing the following problem: How to determine an optimal land use for

each parcel (1) within the framework of the WEF nexus so that (2) constraints related to the

nexus are satisfied (3) while maximizing a food SSR for a future horizon 2035, and (4) under

various integrated WEF scenarios?

To emphasize our main contributions, the integrated model must fulfill several objectives:

(1) the consideration of land use competition in the context of local WEF resource use, and (2)

the identification of thresholds to food self-sufficiency process beyond which it affects food

system sustainability. To tackle the management of spatio-temporal data, the introduction of

constraints linked to the nexus, and an objective function related to the food self-sufficiency

process, we present a GIS-based model combined with a robust optimization model. The

model itself is developed in [35] and we recall the associated workflow in Fig 2. In summary,

first the land use potential allocation model takes as input various geographical data layers and

enables the allocation of land use potential(s) for each parcel based on the values taken by the

constraints specified upstream (land use, water requirements, slope, altitude, neighborhood

and surface area). It generates a land use potentials map, which is then converted through a

pre-processing step into a set of parcel attribute lists (surfaces, crop yields. . .). These lists serve

as input for the land use optimization model, along with temporal data. Finally, the optimiza-

tion model derives an optimal land uses map.

Land use potential allocation

The initial step in the allocation of land use potentials involves (1) partitioning the territory

into cadastral parcels and (2) specifying land use constraints to allocate land use potentials for

each parcel (refer to Fig 2). Note that the land use potential for a parcel refers to its capacity to

transition from its current land use to another. This concept embodies the evolution of land

use within the framework of the WEF nexus.

Fig 1. Conceptual model.

https://doi.org/10.1371/journal.pone.0310632.g001
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Specifications. One key aspect of our approach involves quantifying each dimension of

the nexus in terms of its direct impact on land use. In this context, direct land use impact per-

tains to the land footprint associated with a process (such as urban growth) or a resource (such

as energy and food) and its utilization (for electricity production) within the territory.

• Water: The future direct land-use impact of water facilities is assumed to be negligible

(improvement of the distribution network efficiency, reusing waste water. . . [36]). Thus, the

land-use impact of water will be analyzed at a crop-level by considering the development of

crop production in irrigated areas or within areas with sufficient rainfall to meet the crop

water requirements.

• Energy: Talking about energy refer, here, to electricity production. The future direct land-

use impact of some energy sources and future energy production projects, responding to the

global rise in energy demand, is considered for local energy resources such as biomass and

low-power energy density source (such as intermittent sources of energy).

• Food: The future direct land-use impact of food, responding to the global rise in food

demand and the establishment of new dietary behaviors (through scenarios), is marked by

the expansion of crop cultivation in new areas.

Fig 2. Integrated methodological framework.

https://doi.org/10.1371/journal.pone.0310632.g002
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• Urban growth: The future direct land-use impact of urban growth, driven by population

growth and economic development, involves the creation of new residential housing and

infrastructure.

Hence, three distinct land use potentials are defined: (i) the potential for crop production,

(ii) the potential for urban growth, and (iii) the potential for electricity production. The nexus

approach developed here implies that some parcels have the potential to transition from their

current land use to another or to multiple land uses, taking into account concomitant land

uses. That is the case for agricultural parcels, which have the flexibility to either remain agricul-

tural or change their land use to become urban or energy-producing parcels. In contrast, some

parcels do not have this flexibility. This applies to natural and protected parcels, as well as

urban parcels, where land use remains unchanged, although urban parcels can transition to

also become energy-producing parcels through solar self-consumption.

Land use potential allocation model. Once all the land use potentials have been defined,

the next phase involves allocating these potentials to the parcels. To achieve this, the domain-

specific language Ocelet [37], a powerful tool for processing land-use dynamics using interac-

tion graphs, is employed. The process of allocating land use potential must adhere to predeter-

mined constraints. Consequently, for assigning urban growth potential, candidate parcels

need to conform to defined maximum slope and distance thresholds from urban parcels, along

with specific land use criteria. For the allocation of electricity production potential, candidate

parcels must adhere to constraints such as minimal surface area (in m2), maximum altitude (in

m), maximum slope (in%) and specific land use. Furthermore, an additional constraint on

water requirements (in mm/year) is considered for the allocation of crop production potential.

Referring to this last constraint, the annual crop water requirements are satisfied if the parcel

receives a sufficient amount of rainfall to sustain crop production or if it is located within irri-

gated perimeters. Note that all the constraint values are obtained from literature and field data.

At the output, the model returns a map depicting land use potentials, which is then converted

into a set of parcel attribute lists that subsequently serves as input for the optimization model.

Land use optimization. As illustrated in Fig 2, the set of parcel attribute lists input the

optimization model, along with data on projected population growth, electricity and food crop

demand by 2035 which are derived from estimates provided by various institutes and compa-

nies. The optimization model is an original model detailed more specifically in [35]. It is coded

in Python (library used: pyomo; solver: CPLEX). For each time step, the model systematically

identifies the optimal land use or combination of land uses for each parcel from its range of

potential land uses, allowing for concomitant land uses on a single parcel. This process is exe-

cuted under constraints associated with the WEF nexus and incorporates an objective function

for the time horizon 2035, aiming to maximize the food SSR, expressed in kcal. The term “food

SSR” in this context refers to the specific SSR for the crops considered in the modelling and is

expressed in Eq 1:

X

crops

Local production of crop c
Total demand of crop c

∗ 100 ð1Þ

The uncertainties associated with the modelling are addressed through a robust approach,

which involves employing deterministic intervals to enclose uncertainties within robust

extreme values (ex: Value ¼ ½Value ;Value�) as described in [38, 39]. In our reliable computing

approach, we employ best-case and worst-case scenarios to explore the extremes within the

solution space. The worst-case scenario represents the minimum theoretical food production,

maximum food and electricity demand, and maximum urban sprawl surface based on high
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population growth projections. Conversely, the best-case scenario is defined by maximum the-

oretical food production, minimum food and electricity demand, minimum urban sprawl sur-

face, and is based on low population growth projections. By employing these extreme

scenarios, we establish a range within which all other solutions are encompassed. This range is

bounded by the components of the best-case and worst-case scenarios, ensuring the reliability

and robustness of our optimization results. The optimization model returns an optimal land

uses map for each time step for a specific integrated WEF scenario. The nexus approach devel-

oped involves defining multiple optimization constraints that effectively integrate the drivers

influencing change within the WEF nexus, with a specific focus on the objective of resilience

to enhance sustainability. Specifications of the optimization problem are given in Table 1 and

details of the equations are provided in Table 2. The following constraints are delineated:

Food production constraint. The primary set of constraints aims to prevent excess crop produc-

tion by ensuring that annual crop production is less than the projected annual demand for

both the best-case scenario (lowest projected demand) and the worst-case scenario (highest

projected demand) at each time step.

Table 1. Optimization problem specifications.

Given:

Unit: Year t 2 T = {2023. . .2035}

Unit: Parcel p 2 P = {set of parcels}
Unit: Crop c 2 C = {set of crops}
Unit: Energy source e 2 E = {set of primary energy sources}
Set of parcels with a potential of production of crop c Pc
Set of parcels with a potential of production of electricity from source e Pe
Set of parcels with urban growth potential Pu
Total electricity demand for a year t (GWh) delect ¼ ½delect ; delect �

Existing electricity production (GWh) Pelec

Surface of parcel p (ha) Sp
Number of households for a year t ht ¼ ½ht ; ht �

Urban extension area per new household for a year t (ha/household) Suht
Surface energy density from a primary source e for a parcel p (GWh/ha) pep
Total demand for crop c for a year t (ton) dct ¼ ½d

c
t ; dct �

Calories per kg of crop c (kcal/ton) kcalc
Yield of crop c for a parcel p (ton/ha) Yieldcp

Find:

The optimal land use(s) for a parcel among all its potential land uses

The surface areas allocated to urban growth, food and electricity production

Objective function:

Maximize food self-sufficiency ratio

Such that the following constraints hold:

Local food crop production is less than or equal to the food crop demand

Total annual electricity production meets demand

Fossil fuels imports are decreasing

Limit on intermittent Renewable Energies (RE) existing and new production

Limit on urban sprawl

https://doi.org/10.1371/journal.pone.0310632.t001
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Electricity production constraint. The second set of constraints aims to maintain a balance

between electricity demand and production for both the best-case scenario (lowest pro-

jected demand) and the worst-case scenario (highest projected demand) at each time step.

Energy imports constraint. This set of constraints reflects the intention to cease the use of fossil

fuels and maximize the use of local energy resources.

Intermittent RE production constraint. It involves establishing a threshold for intermittent

Renewable Energies (RE) production due to the variability of these energy sources, which

can impact power grid stability [40].

Solar self-consumption constraint. It is assumed that PV panels are installed on the roofs of

some urban parcels. This constraint underscores the importance of developing local

resources while minimizing the impact on land use as much as possible, allowing industrial

and domestic consumers to directly consume self-generated electricity.

Urban sprawl constraint. At each time step, the urban sprawl area delineates urban growth

resulting from expected population growth for both the best-case scenario (lowest popula-

tion projections) and the worst-case scenario (highest population projections). The impact

of economic development on urban growth is not assessed in this study.

Land use conversion of potential areas. To prevent the conversion of all potential areas into

effective production areas from the initial time steps, we define a maximum surface area,

contingent on the type of food crop, for the conversion of potential food crop production

areas into effective food crop production areas.

Case study: Food system sustainability in Reunion

Our generic methodological approach is now applied to Reunion island, an overseas French

department located in the Indian Ocean, around 200 km southwest of Mauritius and 900 km

east of Madagascar. Reunion island is a relevant study case to explore the challenges linked to

Table 2. Mathematical expressions of optimization variables, constraints and objective function.

Decision variables (1) 8t 2 T, 8p 2 Pu, st,p 2 [0, Sp]
(2) 8t 2 T, 8p 2 Pc, st,p 2 [0, Sp]
(3) 8t 2 T, 8p 2 Pe, st,p 2 [0, Sp]

Food production constraint. Best case scenario: 8t 2 T; 8c 2 C;
X

p2Pc

st;p ∗ Yieldcp � dct

Worst case scenario: 8t 2 T; 8c 2 C;
X

p2Pc

st;p ∗ Yieldcp � dct

Electricity production constraint. Best case scenario: 8t 2 T,
X

e2E

X

p2Pe

st;p ∗ pep þ Pelec ¼ delect

Worst case scenario: 8t 2 T;
X

e2E

X

p2Pe

st;p ∗ pep þ Pelec ¼ delect

Urban sprawl constraints. Best case scenario: 8t 2 T;
X

p2Pu

st;p ¼ Suht ∗ ðht � h0Þ

Worst case scenario: 8t 2 T;
X

p2Pu

st;p ¼ Suht ∗ ðht � h0Þ

Maximize food SSR. X

c2C

X

p2Pc

st;p ∗ Yieldcp ∗ kcalcX

c2C

dct ∗ kcalc
∗ 100

https://doi.org/10.1371/journal.pone.0310632.t002
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food system sustainability in small islands to the extent that the island is highly reliant on

imported food and energy resources and is vulnerable to any disruptions that could interrupt

its external supply. Additionally, it faces land pressure associated with urban sprawl [41]. In

this context of vulnerability, the French government expressed its desire to achieve food and

energy self-sufficiency by 2030 [42]. A land-use map of Reunion island, delineated by cadastral

parcels, is represented in Fig 3. It has been produced using the QGIS software based on several

data layers, including a land use layer and a cadastral parcel layer (refer to the next subsection

for data sources). Three main areas are highlighted: agricultural areas, artificial areas, and nat-

ural areas and forest plantations. Spaces shown in white on the map refer to spaces between

parcels, such as roads or waterways, as well as the volcano. Spatial constraints are visible by the

extent of protected natural areas and forest plantations, representing more than 42% of the ter-

ritory. These areas are mainly located in the centre of the island while artificial and urban areas

are more scattered around the coast.

Geographical data collection

The primary data used in this study are geographical data layers (in raster and ESRI shapefile

format) including land use layer, cadastral parcels layer, topography layer, irrigated perimeters

Fig 3. Land use map delineated by cadastral parcels.

https://doi.org/10.1371/journal.pone.0310632.g003
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layer, practical photovoltaic power potential layer and rainfall layer. The land use layer for

2021 was obtained from CIRAD. The detailed methodology of land use classification can be

found in [43]. The irrigated perimeters layer is a product of the Reunion department. The

topography map is extracted from [44], and the cadastral parcel layer is sourced from [45].

Yearly data of practical photovoltaic power potential (expressed in kWh/m2) are extracted

from [46]. Monthly rainfall data (in mm) were provided by Meteo France. Crop yields were

estimated based on a yield map for the island’s agricultural sectors made by [47]. All the data

were processed using QGIS software.

WEF resources selection

Implementing a WEF nexus approach in Reunion begins with the selection of WEF resources

according to the territory’s specificities.

Energy. Various energy sources are taken into account, encompassing all sources involved

in electricity production [48]. Imported energy sources include imported biomass, oil and

coal, while local energy sources comprise wind, PV, hydro and local biomass. The distribution

for 2022 was: oil (43%), hydro (21%), coal (19%), sugarcane bagasse (6%), imported biomass

(2%) and other renewables (9%). Hereafter, local biomass will be considered to come solely

from sugarcane [49]. Imported biomass, in this context, refers to wood pellets imported from

North America.

Food. The modelling does not integrate all the food items consumed within the territory.

Instead, we assume that a limited but well-selected set of food items is adequate as input to

assess the overall food system sustainability within the framework of a WEF nexus approach in

the sense that the approach developed here focused on studying thresholds. The chosen food

items are those exhibiting the most uneven consumption patterns across the territory, based

on household incomes [50], and are part of the local Creole diet: fruits, vegetables and rice.

Land use potential assessment

The direct land use impact of WEF resources and urban growth has been evaluated to observe

land use change dynamics and land use competition.

Energy. A distinction is made here between the direct land use impact of the energy

resource and energy production systems from a specific resource. Regarding the energy
resource, the direct land use impact linked to biomass from agricultural residues (in this case,

sugarcane bagasse) is taken into account. The direct land use impact of imported resources

(coal, oil, imported biomass) is zero, as well as other local resources (wind, solar, water flows).

Regarding energy production systems, in accordance with the objectives outlined and the strat-

egy for the development of energy projects, ground-mounted solar PV systems contribute to

land use competition due to their low power density [49]. Concerning on-shore wind turbines,

the challenge in the coming years is to renew the wind farms. Therefore, future production is

not regarded as a contributing factor in the competition for land use. Future electricity pro-

duction projects involving coal and oil are not considered in the modelling, so no direct land

use impact is expected. Prospects for hydroelectricity depend more on optimizing existing

power plants, so the land use impact of future hydroelectric power generation projects is con-

sidered negligible. Finally, the direct land use impact of imported biomass is also considered

negligible.

Food. The future direct land-use impact associated with rice, fruits and vegetables is taken

into account.

Water. The future direct land use impact of water resource and facilities is considered negli-

gible [36].
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Urban growth. The future direct land use impact of urban growth is considered as a conse-

quence of population growth on the island is the extension of the urban plot (urban growth in

non-urbanized areas).

Integrated WEF scenarios

One of the main contribution of this article is the construction of integrated WEF scenarios,

combining both demand-side and supply-side approaches, thanks to online literature and field

interviews. Beyond simple scenarios characterizing the orientation of consumer demand

(demand-side approach) [51], the integration of the means of production (supply-side
approach) [52] enables a more comprehensive description of the nexus. Indeed, demand-side
approaches can be challenging to target and direct toward the means of production. These

approaches can therefore be seen as complementary (rather than replacing) supply-side
approaches.

Contribution of field interviews. Over a period of four months in Reunion, numerous

interviews were conducted with a diverse range of local stakeholders involved in the nexus.

These interviews enabled us to collect non-public data from the department but one of the pri-

mary objectives was to contribute to scenario development. Consequently, scenarios were

shaped through the gathering of both qualitative and quantitative information derived from

these interviews. From these interviews, it became evident that there is a growing awareness of

the vulnerabilities of the island, particularly its dependence on food imports. This awareness

has given rise to associations such as Association Riz Réunion and association Riziculteurs Péi
974, whose goal is to reintroduce rice cultivation on the island (the main foodstuff consumed

locally). Additionally, citizen groups such as Oasis Réunion position themselves as sources of

proposals to public authorities, aiming for complete food self-sufficiency. While the number of

stakeholders is increasing, there are still challenges in communication among them due to

their divergent future paths and approaches. To these stakeholders, a range of questions were

asked, including: “What do you understand by food self-sufficiency process, and what is your
opinion on achieving 100% food self-sufficiency by 2030 (governmental objective)? What socio-
cultural levers do you identify to achieve greater food self-sufficiency process? What is the role of
organic agriculture in the agricultural landscape of Reunion Island?” The answers collected have

helped refine the construction of the scenarios. The interviews also raised the issue of sugar-

cane cultivation that is subject of much debate. Some view the island’s main crop as an obstacle

to the goal of achieving food self-sufficiency. Meanwhile, others advocate for the preservation

of this crop, putting forward a variety of arguments, particularly economic ones. Specifically,

we were unable to contact Tereos, an agro-industrial actor in the cane-sugar-rum-energy value

chain, to discuss matters related to food self-sufficiency and the diversification of sugarcane.

Sugarcane is therefore a major pillar of the food system, and the impact of revisiting the levels

of production is assessed through scenarios. Finally, an interview with the economist Gaëlle

Pothin regarding her work on food consumption patterns in Reunion [53] guided us to differ-

entiate several food consumption profiles in order to broaden the spectrum of the Reunionese

food system, illustrating the impact of food consumption patterns on food system

sustainability.

The produced scenarios are therefore dedicated to portraying the diversity of visions

among local stakeholders and propose compromises to facilitate decision-making.

Scenarios specifications: Demand-side. Water. Several climate factors can influence

crops water requirements including temperature, humidity or even wind speed. To simplify,

crops water requirements per ha are assumed to remain constant over time.
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Energy. Existing consumption data from 2022 are considered as the baseline to draw projec-

tions data for electricity demand for the horizon 2035 [54]. Electricity demand depends on var-

ious factors, including economic development, household growth, and changing lifestyles [49].

However, annual differences in electricity consumption across the island are partly attributed

to population growth [54]. For simplicity’s sake, we’re assuming the same standard of living

for all inhabitants and constant electricity consumption by large consumers, local authorities

and business customers. Thus, the future increase in electricity consumption will only depend

on population growth (number of households on the island) and the expansion of the electric

vehicle fleet [49].

Food. Similarly, we have considered existing consumption data from 2022 as the baseline to

draw projections data for food demand for the horizon 2035. The amount of a specific food

consumed on the island is assumed to vary over time according to (1) the food consumption

profile and (2) population growth. Then, for a specific food consumption profile, the increase

in food demand will only depend on population growth according to INSEE’s low population

projections (best case scenario) and high (worst case scenario) [41]. In the case of Reunion,

two food consumption profiles are selected according to current food practices on the island

[50]. Here, we consider that both profiles are oriented towards local production when the food

item considered is produced locally.

• Traditional profile: High consumption of rice and poultry, coupled with a low intake of fruits

and vegetables. The Traditional profile refers here to the Creole profile.

• Mediterranean profile: Lower consumption of rice and poultry and a higher consumption of

fruits and vegetables compared to the Traditional profile.

Scenarios specifications: Supply-side. Water. Crop production takes place in areas with

either irrigation systems or sufficient rainfall to meet crop water requirements.

Energy. Targets for reducing electricity generation from fossil fuels have been formulated

by [49]. On this basis, it is assumed that imports of fossil fuels, such as oil and coal, will decline.

Hence, energy production will be mainly ensured by local resources (solar, wind, hydro and

local biomass) and imported biomass to face the decrease in fossil fuels supply. Electricity pro-

duction is reduced to zero for coal and by the end of 2030 for oil.

Food. In Reunion, 54% of the Utilized Agricultural Area (UAA) is devoted to sugarcane cul-

tivation. Fodder crops account for 28% of the UAA. The remaining 18% is devoted to fruits

and vegetables, and traditional sectors such as aromatic plants, coffee, vines and lentils [55].

Nevertheless, in the context of building resilience, the challenge is to increase food production

for local population, necessitating a shift in agricultural practices toward subsistence farming.

Thus, two sets of future agricultural trajectories are presented:

• Subsistence farming: agriculture intended for local population is preserved to the detriment

of sugarcane, which is the primary crop for exports. It illustrates the commitment to support

food self-sufficiency process through the promotion of subsistence farming.

• Current agricultural practices: current surface areas dedicated to each crop are maintained,

constraining future crop production (rice, fruits, vegetables), ground-mounted PV produc-

tion and urban growth in agricultural wastelands or in rotation with vegetable crops in the

case of rice cultivation (Association Riz Réunion).

From this point, various scenarios are designed by combining different food consumption

profiles (demand-side) with agricultural practices (supply-side) to create four distinct inte-

grated scenarios as depicted in Fig 4.
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The specifications of constraints for each land use potential are summarized in Table 3 for

scenarios S1, S2, S3 and S4. Note that we consider only one production cycle per year for rice

crop, lasting four months between November and February. Some constraints implemented

into the optimization model (refer to Fig 2) need to be specified in the case of Reunion and are

summarized in Table 4. Data related to the static parameters of the optimization model are

summarized in Table 5.

Results and analysis

The presented results support decision-making aimed at enhancing food system sustainability

for the time horizon 2035 by addressing (1) the identification of thresholds to food self-suffi-

ciency process for all integrated WEF scenarios and (2) the impact of scenarios on land use

share. These results provide policymakers with various criteria for assessing food system sus-

tainability using integrated scenarios and a systemic approach. The aim of this decision-sup-

port tool is to enable decision-makers to make informed decisions on land use management

and to promote incentives for shifting food consumption practices.

Scenarios influence on thresholds identification. One key aspect of guiding decision-

making involves identifying thresholds to food self-sufficiency process based on various inte-

grated WEF scenarios. As outlined in the conference paper [35], the composition of the elec-

tricity mix can influence the food SSR (as defined in Eq 1), especially when energy projects

Fig 4. Integrated WEF scenarios.

https://doi.org/10.1371/journal.pone.0310632.g004

Table 3. Constraints specifications for land use potential allocation per parcel in the Ocelet model.

Constraints Rice Urban PV Vegetables and fruits

Land use type (S2, S4) Agricultural wastelands, vegetable crops,

sugarcane

Agricultural

wastelands

Agricultural wastelands,

sugarcane

Agricultural wastelands,

sugarcane

Land use type (S1, S3) Agricultural wastelands, vegetable crops Agricultural

wastelands

Agricultural wastelands Agricultural wastelands

Minimal surface area 240 m2 (Association Riz Réunion) / 3000 m2 (author) /

Maximal altitude 1200 m (Association Riz Réunion) / / 1800 m [43]

Maximal slope 10% [57] 30% [58] 10% [59] 30% [60]

Minimum water requirements 300 mm/cycle (Association Riz Réunion) / / 300 mm/year [60]

Neighborhood distance with urban

parcels

/ 20 m (author) / /

https://doi.org/10.1371/journal.pone.0310632.t003
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with significant land use impacts, such as ground-mounted PV installations, are being devel-

oped. We observe a maximum 4.5% reduction in food SSR between an electricity mix reliant

on imported biomass and another characterized by a high share of ground-mounted PV. In

this article, we select an electricity mix that relies on ground-mounted PV with limited biomass

imports (noting that fossil fuels imports are set to 0 for 2030 [49]). This choice has a less favor-

able impact on food SSR due to increased land use competition but mitigates dependence on

energy resource imports.

Table 4. Specifications of constraints for optimization.

Optimization constraints Specifications

Wind power Electricity production from wind power is set to increase due to the renovation

project of the Sainte Suzanne wind farm, with an expected production of 50 GWh/

year from 2023). Additionally, there is an annual production of approximately 2.3

GWh from the Sainte Rose wind farm (data from 2021). Therefore, we assume a

maximum annual electricity production of 53 GWh [61] for the time horizon 2035.

Hydropower Electricity production from hydro is strongly correlated with the level of

precipitation. Then, to simplify, electricity production from hydro is considered to

be stochastic, following a uniform distribution within a specified range, which is

determined based on hydropower data spanning from 2000 to 2021 [61].

Local biomass Electricity production thanks to local biomass depends on the variable amount of

sugarcane bagasse collected over time [61]. For simplicity, we assume here that the

quantity of bagasse harvested depends on sugarcane production areas and

sugarcane yields, which are extracted from Russeil’s yield map [47].

Land use conversion of

potential areas

Maximum surface area of conversion assessed by the author due to absence of

existing data.

https://doi.org/10.1371/journal.pone.0310632.t004

Table 5. Static optimization parameters.

Parameters Values References

Electricity production from hydropower in 2022 (GWh) 634.2 [48]

Electricity production from oil in 2022 (GWh) 1327 [48]

Electricity production from coal in 2022 (GWh) 581.1 [48]

Electricity production from PV in 2022 (GWh) 266.3 [48]

Electricity production from wind in 2022 (GWh) 3.489 [48]

Electricity production from local biomass in 2022 (GWh) 181.4 [48]

Electricity production from imported biomass in 2022 (GWh) 50.6 [48]

Domestic electricity production in 2022 (GWh) 1313 [54]

Non domestic electricity production in 2022 (GWh) 1507 [54]

Rice calories (kcal/kg) 2800 [62]

Vegetables calories (kcal/kg) 248.6 [55]

Fruits calories (kcal/kg) 570.9 [55]

Trad profile—Rice consumption (kg/household) 123 [50]

Trad profile—Fruits consumption (kg/household) 88.4 [50]

Trad profile—Vegetables consumption (kg/household) 125.5 [50]

Med profile—Rice consumption (kg/household) 67.8 [50]

Med profile—Fruits consumption (kg/household) 252.7 [50]

Med profile—Vegetables consumption (kg/household) 263.4 [50]

Urban extension area per new household (m2/household) 247 [63]

Ratio of tons of bagasse per ton of sugarcane (%) 0.30 [61]

Ratio of electricity production per ton of bagasse (GWh/t) 0.00047 [61]

Rice yield (ton/ha) [2.8, 3.3] Association Riz Réunion

https://doi.org/10.1371/journal.pone.0310632.t005
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One of the output of the optimization model is the visualization, for each time step, of the

food SSR for each crop considered in the model. The maximum food SSR specified for each

crop by 2035 is depicted in Fig 5 for scenario S1, in Fig 6 for scenario S2, Fig 7 for scenario S3,

and Fig 8 for scenario S4 (refer to Fig 4 for scenarios specifications). These results are visually

presented through a donut chart with gauges that indicate the levels of food SSR. The donut

chart effectively encapsulates the graphical representation of the results, highlighting both the

best-case and worst-case scenarios within its circular design.

Fig 5. Specific crop SSR for scenario S1 (BAU).

https://doi.org/10.1371/journal.pone.0310632.g005

Fig 6. Specific crop SSR for scenario S2 (Agricultural shift allowed).

https://doi.org/10.1371/journal.pone.0310632.g006
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At first sight, we note that the food SSR reaches 100% for fruits and vegetables for scenario

S1, scenario S2 and scenario S4 (resp. Figs 5, 6 and 8). However, in scenario S3 (Fig 7), local

production is insufficient to meet the population’s needs for fruits and vegetables if all sugar-

cane parcels are preserved for the time horizon 2035. Looking at Figs 5–7, we can see that rice

is the most limiting crop. This can be attributed to the limited surfaces with rice crop produc-

tion potential, particularly when current agricultural practices, including sugarcane cultiva-

tion, are maintained (refer to Figs 5 and 7). Additionally, the combination of low yields, high

Fig 7. Specific crop SSR for scenario S3 (Dietary shift).

https://doi.org/10.1371/journal.pone.0310632.g007

Fig 8. Specific crop SSR for scenario S4 (Dietary + agricultural shift allowed).

https://doi.org/10.1371/journal.pone.0310632.g008
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demand, and the absence of existing production on the island contributes to this limitation.

Conversely, in Figs 6 and 8, the food SSR for rice crop significantly increases due to the conver-

sion of some sugarcane parcels into rice production parcels. A 100% SSR is even reached in

scenario S4 (Fig 8) as a result of lower rice consumption per household (Mediterranean pro-

file). In scenario S2 (Traditional profile), even after converting some sugarcane parcels, com-

plete food self sufficiency is not achieved (refer to Fig 6). Thresholds are observed on Fig 5 for

scenario S1 for rice crop production, on Fig 6 for scenario S2 for rice crop production and on

Fig 7 for scenario S3 for fruits, vegetables and rice crop production. In these scenarios, land

use competition leads to the conversion of potential areas into crop production areas until no

potential areas remain. Increasing these thresholds in our study would entail producing on

areas that have been allocated no land use potentials, specifically natural protected and urban

areas. Food self-consumption on existing urban parcels is not addressed here, as it does not

substitute other purchases but rather leads to an additional consumption of fresh products

[50]. Moreover, cultivating food on future urban parcels would result in reduced urban densi-

fication (allocated space for gardens), therefore necessitating the conversion of more agricul-

tural areas to accommodate the rising urban growth. From these pie charts, we can deduce

that scenario S4 (Dietary + agricultural shift allowed) appears to be the most resilient in rela-

tion to the food SSR. Furthermore, the potential for transitioning towards this scenario is high-

est in terms of food practices, given that the Mediterranean consumption profile currently

applies to only 20% of households on the island, compared to 80% for the Traditional profile

[50] (refer to Fig 9).

To summarize, in addition to supply-side actions (expanding agricultural areas for subsis-

tence farming), a lever for action also exists on the demand side by shifting food consumption

practices towards crops with high added-values, such as fruits and vegetables, in order to

enhance the resilience of the food system. This emphasizes the need for an integrated response

to be formulated by decision-makers.

Scenarios influence on land use share. Enhancing food system sustainability implies

exploring new agricultural pathways, by assessing the impact of integrated scenarios on

Fig 9. Distribution of the current food consumption profiles in Reunion island.

https://doi.org/10.1371/journal.pone.0310632.g009
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agricultural lands. As a result, the distribution of agricultural lands induced by the integrated

scenarios and the current agricultural share are illustrated in Fig 10 for the best-case scenario

in 2035. Results are presented using histograms.

First and foremost, we assume that surface areas associated with livestock and other crops

remain constant for all scenarios considered. For scenarios S1 (BAU) and scenario S3 (Dietary

shift), the sugarcane surface areas are maintained throughout the simulation process, con-

straining the development of rice, vegetables and fruits in agricultural wastelands (see specifi-

cations on constraints for land use potential allocation in Table 3). Histograms for scenario S1

and scenario S3 have the same distribution because space limitations restrict the development

of agricultural production (refer to scenarios specifications in Fig 4). For scenario S2 (Agricul-

tural shift allowed) and scenario S4 (Dietary + agricultural shift allowed), we observe a signifi-

cant reduction in the share of sugarcane due to the conversion of some of these parcels into

rice crop production parcels and, to a lesser extent, in vegetable and fruits production parcels.

Indeed, we note a substantial portion of the UAA dedicated to rice cultivation compared to

vegetables and fruits (due to low yields per hectare, high consumption and the absence of exist-

ing production on the island). Despite the conversion of some of the sugarcane areas, the sec-

tor has not been entirely abandoned, with at least 14,000 ha still under cultivation (scenario

S2). Finally, we observe an increased UAA for all scenarios compared to the actual UAA,

resulting from the conversion of agricultural wastelands into crop production (increase of

2,000 ha for scenario S1, S2, and S3 and 3,000 ha for scenario S4 comparing to the actual

situation).

In summary, for decision-makers, regardless of the scenario under consideration, the issue

is not so much the conversion of sugarcane but rather in the desire to preserve all current pro-

duction. This model provides a set of agricultural pathways to be implemented to increase the

resilience of the food system. Nevertheless, it means making trade-offs when selecting crops.

Applying results on a broader scale. Our planet can be characterized by social and eco-

logical boundaries reflecting the level of social justice and environmental degradation. These

ecological and social boundaries refer to thresholds beyond which sustainability challenges

cannot be met. This conceptual framework was formalized by Kate Raworth, an economist at

the University of Oxford, providing a visualization known as the “doughnut” theory [56]. This

approach is best suited for small islands, which resemble miniature planets due to their defined

boundaries and geographical isolation, allowing for a clear representation of empowerment

Fig 10. UAA specified by crops according to the integrated WEF scenarios for the best case in 2035 compared to

actual land use share.

https://doi.org/10.1371/journal.pone.0310632.g010
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threshold effects. This approach also allows the integration of multiple interconnected

resources such as water, energy, and food (the social foundation). Consequently, small islands

serve as relevant ‘laboratories’ for investigating sustainability challenges within territories. The

knowledge obtained from such studies can then be extrapolated to address broader sustainabil-

ity challenges, particularly in areas such as land use management and the transition of dietary

habits towards more value-added crops. The objective lies in leveraging these findings to

inform policymakers at national or global levels, thereby extending the impact of the research.

Conclusion and future work

In this article, we have presented a systemic approach to study food system sustainability in

small islands thanks to the implementation of an integrated model combining a GIS and a

robust optimization model. It enables the integration and the management of a broad spec-

trum of data, along with the definition of pertinent constraints linked to the WEF nexus. Our

approach emphasizes the need to consider the nexus in terms of its impact on land use, as well

as the need to measure the effects of resilience needs on land use competition. This is achieved

by incorporating the food system into the WEF nexus. It facilitates the observation of thresh-

olds, which are conditioned by land availability and induced by the resilience objective. Sce-

narios that integrate both supply and demand components demonstrate that changing food

consumption practices, coupled with land-use policies, can effectively enhance the resilience

of the food system towards sustainability. In this way, our model becomes an efficient decision

support tool for local policymakers to implement informed policies on land use management

that would support food system sustainability. This involves using resources with a minimal

surface footprint, supporting concomitant land uses and promoting agricultural practices

directed towards subsistence farming. However, effective land use management policies can-

not be dissociated from reconsidering individual dietary behaviors. This potential for transi-

tioning from the Traditional profile (80% of the population) to the Mediterranean profile (20%

of the population) implies not only raising awareness of emerging deconsumption practices

but also addressing the issue of the cost of living from the consumer’s perspective [53] by con-

sidering that these practices are prevalent among the richest households [50]. We have focused

our approach on examining thresholds and physical limits regarding the food SSR, and putting

aside the economical dimension. While it can be seen as a driving aspect, our goal here was to

study the land use potentials independently of such factors. The produced scenarios are

insightful indicators contributing to create incentives in particular towards shifts in dietary

habits, in line with the sustainability of small islands. Additional limitations of our study per-

tain to the granularity of spatial data collected, which needs to be aggregated at the island scale.

Specifically, the use of average values, especially for agricultural yields, reflects on-the-ground

reality but variations may exist across different areas. In the modeling, urbanization dynamics

occur randomly on urbanizable plots, which may not necessarily capture the reality of land use

planning as envisioned in local urban development plans. Also, the impacts of climate change

on agricultural yields, potential PV production, or rainfall have not been evaluated. Finally, as

the issue of food system sustainability in small islands is systemic, it is impossible to consider

all existing interactions between resources and ecosystems. In this context, the choice of a

WEF nexus approach has proven particularly relevant for addressing multiple resource man-

agement, as extensive literature is available at various geographical scales compared to other

nexus approaches.

Future work includes studying the influence of uncontrolled urban growth on the food sys-

tem in Reunion island, and incorporating new data from another small islands for a compara-

tive assessment. Finally, integrating some constraints that would reflect established impacts of
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climate change, as well as economical constraints relative to imports and subsidies is part of

future extensions of our methodology.

Acknowledgments

We thank all the institutions and persons who dedicated some of their precious time to partici-

pate in our interviews, as well as the reviewers for their insightful comments.

Author Contributions

Conceptualization: Romain Authier, Guillaume Guimbretière, Pablo Corral-Broto.

Data curation: Romain Authier.

Methodology: Romain Authier, Benjamin Pillot, Carmen Gervet.

Software: Romain Authier.

Supervision: Carmen Gervet.

Writing – original draft: Romain Authier.

References
1. IPCC. Small Islands. Intergovernmental Panel on Climate Change; 2014.

2. Scandurra G, Romano AA, Ronghi M, Carfora A. On the vulnerability of Small Island Developing States:

A dynamic analysis. Ecological Indicators. 2018; 84:382–392. https://doi.org/10.1016/j.ecolind.2017.

09.016

3. Genave A, Blancard S, Garabedian S. An assessment of energy vulnerability in Small Island Develop-

ing States. Ecological Economics. 2020; 171:106595. https://doi.org/10.1016/j.ecolecon.2020.106595

4. Teng P. Assuring food security in Singapore, a small island state facing COVID-19. Food Security.

2020; 12(4):801–804. https://doi.org/10.1007/s12571-020-01077-0 PMID: 32837636

5. Birch-Thomsen T, Reenberg A, Mertz O, Fog B. Continuity and change: Spatiotemporal land use

dynamics on Bellona Island, Solomon Islands. Singapore Journal of Tropical Geography. 2010; 31

(1):27–40. https://doi.org/10.1111/j.1467-9493.2010.00383.x

6. Noda K, Iida A, Watanabe S, Osawa K. Efficiency and sustainability of land-resource use on a small

island. Environmental Research Letters. 2019; 14(5):054004. https://doi.org/10.1088/1748-9326/

ab1455

7. Polido A, João E, Ramos TB. Sustainability approaches and strategic environmental assessment in

small islands: An integrative review. Ocean & Coastal Management. 2014; 96:138–148. https://doi.org/

10.1016/j.ocecoaman.2014.05.005

8. Samara F, Tampekis S, Sakellariou S, Christopoulou O. Sustainable indicators for land use planning

evaluation: The case of a small Greek island. Fresenius Environmental Bulletin. 2015; 24:652–655.

9. Connell J. Islands: balancing development and sustainability? Environmental Conservation. 2018; 45

(2):111–124. https://doi.org/10.1017/S0376892918000036

10. IPCC. Climate-Resilient Pathways: Adaptation, Mitigation, and Sustainable Development. Intergovern-

mental Panel on Climate Change; 2014.

11. Hay JE, Forbes DL, Mimura N. Understanding and managing global change in small islands. Sustain-

ability Science. 2013; 8(3):303–308. https://doi.org/10.1007/s11625-013-0220-x

12. Julca A, Paddison O. Vulnerabilities and migration in Small Island Developing States in the context of

climate change. Natural Hazards. 2010; 55(3):717–728. https://doi.org/10.1007/s11069-009-9384-1

13. Foley AM, Moncada S, Mycoo M, Nunn P, Tandrayen-Ragoobur V, Evans C. Small Island Developing

States in a post-pandemic world: Challenges and opportunities for climate action. WIREs Climate

Change. 2022; 13(3):e769. https://doi.org/10.1002/wcc.769

14. Jones BF, Olken BA. Climate Shocks and Exports. The American Economic Review. 2010; 100

(2):454–459. https://doi.org/10.1257/aer.100.2.454

15. Holding S, Allen DM, Foster S, Hsieh A, Larocque I, Klassen J, et al. Groundwater vulnerability on small

islands. Nature Climate Change. 2016; 6(12):1100–1103. https://doi.org/10.1038/nclimate3128

PLOS ONE On the assessment of land use competition for various integrated WEF scenarios

PLOS ONE | https://doi.org/10.1371/journal.pone.0310632 November 19, 2024 22 / 25

https://doi.org/10.1016/j.ecolind.2017.09.016
https://doi.org/10.1016/j.ecolind.2017.09.016
https://doi.org/10.1016/j.ecolecon.2020.106595
https://doi.org/10.1007/s12571-020-01077-0
http://www.ncbi.nlm.nih.gov/pubmed/32837636
https://doi.org/10.1111/j.1467-9493.2010.00383.x
https://doi.org/10.1088/1748-9326/ab1455
https://doi.org/10.1088/1748-9326/ab1455
https://doi.org/10.1016/j.ocecoaman.2014.05.005
https://doi.org/10.1016/j.ocecoaman.2014.05.005
https://doi.org/10.1017/S0376892918000036
https://doi.org/10.1007/s11625-013-0220-x
https://doi.org/10.1007/s11069-009-9384-1
https://doi.org/10.1002/wcc.769
https://doi.org/10.1257/aer.100.2.454
https://doi.org/10.1038/nclimate3128
https://doi.org/10.1371/journal.pone.0310632


16. Kim K, Burnett K, Ghimire J. Assessing the potential for food and energy self-sufficiency on the island of

Kauai, Hawaii. Food Policy. 2015; 54:44–51. https://doi.org/10.1016/j.foodpol.2015.04.009

17. Weir T, Kumar M. Renewable energy can enhance resilience of small islands. Natural Hazards. 2020;

104(3):2719–2725. https://doi.org/10.1007/s11069-020-04266-4 PMID: 32901174

18. Guell C, Brown CR, Navunicagi OW, Iese V, Badrie N, Wairiu M, et al. Perspectives on strengthening

local food systems in Small Island Developing States. Food Security. 2022; 14(5):1227–1240. https://

doi.org/10.1007/s12571-022-01281-0 PMID: 35528949

19. Lotfi A, Mohammadi-Ivatloo B, Asadi S. Introduction to FEW Nexus. In: Asadi S, Mohammadi-Ivatloo B,

editors. Food-Energy-Water Nexus Resilience and Sustainable Development: Decision-Making Meth-

ods, Planning, and Trade-Off Analysis. Cham: Springer International Publishing; 2020. p. 29–56. Avail-

able from: https://doi.org/10.1007/978-3-030-40052-1_2.

20. Asghar A, Rasool MS, Younas T, Basit M, Haq A. Food, Water and Energy Nexus a Pulpit for Imple-

menting the Sustainable Future. In: Asadi S, Mohammadi-Ivatloo B, editors. Food-Energy-Water Nexus

Resilience and Sustainable Development. Cham: Springer International Publishing; 2020. p. 291–304.

Available from: http://link.springer.com/10.1007/978-3-030-40052-1_13.

21. Van Vuuren DP, Bijl DL, Bogaart P, Stehfest E, Biemans H, Dekker SC, et al. Integrated scenarios to

support analysis of the food–energy–water nexus. Nature Sustainability. 2019; 2(12):1132–1141.

https://doi.org/10.1038/s41893-019-0418-8

22. Akbari-Dibavar A, Mohammadi-Ivatloo B. Security Interactions of Food, Water, and Energy Systems: A

Stochastic Modeling. In: Asadi S, Mohammadi-Ivatloo B, editors. Food-Energy-Water Nexus Resilience

and Sustainable Development: Decision-Making Methods, Planning, and Trade-Off Analysis. Cham:

Springer International Publishing; 2020. p. 305–321. Available from: https://doi.org/10.1007/978-3-030-

40052-1_14.

23. Zhang X, Vesselinov VV. Integrated modeling approach for optimal management of water, energy and

food security nexus. Advances in Water Resources. 2017; 101:1–10. https://doi.org/10.1016/j.

advwatres.2016.12.017

24. Gulati M, Jacobs I, Jooste A, Naidoo D, Fakir S. The Water–energy–food Security Nexus: Challenges

and Opportunities for Food Security in South Africa. Aquatic Procedia. 2013; 1:150–164. https://doi.org/

10.1016/j.aqpro.2013.07.013

25. Shannak S, Vittorio M. A Decision Support Tool for the Assessment of Water–Energy–Food Nexus in

Saudi Arabia. In: Asadi S, Mohammadi-Ivatloo B, editors. Food-Energy-Water Nexus Resilience and

Sustainable Development. Cham: Springer International Publishing; 2020. p. 57–73. Available from:

http://link.springer.com/10.1007/978-3-030-40052-1_3.
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