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Executive Summary

Tunisia is among the 25 countries experiencing “extremely high” water stress (World Resources Institute
2023), with the country’s water availability projected to decrease from 357 cubic meters (m?) per capita in
2020 to 268 m? per capita by 2050 (MARHP 2022). Both values are well below the absolute water scarcity
threshold of 500 m? per capita (FAO et al. 2015).

Ecosystems, particularly forests, play a crucial role in the water cycle that includes protecting water reservoirs from siltation.
Reservoirs in Tunisia experienced an average sediment accumulation rate of 22.59 percent in 2021 (MARHP 2022),
substantially reducing water-storage capacity. This is a key concern in the context of a country that is already susceptible
to droughts and water scarcity (MARHP 2020). Climate change is expected to further reduce water resources, intensify
erosion, and worsen land degradation due to a decrease in rainfall, higher temperatures, and greater evapotranspiration
rates (Abouabdillah et al. 2014). Tunisia’s heavy reliance on groundwater compounds these environmental challenges.

While the Government of Tunisia has taken noteworthy steps to address these issues, these need to be more robust
to reverse intensifying water scarcity. Innovative solutions will be needed to ensure the long-term sustainability of water
resources in a changing climate. Conducting detailed cost-benefit analyses can help decision-makers better understand
the immediate costs of such solutions and their mid- and long-term benefits for ecosystem services, particularly water
resources, as well as the cost of inaction in the context of climate change (box 1). Such an integrated approach provides
a robust framework for sustainable water resource management in Tunisia.

Box 1: Defining ecosystem services

Ecosystem services are the benefits people derive from ecosystems. These benefits include:

* Provisioning services: Products obtained from ecosystems, including food, freshwater, timber, fibers, and
medicinal plants

* Regulating services: Benefits stemming from the regulation of ecosystem processes, such as surface water
purification, carbon storage and sequestration, climate regulation, and protection from natural hazards

¢ Cultural services: Non-material benefits people gain from ecosystems, including natural areas that are sacred
sites and places important for recreation and aesthetic enjoyment

* Supporting services: The natural processes that sustain all other ecosystem services, including soil formation,
nutrient cycling, and primary production.

Objectives of this technical note

This technical note aims to determine the costs and benefits involved with using various levels of nature-based solutions
(NbS) to support mitigation and adaptation in the context of a changing climate in Tunisia.

After discussing the climate change and development challenges facing the country, the note uses the Siliana watershed as
a case study to detail the process involved with forecasting the following variables for the year 2050 under three possible
Shared Socioeconomic Pathways (SSP1, SSP2, and SSP3)!generating answers to the following questions:

¢ How climate change will affect land use and land cover (LULC)

e How climate change will affect the delivery of the following ecosystem services (see box 1): water yield, sediment retention,
carbon sequestration and crop production

e How nature-based solutions, implemented at a “low” or a “high” level (see boxes 2 and 3), can protect and enhance
these ecosystem services

The analysis concludes with an assessment of the economic value of ecosystem services as well as the cost of action
compared to inaction.

1  SSP1 (1.9 Sustainability) assumes that the world will transition to a sustainable pathway characterized by a rapid shift towards cleaner and more efficient technologies,
improvements in education and health, and lower population growth. Economic growth is primarily driven by green technologies and services, and there is a focus on
reducing inequality and improving human well-being.

SSP2 (4.5 Middle of the Road) assumes that current trends will continue, with a focus on economic growth, globalization, and increasing resource use. The world remains
relatively unequal, with moderate population growth and slower technological innovation. Environmental concerns are addressed, but only to a limited extent.

SSP3 (7 Regional Rivalry) assumes a fragmented world characterized by high levels of inequality, nationalism, and regional competition. Economic growth is driven by fossil
fuels and other high-carbon industries, leading to high greenhouse gas emissions and limited action on climate change. Population growth is high, and there is limited investment
in education and health.
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The Siliana watershed was chosen for this analysis due to its diverse bioclimatic zones and landscapes—which include
agriculture, forests, urban areas, and water bodies—as well as the availability of comprehensive data for analysis. The
watershed’s natural resources are crucial for the local economy but face various threats such as fires, overexploitation, and
drought. Freshwater supply, primarily from the Oued Siliana and Oued Lakhmess rivers, is at risk due to sedimentation, with
the Siliana reservoir projected to be fully silted by 204 7. Groundwater extraction in the watershed is increasing at a rapid rate.

Box 2: Defining nature-based solutions

Nature-based solutions are solutions that leverage nature, or parts of hature, to address societal challenges such
as climate change while supporting local biodiversity.

Box 3: Defining “no measures”, “low intervention measures”, and “high
intervention measures’

Nature-based adaptation measures to enhance landscape management and resilience to climate change
impacts include:

Implementing soil and water conservation techniques, such as implementing contour ridges and micro-basins
to reduce erosion and improve water management.

Planting forests or reforesting areas to restore degraded lands and enhance carbon sequestration.

Implementing agroforestry systems, that is, integrating trees with agricultural practices to improve soil fertility,
biodiversity, and water retention.

Replacing cereal crops with olive trees in degraded areas, so contributing to soil health and carbon
sequestration.

This study combines these nature-based solutions into possible management options, or what this document
refers to as “intervention measures”. The decision on which intervention measures to implement is a management
decision that can be informed by the results of scenario simulations that highlight the areas most vulnerable
to degradation risk. These vulnerable areas can be classified into two main categories: high degradation risk
and extreme degradation risk. Based on this classification, the management options can be organized into “low
intervention measures” and “high intervention measures”.

Both the low intervention measures and high intervention measures options assume a future in which climate
change pathways (SSP1, SSP2, and SSP3) are mitigated by the implementation of the nature-based solutions
described above at varying levels of intensity. These interventions offer multiple co-benefits, including improved
water retention, enhanced soil health, increased biodiversity, and carbon sequestration. By integrating natural
systems into land management practices, these solutions not only mitigate the impacts of climate change but also
enhance the resilience of ecosystems and communities to environmental stresses. This holistic approach ensures
sustainable development while addressing immediate challenges like soil erosion and water scarcity, crucial for
regions like Tunisia that are highly vulnerable to climate change.

The “low intervention measures” and “high intervention measures” scenarios are compared with a “no measures”
scenario, which assumes a climate change pathway that is characterized by significant resource demand and
development challenges. The no measures scenario serves as a baseline in which no action is taken to address
the impacts of climate change. This scenario helps evaluate the cost of inaction for water resources and
landscape ecosystem services, providing a comparison point for situations where various intervention measures
are implemented.
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Key findings
Water yield

Between 2008 and 2021, the average annual surface water yield was 38.9 million cubic meters (Mm?) per year, consisting
of 4.1 Mm? per year of base flow (groundwater) and 34.8 Mm? per year of quick flow (see box 4).

Box 4: Defining “surface runoff”, “quick flow”, and “base flow”

Surface runoff refers to the water that flows immediately after rainfall. It is a rapid process that contributes to
quick increases in river or stream levels, often leading to flooding and soil erosion.

Quick flow refers to the portion of streamflow that responds rapidly to rainfall events and is generated by
surface runoff.

Base flow is the portion of streamflow that is sustained during dry periods and comes from groundwater seeping
into rivers and streams. Base flow is slower and more consistent, providing a stable water supply to streams over
longer periods, especially during times without precipitation.

Surface water flow (quick flow)

Projections indicate that, by 2050, surface water would increase by 4.11 percent under SSP1 and decrease by 24.5
percent under SSP2 and 27.52 percent under SSP3. This indicates that the Siliana watershed will probably experience
changes in the frequency of precipitation, temperatures, and hydrological patterns, impacting both surface- and groundwater
availability. Changes in land use and vegetation cover will further affect surface water by altering the course of surface runoff.

Implementing NbS measures at different intensity levels could mitigate these outcomes: under the SSP2 scenatrio,
low measures would reduce quick runoff by 5 percent and high measures by 8 percent compared with a “no
measures” scenario. Under SSP3, low measures could reduce quick runoff by 10.7 percent and high measures by
12.67 percent (figure 1).

Figure 1. Surface water flows in 2021 and under SSP1, SSP2, and SSP3 in 2050 with no, low, and high intervention
measures (millimeters per hectare)
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Groundwater sustained flow (base flow)

By 2050, this is projected to increase by 38 percent if no action is taken under SSP1, 23 percent under SSP2, and
by 24 percent under SSP3. However, implementing NbS would significantly improve underground flows. Low intervention
measures would boost this flow by 5 percent under SSP1, by 34 percent under SSP2, and by 46 percent under SSP3. High
measures could increase groundwater flows by 13 percent relative to a “no measures” baseline under SSP1, by 66 percent
under SSP2, and by 56.6 percent under SSP3 (figure 2). These measures could help counteract the negative effects of
climate change on groundwater infiltration and base flows.

Figure 2. Groundwater flows in 2021 and under SSP1, SSP2, and SSP3 in 2050 with no, low, and high intervention
measures (millimeters per hectare)

SSP3
]
SSP2
|
SSP1
|
Actual (2021) |
0 2 4 6 8
Groundwater flows (mm/ha)
High measures M Low measures [ Nomeasures [ Actual (2021)
Sediment retention

Current sediment retention is an estimated 18.25 tons per hectare per year (t/ha/year). Projections to 2050 under
different climate change scenarios show varying outcomes: under SSP1 with no other actions taken, the landscape’s ability
to retain sediment increases slightly to 18.54 t/ha/year. By contrast, SSP2 predicts a decrease in sediment retention to
13.66 t/ha/year. The SSP3 scenario indicates a significant 47 percent decline in sediment retention, suggesting that the
landscape’s ability to retain sediment is considerably reduced.

A decrease in sediment retention increases the sediment load entering and accumulating in a reservoir. This will reduce
both the reservoir’s water quality and its storage capacity. Increased sedimentation can also accelerate the aging of the
reservoir, increasing the need for costly maintenance. Addressing the decline in sediment retention is therefore crucial for
ensuring the long-term resilience of the Siliana reservoir as key water infrastructure in the region.

Implementing low intervention measures improves sediment retention by 4 percent against the “no measures” baseline
for SSP1, by 29 percent against the “no measures” baseline for SSP2, and by 22 percent against the “no measures”
baseline for SSP3. This is because under the SSP1 scenario with no intervention, the risk of soil erosion is lower than under
SSP2. This implies that implementing interventions will yield greater improvements in SSP2, resulting in higher sediment
retention ecosystem services. With high intervention measures, the percentage of improvement in sediment retention
against a “no measures” baseline is even greater: 10 percent for SSP1, 42 percent for SSP2, and 32.4 percent for SSP3.
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Figure 3. Sediment retention values in the Siliana watershed in 2050 under SSP1, SSP2, and SSP3 scenarios with no,
low, and high intervention measures (tons per hectare)
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Carbon sequestration

Carbon sequestration in the Siliana watershed range from 0 to 22.5 tons per hectare (t/ha), with forests being the most
effective carbon stocks. Under SSP1, carbon stocks are expected to increase by 3.4 percent relative to 2021 if no action
is taken. However, by 2050, SSP2 and SSP3 project significant declines in carbon of 35 percent and 42 percent relative to
2021, respectively, if no action is taken. This is because rising temperatures and declining precipitation will cause forests
to degrade, resulting in an increase in forest fires and a related reduction in carbon stocks.

These changes are closely tied to shifts in LULC patterns, especially forest degradation. NbS presents an opportunity
to mitigate this decline. By implementing low intervention measures management options, carbon sequestration could
increase by 6 percent relative to “no measures” under SSP1, by 33.6 percent under SSP2, and by 23.5 percent under SSP3.
High intervention measures could bring even greater improvements, with carbon stocks increasing by 20 percent relative
to “no measures” under SSP1, 68 percent relative to “no measures” for SSP2, and 69 percent relative to “no measures”
for SSP3 (figure 4).

Figure 4. Carbon storage values in 2021 and in 2050 under SSP1, SSP2, and SSP3 with no, low, and high intervention
measures (tons per hectare)
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Cereals and olive trees are vital to the country’s food supply and agriculture sector, especially in the Siliana governorate.
Olive trees also hold deep cultural significance in Siliana, symbolizing peace, prosperity, and longevity.

Under SSP1, low and high intervention measures significantly improve yields for all crops compared to no measures.
Barley shows a 43.6 percent increase with low intervention measures and a 59.2 percent increase with high intervention
measures. Olives exhibit a 32.7 percent increase under low intervention measures and a 54.7 percent increase with high
intervention measures. Soft wheat demonstrates a 39.5 percent increase with low intervention measures and a 58.2
percent increase with high intervention measures. Finally, durum wheat increases by 40.4 percent under low intervention
measures and by 59.4 percent under high intervention measures.

For SSP2, the average yield declines by about 40 percent relative to 2021 if no action is taken. Low intervention measures
increase the yield of all cereals and olives by more than 60 percent on average compared with the “no measures” scenario,
while high intervention measures increased the yield by more than 75 percent on average across all crops.

For SSP3, both “low” and “high” intervention measures increase the average yield of all cereals and olives by more than
80 percent. In particular, olive yield would increase by more than 100 percent for both low and high intervention measures
by 2050, mainly due to olive-tree area expansion (figure 5).

Figure 5. Percentages of change of crop yield at actual situation and under SSP1, SSP2, and SSP3 scenarios horizon
2050, with no, low, and high intervention measures (tons per hectare)
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Cost-benefit analysis

Projections to 2050 under different SSP scenarios and NbS implementation options (figure 6) indicate that:

Low intervention measures provide a high average annual net present value (NPV) of US$6.4 million per year for SSP1,
US$5.2 million per year for SSP2, and US$4.9 million per year for SSP3 over a 30-year period (at a 6 percent discount
rate) when low intervention measures are targeted towards the most vulnerable areas to maximize economic benefits

and resource sustainability.

High intervention measures yield positive economic outcomes despite having lower annual NPVs of US$6.1 million per

year for SSP1, US$5.1 million per year for SSP2, and US$4.5 million per year for SSP3.

The economic cost of inaction is estimated at US$7.28 million per year. This highlights the savings that could be achieved
by avoiding future expenses related to water scarcity and environmental degradation linked to climate change. The cost
of implementing low intervention or high intervention measures represents less than 10 percent and 13 percent of total
inaction costs, respectively (figure 7).

Considering these results and the fact that low intervention measures provide higher annual NPVs under
the three SSP scenarios, low intervention measures are recommended.

Figure 6. Average annual net benefit under SSP3, SSP2, and SSP1 (in US$ million per year to 2050 at a 6 percent discount)

Figure 7. Cost of inaction vs cost of intervention for SSP3 (in US$ million per year to 2050 at a 6 percent discount)
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Recommendations

The following recommendations are directed towards decision-makers and landscape planners who play a critical role
in shaping and implementing policies for sustainable landscape and water resource management in Tunisia.

Identify and prioritize degraded areas: Soil erosion modeling and mapping can help identify regions experiencing high
land degradation so that these can be prioritized for restoration interventions. Such actions will both improve ecosystem
services and support Tunisia’s Nationally Determined Contributions.

Leverage nature-based solutions: At a price tag of US$7.28 million per year, inaction is not a viable option for the country.
Proactively implementing NbS strategies would cost the country 10 percent of the cost of inaction for low measures,
and 13 percent of the cost of inaction for high measures.

Support integrated water resource management: Adopting policies and strategies that take an integrated approach to
water resource management is essential for securing the country’s water-related services.

Enhance water infrastructure: This includes upgrading irrigation systems, repairing leaks, and building reservoirs and
rainwater harvesting systems to enhance water-storage capacity.

Strengthen institutional capacity: Strengthening institutions’ capacity to manage water in an integrated way that draws
on NbS will require training and capacity building for local authorities and community stakeholders; the development of
knowledge-sharing platforms; and greater support for research and innovation, especially into the benefits of using NbS.

Establish monitoring and evaluation: Comprehensive systems to monitor and evaluate the effectiveness of interventions
will enable decision-makers to refine management approaches and strategies over time.

Provide necessary financial resources and incentives: As discussed, the funds required for implementing NbS are
a fraction of what it would cost the country to not take action at all. Providing financial incentives to farmers and
communities to implement water-wise practices (possibly in the form of payments for ecosystem services) would
encourage integrated land management that enhances ecosystem services.

Conclusion

This analysis reveals the potential costs of failing to secure water resources in Tunisia, a region already grappling with
water-scarcity challenges. It is advisable to implement at least low-level NbS interventions across the country, escalating
to high-level NbS measures in high-priority zones that are particularly vulnerable to soil erosion and land degradation,
such as deforestation, as identified through soil erosion modeling and LULC predictions under various climate change
scenarios. Failing to act risks severe impacts on the environment, human health, and socioeconomic systems, exacerbating
existing vulnerabilities.
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Résumé Exécutif

La Tunisie fait partie des 25 pays connaissant un stress hydrique « extrémement élevé » (World Resources
Institute 2023), la disponibilité en eau du pays devant diminuer de 357 métres cubes (m?) par habitant
en 2020 a 268 m? par habitant d’ici 2050 (MARHP 2022). Ces deux valeurs sont bien inférieures au seulil
absolu de pénurie d’eau de 500 m?® par habitant (FAO et al. 2015).

Les écosystémes, en particulier les foréts, jouent un réle crucial dans le cycle de I'eau, notamment en protégeant les
réservoirs d’eau contre I'envasement. Les réservoirs tunisiens ont connu un taux moyen d’accumulation de sédiments
de 22,59 % en 2021 (MARHP 2022), réduisant considérablement la capacité de stockage de I'eau. Il s’agit d’'une
préoccupation majeure dans le contexte d’un pays déja exposé aux sécheresses et aux pénuries d’eau (MARHP 2020).
Le changement climatique devrait réduire davantage les ressources en eau, intensifier I'érosion et aggraver la dégradation
des terres en raison d’une diminution des précipitations, d’une hausse des températures et d’'une augmentation des taux
d’évapotranspiration (Abouabdillah et al. 2014). La forte dépendance de la Tunisie aux eaux souterraines aggrave ces
défis environnementaux.

Bien que le gouvernement tunisien ait pris des mesures notables pour résoudre ces problémes, celles-ci nécessitent
d’étre renforcées pour inverser la tendance a la pénurie d’eau. Des solutions innovantes seront nécessaires pour assurer
la durabilité a long terme des ressources en eau dans le contexte de I'évolution du climat. La réalisation d’analyses
colts-bénéfices détaillées peut aider les décideurs a mieux comprendre les colits immédiats de ces solutions et leurs
avantages a moyen et long terme pour les services écosystémiques, en particulier les ressources en eau, ainsi que le colt
de I'inaction dans le contexte du changement climatique (encadré 1). Une telle approche intégrée fournit un cadre solide
pour une gestion durable des ressources en eau en Tunisie.

Encadré 1: Définition des services écosystémiques

Les services écosystémiques sont les bénéfices que les populations tirent des écosysteémes. lls comprennent:

» Services d’approvisionnement: produits obtenus a partir des écosystémes, notamment la nourriture, I'eau
douce, le bois, les fibres et les plantes médicinales

 Services de régulation: avantages découlant de la régulation des processus écosystémiques, tels que la
purification des eaux de surface, le stockage et la séquestration du carbone, la régulation du climat et la
protection contre les catastrophes naturelles

 Services culturels: avantages immatériels que les populations tirent des écosystémes, notamment des zones
naturelles qui sont des sites sacrés et des lieux importants pour les loisirs et le plaisir esthétique

e Services de soutien: les processus naturels qui soutiennent tous les autres services écosystémiques,
notamment la formation des sols, le cycle des nutriments et la production primaire.

Objectifs de cette note technique

Cette note technique vise a déterminer les colits et les bénéfices liés a I'utilisation de solutions fondées sur la nature
(SFN) a des degrés divers pour soutenir I'atténuation et I'adaptation dans le contexte d’un climat changeant en Tunisie.

Aprés avoir discuté des défis liés au changement climatique et au développement auxquels le pays est confronté, et
prenant le bassin versant de Siliana comme étude de cas, la note présente les résultats détaillés de la modélisation de
I'impact des changements climatiques d’ici 2050 selon trois trajectoires socioéconomiques partagées possibles (SSP1,
SSP2 et SSP3)? en répondant aux questions suivantes:

« Comment le changement climatique affectera-t-il I'utilisation des terres et le couvert végétal terrestre?

2 SSP1 (1.9 Durabilité) suppose que le monde va évoluer vers une trajectoire durable caractérisée par une transition rapide vers des technologies plus propres et plus efficaces,
des améliorations dans I’éducation et la santé et une croissance démographique plus faible. La croissance économique est principalement tirée par les technologies et les
services verts, et I'accent est mis sur la réduction des inégalités et I'amélioration du bien-étre humain.

SSP2 (4.5 Moyen de la route) suppose que les tendances actuelles vont se poursuivre, en mettant I'accent sur la croissance économique, la mondialisation
et I'augmentation de I'utilisation des ressources. Le monde reste relativement inégal, avec une croissance démographique modérée et une innovation technologique
plus lente. Les préoccupations environnementales sont prises en compte, mais seulement dans une mesure limitée.

SSP3 (7 Rivalité régionale) suppose un monde fragmenté caractérisé par des niveaux élevés d’'inégalité, de nationalisme et de concurrence régionale. La croissance économique
est tirée par les combustibles fossiles et d’autres industries a forte teneur en carbone, ce qui entraine des émissions élevées de gaz a effet de serre et une action limitée
sur le changement climatique. La croissance démographique est élevée et les investissements dans I'éducation et la santé sont limités.
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e Comment le changement climatique affectera-t-il la fourniture des services écosystémiques (voir encadré 1) tels que le
rendement en eau, la rétention des sédiments, la séquestration de carbone et la production agricole ?

* Comment les solutions fondées sur la nature, mises en ceuvre a un niveau d’intensité « faible » ou « forte » (voir encadrés
2 et 3), peuvent-elles protéger et améliorer ces services écosystémiques ?

Enfin, I'analyse est complétée par I'’évaluation de la valeur économique des services écosystémiques ainsi que du colt
de I’action par rapport a I'inaction.

Le bassin versant de Siliana a été choisi pour cette analyse en raison de la diversité de ses zones bioclimatiques et de
ses paysages (qui comprennent des terres agricoles, des foréts, des zones urbaines et des plans d’eau) ainsi que de
la disponibilité de jeux de données complets permettant une analyse détaillée. Les ressources naturelles du bassin
versant sont cruciales pour I'’économie locale mais sont confrontées a diverses menaces telles que les incendies, leur
surexploitation et la sécheresse. Par ailleurs, I'approvisionnement en eau douce, provenant principalement des oueds
Siliana et Lakhmess, est menacé par la sédimentation, le réservoir de Siliana devant étre entierement envasé d’ici 2047
selon les prévisions. Enfin, I'extraction des eaux souterraines dans le bassin versant augmente a un rythme rapide.

Encadré 2: Définir des solutions fondées sur la nature

Les solutions fondées sur la nature sont des solutions qui exploitent la nature, ou certaines parties de la nature,
pour relever des défis sociétaux tels que le changement climatique tout en soutenant la biodiversité locale.

Encadré 3: Définition des types de mesures possibles : « sans aucune mesure », «
mesures d’intervention de faible intensité » et « mesures d’intervention de
forte intensité »

Les mesures d’adaptation fondées sur la nature pour améliorer la gestion du paysage et la résilience aux impacts
du changement climatique comprennent :

¢ La mise en ceuvre de techniques de conservation des eaux et des sols, telles que la mise en place de crétes
en courbe de niveau et de micro-bassins pour réduire I'érosion et améliorer la gestion de I'eau.

La plantation de foréts ou le reboisement de zones pour restaurer les terres dégradées et améliorer la
séquestration du carbone.

La mise en ceuvre de systémes agroforestiers, c’est-a-dire I'intégration des arbres aux pratiques agricoles
pour améliorer la fertilité des sols, la biodiversité et la rétention d’eau.

Le remplacement des cultures céréaliéres par des oliviers dans les zones dégradées, contribuant ainsi a la
santé des sols et a la séquestration de carbone.

Cette étude combine ces solutions fondées sur la nature a travers différentes options de gestion possibles, appelées
dans ce document des « mesures d’intervention ». La décision sur les mesures d’intervention a mettre en ceuvre
est une décision de gestion qui peut étre éclairée par les résultats de simulations de scénarios qui mettent en
évidence les zones les plus vulnérables au risque de dégradation. Ces zones vulnérables peuvent étre classées en
deux catégories principales : risque de dégradation élevé et risque de dégradation extréme. Sur la base de cette
classification, les options de gestion peuvent étre organisées en « mesures d’intervention de faible intensité » et «
mesures d’intervention de forte intensité ».

Les deux options de mesures d’intervention de faible et forte intensité supposent un avenir dans lequel les
trajectoires de changement climatique (SSP1, SSP2 et SSP3) sont atténuées par la mise en ceuvre des solutions
basées sur la nature décrites ci-dessus a différents niveaux d’intensité. Ces interventions offrent de multiples
avantages connexes, notamment une meilleure rétention d’eau, une meilleure santé des sols, une biodiversité
accrue et la séquestration de carbone. En intégrant les systémes naturels dans les pratiques de gestion des terres,
ces solutions atténuent non seulement les impacts du changement climatique, mais renforcent également la
résilience des écosystemes et des communautés aux stress environnementaux. Cette approche holistique assure
un développement durable tout en s’attaquant aux défis immédiats tels que I'érosion des sols et la pénurie d’eau,
cruciaux pour des régions comme la Tunisie qui sont trés vulnérables au changement climatique.
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—> ENCADRE 3 (SUITE)

Les scénarios de « mesures d’intervention de faible intensité » et de « mesures d’intervention de forte intensité » sont
comparés a un scénario « Sans aucune mesure », qui SUPPOSe une trajectoire de changement climatique caractérisée
par une demande de ressources importante et des défis de développement. Le scénario « sans aucune mesure »
sert de référence dans laquelle aucune mesure n’est prise pour faire face aux impacts du changement climatique.

Ce scénario permet d’évaluer le colt de I'inaction pour les ressources en eau et les services écosystémiques du
paysage, en fournissant un point de comparaison pour les situations ou diverses mesures d’intervention sont
mises en ceuvre.

Principaux résultats

Rendement en eau

Entre 2008 et 2021, le rendement annuel moyen des eaux de surface était de 38,9 millions de métres cubes (Mm?3)
par an, dont 4,4 Mm? par an de débit de base (eaux souterraines) et 34,8 Mm? par an de débit rapide (voir encadré 4).

Débit des eaux de surface (débit rapide)

Les projections indiquent que, d’ici 2050, les eaux de surface augmenteraient de 4,11 % dans le cadre du SSP1 et
diminueraient de 24,5 % dans le cadre du SSP2 et de 27,52 % dans le cadre du SSP3. Cela indique que le bassin versant
de Siliana connaitra probablement des changements dans la fréquence des précipitations, les températures et les
schémas hydrologiques, ce qui aura un impact sur la disponibilité des eaux de surface et souterraines. Les changements
dans I'utilisation des terres et la couverture végétale affecteront également les eaux de surface en modifiant le cours de
I’écoulement de surface.

Encadré 4: Définition de « le ruissellement de surface », du « débit rapide » et du «
débit de base »
Le ruissellement de surface désigne I'eau qui s’écoule immédiatement aprés une pluie. Il s’agit d’un processus

rapide qui contribue a une augmentation rapide du niveau des rivieres ou des ruisseaux, entrainant souvent
des inondations et I’érosion des sols.

Le « débit rapide » fait référence a la partie de I’écoulement fluvial qui réagit rapidement aux précipitations et est
générée par le ruissellement de surface.

Le débit de base est la partie du débit des cours d’eau qui est maintenue pendant les périodes seches et
provient de l'infiltration des eaux souterraines dans les riviéres et les ruisseaux. Le débit de base est plus lent
et plus constant, ce qui permet un approvisionnement en eau stable des cours d’eau sur de longues périodes,
en particulier pendant les périodes sans précipitations.

La mise en ceuvre de solutions fondées sur la nature a travers des interventions de faible intensité pourrait atténuer ces
effets : dans le scénario SSP2, les mesures de faible intensité réduiraient le ruissellement rapide de 5 % et les mesures
de forte intensité de 8 % par rapport a un scénario « sans intervention ». Dans le scénario SSP3, les mesures de faible
intensité pourraient réduire le ruissellement rapide de 10,7 % et les mesures de forte intensité de 12,67 % (figure 8).
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Figure 8. Débits des eaux de surface en 2021 et sous SSP1, SSP2 et SSP3 en 2050 sans aucune mesure ou avec des
mesures d’intervention de faible ou forte intensité (millimeétres par hectare)
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Débit des eaux souterraines (débit de base)

D’ici 2050, il devrait augmenter de 38 % si aucune mesure n’est prise dans le cadre du SSP1, de 23 % dans le cadre
du SSP2 et de 24 % dans le cadre du SSP3. Cependant, la mise en ceuvre de solutions basées sur la nature améliorerait
considérablement les débits souterrains. Des mesures d’intervention faibles augmenteraient ce débit de 5 % dans le cadre
du SSP1, de 34 % dans le cadre du SSP2 et de 46 % dans le cadre du SSP3. Des mesures de forte intensité pourraient
augmenter les débits des eaux souterraines de 13 % par rapport a une base de référence « sans mesures » dans le cadre
du SSP1, de 66 % dans le cadre du SSP2 et de 56,6 % dans le cadre du SSP3 (figure 9). Ces mesures pourraient aider a
contrer les effets négatifs du changement climatique sur l'infiltration des eaux souterraines et les débits de base.

Figure 9. Débits des eaux souterraines en 2021 et sous SSP1, SSP2 et SSP3 en 2050 sans aucune mesure ou avec des
mesures d’intervention de faible ou forte intensité (millimétres par hectare)
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Rétention des sédiments

La rétention actuelle des sédiments est estimée a 18,25 tonnes par hectare et par an (t/ha/an). Les projections jusqu’en
2050 selon différents scénarios de changement climatique montrent des résultats variables : dans le cadre du SSP1,
sans aucune autre mesure prise, la capacité du paysage a retenir les sédiments augmente légérement pour atteindre
18,54 t/ha/an. En revanche, le SSP2 prévoit une diminution de la rétention des sédiments a 13,66 t/ha/an. Le scénario
SSP3 indique une baisse significative de 47 % de la rétention des sédiments, ce qui suggére que la capacité du paysage
a retenir les sédiments est considérablement réduite.

Une diminution de la rétention des sédiments a pour corollaire I'augmentation de la charge de sédiments entrant et
s’accumulant dans un réservoir. Cela réduira a la fois la qualité de I'eau du réservoir et sa capacité de stockage. Une
sédimentation accrue peut également accélérer le vieillissement du réservoir, augmentant ainsi le besoin d’entretien
colteux. Il est donc essentiel de remédier au déclin de la rétention des sédiments pour assurer la résilience a long terme
du réservoir de Siliana en tant qu’infrastructure hydraulique clé dans la région.

La mise en ceuvre de mesures d’intervention de faible intensité améliore la rétention des sédiments de 4 % par rapport
au scénario de référence « sans aucune mesures » pour le SSP1, de 29 % par rapport au scénario de référence « sans
aucune mesures » pour le SSP2 et de 22 % par rapport au scénario de référence « sans aucune mesures » pour le SSP3.
En effet, dans le scénario SSP1 sans intervention, le risque d’érosion des sols est plus faible que dans le scénario SSP2.
Cela implique que la mise en ceuvre d’interventions entrainera de plus grandes améliorations dans le SSP2, ce qui se
traduira par des services écosystémiques de rétention des sédiments plus élevés. Avec des mesures d’intervention de
forte intensité, le pourcentage d’amélioration de la rétention des sédiments par rapport au scénario de référence « sans
aucune mesures » est encore plus élevé : 10 % pour le SSP1, 42 % pour le SSP2 et 32,4 % pour le SSP3.

Figure 10. Valeurs de rétention des sédiments dans le bassin versant de Siliana en 2050 selon les scénarios SSP1,
SSP2 et SSP3 sans aucune mesure ou avec des mesures d’intervention de faible ou forte intensité (tonnes par hectare)
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Séquestration de carbone

La séquestration du carbone dans le bassin versant de Siliana varie de 0 a 22,5 tonnes par hectare (t/ha), les foréts étant
les stocks de carbone les plus efficaces. Dans le cadre du SSP1, les stocks de carbone devraient augmenter de 3,4 % par
rapport a 2021 si aucune mesure n’est prise. Cependant, d’ici 2050, les SSP2 et SSP3 prévoient une baisse significative
du carbone de 35 % et 42 % par rapport a 2021, respectivement, si aucune mesure n’est prise. En effet, la hausse des
températures et la baisse des précipitations entraineront la dégradation des foréts, ce qui entrainera une augmentation
des incendies de forét et une réduction connexe des stocks de carbone.

Ces changements sont étroitement liés aux changements des modéles d’utilisation des terres et de climat, en particulier
la dégradation des foréts. Les solutions fondées sur la nature offrent la possibilité d’atténuer ce déclin. En mettant en
ceuvre diverses options de mesures d’intervention de gestion de faible intensité, la séquestration du carbone pourrait
augmenter de 6 % par rapport a « 'absence de mesures » dans le cadre du SSP1, de 33,6 % dans le cadre du SSP2 et de
23,5 % dans le cadre du SSP3. Des mesures d’intervention de forte intensité pourraient apporter des améliorations encore
plus importantes, avec des stocks de carbone augmentant de 20 % par rapport au scénario a « sans aucune mesure »
dans le cadre du SSP1, de 68 % par rapport au scénario a « sans aucune mesure » pour le SSP2 et de 69 % par rapport au
scénario a « sans aucune mesure » pour le SSP3 (figure 11).

Figure 11. Valeurs de stockage du carbone en 2021 et en 2050 dans le cadre des programmes SSP1, SSP2 et SSP3
sans aucune mesure ou avec des mesures d’intervention de faible ou forte intensité (tonnes par hectare)
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Production végétale

Les céréales et les oliviers sont essentiels a I'lapprovisionnement alimentaire et au secteur agricole du pays, en particulier
dans le gouvernorat de Siliana. Les oliviers ont également une profonde signification culturelle a Siliana, symbolisant la
paix, la prospérité et la longévité.

Dans le cadre du scénario SSP1, les mesures d’intervention de faible et forte intensité amélioreraient considérablement
les rendements de toutes les cultures par rapport a I'absence d’action. Le rendement des cultures d’orge augmenterait
de 43,6 % avec des mesures d’intervention de faible intensité et de 59,2 % avec des mesures d’intervention de forte
intensité. Le rendement des oliveraies augmenterait de 32,7 % avec des mesures d’intervention de faible intensité et
de 54,7 % avec des mesures d’intervention de forte intensité. Le rendement des cultures de blé tendre augmenterait de
39,5 % avec des mesures d’intervention de faible intensité et de 58,2 % avec des mesures d’intervention de forte intensité.
Enfin, le rendement des cultures de blé dur augmenterait de 40,4 % avec des mesures d’intervention de faible intensité
et de 59,4 % avec des mesures d’intervention de forte intensité.
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Dans le cadre du scénario SSP2, le rendement moyen diminuerait d’environ 40 % par rapport a 2021 si aucune mesure
n’est prise. Les mesures d’intervention de faible intensité augmenteraient le rendement de toutes les céréales et des olives
de plus de 60 % en moyenne par rapport au scénario « sans aucune mesures », tandis que les mesures d’intervention de
forte intensité augmenteraient le rendement de plus de 75 % en moyenne pour toutes les cultures.

Dans le cadre du scénario SSP3, les mesures d’intervention de faible et forte intensité augmenterait le rendement moyen
de toutes les céréales et des olives de plus de 80 %. En particulier, le rendement des olives augmenterait de plus de 100
% pour les mesures d’intervention de faible et forte intensité d’ici 2050, principalement en raison de I'expansion de la
superficie des oliviers (figure 12).

Figure 12. Pourcentages de changement du rendement des cultures dans la situation actuelle et selon les scénarios
SSP1, SSP2 et SSP3 a I’horizon 2050, sans aucune mesure ou avec des mesures d’intervention de faible ou forte
intensité (tonnes par hectare)
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Analyse colts-bénéfices

Les projections jusqu’en 2050 selon les différents scénarios SSP et options de mise en ceuvre des solutions fondées
sur la nature indiquent que:

» Les mesures d’intervention de faible intensité généereraient une valeur actuelle nette (VAN) annuelle moyenne élevée de
6,4 millions USD par an pour le scénario SSP1, 5,2 millions USD par an pour le scénario SSP2 et 4,9 millions USD par an
pour le scénario SSP3 sur une période de 30 ans (a un taux d’actualisation de 6 %) lorsque les mesures d’intervention de
faible intensité cibleraient les zones les plus vulnérables afin de maximiser les avantages économiques et la durabilité
des ressources.

» Les mesures d’intervention de forte intensité produiraient des résultats économiques positifs malgré des VAN annuelles
plus faibles de 6,1 millions USD par an pour le scénario SSP1, 5,1 millions USD par an pour le scénario SSP2 et 4,5
millions USD par an pour le scénario SSP3 (figure 13).

» Le colit économique de I'inaction est estimé a 7,28 millions USD par an. Cela met en évidence les économies qui
pourraient étre réalisées en évitant les dépenses futures liées a la pénurie d’eau et a la dégradation de I’environnement
liée au changement climatique. Le colt de la mise en ceuvre de mesures d’intervention de faible ou forte intensité
représenterait respectivement moins de 10 % et 13 % du co(t total de I'inaction (figure 14).

Compte tenu de ces résultats et du fait que les mesures d’intervention de faible intensité produisent des VAN annuelles
plus élevées dans les trois scénarios SSP, des mesures d’intervention de faible intensité sont recommandées.

Figure 13. Bénéfice net annuel moyen au titre des scénarios SSP3, SSP2 et SSP1 (en millions de dollars US par an
jusqu’en 2050 avec un taux d’actualisation de 6 %)
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Figure 14. Colt de I'inaction vs. colit des interventions pour le scénario SSP3 (en millions de dollars US par an jusqu’en
2050 avec un taux d’actualisation de 6 %)
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Recommandations

Les recommandations suivantes s’adressent aux décideurs et aux gestionnaires des paysages qui jouent un role essentiel
dans I'élaboration et la mise en ceuvre des politiques de gestion durable des paysages et des ressources en eau en Tunisie.

« ldentifier et hiérarchiser les zones dégradées: la modélisation et la cartographie de I'érosion des sols peuvent aider
a identifier les régions connaissant une forte dégradation des terres afin que celles-ci puissent étre priorisées pour
les interventions de restauration. De telles actions amélioreront a la fois les services écosystémiques et soutiendront
I'atteinte des contributions déterminées au niveau national de la Tunisie.

« Tirer parti des solutions fondées sur la nature: avec un coit de 7,28 millions de dollars par an, I'inaction n’est pas une
option viable pour le pays. La mise en ceuvre proactive de stratégies de solutions fondées sur la nature codterait au
pays 10 % du colt de I'inaction pour la mise en ceuvre de mesures de faible intensité et 13 % du co(t de I'inaction pour
les mesures de forte intensité.

» Soutenir la gestion intégrée des ressources en eau: I'adoption de politiques et de stratégies qui adoptent une approche
intégrée de la gestion des ressources en eau est essentielle pour sécuriser les services liés a I’'eau du pays.

« Améliorer les infrastructures hydrauliques: cela comprend la modernisation des systémes d’irrigation, la réparation
des fuites et la construction de réservoirs et de systémes de récupération des eaux de pluie pour améliorer la capacité
de stockage de I'eau.

* Renforcer les capacités institutionnelles: le renforcement de la capacité des institutions a gérer I’eau de maniére intégrée
en s’appuyant sur les solutions fondées sur la nature nécessitera la formation et le renforcement des capacités des
autorités locales et des acteurs communautaires, le développement de plateformes de partage des connaissances ;
et un soutien accru a la recherche et a I'innovation, notamment en ce qui concerne les avantages de I'utilisation des
solutions fondées sur la nature.

« Etablir un systéme de suivi et d’évaluation: des systémes complets de suivi et d’évaluation de I'efficacité des interventions
permettront aux décideurs d’affiner les approches et les stratégies de gestion au fil du temps.

» Fournir les ressources financiéres et les incitations nécessaires: comme indiqué, les fonds nécessaires a la mise en
ceuvre des solutions fondées sur la nature ne représentent qu’une fraction de ce qu’il en colterait au pays s'il n'agissait
pas du tout. Fournir des incitations financiéres aux agriculteurs et aux communautés pour qu’ils mettent en ceuvre
des pratiques économes en eau (éventuellement sous la forme de paiements pour les services écosystémiques)
encouragerait une gestion intégrée des terres qui améliorerait de fait les services écosystémiques.

Conclusion

Cette analyse révéle les coiits potentiels de I'échec de la sécurisation des ressources en eau en Tunisie, une région déja
aux prises avec des problémes de pénurie d’eau. Il est conseillé de mettre en ceuvre a minima des interventions de faible
intensité en matiére de solutions fondées sur la nature dans tout le pays, puis de passer a des mesures de solutions fondées
sur la nature de forte intensité dans les zones hautement prioritaires qui sont particulierement vulnérables a I'érosion
des sols et a la dégradation des terres, comme la déforestation, comme I'ont identifié les modéles d’érosion des sols et
les prévisions de changement d’occupation et d’utilisation des terres dans le cadre de divers scénarios de changement
climatique. Echouer dans I'action risque d’avoir de graves répercussions sur I'environnement, la santé humaine et les
systémes socio-économiques, exacerbant les vulnérabilités existantes.
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1. Climate Change and Development Challenges in Tunisia

Tunisia, a North African country renowned for its rich cultural heritage and diverse landscapes, confronts
significant challenges in managing its natural resources within a complex context characterized by climate
change, rapid development, and water scarcity.

The country consists of a mosaic of landscapes ranging from dense forests and fertile agricultural lands to arid deserts
(You et al. 2016; Boussema and Allouche 2020). These landscapes harvest rainwater, which flows into rivers and aquifers,
where it is stored until it is withdrawn for use by farms, industries, and households. In this way, each ecosystem plays a
crucial role in water provision while also supporting livelihoods, biodiversity, and the overall well-being of the population
(Myres and Mittermeir 2000).

Yet declining vegetation cover and soil erosion are reducing the ability of these landscapes to retain water, exacerbating
water scarcity. This scarcity, in turn, disrupts crucial ecosystem services such as water purification, flood regulation, and soil
fertility maintenance. Addressing landscape degradation and water scarcity under climate change is therefore imperative
for safeguarding Tunisia’s ecosystems and sustaining the well-being of its population.

This chapter investigates in greater detail the interplay between landscape and water management
under a changing climate in Tunisia, on the one hand, and the country’s development aspirations on
the other. It illuminates the key challenges faced by the country and explores potential pathways for
sustainable solutions.

The National Biodiversity Strategy and Action Plan for 2018-2030 (Republic of Tunisia 2017) identifies unsustainable
natural resource use and management, and habitat degradation, fragmentation, and loss as primary threats to Tunisia’s
biodiversity. Vegetation cover has experienced a severe decline over the past century due to human activities and the
introduction of livestock (Le Houerou 2000; Hanafi and Jauffret 2008). Further, Tunisia’s Strategy for Land Use and
Conservation of Agricultural Lands (2017) indicates that more than 2.6 million hectares—17 percent of the territory—are
at risk of erosion due to varying degrees of soil sensitivity. Climate change is exacerbating these and other challenges,
manifesting in rising temperatures, erratic rainfall patterns, and increased frequency of extreme weather events. These
changes have profound implications for agriculture, water resources, biodiversity, and the livelihoods of millions dependent
on the land for sustenance (Republic of Tunisia 2017).

Escalating ecosystem degradation not only fuels soil erosion and habitat loss but also intensifies desertification (Touhami
et al. 2023). As agriculture, a cornerstone of the economy, grapples with diminishing water resources, there is an urgent
need to transition towards more water-efficient farming techniques and crops (Notebaert et al. 2011; Rastogia et al. 2024).
This shift is crucial for ensuring the resilience of agricultural sectors and alleviating the strain on water reserves.

Urban areas are also impacted by water scarcity, amplifying competition between domestic, industrial, and agricultural
users. The socioeconomic repercussions of this competition are profound, with marginalized communities bearing the
brunt of water shortages, exacerbating poverty and food insecurity.

Tunisia is undergoing swift urbanization and industrialization, spurred by population expansion, economic growth, and
globalization (Labidi 2021). While this development heralds opportunities for advancement and prosperity, it also drives
environmental degradation and habitat depletion while escalating carbon emissions (Shahbaz et al. 2014). Meeting
both the demands of development and the need to safeguard the natural environment poses a significant challenge for
policy makers and stakeholders, particularly as water demands escalate. The objective is not to choose one or the other.
It is to navigate towards a win-win scenario that strikes a delicate balance between protecting ecosystem services and
livelihoods, promoting socioeconomic development, and ensuring water resource sustainability to bolster resilience against
Tunisia’s ongoing water scarcity predicaments. Achieving this balance demands holistic and innovative approaches that
prioritize sustainable, integrated, and differentiated water resource management to ensure that all regions can satisfy their
water needs.
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2. Assessing the Value of Ecosystem Services in the Siliana Watershed

Addressing the complex nexus of climate change, development, and landscape and water management in
Tunisia requires a multifaceted approach that integrates the evaluation of ecosystem services.

Itis important to assess the economic value of ecosystem services and the trade-offs associated with different land-use
and management decisions (MEA 2005). By recognizing the interconnectivity of these systems and valuing the benefits
provided by nature, Tunisia can define a strategic direction that optimizes both societal well-being and environmental
sustainability in a way that enhances resilience, promotes equity, and safeguards its natural heritage for future generations.

Ecosystem services are complex to model at a large scale because they are influenced by a variety of factors, including
biophysical characteristics, ecological processes, land use and land cover (LULC), and human activities (Burkhard et al.
2018). At large scales, these factors can vary significantly, making it challenging to develop accurate models of ecosystem
services across entire countries or regions (Kumar et al. 2013). At watershed level, however, hydrological models can be
tested and validated under diverse conditions.

Focusing on the Siliana watershed as a case study, this technical note aims to demonstrate how ecosystem
service value assessments can help identify areas of synergy and conflict between climate change mitigation
and adaptation goals, and development objectives.

Siliana was chosen for several reasons: it is small; there is sufficient high-quality hydrological and meteorological data
on the watershed to support modeling; and the watershed displays a geographical and climatic diversity that is linked to
a wide range of land-cover types and that represents conditions found in many other regions of Tunisia. The watershed
can therefore serve as a microcosm of broader environmental and geographical variability in Tunisia, making it a useful
case study for understanding broader ecological dynamics and challenges. Integrating such understanding into decision-
making processes would lead to more effective and holistic solutions that maximize co-benefits and minimize trade-offs.

1. Characteristics of the Siliana watershed

The Siliana watershed, in the northwestern part of Tunisia, covers 1,028 square kilometers and represents Tunisia’s
diversity by displaying a diverse range of climates, ecosystems, land uses, and socioeconomic aspects (figure 15). It
serves as a transitional zone between the humid climate in the north and the arid climate in the center of the country.

Figure 15. Location of the Siliana watershed (left) and key surface water features and digital elevation model (right)
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The region includes at least four bioclimates: sub-humid (2.6 percent), upper semi-arid (48 percent), medium semi-arid
(34.6 percent), lower semi-arid (11 percent), and arid (3.8 percent). Temperatures range from 4°C to 13°C in the winter
and from 18°C to 35°C in the summer, with annual rainfall between 250 millimeters (mm) and 600 mm, reaching up to
800 mm at higher elevations (EI Ghoul et al. 2023).

Siliana’s natural resources are of great economic value, with cultivable land used for cereal crops (87 percent), fruit trees
(14 percent), and irrigated crops (3 percent). Forests in the watershed are characterized by Aleppo pine with an undergrowth
of rosemary, but are affected by fires, overexploitation, and agricultural expansion (Daly-Hassen 2015). Its annual water
supply, sustained by the Oued Siliana and Oued Lakhmess rivers, is threatened by drought and sedimentation, with the
Siliana dam in northwestern Tunisia being 55.7 percent silted and projected to be fully silted by 2047 if no action is taken.
The dam had a storage capacity of 53 million cubic meters (Mm?3) when it was constructed in 1991 to support irrigation
and water resources management in the region.

The Jbel Serj, a national park within Siliana, serves as a biodiversity enclave and model for sustainable land management.
This park includes the central Dorsal (part of the Saharan Atlas mountain range), whose forested slopes prevents erosion
and which acts as a bioclimatic barrier between northern and central Tunisia.

2. Analytical tools used

The following tools were used to assess the value of ecosystem services in the Siliana watershed in the context of a
changing climate:

e TerrSet software’s Land Change Modeler (https://clarklabs.org/terrset/land-change-modeler/) was used to simulate
future LULC changes under different climate change scenarios.

» InVEST®, a suite of software tools developed by the Natural Capital Project (https://naturalcapitalproject.stanford.edu/
software/invest), was used to quantify the value of key ecosystem services to society under different scenarios.

3. Methodology

Monthly precipitation records were collected from the National Institute of Meteorology of Tunisia. Land use data at
a resolution of 30 meters (m) for 2000 was acquired from the Direction Générale des Foréts (General Directorate of
Forests). Digital elevation model data at the same resolution was obtained from the United States Geological Survey.® A
soil data map was obtained from the Direction Générale de ’'Aménagement et de la Conservations des Terres Agricoles
(General Directorate of Agricultural Land Development and Conservation). Future climate projection data for the period
2045 to 2050 was collected from the World Bank portal.

The various datasets were analyzed and treated as inputs for the TerrSet and InVEST models, allowing for comprehensive
characterization of the environmental and land-use situation. The combination of precipitation, land use, soil data, elevation
models, and future climate projections helped with modeling current conditions and assessing future scenarios, particularly
for ecosystem services and landscape planning.

Tools like TerrSet and the InVEST suite enable more effective planning and management decisions that consider both
short-term needs and long-term sustainability goals. The steps described below provide a high-level description of the
analysis process and set out underlying assumptions.

3 Digital Elevation Model (database). United States Geological Survey (accessed January 17, 2023). https://data.usgs.gov/datacatalog/data/USGS:77ae0551-c61e-4979-
aedd-d797abdcdeOe

Technical Note 5


https://clarklabs.org/terrset/land-change-modeler/
https://naturalcapitalproject.stanford.edu/software/invest
https://naturalcapitalproject.stanford.edu/software/invest
https://data.usgs.gov/datacatalog/data/USGS:77ae0551-c61e-4979-aedd-d797abdcde0e
https://data.usgs.gov/datacatalog/data/USGS:77ae0551-c61e-4979-aedd-d797abdcde0e

Step 1: Simulate how climate change will affect land use and land cover under various climate scenarios

TerrSet software’s Land Change Modeler uses data from various sources—including historical land cover maps, climate
data, and transition potential maps—to simulate future LULC scenarios for 2050 based on three Shared Socioeconomic
Pathways (SSPs), namely SSP1 (Sustainability), SSP2 (Middle of the Road), and SSP3 (Regional Rivalry), as defined in
the IPCC’s Sixth Assessment Report.

Step 2: Simulate how climate change will affect the delivery of ecosystem services and determine
economic value of these services

Underestimating the future impacts of climate change could be disastrous for landscapes and the ecosystem services they
provide. The InVEST suite of tools are used to attach an economic valuation to ecosystem services, so enabling decision-
makers to better visualize the effects of climate change and potential intervention scenarios. This allows them to make
management decisions that will enhance societal well-being while ensuring environmental sustainability.

Water resources and ecosystem services can be valued based on observable market prices. For instance, agricultural
products can be valued by subtracting the total input and labor costs from revenue based on biophysical modeling and
national market prices. This analysis values water supply at current market prices, with surface water priced at Tunisia’s
average irrigation rate and groundwater valued at 2020 drinking water rates.

Considering Tunisia’s context, the values of the following ecosystem services were assessed:

* Sediment retention: Erosion and sedimentation pose signhificant threats to the water-storage capacity of Tunisia’s
water reservoirs. Assessing sediment retention capacity helps to identify areas prone to erosion and prioritize local
conservation measures. Sediment retention was assessed by the INVEST Sediment Delivery Ratio (SDR) tool using the
“cost avoided” approach.

e Wateryield: Tunisia faces challenges related to water scarcity and variability, exacerbated by climate change and increasing
water demand from agriculture, industry, and urban areas. Modeling water yield helps decision-makers understand how
different LULC types affect water availability. This information is crucial for sustainable water management and planning,
especially in regions that are agriculturally productive. Water yield was assessed using the INVEST Seasonal Water Yield
(SWY) tool and its value was calculated based on market prices, with surface water priced at an average irrigation rate
and groundwater at the 2020 market price.

e Carbon sequestration: Tunisia is vulnerable to climate change impacts, including desertification and temperature
increases. Carbon sequestration models provide insights into the capacity of ecosystems to store carbon, which is
essential for mitigating greenhouse gas emissions and enhancing resilience to climate change. Carbon sequestration
was assessed using the INVEST Carbon Storage and Sequestration (CSS) tool and valued using a shadow price.

e Crop production: Agriculture is a vital economic sector in Tunisia, providing livelihoods for a significant portion of the
population. Modeling crop production enables decision-makers to assess agricultural productivity under different land-
management scenarios, so optimizing crop yields and ensuring food security. The net yield was assessed using the FAO’s
method for calculating yield based on water use, and the benefit was calculated using the “market price” approach (see
box 6). Total costs, including inputs and labor costs at market prices, were subtracted from the revenue generated from
biophysical modeling and national market prices. Olive and cereal crops were selected due to their significant role in
Tunisian agriculture and their importance in international trade.

e See Annexure 1 for more information on these ecosystem services. The next chapter outlines the key findings of this
valuation process and the subsequent steps.

Box 6: Defining the “market price” method

Some of the ecosystem services under investigation contribute to the production of commodities that are traded
on conventional markets. Assuming minimal distortions, the market price of these commodities—which are

directly observable due to trading activities—can be used to value ecosystem services by meticulously deducting
the costs of production and marketing to derive a residual value—the value of ecosystem services (Ovando et al.
2017; Khalfaoui et al. 2020). This is the predominant method for valuing ecosystem services when transactions
occur in tangible markets.
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Step 3: Model how nature-based solutions can enhance ecosystem services under three
climate scenarios

The decision on which nature-based solutions (NbS) to apply, if any, is a management decision. Modeling and simulations
can help decision-makers understand the likely costs and benefits of implementing NbS in various combinations versus

taking no action, so enabling the selection of management decisions that strike a balance between current development
needs and long-term environmental sustainability.

Given Tunisia’s context, INVEST tools were used to simulate the effects of applying the following NbS at varying levels in
the Siliana watershed, given the LULC changes expected under the three chosen climate change scenarios:

¢ Soil- and water-conservation techniques such as introducing contour ridges and microbasins (see box 7) to reduce
erosion and improve water management.

* Forest plantations and reforestation to restore degraded lands and enhance carbon sequestration.

* Agroforestry systems (integrating trees with agricultural practices) to improve soil fertility, biodiversity, and
water retention.

e Olive tree plantations to replace cereal crops in degraded areas, which would contribute to soil health and
carbon sequestration.

Box 7: Defining microbasins

Microbasins are depressions or basin-like structures dug around the base of trees to conserve soil and water
for arboriculture. Their main purpose is to collect and retain rain or irrigation water, so enabling water to better
infiltrate the soil and reducing runoff. Microbasins help to minimize soil erosion and enhance the delivery of
nutrients to tree roots. They are particularly beneficial in arid or semi-arid regions where water is scarce.

Step 4: Determine the optimal level and combination of nature-based solutions (management options)
The simulated NbS were combined into three potential management options for the Siliana watershed:

¢ A “no measures” management option: In this option, all climate change pathways (SS1, SS2, and SS3) are characterized
by development challenges and significant demand for resources. These forecasts serve as a baseline for assessing
the impacts of climate change on water resources and ecosystem services if no action is taken. This is not intended as
a viable management option. Rather, it was modeled to provide a comparison point for the effect of implementing “low
intervention” and “high intervention” management measures.

¢ A “low intervention measures” management option: This management option assumes the deployment of the following
minimum intervention measures to address extreme risks in areas facing “extreme” degradation risk:

o Contour ridges would be applied to 40 percent of cereal areas
o Microbasins would be implemented in 41 percent of olive-tree areas
o Agroforestry (using carob trees) would be adopted in 3.41 percent of the specified area.

* A “high intervention measures” management option assumed a comprehensive approach to interventions would be
taken to address both “extreme” and “high” degradation risk areas, so covering a larger intervention area. The following
NbS are assumed:

o Contour ridges are applied to 55 percent of cereal areas
o Microbasins are implemented in 89 percent of olive-tree areas

o Agroforestry (using carob trees) is adopted in 9.46 percent of the specified area.

Step 5: Conduct cost-benefit analysis

The previous three steps focus on determining the economic value of four key NbS at various levels and under various
climate change scenarios (SSP1, SSP2, and SSP3). These values now need to be compared with the costs involved in
implementing the various management options (combinations of different types and intensities of NbS) identified—or
not taking any action at all. To attain this objective, the cost-benefit analysis* is applied using a net present value (NPV)
application. The key findings of the cost-benefit analysis are presented in the next section.
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3. Key findings

This section outlines the key findings of the ecosystem services assessment and the subsequent economic
valuation, along with the results of a cost-benefit analysis of intervention measures given three different
potential SSP scenarios in the Siliana watershed.

1. Quantifying environmental services

Water yield

During the period studied (2008-2021), the average annual surface water yield was 38.9 Mm? per year, consisting of
4.1 Mm? per year of base flow (groundwater) and 34.8 Mm? per year of quick flow (surface water).

The INVEST SWY model shows that surface water flow in the Siliana watershed is significantly impacted under the three
climate change scenarios (figure 16). By 2050, surface water is projected to increase by 4.11 percent under SSP1 and
decrease by 24.5 percent under SSP2 and 27.52 percent under SSP3. These reductions indicate that the Siliana watershed
will probably experience changes in the frequency of precipitation, temperatures, and hydrological patterns, impacting
both surface- and groundwater availability. Changes in land use and vegetation cover will further affect surface water by
altering the course of surface runoff.

By 2050, under the SSP1 scenario, the adoption of low intervention measures will result in an approximately 11 percent
reduction in surface runoff against a “no measures” scenario, while implementing high intervention measures will lead
to a 15 percent decrease. Conversely, under the SSP3 scenario, employing low intervention measures would result in
a decrease of about 10.7 percent, whereas high intervention measures will lead to a reduction of about 12.67 percent
in surface runoff. This is because NbS enhances a landscape’s natural ability to retain and absorb water by increasing
vegetation cover, improving soil structure, and restoring natural water pathways, which collectively slows the movement of
water. This allows more water to penetrate the ground, which in turn reduces the volume and speed of surface runoff, so
mitigating the risk of erosion and flooding and ultimately promoting a more sustainable and resilient watershed.

Groundwater flows are predicted to increase by 38 percent relative to measured flows in 2021 if no action is taken under
SSP1, by 23 percent under SSP2, and by 24 percent under SSP3 (figure 17). Introducing low intervention measures results
ina 5 percentincrease in groundwater flows relative to a “no measures” scenario under SSP1, a 34 percent increase under
SSP2, and a 46 percent increase under SSP3. Introducing high intervention measures leads to a 13 percent increase
in groundwater flows relative to a “no measures” baseline under SSP1, a 66 percent increase under SSP2, and a 56.6
percent increase under SSP3.

These results underscore how NbS interventions can enhance groundwater infiltration and base flow
dynamics by 2050, mitigating climate impacts.

4 The literature suggests a cost-benefit analysis is the most-used decision-making support tool since its first application in 1936 (Bergstrom and Randall 2016). The principle
is based on welfare economics, which evaluates the potential project alternatives in terms of marginal social cost or marginal social benefit, taking into consideration
resources scarcity and individual preferences (Hanley and Barbier 2009). The application of the net present value (NPV), described as the most applied criterion in the cost-
benefit analysis (Hanley and Barbier 2009), is to verify the efficiency of potential in terms of resource allocation checking whether the sum of discounted gains is higher
than the sum of discounted losses considering the time period of the project: NPV=) Bt(1+i)-t - ) Ct[(1+i)-t], where B = benefits, C = costs, | = discount rate, and t = time period.
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Figure 16. Surface water flows in 2021 and under SSP1, SSP2, and SSP3 in 2050 with no, low, and high intervention
measures, in millimeters per hectare
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Figure 17 . Groundwater flows in 2021 and under SSP1, SSP2, and SSP3 in 2050 with no, low, and high intervention
measures, in millimeters per hectare
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Figure 18. Spatial distribution of groundwater flow ecosystem service (a) in 2021 and in 2050 under SSP3 scenarios
with (b) no measures, (c) low intervention measures, and (d) high intervention measures
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Sediment retention

Current sediment retention is an estimated 18.25 tons per hectare per year (t/ha/year). Projections to 2050 under
different climate change scenarios show varying outcomes: under SSP1, the landscape’s ability to retain sediment increases
slightly to 18.54 t/ha/year. By contrast, SSP2 predicts a decrease in sediment retention to 13.66 t/ha/year. Under the
SSP3 scenario, a significant 47 percent decline in sediment retention is estimated, suggesting that the landscape’s ability
to retain sediment will be considerably reduced.

A decrease in sediment retention will increase the sediment load entering and accumulating in a reservoir. This will
reduce both the reservoir's water quality and its storage capacity, compromising the reservoir’s ability to satisfy water
demand for purposes such as irrigation, drinking, and industrial uses. Increased sedimentation can also accelerate aging
of the reservoir, potentially shortening its lifespan and increasing the need for costly maintenance, bathymetric studies,
and dredging efforts to restore functionality. Addressing the decline in sediment retention is therefore crucial for ensuring
the long-term resilience of the Siliana reservoir as key water infrastructure in the region.

Implementing low intervention measures will improve sediment retention by 4 percent against the “no measures” baseline
for SSP1, by 29 percent against the “no measures” baseline for SSP2, and by 22 percent against the “no measures”
baseline for SSP3. With high intervention measures, the percentage of improvement in sediment retention against a “no
measures” baseline will be even greater: 10 percent for SSP1, 42 percent for SSP2, and 32.4 percent for SSP3.

These results show that NbS measures can significantly enhance sediment retention, which is vital for maintaining
water quality and quantity in rivers, lakes, and reservoirs. By reducing sedimentation, NbS help prevent the loss of water
storage capacity, ensuring a more reliable water supply. While low intervention measures may suffice under SSP1, high
intervention measures are essential for ensuring sediment retention under SSP2 and SSP3. Failure to take any action
results in the most adverse outcomes under all three SSPs.

Figure 19. Sediment retention values in the Siliana watershed in 2050 under SSP1, SSP2 and SSP3 scenarios with no,
low, and high intervention measures, in tons per hectare
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Figure 20. Spatial distribution of sediment retention (a) in 2021 and in 2050 under SSP3 scenarios with (b) no measures,
(c) low intervention measures, and (d) high intervention measures. in tons per hectare

SSP3 with no
measures in 2050

SSP3 with low
measures in 2050 e

— River

. Siliana reservoir
Sediment retention (t/ha)

[] oto10 [] 101020 [ 20t030 [J] 30040 [ >40

SSP3 with high
measures in 2050

Source: World Bank

Scale indicator

0 3.5 7 14 kilometers
Y T T N O O I

Technical Note 12



Carbon sequestration

The InVEST tool was also used to assess carbon stocks for the Siliana catchment. The resulting estimates range from
0.0to 22.5tons per hectare (t/ha), depending on LULC types and carbon pools (box 8). Forests exhibit the highest carbon
stocks per hectare, particularly in aboveground biomass and soils, followed by garrigue (scrubland) and maquis (shrubland).
Agricultural land and pastures exhibit the lowest level of carbon stocks.

Box 8: Defining carbon pools

The model organizes carbon into four key carbon pools, representing different forms of carbon storage
in ecosystems:

* Above-ground biomass: This pool includes the carbon stored in the living parts of plants above the soil, such
as trees, shrubs, and other vegetation. It is the most visible form of carbon storage and is primarily found in
forests and vegetated areas.

Below-ground biomass: This pool includes the carbon stored in the roots of plants. Although less visible, it is
a significant component, especially in forested areas and ecosystems with dense vegetation.

Soil carbon: This pool refers to the carbon stored in soils, including organic matter, dead plant material, and
microorganisms.

Dead organic matter: This includes carbon stored in non-living organic matter such as leaf litter, fallen logs,
and dead plant material. These materials decompose over time, releasing carbon back into the atmosphere,
but they can also contribute to soil carbon.

Under SSP1, carbon stocks are expected to increase by 3.4 percent relative to 2021 if no action is taken. However, by
2050, SSP2 and SSP3 project significant declines in carbon of 35 percent and 42 percent relative to 2021, respectively, if
no action is taken. This is because rising temperatures and declining precipitation will cause forests to degrade, resulting
in anincrease in forest fires and a related reduction in carbon stocks.

These changes are closely tied to shifts in LULC patterns, especially forest degradation. NbS presents an opportunity
to mitigate this decline. By implementing low intervention measures management options, carbon sequestration could
increase by 6 percent relative to a “no measures” baseline under SSP1, by 33.6 percent under SSP2, and by 23.5 percent
under SSP3. High intervention measures could bring even greater improvements, with carbon stocks increasing by 20
percent relative to “no measures” under SSP1, 68 percent relative to “no measures” for SSP2, and 69 percent relative to
“no measures” for SSP3 (figure 21).

Figure 21. Carbon storage values in 2021 (Actual) and in 2050 under SSP1, SSP2, and SSP3 with no, low, and high
intervention measures, in tons per hectare
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Figure 22. Spatial distribution of carbon sequestration ecosystem service in (a) 2021 and in 2050 under SSP3 scenarios
with (b) no measures, (c) low intervention measures, and (d) high intervention measures
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Crop production

Cereals and olive trees are vital to Tunisia’s agriculture sector, especially in the Siliana governorate. These crops play a
pivotal role in both the local economy and local culture. Cereals such as wheat and barley are staple foods for both people
and livestock. Cereals also contribute significantly to the national food supply and serve as a source of income for farmers
in the Siliana area. Olive trees hold deep cultural significance in Siliana, symbolizing peace, prosperity, and longevity. Olive
cultivation not only yields olive oil, a valuable ingredient in Tunisian cuisine, but also supports the livelihoods of countless
families through olive harvesting and processing.

The InVEST tool was used to forecast the likely change in crop yield, as a percentage, under various climate change
scenarios (SSP1, SSP2, and SSP3) and different intervention measures (no measures, low intervention measures, and
high intervention measures) (figure 23).

Under SSP1, low and high intervention measures significantly improve yields for all crops compared to no measures.
Barley shows a 43.6 percent increase with low intervention measures and a 59.2 percent increase with high intervention
measures. Olives exhibit a 32.7 percent increase under low measures and a 54.7 percent increase with high measures.
Soft wheat demonstrates a 39.5 percent increase with low measures and a 58.2 percent increase with high measures.
Finally, durum wheat increases by 40.4 percent under low measures and by 59.4 percent under high measures.

For SSP2, average yield declines by about 40 percent relative to 2021 figures under a “no measures” scenario. Low
intervention measures increase the yield of all cereals and olives by more than 60 percent on average compared with the
“no measures” scenario, while high intervention measures increase the yield by more than 75 percent on average across
all crops.

For SSP3, both low and high intervention measures increase the average yield of all cereals and olives by more than
80 percent. In particular, olive yield increases by more than 100 percent for both measures by 2050, mainly due to olive-
tree area expansion.
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Figure 23. Percentages of change of crop yield at actual situation and under SSP1, SSP2, and SSP3 scenarios horizon
2050 with no, low, and high intervention measures, in tons per hectare
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The results of the environmental services valuation demonstrate that implementing nature-based soil- and water-
conservation techniques in Tunisia’s semi-arid context would be an efficient and effective way to mitigate soil erosion
and bolster crop production. The region’s limited precipitation and vulnerable soil make it particularly susceptible to
erosion, threatening agricultural productivity and ecological balance. By adopting methods such as contour ridges and
microbasins, farmers can effectively control soil erosion, preventing the loss of fertile topsoil and preserving moisture
levels crucial for plant growth. These conservation practices not only safeguard the land’s integrity but also enhance soil
fertility and water-retention capacity.
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2. Economic valuation of ecosystem services

An estimation of the total economic value provided by the selected ecosystem services (sediment retention, carbon
sequestration, water yield, and crop production) in the Siliana watershed yields a total value of US$12 million in 2020,
at an average of US$120 per hectare.

Most of this value—64 percent—is derived from water yield, of which 62 percent comes from groundwater and about
2 percent comes from surface water. This is followed by sediment retention (19 percent), crop production from cereals
and olives (9 percent), and carbon sequestration (8 percent) (figure 24).

Figure 24. Breakdown of economic value of selected ecosystem services in the Siliana watershed in 2021
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3. Economic valuation: Action versus inaction

The NPV analysis conducted for 2050, using a 6 percent discount rate, shows that SSP1 provides the highest NPV under
all conditions, suggesting that the pathways and policies associated with SSP1 are likely to yield higher economic benefits
when interventions are applied, providing an average NPV of US$6.4 million per year when applying the low intervention
measures option. SSP2 and SSP3 show lower NPVs compared to SSP1, regardless of which intervention measures

are applied.

Figure 25. Average annual net benefit under SSP1, SSP2, and SSP3 in 2050 with 6 percent discount (in US$ million
per year)
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Figure 25 shows that, for the most pessimistic scenario (SSP3), opting for low intervention measures would yield
a notably higher average annual NPV of US$4.9 million compared to high intervention measures, which would
generate US$4.5 million. This difference underscores how strategic interventions can maximize economic returns.
Both low and high intervention measure strategies within the SSP3 scenario demonstrate superior NPVs compared to a
“no measures” scenario.

Estimating the cost of inaction can help decision-makers better understand the impact of failing to implement climate
interventions. For cost-estimation purposes, the SSP3 (Regional Rivalry) scenario is regarded as being equivalent to not
taking action. In this scenario, the cost of inaction comes to an annual average of US$7.28 million, which is substantially
higher than both the cost of low intervention measures (US$0.59 million) and high intervention measures (US$0.93 million)
for 2050 at 6 percent discount rate (figure 26).

Figure 26. Cost of inaction versus cost of intervention for SSP3 in 2050 at 6 percent discount (US$ million per year)

7.28

0.93
1 0.59

Costs in US$ million per year

I Low measures costs High measures costs Il No measures

The cost of inaction highlights the serious risks associated with climate change, underscoring the need to implement
interventions to mitigate potential impacts. Biophysical models indicate significant degradation risks, which are reflected
in the calculated NPVs for 2050. For all SSPs, not implementing interventions results in worse economic outcomes when
compared to scenarios with interventions, emphasizing the importance of adopting measures to effectively address climate
change impacts.

4. Broader relevance of key findings

The soil-water interactions and flux dynamics observed in the Siliana watershed probably apply to other watersheds with
similar LULC characteristics in the northern and central regions of the country. These areas typically exhibit comparable
environmental conditions (such as agricultural practices, vegetation types, and terrain morphology), which influence surface
and underground water movement and soil processes. Moreover, the data and models used are sufficiently robust to allow
for the reliable extrapolation of results. However, there are some shortcomings:

e Local variability not included in the model may result in inaccuracies when applied to other regions

» Differences in LULC, vegetation cover, and water-management practices between the Siliana watershed and other
regions may limit the generalization of results

e Basic assumptions regarding the representativeness of conditions in the Siliana watershed may not hold for all regions.
Arid regions, for example, require the model to be adjusted for certain areas.

The results from the Siliana watershed are useful for the entire country provided that readers and decision-
makers are alert to these shortcomings and consider the local context, including spatial differences, when
evaluating available options.
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4. Recommendations

Ecosystem modeling simulations provide valuable insights into the dynamics of ecosystem services and
the impacts of different scenarios on landscape management. By analyzing these results, policy makers,
stakeholders, and decision-makers can identify priority areas for intervention and formulate targeted
strategies to enhance ecosystem resilience and human well-being.

Based on the modeling and assessment of hydrological ecosystem services in a changing climate in Tunisia, the
recommendations and policy implications discussed below are proposed. Following these recommendations would
enhance Tunisia’s landscape-management efforts, improve hydrological ecosystem services, and support the country’s
commitment to its Nationally Determined Contributions. This integrated and targeted approach not only addresses
immediate environmental challenges but also builds resilience against future climatic impacts.

1. Identify and prioritize degraded areas

Use cartography and modeling tools to target interventions

Use remote sensing and GIS (geographic information system) technologies to accurately identify areas experiencing high
levels of soil erosion and natural-vegetation degradation.

Implement targeted interventions

Prioritize the identified degraded areas for ecosystem restoration interventions. This targeted approach ensures efficient
allocation of resources to areas where they are most needed to restore ecosystem services.

2. Leverage nature-based solutions

Implement key nature-based solutions to enhance water availability

Implement afforestation, reforestation, soil- and water-conservation techniques, and agroforestry practices, which are
key NbS and play crucial roles in enhancing water availability by improving the soil’s moisture retention, reducing water
usage, and reducing runoff while increasing groundwater recharge. They also help mitigate the impacts of climate change
on water resources.

Improve soil quality and restore watersheds to contribute to biodiversity conservation, climate mitigation (through carbon
sequestration), and climate adaptation (through increased resilience to droughts and improved agricultural and forest
productivity by protecting dams from siltation and by combatting soil erosion).

3. Support integrated water resource management

Adopt an integrated approach

Implement an integrated water resource management framework that considers the interconnectedness of surface- and
groundwater systems.

Create cross-sectoral collaboration

Foster collaboration between different sectors, including agriculture, industry, and urban planning, to ensure coordinated
water management. Integrated approaches can lead to more effective and sustainable outcomes.

Promote public awareness and education

Allocate financial resources to increase public awareness about the importance of water conservation through education
campaigns and community-engagement programs. Encouraging behavioral changes at the individual and community
levels can significantly reduce water consumption.

Facilitate climate-resilient planning

Integrate climate change projections into water-management planning to ensure that strategies will be robust under
future climate scenarios. This includes assessing vulnerabilities and incorporating adaptive measures into water resource
management plans.
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Strengthen policies and regulations that support sustainable water use and allocation

Develop and enforce policies that promote the sustainable use and equitable allocation of water resources. This includes
establishing mechanisms to monitor water use, setting water usage limits, regulating groundwater extraction, and ensuring
compliance with environmental standards. Effective stakeholder engagement and conflict resolution will play a key
role in this.

Protect ecosystems

Protect ecosystems that provide critical water-related services, such as wetlands and riparian zones. Ensure that
water-management strategies do not compromise the ecological health of these systems.

4. Enhance water infrastructure

Invest in modernizing and expanding water infrastructure to reduce losses and improve efficiency

Upgrade irrigation systems, repair leaks, and build reservoirs and rainwater-harvesting systems to enhance
water-storage capacity.

5. Strengthen institutional capacity

Training and capacity building

Provide training and capacity-building programs for local authorities, water managers, and community stakeholders
to effectively implement integrated water resource management approaches and NbS.

Data and knowledge sharing

Establish platforms for data sharing and collaborative research to continuously improve understanding and management
of hydrological ecosystem services.

Support research and innovation

Invest in research to develop new technologies and practices that enhance water efficiency and resilience. Collaborate
with academic institutions, private sector, and international organizations to drive innovation in water management.
Further cost-benefit analyses to include additional ecosystem services and evaluate further trade-offs under climate
change are also recommended.

6. Establish monitoring and evaluation systems

Track progress

Set up comprehensive monitoring and evaluation systems to track the effectiveness of interventions. Such systems could
include relevant indicators such as water quality, soil moisture levels, and vegetation cover. This monitoring data can then
be used to adapt and refine management approaches and strategies to achieve desired outcomes.

7. Provide necessary financial resources and incentives

Invest in nature-based solutions

Allocate funding towards the implementation of NbS (including afforestation, soil conservation techniques, and
agroforestry practices) and investing in water-conservation technologies in agriculture and industry (including precision
irrigation systems, water-efficient crop varieties, or innovative water recycling and reuse methods). Providing subsidies
or financial incentives for farmers to implement these practices could accelerate adoption.

Implement payment for ecosystem services

Establish Payment for Ecosystem Services (or PES) schemes where beneficiaries of ecosystem services, such as
water purification and flood regulation, pay landowners or communities that manage their land in ways that enhance
these services. This can provide a continuous revenue stream for conservation efforts and incentivize sustainable
land management.

Develop economic incentives for water efficiency

Develop and implement tax breaks, grants, or low-interest loans for businesses and households that adopt water-efficient
technologies and practices. Economic incentives can drive broader adoption of conservation measures.
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5. Conclusion

Understanding the economic importance of ecosystems that provide water-related services (such as water
yield and sediment retention) and associated benefits (such as crop production and carbon sequestration)
can support long-term decision-making in Tunisia.

An assessment of climate change impacts has revealed significant ecosystem vulnerabilities and highlights the potential
costs of inaction in Tunisia, a region already grappling with water-scarcity challenges. Biophysical modeling has identified
the national-scale zones most susceptible to degradation, and an economic analysis has underscored the urgent need for
intervention, especially under SSP3, when water scarcity will exacerbate environmental and socioeconomic risks in Tunisia.

Given these findings and the increasing threat of climate change, integrated intervention measures are crucial. While
low-level interventions show benefits over no action, more intensive measures could be considered for high-priority zones
facing degradation risks.

In conclusion, implementing measures to enhance ecosystem services, manage landscapes, restore natural vegetation,
and conserve soil is essential for addressing climate change and mitigating water scarcity in Tunisia. Failing to act risks
severe impacts on the environment, human health, and socioeconomic systems, exacerbating existing vulnerabilities.

Although interventions may necessitate initial investments, they promise significant long-term benefits such as reduced
environmental degradation, enhanced carbon sequestration, improved water availability, and sustainable economic
growth. Delaying actions could cause irreversible damage to ecosystems, heightening climate-related disasters and
economic losses.

Proactive measures such as adopting sustainable land-use practices and promoting landscape restoration and
conservation are imperative in Tunisia. These efforts can bolster resilience against climate change, foster sustainable
development, and secure a brighter future for both the environment and society.
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Annexure

Annexure 1: The modeled ecosystem services

Sediment retention

Sediment retention is a regulating ecosystem service provided by natural landscapes that mitigates soil erosion and
maintains water-storage capacity. INVEST SDR models use GIS data and hydrological algorithms to estimate sediment-
retention capacity across land cover and topography (Hamel et al. 2015).

Key steps in estimating sediment retention include gathering relevant spatial data on land cover, soil characteristics,
topography, and LULC. The InVEST model then estimates the transport of sediment particles within the hydrological system
considering factors such as soil erodibility, rainfall erosivity, slope steepness, vegetation cover, and land-management
practices (figure A1, table Al).
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Figure Al. The InVEST SDR model’s inputs: (a) rainfall erosivity, (b) soil erodibility, (c) digital elevation model, and (d) the
LULC classes of the Siliana watershed
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The model then quantifies the amount of sediment retained within different landscape units, including forests and
agricultural fields, based on their capacity to trap sediment and reduce downstream sedimentation. Finally, the INVEST
SDR model generates spatial maps and statistical summaries to depict the distribution of sediment-retention capacity
across different types of landscapes and land uses.

Table Al. Data required for the INVEST Sediment Delivery Ratio model

DATA TYPE SOURCE

Shuttle Radar Topography Mission

Digital elevation model Raster (30 m) (SRTM)

National Institute of Meteorology
Rainfall (2010-2020) Monthly, annually of Tunisia / General Directorate for
Water Resources

General Directorate of Agricultural
Map of soil types Raster (30 m) Land Development and
Conservation

General Directorate of Agricultural
Land use and land cover map Raster (30 m) Land Development and
Conservation

C, K, P factors Decimal Zante and Collinet 2001

Hamel et al. 2015; Vigiak

K, IC, SDR max parameters Decimal et al. 2012

Water yield

Surface water ecosystem services refer to the benefits that humans derive from the ecological functioning of freshwater
systems such as rivers, lakes, and water reservoirs. These benefits include the provision of clean drinking water, irrigation
water for agriculture, and water for industries.

The InVEST SWY model is a widely used tool for modeling surface water yield in different landscapes. The model can
be used to estimate the amount of water that will be generated by a particular landscape in response to different climatic
and environmental conditions.

The INVEST SWY model requires data on topography, land cover, soil properties, climate, and hydrology spanning at least
10 years. This study used high-quality data from 2008 to 2021 where it was available (table A2). The model was calibrated
with Siliana river water runoff to ensure that it accurately represents the hydrologic processes in the landscape. This step
involved adjusting the model parameters until the simulated outputs matched the observed flow.
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Table A2. Data needed for INVEST Seasonal Water Yield model

PARAMETERS SCALE SOURCE
Rainfall
National Institute of Meteorology
o i . of Tunisia
High intervention and minimum Daily observation data,
temperatures 2008-2021
General Directorate for Water
Runoff
Resources
CGIAR-CSI SRTM (https://
. . csidotinfo.wordpress.com/data/
Digital elevation model Raster srtm-90m-digital-elevation-
database-v4-1/)
. Global Hydrological Soil
Soil group Raster (https://earthmap.org/)
Land use and land cover Raster Ministry of Agriculture

Carbon sequestration

Carbon sequestration, the process by which carbon dioxide is removed from the atmosphere and stored in biomass and
soils, plays a critical role in mitigating climate change. The INVEST CSS model simplifies the complex carbon cycle into
four basic carbon stock pools: above-ground biomass, below-ground biomass, soil carbon, and dead organic matter. This
model, as described by Sharp et al. (2020) and Liang et al. (2017), relies on data from various sources to estimate the
carbon stored in these pools for each LULC typology. By applying the model to historical, current, and future LULC trends,
the net change in carbon stocks over time per unit area can be calculated if all changes result from transitions between
LULC typologies. Soil organic carbon stock values were obtained mainly from measured data linked to related literature
searches (Zribi et al. 2016; Chibani et al. 2021; Mechergui et al. 2023).

Crop production

Crop production is an important ecosystem service that provides food and other agricultural products essential for human
well-being. The FAO (Food and Agriculture Organization of the United Nations) addressed the relationship between crop yield
and water use in the late 1970s, proposing a simple equation where relative yield reduction is related to the corresponding
relative reduction in evapotranspiration (ET). Specifically, the yield response to ET is expressed as:

Y, ET,
1=y =% (1_ﬁ>

X

Where:

* Y,and Y, are the high intervention and actual yields

¢ ET and ET_are the high intervention and actual evapotranspiration

J Kyis ayield response factor representing the effect of a reduction in evapotranspiration on yield losses (Doorenbos and
Kassam 1979).

The equation above is a water-production function and can be applied to all agricultural crops, that is, herbaceous plants,
trees, and vines. The yield response factor (Ky) captures the essence of the complex linkages between production and
water use by a crop, where many biological, physical, and chemical processes are involved. The relationship has shown a
remarkable validity and allowed a workable procedure to quantify the effects of water deficits on yield. The different data
needed and sources used in the present work are presented in table A3.
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Table A3. Data and sources used to model crop yield

DATA USED SOURCES

. FAO 56 irrigation and drainage paper
Crop coefficient K, (Allen et al. 1988; Chakroun et al. 2023)
. FAO 56 irrigation and drainage paper
Yield response factor Ky (Allen et al, 1988)
i FAO 56 irrigation and drainage paper
Crop roots (Allen et al. 1988)
Potential evapotranspiration ETp din etal. 2005
S . I FAO 56 irrigation and drainage paper
High intervention evapotranspiration ET, (Allen et al. 1988)
I Hydrus physical model
Actual crop evapotranspiration ET, (Simunek, Sejna, and Van Genuchten 2018)
Actual Siliana CRDA Siliana data (MARHP n.d.)
Actual Tunisia Statistical Review of Tunisia 2019 (INS 2021)
Measures for cereals Khlifi 2008
Measures for olives Boufaroua 2002; Roose et al. 2010
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