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In Southern Tunisia Nefzawa region, the deep fossil aquifers have been used intensively to support agricultural activities and economic development. This resulted in the degradation of groundwater resources as well as in their conflicting uses. Efficient management strategies that allow for compromises between economic development and water resource preservation are needed. Such strategies require initial understanding of the interactions between stakeholders and water related processes. This paper aims to conceptualize the causalities between the management of deep fossil aquifers and the functioning of oasian agrosystems. By merging biophysical and socioeconomic issues, we propose an integrated assessment of public policies devoted to the management of groundwater resources. The failure of public policies emphasize both the lack of consideration for individual initiatives and the long-term uncertainties on such policies, where farmer practices have been driven by economic and cultural factors. A set of indicators is next proposed for assessing the preservation of deep fossil aquifers that support agricultural and economic development. Further methodological improvements are needed to evaluate the long-term effects of constraints and incentives on the management of deep fossil aquifers.

Introduction

Groundwater resources have significantly contributed to economic development and demographic growth in the past half century [START_REF] Shah | Groundwater: a global assessment of scale and significance[END_REF]. However, this growth has occurred at the cost of increasing pressures on these water resources (Foster and Loucks, 2006;[START_REF] Oss | The North-Western Sahara Aquifer System (Algeria, Tunisia, Libya): joint management of a transborder water basin[END_REF][START_REF] Jago-On | Urbanization and subsurface environmental issues: An attempt at DPSIR model application in Asian cities[END_REF]. For example, high abstraction rates for groundwater resources have led to the depletion of aquifer levels [START_REF] Ebraheem | Numerical modeling of groundwater resource management options in the East Oweinat area, SW Egypt[END_REF][START_REF] Kamel | Hydrogeological and hydrochemical approachfor hydrodynamic exchanges between deep and shallow aquifers in the Djerid basin,Tunisia[END_REF]. Although these effects have long been observed, pressures on groundwater resources have drastically increased in recent years due to human activities and rapid changes in land use. These pressures have been further intensified by government subsidies and easier access to drilling technologies [START_REF] Hong | A preliminary study of oasis evolution in the Tarim Basin, Xinjiang, China[END_REF][START_REF] Zu | Environmental changes of oases at southern margin of Tarim Basin, China[END_REF][START_REF] Wang | Energy balance measurements and a simple model for estimating pecan water use efficiency[END_REF].

Four types of arid and semiarid agrosystems depend entirely on groundwater resources [START_REF] Shah | Groundwater: a global assessment of scale and significance[END_REF]: i) arid agricultural systems, such as in the Middle East and North Africa; ii) industrial agricultural systems, such as in Australia, southern Europe, and the western United States; iii) smallholder farming systems, such as in South Asia and the plains of Northern China; and iv) extensive pastoralism supported by groundwater, such as in Sub-Saharan Africa and Latin America. Public concerns are related to aquifer depletion and subsequent problems that induce desertification: poor agricultural management, water salinization and soil degradation [START_REF] Feng | Neural networks to simulate regional ground water levels affected by human activities[END_REF][START_REF] Oss | The North-Western Sahara Aquifer System (Algeria, Tunisia, Libya): joint management of a transborder water basin[END_REF][START_REF] Saiko | Irrigation expansion and dynamics of desertification in the Circum-Aral region of Central Asia[END_REF][START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF][START_REF] Huang | Changes in groundwater induced by water diversion in the Lower Tarim River, Xinjiang Uygur, NW China: Evidence from environmental isotopes and water chemistry[END_REF]. In the Mediterranean region, most oasian agrosystems with palm groves rely on deep fossil groundwater resources. These agrosystems constitute ancestral home lands and take part in cultural identities.

To improve water resource management, deep fossil aquifers have been studied intensively in attempts to provide diagnoses, prognostics, and potential solutions. Most studies have been limited to examinations of hydrogeological processes and modeling the water budgets of regional aquifer systems [START_REF] Ebraheem | Numerical modeling of groundwater resource management options in the East Oweinat area, SW Egypt[END_REF][START_REF] Kamel | Hydrogeological and hydrochemical approachfor hydrodynamic exchanges between deep and shallow aquifers in the Djerid basin,Tunisia[END_REF]Tang et al., 2007a,b;[START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF][START_REF] Hu | Simulated groundwater interaction with rivers and springs in the Heihe river basin[END_REF]. Nevertheless, studying the evolution of deep fossil aquifers requires consideration of human influences, which allows communities to be prepared for adaptation [START_REF] Rapport | An ecohealth-based framework for state of environment reporting[END_REF][START_REF] Oss | The North-Western Sahara Aquifer System (Algeria, Tunisia, Libya): joint management of a transborder water basin[END_REF]. The challenge is to develop integrated approaches and evaluation tools, in order to characterize the causes and impacts of deep aquifer depletion [START_REF] Van Cauwenbergh | Safe-a hierarchical framework for assessing the sustainability of agricultural systems[END_REF][START_REF] Ibanez | Assessing overexploitation in Mediterranean aquifers using system stability condition analysis[END_REF].

The biophysical and socioeconomic features of a given agrosystem, which result from public policies, collective management and individual behaviors, can be determined using synthetic indicators [START_REF] Zalidis | Selecting agrienvironmental indicators to facilitate monitoring and assessment of EU agri-environmental measures effectiveness[END_REF][START_REF] Van Cauwenbergh | Safe-a hierarchical framework for assessing the sustainability of agricultural systems[END_REF][START_REF] Salvati | Assessing the impact of ecological and economic factors on land degradation vulnerability through multiway analysis[END_REF][START_REF] Singh | An overview of sustainability assessment methodologies[END_REF]. The latter can be designed using causal frameworks, such as DPSIR (Driving forces -Pressures -States -Impacts -Responses), which was developed to define socioecological indicators (OECD, 1998;[START_REF] Eea | Environmental indicators: typology and overview[END_REF]. The DPSIR framework has been successfully applied to address various environmental issues, such as the sustainability of coastal areas [START_REF] Bidone | The use of DPSIR framework to evaluate sustainability in coastal areas. Case study: Guanabara Bay basin, Rio de Janeiro, Brazil[END_REF][START_REF] Karageorgis | An integrated approach to watershed management within the DPSIR framework: Axios River catchment and Thermaikos Gulf[END_REF], strategies for integrated water resource management at the catchment level [START_REF] Giupponi | MULINO-DSS: a computer tool for sustainable use of water resources at the catchment scale[END_REF], and, more generally, management issues related to seascapes and landscapes [START_REF] Svarstad | Discursive biases of the environmental research framework DPSIR[END_REF][START_REF] Jago-On | Urbanization and subsurface environmental issues: An attempt at DPSIR model application in Asian cities[END_REF]. Nevertheless, applying DPSIR to the management of deep fossil aquifers is not straightforward because diagnostic data are limited. Furthermore, the causes and impacts of deep aquifer depletion are neither obvious nor easy to assess [START_REF] Konikow | Groundwater depletion: A global problem[END_REF]Foster and Loucks, 2006;[START_REF] Shah | Groundwater: a global assessment of scale and significance[END_REF].

The aim of this paper is to analyze the causalities between the management of deep fossil aquifers and the functioning of oasian agrosystems by applying the DPSIR framework. The deep fossil aquifers considered in this study have provided a water supply for the oasian agrosystems of the Nefzawa region. On the one hand, these aquifers have experienced complex governance and management issues in relation to technological development, market liberalization of the date palm sector, and interferences between public policies and individual strategies. On the other hand, the Nefzawa region has experienced (i) changing policies for the management of land and non-renewable deep aquifer water resources, (ii) investments by national programs for agricultural modernization, and (iii) environmental and socioeconomic monitoring, which provides long-term datasets.

Materials and methods

Study area: the Nefzawa oasian region

Biophysical characteristics

The Nefzawa region is located in Kebili Governorate, southern Tunisia. It extends over a 2500 km² area, from 33.3 N to 33.8 N latitude and from 8.5 E to 9.0 E longitude. Oases are scattered around Chott el-Djerid (Figure 1). The climate is arid [START_REF] Sarfatti | Climate of the Kébili governorate in Tunisia[END_REF]. Precipitation is concentrated in the winter, with annual values less than 100 mm.

[Figure 1 about here.]

In the vicinity of Chott el-Djerid, most soil from Nefzawa presents saline surface crusts. The variability in soil salinity mainly results from hydrological processes in relation to topography. Thus, oases are established over sand dunes, where shallow saline watertables result from poor natural drainage driven by outflows towards Chotts [START_REF] El Fekih | Soils of ancient oases in southern Tunisia[END_REF], and from the inefficiency of artificial drainage systems [START_REF] Luedeling | Drainage, salt leaching and physico-chemical properties of irrigated man-made terrace soils in a mountain oasis of northern Oman[END_REF][START_REF] Marlet | Water and salt balance at irrigation scheme scale: A comprehensive approach for salinity assessment in a Saharan oasis[END_REF][START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF].

The water supply for Nefzawa stems from North Western Sahara Aquifer System (NWSAS), which includes Complex Terminal (CT) and Continental Intercalary (CI) aquifers [START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF]. CT extends 670,000 km², with a depth between 50 and 500 m. CI covers a 1,100,000 km² area and is located between 800 and 2500 m deep. CI geothermal water temperature is between 60 and 70°C. Water resources were poorly quantified before 1970. Since then, the NWSAS use has been planned and monitored, as a result of government initiatives that aimed to improve water resource management [START_REF] Eress | Study about Northern Sahara water resources[END_REF].

Oasian crops within Nefzawa have long consisted of irrigated areas characterized by a canopy stratification that included a lower herbaceous layer, a middle fruit growing layer, and an upper date palm layer. The lower herbaceous layer is devoted to fodder crops with soil-enriching capacities through nitrogen binding. The Nefzawa oasian crops are characterized by traditional irrigation, where the main practice is flooding. Artesian or pumped water from NWSAS is brought by hydroagricultural infrastructures, such as cooling towers, ditches and water distribution networks.

Socioeconomic context

In the distant past, oases were established on artesian springs. Access to water resources was collective, free of charge and dependent on cultivated surfaces [START_REF] Kassab | Problems in Tunisian oases. Rural studies in Tunisia[END_REF]. Irrigation was based on the water management rules of traditional communities via farmer assemblies that regulated water partitioning and resolved user conflicts [START_REF] Trousset | Oasis organization during Antiquity: example of Gabès and Djerid region[END_REF]. In 1885, the Tunisian Government appropriated springs, thus dispossessing inhabitants from their ancestral and collective ownership [START_REF] Attia | State control of water resources in oasis of the Tunisia Jerid region. History of a dispossession[END_REF]. The end of the nineteenth century was characterized by an impoverishment of the agricultural sector inducing conflicts between inhabitants as well as emigration movements since the beginning of the 1970s (Sghaier, 2001).

During the past half century, the Tunisian Government has implemented various incentives and regulations for the use of natural resources to sustain the economic development of the region. A summary of these incentives and regulations is presented in Table 1, along with their ongoing mutations. The land reform conducted between 1964 and 1969 faced opposition from most farmers and owners because of its collectivist dimension [START_REF] Attia | State control of water resources in oasis of the Tunisia Jerid region. History of a dispossession[END_REF]. The Water Code in 1975 completed the appropriation of water resources by the Government [START_REF] Brochier-Puig | Water uses in oases under urbanization process: the case study of Nefzawa in southern Tunisia. Transforming territories[END_REF].

[Table 1 about here.] This period of incentives and regulations was characterized by the substitution of public structures into water user associations. These local water management institutions were under public directives and control. They experienced several changes in status and missions, simultaneously to both transfers of responsibilities and farmer involvements into collective water management. Such structures are currently labeled GDAs (French acronym for the Group for Agricultural Development). They are widespread within Nefzawa, with about 100 GDAs that collaborate closely with the regional institutions, so-called CRDA (French acronym for the Regional Planning for Agricultural Development). This period of incentives and regulations was also characterized by the implementation of regional programs that focused on the use of groundwater resources, with different objectives. First, the PDES (French acronym for Southern Water Planning Program) program aimed to increase water abstraction and irrigated areas, while improving hydroagricultural infrastructures for water saving and soil preservation (Sghaier, 2001). Next, the APIOS (French acronym for Southern Oasis Irrigated Areas a Tunisian -Japanese program) project addressed the preservation of water resources through the modernization of distribution and drainage infrastructures, on the one hand, and the strengthening of institutional structures on the other hand [START_REF] Ghazouani | Farmers' perceptions and engineersapproach in a community-managed irrigation scheme. A case study from anoasis of the Nefzawa (South of Tunisia)[END_REF].

Problem structuring

DPSIR presentation

The DPSIR framework was designed to characterize causalities between social, economic and environmental components of complex systems, to make possible the organization of information about anthropogenic forcing, regardless of the ecosystem [START_REF] Giupponi | MULINO-DSS: a computer tool for sustainable use of water resources at the catchment scale[END_REF][START_REF] Karageorgis | An integrated approach to watershed management within the DPSIR framework: Axios River catchment and Thermaikos Gulf[END_REF][START_REF] Skoulikidis | The environmental state of rivers in the balkans-a review within DPSIR framework[END_REF]. By contributing to a better understanding of causalities through an integrated approach, DPSIR is a valuable tool for recommending possible strategies of ecosystem management [START_REF] Eea | Environmental indicators: typology and overview[END_REF]. However, implementing DPSIR requires the collection of a large amount of information on the causalities between the anthropogenic forcing, the environmental consequences and the responses to environmental change [START_REF] Jago-On | Urbanization and subsurface environmental issues: An attempt at DPSIR model application in Asian cities[END_REF].

The DPSIR framework is structured into five components that connect environmental processes and biophysical status with anthropogenic forcing [START_REF] Mysiak | Towards the development of a decision support system for water resource management[END_REF][START_REF] Svarstad | Discursive biases of the environmental research framework DPSIR[END_REF]: (i) driving forces represent the main socioeconomic factors that exert (ii) pressures on both the uses of natural resources and human activities, which cause changes in (iii) states of biophysical and socioeconomic environments, inducing (iv) impacts on ecosystem functioning that lead to (v) responses that feedback the driving forces, pressures, states and impacts. For a given ecosystem, DPSIR can be applied from different perspectives (e.g., water, soil or vegetation resources, resource quantity or quality, proposing recommendations or assessing policy impacts).

Data collection

The dataset used for implementing DPSIR involved two spatial scales in relation to biophysical and socioeconomic issues of groundwater resource management. The Nefzawa regional scale corresponded to the management of water resources by the CRDA institutional service in charge of managing deep aquifer boreholes and sharing discharge between oases. The oasis scale corresponded to the management of community water resources by the GDA water user association in charge of water distribution among farmers. For the local scale, the focus was the 1 km² Fatnassa oasis, located northwest of Nefzawa (Figure 1).

To quantify the water abstraction into the CT and CI aquifers on the regional Nefzawa scale, long-term measurements were obtained from the CRDA units in charge of managing the CT and CI boreholes. Data of water discharge and salinity levels for 2007 were provided by the CT and CI boreholes monitoring stations (CRDA-Kebili, 2007). Because these datasets were restricted to official records, they did not reflect uncontrolled abstractions from illicit wells. The resulting database was mostly fragmentary, and the gathered information was analyzed to ensure data reliability. Thus, we verified the borehole characteristics (salinity and abstraction levels, assigned oases and related extents, irrigated areas). Data on harvested date palm areas in Tunisia were obtained from FAO statistical reports (FAOSTAT, 2009). Statistics on total date production between 1984 and 2006 were obtained from the Tunisian Ministry of Agriculture. The diversity of farming systems was characterized using data from a previous study that included farm size, plot number and size, and crop types (Sghaier, 2001). These data were collected through farmer interviews by considering a household sample that represented 20% of the entire population.

On the Fatnassa local scale, shallow watertable depth and salinity level were measured on 165 field plots. Characteristics of the irrigated areas were obtained from the official land register of the GDA [START_REF] Gda-Fatnassa | Land register and identity list of the Fatnassa GDA members[END_REF], and next updated. The statistics included the number of farmers and plots, the member identities, the irrigation duration per plot, and the irrigated surface area. Data on cropping intensification and diversity at the parcel plot were estimated from in-situ observations. Date palm yields at the parcel plot scale were estimated at harvest time from field observations and expert knowledge. Data on farmers' perceptions and adaptation strategies were collected from individual and semi-directed on-farm interviews. The household sample represented 5% of the population. Farmers were interviewed about (i) their perceptions of the environmental status, (ii) their perceptions of the malfunctioning of irrigation water management, and (iii) their adaptations to water shortage and soil degradation. The whole set of data collected at the Fatnassa local scale was analyzed in the framework of the SIRMA (French acronym for Water Saving in Maghreb Irrigated Areas, a project granted by the French Foreign Affairs Ministry) project [START_REF] Ghazouani | Farmers' perceptions and engineersapproach in a community-managed irrigation scheme. A case study from anoasis of the Nefzawa (South of Tunisia)[END_REF][START_REF] Marlet | Water and salt balance at irrigation scheme scale: A comprehensive approach for salinity assessment in a Saharan oasis[END_REF][START_REF] Bouarfa | Salinity patterns in irrigation systems, a threat to be demystified, a constraint to be managed: field evidence from Algeria and Tunisia[END_REF][START_REF] Ghazouani | Farmers' Practices and Community Management of Irrigation: Why do they not match in Fatnassa Oasis?[END_REF].

For the data provided by technical and statistical reports from national and international program, as well as those provided by bibliographical materials from previous studies, a reference list is provided in the second bibliography section, "Administrative reports and other sources of data".

DPSIR implementation

Since the beginning of the 1970s, emigration resulted from an impoverished agricultural sector and job opportunities in cities and littorals (Sghaier, 2001). To prevent an economic collapse of the southern Tunisia oasian agrosystems, the Tunisian government significantly invested in agricultural intensification by initiating the PDES program in 1976. This intensification consisted of expanding irrigated areas and strengthening hydroagricultural infrastructures to mobilize water resources. Despite successes in terms of economic development, several environmental and societal problems were noted a posteriori (SAPI-team, 2005). To overcome these problems, the Tunisian government initiated the APIOS program, which focused on implementing strategies to improve the technical, economic and institutional dimensions of water resource management.

From the perspective of managing deep fossil aquifers within the Nefzawa oasian agrosystems, the DPSIR components are identified, along with their causal relationships (Figure 2), in relation to public strategies and resulting impulsions (i.e., regulations, incentives). The main drivers included socioeconomic dimensions (e.g., market constraints, technological developments), which generated pressures on deep fossil aquifers (water abstraction). These aquifers subsequently experienced damages such as salinization and lowering of the piezometric level. The resulting effects included agricultural, environmental and social damages, such as reduced agricultural performance and conflicts related to community water management. The response mechanisms were characterized by public policies and individual adaptation strategies, which induced feedback on the driving forces, pressures, states and impacts within the DPSIR framework.

[Figure 2 about here.]

Results

Groundwater mobilization to stimulate economic growth

Driving forces

When addressing the management of deep fossil aquifers within the Nefzawa oases, the driving forces can be differentiated into demography, market constraints, public regulations and farmers' strategies for water access and land tenure.

The Nefzawa population doubled over the last 30 years. This growth, combined with improvements in lifestyle, has resulted in increasing pressures on water resources. On the other hand, emigration has led to the lack of labor force in the agricultural sector as well as agricultural investments from emigrates [START_REF] Bou Ali | Man and oasis: demography, migrations and employments in oasian systems: a case study in the Jerid and Nefzawa regions in Tunisia[END_REF]Sghaier, 2001).

Market liberalization for the export of palm dates has oriented farmers' practices toward the cultivation of remunerative varieties. Various local species have disappeared due to their inappropriateness for the market, and have been replaced by Deglet Nour variety. The latter now represents 75% of date production within Nefzawa. Opportunities on the Deglet Nour export market have led to the illicit expansion of irrigated areas with increasing rates of water abstraction.

The Tunisian Government implemented land privatization policies to promote individual investment and ownership. These policies have facilitated land tenure and the expansion of irrigated areas, with consequences to ownership rights for water resources. In an arid context where water possession have prevailed over land ownership [START_REF] Trousset | Oasis organization during Antiquity: example of Gabès and Djerid region[END_REF], access to land implies legal and / or illegal water mobilization. Thus, encouraging land possession led to violations of protection laws for deep aquifers. Figure 3 shows that from 1970 to 2008 (i) the oasian harvested area in southern Tunisia increased fivefold, and (ii) the total water abstraction increased fivefold. Partial information for water abstraction is due to difficulties in monitoring actual abstraction, especially from illicit wells.

Oasis area within Nefzawa increased from 7000 ha to more than16000 ha. These expansions and creations were conducted gradually according to the oasis type and period, where 40% of the oasis creations and expansions were unofficial. These illegal expansions are now observed in two-thirds of the oases, with ratios of extended to total areas ranging between 5% and 80%. Two extreme instances in southern Nefzawa are the Nouiel oasis in 1995, with 100 ha of official areas amongst 650 ha of illegal expansion [START_REF] Auclair | Nomad settlements in southern Tunisia: energetic behaviors and desertification[END_REF], and the El Faouar oasis expansion, with a total area of 86 ha in 2000 and 300 ha in 2007 [START_REF] Brochier-Puig | Water uses in oases under urbanization process: the case study of Nefzawa in southern Tunisia. Transforming territories[END_REF]CRDA-Kebili, 2007). . [Figure 3 about here.] In Nefzawa, most farmers own several very small fields distributed within the oases. This land fragmentation has sociocultural origins, with regulations for the succession and partitioning of irrigated lands within and outside the public organization [START_REF] Brochier-Puig | Water uses in oases under urbanization process: the case study of Nefzawa in southern Tunisia. Transforming territories[END_REF]. The average farm area does not exceed 0.35 ha, with areas smaller than 0.25 ha for almost 80% of the farms and areas larger than 0.5 ha for approximately 10% of the farms (Sghaier, 2001). In Fatnassa oasis , 500 land owners share 470 parcels over 112 ha, with parcel areas ranging from 0.01 ha to 2 ha (with an average of 0.3 ha), of which 70% have areas smaller than 0.3 ha and only 2% have areas larger than 1 ha.

Pressures

Both the increasing number of drillings into the NWSAS and the exploitation mode have led a significant withdrawal rate that increased from 0.6 Tm 3 year -1 in 1970 to 2.5 Tm 3 year -1 in 2000 [START_REF] Oss | The North-Western Sahara Aquifer System (Algeria, Tunisia, Libya): joint management of a transborder water basin[END_REF]. Available estimates suggest the number of illicit wells increased from several dozen in the 1970s to 1500 in the 1990s and 3500 today [START_REF] Gharbi | Hydraulic infrastructures and improvement of water management in southern oases[END_REF].

Figure 3 underlines three specific periods for water abstraction between 1970 and 2008. The first decade was characterized by a 50% increase in abstraction. This increase corresponded to the creation of new oases, the replacement of springs with wells in old oases, and the establishment of deep drilling into the CI aquifer along with a cooling tower [START_REF] Belhedi | Strategies and counter-strategies for development problems in Souk Lahad (Nefzawa). In: Oases in Maghreb, valuations and developments[END_REF]. The second period extended through the 1980s and 1990s, when the abstraction increased by 250% due to official drillings and illicit wells. The 1980s saw the creation of 685 official drillings into the CT and CI aquifers and the emergence of illicit wells from which abstraction increased sevenfold (Sghaier, 2001). The 1990s saw the creation of 766 official drillings in CT and CI aquifers and the end of artesianism from the CT aquifer [START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF].After 2000, the increase in abstraction was moderate. The CT exploitation was more controlled because most of the created drillings (559) were connected to the CI aquifer which has provided approximately 32 Mm 3 year -1 under strong artesian conditions.

States

The increasing use of deep fossil aquifers led to a strong decline in overall piezometric level and water quality degradation. For the CT aquifer, the depletion on the Nefzawa regional scale was about 1 m year -1 from 1970 to 2000 [START_REF] Mamou | Water saving and resource valuation in Tunisia[END_REF]. This depletion was convergent with the elimination in 1995 of natural springs that represented up to 30% of the water resources in the 1970s [START_REF] Kassab | Problems in Tunisian oases. Rural studies in Tunisia[END_REF]. Declines in CT groundwater levels led to the salinization of water resources because of the saline water upwelling from the underlying CI aquifer and the back-flow from shallow groundwater [START_REF] Zammouri | Salinization of groundwater in the Nefzawa oases region, Tunisia: results of a regional scale hydrogeologic approach[END_REF]. From 1980 to 2000, salinity increased by 1-2 g l -1 in the Kebili Peninsula and by more than 3-4 g l -1 in the southern Douz region. Consequently, the water pumped at these locations was no longer suitable for irrigation [START_REF] El-Fahem | Salination of Groundwater in the Nefzawa Oases -South Tunisia[END_REF].

A decrease in the deep aquifer level reduced the discharge to oases' irrigation networks and increased the salinity levels at most measurement locations. Figure 4 shows the 2007 mean values of:

(i) available discharge, calculated from forage deliveries and irrigated surface areas (CRDA-Kebili, 2007), and (ii) salinity of irrigation water, measured at forage deliveries for several oases in Nefzawa.

The discharge was highly variable, with a coefficient of variation of 35% for a mean value of 0.85 l s -1 ha -1 . When compared to the date palm minimum requirement (0.7 l s -1 ha -1 ), the discharge was lower for 40% of the oases (with a minimum of 0.3 l s -1 ha -1 ), between 0.8 and 1 l s -1 ha -1 for 31% of the oases, and greater than 1 l s -1 ha-1 for 29% of the oases. Locally, the salinity reached 7 g l -1 , and exhibited significant spatial variability, with a coefficient of variation of 40% for a mean value of 2.6 g l -1 . This variability was also observed at the Fatnassa oasis, with measured values between 1.2 g l -1 and 5.8 g l -1 .

[Figure 4 about here.]

Impacts

Subsequently to the shortage of groundwater resources, three types of effect were identified:

(i)salinization of soil and waterlogging, (ii) conflicting situations in relation to water resource management, and (iii) a decline in agricultural performance.

Salinization of soil and waterlogging stemmed (i) from shallow saline watertables due to excessive irrigation with saline water from deep fossil aquifers and (ii) from deficiencies in artificial drainage due to channel clogging by sand and roots [START_REF] Ben Aissa | Performance assessment for a buried drainage network within a modernized oasis in southern Tunisia: the case of the North-Fatnassa oasis in Kébili[END_REF]. In the Fatnassa oasis, the salinity of drainage water varies from 8 g.l -1 in winter to 25 g.l -1 in summer, while waterlogging induces root asphyxiation [START_REF] Marlet | Water and salt balance at irrigation scheme scale: A comprehensive approach for salinity assessment in a Saharan oasis[END_REF]. Farmers mitigate both effects by conducting sand and manure supplies. More drastic adaptations include abandoning old salinized and waterlogged plots while developing plantations on new parcels [START_REF] Ghazouani | Farmers' perceptions and engineersapproach in a community-managed irrigation scheme. A case study from anoasis of the Nefzawa (South of Tunisia)[END_REF]. For the Fatnassa oasis, farmland abandonment in the ancient section is as high as 12%.

Despite the implementation of water user associations, collective water resource management has suffered from several problems, with subsequent conflicts among water users. Problems arise from the water shortage due to deep fossil aquifer depletion, particularly from low efficiency of water distribution. Local conflicts result from inequities in water distribution, including individual behaviors that extend the duration of irrigation to overcome extended water turns [START_REF] Ghazouani | Farmers' perceptions and engineersapproach in a community-managed irrigation scheme. A case study from anoasis of the Nefzawa (South of Tunisia)[END_REF]. For Fatnassa, the average duration of irrigation exceeds the 10 h.ha -1 rule by 80% [START_REF] Ghazouani | Farmers' Practices and Community Management of Irrigation: Why do they not match in Fatnassa Oasis?[END_REF].

This corresponds to a 30-to 60-day duration for water turns, compared to 5-day duration in the 1970s.

Low agricultural performance is mainly caused by summer water shortages resulting from the lengthening of water turns and the decreased discharge for irrigation schemes. Poor performance includes lower cropping intensities, lower date yields and lower date quality. Figure 5 shows the evolution of date production in southern Tunisia. Annual production increased twofold from 1980 to 2006, with 55% originating in Nefzawa. This increase resulted from a rise in cultivated areas (Figure 3), whereas yields tended to decrease. Yields are extremely variable in time and space, with values ranging between 2 and 5 tons ha -1 . Such variability is also observed between total and first quality yields, with respective values of 4.9 and 2.3 ton.ha -1 in Fatnassa in 2007.

[Figure 5 about here.]

Responses: promotion of water resource preservation

The driving forces, pressures, states and impacts (DPSI) presented above have led to public and individual responses (R), with feedback from the latter on the former (Figure 2). The DPSI components have lasted for decades, leading to a temporal overlap with the R components (Table 1). The latter encompass public policies and farmers' individual strategies for adaptation, in an attempt to (i) offer feedback on biophysical and socioeconomic states, (ii) mitigate pressures on groundwater resources and (iii) improve socioeconomic and environmental conditions.

Public policies: the APIOS program

The aim of the APIOS program was motivated by the impossibility of increasing water supply. The alternative was to improve the technological (e.g., hydraulics) and socioeconomic (e.g., management) dimensions of water use. Thus, significant investments were made to modernize hydro-agricultural infrastructures and transform water community management.

Modernizing hydroagricultural infrastructures consisted of concreting irrigation canals to reduce seepage and save water, and burying drainage networks to mitigate soil waterlogging and salinization [START_REF] Studi | Improvement project for irrigated perimeters within southern oases. The Kébili project[END_REF]. Simultaneously, subsidies of up to 60% of the expenses were proposed to encourage farmers to install water saving infrastructures (irrigation basins, PVC pipes) at the plot level. These actions were conducted from 2000 to 2005 over 3700 ha within Nefzawa [START_REF] Gharbi | Hydraulic infrastructures and improvement of water management in southern oases[END_REF].

Monitoring networks were established for soil salinization and waterlogging problems to predict effects and propose management strategies. To mitigate the deep aquifer depletion, a 50 m critical depth was established, below which groundwater pumping was strictly controlled. To avoid local excessive pumping into deep aquifers, the abstraction rate was limited to the range of 100-300 l.s-1 for new wells.

These public actions were strengthened by the implementation during the 1990s of various administrative regulations, technical solutions and management support programs (Table 1). However, farmers' strategies have conflicted with the implementation of public policies and regulation measures, since local adaptations have often diverged from institutional plans.

Individual and collective strategies

Farmers' adaptation strategies have aimed to mitigate several constraints on agricultural activities: (i) the high costs of pumping water, (ii) underestimations in assigned irrigated surfaces compared to farm sizes and subsequent needs, (iii) high export demands for Deglet Nour production, and (iv) deficient infrastructures for irrigation and drainage.

Individual responses include expanding irrigated areas and implementing illicit drillings, which result in a spiral of increasing demand and decreasing availability of water resources. These expansion strategies benefit from public policies that accept to integrate a posteriori the illicit plantations into water management schemes (e.g., 15% of illicit expansions in Fatnassa during APIOS).

Farmers' perceptions of water resources from deep fossil aquifers appear to be unrealistic, with the belief that CRDA and GDA structures should provide the required water supply. During the summer water shortage caused by the water turn extending to 60 days, inappropriate practices include the following: (i) the use of highly salinized water from shallow watertables and drainage networks, to be diluted with official water allocations, (ii) the use of illicit drillings into the CT aquifer, and (iii) the lengthening of irrigation durations per plot.

Discussion and conclusion

The Nefzawa oasian agrosystems rely on deep fossil aquifers for their agricultural water supply. The resulting exploitation of these aquifers, increased fourfold between 1970and 2000[START_REF] Oss | The North-Western Sahara Aquifer System (Algeria, Tunisia, Libya): joint management of a transborder water basin[END_REF], and led to quantitative and qualitative degradations of water resources. Public policies were initially oriented toward aquifer exploitation for economic growth and then reshaped toward aquifer preservation. However, it was not possible to obtaining significant advances in water resource management because of widespread individual behaviors, such as expanding irrigated areas and establishing illicit wells for additional irrigation. Farmers with private expansions now beseech the authorities to maintain illicit areas, which are productive but threatened by salinization, waterlogging and summer water shortage. This is tolerated by the authorities because of strong social pressure and the lack of alternative solutions. The competitive use of water resources on regional and oasis scales is also observed at the transnational level because of the extent of the NWSAS over Tunisia, Algeria and Libya.

The failure of public policies devoted to regulating the use of water resources from deep fossil aquifers highlights both the lack of consideration for individual initiatives when establishing such policies and the long-term uncertainties when implementing them. From this perspective, the Nefzawa oasian agrosystems constitute a case in which farmers' practices are driven by various factors (cultural perceptions of access to land and water resources, demography and technological development), with subsequent changes in the actors' behaviors that mitigate public actions.

From the perspective of groundwater management, the DPSIR approach used here facilitates understanding of the causalities between several biophysical and socioeconomic components and between different types of interactions. The DPSIR framework also relies on several simplifications resulting from a condensed representation of a complex system, especially when addressing human activities and their consequent forcing on natural resources. Methodological improvements are required that rely on adequate spatiotemporal scales, normalized observations, and deeper characterizations of agrosystem biophysical and socioeconomic functioning.

From the perspective of evolution scenarios for the Nefzawa oasian agrosystems, another benefit of implementing DPSIR is the identification of first-order influences for the design of biophysical and socioeconomic indicators in relation to anthropogenic pressures and agrienvironmental and economic performance [START_REF] Zalidis | Selecting agrienvironmental indicators to facilitate monitoring and assessment of EU agri-environmental measures effectiveness[END_REF][START_REF] Bidone | The use of DPSIR framework to evaluate sustainability in coastal areas. Case study: Guanabara Bay basin, Rio de Janeiro, Brazil[END_REF]. Below, we propose such indicators for the Nefzawa oasian agrosystems.

From a biophysical perspective, four potential indicators are identified. The first indicator is land use and land cover change in relation to farmland expansion and / or abandonment. This change can be monitored using high spatial resolution solar remote sensing and geographical information systems [START_REF] Ming | Study on the oasis landscape fragmentation in northwestern china by using remote sensing data and GIS: a case study of jinta oasis[END_REF]. Such information on irrigated areas is important to indirectly quantify water abstraction into deep fossil aquifers. The second indicator is water abstraction, which can be directly monitored by the GDA, although the official land register do not include illicit expansions.

Another possibility is indirect monitoring by thermal infrared remote sensing of evapotranspiration, if drainage can be estimated [START_REF] Jhorar | Calibration of a distributed irrigation water management model using remotely sensed evapotranspiration rates and groundwater heads[END_REF]. The third indicator is water productivity derived from the date palm yield, which permits to monitor agricultural performance by integrating several components of cropping system management. However, the relevance of this indicator is secondary to the quality of information on the irrigation water supply and yields. The fourth indicator of deep fossil aquifers is the piezometric level and water flow regulation, expressed in terms of flow per area unit, to be regionally aggregated. However, changes in deep aquifer level and quality are difficult to monitor due to experimental issues [START_REF] Jago-On | Urbanization and subsurface environmental issues: An attempt at DPSIR model application in Asian cities[END_REF].

From a socioeconomic perspective, two potential indicators are identified. The first indicator is land ownership and fragmentation, which drive agricultural practices and water use management at the plot level (Section 3.1.4). This indicator would facilitate monitoring of the consequences of recent public policies that encourage the reduction of land fragmentation by regulating sales and inheritances (Table 1). However, estimating this indicator is very difficult because of significant differences between official information and actual situations. Land ownership is usually poorly documented, and individual property does not indicate systematic self-cultivation because emigrated owners bequeath to employees who do not determine investments and strategies. The second indicator is water delivery frequency, which is strongly influenced by the balance between individual behaviors and collective management schemes. This indicator would be valuable for assessing, for instance, the effect of water price on water use regulation where such a public policy is often presented as an efficient mechanism when it accounts for agrosystem specificities, although it must be promoted because farmers perceive it as an inconvenient issue [START_REF] Fiorillo | Modelling water policies with sustainability constraints: A dynamic accounting analysis[END_REF].

Overexploitation of deep fossil groundwater resources is becoming a global problem within the Nefzawa region, because of consequences on agricultural performances. In addition, inheritance processes for smallholders with low incomes face the lack of motivation from successors because of attractive opportunities in other sectors. A sustainable management of groundwater resources that allows for long lasting of oasian agrosystems requires revising public policies. Several types of responses can be foreseen at different scales according to the involved stakeholders.

• Setting up adaptive legislations for (i) regulating sales and inheritances by thresholding minimum parcel size, (ii) encouraging parcel merging and (iii) restricting illicit expansions.

• Implementing regulation measures that enable the control of water abstraction, while accounting for conflicts between regulation policies and traditional property rights

• Reinforcing the role of GDAs to enhance their administration and financial autonomies when relaying governmental measures.

• Promoting both innovative irrigation practices that optimize water supply and drainage systems that mitigate soil salinization and waterlogging.

• Facilitating crop diversification for mitigating dependences upon date export market, and beyond facilitating the integration of tourism based activities for diversifying sources of income.

Figure 1. Map of the Nefzawa oasian region, from [START_REF] Marini | Mapping Nefzawa oases: an example of satellite imagery analysis[END_REF]. Chotts are dry salt lakes.

The Fatnassa oasis is located at the far northwestern border of Nefzawa. It is indicated with a square that includes the labels "N" and "S" for Northern and Southern parts. The Kebili peninsula is located in northwestern Nefzawa. 

Figure 2 .

 2 Figure 2. Implementation of the DPSIR framework from the perspective of managing deep fossil aquifer resources within the Nefzawa oasian agrosystems in southern Tunisia. Continuous lines represent the direct links between DPSIR components. Dashed lines represent the feedback of the response on each of the D-P-S-I components.
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 3 Figure 3. Evolution, between 1970s and 2008, of the: (i) harvested area for date palm in Southern Tunisia, (ii) water abstraction (m 3 .s -1 ) into the CT and CI aquifers for the water supply of Nefzawa oases. Abstraction includes official and illicit areas, where pumping for illicit areas is an estimate. Data from[START_REF] Mamou | Hydrogeological resources and agricultural development in southernTunisia[END_REF];Sghaier (2001), the Tunisian Ministry of Agriculture (general directory for water resources, and from FAO statistical reports(FAOSTAT, 2009).
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 4 Figure 4. Average of: (i) available discharge (l.s -1 .ha -1 ), and (ii) irrigation water salinity (total dissolved solids, g.l -1 ) in several Nefzawa oases in 2007. From CRDA-Kebili (2007).
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 5 Figure 5. Date palm production and yield evolution in Tunisia between 1984 and 2006. Data from Tunisian Ministry of Agriculture, Fruit Inter-Professional Association.
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