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8 Challenges and opportunities for
historical irrigated agricultural
systems in Mediterranean regions
Technical, cultural, and environmental

assets for sustainable rural development
in Ricote (Murcia, Spain)

Andrea L. Balbo, José Maria Garcia Avilés, Johannes Hunink,
Francisco Alcon, Juan Esteban Palenzuela Cruz, Julia Martinez-
Fernindez, Arnald Puy, Juan Miguel Rodriguez Lopez, Katharina
Heider, Rodrigo Garcia Abenza, and Jiirgen Scheffran

Abstract

Historical irrigated agricultural systems in Mediterranean regions provide a long
record of sustainability and adaptation to changing climatic, environmental, and
social conditions. These agricultural systems are currently confronted with chal-
lenges that may threaten their persistence over the next decades. Here, we propose
a first assessment of strategies and opportunities that may contribute to the con-
tinued sustainable development of historical irrigated agricultural systems. Our
assessment is based on experience gained within the agricultural community of
Ricote (Murcia, Southeast Spain), in consultation with local stakeholders and ex-
ternal experts.

KEYWORDS: Agriculture, irrigation, meteorology, water, GIS, CO2 emissions,
smart rural development.
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Introduction

As climate warming intensifies in Mediterranean regions, historical irrigated agricul-
tural systems are increasingly exposed to water shortages, pauperization, and depop-
ulation (Kummu et al. 2010). Such conditions are threatening the existence of a long
tradition of practices for managing water scarcity in Mediterranean irrigated rural
contexts (Balbo et al. 2016). The selected case study of Ricote (Murcia, Spain) provides
a privileged setting to assess the challenges and opportunities of these historical irri-
gated agricultural systems. Known as one of the earliest irrigated agricultural system
of Andalusian origin in Europe (Puy and Balbo 2013), Ricote has been sustaining the
local community for over a millennium, withstanding important climatic (the transi-
tion from the warm Medieval Climate Anomaly to the cold Little Ice Age) and social (the
Crusades and the industrial and informatics revolutions) events. Within the global
trend of irrigation expansion and modernization, insights obtained from the study of
such cases as Ricote can help identifying key challenges, strategies, and opportunities
in similar contexts. Meanwhile, our contribution expands the richness of international
case studies focusing on the sustainability of irrigation-based food systems (Agora-
moorthy and Shu 2015; Tabbal et al. 2002; Zhang and Zhao 2013). Specifically aimed at
historical irrigated agricultural systems, our case study adds to the enhancement of
sustainable development and social inclusiveness in rural regions at large, in line with
the principles of the Europe 2020 growth strategy (Copus et al. 2011; Dijkstra and Poel-
man 2008; EC 2010).

Due to environmental specificities such as its endemic lack of water or the arid
and semi-arid climate, as well as to its inherent historical trajectory, South Europe, led
by Spain, is at the forefront of irrigated agriculture, technology, and innovation (Soto-
Garcia et al. 2013a). The importance and antiquity of irrigated agriculture and water
management institutions in East and Southeast Spain is attested by the inclusion of
Irrigators’ Tribunals (The Council of the Wise Men of Murcia or the Water Tribunal of
Valéncia, both dating back to al-Andalus) in the UNESCO’s list of intangible heritage
(Inscription: 4.COM 13.70, 2009). This situation is the result of a long tradition, rooted
in the Middle Ages, when irrigated agriculture constituted the main food production
strategy of Arab-Amazigh/Berber groups proceeding from North Africa (Puy and Balbo
2013). As a general rule, irrigation systems of Arab-Amazigh/Berber origin were fur-
ther extended following the feudal conquest of al-Andalus (10th-15th centuries), when
Christian settlers introduced an economy specialized in vines and cereals, prioritizing
the use of water mills for milling and irrigation purposes (Kirchner 2009; Torr4 2006).
Further extensions of existing irrigation schemes and the construction of new ones
have continued to the present day. In a simplified way, two models of irrigated land
can presently be found in Spain, which represent the two ends of a gradient. The first
model is that of historical irrigated agricultural systems, usually located near springs
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or along river valleys. The second model is that of modern, business-oriented irrigated
systems. However, their noticeable increase in the last decades has raised sustainabil-
ity concerns (Martinez-Ferndndez et al. 2004).

The specific case study of Ricote is embedded in a region currently characterized
by stable social and political conditions. Such conditions have greatly favored the de-
velopment of full collaboration between stakeholders, including scientists, local au-
thorities, specialized technicians, and agriculturalists.

Said that, challenges related to current and foreseeable climatic trends in South-
east Spain are observed in arid and semi-arid regions across the Mediterranean, in-
cluding e. g. the Near East and sub-Saharan Africa. Likewise, the analyzed historical
irrigated agricultural system is widespread across Mediterranean regions involved in
the medieval westward expansion of the Muslim world, where it constitutes, to the
present day, a cornerstone of local rural economies.

In this sense, insights gained in Ricote are of value in conflict-sensitive regions
across the Mediterranean, where the consolidation of local rural communities and
economies, leveraging on existing technical, cultural, and environmental assets, is
of paramount importance to address some of the greatest challenges of the day, in-
cluding climate-related distress, social unrest, and mass migration.

In this paper, after describing the historical evolution of Ricote, we proceed to
identifying the main foreseeable challenges facing this agricultural and ecological sys-
tem in the current context of climate warming, increasing water scarcity, rural depop-
ulation, and energy regulations (FAO 2015; Iglesias et al. 2012). We then propose two
sets of possible climate adaptation responses, information-driven and infrastructure-
driven, considering their social and technological components (Crane et al. 2011;
Howden et al. 2007). We end by discussing the potential of information-driven solu-
tions within the framework of smart sustainable rural development (FAO 2013; Naldi
et al. 2015; Thissen et al. 2013). Our discussion is framed in the recent understanding
that potential solutions for improving water and land management should consider
the social organization of water sharing, traditional knowledge about climate, agricul-
ture and ecology as well as digital technologies with potential to facilitate water man-
agement tasks (Naldi et al. 2015).

Context and Methods

As case study, we scrutinize the historical evolution of the irrigation scheme of
Ricote (Murcia, Spain), from its medieval origins to the present-day. The main strat-
egy applied is case study research to capture distinctive traits in the evolution of the
specific context of the Ricote irrigation system (Yin 2013). The village of Ricote (UTM
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Figure1: (a) Location map (Murcia region in grey), (b) orthophoto
map of Ricote with approximate positioning of main
components of the DI system schematized in Figure 3.

308, 642980.39E, 4223751.54N, Murcia, Spain, Figure 1) and its associated cropland
lie in a hoya, a flat basin surrounded by mountains, approximately 235-375 m above
sea level (Puy 2014). It can be defined as a huerta. The term defines irrigated areas,
many of them of historical origin, where traditional irrigation techniques have been
used to tap water from rivers, springs, or underground. Traditionally, these open
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agricultural landscapes have been characterized by
high crop diversity (Mata Olmo and Fernindez-
Mufioz 2004; Meeus 1995; Meeus et al. 1990). To-
gether with four other villages found along the
Ricote Valley, Ricote constitutes a comarca (con-
sortium of villages), and has been recognized as
one of the agricultural landscapes with the highest
socio-economic, environmental, and cultural
value in Spain (Egea-Sinchez et al. 2008).

Climate in Ricote is semi-arid. Average data,
derived from the Climatic Atlas of the Murcia Re-
gion for the period 1971-2000, indicate average
summer (JJA) temperatures of 25.5 °C (annual aver-
age summer maximum 31.1°C) and average winter
(DJF) temperatures of 10.2 °C (annual average win-
ter minimum 5.4 °C). Annual potential evapotran-
spiration (PET) amounts to approximately 1350-
1450 1/m? and annual average rainfall to 343.1 mm
(Garrido Abenza et al. 2013) (Figure 2)'. Data from
the local AEMET meteorological station La Calera
(covering the period 1949-2015, excluding the in-
complete series for 2007 and 2010) indicate that
rainfall in the region is characterized by a signifi-
cant annual variance, with lowest annual average
rainfall of 140.4 mm recorded in 1970 and highest
annual average rainfall of 884.4 mm recorded in
1989. This constitutes a standard deviation of
126.9 mm. Monthly variance in precipitation is also
significant, with lowest monthly average rainfall of
3.9 mm in July and highest monthly average rainfall
of 43.9 mm in December, i. e. a standard deviation
of 11.8 mm.

The origins of the Ricote irrigation system in
the Andalusian period (10th-13th centuries AD)
have been defined using geoarchaeological, histor-

‘Yeariy average precipiation (Ifmz)

Yearly average temperatura (G°)

Panman.

i (Ima2;)

Figure 2: Climatic maps for Murcia
region (the position of Ricote is
indicated by the white circle).

ical, and radiometric methods (Puy 2014; Puy and Balbo 2013; Puy et al. 2016a).

(@) annual average precipitation (I/m?), (b) annual average temperature (C°), (c) potential evapotranspiration based
on Penman-Monteith (I/m?). Data source: AEMET Agencia Estatal de Meteorologia. Ministerio de Agricultura,
Alimentaciény Medio Ambiente (State Meteorological Agency. Ministry of Agriculture and Environment).
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Information on the more recent evolution of the Ricote agroecosystem has been
retrieved from the study of the archives of the Comunidad de Regantes de Ricote
(Ricote Irrigator Community). These documents include communications with the
government, legal disputes, financial administration, technical reports, and minutes
of regular internal meetings from 1957 to the present. Such archives provide, among
others, information on water allocations to the community, infrastructure implemen-
tations, as well as energy and water requirements for irrigation. Regular participatory
processes, including in-depth interviews with members of the irrigator community
were conducted to complete and corroborate archival information, complementing
the case study strategy (Boyce and Neale 2006). A participatory focus group was orga-
nized between members of the irrigator community and external experts to identify
key challenges, strategies, and opportunities.

The historical evolution of the Ricote agricultural system

Historical irrigation schemes have been upgraded through time, consistently integrat-
ing available innovations and providing examples of human-environment interaction,
human adaptation to external pressure, and sustainable development. In general, the
size and complexity of the irrigation infrastructure shared by the Ricote Irrigator Com-
munity has increased over time. Successive hydraulic systems deployed in Ricote have
all been characterized by their costly installation and maintenance, requiring the joint
effort of the community. Water and water distribution systems have thus been histor-
ically managed in a participative way. In spite of possibly contrasting particular inter-
ests and conflicts, farmers have had to organize and agree on common strategies in
order to implement successful irrigation schemes, as they do in the present day. The
historical evolution of the Ricote agricultural system is summarized hereafter in terms
of: (3.1) an extension of the irrigated area, (3.2) increases in volume of water available
for agriculture, and (3.3) the implementation of water distribution systems.

Extension of irrigated area and crops cultivated

In the 10th-13th centuries AD, the initial irrigated area of Ricote extended over approx-
imately 2 ha, and reached a surface of c. about 50 ha around the time of the feudal con-
quest of al-Andalus (completed in 1492 AD). Following further expansions, the irri-
gated area extended over 120 ha in 1614 AD (Puy 2014). In 1957, following the concession
of water from the nearby Segura River the maximum extension of the irrigated area
was set at about 190 ha. Of those, close to 30 ha were converted into constructible areas
between 1957 and 2007. The extension of the irrigated area was further revised in 2007,
integrating new land to reach the current maximum extension of irrigated cropland of
184.492 ha. In the second half of the 20th century, the irrigated area was divided into
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two approximately equal sectors: sector 1 and sector 2. Over this surface, Ricote counts
with approximately 2400 parcels, distributed among roughly 600 landowners. As for
crops cultivated in Ricote, historical texts revised by Puy (2014) inform us that plum,
olive, apricot, orange, lemon, lime, fig and cherry trees, myrtle, grapevines, pome-
granates, cedar, and alfalfa were cultivated between 1495-1505. By 1613, Ricote had spe-
cialized in cash crop production, and olive trees had become the primary crop along
with mulberry tree for silk production. The current production of lemon trees as cash
crop was initiated in 1962.

Increases in volume of water available for agriculture

Ricote has known successive increases of the overall volume of water available for
agriculture. Since its creation, the Ricote agricultural system has relied on the per-
ennial spring El Molino (390 m above sea level, Figure 1b), supplying a consistent flow
of approximately 13 1/s, equal to a total of close to 410 000 m?/year (Garcia-Avilés
2000). Minor water points (including Paul, Balsas, Balsones) have subsequently been
captured, potentially accounting for an additional 6/s. In addition, Ricote has a con-
cession to withdraw up to 1 035 000 m?*/year from the nearby Segura River since 1957,
granted by the Confederacién Hidrografica del Segura (CHS, Hidrographic Confed-
eration of the Segura River), part of the Ministerio de Agricultura, Alimentacién y
Medio Ambiente of the Spanish Government (CHS 2016). Water allocated may vary
on an annual basis depending on precipitation patterns and on political agreements.
Water extraction began on 30 April 1962, when the irrigator community deployed a
first pump (at about 135 m above sea level), which was replaced in 1982, and again in
2013. Virtually inexistent before the deployment of pumps, overall energetic con-
sumption is now almost 982 762.29 kWh/year (i. e. nearly 1 GWh/year).

Implementation of water distribution systems

Over time, the construction of infrastructure regulating the timing and access to water
in Ricote has promoted a similar evolution with regard to the access to increasing vol-
umes of water. Since its creation, Ricote has relied on a dense and growing network of
channels and water locks (Puy 2014) and on irrigation schedules to regulate access to
water. Between the 17th century and the 1950s, 45 days elapsed before all users received
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Figure 3: Scheme of the main components of the DI system in Ricote .

one turn of water from the local spring, i. e. until a full tanda was completed (Cabrera
and Arregui 2010). Irrigation schedules run continuously and irrigators had to be avail-
able 24/7. A bifurcation of the main irrigation channel was implemented in the second
half of the 20th century to halve irrigation times and to reduce night irrigation shifts.
Since 1982, the community of Ricote posesses a water reservoir (Reservoir 1, Figures 1b,
3)with a capacity of 15 000 m?. In 2007, an additional water reservoir (Reservoir 2) with
a capacity of 45 000 m’ was built. In parallel, a centralized electronic Drip Irrigation
(DI) scheme was implemented (Figure 3). Nearly 90 % of the parcels in Ricote (1651 out
of 1835) were equipped with DI in 2015 (Puy et al. 2016b). Irrigators who equipped their
plots with the DI system discarded the traditional hydraulic infrastructure. Currently,
water from the Segura River and from the local spring is accumulated in the local res-
ervoirs and distributed to the fields through the DI scheme. DI schedules are planned
on a yearly basis and all plots are served with water within the same day.

Two independent networks of pipelines, tubes, and emitters distribute irriga-
tion water across the irrigations scheme: (a) Sector 1 to the West, (b) Sector 2 to the
East. A total of 105 station-cabinets spread across the hydraulic system is equipped
with consumption meters and mechanical and electronic devices to control counters
and inform the irrigator community on breakdowns. The electrical network con-
nects the station cabinets with the irrigator community computer.

The irrigator community computer regulates the functioning of the system, con-
trols the station cabinets, and stores all data relative to consumption and land tenure.

A webpage and related mobile application for landowners affiliated to the irri-
gation scheme allows irrigators to remotely consult water consumption and other
relevant information.
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Foreseeable challenges

While improving the economic and working conditions of the local community, his-
torical implementations of the Ricote irrigation scheme are showing possible underly-
ing flaws and potential drawbacks in the face of current and forthcoming social and
environmental challenges (Kummu et al. 2010; IPCC 2012; Tacoli and Mabala 2010). Re-
peated exchanges between members of the Ricote Irrigation Community, local policy-
makers, and external specialists led to the following catalogue of identified challenges
for Ricote over the coming decades: (4.1) increasing water scarcity, (4.2) energetic de-
pendency and CO2 regulations, (4.3) outmigration and loss of knowledge, and (4.4)
technological and innovation dependency.

Increasing water scarcity

Over the coming decades, predicted climate change with increasing temperature and
precipitation extremes, may jeopardize recent efforts and implementations made in
agriculture, including the introduction of mechanical irrigation technologies such as
DI (IPCC 2012). In the specific case of Ricote, which can be considered climatically rep-
resentative for South Europe, modeling of future water availability for the Tajo-Segura
River transfer system predict average water shortages of more than 20 % before 2050,
accompanied by harsher dry extremes (Estrela et al. 2012; Garcia Galiano et al. 2015;
Vargas-Amelin and Pintado 2014). In such scenario, any improvement in the efficiency
of water use for agriculture is fundamental for irrigated schemes in drylands.

Energetic dependency and CO2 regulations

The lack of an international agreement since the Kyoto Protocol remains a source of
uncertainty regarding the regulation of carbon emissions (Perdan and Azgapic 2011).
For example, carbon regulations remain vague for the airlines industry (Engau et al.
2011), and the agricultural sector was explicitly not included in the European Emis-
sions Trading System (EU ETS) (Brandt and Svendsen 2011). However, being respon-
sible for an important portion of global CO2 emissions, the agricultural sector is a
key subject of emerging mitigation regulation schemes (IPCC 2012). Specifically, ir-
rigated agriculture has significant energy requirements that add to direct emissions,
which deserve being assessed (Soto-Garcia et al. 2013b). Taking advantage of the pre-
existing historical irrigation network plan, water distribution within the DI scheme
of Ricote, from the water reservoirs to the fields through the two fertirrigation sta-



152 Andreal.Balboetal

tions (i. e. irrigation stations distributing a mix of water enriched in fertilizers), re-
lies mostly on gravity with negligible energetic requirements. However, a major en-
ergetic requirement concerns the extraction of pressurized water from the Segura
River into the local water reservoirs. To this aim, yearly energetic consumption from
the two water pumps and fertirrigation stations can be approximated to almost 1
GWh/year, alimented with electricity from the national grid. Such consumption im-
plies CO2 emissions of close to 381 311.77 kg/year (IHC 2011).

Outmigration and loss of knowledge

Rural-urban migration is a global phenomenon contributing to the aging of popula-
tions in rural areas (Tacoli and Mabala 2010), widely attested in Europe and Spain
(Geraghty et al. 1998; Pinilla et al. 2008). Within this context, the agricultural com-
munity of Ricote is rapidly aging, facing serious challenges of a sustainable trans-
mission and take-over of knowledge between generations. Ricote had a steady pop-
ulation of nearly 3000 inhabitants between 1900 and 1950, decreasing under 2000 in
the 1980s, further steadily decreasing in recent years, and reaching a historical low
in 2016, just above 1300 people (INE 2017).

External technological and innovation dependency

With the introduction of ever more mechanized and automated solutions, the de-
pendency of the community on external know how has grown. At present, for exam-
ple, one of the strongest external dependencies concerns the software used to man-
age the centralized DI control system. In fact, while most mechanical and electronic
components of the DI system can be found in non-specialized markets, the software
used in Ricote was specifically designed by the company responsible for the mainte-
nance of electronic parts within the DI system. As a result, the community of irriga-
tors is limited in its capacity to upgrade the DI control system and implement in-
house low-cost developments.

Discussion: Strategies and opportunities for
continued sustainability

Here, we combine the experience of local stakeholders and external experts to propose
afirst expert assessment of strategies and opportunities for the long-term sustainabil-
ity of the historical irrigated agricultural systems in Ricote. While challenges in Ricote
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are similar to those faced by small agricultural communities in other Mediterranean
regions and in drylands worldwide, further and case-specific assessments are required
before implementation. Consultations between members of the Ricote Irrigation
Community, local policy-makers, and external specialists led to the following cata-
logue of identified strategies and opportunities for Ricote over the coming decades:
(5.1) reduce water dependency, (5.2) prepare the transition to low CO2 emissions, (5.3)
fill generational and knowledge gaps, and (5.4) promote in-house innovation.

Reduce water dependency

Three strategies were retained for consideration in Ricote to counter increasing wa-
ter scarcity.

Water savings using real-time meteorological information. We estimate that fer-
tirrigation could be offset by approximately 7.5 %, by dynamically factorizing actual
precipitation (which is 343 mm/year) into current agro-hydrological models and fertir-
rigation schedules. Such implementation would imply average annual savings of more
than 52500 m?, i.e. 17325€ considering current fertirrigation cost of 0.33€/m’
(0.23 €/m? for water and 0.10 €/m?for fertilizers). These estimates are obtained from
current yearly water use for fertirrigation in Ricote of about 700 000 m?*/year, defined
by agronomists for the predominant crop type lemon tree Verna on the assumption of
zero precipitation. In order to allow the development of new dynamic agro-hydrolog-
ical models, a local meteorological station is being developed that has the capability to
send real-time data to the central computer controlling the DI system (Figure 3). The
new agro-hydrological models will be designed in accord with end-users to systemati-
cally stop fertirrigation after concentrated precipitation events, following irrigation
decision support system models developed elsewhere (Tapsuwan et al. 2014). Agrono-
mists suggest that the shortage in fertilizers caused by these short interruptions in fer-
tirrigation flow will have no negative effects on plant growth (Domingo et al. 1996).

Reduction of evaporation from the water reservoirs. We estimate that covering
of the water reservoirs in Ricote could reduce water loss to near zero. This operation
would however lead to only minor annual water and economic savings, up to 1.5 %,
corresponding to 3450 €/year. Our estimates are obtained considering the approxi-
mately 1.5 ha surface of the two shallow (<sm deep) reservoirs in Ricote, for which
average yearly evaporation is about 15 000 m’, i. e. an evaporation of close to 1000
mm/year for semi-arid Mediterranean climates (Harwell 2012; Martinez Alvarez et
al. 2008). Based on previous economic assessments for the deployment of shade-
cloth covers for agricultural irrigation reservoirs in the Segura River Basin, several
years would be required to offset initial costs (Martinez Alvarez et al. 2009).
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Increase in the capacity to capture and store rainwater. We estimate that the
development of Managed Aquifer Recharge (MAR) would significantly increase the
water storage potential for the irrigator community. However, assessing the full po-
tential of a MAR scheme depends on an extensive hydrogeological evaluation of
available groundwater reservoirs. Geoengineering assessments for the potential de-
velopment of MAR have previously been undertaken in Spain to redirect excess run-
off towards artificial sinkholes and to recharge the aquifer using surficial channels
(DINA-MAR 2016). However, there has been no MAR project implemented so far in
the Segura Basin to our knowledge. In addition, the possibility for rainwater har-
vesting is severely restricted by the Confederacién Hidrografica del Segura.

Prepare transition to low CO2 emissions

Two strategies were retained for consideration in Ricote to address energetic needs
and related CO2 emissions. However, a detailed assessment of direct and indirect
emissions is necessary before implementing such infrastructure. Furthermore, such
assessment would provide a clear anticipatory strategy for foreseeable but uncertain
regulation (Engau et al. 2011).

Install solar panels on top of the existing water reservoirs. We estimate that
Ricote’s energetic requirements for agriculture could be offset with renewable solar
energy by covering water reservoirs in Ricote with solar panels. Our first approxima-
tion suggests that covering the 1.5 ha of reservoir surface available in Ricote with solar
panels would potentially produce up to 1.34 GWh of solar energy per year (Energy Man-
ager Today 2016). Such production would offset current agricultural energetic require-
ments by approximately 0.34 GWh/year. Besides providing solar energy, this solution
would reduce water loss through evaporation from the reservoirs, without implying
loss of prime agricultural soil and forestland.

Design of an energy adaptation strategy. Considering that legislation is likely to
be modified in the near future, the exercise of designing a full energy adaptation
strategy provides an opportunity to capture the maximum amount of information
on regulation processes and constraints, favoring a rapid transition when new car-
bon emission regulation appears. The first irrigated agricultural systems to imple-
ment such strategies will set the standard for irrigated agriculture schemes based on
low CO2 emissions. Nevertheless, current energetic regulations in Spain provide low
incentives for renewable solar energy in the agricultural sector, hampering the coex-
istence of solar energy and the national grid energy.
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Fill generational and knowledge gaps

Two potential strategies have been retained to address rural depopulation as well as
intergenerational knowledge and information flow. They provide the opportunity to
ease the training of the next generation of local stakeholders, reduce the loss of tra-
ditional knowledge (TK), and diversify the local economy based on the valorization
of new ecosystem services (ES) (Berkes et al. 2000; Gémez-Baggethun et al. 2010;
Martinez-Ferndndez et al. 2009, 2013).

Digital and participative mapping of the irrigated agricultural scheme. We esti-
mate that the digitalization of local knowledge and information using available Geo-
graphical Information Systems (GIS) would help support decision-making while re-
ducing the loss of information on land-tenure, water-management, and land-use.
Digital mapping technologies could be used to train young administrative, manage-
ment, and technical staff, an issue the community is facing due to the imminent re-
tirement of several members of its governing body (Hossain and Sadat 2006). To this
end, the records of the Irrigator Community are currently being merged with digital
cadastral maps of the Ministry of Agriculture (SIGPAC 2016). This fusion of local data
with digital mapping will remove one of the major drawbacks for generational takeo-
ver, 1. e. the difficulty to visualize complex irrigated agro-ecosystems and underlying
social, economic, and ecological processes. Overall, digital technologies facilitate com-
munity participation in decision-making and governance (Pérez et al. 2011), while
strengthening risk awareness (Berkes et al. 2000; Copus et al. 2011; Dijkstra and Poel-
man 2008; Gémez-Baggethun et al. 2010). Potential applications of dynamic digital
mapping include: (a) the critical management of land tenure transactions to reduce
land fragmentation, land tenure, DI system complexities, and associated risks (Bafios-
Gonzdlez et al. 2015; Heider et al. 2018), (b) the planning of water management priori-
ties in case of water shortage, e. g. establishing emergency irrigation patterns based
on cultivar and soil characteristics, and (c) decision-making support for development
planning, including e. g. the creation of visitor circuits or the definition of biodiversity
conservation areas (Martinez-Fernandez et al. 2009).

Development of benefits based on supplementary ecosystem services (ES). We
consider that, by providing facilitated access to information and enhancing overall in-
formation sharing, digital technologies will increase the community potential to de-
velop new economic activities and benefits based on the development of supplemen-
tary ES. In the nearby huerta of Murcia, more than 30 types of ecosystem were identi-
fied, highlighting the potential multi-functionality of such agricultural and ecological
landscapes (Gutiérrez Gonzélez et al. 2015). These can be summarized in provisioning,
regulatory, and cultural ecosystem services: (a) provisioning services, i. e. historical ir-
rigated lands are very productive and possess a proven robustness in the face of
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changes in water availability (Pérez et al. 2011; Gutiérrez Gonzilez et al. 2015). Such
productivity can be oriented to the provision of quality food for the local market (Egea-
Sanchez et al. 2008), (b) regulatory services, i. e. historical irrigated lands contribute
to maintaining fertile soils, a non-renewable and scarce natural resource, particularly
in arid and semi-arid climates (Martinez-Fernindez et al. 2013). Moreover, these agri-
cultural systems improve microclimatic conditions, a valuable service under current
climatic conditions (Gutiérrez Gonzdlez et al. 2015), (c) cultural ecosystem services are
a constituent of historical agricultural and ecological landscapes, preserving traditions
and culture, functionalities that have been increasingly recognized in historical irri-
gated lands (Gutierrez Gonzdlez et al. 2015; Martinez-Fernandez et al. 2013). These ag-
ricultural systems generate landscapes of high scenic value (Egea-Sichez et al. 2008).
Historical Mediterranean huertas may have lost part of their economic functionality
(Rossi1993, Vos and Meekes 1999), but measures for their viable and sustainable preser-
vation have been taken, includinge. g. the elaboration of a Red List of Threatened Med-
iterranean Landscapes (Rossi 1993).

Promote in-house innovation

At least two possible pathways were identified to address the shortcomings posed by
external technological and innovation dependencies.

Integration of solutions involving low degrees of mechanization, low energy con-
sumption, and the integration of traditional knowledge (Barnett and O’'Neill 2013). The
deployment of tried and tested solutions minimizes the risks of maladaptation, while
ensuring low levels of external dependencies. Such solutions can be evaluated within a
rich body of locally developed knowledge, made accessible through the development of
digital repositories (5.3).

Training of local personnel. Local investments in the training of local youth in
more technologically demanding solutions can significantly reduce dependencies on
external technology while promoting innovation and qualified employment oppor-
tunities within the community. The implementation of water-saving strategies (5.1)
would provide the necessary resources to internally fund such training. In the longer
term, innovative start-ups can develop within the framework of smart rural solu-
tions (Naldi et al. 2015).

Conclusions

Within the current context of modernization in irrigated agriculture, historical irri-
gated agricultural systems offer a unique opportunity for the study of the potential
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adaptive responses that small agricultural communities may consider in the face of
foreseeable challenges affecting water consumption and food production in drylands
around the world. Water shortages, climate variability, rural-urban migration, market
competition, ageing of rural populations, and poor innovation could undermine the
viability of historical irrigated agricultural systems. To address such challenges, we
have used the case study of Ricote to explore solutions and opportunities aimed at sus-
taining irrigated agricultural systems that are attractive, viable, and resilient. Oppor-
tunities and solutions emerging from our specific context can be summarized in infor-
mation-driven and infrastructure-driven. Infrastructure-driven solutions, such as so-
lar power plants or MAR systems, require high initial investments. In contrast, infor-
mation-driven solution, such as dynamic agro-hydrological models and relational
mapping, can be implemented at low cost. Leveraging on existing knowledge, man-
agement, and governance structures, information-driven solutions have the potential
to increase the responsiveness and flexibility of historical irrigated agricultural sys-
tems.

Based on the principle that knowledge and innovation are the driving forces for
future viability, the emphasis of our work is on knowledge and information-driven in-
novations, facilitated by the use of digital technologies, for the preservation of local
traditional knowledge, the development of sustainable and growth-oriented economic
strategies, and the empowerment of rural communities. Acting on the governing ra-
ther than the biophysical limitations of irrigated agro-ecological systems, infor-
mation-based solutions (i. e. smart solutions) show the highest potential for adapta-
tion and flexibility in the face of change. Such solutions increase autonomy and capac-
ity for self-organization within communities, critical attributes to develop dynamic
coping mechanisms in a timely way. In addition, they support a bottom-up approach
toe governance, bringing existing knowledge and endowments in rural communities
to the forefront of smart and sustainable development solutions.

References

Agoramoorthy, G. and M. ]. Hsu, 2015: Community-Organized Irrigated Agriculture Mitigates Local
Food Insecurity in India’s Drylands. Agroecology and Sustainable Food Systems, 39(9),1003—1021.

Balbo, A. L., E. Gomez-Baggethun, M. Salpeteur, A. Puy, S. Biagetti, and ]. Scheffran, 2016: Resili-
ence of small-scale societies. A view from drylands. Ecology and Society, 21(2), 53.

Bafios-Gonzilez, 1., ]. Martinez-Fernandez, and M. A. Esteve-Selma, 2015: Dynamicintegration of sus-
tainability indicators in insular socio-ecological systems. Ecological Modeling, 306, 130-144.

Barnett,].andS.]. O’'Neill, 2013: Minimising the risk of maladaptation a framework for analysis. In:
]. Palutikof, S. L. Boulter, A.]. Ash, M. Stafford Smith, M. Parry, M. Waschka, and D. Guitart,
eds., Climate Adaptation Futures. Oxford: John Wiley & Sons, 87-94.



158  AndrealL.Balboetal

Berkes, F.,]. Colding, and C. Folke, 2000: Rediscovery of traditional ecological knowledge as adap-
tive management. Ecological Applications, 10(5), 1251-1262.

Boyce, C.and P. Neale, 2006: Conducting in-depth interviews: a guide for designing and conducting
in-depth interviews for evaluation input. Pathfinder international tool series. Monitoring and
Evaluation 2. Watertown: Pathfinder International.

Brandt, U.S. and G. T. Svendsen, 2011: A project-based system for including farmers in the EU ETS.
Journal of Environmental Management, 92, 1121-1127.

Cabrera, E.and F. Arregui, 2010: Water Engineering and Management through Time: Learning from
History. Boca Raton: CRC Press Taylor & Francis Group.

CHS Confederacion Hidrografica del Segura, Ministerio de Agricultura, Alimentacién y Medio
Ambiente of the Spanish Government, 2016: El organism. http://www.chsegura.es, last ac-
cessed 6 February 2019.

Copus, A. K., P. Courtney, T. Dax, D. Meredith, J. Noguera, M. Shucksmith, and H. Talbot, 2011:
EDORA: European Development Opportunities for Rural Areas. Applied Research 2013/1/2: Fi-
nal Report. Luxembourg: ESPON & UHI Millennium Institute.

Crane, T. A, C. Roncoli, and G. Hoogenboom, 2011: Adaptation to climate change and climate vari-
ability: The importance of understanding agriculture as performance. NJAS - Wageningen
Journal of Life Sciences, 57(3-4),179-185.

Dijkstra, L. and H. Poelman, 2008: Remote Rural Regions: How Proximity to a City Influences the
Performance of Rural Regions. Regional Focus 01/2008. Brussels: European Commission.

DINA-MAR, 2016: DINA-MAR Project, Grupo Tragsa. Accessed 21 September 2016, http://www.dina-
mar.es, last accessed 6 February 2019.

Domingo, R., M. C. Ruiz-Sanchez, M. ]. Sdnchez-Blanco, and A. Torrecilla, 1996: Water relations,
growth and yield of Fino lemon trees under regulated deficit irrigation. Irrigation Science,
16(3),115-123.

Egea-Sanchez, J. M., C. Monreal, and ]. M. Egea-Fernandez, 2008: Huertas tradicionales y
variedades locales del Valle de Ricote. Estrategias de gestion y conservacion. Presented at the
VIl Congreso SEAE, September 16—20, Bullas (Murcia), Spain.

Energy Manager Today, 2016: It Takes 2.8 Acres of Land to Generate 1IGWh of Solar Energy Per Year,
Says NREL. Accessed 7 September 2016, http://www.energymanagertoday.com, last accessed
6 February 2019

Engau, C., V. H. Hoffmann, and T. Busch, 2011: Airlines’ Flexibility in Facing Regulatory Uncertainty.
California Management Review, 54(1), 107-125.

Estrela, T., M. A. Pérez-Martin, and E. Vargas, 2012: Impacts of climate change on water resources
in Spain. Hydrological Sciences Journal, 57(6), 1154—1167.

EC European Commission, 2010: Europe 2020: a European Strategy for Smart, Sustainable and In-
clusive Growth. Brussels: European Commission.

FAO Food and Agriculture Organization, 2013: Climate-Smart Agriculture Sourcebook. Sourcebook
on Climate-Smart Agriculture, Forestry and Fisheries. http://www.fao.org/docrep/018/i3325¢/
i3325€00.htm, last accessed 6 February 2019.

FAO Food and Agriculture Organization, 2015: Climate Change and Global Food Systems: global as-
sessments and implications for food security and trade. Rome: Food and Agriculture Organi-
zation of the United Nations.



Challenges and opportunities for historical irrigated agricultural systems in Mediterranean regions 159

Carcia-Avilés, . M., 2000: El Valle de Ricote: Fundamentos Economicos de la Encomienda San-
tiaguista. Murcia: Real Academia Alfonso X el Sabio.

Garcia Galiano, S. G., P. Olmos Gimenez, and J. D. Giraldo-Osorio, 2015: Assessing nonstationary
spatial patterns of extreme droughts from long-term high-resolution observational dataset
on asemiarid basin (Spain). Water, 7(10), 5458—5473.

GarridoAbenza, R.,]. E. Palenzuela Cruz, and L. M. Bafién Peregrin, 2013: Atlas climatico de laregién
de Murcia. Madrid: Ministerio de Agricultura, Alimentacién y Medio Ambiente, Agencia
Estatal de Meteorologia.

Geraghty, T., M. Mesl, M. Oliveira Roca, Z. Roca, and Z. Tomsic, 1998: Increasing the involvement of
young men and women in rural developmentin Europe. Rome: REU technical series 55.

Goémez-Baggethun, E., S. Mingorria, V. Reyes-Carcia, L. Calvet, and C. Montes, 2010: Traditional eco-
logical knowledge trends in the transition to a market economy: empirical study in Dofiana
natural areas. Conservation Biology, 24, 721-729.

Gordon, L.].,C. M. Finlayson, and M. Falkenmark, 2010: Managing water in agriculture for food pro-
duction and other ecosystem services. Agricultural Water Management, 97(4), 512-519.

Gutiérrez Gonzalez, P., M. L. Sudrez Aloso, and M. R. Vidal-Abarca Cutiérrez, 2015: Ecosystem ser-
vices assessment of a singular socio-ecosystem through history: La Huerta de Murcia. Ecosiste-
mas, 24, 51-60.

Harwell, G. R., 2012: Estimation of evaporation from open water—a review of selected studies, Sum-
mary of U. S. army corps of engineers’ data collection and methods, and evaluation of two
methods for estimation of evaporation from five reservoirs in Texas. Scientific Investigations
Report 2012—5202, Reston, Virginia. http://www.usgs.gov/, last accessed 6 February 2019.

Heider, K., J. M. Rodriguez Lopez, ]J. M. Garcia Avilés, and A. L. Balbo, 2018: Land fragmentation
index for drip-irrigated field systems in the Mediterranean: A case study from Ricote (Murcia,
SE Spain). Agricultural Systems, 166, 48—56.

Hossain, B. and A. Sadat, 2006: Local Level Agricultural Planning Using GIS. Agriculture and Rural
Development, 4,175—180.

Howden, S. M., ].-F. Soussana, F. N. Tubiello, N. Chetri, M. Dunlop, and H. Meinke, 2007: Adapting
agriculture to climate change. Proceedings of the National Academy of Sciences, 104(50),
19691-19696.

Kirchner, H., 2009: Original design, tribal management and modifications in medieval hydraulic
systems in the Balearic Island (Spain). World Archaeology, 41(1), 151-168.

Kummu, M., P.]. Ward, H. de Moel, and O. Varis. 2010: Is physical water scarcity a new phenome-
non? Global assessment of water shortage over the last two millennia. Environmental Re-
search Letters, 5(3), 034006.

Iglesias, A., S. Quiroga, M. Moneo, and L. Garrote, 2012: From climate change impacts to the devel-
opmentofadaptation strategies: Challenges for agriculture in Europe. Climatic Change, 112(1),
143-168.

IHC Ingenieria Hidraulica y Civil Proyectos e Informes S. L., 2011: Auditoria energética en la
comunidad de regantes de la huerta de Ricote, Murcia: IHC.

INE Instituto National de Estadistica (National Statistics Institute), 2017: Datos abiertos.
http://www.ine.es, last accessed 6 February 2019.



160  Andreal.Balboetal

IPCC Intergovernmental Panel on Climate Change, 2012: Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation. Cambridge: Cambridge University Press.

Martinez Alvarez, V., ). Calatrava Leyva, ]. F. Maestre Valero, and B. Martin Gorriz, 2009: Economic
assessment of shade-cloth covers for agricultural irrigation reservoirs in a semi-arid climate.
Agricultural Water Management, 96(9), 1351-1359.

Martinez Alvarez, V., M. M. Gonzélez-Real, A. Baille, ]. M. Valero, and B. Gallego Elvira, 2008: Re-
gional assessment of evaporation from agricultural irrigation reservoirs in a semiarid climate.
Agricultural Water Management, 95(9), 1056—-1066.

Martinez-Fernandez, J. and M. A. Esteve-Selma, 2004: The dynamics of water scarcity on irrigated
landscapes: Mazarrén and Aguilas in south-eastern Spain. System Dynamics Review, 20(2),
117-137.

Martinez-Fernandez,J., M. A. Esteve-Selma, |. Bafios-Gonzalez, M. F. Carrefio, and A. Moreno, 2013:
Sustainability of Mediterranean irrigated agro-landscapes. Ecological Modeling, 248, 11-19.

Martinez-Ferniandez, J., M. A. Esteve-Selma, M. F. Carrefio, and J. A. Palazon, 2009: Dynamics of
Land Use Change in the Mediterranean: Implications for Sustainability, Land Use Planning
and Nature Conservation. Land Use Policy, A. C. Denman and O. M. Penrod, eds., Hauppauge
NY: Nova Science Pub Inc., 101-143.

Mata OlmoR. and S. Ferniandez Mufioz, 2004: La huerta de Murcia: Landscape guidelines for a peri-
urban territory. Landscape Research, 29, 385-399.

Meeus, ]. H., M. P. Wijermans, and M. J. Vroom, 1990: Agricultural landscapes in Europe and their
transformation. Landscape and Urban Planning, 18, 289—352.

Meeus, J. H.,1995: Pan-European landscapes. Landscape and Urban Planning, 31, 57-79.

Naldi, L., P. Nilsson, H. Westlund, and S. Wixe, 2015: What is smart rural development? Journal of
Rural Studies, 40, 90—101.

Perdan, S. and A. Azagapic, 2011: Carbon trading: Current schemes and future developments. En-
ergy Policy, 39, 6040—-6054.

Pérez,|.,M.A.Janssen, A. Tenza, A.Giménez, A. Pedrefio, and M. Giménez, 2011: Resource intruders
and robustness of social-ecological systems: an irrigation system of Southeast Spain, a case
study. International Journal of the Commons, 5(2), 410—432.

Pinilla, V., M.-I. Ayuda, and L.-A. Saez, 2008: Rural depopulation and the migration turnaround in
Mediterranean Western Europe: a case study of Aragon. Journal of Rural and Community De-
velopment, 3,1-22.

Puy, A., 2014: Land selection for irrigation in al-Andalus, Spain (8th century AD). Journal of Field
Archaeology, 39, 84—100.

Puy, A. and A. L. Balbo, 2013: The genesis of irrigated terraces in al-Andalus. A geoarchaeological
perspective on intensive agriculture in semi-arid environments (Ricote, Murcia, Spain). Jour-
nal of Arid Environments, 89, 45—56.

Puy A., A. L. Balbo, and O. Bubenzer, 2016a: Radiocarbon dating of agrarian terraces by means of
buried soils. Radiocarbon, 58(2), 345-363.

Puy, A.,]. M. Garcia Avilés, A. L. Balbo, M. Keller, S. Riedesel, D. Blum, and O. Bubenzer, 2016b: Drip
irrigation uptake in traditional irrigated fields: The edaphological impact. Journal of Environ-
mental Management, 202(3), 550-561.



Challenges and opportunities for historical irrigated agricultural systems in Mediterranean regions 161

Rossi, R.and W. Vos, 1993: Criteria for the identification of a Red List of Mediterranean landscapes:
three examples in Tuscany. Landscape and Urban Planning, 24, 233—239.

SIGPAC, 2016: Parcela. http://sigpac.mapa.es/fega/visor/, last accessed 6 February 2019.

Soto-Garcia, M., V. Martinez-Alvarez, P. A. Garcia-Bastida, F. Alcén, and B. Martin-Gorriz, 2013a: Ef-
fect of water scarcity and modernisation on the performance of irrigation districts in south-
eastern Spain. Agricultural Water Management, 124, 11-19.

Soto-Garcia, M., B. Martin-Gorriz, P. A. Garcia-Bastida, F. Alcn, and V. Martinez-Alvarez, 2013b: En-
ergy consumption for crop irrigation in a semiarid climate (south-eastern Spain). Energy, 55,
1084-1093.

Tabbal, D. F., B. A. M. Bouman, S. |. Bhuiyan, E. B. Sibayan, and M. A. Sattar, 2002: On-farm strate-
gies for reducing water inputin irrigated rice; case studies in the Philippines. Agricultural Wa-
ter Management, 56(2), 93-112.

Tacoli,C.and R. Mabala, 2010: Exploring Mobility and Migration in the Context of Rural-Urban Link-
ages: Why Gender and Generation Matter. Environment and Urbanization, 22(2), 389—395.

Tapsuwan,S.,J. E. Hunink, F. Alcén, A. Mertens-Palomares, and A. Baille, 2014: Assessing the design
of a model-based irrigation advisory bulletin: the importance of end-user participation. Irri-
gation and Drainage, 64, 228—240.

Thissen, M., F. van Oort, D. Diodato, and A. Ruijs, 2013: Regional Competitiveness and Smart Spe-
cialization in Europe: Place-based Development in International Economic Networks. Chel-
tenham: Edward Elgar.

Torrd, )., 2006: El naixement d’una colonia. Dominacid i resisténcia a la frontera valenciana (1238—
1376). Valéncia: Universitat de Valéncia.

Vargas-Amelin, E. and P. Pindado, 2014: The challenge of climate change in Spain: water resources,
agriculture and land. Journal of Hydrology, 18, 243—249.

Vidal-Legaz, B., ]. Martinez-Fernandez, A. S. Picén, and F. |. Pugnaire, 2013: Trade-offs between
maintenance of ecosystem services and socio-economic development in rural mountainous
communities in southern Spain: A dynamic simulation approach. Journal of Environmental
Management, 131, 280-297.

Vos, W.and H. Meekes, 1999: Trends in European cultural landscape development: perspectives for
asustainable future. Landscape and Urban Planning, 46, 3—14.

Yin, R. K., 2013: Case study research: Design and methods. Thousand Oaks: Sage publications.

Zhang Z. and W. Zhao, 2013: A parametric approach to assess the sustainability of land consolida-
tion: a case study in Shandong Province, north China. Agroecology and sustainable food sys-
tems, 37(4), 444—464.



	Impressum
	8 Challenges and opportunities for historical irrigated agricultural systems in Mediterranean regions. Technical, cultural, and environmental assets for sustainable rural development in Ricote (Murcia, Spain) (Andrea L. Balbo, José María García Avilés, Johannes Hunink, Francisco Alcón, Juan Esteban Palenzuela Cruz, Julia Martinez-Fernández, Arnald Puy, Juan Miguel Rodriguez Lopez, Katharina Heider, Rodrigo García Abenza, and Jürgen Scheffran)
	Abstract
	Introduction
	Context and Methods
	The historical evolution of the Ricote agricultural system
	Extension of irrigated area and crops cultivated
	Increases in volume of water available for agriculture
	Implementation of water distribution systems

	Foreseeable challenges
	Increasing water scarcity
	Energetic dependency and CO2 regulations
	Outmigration and loss of knowledge
	External technological and innovation dependency

	Discussion: Strategies and opportunities for continued sustainability
	Reduce water dependency
	Prepare transition to low CO2 emissions
	Fill generational and knowledge gaps
	Promote in-house innovation

	Conclusions
	References


