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Abstract: Many agricultural production areas worldwide are characterized by high variability of
water supply conditions, or simply lack of water, creating a dependence on irrigation since Neolithic
times. The aim of this paper is to provide an overview of the evolution of irrigation of agricultural
lands worldwide, based on bibliographical research focusing on ancient water management
techniques and ingenious irrigation practices and their associated land management practices. In
ancient Egypt, regular flooding by the Nile River meant that early agriculture probably consisted of
planting seeds in soils that had been recently covered and fertilized with floodwater and silt
deposits. On the other hand, in arid and semi-arid regions farmers made use of perennial springs
and seasonal runoff under circumstances altogether different from the river civilizations of
Mesopotamia, Egypt, India, and early dynasties in China. We review irrigation practices in all major
irrigation regions through the centuries. Emphasis is given to the Bronze Age civilizations (Minoans,
Egyptians, and Indus valley), pre-Columbian, civilizations from the historic times (e.g., Chinese,
Hellenic, and Roman), late-Columbians (e.g., Aztecs and Incas) and Byzantines, as well as to

Ottomans and Arabs. The implications and impacts of irrigation techniques on modern
management of water resources, as well as on irrigated agriculture, are also considered and

discussed. Finally, some current major agricultural water management challenges are outlined,
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concluding that ancient practices could be adapted to cope with present challenges in irrigated
agriculture for increasing productivity and sustainability.

Keywords: irrigation practices; Aztecs; bronze age; Byzantine times; Chinese dynasties; Egyptians;
Harappans; Hellenic civilizations; Incas; medieval times; Mayas; Mesopotamia; Minoans; modern
times; Ottoman times; Romans

1. Prolegomena

Historians and archaeologists believe that the Fertile Crescent [1] is the cradle of agriculture,
written language, and monotheist religions. The area comprising the territories formerly called
Mesopotamia (the origin of Mesopotamia's name is from the Greek words meso and potamos, i.e.,
the land between (meso) the Euphrates and Tigris rivers (potamos) and their tributaries), Assyria and
Phoenicia, together with Lower and Upper Egypt, witnessed the domestication of crops by mankind
some 10,000 years ago. It could be hypothesized that the birth of irrigation also took place there, soon
after the start of agriculture. Given the long periods without rainfall in the Fertile Crescent, one could
imagine that the first farmers diverted water to the dry lands as soon as they saw an opportunity to
do so. In arid and semi-arid climates, irrigation is needed to sustain agricultural production because
of insufficient or unevenly distributed rainfall during the crop-growing season and therefore water
storage facilities must be constructed to buffer water demand and supply during the irrigation
periods [2].

The initial irrigation activity must have been the simple diversion of water onto nearby cropped
lands, which may have been done with bare hands (the diversion of water from streams into cropped
land with bare hands is still practiced today as witnessed by the authors in several traditional
societies) or with primitive tools used at the time. The use of earthen ridges and digging canals to
convey water to land located further away from the water source must have followed some time later.
Flood spreading—also called spate irrigation—as is still practiced today in several traditional rural
communities, is probably the closest practice to the origin of irrigation.

Throughout history, the rise and decline of the civilizations that thrived in the Fertile Crescent,
was closely dependent on harnessing water for agricultural production, which provided economic
prosperity, social stability, and military power. Drought episodes of long duration often caused the
replacement of ruling dynasties by new ones. It was also in this part of the world that the negative
impacts of irrigation first appeared. Salt accumulation in the soil, stemming from lack of, inadequate
drainage, or usage of poor-quality waters led to soil salinization and declining agricultural
production. Agricultural practices require hydraulic and reclamation works such as flood protection,
land levelling, and drainage.

It is well known that the development of agriculture in the Bronze Age allowed the subsistence
of larger populations. There is also evidence that during the first millennium BC (Before Christ)
agricultural productivity in Europe reached for the first-time levels capable of sustaining highly
stratified societies [3]. According to [4], the beginnings of agricultural developments that led to the
creation of Classical civilizations should be traced to the early Chinese dynasties, ancient Egyptians,
Minoan and Mycenaean states of the actual Greece and to Indus valley civilizations. Additionally,
Mayans and other pre-Columbian civilizations paralleled similar developments in Central and South
America. Angelakis et al. [5] indicate that Egyptians and other neighboring civilizations exchanged
knowledge with Minoans, Myceneans, Archaic and Classical Greeks. Thereafter civilizations, mainly
Romans, inherited prehistoric technologies and developed them further, mainly by scaling up and
implementing them both in urban and rural areas.

The use of drainage and irrigation practices are probably nearly as old as farming, although the
earliest recorded examples of drainage and irrigation systems date to the Classical Greek and
Imperial Roman periods [6,7]. However, archaeological studies revealed that the oldest irrigated
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agriculture in the Near East Region along the Nile riverbanks appeared in Egypt some 5000 years BC
[8,9].

This paper describes the historical evolution of irrigation and discusses major achievements in
terms of practices and technologies through the millennia. The most important and well-known
civilizations worldwide are considered. It also attempts to provide insights into ancient irrigation
technologies and management, highlighting features related to sustainability and adaptation to the
environment, and its role in converting “marginal” lands into regular fields suitable for cultivation.
Finally, the paper compares different technological developments among civilizations. These
technologies are the underpinning of modern achievements in water science and are one proof that
“the past is the key for the future”.

This study is organized as follows: (a) Section 1 is an introductory one; (b) Sections 2 and 3 refer
to the irrigation in pre-historic and historical times; (c) Section 4 refers to early Chinese dynasties; (d)
Section 5 refers to late pre-Columbian civilizations; (e) Section 6 refers to medieval times; (g) Section
7 refers to late Chinese dynasties; (f) Section 8 refers to modern times; (h) Section 9 discusses the main
agricultural water management challenges and future trends; and (i) Section 10 includes the epilogue
and the concluding remarks.

The conceptual diagram of Figure 1 depicts the structure of this review paper.
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Figure 1. Structure of the present review paper.

2. Pre-Historic Times

2.1. Initial Evidences from Early Mesopotamian and Chinese Civilizations. Assyrian, Phoenician, and Shang
and Zhou Dynasties

The very early phases of irrigation development are difficult to document today. As indicated
above, the initial irrigation practices at that time probably consisted of a simple diversion of water
onto fields adjacent to watercourses. Physical remnants of such practices are not likely to last for more
than decades after ceasing operation. The existing archaeological evidence of irrigation relates only
to that irrigation infrastructure built for decades to a century of use. For instance, there is evidence
that the oldest irrigated agriculture in the Fertile Crescent was practiced in Egypt some 5000 years
BC and consisted of large flat basins built for diverting floods to grow winter crops along the Nile
riverbanks [10]. At the peak of floods, water was naturally diverted into these basins where it
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remained for 40 to 60 days [9]. The system was later refined and gave rise to basin irrigation. More
advanced systems comprising earthen banks, basins of various sizes, regulated sluices to direct
floodwater, and other structures have been reported in the area [11].

Techniques similar to those used in Egypt, with adaptations to the Tigris and Euphrates rivers,
were used in Mesopotamia ca 3000-5000 years BC [12]. In Mesopotamia, a canal connected to and
crossing through the ancient Semitic city of Mari was used for irrigation [13,14].

Early farming and stock breeding communities appeared in China in the mid Neolithic period
about 7000 years ago. Primitive paddy fields emerged in the mid and lower reaches of the Yangtze
River, where abundant water resources and flat terrains could be found. Humans began to plant rice
in the lowland areas near rivers and lakes, which resulted in the emergence of the primitive irrigation
and drainage engineering practices in the present Hemudu, Yuyao County, Chekiang Province [15].
In the mid-late Neolithic period, humans began to settle in areas far away from the rivers, which led
to the excavation of wells for irrigation.

According to archaeological discoveries, the earliest water wells in China were excavated about
6000 years ago also in Hemudu [16]. However, in this period wells for irrigation were mostly confined
to courtyards and gardens.

Later, the Xia, Shang, and Zhou dynasties (ca 2100-771 BC) developed in the lower reaches of
the Yellow River. The Shang dynasty—the first Chinese dynasty to leave historical records—is
thought to have ruled from about 1600 to 1046 BC. However, one must distinguish Shang as an
archaeological term from Shang as a dynastic one [10]. In this region, summer and autumn are
typically heavy rainy seasons, so it became necessary to dig canals to drain off excess water from
farmlands and reduce flooding. According to legends, excavation of farmland canals began taming
water in the times of Yu the Great (ca 2123-2025 BC). Based on archaeological research, the symbols
for farmland and canal (‘H{{’) appeared in the oracle of the Shang dynasty, and referred to a canal
near a plot of farmland [17]. Farmland canals became an integral part of a well system in the Western
Zhou dynasty (ca 1045-771 BC), leading to the well-field irrigation canals system of Jing Tian Gou
Xue. Under this system, a piece of land was divided into nine ‘#’-shaped plots with a storage well
in the middle, while the other eight plots were devoted to agricultural fields and surrounded by
irrigation canals. When the dry spring and winter periods came, farmers diverted water from the
canals and/or wells to the fields. Farmers who lived near the city of Haojing, the capital of the Western
Zhou dynasty, diverted water from Biaochi, a storage pond connected to the rice paddocks with
irrigation canals. In this period, the number and size of irrigation areas were very small.

2.2. Bronze Age Civilizations (ca 3200-1100 BC)

2.2.1. The Minoan Civilization of Crete

One example of an early civilization that focused on irrigation is the Minoan. The Minoans
selected their first settlements based on defense, food and water conditions. During the Minoan era
(ca 3200-1100 BC) the development of agriculture in Crete and other islands in South-Eastern Greece
was necessary to support a rapidly growing population. Agriculture played an important role in the
development of water management. Cereals, wine and olive o0il were the three main agricultural
products in Crete and throughout the Mediterranean prehistory. Sophisticated techniques were
applied to increase the amount of food produced and secure its quality with the introduction of new
plant species and terraced agriculture [18]. Although not documented in the archaeological records,
irrigated agricultural lands should have developed in prehistoric Crete, especially in cereal and
grapes growing areas [19] not only to increase but also to stabilize production.

In the Neopalatial period (ca 1750-1450 BC), the practice of irrigation and drainage of
agricultural lands became very important. The most famous irrigation systems of that time are called
linies (linea = straight line), identified in the Lasithi Plateau in eastern Crete that were irrigated during
the Minoan era [20]. This conclusion follows from findings in the Neolithic and Minoan settlements
in Kastellos, Plati, and the Kronion’s sacred caves in Trapeza and at Idaion Andro in the Lasithi
Plateau. Numerous drainage and irrigation channels intersected groves, creating a very attractive
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view. These techniques are thought to have been transferred later by Minyans, another prehistoric
people of Greece like Minoans, to Orchomenos in central Greece [20]. In fact, traces of these
techniques were observed during the reclamation project of Lake Kopais in 1886 [2].

In Minoan Crete, environmental and socio-economic conditions forced the development of
pioneering actions for implementing water technology in agriculture and water management in
general. Such creative and innovative technologies can be traced in different areas of the world, at
different times and for several activities, like in the terraced agriculture in pre-Columbian Peru [19].

In the Minoan palaces and settlements, management of water resources varied according to local
conditions, which were determined mainly by climate, rainfall, groundwater availability and soils
[5]. In settlements of the eastern Crete (e.g. Zakros, Palaikastro, and Komos) water needs were mainly
met with groundwater. So far, several wells have been discovered in Palaikastro with depths ranging
from 10 to 15 m [21]. There are also indications that the Minoans invented the shaduf or shadoof—
the simple hand operated water-lifting device still used in India, Egypt, and some other countries—
during the Meso-Minoan period (ca 2150-1600 BC) in the eastern part of the island. Similar devices
were in use in Mesopotamia as early as at the time of King Sargon of Akkad of the Sumerian city-
states in the ca 23rd and 22nd centuries BC [22].

In the valley of Choiromandres, located on the southeastern edge of the Zakros area at the
eastern end of Crete, Greece, an integrated management system covering an area of around 7.5 hm?
has been discovered [23]. The valley consists of a rocky ravine with high slope from east to west.
During the second millennium BC, the residents attempted to regulate the flow of streams through a
system of two dams in series. In addition to using water for irrigation, the dams were built for the
protection of arable land from soil erosion caused by the storm water runoff flowing into the river
after heavy rainfall. The first attempt was made during the Propalatial period (ca 1900-1750 BC), with
the dams built using megaliths during the Neopalatial period (ca 1750-1450 BC). The largest of them
has a length of 27 m (at the top) and a height today of 3.10 m, while the thickness of the base is greater
than that of the crest. In the east side, a channel at the rock surface existed that probably served as a
spillway. The upper part of the dam was rebuilt in the late Classical and Hellenistic periods. Hydro-
technologies including irrigation systems developed by Minoans and Mycenaeans were transferred
to neighboring civilizations such as Egyptians, Etruscans, and Dorians and later transferred by them
to Archaic and Classical Greece, with which they had “built bridges” [5].

Along the watercourse downstream of the dam, retaining walls were built to support other walls
parallel or perpendicular to the riverbed in order to achieve containment and proper flow channeling
(Figure 2). At the lower end of the ravine, a permeable barrier was constructed, enabling control of
irrigation water in the downstream terraces.

Figure 2. The main dam, the check dam, and the irrigated agricultural terraces in Choiromandres
(modified from [23]).

Irrigation projects at Choiromandres remained in use until the end of the Classical period or the
beginning of the Hellenistic period. This water management system can be considered as an example
of public works originally constructed in the Bronze Age. This case could inspire to investigate other
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archaeological sites in Crete, contributing to a better understanding of the Bronze Age practices
related to the management of water resources [24]. Other irrigation projects of that period are known
from Pitsidia and Pseira, which are in Southeastern Crete [25].

General movement of populations from higher elevations and marginal zones with little arable
land to landscapes of low alluvial terraces occurred during the late Protopalatial and the early
Neopalatial period [26]. These areas provided better access to water supplies, whether groundwater
or lower reaches of riverbeds, and they were better suited to the intensive cultivation of cereals,
legumes, olives and grapes, as long as they were efficiently irrigated. Such developments are
recorded at Malia and Pseira, where Neopalatial dams allowed more intensive exploitation of the
limited agricultural potential of the island in response to increasing population [27].

Some other water management systems have been discovered in Crete. The outputs of the
central sewerage and drainage systems in palaces and cities at Knossos, Phaistos, Zakros, and Malia
appear to be similar. However, the palaces of Knossos and Zakros disposed rainwater and
wastewater into the torrent Kairatos and the sea, whereas the palace of Phaistos had collection
facilities and diversion of raw runoff into farmland. Angelakis and Spiridakis [28] described how
similar techniques of sewerage and storm water runoff management were used in other cities and
palaces of Minoan Crete.

2.2.2. Indus Valley Civilizations (ca 3200-1300 BC)

The Indus culture, one of the world’s great civilizations, was based on two river systems, the
Indus and the Ghaggar-Hakra [29]. To feed the inhabitants of its cities, this civilization relied on
farmers of the Indus valley who produced peas, sesame seed and cotton, among other main crops.
These farmers cultivated large fields using wooden ploughs pulled by oxen, as witnessed by model
ploughs—possibly toys—that archaeologists have found in the area. They also domesticated wild
animals for harvesting crops at their farms, and utilized their power for cultivation [30].

Irrigation systems of ancient India were infused from those developed earlier in Egypt and
Mesopotamia. Violett [31] describes these early Indus valley cultures as the great hydraulic
civilization of Harappa, which developed around the 3rd and 2nd millennium BC.

Farmers relied on water from the Indus and the Ghaggar-Hakra rivers for agriculture purposes,
where multi-cropping systems were practiced. Channels connected to these rivers conveyed water to
agriculture fields, which used “flooding-based irrigation” [29,32]. Seeds were sown after floods,
which made the soil rich in nutrients and allowed growing different crops in winter and summer.
During cooler wet winter periods, “Rabi” crops were grown and harvested in spring, whereas
“Kharif” crops were cultivated and harvested in India, Pakistan, and Bangladesh during the
subcontinent’s monsoon season.

According to Wright et al. [29], the source of water used for irrigation and the method of its
application for irrigating crops differed among the sites located in different agro-ecological zones.
These differences can be seen in three subdivisions of the Harappan civilization, that is, sites such as
Harappa, Mohenjo-Daro, and Lothal. In a Harappa site, on the Ravi River, people used summer
flooding, summer oxbow lakes and summer and winter monsoons for agriculture, whereas in
Mohenjo-Daro, located on the Indus River, farmers relied on summer sheet flooding, winter rains
and hillside dikes. In a Lothal site, located on the Bhagavo River, monsoon season rains supported
agriculture.

The Indus Valley Civilization (ca 2600 BC), in present-day Pakistan, also had early canal
irrigation systems. Large-scale agriculture was practiced in the area and an extensive network of
canals was used for irrigation. Sophisticated irrigation and storage systems of surface tanks and
underground reservoirs were developed [33], like at Girnar ca 3000 BC [34]. These farmers were
probably among the earliest to take water from underground wells, in addition to surface river water.
The shaduf, known as denkli or paecottah in India, was used in the Indus valley at the time for
pumping water and irrigating agricultural land. Besides, some of the pictures on toys from the Indus
Valley civilization indicate that there was a proper system of water supply to different houses and
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places with underground pipelines or aqueducts (Figure 3). Women were responsible for the water
supply to the different places in town.

Figure 3. Underground pipe/aqueduct at Mohenjo Daro, Pakistan (modified from [32]).

2.2.3. Mesopotamian Civilizations

The city-state of Babylon, located along the Euphrates River, was founded ca. 2300 B.C. by the
ancient Akkadian-speaking people of southern Mesopotamia, which became a major military power
under Amorite King Hammurabi, who ruled from ca 1792 to 1750 BC. The regulation of water usage
followed the initial irrigation developments in that region. The first known written rules related to
irrigation date back to the era of that Babylonian King who wrote a code of law based on previous
Sumerian rules. Additionally, the Hammurabi law code introduced three key concepts that created
the foundation for collective irrigation management [35]. The key concepts were: (a) proportional
distribution, whereby a grower receives water in proportion to the amount of farmed land; (b)
definition of an individual farmer's responsibility towards the community, by safeguarding the canal
sections on his property, accepting community-shared rules such as water rotations and liability for
damages caused to neighbors owing to negligence or malice; and, (c) water apportionment and policy
of irrigation arrangements being the collective responsibility of beneficiary farmers [36,37]. These
concepts constituted the foundations of irrigation development in the region, and although they were
abandoned for long periods in different areas, today they still represent excellent key principles for
collective irrigation management. The goals were to ensure farmers’ participation in the construction
and management of infrastructures and achieve an equitable distribution of water to avoid conflicts.
It is disputed among legal historians whether early Greek law was inspired by these early
Mesopotamian examples [35].

The scale of irrigation in the Indus Valley was also larger than that in Egypt and Mesopotamia,
but also more active due to the different characteristics of the rivers involved. Eridu is believed to be
the first place that grew into a city as the result of irrigated agriculture development [9]. The region
flourished later, during the period of the Babylonian dynasty, especially under the rule of
Hammourabi. The well-known Hanging Gardens of Babylon - one of the Seven Wonders of the World
- are believed to have been built during the Neo-Babylonian dynasty, under the king
Nebuchadnezzar (ca 604-562 BC).

2.2.4. Others (Mediterranean and Middle Eastern Societies)

Other Mediterranean and Middle Eastern societies of the region also developed elaborate
techniques for small-scale water collection, storage and conservation in the highlands. Rock-walled
bench terraces and rainfall water diversion have been used in the present Lebanon nearly 3000 years
ago. Similarly, Yemen is well known for its ancient terraces that facilitated the successful cultivation
of crops on steep terrains. Archaeological evidence in the Negev have shown that arid-zone
farming/irrigation techniques of the type known for North Africa (e.g. wadi valleys terracing) started
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developing as a viable alternative to exploiting the arid environment since the Bronze Age [38].
Examples of traditional rainwater harvesting, and soil and water conservation works known as
“Jessours” have been developed in the southern part of Tunisia (Figure 4). They consist of systems
with earthen dikes collecting runoff and spillways in areas where annual rainfall is less than 250 mm.

Jessours

Figure 4. Jessours in southern Tunisia for growing tree crops (adapted from [39]; photo of A. Bahri).

Farmers used to build earthen dams (known as tabias) across the valley floors to trap run-off
water and silt. Small terraces collecting this water were created for growing crops and fruit trees that
would not survive otherwise in such arid climate. They were based on hydro-solidarity: farmers
would help each other rebuild the spillways when they were destroyed by heavy rains and flash
floods. Studies have been conducted at the INRGREF [39] on these early examples of water regulation
and management works.

Another clever system of water collection and conservation in agriculture, believed to have
originated in North Africa in the past, is “pot-watering” or “jar irrigation”. It consists of burying a
water-filled clay jar near a tree seedling to allow slow moisture diffusion to the plant roots. Such
system is still used today to grow trees for halting the progression of sand dunes in southern Morocco.
The jar helps capture and maintain moisture in the upper soil layers. All these desert agricultural
systems represent general evidence of a well-established level of development by 1000 BC, which
reached a rather high degree of sophistication in development by the so-called “Israelite III Period”
(ca 850-600 BC) [38]. The use of soil-embedded porous jars is one of the oldest localized, high-
frequency (or continuous) irrigation methods. Although the exact origin and antiquity of the method
cannot be established with certainty, numerous reports have attested to its use by traditional farmers
throughout North Africa and the Near East [40].

2.3. Early Ancient Egyptians (ca 3050-1550 BC up to 500 BC)

The ancient Egyptians developed irrigation systems to use water of the Nile River for a variety
of purposes. Notably, the irrigation granted greater control over the agricultural practices [41].
Despite the fact that irrigation was crucial to their agricultural success, there were no statewide
regulations on water control; rather, local farmers were responsible for irrigation. They practiced
basin irrigation when water levels of the Nile were sufficiently high during flooding. The earliest and
most famous reference to irrigation in Egypt was found on the mace head of the Scorpion King, which
was dated to about 3100 BC [42].

The first major irrigation project in Egypt was built about 3050 BC by the First Egyptian dynasty.
From around 2100 BC, several ingenious systems for irrigation were in use, including a 20 km long
canal to divert Nile floodwaters to a lake. The Sadd el-Kafara was a masonry embankment dam, one
of the oldest dams in the region that was built during the Third or Fourth dynasty, i.e., between ca
2686 and 2498 BC [43,44], but was eroded by floods before being used. Across the Red Sea, the oldest
dam on the Arabian Peninsula, Marib Dam in today’s Yemen, was built ca 500-600 BC.



Water 2020, 12, 1285 10 of 50

The Egyptian “shaduf” (Figure 5) and the water wheel, or “noria” or “sania” are probably among
the earliest devices for lifting water from the Nile River for irrigation and domestic uses [12]. A
modified version of the shaduf, called locally Diou or Dlou, was developed in North Africa and the
Arabian Peninsula at the beginning of the ca 12th century BC [45]. It was refined later on with the
introduction of a pulley and animal traction for lifting water from deep wells.

Figure 5. Egyptian Shaduf (adapted from [12]).

The noria or Egyptian Wheel, thought to be the first vertical water wheel, was invented in Egypt
around the ca 4th century BC [46]. However, its diffusion is typically associated with the Arab
civilization, being the animal-powered noria considered as the higher symbol of the Islamic imprint
upon irrigation technology. The hydraulic wheel was first built in Fez, Morocco, in the 13th century
[47], then spread to other parts of North Africa.

A different version of the noria is the Persian Wheel (Figure 6), whose date of invention is not
well known. It consists of an endless series of pots of unequal weight turned over two pulleys [48],
and it is therefore classified as a pump rather than a water wheel. This device, in its different versions,
represents the ancestor of water pumps and modern hydropower systems. The system used for lifting
water to irrigate the Hanging Gardens of Babylon remains a mystery, although Greek historians
describe it as consisting of something similar to an Archimedes’ screw or chain pumps, each
consisting of two large wheels powered by slaves.

Figure 6. Noria in Hama, Syria [48].

The ancient Egyptians developed a system for monitoring the water flow in several places along
the Nile River. The system (nilometer) consisted of marking the level of water and comparing it with
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those of previous years, thus allowing predictions with some accuracy of the following year's high
marks. At least 20 “nilometers” were spaced along the river, and the maximum level of each year's
flood was recorded in the palace and temple archives [49]. The early version of the system consisted
of marked flights of stairs and has been used for thousands of years. The knowledge of Nile’s flow
level helped managing irrigation schemes.

2.4. Early Pre-Columbian Time Civilizations in America (ca 2500 BC to 1540 AD)

The Prehispanic Maya lived and farmed in a region with few permanent water bodies that were
affected by distinct rainy and dry seasons (map presented in Figure 7). Maya farmers had to predict
the start of the rainy season and the time for planting their crops, so that seedling could be sustained
by the rains. Seasonal water bodies, such as ‘aguadas’ (rain-fed depressions), ‘bajos” (wetlands), and
swamps provided natural water resources that disappeared by the end of the dry season after
supplying the needed water. As settlements grew, the Maya began to develop new ways of providing
adequate water supplies. Unlike other civilizations, the Maya did not use real direct irrigation, but
instead constructed rather elaborate water management systems to capture, store, and redistribute
water for supporting both urban life and large-scale agriculture.

While most of Maya’s water management systems were constructed to cope with water scarcity,
in the wetlands of northern Belize the Maya built ditches and canals that recovered arable land from
the karst seasonal wetlands, i.e., the bajos [50].

The Maya Area
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Figure 7. Map of the Maya area (modified from [51]).

Prehispanic Maya farmers practiced swidden agriculture (slash and burn). They cleared forest
areas by burning prior to planting multi-crop fields, and then fertilized the system by letting the
cinders remain in the field. Those areas were named “milpas” and were planted with both annual
and perennial crops varying from corn to fruit trees. These sites were farmed for a few years, and
then allowed to fallow to recover fertility and regrow forest vegetation before starting a new burning
cycle. This agricultural system better maintained the fertility of the land, limited the susceptibility of
crops to pest and diseases, and required little input from water management systems. Population
expansion caused these systems to be unsustainable [52], as the fallow cycles were shortened beyond
reasonable periods to maintain production. Nevertheless, milpa agriculture continues being
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practiced today by some traditional small farmers in Central America, with limited revenues. By the
Late Preclassic period (ca 300 BC-250 AD), Maya farmers modified the natural water bodies to create
reservoirs and support growing communities. The largest Preclassic Maya centers, such as El
Mirador, were built in the swampy Petén of North Guatemala, where naturally abundant water
provided an ideal basis for constructing reservoirs capable of supporting cities [53]. Many of the great
water management systems in the height of the Late Classic period (ca 600-900 AD) were built on the
foundation of Preclassic reservoirs, modifying the natural ‘aguadas’ and ‘bajos’. This is especially
true at Tikal, where extensive study work has been done to understand the characteristics of the
reservoirs system.

The natural water reservoirs were expanded, lined with plaster, and maintained with a system
of plants and microbial flora that kept stored water potable throughout the dry season [54]. At its
height, Tikal was home to as many as 100,000 inhabitants, whose needs for drinking and irrigation
water were met by a system of ten reservoirs, at least four of which laid within the central precinct of
the city. The reservoirs of Tikal stored runoff from rainfall that was flowing over the plastered
ground, channeled into a series of reservoirs that fed first the elite residences, then those of lower-
status families and finally ran towards agricultural fields in the outskirts of the city. Though the
construction of Tikal’s reservoirs (Figure 8) began in the Late Preclassic period, the construction
program was greatly expanded in the Classic period to meet the needs of a rapidly growing urban
population [52,55]. Later, despite Tikal being abandoned for nearly a millennium, the reservoirs
continue storing and regulating water throughout the year.
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Figure 8. Map of Tikal’s central reservoirs (adapted from [56]).

Unlike the Southern Lowlands, the Northern Lowlands of the Yucatan Peninsula have far fewer
water bodies. In order to create reservoirs and store water, the northern Maya constructed
‘chultunes’, small storage tanks excavated into the bedrock. The chultunes were used by both
hinterland farming households and larger centers, where the storage pits complemented the reservoir
systems to supply larger urban populations with adequate water throughout the year [57].

In the wetlands of Northern Belize, the Maya faced a different problem, i.e. the overabundance
of water. Maya farmers built a series of raised beds surrounded by canals, which enabled them to
farm in swampy lands that provided fertile sediments and water for their crops, and aquatic animals
to supplement their diet [58]. This system is reminiscent of the Aztec chinampas, though on a smaller
scale.

Despite these elaborate water management systems, the Classic Maya, like all human societies,
faced serious environmental challenges. A series of multiyear droughts, known from speleothems
and sediment cores, hit Central America between ca 500 and 1000 AD, with the greatest occurring
during the 9th century AD [59]. The most severe droughts coincided with dramatic political changes,
as Maya cities were abandoned and the elite fell from power. After the fall of major urban centers in
what is often referred to as the Maya Collapse, the majority of water management systems were
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abandoned. Nevertheless, hinterland communities remained in place, and smaller reservoirs and
other systems continued to be used by the Postclassic (ca 900-1521 AD) Maya. Spanish colonizers
attempted to subvert indigenous practices and enforce European agricultural traditions; however,
many traditional agricultural practices continued to today.

3. Historical Times

3.1. Chinese Dynasties and Empires (ca 771 BC-581 AD): from the Spring and Autumn Period and the
Warring States Period to the Northern and Southern Dynasties

As a country built on the basis of agriculture, China has made a great deal of admirable
achievements in agricultural related technologies, as indicated for the earlier periods of Chinese
civilization. Irrigation, as a critical part of agriculture, witnessed some of the most important
inventions during that time. Generally, all governing dynasties in Chinese history spent a great deal
of manpower, material resources and money into various water conveyance projects. However, most
of these projects were built in the major agricultural regions, and could not cover the high altitude
areas or those located far away from water sources. Subsequently, the Chinese searched for water
distribution equipment and devised the waterwheel to meet the need to extend irrigation throughout
the entire country [60].

After the capital of the Zhou dynasty moved to Luoyang on Henan Province in 771 BC, China
entered the Spring and Autumn Period (ca 770-476 BC) with the imperial power declining and the
country torn apart by vassals. Along with the transformation of social system and the development
of social productivity in this age, the ancient well-field system, described before, collapsed, thus the
well-field irrigation canal system was abandoned. In the Spring and Autumn Period a new style of
irrigation system suitable for the hilly areas was created, i.e. constructing several storage ponds at
the sites of natural depressions, and connecting the ponds in series through excavated canals, storing
surface run-off, and regulating water resources through these ponds for more efficient use of water.
It was called melon-on-the-vine irrigation because its canals looked like vines and its storage ponds
looked like melons on the vine. The earliest irrigation system of this type was in Quebei, located in
Shou County, Anhui Province, and came into operation about 2500 years ago.

In the Warring States Period (ca 457-221 BC), while vassal states vied for supremacy, irrigation
received universal attention in order to make their states rich and build military power, leading to
the construction of large irrigation projects, which had additional functions. Three of these projects
are famous: the first is the Zhengguo canal diverting water from the Jinghe river, built by the Qin
dynasty and located in the middle of the Yellow River basin; the second is the Dujiang weir, located
in the Minjiang River, tributary of the Yangtze River, also built by the state of Qin; the third consists
of 12 canals diverting water from the Zhanghe River, tributary of the Haihe River, which was built
by the Wei dynasty. The capital of Qin state, Xi’an, was located in the Yellow river basin as previously
indicated. The construction of the Zhengguo canal made the state of Qin powerful and prosperous,
ultimately leading to annexation of the Qin state by other vassal states. In addition, mostly depending
on irrigation by the Zhengguo canal, the Yellow Rriver basin became the first economic center of
China [61]. Afterwards, building of the Dujiang weir made the state of Qin smoothly unify the South
of Five Ridges area, and made the Chengdu Plain known as the “land of abundance” because people
there were able to control floods and droughts diminishing hunger in the region.

During the Qin and Han dynasties (ca 221 BC-220 AD), with the capital still located in Xi’an,
development of irrigation in the Yellow River basin continued receiving high attention. Many
irrigation projects, such as Baigong, Liufu, Bai and Longshou and other canals, were constructed
during the Western Han dynasty. The Central Shaanxi Plain became the richest region in China, with
its wealth representing 60% of the entire country. Meanwhile, the storage pond irrigation systems
had greatly developed in the Central Shaanxi Plain of the Hanshui River basin, and in the Nanyang
and Runan areas of the Huaihe River basin. Moreover, irrigation appeared in the Ningxia Hui
Autonomous Region and the Hetao area of the Inner Mongolia, with the implementation of measures
directed at cultivating wilderness and guarding the frontier in north-west region.
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With Luoyang as the capital of the Eastern Han dynasty, the economic center of China moved
southwards. During this period, the number of storage-pond irrigation systems in the Huaihe River
basin had increased substantially. Several storage-pond irrigation systems were built along the main
rivers in Nanyang area, such as the Tuanhe, Tanghe, and Baihe rivers, and built along the main rivers
in Runan area such as the Rushui River. Among these storage ponds, the Liumenbei built along the
Tuanhe River, and the Hongxibei built at the Ruhe River were the most famous. The use of these
storage-pond irrigation systems led the areas of Southeast Henan and West Anhui to richness and
prosperity. Millet had once been the major cereal crop in the north, but wheat gradually grew in
importance. Rice, imported from the south, was extended to the dry soil of the north. The soybean,
in a number of varieties, proved to be one of the most important crops, and Chinese farmers gradually
developed a sort of intensive agriculture. Soil was improved by adding manure and other soil
amendments. Planting fields in carefully regulated rows replaced the fallow system. Great
importance was placed on plowing and seeding at the proper time, especially in the fine-grained
loess soil of Northern China. Fields were weeded frequently throughout the growing season. Farmers
also knew the value of rotating crops to preserve the fertility of the soil, and soybeans were often part
of the rotation. Irrigation became necessary as population pressure forced cropland expansion, and
construction of irrigation works in many states beginning in the late Chungiu period. These projects
were built to drain swampy areas, leach alkaline soil and replace it with fertile topsoil, and, in the
south and in the Sichuan Basin, to carry water into the rice paddies. The irrigation systems unearthed
by archaeologists indicate that these were small-scale works presumably carried out by state or local
authorities [10].

In the period from the end of Eastern Han dynasty to Sui dynasty (ca 220-581 AD), the previously
united country had been divided and the regime changed frequently. The longest government lasted
about 100 years, while the short ones could only last 10 or 20 years. Because of incessant wars, a large
population of Chinese Central Plains moved southward with their agricultural technologies. Areas
in the south of Yangtze River were mountainous but suitable for building ponds, thus storage-pond
irrigation systems were popularly built there. Examples are the Chengongtang Pond in Yangzhou,
Lianhu Lake in Danyang of Jiangsu Province; Jianhu Lake in Shaoxing, and Nanhu Lake in Yuhang
of Chekiang Province [60].

3.2. Archaic, Classical, and Hellenistic Civilizations (ca 800-30 BC)

Past and present unpredictable precipitation patterns and geological variations of mainland
Greece and the Aegean islands remain the “raison d'étre” for the erratic nature of hydrology in the
regions where the Greeks developed city-states. Since early dates, the existing evidence suggests
developments of diversified and changing strategies for water management, including drainage and
irrigation. With the emergence of the polis, the city-state in the Archaic age (ca 800-500 BC), the state
formation involved controversial questions on how communities should manage and distribute
water resources.

The division of Greece into a “dry” southwestern part and a “wet” northwestern part serves as
a general and valid description of the regions’” hydrology [62]. Early epic poetry—Homer and
Hesiod —alluded sporadically to the complexities of cultivation and water management; however,
these were not performed in a practical manner until the reforms of the Athenian magistrate (Archon)
Solon in 594 BC. From that, there is a substantial evidence for state-induced legal action to secure
“neighbors” access to water. If their distance to public water supply was more than “four furlongs”,
citizens were entitled to “fill a five-gallon jar twice a day” (Plutarch. Solon, 23.5). Clearly, this limited
volume suggests the fulfillment of basic requirements for households and gardens rather than
sustainment of large-scale irrigated farmland.

However, Solon’s law makes it clear that Archaic and Classical Attica was a region of diverse
hydrology, alluding to the fact that the present Greek peninsula experienced profound variations in
rainfall —past and present [63,64]. In addition, frequent food crises triggered by local droughts or by
the disruption of grain imports, due to overseas calamities, were recurring threats to the city-state’s
food supplies [65].
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Crouch [66] documented how urban and rural developments from the Archaic through the
Hellenistic period were intrinsically associated with water management and drainage. Moreover, he
elucidated the dependency of urban and rural developments on the presence of karst areas,
suggesting that many cities of the ancient world depended upon this geological structure for their
water supply [66,67]. Crouch [66] also pointed to the importance of wastewater disposal, and
indicated how drainage techniques and technology derived from agriculture could also be applied
to clean urban infrastructure.

The pivotal question of when and where Greek societies developed irrigation techniques is
however debatable. Hitherto scholars have convincingly argued that the kepos —the garden—
developed from the archaic age onwards as a confined cultivated location where “small-scale”
irrigation was practiced [7,67]. The epigraphic evidence from Classical and Hellenistic Athens and
elsewhere frequently lists lease contracts of gardens as well as other forms of cultivated plots’
management. Theophrastus (ca 371-287 BC) relates how gardeners cultivated a variety of plants,
including the so-called potherbs, vegetables, but also flowers and other herbs. Thus, intrinsically, the
‘kepos’ potentially held wider range of crops than the modern concept of the kitchen garden [7,68—
71]. Undoubtedly, in the Classical and Hellenistic periods, the ubiquitous kepos represented a
location where manure, water and manpower were concentrated and it is borne out of the literature
and epigraphic evidence that it was often located at or near the household (oikos).

It has been speculated, however, that a noticeable development surged in the Classical period
where regular kepos-landscapes emerged [72]. According to Plutarch (ca 1st century BC), a larger
area of Athens was named “The Gardens” and later tradition indicates that Boeotian Thebes was
renowned for its gardens before it was destroyed by Alexander in 335 BC (Heracleides Creticus, 1.1-
2in [73]). The fundamental question is to determine whether large-scale irrigation was implemented
to aid cultivation of garden systems or field crops. Possible locations of large-scale irrigation facilities
in the Classical and Hellenistic periods were in Athens, Kopais, Eretria, Delos and Gortys (in Crete)
and Metaponto and Herakleia (Greek colonies in the present-day Italy).

The material evidence suggests that the Minyan culture developed water works, irrigation and
drainage in the 2nd millennium BC to manage the effects of seasonal rainfall at the greater polje of
the Lake Kopais [74-76]. Also, Minoan Crete probably saw an intensification of irrigation schemes at
the Messara plain [20]. The question however is whether this early development left a lasting impact
on the Hellenic water management for the following centuries.

The major challenge is to understand how large-scale irrigation and drainage may have
developed in the Archaic and Classical periods to support regular field cultivation. First, available
facts on the ground seem indicating development of such a scheme in the rugged “highlands” around
5th century BC Delos. Whether this development emerged in ca 4th century BC Southern Attica
remains to be seen [64,77]. In effect, this example points to collection and storage of water by
controlling the torrential autumn and winter rains, which made it possible to perform limited
irrigation of large cultivated areas, predominantly terraced agricultural lands [7,64]. Terraces
demanded intensive labor to be built and maintained, but at the same time, their construction
improved soil depth and quality. This was done partly by removing the stones from the land, which
were then used for building terraces and field retaining walls [70,78,79].

Finally, the material and written evidence indicates the construction of large-scale irrigation
systems at Metaponto of Magna Graecia and Gortyn, Crete, and a large drainage project at Eretria on
Euboea in the late Classical-early Hellenistic period has been interpreted as a combined drainage and
irrigation system [7,80]. The famed water works at Lake Kopais, allegedly clocked and
malfunctioning, called the attention of Alexander the Great (Strabo IX 2.18; in [81]). Ostensibly,
Alexander launched a project for its restoration but evidently, the project was never completed until
the restoration and drainage of the lake in the 19th century.

3.3. Roman Period (ca 30 BC-330 AD)

Cereals were the most important part of the Roman diet and were grown during the rainy
season, but required sufficient water to achieve adequate yields. Their production in Mediterranean
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environments was dependent on water availability through rain or irrigation, and was often
associated with the fallow practices, where fields were left to rest in rotation. This agricultural
practice was well known by Greeks and Romans [82], and such rotation was also applied to the
cultivation of legumes, as reported by Pliny the elder (Nat. Hist., XVIII, 91). The crop yield varied
with region and also with rainfall fluctuations. For these reasons, and also to ensure crop safety,
irrigation was implemented when possible. For instance, Varro reports that in some areas of Etruria
a single seed, with sufficient water, could make up to fifteen times its equivalent [83]. There, irrigation
was an important element for agricultural practices during the dry summers. Drainage schemes for
large areas, involving also runoff water reclamation, flood control, and navigation, were typical of
the Hellenistic period. In Italy, the Etruscans used mainly underground galleries, while Romans
preferred simple ditches or channels [84].

Romans did not add to science as Greeks did; however, they contributed tremendously to the
practical application and deployment of engineering techniques [85]. Water was channeled from its
sources, conveyed long ways, and distributed for irrigation of arable fields, orchards, vineyards,
pastures, and gardens [86]. However, this method was rarely used for the wheat fields. Irrigation
channels could be made of wood, clay, stone, or excavated into the ground. Romans also invented
the Roman concrete (opus caementitium), which allowed the construction of long canals, very large
bridges and long tunnels in soft rock [87]. For instance, these works were used for eleven aqueducts,
which had a total length of about 350 km that ensured the supply of water to ancient Rome. Some of
these channels are still working and used nowadays to supply the fountains in the city.

In the Italian peninsula, there was a widespread use of drains for irrigation, especially in
orchards and pasture crops, more rarely for vineyards and olive orchards. In Central and Northern
Italy drains were used for irrigation of crops and they often marked the limits of centuriation; i.e. the
process or act of dividing land into centuries or equal areas undertaken by the Romans and known
as Roman grid [88]. Emissaries of lakes, such as Lake Albano (Figure 9), were also used for irrigation
and this and other water infrastructures were built by the legions (Figure 10). Among the eleven
aqueducts, the Old Aqua Anio and the Aqua Alsietina were used only for irrigation and for feeding
the Nymphaea because of their low water quality.

Figure 9. Lake Albano, Italy (Photo by M. Salgot).
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@ (b)

Figure 10. Cistern built by the II Legio Partica”: (a) access, in the Albano municipality, Italy and (b)

view of the interior (Photo by M. Salgot).

Gardens were closely linked to irrigated agriculture [89]. Pomarium (apple tree garden) was a
common feature of every agricultural property, irrespective of its size. It included several fruit trees
such as almonds, hazelnuts, nuts, apples, pears, plums, figs, and quinces; with the later addition of
other species coming from the East (e.g., cherries and peaches). The newly introduced species were
planted interspersed among the existing ones and grafting was frequent. Columella (V, 10, 6) stressed
the importance of this practice, which enabled farmers to improve the quality of native species
through the introduction of stronger or most valuable varieties [90].

The Romans exported their skills as engineers not only throughout Italy but also all across the
Mediterranean basin, including Gaul and Iberia, and especially along the African coast. Indeed,
during the Roman Empire the cultivation of grains was extended even to deserts. In Libya, large
areas, now abandoned, were enclosed by terraced walls along the edges of the hills, which, at the end
of the wadis, collected the silt from floodwaters and the scarce runoff. The land bounded by these
terraces was fertilized and the deposited moist layer often led to very high crop yields. These
techniques of “dry or rain farming”, although traditionally Saharan, were undoubtedly enhanced by
the Romans. Generally, in North Africa and in the Eastern regions, Romans established permanent
irrigation systems, which allowed for agricultural exploitation of otherwise arid and unproductive
territories [91].

Research and examination of aerial photos make it possible to recognize the exceptional breadth
of areas served by irrigation systems, in some cases related to the centuriation. Water from natural or
man-made watercourses and other sources was collected in canals, with parallel paths, concentric or
fan in shape. In some cases, the basins were constructed either isolated or arranged in series along
the slopes, resulting in terraces, as in the case of the impressive facility of Oued Ogrib, in Algeria. The
canals could be excavated into the ground or contained on the sides of the land, possibly by using
retaining walls made of stones and gravel; they were generally small in size, however there are
examples of larger size (e.g., in the plain of Caesarea (now Israel), a 27.5 m wide and 0.46 m deep
canal. In other Regions of the Roman Empire (e.g., Egypt and Syria), Romans also improved the
irrigation systems, using the existing structures in some cases and in others building new canals (e.g.,
Trajan's works). Furthermore, they introduced technical and administrative changes such as tax
incentives, operating rules, and cadastral divisions linked to irrigation systems [90].

The existing regional differences in geo-morphology and river water availability had a
significant impact on the distribution of irrigation techniques across the Near East in the Roman
period. The distribution of irrigation canals and qanats was mutually exclusive, as illustrated in
Figure 11 [92]. Irrigation technologies were inextricably tied up in the complex and shifting
relationships between technology, social factors and environmental challenges. Sharing the existing
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water availability between urban centers and agricultural fields illustrates the fact that agricultural
concerns coexisted with broader social and environmental challenges, and the unpredictability of
water supply in the region played a role in tightening these relationships [92].

Finally, when the Sassanian Shah Shapur I defeated the Roman emperor Valerian (ca 250), he is
said to have ordered the captive Roman soldiers to build a large bridge and dam stretching over 500
m. Lying deep in Persian territory, the structure exhibits typical Roman building techniques, and
became the most eastern Roman bridge and Roman dam [93]. Its dual-purpose design exerted a
profound influence on later Iranian civil engineering and was instrumental in developing Sassanid
water irrigation and management techniques.
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Figure 11. Map of the near east in the Roman period, showing the distribution of irrigation channels
(triangles) and qanats (stars) (prepared by Alison Wilkins [92]).

3.4. Other Historical Civilisations

3.4.1. Urartu Kingdom

Advanced water management emerged in Anatolia during the Urartu Kingdom, which rose to
power ca mid-9th century BC. Belli [94] performed a systematic study in eastern Anatolia to identify
Urartian dams, reservoirs and irrigation systems, with particular focus on the agricultural
infrastructure of the Van Lake basin. In the Van basin and its surrounding areas, located in the
western part of Anatolia, irrigation canals and dams dating from the time of the Urartian Kingdom
(ca 840-590 BC) can be still observed. This Kingdom was located in the highlands of Eastern Anatolia,
the Ararat plain of Armenia, and in the present northwestern Iran. This region is located on an active
tectonic zone, but earthquakes have not affected its irrigation systems. There are very few places in
the world with a water supply and conveyance infrastructure that has been in operation for ca 2700
2800 years. That is why the Urartian Kingdom is named the greatest Hydraulic Civilization of
Anatolia and Asia [94,95]. The tradition of building water works began with the Hittites and
Assyrians, which used to live in Urartian/Urartu and thrived during the medieval and Ottoman times
in Anatolia. The Urartian thus represent an important connection in the development of agricultural
irrigation and dam construction in Anatolia up to the present day. The Urartu dams built nearly three
thousand years ago on streams and small rivers are the forerunners of the modern dams on the
Euphrates and Tigris rivers in Eastern Anatolia today [94,95].

One of the most interesting sites relating to the development of Urartian water facilities is Lake
Aygir in northwestern Van. Here, terracotta (clay) water pipes and stone channels were laid down to
convey water out of the artificial lake [96].

The irrigation systems set up by the Urartians made use of surface water from one of two existing
systems. The Menua or Shamram Canal, built by King Menua around 800 BC conveyed water for
downstream irrigation (Figure 12). To our knowledge, this canal is the only irrigation canal in the
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world that has been in continuous use for nearly 2800 years. The second is irrigation supplied by
water from Lake Kesis (Lake Rusa) and the smaller dam lakes in the vicinity. Lake Kesis, which was
dammed by Rusa II (680-654 BC) and lies east of Van at an altitude of 2890 m, stored sufficient water
for meeting the needs of the new kingdom capital, Rusahinili, and its surrounding areas to last
through the summer months. About 20 x 10° m?® of water could be stored in the still-existing dam.

Figure 12. View of ruins from Menua canal [97], which still conveys water from Lake Kesis [94].

3.4.2. The Levant and Beyond

Water diversion devices for irrigation and other purposes have been used in various other
locations in the Fertile Crescent. For instance, in Yemen, the oldest dam, constructed in masonry over
a length of about 500 m, was built in ca 600-500 BC for flood protection and irrigation [10].

North of Mesopotamia, in western Persia and eastern Turkey, farmers began construction of
elaborate systems for extracting groundwater for irrigation about 2500 years ago [98]. The system,
called “qanat”, consists of a series of wells for extraction of material, 20 to 30 m apart, connected at
their bottoms by a tunnel with controlled slope, in order to tap groundwater without lifting devices.
The technology extended with Persian rule during the period ca 550-331 BC, from the Indus to the
Nile River basins [10]. Further expansion took place in the Mediterranean basin, Egypt, Afghanistan,
the Silk Road, oases settlements of central Asia, and Chinese Turkistan [99]. During the Roman-
Byzantine era, large numbers of qanats were constructed in Syria and Jordan. The Romans also used
ganats as subterranean parts of aqueducts, forming complex water transportation systems, in Tunisia
and Turkey. Another major expansion of the technology in North Africa, Cyprus and Sicily took place
during the early Islamic period.

The early developments of irrigation in Egypt and Mesopotamia extended first to North Africa
and the Mediterranean under the Carthaginians (Phoenicians), during the ca 9th century BC, and then
to the south under the Greco-Roman Empire. The latter focused on harnessing existing water sources
and rainfall water collection, with structures such as blocks of masonry dams, reservoirs and cisterns
for rainwater, canals and aqueducts, and dams made of dry stone to divert water for irrigation.

Solomon’s Pools in Bethlehem, Palestine, are three large catchment reservoirs, each of around
160,000 m?, built with stone and masonry between ca 1000 and 30 BC in two stages. Ancient aqueducts
in the area collected water from springs and conveyed it to the pools. Some of the springs with
channels are still used for irrigation today.

4. The Sui, Tang, and Song Dynasties in China (581-1127 AD)

The Tang dynasty, established on the basis of the Sui dynasty that reunified China, represented
a period of brilliant ancient Chinese civilization. Before the An Lushan-Shi Siming rebellion in 755
AD, with the unity and prosperity of the country and regime stability, irrigation in China underwent
further development, especially in the Yellow River basin. Along with the spread of rebellion, the
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Tang dynasty experienced a process from prosperity to decline. Not long after that, several separatist
regimes were set up by force of arms. It was the same situation in the following Five Dynasties and
Ten Kingdoms. There was a long-term confrontation with Khitan, Dangxiang, and Nuchen in the
Northern Song dynasty, and the emperors of the Southern Song dynasty were all contending to
exercise sovereignty over only a part of the country. Incessant war spread all over the middle and
lower reaches of the Yellow River in this period, but the regime was relatively steady in South China
because of the effective defense of the Yangtze River, which was viewed as a natural moat, enabling
further economic development demands in South China. Thus, the pond-canal polder system in the
Taihu Lake and the Yangtze River basin, and projects limiting seawater intrusion and restoring
freshwater in the southeast coast emerged and gradually grew as required.

The pond-canal polder system in the Taihu Lake basin was built during the Tang dynasty and
was more advanced than the original fragmented water reclamation system [100]. Natural rivers in
the basin were used to develop the ponds and canals, with the excavated soil used to build the dike,
so that farmlands were enclosed. Inside the polder, locks were installed on the dike to enable
irrigation and drainage. With the building of Taihu Dike and the seawalls, the pond-canal polder
system was gradually improved. However, shortsighted reclamation in the Song dynasty destroyed
the original irrigation and drainage canal systems, leading to large polders being divided into small
pieces. Polders in the lower reach of Yangtze River were developed rapidly during the Tang and Song
dynasties. Because of the fairly large hydraulic head of this region, their dikes were very high.

Projects for preventing seawater intrusion and storing freshwater in the southeast coast played
an important role in the rapid development of local economy. The infrastructures were mainly
consisting of the flash dam and the canal. The flash dam was used for warding off tides and storing
freshwater from the upper reach. The canal was used for diverting stored freshwater and conveyance
to farmland. Among these projects, two are most famous: one is Tashan weir, located along the
Yinjiang River of Yin County, in the Chekiang Province; the other is Mulanbei, located along the
Mulan River of Putian County, in the Fujian Province. With all these water conservation projects, the
Taihu Lake basin and the Yangtze River basin gradually replaced the Yellow River basin as the
economic center of China during the Tang and Song dynasties. Bamboo pipes were utilized as
inverted siphon during the Tang dynasty [101], and then used for irrigation. These pipes are
illustrated in Figure 13. The proverb “when there is a bumper crop in Taihu Lake basin, the country
will be free from hunger” vividly reflected this change.

Figure 13. Bamboo pipes

5. Late Pre-Columbian Civilizations

5.1. The Aztec Civilization and its Precursors (ca 1200-1500 AD)

Recent awareness of the need to address water and food security as a joint issue for achieving
sustainable development [102] runs alongside the need to recover nutrients from treated wastewater
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re-used for irrigation. Recovery of nutrients as fertilizers during agricultural irrigation is being
promoted as a recent discovery in some developed countries. However, these goals were already
achieved by ancient agricultural techniques such as the one of chinampas. The chinampas were a
crop-growing method used in the Valley of Mexico before Aztec times [103] and extensively
developed by the Aztec from ca 1350 to 1500 AD [104]. The chinampas are a UNESCO world heritage
center since 1987. They are a model of sustainable agriculture because of their high productivity, use
of waste as fertilizer, beneficial impacts on local fauna, responsible use of natural resources [103], and
recovery of nutrients.

Around the 12th and 13th centuries, several civilizations settled in the Valley of Mexico, in an
area of around 9600 km?. This Valley is located in the center of present Mexico at an altitude of 2430
m a.s.l. and is surrounded by mountains. The climate is temperate humid in the south (1200 mm
year! of rain) and temperate dry in the center and the north (800 mm year of rain). The rainy season
is well defined and lasts from May to November. These are the conditions for which irrigation is
necessary to produce food all year round.

The Aztec people (ca 1200-1500 AD) was the most important of those civilizations and was the
head of an empire comprising around 400 towns [105]. In 1519, before the Spanish conquest, the
population of the Valley was very large, estimated to be 1.3 to 3 million inhabitants [106]. This
population presented a high demand for food and water, a situation forcefully linked to the
development of innovative solutions for both these supplies.

During the Aztec times, the valley was covered by several lakes—some of them were saline—
and wetlands, marshlands, springs, and perennial and permanent rivers [107] were also present. The
Aztec developed several hydraulic solutions to separate saline water from freshwater, control lake
levels and floods, supply water for municipal use, as well as consciously feed water for agriculture
[108]. A map of the lakes of Mexico Valley at the Aztec time showing the area occupied by the
chinampas is presented in Figure 14. Because of the particular geography of the area, the Aztecs
developed a complex and efficient management of the water [109].
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Figure 14. Lakes of Mexico Valley at the Aztec time, with areas occupied by the chinampas (adapted
from [107]).

One of their main achievements was the mentioned chinampas. The study of the chinampas has
been conducted through techniques such as aerial photographs [103,104], archeology, investigation
of historical documents, and more recently computer programs that integrate geographical and
archeological data [109-112].
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The chinampas occupied at least 1200 km?, i.e. 120,000 hm? [104], and were enough to produce
the food to feed the entire population of the Valley. Thus, just prior to the Spanish conquest in 1521,
the chinampas supported about 10-18 persons per hectare. The most productive chinampa area of
the Valley, located near the Xochimilco-Chalco Lake, was used to feed the high social classes in
Tenochtitlan [113].

The chinampas (Figure 15) consists of small manmade islands for growing crops, placed on lakes
or marshes, 40-100 m long and 2-9 m wide in strictly rectilinear and parallel plots surrounded by
canals [112]. The soil of the chinampas is continuously renewed by adding sediments and mud from
the bottom of the waterways over the previous surface to maintain their height and fertility. It has
been estimated that 10,000 hm? of chinampa fields could provide at least half a million people with
their staple food [113]. There are some inaccuracies regarding the details of the original use and
productivity of chinampas (Figure 14). This is due to the bias of historical sources and the difficulty
of conducting archeological investigations on the Valley of Mexico, given that it is now the urban
area of Mexico City [104]. However, it is still possible to get a picture of the role the chinampas played
in the Aztec civilization. Chinampas are considered the most productive and ecologically sustainable
form of agriculture in pre-Hispanic Mesoamerica, as they recycled nutrients and increased
biodiversity [112].

(a) (b)

Figure 15. Chinampas: (a) View of current plots and (b) view of an entire chinampa
(http://trabajosnakos22.blogspot.fr/).

The site of a new chinampa was selected using a long pole or based on the remains of an old one.
The foundations were built by anchoring strong reeds to the roots of native cypress trees [113].
Afterwards, mud was piled atop the reeds as a base and then alternate layers of chopped algae, tule,
and mud were laid making the bottom of the chinampa very porous, thus allowing water flow and
permitting capillary action for watering the crops. The topmost layer was made with mud from the
bottom of the canals, manure and human waste to make it high in nutrients [111,112,114]. The height
chinampas were raised above the water is estimated to be between 0.2 and 0.7 m.

Seeds were not planted directly in the chinampas; instead, they were grown on rafts, back yards
or ‘almdcigas’. Almacigas were customized environments consisting of low terraces at the water
body’s edge. They were perpetually moist and filled with ultra-nutritious sediments scooped from
the bottom of the canals. When seedlings were mature enough, the healthiest were selected and
planted on the chinampas by cutting a cube of the soil around them and placing them on a spot
preconditioned with canal mud and water plants on the chinampa [115]. The soil of the chinampas
was kept rich in nutrients by periodically spreading manure, water algae, human excrements and
mud from the surrounding canals.

There are several reasons for the high productivity of chinampas. First, the practice of growing
seedlings and then transplanting only the healthy ones to the chinampas led to higher yields since
the space and resources were not wasted on unhealthy plants, and the crop cycle was shortened.
Secondly, the use of local organic matter to fertilize the plants meant that the crops were nourished
from richer soil [104].



Water 2020, 12, 1285 23 of 50

The chinampas were also efficient at using water. Since the chinampas are narrow strips of land
perpetually surrounded by water, irrigation was not necessary. Consequently, time and energy were
saved and the cultivation was possible all-year round, including the dry season. It is also important
to highlight that chinampas allowed plants to be moist at root level (capillary rise), therefore avoiding
the water loss occurring when watering plants from the top. In addition, chinampas promoted the
growth of local fauna, being the patches of land in the lake served as resting places or as habitats for
several animals; and promoted the growth of populations of migratory birds, fish and axolotl [111].

Nowadays it is still possible to visit 10002000 hm? of chinampas at the UNESCO world heritage
center (established in 1987) on what remains of the ancient Xochimilco Lake located in the southern
axis of Mexico City’s urban sprawl. These chinampas are used for the cultivation of corn, vegetables
and flowers commercialized in Mexico City and use the same ancient procedures for production.

5.2. The Inca Civilization (1438-1533 AD)

The Inca or Inka (Quechua: Tawantinsuyu) was the largest empire in pre-Columbian America.
The administrative, political and military center of that empire was located in Cusco (or Cuzco in
Spanish) in the modern-day Peru. The Inca civilization arose from the highlands of Peru sometime in
the early 13th century, but the Inca Empire was short-lived (1438-1533 AD). The Incas used a variety
of methods, from conquests to peaceful assimilation, to incorporate a large portion of western South
America, centered on the Andean mountain ranges.

Andean farmers faced the problem of two dramatically different environmental regimes: the
coastal desert that receives minimal rainfall, and the highlands that receive substantial rain that
drains through river valleys and finally passes into the coastal plain. In order to control, divert, and
redistribute river water, ancient Andean peoples built a series of canals that grew in scale as
population densities rose and a more sophisticated arrangement was needed to support larger and
more complex societies. The canals began in the valleys but soon extended into the coastal desert,
greatly increasing the areas of arable land suitable for farming.

Fields in the upper reaches of river valleys had the greatest access to water, while the fields at
the ends of the canals had water only during the rainy season. Netherly [116] classifies Andean
farmlands according to their access to water and productivity. In her system, Category 1 land may
have permanent access to water, whether through irrigation or natural water abundance. Category 2
land is irrigated and produces two crops annually, whereas Category 3 land is flooded annually, like
the farms along the Nile River, and produces a single annual crop. Finally, Category 4 land is irrigated
only during the part of the year when water is most abundant, and produces a single crop each year.
Each of these land types expands the naturally arable land, so that Andean agricultural farmers were
able to move from farming only the riverbanks to successfully producing an annual crop in the desert
at the edges of the canal systems.

By the rise of the Inca Empire, these canal systems were controlled by elites at several levels,
ranging from valley-wide distribution to a corporate groups’ control of local water allotments. The
Inca took an existing system and added a second level of political control, instituting a moiety system
that doubled the levels of socio-political control over this elaborate system. The Incan imperial
hegemony operated by choosing two new local authority figures from the conquered indigenous elite
to administer tribute and supervise the allotment of water and maintenance of the canals. While this
system appears to disrupt local socio-political organization, it adheres to Andean practice. The new
moiety division drew on an existing Andean framework, whereby the world is a series of opposing
but complementary halves [117]. What we know of this system comes primarily from post-Conquest
Spanish chronicles, but it seems that the existing Andean system continued largely undisturbed into
the historic period, with local elites at different levels of political power controlling each step of the
water allotment process. The system governing the canals can be classified as one of the three types:
canals controlled by one polity, canals controlled by multiple polities, and canals that connected two
valleys [116].

6. Medieval Times (ca 330-1500 AD)
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The concept of medieval times is basically applied to the civilizations related to Europe and the
Mediterranean, which implies that the rest of the world (present America, China, and India) is
somewhat independent from this definition. In this limited part of the world, water-related history is
more known than elsewhere due to the presence of historians who have been finding, recovering,
elaborating and publishing documents on the subject.

Concerning irrigation, since it developed in places where growing crops required
supplementary water in addition to rainfall, there is an additional geographic limitation: the arid and
semiarid climates are the only ones included in the work and will be a center of the attention for this
section. As such, Northern Europe is excluded because irrigation was mainly not needed there. This
difference was evident, even in the type of plough used (soil differences were also important) and
the animal force (ox instead of horses) as explained by [118]. The development of agriculture was
related with the need to supply food to an increasing population with the same amount of land.
Barnebeck [118] reported that economy appears to relate to agriculture in the moment when farmers
were supposed to supply food to a certain number of persons not living on the agricultural lands,
and this is when agricultural water management matters.

Populations did not increase linearly during the medieval ages in Europe because of recurring
local, regional or continental wars and epidemics, including the bubonic plague or Black Death that
ravaged Europe on several occasions. Malaria also caused many problems in relation to water
management [119].

The irrigation practices during those times were an evolution of previous techniques
implemented by Greeks, Romans, and Arabs. While in the north of the Mediterranean Basin medieval
times was a dark period with little technological progress, the Arab domination of the basin expanded
irrigation technologies from the east to the west of Southern Europe [120]. Some limited technology
survived in the north however, mainly due to the knowledge maintained in monasteries of religious
orders. The crusaders also helped to transfer Arabic science and technology to the Christian world.
In fact, due to their expansion throughout the Mediterranean, the ancient irrigation systems were
implemented in the dry lands of North Africa and in the arid part of the Iberian Peninsula, as well as
in the south of the present-day Italy and the large Mediterranean islands.

During a few centuries, several Italian city-states dominated the Mediterranean Sea, sometimes
fighting, other times collaborating. These cities aimed at extending their possessions and establish
rule in other countries or cities [66]. Among them, Venice and Genoa established commercial routes
and ruled over foreign territories, e.g. parts of Crete, Sardinia, south of Italy, and Sicily. The
commercial exchanges and domination favored technology transfer including irrigation. Apart from
“high-technology” facilities, small solutions were maintained in the entire Mediterranean area, e.g.
the cisterns, still in use in many places. “Subperiods” can be defined in medieval times, in relation
with the dominating states or towns, as indicated in the next two sections.

6.1. The Byzantines and Other Civilizations (ca 330-1204 AD)

Since the Eastern Roman Empire, also known as Byzanthium, continued the Roman civilization,
the technologies in use for water management did not change in this part of the Mediterranean basin,
where the remnants of water infrastructures using Roman or older techniques are common. Some of
the related features remain visible, like the public baths or hammams, maintained and utilized by the
Arabs throughout the centuries, and afterwards backed again by the Turkish domination of the
eastern part of the Mediterranean in later historical periods. Remnants of irrigation systems (rain
farms), cisterns and other features from Nabatean and Byzantine periods can still be seen in several
places, e.g. in En-Avdat, near the Ben-Gurion University in the Negev in present-day Israel [121-123].

The Arab conquests of the 8th century and the later initiated a great era of agricultural revival,
which resulted in an intensification of irrigation practices throughout the Islamic world.
Technologically, the civilization of Islam was a synthesizing one, just as the prior Roman Empire. The
Arabs may have invented little by themselves, but they preserved, refined, developed, and intensified
the technological practices of the ancient world. The spread of Hellenic scientific ideas to the West of
the Mediterranean through the Arabic language is well known, and a parallel process can be
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described in the preservation and extension of ancient Iranian, Babylonian, and Nabataean
agricultural techniques [124]. The westward spread of irrigation technology across the Mediterranean
followed a pattern that might also serve to illustrate the diffusion of eastern concepts of water
distribution and measurement [120].

With the spread of the Islamic Empire westward in the Mediterranean Basin, agricultural and
irrigation methods and techniques were brought into conquered areas. The rulers of Al-Andalus (
Andalucia, Spain) and many of their followers were of Syrian origin, and the climate, terrain and
hydraulic conditions in parts of southern and eastern Spain and North Africa resemble those of Syria.
Therefore, it is hardly surprising that the irrigation methods—technical and administrative—in
Valencia (Spain) closely resemble the methods applied in the Ghuta of Damascus [120].

There is a unanimous consensus among historians that the present Spanish irrigation systems of
Valencia, Murcia and Andalucia are of Muslim origin [125], as well as those in the South of Portugal.
In 1960, a celebration was held in Valencia commemorating the “Millennium of the Waters”, which
expressed public recognition of the establishment of the irrigation system, and specifically of the
Tribunal of Waters (Tribunal de les Aigiies) during the reign of “Abd al-Rahman III”. It should be
noticed that the Tribunal of Waters is a UNESCO world immaterial heritage since 2009. Water
distribution and irrigation in the Balearic Islands also have Arab origins as is the case for Palma de
Mallorca (Madina Mayurqa) where many ‘sequias’ (siquias or small canals) still remain [126].

As an example, it is worth noting that there are many remains of historical irrigation systems of
Muslim heritage still in operation in Spain, as is the case in the watershed of the Poqueira river, in
the high Alpujarra, Southeast Spain. The area of the watershed is 9000 hm? and its elevation varies
from 400 m, where the Poqueira River joins the Guadalfeo River, to 3479 m at the peak Mulhacén, the
highest summit in the Iberian Peninsula [127]. The irrigation canals, known as acequias, were
excavated; however, the history of the acequias is uncertain and to some extent speculative.
Documents from the Early Modern Age improved our understanding of the layout and organization
of the acequias network. The longest acequia is the Acequia Nueva (Figure 16), with a total length of
10045 m, a conveying capacity of 459 1 s, and an irrigable area of 827 ha. The smaller acequia is the
Acequia Cachariche, with less than 5 km of length and a conveyance capacity of 243 1 s, as indicated
by [128].

Figure 16. Views of the Acequia Nueva, watershed of the Poqueira River (adapted from [128]).

6.2. The Non-Arab Europe

The Arab armies were halted in their northward expansion in the early 8th century by the army
of the Franks, near Poitiers, and later on, they returned to the south and ruled an important part of
the Iberian Peninsula for more than seven centuries. While in the Christian Western Europe science
and knowledge were mainly sheltered and survived in Monasteries, the rest of Europe entered a time
of technical obscurity. For the monastic orders to survive, it was extremely important to have water
to establish a monastery and keep it active. The requisite of sufficient water availability was so strict
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that the monastery should be rebuilt in a different location if the original site did not have sufficient
or reliable water supply, or if it was exposed to flooding hazards. For example, the bylaws of the
Benedictine order in its Chapter 66 recommended that the monasteries of the Cister (a branch of
Benedictines) must have sufficient water supplies to be independent from external resources. Thus,
the majority of the monasteries of the order were located in valleys, where usually plenty of water
was available and the water level was high enough to allow direct access and use of the resource.
Water was so important that the church could even be rebuilt in another location in the precinct in
order to avoid interference with water management. An additional requisite was the preservation of
buildings from possible flooding, and specific defenses against flood water and drainage channels
were usually installed. If needed, riverbeds could be diverted to protect monastery infrastructures
[129].

By the end of the medieval period, several Mediterranean states started developing as
independent town-states and to guarantee food supplies, they re-developed, recovered or
constructed brand-new irrigation and drainage infrastructures to control seasonal floods and cope
with droughts. In this respect, great advances were also made. It should be noted however, that in
medieval records there is no clear indication of distinction between irrigation systems and drainage;
the two purposes were related and, where possible, combined. However, the conditions were not
equally favorable everywhere [130].

Thereafter, references in Piedmont about partnerships for the maintenance of irrigation works
were found. Shortly after, the first record of permanent water meadows or marcite appears in 1138
in the present-day Italy on the estates of the Cistercian abbey of Chiaravalle near Milan (Figure 17).
South of the Po River, in Emilia, where water supply was dependent on the irregular Apennine
streams, irrigation was more limited and subjected to state control. However, here too, by 1330, in
the territory of Parma, Modena and Bologna, it had begun to encroach on farm and meadowland.
With irrigation and drainage, dykes, canals and ditches, medieval farmers and engineers were
preparing changes in Northern Italy, far exceeding anything achieved in Etruscan or Roman antiquity
[131].

Figure 17. Chiaravalle abbey, near Milan, Italy (photo by M. Salgot).

In the hills and highlands particularly, irrigation was restricted, as it still is today, to certain
privileged areas where easy access to markets encouraged limited seasonal irrigation of market-
gardens and orchards. Irrigation practices are found of this form in present Italy by the 13th and 14th
centuries near several Tuscan towns and on the slopes of coastal Liguria, as well as in the upper
Adige valley. In the arid Val d’Aosta there may also have been some irrigation of cereals [131]. In
other places of the Mediterranean, where towns were developing an industry (e.g. textile), water was
brought from different distances to feed the population, industry and agriculture, sometimes with
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huge problems of coexistence of the different uses. This was the case, for example, in the medieval
Barcelona, Spain.

7. Late Chinese Dynasties

A united country and steady regimes during the Yuan, Ming, and Qing dynasties led to
economic development and population growth in China. This encouraged substantial development
of irrigation with system planning being more scientific, technologies more mature and project styles
more diversified, in addition to facilitating the expansion of irrigation throughout the country.

During this period, the polder concepts and technology in the Taihu Lake basin greatly
improved. The polders in the Poyang Lake and Dongting Lake of the Yangtze River basin and Dike
enclosure at the Pearl River delta all entered the large-scale development period, which led the
Yangtze and Pearl River basins to become economic centers of China. In Northern China, ancient
irrigation districts in the Yellow River basin, such as Ningxia and Hetao, further developed. Farmers
in semi-arid areas such as Hebe, Shanxi and Shaanxi and other provinces, excavated wells and
springs with the purpose of using groundwater. The Ming and Qing dynasties adopted the practice
of stationing troops that would cultivate and guard frontier areas as an important state policy for
developing border areas and consolidating frontier defense. This made the irrigation in remote areas
advance with unprecedented development. Among these irrigation projects, karezs (qanats), mainly
distributed along the Turpan Basin and Hami in Sinkiang, were well established irrigation systems.
A karez mainly consisted of the shaft, the underground blind drain, the canal and the end pond.
Shafts were laid out along the terrain from higher to lower elevations with the depth thereof changing
with the ground elevation gradient. A blind drain was developed at the bottom of shafts so that these
could be connected to divert water out of the drain. Water flowing from the drain was stored in
ponds, and finally delivered to the farmland through canals.

The Sinkiang area was characterized by a dry climate with high evaporation. With water flowing
through the ground blind drain, the high evaporation losses associated with general water diversion
works could be avoided, so that precious water resources could be effectively spared and
subsequently used. In addition, the development of Tien Lake water conservancy project in Yunnan
Province made Kuming a beautiful and prosperous city in southwestern China.

8. Irrigation in Modern Times

8.1. The Ottoman Period (ca 16th Century—1923)

As indicated before, during the early Islamic period irrigation was further developed and up-
scaled to large schemes fed by long water conveyance canals. This was done by the Abbasid dynasty,
which was headquartered in Baghdad (762-1258 AD) [12]. A major expansion of the ganat technology
to North Africa, Cyprus, and Sicily also took place during this period.

Afterwards, Turks founded the Ottoman Empire in 1299 near present-day Bursa. The Empire
expanded its territory, eventually covering a large part of Europe, the Middle East and North Africa
at the end of the 16th century. The Ottomans constructed important engineering works in that part
of the world, and numerous bridges and irrigation systems, including dams and canals, can be found
even today in Algeria, Syria, Anatolia, and the former Yugoslavia. The particular techniques
Ottomans used to build those engineering structures are not known, unfortunately, as they did not
report or publish their knowledge so that one could be aware of solutions used for solving different
kinds of problems. The early Ottoman dams were used to store water for domestic purposes, and
special devices were used for delivering water to users [132].

The Sultan Mehmed II (1451-1481) commanded that urgent repairs be made to the existing water
systems. During his reign, a water department was established, underscoring the relevance of water
supply to the Ottomans, as it was for earlier civilizations. During the reign of Mehmet II's son Sultan
Bayezid II (1481-1512) the Bayezid waterway was built and during that of Bayezid II's son Selim I
(1512-1520), various and diverse waterworks were constructed. Aqueducts in the form of arched
bridges had been used since Roman times to convey water across valleys and streams, dividing two
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areas of high grounds so that water did not lose head. During the reign of Siilleyman the Magnificent
(1520-1566), the former Roman water system, which conveyed water from the Belgrade Forest to
Istanbul, was rebuilt with additions and extensions by Mimar Sinan and became known as the
Kirkgesme water system. Preliminary solutions for the water demand problems of Istanbul were
handled with the construction of 40 fountains in Fatih Sultan Mehmed (also known as Mehmed the
Conqueror) era. This duty was given to Mimar Sinan in the era of Sultan Siileyman. In this period,
new water aqueducts were constructed, while repairing works were performed for the existing ones
[133,134]. In the period of Sultan Siileyman, not only numerous fountains for each district of Istanbul
were constructed, but also many waterways were either constructed or repaired in the Medina and
Kudus provinces. This indicates how the Ottomans effectively associated the importance of
urbanization with water management [133,134]. Most of the water conveyance structures built in
Ottoman times are still in use today [135].

Irrigation was actively performed in the Fertile Crescent (Mesopotamia, Egypt, Jordan, etc.) and
other adjacent regions during the Ottoman period. Ottomans developed irrigated agriculture in river
basins’ areas such as Danube, Nile, Euphrates, Tigris, Sakarya, Red, Yesilirmak, Coruh, Seyhan and
Ceyhan, which are next to the sea in three continents.

One of the important irrigation projects in Anatolia was constructed during the Ottoman period.
There were no large water structures except for the Konia Plain Irrigation (Figure 18) in the Ottoman
period [136], and the last Sultan, Abdul Hamid (1876-1909), instigated this important irrigation
project. The land to be irrigated begins at Konya and extends southeasterly, east, and west of the
railway for a distance of 50-60 km, covering an area of some 500 km?. This plain lies from 1000 to
1200 m above sea level. The rivers Beysehir and Carsamba convey water from Lake Beysehir to the
Konia plain (in the present-day Turkey), where it is delivered into a system of secondary canals
through three main supply canals, and then into tertiary canals. By cutting the banks of the last canals,
farmers delivered water to these parts of their land for irrigation, and afterwards water could flow
off into drains. A considerable amount of water was lost by evaporation, and the rest reached the
main drains, which discharged onto low-lying grounds to the northeast and east of the plain [137].
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Figure 18. Sketch map illustrating the irrigation network of the Konia Plain (adapted from [137])

During the Ottoman domination, irrigation projects developed in some areas of the present day
Turkey and Egypt, such as Konya and El-Fayyum. The Fayyum lies in a large natural depression in
Egypt’s western desert, known as the Libyan Desert [138] (Figure 19), and irrigation provides a
particularly good lens through which the history of Ottoman Fayyum becomes visible. Irrigation
structures also allow understanding the region’s relationship to the rest of the Ottoman Empire,
because it was a local process, and differed according to each particular village environment, canal,
sluice gate, and embankment. Water had to be managed and controlled by individuals on the ground
with in-depth knowledge and experience of the local environments. At the same time, irrigation was
a process of wide concern [139].
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Figure 19. A map of El-Fayyum in Ottoman times (modified from [139]).

El-Fayyum is separated from the Nile Valley to the east by a high ridge of loose stones and soil.
The area of El-Fayyum is roughly 1733 km?, with nearly all of it being suitable for farming and crop
production (Figure 20). This ridge is pierced at only one point by a natural opening, and through this
inlet a canal conveys all of its water (except scant amounts from rain) to El-Fayyum for irrigation and
other purposes. This extremely important waterway is known as Bahr Yusuf and branches off from
the Nile at Beni Suef. The canal leaves the Nile Valley at an area known as al-Lahun and enters El-
Fayyum later, at a point known as al-Hawara. The two most important irrigation features on Bahr
Yusuf were the regulating dike of al-Lahun and the seawall-like dam of al-Gharaq [139,140]. The dike
of al-Lahun was built at the narrow gap that allowed Bahr Yusuf enter into El-Fayyum, and thus was
crucial for regulating the canal flow and the amount of water entering the region. The dam of al-
Gharaq was located farther along the canal and was much larger in surface area than the dike of al-
Lahun. Ottoman information sources from the period describe it as a huge dam of impressive stature
that had been in existence since ancient times [139].

Figure 20. El-Fayyum Lake (photo by M. Salgot).
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Thanks to the new/expanded/improved irrigation systems and use of modern agricultural tools,
the variety of crops increased during the 19th century [141]. These systems also improved the socio-
economic situation of the country.

8.2. Irrigation Evolution in Present Times (1800 onward)

Although farmland irrigation has been practiced for millennia to increase and secure food
supply for an exponentially growing humanity, a vast expansion in irrigated land mainly took place
during the 19th and 20th centuries, with irrigated agriculture becoming the principal water consumer
in many countries. Some historians referred to the large development of irrigation in these two
centuries as the true catalyst for the interaction of engineering, organizational, political and
entrepreneurial skills and activities that contributed to food security and produced increasingly
wealthier living conditions [142-144].

In terms of worldwide figures, it was estimated that around 1800 the extent of irrigated land was
about 8 million hm?, and it reached 47 million hm? around 1900. The four countries with the largest
irrigated areas in 1900 were India, China, the USA and Pakistan, respectively [145].

During the 20th century the extent of areas equipped for irrigation doubled by 1945 and doubled
again by 1980 [146]. The area equipped for irrigation between 1900 and 2000 at global level, in stacked
order for the four major irrigation countries is shown in Figures 21 and 22; whereas the information
about growth in irrigated areas by decades from 1950 to 1990 is presented in Table 1 as reported by
[147].

However, in some regions such as sub-Saharan Africa, irrigation expansion and advances were
limited with respect to the available land and water resources. In this region, many irrigation
developments were attempted in the past, and several irrigation projects failed because of a
combination of high investment costs, poor planning and lack of maintenance. As a result, until very
recently, sub-Saharan Africa continues to have untapped water resources and a large potential for
irrigation development [148], although there are various constraints to consider [149].
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Figure 21. Global extent of the area equipped for irrigation during the period 1900-2000 (adapted
from [146,150]).
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Figure 22. Area equipped for irrigation between 1900-2000 for the four major irrigated countries and
the rest of the world (adapted from [145]).

Table 1. Growth in irrigated areas from 1950s to 1990s (adapted from [147]).

Annual Growth Annual Rate of 4.5%
Decade o 2% 1 |
(M Ha) Growth (%) 4.0%
1950s 16.5 4.3% 3.5%
1960s 13.3 2.4% 3.0% |
1970s 16.8 2.5% i ¥
1980s 145 1.7% 20%1 ]
1.5% |
1.0% |
1990s 12.6 1.3% gz; ',
" 1950s 1960s 1970s 1980s 1990s

The UN Food and Agriculture Organization (FAO) [150,151] reported that the global area
equipped for irrigation worldwide increased from 184 million hm? in 1970 to 258 million hm? in 1990
and finally reached 324 million hm? in 2012. In the 1980s, the rate of increase in irrigated areas slowed
considerably [152,153]. Siebert and Doll [154] attributed this slower expansion of irrigated areas after
1980 to the fact that many large-scale irrigation schemes in Eastern Europe and the former Soviet
Union (regions characterized at that time by the transition from central planning economies to market
economies) went out of operation because water infrastructures were not sufficiently flexible to meet
the requirements of new market-oriented private commercial farming models. In other irrigated
areas, the lack of adequate drainage infrastructures caused water-logging and salinity problems that
impaired the productivity of irrigation schemes and created urgent needs for costly rehabilitation. At
the same time, limited water resources, increasing competition for water by other sectors, and
environmental regulations strongly restrained irrigation expansion in many arid areas. For the period
after 2000, the World Water Resources Report [146] indicates that in a number of developing and
developed countries the extent of irrigated land has stabilized or even diminished due to the very
high cost of irrigation networks, salinity-induced problems, depletion of water-supply sources, and
rising public concerns on environmental protection.

The rapid irrigation expansion during the 19th and 20th centuries can be related to several
factors. Sojka et al. [155] pointed out that, while the main physical relationships related to water flows,
i.e. among mass, energy and turbulence, were well investigated and mastered at remarkably high
levels of proficiency in the ancient cultures, the understanding of physical and chemical soil-water
interactions was somehow inadequate until the beginning of 19th century. In ancient irrigation
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development, the combination of soils, climate, water quantity and quality knowledge were more
established at some locations than others. At some schemes, in fact, irrigation has continued to the
present day without skilled or sophisticated management, either because seasonal rains provided
sufficient leaching, or because soils were sufficiently permeable and well drained to prevent water-
logging and salinity accumulation. In other cases, irrigation water had favorable chemical
composition that avoided the occurrence of land-impairing situations. In other areas, increased soil
salinity and/or sodicity, as well as raised water tables, have either limited the functionality of
irrigation schemes or adversely affected land productivity. The success or failure of irrigation
schemes, as well as their productivity and sustainability, became tightly dependent on skilled design
and management, as populations grew and the need for increased food supplies encouraged
irrigation development on more marginal areas with less productive soils, poorer drainage, and
greater natural or induced salinity and sodicity problems. In turn, these aspects required the
knowledgeable application and adaptation of scientific principles that started being developed and
consolidated from the mid-19th century onwards.

Then, a conjunction of progress and learning in several scientific disciplines, including soil
science, hydrogeology, chemistry, physical-chemistry, physics, and plant physiology occurred and
contributed to foster irrigation development. These disciplines were adapted, blended and applied
in the sub-disciplines of soil chemistry, soil physics, soil biology, crop physiology and agronomy,
whose fundamentals proved being essential knowledge for irrigation design, construction and
operation, as well as for their economic, social, and environmentally sustainable management.

Similar patterns occurred both in the old and new continents. For instance, from the turn of 19th
century onwards, Southern Europe experienced a vigorous upturn and expansion of irrigation, which
was mainly fostered by an upcoming industrial economy, high demographic pressure and adapting
agriculture, as well as by the availability of affordable energy. Leibundgut and Kohn [156] report that
specific new laws for field irrigation and grassland (meadow) cultivation frequently encouraged the
modernization of existing and the implementation of new irrigation systems, as well as the
foundation of large irrigation cooperatives/associations. In comparison to more traditional irrigation
schemes developed in historical periods (e.g., middle ages), the newly developed irrigated areas of
19th and 20th centuries were usually large-scale upstream-controlled systems laid out by engineers.
Such systems were characterized by gravity-fed designs, whose implementations required labor- and
capital-intensive works to reshape and modify valley-floor plains, as opposed to earlier projects
largely adapted to natural landscapes and land contours. Official regional statistics and land register
records begun to be available from the 19th century onwards, which provide quantitative information
about the overall irrigated area [157].

Leibundgut and Kohn [156] indicate that, in terms of spatial extension and geographical
distribution, irrigation in Europe probably reached its peak around the turn of the 20th century.
Modern irrigation developments were launched in Spain soon after the end of the Civil War in 1939,
based on a national water development plan designed by the government prior to the war. Such
developments, originally established to settle small farmers, constituted the foundation of a vibrant
irrigated agriculture today, which expanded to 3.7 million hm? and is the largest irrigated area in the
European Union.

In the USA, modern irrigation developments are reported to have probably begun with the
Mormon settlement of the Utah Great Salt Lake Basin in 1847, followed by the cultivation of nearly
2.5 million irrigated hm? across the inter-mountain western USA by 1900. America’s Mormon
pioneers chose to settle in a remote salt-impaired desert habitat, and thus were forced to use trial and
error and application of all available new knowledge to reclaim lands from the desert and practice
sustainable irrigated crop husbandry, as described by [155]. According to Reisner [158], the Mormon
pioneers were very successful in their efforts to the point that the practices they followed in
reclaiming, managing, and irrigating arid and salt-affected lands provided the main guiding
principles for irrigation developments that occurred throughout the western USA before and under
the Reclamation Act since 1902. The passage of the Desert Land Act of 1877 and the Carey Act of 1894
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spurred irrigation developments further in the western USA, providing the legal framework to land
acquisition for settlement and support of governmental infrastructure for development.

Bucks et al. [145] refer that the lessons learned in the settling of the American West from 1847
onward provided many practical modern principles and methodological approaches of irrigation
systems design and operation, and irrigated soil management until the end of World War II, when
the total U.S. irrigated area had grown to 7.5 million hm2. Concurrently, the innovations and designs,
developed in this context, had worldwide importance. Irrigated agriculture remained an engine of
the western U.S. development until the 1970s [159].

After World War II, another wave of rapid irrigation expansion occurred worldwide, owing to
a fast population growth and to the increasing demand for safe food supplies. For the largest part,
this population expansion resulted from the progresses obtained in public health and the successful
control of malaria and other insect-borne diseases in many regions, which in turn significantly
increased life expectancies. In addition, the first and the second World Wars spurred advances in
technology that were applied to many production areas, including agriculture. Among those,
electrical, steam and internal combustion power sources became available to lift and pressurize water.
New pump designs and the patenting of sprinkler delivery systems came together in a few decades
between and immediately following the wars and revolutionized the ability to withdraw, convey and
deliver water. Before it, with the invention of internal combustion engines and shallow well pumps,
irrigation largely expanded beyond riparian and gravity flow service areas.

Available records show that irrigation gained even more prominence under the Green
Revolution of the second half of the 20th century. The Green Revolution was initiated to address the
issue of malnutrition in the developing world, and combined plant genetic improvements with
agronomy (greater use of fertilizers, pesticides, and irrigation) to increase crop yields. In several parts
of the world, the availability and use of irrigation water represented a key factor for the positive
results accomplished by the Green Revolution, such as in the Indian sub-continent. The UN-FAO
[160] estimated that in 2003 the total world-wide irrigated area was 277 million hm?, corresponding
to about 18% of the total cultivated lands (Table 2), with the largest proportion of this area (70%)
being in Asia, as shown in Figure 23.

Table 2. Area equipped for irrigation and percentage of cultivated land for selected years (adapted

from [160]).
Region Irrigated Area (million hm?) | Irrigated Area as % of cultivated land
Year 1980 1990 2003 1980 1990 2003
World 193.0 224.2 277.1 15.8 17.3 17.9
Africa 9.5 11.2 134 5.1 5.7 5.9
Asia 132.4 155.0 193.9 28.9 30.5 34.0
Latin America 12.7 15.5 17.3 94 10.9 11.1
Caribbean 1.1 1.3 1.3 16.4 17.9 18.2
North America | 21.2 21.6 23.2 8.6 8.8 9.9
Oceania 1.7 2.1 2.8 3.4 4.0 5.4
Europe 14.5 174 25.2 10.3 12.6 8.4
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Figure 23. Distribution of irrigated surface in the World by major geographic regions (adapted from
[160]).

The introduction of advanced western hydraulic engineering technologies in China and other
Asian countries between the end of the 19th century and the beginning of the 21st century gradually
encouraged the reconstruction and expansion of traditional irrigation districts and the construction
of modern irrigation projects. A group of intellectuals appeared that had been exposed to both
western education and oriental cultural influence, who became the promoters of hydraulic reforms
during this period. Among all these practices, eight irrigation canals in the Central Shaanxi Plain,
including Jinghui and Luohui canal and others, were built by Li Yizhi, who was the major
representative of these promoters. Since the founding of the People’s Republic of China in 1949,
irrigation in China has been developing in full scale, improving significantly the ability to resist
drought and flood disasters in agriculture.

From the 1970s onwards, increasing development costs, reducing governmental support and
financing, rising demand for municipal and industrial water supplies, diminishing sources of fresh
water supply, and a growing concern for the environment have forced water managers and planners
to begin rethinking traditional approaches to agricultural water management [161]. Most of projects
developed around the world during the 1980s were fueled by financial resources from national or
international agencies and were largely expected to result in national self-sufficiency in producing
staple foods. As a result, these irrigation schemes tended to be centrally organized and operated by
state authorities (government-based irrigation systems), which often also directed input supply and
cropping patterns. Several of these projects failed to meet expectations, as farmers had very little
opportunities to get involved in management and decision-making, and felt no incentive and
commitment to proper water use, system maintenance, forced crop selection, and high-productivity.
A second generation of agency-funded projects encouraged farmers assuming a sense or responsible
ownership of irrigation schemes as major key for success. This objective was pursued through the
self-organization of water users, who could understand the economic potential of farmer-managed
irrigation systems and thus assume full responsibility. Funding agencies therefore fueled irrigation
expansion through development of farmers-managed irrigation schemes and through irrigation
management transfer (IMT) programes, i.e. transferring responsibility, decision-making and financing
of irrigation systems from public sector to water users’ organizations. In this context, one of the main
funding agencies’ goal was to ensure that irrigation systems would provide adequate, flexible and
more dynamic water delivery services to meet the needs of market-oriented agriculture.
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9. Main Agricultural Water Management Challenges and Future Trends

9.1. Present Day Challenges in Irrigated Agriculture

Irrigation has been playing a crucial role in the economic development of many countries that
extends far beyond the production of food and fiber. In several areas of the world, it made the
settlement and establishment of active communities possible, while transforming lands with little or
no apparent economic value into highly productive and market-oriented farming systems. An often-
overlooked key benefit of irrigation, yet not easy to quantify, is food security, i.e. the security derived
from stability of food production. Weather vagaries and seasonal rainfall fluctuations could make
rain-fed farming a risky venture, whereas irrigation reduces some of the uncertainties and promotes
increased and stable crop production [121]. According to the Second United Nations World Water
Development Report [162], there is a strong positive link between investments in irrigation, poverty
alleviation and food security. Irrigation allows minimizing abrupt and unpredictable yield reductions
that many world’s food production areas would face due to recurring or sporadic droughts.

Presently, more than 60% of the cereal production worldwide and 50% of the value of all crops
harvested come from irrigated agriculture. Irrigated land produces on average two to two and half
times the yield and three times the crop value per hectare relative to non-irrigated farmland, with the
irrigation portion amounting to only one sixth of the world’s total production area, including
cropland, rangeland, and pasture [145,150,163-165]. However, the success of irrigation projects has
been often achieved through strong governmental involvement and support (both in terms of
engineering and financial assistance), and has been fueled by economics and market patterns. In the
last two decades, government involvement and support for irrigation development have greatly
diminished, and the role of agriculture has changed in the economy of many developed countries,
with some of the nations’ priorities shifted towards increased environmental concerns and the need
to compete in the global economy.

The world community has become aware that irrigation causes serious land transformations,
that are often permanent and irreversible and take place mainly in two ways: (a) by direct
modifications of the land surface, occurring when water conveyance and distribution networks are
constructed, and lands are cleared, shaped and leveled for farming and irrigation; and (b) by in-depth
transformations taking place when the water and salt balances in the region are changed as a
consequence of importing large quantities of water and salts into the area [121]. As such, it is now
recognized that irrigation development is a dynamic process disturbing the natural water and salt
balance of a region, and eventually causing irreversible damages to the local ecosystems, from the
projects” onset to the medium and long term. Among the major adverse ecological effects, the
diversion and storage of water for irrigation profoundly alter the natural hydrology of streams and
the habitats of native plants and animals depending on them. Moreover, the application of large
quantities of water to irrigated lands may result in soil erosion and sedimentation of streambeds. At
the same time, salts, organic matter, solids of several sizes, fertilizers and pesticides may be leached
out from the soil and transported into rivers, streams or aquifers, alongside with microorganisms and
several pathogens.

Several surveys have indicated that of the existing irrigated lands, some 40-50 million hm? show
measurable degradation from water logging, salinization, and sodification (e.g. [166,167]) leading
often to desertification. All these adverse environmental and ecological consequences of irrigation,
i.e. water diversion and consumption, impacts on water quality, effects on aquatic ecosystems, are
increasingly being scrutinized and questioned [161], and there are calls for intensified research and
wide adoption of conservation and resource-efficient water management practices. The challenge of
soil losses due to combinations of these negative factors must also be addressed.

Irrigation developments have also several extended positive impacts, including social and
economic benefits such as flood control, transportation and recreation, as well as hydropower,
creation of employment opportunities and rural development. At the same time there are positive
ecological effects resulting from transformation of drylands into green areas that produce large
amounts of oxygen and fix carbon dioxide and accommodate through fields, ditches, canals and
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reservoirs, the habitats where a wide range of wildlife thrive, as opposed to deserts and undeveloped
natural arid lands. Nevertheless, part of the mentioned impacts can be considered negative from the
ecological point of view, since they alter or even destroy natural ecosystems (arid and semiarid).

Sojka et al. [155] highlighted that irrigated agriculture has greatly enhanced its ability to provide
humanity's essential needs in closer harmony with environmental balances. There are opposite
opinions indicating that the natural characteristics of deserts are being lost through irrigation,
including specific flora and fauna. The case of the Segarra-Garrigues canal in Lleida province, Spain
is paradigmatic, with the EU having forced to reduce the irrigable area in order to protect and
conserve steppes’ birds [168].

According to data from major international agencies, population growth is occurring mostly in
developing countries, where there are added expectations of improved diet and standards of living
that raise the need for increased food production per capita above a simple linear extrapolation based
on population projections [155]. In fact, only intensive and high-yielding crop production from
irrigated agriculture has the potential to achieve these projected performance targets. At the same
time, the production of biofuels represents an additional demand on water resources, and also
competes with food for limited water and land [169].

Besides meeting the increasing needs for food and energy (biofuels), the main challenge faced
by irrigation planners is no longer the high agricultural productivity only, but rather the long-term
economic and environmental sustainability of irrigated areas. The potential hazards intrinsic to
irrigation developments need to be carefully evaluated at the planning stage, and minimized during
the operation phase, if the stability and permanency of irrigation projects are to be ensured. Several
authors [166,170,171] report that the adequate knowledge and technology exist to design, implement
and operate irrigated cropping systems in an environmentally compatible way, and thus prevent
progressive and sometimes irreversible land and water resources impairments. However, in most
cases, when designing and developing a large-scale irrigation project there is a great political
emphasis and pressure to develop as many irrigated hectares as possible at the project outset. As a
result, often not sufficient financial and technical resources are allocated to implement known
scientific principles and technologies in a timely manner, as part of irrigation systems design and
management. Also, in many projects there is not sufficient provision of technical and social support
to assist the farming community with the transition from rain-fed or no agriculture to irrigated
agriculture. Often, this insufficient assistance is perceived at later stages as failures of irrigation, but
in reality, those are failures in the human institutions and project governance, as pointed out by Sojka
et al. [155]. In this regard, a real challenge for irrigation expansion in the near future is reaching
consensus around social, political, economic and institutional considerations rather than only
promoting technical advances on water availability and use.

Overall, the availability of suitable land and water is likely to remain the principal determinant
of the extent of irrigation and its expansion at the global scale. Water-related costs are rising and
demands on the available water resources are growing rapidly in many areas of the world, generating
increasing competition for fresh water supplies, and both trends are very likely to continue in the
future. Irrigated agriculture is currently, and will most likely in the future, be particularly subject and
vulnerable to water supply fluctuations. Alongside, irrigation methods, systems and management
practices will continue evolving towards advanced technologies to provide better water control,
communication and record-keeping, improve water and nutrient management, enhance soil and
water resource use efficiency, and minimize their degradation.

All the above-indicated factors call for inevitable changes in how water is managed, allocated
and valued in the future. Among others, the major key change drivers are population growth, urban
expansion and resulting loss of agricultural acreage, increasing competition over fresh water
supplies, changing of policy objectives, and increasing environmental concerns. The possible
response to those drivers may be developments in science and technology and changes in
management practices, as well as governance, institution, and policy reforms.

In terms of science and technology, in the last decade efforts have shifted away from construction
of large irrigation infrastructures, such as dams, reservoirs, and large-scale water supply and delivery
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systems (Figure 24), and more attention is being given to improve on-farm irrigation systems and
management practices to reduce the total amount of water diverted from various sources. There is a
clear trend, fostered by financial incentives and technical support programs, towards broader
adoption of micro-irrigation methods that apply water at slow rate in the vicinity of plant roots, thus
enabling improved water and nutrient crop management and efficiencies. Research institutions are
also working to breed and test new plant varieties that are drought tolerant, drought resilient, or
better adapted to water stress. However, substantial water savings from irrigation technologies and
genetic engineering do not appear imminent, although large efforts are being made to develop
durable techniques and strategies. In terms of irrigation technology, it is tempting, and has been so
for decades, to address the need for better on-farm irrigation efficiency only with technological
interventions rather than by application of better management techniques [172].

(a) (b)
Figure 24. Aswan dam in Egypt: (a) view of today; and (b) past view (Photos by M. Salgot).

Innovative irrigation technology is generally promoted as enhanced water-use efficiency along
with multiple other benefits, but often these remain elusive in practice. In many cases, individual
farmers and/or their organizations made significant investments in irrigation technologies, but their
implementation has not been systematically evaluated for effectiveness through better knowledge
regarding soil-water—plant relationships. As a result, frequent investments in technological
improvements have been causing higher water prices without gaining the full potential benefits due
to increased water efficiency, as indicated by Levidow et al. [173]. Under such circumstances,
irrigated agriculture will likely maintain relatively low water-efficiency levels, and farmers will have
no clear incentives to improve, and most likely will make no efforts towards implementing more
efficient practices. Reversing these tendencies will require continuous knowledge-exchange and
knowledge-delivery programs, and that all relevant stakeholders share greater responsibility and
benefits for increasing the efficiency across the entire water-supply chain. From this perspective, it
will be crucial that more water-efficient management practices could also demonstrate how to
combine wider environmental benefits with economic gains for farmers, without forgetting the
possible negative impacts of new practices, i.e. pursuing eco-efficient water management practices.

From an institutional perspective, development agencies and local governments have also
shifted the focus from policies for developing new irrigation schemes to better management and
modernization of existing schemes, and towards increased environmental protection, while strongly
reducing subsidies. In some cases, water-management agencies are also developing policies to
implement water transfer programs among different water-use sectors.
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9.2. Future Directions Anticipated in Irrigated Agriculture

With this historical review and modern perspective of current pressures and drivers on irrigated
agriculture, we offer a few likely directions anticipated for the future.

Irrigation will continue playing a crucial role in the production of safe food and of biofuel
supplies, most likely through agriculture intensification. The total irrigated area will likely remain
similar or even decline, but the production from irrigated agriculture will remain constant or slightly
increase, thanks to conversion of significant acreage to higher-value crops. In this context, the
attention will be mainly given to irrigation performance and the economic efficiency of water use, i.e.
water productivity.

Increasing pressure on fresh water supplies from different sectors will put agricultural water use
under greater scrutiny and lead to possible decline of water allocations to irrigated agriculture, with
increasing fractions transferred to municipal, recreational and environmental uses, as well as to
natural landscapes. This will be particularly so in areas under water scarcity and during drought
periods. Higher water tariffs, tiered pricing schemes, and water markets will likely be implemented
to encourage more efficient agricultural water usage.

The irrigation sector will most likely be expected to comply with higher standards of efficiency
as a condition of use, to be monitored through third-party auditing and certification processes. Tiered
water pricing, new regulations and some sort of incentives to growers will have to be implemented
to achieve higher irrigation efficiency, and support voluntary water transfer programs. This will also
encourage research on the use of drought-tolerant varieties and on reuse of water from return flows.

Competition in the global economy, in conjunction with reduced protection to farming activities,
will lead growers to deal with more risks and uncertainties. Among those, market conjunctures,
fluctuations of crop prices, weather-related changes, and the cost of water and energy supplies, will
all make farmers more vulnerable to vagaries and uncertainties. Minimizing some of these risks will
entail relocating the production of high-value crops to areas with more dependable water supplies.
Successful farmers will adapt to increased uncertainties through innovations in technology, resource-
efficient practices, and cropping systems that are more resilient to climate variability and weather
extremes.

In several large-scale irrigated areas, there will be a shift towards large-sized well-financed,
diversified, and technology-oriented farming operations, run mostly by corporations. Smaller under-
financed farms will tend to decline, due to less-skilled personnel and higher vulnerability to risks.
Medium-sized farms will instead face hard challenges to stay competitive in the increasingly global
economic context.

The increasing pressure for greater efficiency of water use will require research efforts for
development and transfer of new technologies and water management practices, from both the public
and private sectors (irrigation industry). Irrigation districts and water users’ organizations will also
have to engage more in testing and demonstrating the cost-effectiveness of new technologies, as well
as in supporting education of irrigators to the correct deployment and best use of such innovations.

In the future, the major issue in the water supply will be related to the long-term availability and
sustainability of existing and new water supply sources. Factors that will impact public water
supplies are population growth, population demographics, limited availability of new natural
sources of water, distribution of existing fresh water sources, increased contamination of these water
sources with trace organics and nanoparticles, ageing infrastructures, and climate change [174]. In
the next 30 years it is estimated that the world's population will increase from 7.3 billion today to 9.7
billion by 2050. Also by 2030, roughly 60% of the world's population will be living in urban areas. At
the same time, it is anticipated that by 2030, a fraction of that 60% of the world's population will live
near coastal regions, creating even more urban sprawl than already exists [175]. Based on the facts
that the available fresh water globally will remain the same, combined with unequal distribution of
the world’s water resources in many parts of the world, large cities are already water stressed making
it necessary to look for non-conventional water resources, e.g. treated wastewater, brackish water
and desalinated waters [176,177]. In this context, wastewater reclamation and reuse is becoming
increasingly necessary to reach equilibrium between supply and demand [178].
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10. Epilogue
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Throughout this review, our contributions clearly demonstrate that water and its proper
management has always been a key element for food security. In addition, because of this need, the
development of technologies and methodologies to use water efficiently has always been a concern,
probably more linked to “sustainable” goals in the past, when nature was considered as part of the

environment, than in the current time that are more dominated by economic interests. Nevertheless,

an increasing awareness to maintain the planet’s natural features is counteracting the economic
objectives and then influencing irrigation patterns. A brief timeline of historical developments of
agricultural irrigation globally is presented in Table 3.

Table 3. A Brief timeline for historical development of agricultural irrigation.

Period (ca)

Achievements

Comments

5000-2500 BC

The first confirmed evidence of habitation and the
first farmers. The first successful effort in
developing agricultural irrigation.

In Mesopotamia

5000-2200 BC

Emergence of the primitive irrigation and
drainage engineering, and emergence of wells for
irrigation.

In ancient China

ca. 3100 BC

Egyptians practiced basin irrigation using the
loading of the Nile to inundate land plots, which
had been surrounded by dykes.

In ancient Egypt

3050-2050 BC

Early irrigation systems in Egypt and
Mesopotamia

3000-1600 BC

Ancient Nubians developed a form of irrigation
by using waterwheel-like device called sakia.

In ancient Sudan

2500-1450 BC

Irrigated and drainage agricultural lands in the
eastern Crete. Major irrigated crops were olives
and grapes

Minoan settlements
(e. g
Choiromandres,
Zakros, Agia Triada,
Messara valley)

2500-1900 BC

Irrigation of agricultural lands.

In Mohenjo-daro
and other centers
located in modern
Pakistan.

2200-771 BC

Emergence of farmland canal systems.

In ancient China

Cultures and civilizations in the Niger river

In sub-Saharan

evident already from the myths of ancient

region practiced irrigation based on wet season Africa
2000-1000 BC gion P 8 e on e
flooding and water harvesting in the first or
second millennium BC.
The realization of the importance of irrigation is In various

Mycenaean cities (in

still use today in several parts of the world.

1500-800 BC cultures. Irrigation of Kopais valley in the central south Greece)
Greece.
Mainland Greece,
Development of irrigation and drainage Western Greece and
800-500 BC . i . . .
technology for field cultivation and gardening. islands in the
Aegean Sea
The Qanat technology was developed which is In Persia and other
ca. 800 BC among the oldest known irrigation methods and places
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Period (ca)

Achievements

Comments

ca. 300 BC

The irrigation works in the reign of King
Pandukabhaya and which were under continuous
development for the following thousand years,
were one of the most complex irrigation systems
of the ancient world.

In ancient Sri Lanka

256 BC

In the Szechwan region, belonging to the State of
Qin, the Dujiangyan irrigation system was built to
irrigate an enormous area of farmland that still
supplies the water.

In ancient China

246 BC

In the central Shaanxi Plain belonging to the State

of Qin, the Zhengguo Canal irrigation system was

built to irrigate an enormous area of farmland that
today still supplies the water.

In ancient China

167 BC-330 AD

Romans invented the Roman concrete (opus
caementitium) which allowed the construction of
long canals, very large bridges and long tunnels in
soft rock.

In Roman period

581-1279 AD

The pond-canal polder system in the Taihu Lake
basin and projects for resisting seawater intrusion
and storing freshwater in the southeast coast
became the most representative water
conservancy of this period.

In ancient China

1200-1500 AD

Use of Chinampas which is a crop growing
method used by the Aztec civilization consisting
of small manmade islands placed on lakes in
marshes with no need for irrigation and
optimizing the use of agricultural land, water and
waste to raise yields

In Mexico

1279-1911 AD

The polders in the Poyang Lake and Dongting
Lake of the Yangtze river basin and dike enclosure
at the Pearl river Delta both entered the large-scale

development period, that made the Yangtze river
basin and the Pearl river basin become economic
centers of China.

In ancient China

1299-1923 AD

Most of the water transmission lines built in
Ottoman times. Irrigation activity was densely
performed in Fertile Crescent region
(Mesopotamia, Egypt, Jordan etc.) during
Ottoman period

In Anatolia and
neighboring regions

1900-Today

It was estimated that around 1800 the extent of
irrigated land was about 8 M ha, and it reached 47
M ha million hm? around 1900 with water
consumption for irrigation 500 billion m? per year.
The top four countries with the largest area
equipped for irrigation in 1900 were India, China,
Pakistan and USA. Total water demand is
expected to increase from 4000 today to 5500
billion m?¥/year in 2050 with irrigation to be the
major use.

In the entire World
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Irrigation has been implemented in Egypt and Mesopotamia since at least 5000 BC, where water
of the flooding from Nile, Tigris, and Euphrates rivers was diverted to the agricultural fields for a
couple of months during summer and fall. The excess water was then drained back into the rivers
before the start of the crop growing cycle.

Chinese irrigation has a long history and a sustainable development. The origin of Chinese
irrigation is very early, e.g. well water for irrigation emerged ca 6000 years ago; well-field irrigation
system built in the Xia, Shang and Zhou dynasties, and large irrigation projects such as Dujiangy weir
and Zhengguo Canal appeared 2000 years ago. Hereafter, due to long lasting and relative “isolation”
from other civilizations, Chinese irrigation has always been developing according to its own rules,
with its technologies continuously improving.

Secondly, China is vast in territory with diverse natural conditions, (such as topography and
precipitation) and requirements of social and economic development, which vary enormously in
different regions. These differences resulted in the development of a large number of irrigation
projects, which featured various styles.

Thirdly, there is a close relationship between the development of Chinese irrigation and the shift
of Chinese economic centers inside the country. The first economic center of China emerged in the
lower reaches of the Yellow River, where irrigation was more advanced. With the spread of irrigation
technologies, the Yangtze River basin became the economic center, followed then by the Pearl River
basin. Even more, the development of these economic centers effectively facilitated the development
of local irrigation. Historically, China lead to unique irrigation systems, which made Chinese
irrigation become an indispensable and irreplaceable part of world’s irrigation projects heritage.

On the contrary to most ancient civilizations, which developed and flourished near rivers and
lakes where water supply for drinking and agricultural use was readily available, the Greeks
established communities in arid and semi-arid regions since the early times [35]. Thus, the Greeks
developed sophisticate irrigation practices and general water management practices due to the water
scarcity during the Minoan Era and onwards. Ancient Greek water management techniques
displayed a variety of strategies, concerns and, in some instances, ingenuity at a level which inspires
to re-contemplate its potential in other contexts. Most obviously, Greek gardening displayed a
concern with the multifarious engagement of irrigation, manure, manpower and intensive cultivation
of confined spaces. It is borne out of the evidence that the combination of manuring and labor-
intensive cultivation with irrigation induced by control and storage of seasonal rainfall can provide
a highly effective concept for intensive gardening.

Less relevant may be the large-scale irrigation projects of the Classical and Hellenistic periods
(ca 500-100 BC), which both had the effect of re-molding the landscape, changing it from rugged,
marginal lands into fertile soils of the plains, and providing abundant water to regular field and tree
crops cultivation. The few extant examples of large-scale irrigation projects to survive in the material
record suggest that irrigation strategies undoubtedly helped addressing highly complex local
conditions and problems. Again, however, it may be relevant to contemplate scenarios where erratic
seasonal changes of rainfall in semi-dry regions compelled farmers to both control and store rainfall
in order to implement larger combined drainage and irrigation strategies.

Terrace irrigation is documented in pre-Columbian America, early Syria, India, and China, as
well as in the Mediterranean Basin. In the Zana Valley of the Andes mountains in Pert1, archaeologists
found remains of three irrigation canals that were radiocarbon-dated from ca. the 4th millennium BC,
the 3rd millennium BC and the 9th century AD, respectively [179]. These canals are the earliest
records of irrigation in the New World; traces of a canal possibly dating from the fifth millennium
BC were found under that fourth millennium canal [180]. Sophisticated irrigation and storage
systems were developed by the Indus Valley civilization in present-day Pakistan and North India
[181]. In those places, large-scale agriculture was practiced and an extensive network of canals was
used for irrigation purposes.

The Aztec culture, although not as ancient as some of the other cultures mentioned, showed a
full understanding of the benefits of managing water jointly with land and biodiversity. Certainly,
this was because the Aztecs had to face the lack of arable land combined with the presence of water
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resources that were partly saline. Unfortunately, with the arrival of a new culture, i.e., the Spanish,
this philosophy on the integrated management of water and other natural resources was almost lost.
Nevertheless, it is now being “re-discovered” by some experts for the aim to deal with similar
problems that are affecting many other regions of the world.

While the Aztec water management system was almost lost as indicated, other Central and South
American cultures maintained traditional ways of farming the land, and indeed the modern Mayan
and Andean people continue practices that reverberate the ancient techniques. Ancient Andean
irrigation canals continue to be functional in the contemporary world. Indeed, indigenous Andean
farmers still use a similar system to allot water to farms throughout the river valleys [117]. Thus, an
ancient Andean system that was institutionalized by the Inca and Spanish imperial rule resonates
today in the daily lives of modern Andean farmers.

Indigenous Central American farming techniques in particular have important implications for
modern farmers living in tropical areas. Many farmers throughout Southern Mexico, Belize, and
Guatemala practice traditional farming methods, planting rain-fed milpas, and produce enough food
to feed their families and sell part of the crops on the market. These practices are more sustainable,
as they seem better suited to the local environmental conditions than modern Western agricultural
practices. Many farmers shun the hybrid corn varieties planted by growers in the United States and
Canada, for example, preferring local corn varieties that are better adapted to the seasonal rain and
the local traditions of implementing irrigation strategies.

Presently, irrigation is being considered as a way to improve standards of living for farmers,
which rely more and more on highly technified ways of applying water to the soil-plant system. The
water-energy-food nexus is now guiding brand new approaches to make irrigation a sustainable
practice from various viewpoints. The most important is perhaps the capacity of ensuring sufficient
and healthy food supply for an ever-growing world population, i.e. food security and safety. Water
for irrigation is a basic commodity but it is not to forget that, without soils in good productive
conditions, agriculture would not thrive even if there is enough water to grow plants for food
production.

Finally, the lessons learned from the past and the existing concerns point to several future main
water-related challenges and trends, as indicated hereafter:

e  water supply will be limited and regulated for all users, with water rights and water pricing
schemes to be re-visited and adapted to changing conditions;

e  larger quotas of water will be transferred from agriculture to urban areas, recreational activities
and the environment;

e increased climatic variability will exacerbate problems of water supply and expose farmers to
increasing vagaries and uncertainties;

e degradation of land and water resources may become more substantial and as well draw
increasing public attention;

e more resource-efficient management practices will be needed at farm level that could also
combine wider environmental benefits with economic gains for farmers;

e  cropping systems implemented in irrigated agriculture in the arid and semiarid areas will need
to adapt to less water availability and to lower-quality supplies;

e new varieties and cultivars of plants more adapted to drier conditions are and will be essential
for a better use of water in agriculture; and

e the knowledge of the relationships of water and nutrients with the different types of soils will
be also essential for proper agricultural water management.

Lessons from the past must not be forgotten, as they will help avoiding a broad range of mistakes
perpetrated nearly consistently along the millennia.
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