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Preface

This book is a collection of chapters on various topics related to irrigation and drainage. The
chapters contained in the book are the scholarly contributions of various authors pertinent
to the science of irrigation and drainage. Each contribution is presented as a separate chap‐
ter complete in itself but directly related to the subject of this book.

This book contains 6 chapters:
1. Irrigation and Drainage in Agriculture: A Salinity and Environmental Perspective
2. Predictive Irrigation Scheduling Modelling in Nurseries
3. Municipal Wastewater Irrigation for Rice Cultivation
4. On the Use of Decision-Support Tools for Improved Irrigation Management:

AquaCrop-Based Applications
5. Technical Efficiency of the Subsurface Drainage on Agricultural Lands in the

Moldova River Meadow
6. Applications of SuDS Techniques in Harvesting Stormwater for Landscape Irriga‐

tion Purposes: Issues and Considerations

All chapters are written having scholars and specialists in this field as target audiences.

Dr. Suren Kulshreshtha
University of Saskatchewan

College of Agriculture and Bioresources
Saskatoon, Canada

Dr. Amin Elshorbagy
University of Saskatchewan

College of Engineering
Saskatoon, Canada





Chapter 1

Irrigation and Drainage in Agriculture: A Salinity and

Environmental Perspective

Sjoerd E.A.T.M. van der Zee, Sija F. Stofberg,
Xiaomei Yang, Yu Liu, Md. Nazrul Islam and
Yin Fei Hu

Additional information is available at the end of the chapter
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Provisional chapter

Irrigation and Drainage in Agriculture: A Salinity
and Environmental Perspective

Sjoerd E.A.T.M. van der Zee, Sija F. Stofberg,

Xiaomei Yang, Yu Liu, Md. Nazrul Islam and

Yin Fei Hu

Additional information is available at the end of the chapter

Abstract

Whereas irrigation and drainage are intended to address the shortage and surplus of soil
water, respectively, an important aspect to address is also the management of salinity.
Plants have a limited tolerance for soil water salinity, and despite significant gaps in our
practical knowledge, an impression of acceptable salinities is available for many crops.
To manage soil salinity, the Leaching Requirement is an old, yet useful, concept. In this
chapter, we extend this concept for soils with shallow groundwater. Particularly if
shallow groundwater is saline, management is needed to avoid capillary rise of this
water into the root zone. One of the tools to do so is Climate Adaptive Drainage
(CAD), for which many practical gaps in knowledge remain. Also, soil mulching, of
which a special case is considered in more detail, i.e., using plastic covers, may be
beneficial for many purposes, including improving the water and salt balances of the
root zone. However, use of plastics may have significant adverse effects. Due to water
shortage, also wastewater may be re-used for irrigation. For this reason, the hazard of
sodicity due to elevated Na concentrations in domestic wastewater is highlighted.

Keywords: salinity tolerance, Leaching Requirement, groundwater, adaptive drainage,
soil mulching, plastic mulching, wastewater re-use, sodicity, modelling

1. Introduction

Although arid and semi-arid regions have a potential for yielding multiple crops per year, due
to the large incoming radiation, this potential is profoundly limited by the small annual
rainfall. An impression of the distribution of dry areas is shown in Figure 1, which is based on
the aridity index (AI), defined as annual precipitation divided by potential evapotranspiration.
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AI ¼ P=ETp (1)

where P is annual rainfall and ETp is potential evapotranspiration (both mm/y). Therefore,
Figure 1 shows the main regions, where an additional supply of water, besides rainfall, is
needed or even crucial for agricultural production. However, also in the regions where water
supply is sufficient, seasonal drought can be a farmer’s risk. This is the case in a humid
temperate country as the Netherlands.

Insufficient rain falls have to be compensated for, to ascertain sufficient agricultural yields.
Irrigation using good-quality river water, groundwater and, sometimes, wastewater has been
used for ages. Irrigation is often accompanied by drainage, which is the natural or artificial
removal of surface and sub-surface water from a given area. Artificial drainage is always
needed, except in cases with deep groundwater levels. In most river delta regions, drainage is
a must to avoid water logging. This is not the only reason, because avoiding salinization is a
recognized aim of drainage, as is illustrated in this chapter.

Research on irrigation and drainage has been considerable and this is not surprising as
irrigated agriculture has been practiced during the past 5000 years, e.g,. in Mesopotamia. Due
to long-term changes, water availability for irrigation could decline or salinity problems could
develop. The underlying cause for agricultural yield depressions upon salinization is that most
terrestrial plants tolerate only a limited salinity of soil water. The term salinity is usually
associated with concentrations of sodium chloride (NaCl), but may be interpreted more
broadly as the presence of ions in water. Rainfall usually contains few ions, but agricultural
fields are often irrigated with groundwater or surface water, where this is different. The salts
that may give problems in agriculture may be derived from different sources: (i) water in
contact with soil material induces physical and chemical weathering, which is associated with
release of ions, of which the concentrations may be increased due to evapotranspiration; (ii)
groundwater may be brackish or saline due to different geohydrological causes such as sea

Figure 1. Distribution of dryland regions (from: Millenium Ecosystem Assessment, Chapter 22, 2005).
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water intrusion and the presence of old marine sediments; and (iii) use of river water with
some level of salinity, originating from groundwater, sea, or industry. Salinity is often
expressed as concentration (mass per volume of water), electrical conductivity (EC), or total
dissolved solids (TDS).

The scope of this chapter is to address a number of environment-related aspects such as
salinity and recent developments that may develop into contamination problems. Our motiva-
tion is that simple ways to predict developing environmental contamination are quite limited
and sometimes not even recognized. After some background information on the vulnerability
of plants for salinity, guidelines are provided for anticipating the salinity levels that may be
expected in the root zone, which do not require complicated models. Some other general
environmental hazards associated with irrigated agriculture are identified, as related with
plastic mulching and re-use of wastewater in agriculture.

2. Salt tolerance of plant species

Efforts to limit the salinity of the root zone are, at the end, aimed at limiting adverse impacts of
salinity on primary productivity of crops. In a somewhat broader sense, growth of both crops
and botanic species, product quality, and other measures related to plant well-being are
important in the assessment of salt-induced adverse effects.

Plants exposed to elevated salinity may experience different forms of stress. Due to the high
osmotic value of saline solutions, soil water may become less available for plants to accommo-
date their transpiration, which directly affects primary production [1, 2] in a similar way as
drought. However, it is also well known that salts (e.g. involving Na+, Cl−) may be toxic for
plants or that toxic components such as boron (B) and selenium (Se) become better bio-
available under saline conditions. For boron, the concentrations that separate deficiency and
toxicity are close together [3], making an optimum availability difficult to accomplish. In
addition, induced nutrient deficiency has been well documented, e.g. for iron and nitrate [4,
5]. In many dose-effect types of exposure studies of salinity, permanent stress is considered.
However, in many field situations, salt stress occurs only in limited periods or one season.
Typically in temperate conditions saline stress is periodic, e.g. due to tidal or seasonal fluctu-
ations, and is followed by salt leaching conditions. However, research on salt stress duration
and plant response is quite limited.

Salt tolerance has been investigated much for agricultural crops, both in field and greenhouse
conditions and, particularly, for the case where salts enter the root zone. Different plant
species have different salt tolerance and strategies to deal with salinity [6, 7]. It has been well
established that also different genotypes of the same species may differ according to their salt
tolerance ability [8]. The accumulated experimental evidence of salt tolerance functions (MH)
for crops has been summarized [2], which describe the salt concentration range in the root
zone where transpiration (hence primary production) is unaffected, and in the larger salt
concentrations where transpiration is reduced. Since 1977, such ‘MH’-functions have been
adjusted and developed for other crops or for different environmental conditions [9].
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MH-functions make it is possible to compare different plant species with regard to their
vulnerability to salinity.

The MH-functions describe how soil or soil water salt concentrations affect primary produc-
tion. They seem to differ for different soil types and climate and weather conditions. MH-
functions, apart for comparing species for salt vulnerability, are also important for predicting
crop yields, because most modelling uses the MH-concept [10–13]. The aim of such modelling
is often to really predict yields, e.g. if climate changes, or to generalize experimental observa-
tions to other soils or geohydrological situations. MH-functions are often used to measure
water availability and salinity of the root zone throughout the growing season, which are
relatively constant. However, in the field, this is generally not the case. Particularly for distrib-
uted modelling, additional assumptions on how plants spatiotemporally deal with variability
are needed [14]. For instance, plant roots may compensate for dry or saline layers in soil by
taking up water from other layers, but do they do so based on the water content, water
potential, or a mixture of these properties? At the moment, the experimental evidence is
predominantly based on water contents and salt concentrations that are as homogeneous as
possible. Compensation strategies may differ according to plant species or even genotype.

In agricultural modelling, emphasis has been on salinity effects on the osmotic potential of soil
water and its availability for plants. Ion specific effects as toxicity or induced deficiency are
important, but generally disregarded in modelling. The reason is that crops are often well
fertilized, but also that for modelling ion-specific effects, a multicomponent approach is
needed as in HP2, UNSATCHEM, and SWAP-ORCHESTRA [15]. Not only is multicomponent
modelling much more demanding with regard to parameterization, data, and computational
efforts, but also data are needed for different plant species. This is not a trivial effort.

As much as crops have been investigated for salt tolerance, this not the case for landscape/
decorative plants. Native vegetation has been investigated much from the perspective of plant
ecology [16] or mapping [17]. Spatiotemporal variability of abiotic factors is often ignored,
although salt tolerance of species and systems is estimated by investigating their spatial
distribution and plant traits. Out of thousands of papers, only about 50 dealt with deciduous
trees [18, 19]. Nevertheless, also for these categories of plants lists have been produced for their
salt tolerance [20, 21]. In some cases, such listings give a quantitative grading, but a relative
classification may be more appropriate [22] because the experimental techniques, quality of
data, and used metrics to describe the damage may differ profoundly among papers. In view
of the limited data for non-crop plants, at this moment modelling of climate change on the
distribution of botanic species may be hard or impossible.

An important salt exposure pathway is that of salt spray and sprinkler irrigation. Although the
importance of exposure of the leaves has been demonstrated [21, 23–25], this pathway is
generally ignored in modelling. Mostly, it is mentioned that uptake of salts (notably Na and
Cl) by the leaves and toxicity lead to necrosis, but osmotic effects are seldom mentioned.
Timing of sprinkling plays a role, because sprinkling at night, or at frequencies that limit the
duration that leaves are wet, appear to affect the degree of adverse effects: the impact is smaller
as leaves are wet shorter, or transpiration is smaller. The direct (leaf exposure) pathway was
also recognized [26] to enhance the impact of exposure through the root zone.

Current Perspective on Irrigation and Drainage4
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Browsing through the literature, it is clear that salt effects depend on plant species, genotype,
salt composition, soil type, climate and weather conditions, and geohydrology. These factors
all modify the plant’s response to salinity, but some are ignored completely (ion specific effects;
leaf exposure) in crop and soil models. The large complexity and significant gaps reveal that
data can be fitted and described by models, but true prediction may be feasible only for broad
features and large uncertainty bands.

3. Irrigation and salinity

All sources of soil water, except for artificially desalinated (deionized) water, have one thing in
common: they all contain dissolved salts (together with non-ionic compounds dissolved com-
pounds are comprehensively called solutes) to some degree. In case of rain water, little salt is
dissolved but in case of brackish or saline water, salt may be present in such quantities, that the
density of the liquid is increased. Thus, sea water contains 35 g/l of salt (mainly NaCl) and has
a density of 1.025 g/l or 1025 kg/m3. These density differences may have a significant effect on
water flow, as will be considered later in this chapter. Groundwater and river water often
contain solutes that originate from the geological formations that the water has flown through,
as well as from biological or human activities. These ions include calcium (Ca2+), magnesium
(Mg2+), carbonates (HCO3

−), sulphates (SO4
2−), nitrates (NO3

−) and phosphates (PO4
3−).

When water evaporates from the soil or is transpired by plants, most salts are left behind in the
soil. Therefore, it is necessary to be alert for the hazard that too large quantities accumulate in
the soil solution. This understanding was communicated already in the first half of the previ-
ous century, and described in the famous Handbook 60 [27]. For illustrative purposes, the
Leaching Requirement (LR) is of use. It is based on annual water and salt balances for the root
zone or ‘plough layer’ (here the term root zone is used). In words, both balances tell how large
the (water or salt) accumulation rate is in dependence of the inflow of irrigation and rainfall
water and the outflow of drained water. On the longer (multi annual) term, the water balance
is zero, i.e., the net water accumulation or depletion is zero. If this were not the case, the soil
would become completely water saturated, or water deficient (note: at the scale of one or
several years, the water balance may be positive or negative, but on the long run, this cannot
be the case as otherwise we deal with an inundated soil or completely dry one). Hence,

Diw ¼ DET þDdw (2)

where D stands for a ‘depth of water layer’, as related to a flux through a designated area
(in m3 m−2y−1 or in mm y−1), iw stands for irrigation water, ET for evapotranspiration, and dw
for drained water. For the salt balance, it is illogical that the balance is zero: salts may
accumulate or be depleted until no salt is present. Accordingly, the salt balance would be

ΔθCzr
Δt

¼ DiwCiw �DETCET �DdwCdw (3)

where θ is the volumetric water fraction, C the salt concentration, zr the root zone thickness,
and t is time.
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Usually, water taken up by plants for evapotranspiration contains some salts (and nutrients),
but far less than in irrigation water for those cases where salinity is an issue. Therefore, the
term for ET can be neglected and Eq. (3) can be modelled for if more salt is coming in than is in
equilibrium with initially present salt. The salt concentration increases, giving a behaviour as is
shown in Figure 2.

As Figure 2 reveals, short term variability can lead to an erratic pattern of root zone salinity.
Although this variability may be important, for instance if it is a seasonal pattern, particularly
the long term level at which salinity stabilizes is of main interest in a sustainability assessment:
will the adopted management (involving how much is irrigated, how much is leached, in view
of the quality of irrigation water) lead to unacceptable salinization or not?

On the long term, the salinity acquires the level of the dashed line in Figure 2 and does not
change anymore: the term to the left of the =− sign of Eq. (3) becomes zero. Then, Eq. (3) can be
recast as follows:

DiwCiw ¼ DdwCdw (4)

where we remember that Diw = DET + Ddw.

Already in Handbook 60 [27], it was realized, that the concentration in water that drains out of
the root zone is equal to the concentration in the root zone, if this zone is at field capacity.
Hence, Cdw = Csoil,FC. Inserting this in Eq. (4) and re-arranging leads to

Diw

Ddw
¼ Csoil,FC

Ciw
(5)

Figure 2. Increase of salinity (θCzr) of a root zone according to Eq. (3) for short term fluctuations of water or salt
concentration (grey line) or constant irrigation water concentrations and rainfall, ET and drainage rates (black line).
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For illustration, this is a very useful result. Usually, the quality of irrigation water (here
represented by its salt concentration) is known, as it is easily measured. Then, it is easy to
determine with Eq. (5) how much irrigation water must be applied (in view of the amount of
evapotranspiration, represented by DET = Diw − Ddw) to drain enough to keep the soil salinity
(Csoil,FC) below the level that a certain crop demands.

Practically convincing is it, to show what happens if one does not drain at all. In that case,
Ddw = 0,and the division by zero implies that Csoil,FC becomes infinitely large. The compelling
message of this simple illustration is:

1. If regular leaching of salts out of the root zone does not occur, salinity will increase
unbounded: concentrations continue to increase.

2. This increase of salinity may take time, particularly if irrigation water is of good quality,
but it is still inevitable. On the long term, salinity must increase if salts are not leached, and
agricultural soil will become too saline for agriculture, as old civilizations in Mesopotamia
testify [28]!

3. Really unlimited increase of the concentration will not occur, of course, in reality. This is
due to chemical precipitation of salts as soon as the solubility product is exceeded. Where
this solubility product is salt as well as environment dependent, it defines an upper limit to
salt concentrations in solution. The environment dependency is related with e.g. tempera-
ture, but also the solution composition. For instance, gypsum is known to be better soluble
under saline (or more general: higher electrolyte concentration) than low salt conditions.

4. Impact of groundwater

To determine the need for leaching salts without consideration of groundwater is often inap-
propriate. In many regions, and particularly in lowlands as coastal plains and delta areas,
groundwater is shallow. For the salt-affected Hortobágy area of Hungary, the guideline was
developed, that if groundwater is shallower than say 3 m below the soil surface, the upward
capillary flux may be significant enough to be important for the water and salt balances [29].
Simulations support this guideline [30].

The relationship of the impacts on the root zone wetness between natural precipitation (mostly
rainfall) and groundwater (capillary rise) can be complex. Whereas rainfall is an independent
forcing, capillary rise of water depends on the root zone water content pressure, soil hydraulic
properties, and groundwater depth: root zone water affects capillary rise and is affected by it.
The same is true for infiltration and runoff [31]. The complexity was one of the reasons of a
new school of Ecohydrology to analyze low-dimensional flow models [11].

In the simplest form, that approach of modelling considers a root zone of which the volumetric
water fraction θ depends on infiltration, evapotranspiration, and drainage. At the same time, θ
is the variable that determines these fluxes (plus runoff). Vervoort and Van Der Zee [32]
extended such models with capillary rise of ground water. These water balance models
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represent the layer between root zone and groundwater level with a functional dependency of
θ and these fluxes.

The impact of seasonality on the water dynamics can be profound, and many countries are
characterized with seasonality. This is also the case for root zone salinity, because dissolved
salts (of alkali and earth alkali cations) respond quickly on the water fluxes. For this reason, the
salt concentration of the root zone often shows a distinct short term fluctuation as in Figure 2.
Using the ecohydrological framework with minimalist (parsimonious) models [11, 32], salt
accumulation was investigated [12]. The latter took capillary rise of brackish groundwater into
account. Their root zone water balance, was therefore given by

ϕZr
ds
dt

¼ P� R sð Þ � ET sð Þ þU sð Þ � L sð Þ (6)

where ϕ is porosity, Zr is root zone thickness, s is water saturation (about equal to θ/ϕ), t is
time, P is rainfall or precipitation rate, R is runoff rate, ET is evapotranspiration rate, U is
capillary upward flow rate, and L is leaching or drainage rate.

The complexity of Eq. (6) is that the rainfall is erratic: rain occurs with irregular intervals and
each shower has a different intensity and duration. Therefore, water saturation s and salt
concentration c vary irregularly with time.

The salt mass balance is given by

dM
dt

¼ ϕZr
dsC
dt

¼ U sð Þ:CZ � L sð ÞC (7)

with M the total mass of salt, CZ is the salt concentration in the groundwater (fixed) and C is
the salt concentration in the root zone. In Eq. (7), it is assumed that the other water fluxes (P, R,
ET) do not transport appreciable quantities of salt, which is often reasonable. Solving Eqs. (6)
and (7) shows patterns similar as Figure 2. If saline soil is washed with good-quality water, the
mean concentration decreases but short term variability still occurs. If seasonality is profound,
intra-annual periods of drought will often coincide with periods of root zone salinity, both
having a tendency to reduce crop yields.

Taking into account the often erratic variability of weather [33], recently the salt accumulation
in the root zone was investigated, considering that root zone salinity levels respond fast to the
water quality of incoming fluxes (rainfall, irrigation, capillary rise). In general, say in 10 years,
the root zone concentration attains a dynamic equilibrium with rain, irrigation water, and
groundwater quality.

For water managers, it is important to be able to assess whether intended water and salt
management is sustainable on the longer term: will the use of irrigation water with a known
salinity lead to too much salinity? And if it does, to what degree: will crops that are planned to
be part of the rotation scheme show reduced yield? If for such questions only the longer term
level of the concentration in the root zone is important (i.e., the plateau in Figure 2), a simpler
assessment may be sufficient, than analyzing Eqs. (6) and (7).

Current Perspective on Irrigation and Drainage8



represent the layer between root zone and groundwater level with a functional dependency of
θ and these fluxes.

The impact of seasonality on the water dynamics can be profound, and many countries are
characterized with seasonality. This is also the case for root zone salinity, because dissolved
salts (of alkali and earth alkali cations) respond quickly on the water fluxes. For this reason, the
salt concentration of the root zone often shows a distinct short term fluctuation as in Figure 2.
Using the ecohydrological framework with minimalist (parsimonious) models [11, 32], salt
accumulation was investigated [12]. The latter took capillary rise of brackish groundwater into
account. Their root zone water balance, was therefore given by

ϕZr
ds
dt

¼ P� R sð Þ � ET sð Þ þU sð Þ � L sð Þ (6)

where ϕ is porosity, Zr is root zone thickness, s is water saturation (about equal to θ/ϕ), t is
time, P is rainfall or precipitation rate, R is runoff rate, ET is evapotranspiration rate, U is
capillary upward flow rate, and L is leaching or drainage rate.

The complexity of Eq. (6) is that the rainfall is erratic: rain occurs with irregular intervals and
each shower has a different intensity and duration. Therefore, water saturation s and salt
concentration c vary irregularly with time.

The salt mass balance is given by

dM
dt

¼ ϕZr
dsC
dt

¼ U sð Þ:CZ � L sð ÞC (7)

with M the total mass of salt, CZ is the salt concentration in the groundwater (fixed) and C is
the salt concentration in the root zone. In Eq. (7), it is assumed that the other water fluxes (P, R,
ET) do not transport appreciable quantities of salt, which is often reasonable. Solving Eqs. (6)
and (7) shows patterns similar as Figure 2. If saline soil is washed with good-quality water, the
mean concentration decreases but short term variability still occurs. If seasonality is profound,
intra-annual periods of drought will often coincide with periods of root zone salinity, both
having a tendency to reduce crop yields.

Taking into account the often erratic variability of weather [33], recently the salt accumulation
in the root zone was investigated, considering that root zone salinity levels respond fast to the
water quality of incoming fluxes (rainfall, irrigation, capillary rise). In general, say in 10 years,
the root zone concentration attains a dynamic equilibrium with rain, irrigation water, and
groundwater quality.

For water managers, it is important to be able to assess whether intended water and salt
management is sustainable on the longer term: will the use of irrigation water with a known
salinity lead to too much salinity? And if it does, to what degree: will crops that are planned to
be part of the rotation scheme show reduced yield? If for such questions only the longer term
level of the concentration in the root zone is important (i.e., the plateau in Figure 2), a simpler
assessment may be sufficient, than analyzing Eqs. (6) and (7).

Current Perspective on Irrigation and Drainage8

Comparing simulated salt concentrations using a root zone model [12], and analytical approx-
imations as Eq. (8) that are as simple as the Leaching Requirement approach, a good agree-
ment was obtained, as shown in Figure 3, with ratios close to one. Apparently, the longer term
mean concentration levels can be quantified well if short term variability of weather is ignored
using

Ch i ¼ Dcrh iCZ þ Dirrh iCirr

Ddwh i (8)

where brackets <.> refer to time averaging, subscripts cr, Z, irr, and dw stand for capillary rise,
groundwater level, irrigation water, and drainage water, and D is the respective flux in mm or
m water layer for the averaging time (usually one year, so D in mm/y). Eq. (8) holds if both
groundwater (concentration CZ) and irrigation water (concentration Cirr) carry significant salt
quantities, and implies that the mean soil concentration, and the mean leaching concentration,
is given by a weighted average concentration of the water fluxes.

Figure 3. Ratio of calculated root zone salt concentrations with Eq. (8) and as modelled numerically, as a function of
groundwater level (Zf in cm below surface) for a temperate climate as in The Netherlands. Irrigation water salinity given
by Cirr in mol l−1, and groundwater salt concentration of 0.02 mol l−1. Adapted with permission from Ref. [33].
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Irrigation can be modelled similar as rainfall, except that it is a managed source of water
(timing is a managing decision) and that it may contain more dissolved salts than is common
for rainwater. To predict salinization using simple means, for cases not considered by the
Leaching Requirement (e.g. if capillary rise is important, and possibly it contains appreciable
dissolved salts, if both rain water and irrigation water infiltrate, with different salinities) is
useful and Eq. (8) is an example of such a simple management tool.

With numerical models and with approximations as LR and Eq. (8), a judgement can be made
whether root zone salinity is expected to become too high under the current practice, and how
much and how good quality irrigation water will be needed to limit salinity to desirable levels.
These tools, however, are generic and for a good desalinization of soil, the local conditions
need to be known well. Besides the management decision to install a drainage system, various
measures can be taken to homogenize fields (e.g. surface level) and improve the efficiency of
salt leaching. Tools as discussed in this chapter may fine-tune the leached salt concentrations to
agree with the farmer’s needs and the salinity in discharged drainage water that are acceptable
downstream.

In most model approximations for the long-term salinity of the root zone, it is assumed that
level and quality of groundwater are unaffected by the root zone water and salt balance. This is
a simplification. Root zone drainage water may affect groundwater, and cause fresh water
bodies to develop in coastal dunes [34]. The thickness of the freshwater bodies floating on top
of saline water as follows from Archimedes’ law. Various approximations have been devel-
oped since the nineteenth century for the thickness of fresh water lenses, assuming a sharp
interface between fresh and saline water and different assumptions on the outflow at the edge
of the lens and movement of the saline water [35] (Figure 4).

Figure 4. The freshwater lens (a) in a dune (the classical Ghyben-Herzberg lens) and (b) in an agricultural lowland field as
considered by Refs. [35, 36].
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Mostly, fresh water lenses outside the dune areas have been studied for situations where the
soil surface is close to the sea level, and open water is at or even below this level. Then,
groundwater seeps upward into the open water, and thin fresh water lenses form, that may
respond quickly to changes in rainfall and evapotranspiration. They are found not only in
coastal regions [36], but also in central Australia due to incidental flooding, to form an
important source of fresh water to indigenous vegetation [37, 38] and ‘inland’ parts of PR
China.

Because small fresh water lenses are vulnerable to disappear during extended periods of
drought, Stofberg et al. [33] assessed how this vulnerability depends on a number of condi-
tions. To avoid this depletion of fresh water, active management of water storage in wet
periods is needed and one of the tools may be Climate Adaptive Drainage (CAD).

5. Drainage dimensioning and advanced options

Drainage of water is needed to avoid water logging, poor mechanical behaviour, and increas-
ing salinity. This recognition has made drainage technology as well as theory to become topics
of high importance in soil, water, and agricultural science. Due to the good economic situation,
high population density, and usually shallow groundwater table, drainage has particularly
been investigated in detail in The Netherlands. Basic theory has been developed by, e.g.
Hooghoudt and others.

Dimensioning of drainage for (often flat) fields in agricultural use, is commonly aimed at
management of groundwater levels to avoid water logging, poor tractability, structure degra-
dation due to grazing cattle, and water saturated and anaerobic conditions. In their simplest
form, the steady state water level between two ditches or drains can be obtained from the
combination of Darcy’s law and the water balance, with the Dupuit assumption. For a steady-
state rainfall rate of P, we obtain

P ¼ q ¼ 4K H2 �D2� �

L2
(9)

where P is recharge (net infiltration) rate (m/day), q is the discharge into the drain or ditch (m/
day), K is the hydraulic conductivity of soil (m/day), H is the water level halfway two drains
measured from the impervious basis of the phreatic aquifer (m), D is the drain level measured
from the same basis (m), and L is drain spacing (m). With Eq. (9), it is possible to determine the
spacing needed to limit D to a value sufficiently below the soil surface.

As was already mentioned, in many climate zones it may be important to save water, for
instance because precipitation may occur in a season that is unfavourable for crop produc-
tion, and primary production in general. One of the tools to enable temporary storage is
Climate Adaptive Drainage (CAD). In CAD, the level of drainage can be dynamically varied
to improve flexibility with regard to water stored in the soil profile. The basis of this
technique is quite simple: drainage, e.g. using tile drains, is no longer passive but active by
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using a collector between the drain and the receiving ditch. The collector (Figure 5) has an
overlet shown in black of which the height can be varied. If this height above the base of the
collector’s overlet becomes larger, the groundwater becomes more shallow, closer to the soil
surface and the root zone. Hence, adjusting the overlet height is the same as manipulating
groundwater level.

CAD is beneficial to dynamically store water for the dry season. In regions with saline
groundwater, and particular in areas where such saline groundwater seeps upward, as in
deltas, dynamic drainage can be very useful to diminish the upward saline fluxes. With a
shallow groundwater level enabled by CAD in the wet season, the upward saline seepage
can be diminished. In the growing season, fresh water is consumed for evapotranspiration,
and CAD can lower the saline water table, or perhaps be used to introduce better quality
into soil.

6. Plastic mulching

Irrigation is often combined with other techniques that improve the water use efficiency
(WUE), including several cropping and tillage techniques [39, 40]. Mulching involves putting
a barrier between soil and atmosphere, using different materials such as crop residue, such as
straw [41], leaves, paper, old carpet, plastic (Figure 6) or gravel. It may serve purposes other
than water use efficiency as well, such as weed growth reduction.

In China, plastics have been used for many years after importing from Japan in 1970s. The
technology has been transformed and developed and become important in agronomy, espe-
cially in NW China, where agriculture became much dependent on plastic mulching. In China,
it is mainly used for cash crops, such as cotton, tobacco, medical herbs, bean nuts, loofah, and
crops such as maize, bean, and potato.

Mulching serves various purposes.

Figure 5. Climate Adaptive Drainage (CAD), with drains merging into a collector pipe, that discharges into a control box.
The level in this box can be adjusted (manually or remote control), to anticipate on weather conditions in the next weeks
or months.
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1. Increasing soil temperature. Plastic mulching decreases heat exchange between soil
and atmosphere, and leads to steadily increasing soil temperatures. For NW China,
topsoil temperatures were found to increase 3–6°C in the top layer, and some heat is
transferred into deeper layers. The sowing or planting time can therefore be earlier in
spring (10–20 days) increasing the growing season. It is reported that crop yields can
increase 20–30% compared with situations without plastic mulching and also crop
quality can improve.

2. Reducing water evaporation and water conservation. The plastic blocks water vapor
exchange between soil and open air and reduces soil evaporation. However, infiltration of
rain water is not affected. Hence, soil moisture in 0–20 cm layer may increase 2% by plastic
covering and in semi-arid and arid areas, around 1950 m3 ha−1 water can be saved during
the growing season.

3. Enhanced fertilizer efficiency. This beneficial effect is attributed to the reduction of nutrient
losses via leaching, runoff and erosion. There are indications that soil available nitrogen,
phosphorus and potassium might increase 30–50%, 20–30%, and 10–20%, respectively.

4. Improved solar light irradiation efficiency. Transparent plastic film and the water droplets
which adhere onto this film improve soil absorption of light, benefitting photosynthetic
intensity and postponing the senescence time of lower leaves of plant. It is reported that
lower leaves can capture 12–14% extra catoptric light with plastic mulching, and tomato
can capture 3–4 times more light, photosynthesis intensity may enhance 13.5–46.8%, and
chlorophyll content in tomato may increase 5%.

5. Improving soil physical properties. Due to mulching, soil temperature rises, vapour pres-
sure effects have been claimed to enlarge the pore sizes within soil particles, increase soil
porosity, reduce soil bulk density and increase soil aggregate stability. This affects physical
properties as well as soil fertilizer, water, atmosphere and heat balances, besides protecting
the soil surface, avoid raindrop detachment and erosion of soil. Weed control may be less
frequent and reduce soil compaction.

Figure 6. (a) Installation of plastic mulch and (b) postharvest field contaminated with plastics in Xinjiang, China.
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6. Improving soil microbial activity. By positive impacts on temperature and soil moisture,
mulching is beneficial for soil microbial activity, microbial reproduction and growth, and
organic matter decomposition and mineralization in the root zone, and improves nutrient
availability. Also plastic use might inhibit diseases and pests.

7. Avoiding soil salinity. In saline regions, salts can be transferred by water evapotranspira-
tion to the soil surface. By its water conserving effect, this transport is reduced.

Great changes have occurred since plastic mulching became use in China. Crop yields and
quality improved. However, at the same time, plastic film residues have become a pollutant in
the plough layer of agricultural soils. About 313.3×104 ha farmland is covered by plastic
mulching, or 75% of the entire farming land of Xinjiang province, with an annual weight of
plastics of 18.5×104 tons. In the main land for cotton planting, the plastic film residue is
25.32 g m−2 and has become a big problem for soil quality and crop growing. Recycling and
natural degradation have therefore become important.

In China, plastic film residue recycling is mainly a human labour and machine-supported
effort. About 60% of the plastic film residue is recycled with machinery and the main difficulty
is the low intensity of residue and plastic pieces. To strengthen film intensity, China govern-
ment has already issued a regulation since 1990s, entitled GB13735-92, for standard thick-
nesses, that changed from 0.008 ± 0.003 mm to 0.01–0.02 mm. However, the efficiency of
machine recycling is limited. The paradox is that if the thickness increases, the cost will also
be increased which farmers cannot afford. But if plastic film residue is recycled manually, the
cost will become higher, especially in the regions with a labour shortage and efficiency of
collecting plastic is low. Hence, machine supported recycling needs further development.

One of the concerns with all this use of plastics is that they may be gradually transformed into
microplastics: particles smaller than 5 mm. Particularly for marine ecosystems, microplastics
and their effects on various organisms have been investigated [42]. Also the plastics may
interact with other pollutants accumulation in organisms [43], and possibly affect their
impacts. For soil organisms, the study of microplastics is still in its initial stages as far as
accumulation and effects is concerned, and one of the few papers addressing this issue is very
recent [44]. Therefore, it is quite well possible, that bio-availability of pollutants and of
microplastics, and their adverse environmentally and ecological effects may be linked, and
this deserves closer investigation.

An alternative to deal with plastic residues in soil is to use biodegradable plastic film. How-
ever, such types of plastic film tends to be unstable for the range of natural conditions
encountered, and therefore, these plastic films have not been applied widely yet. The use of
organic mulch, such as crop residues, may be more sustainable from a chemical and biological
perspective, as it would not lead to pollution. At the same time, it may have benefits regarding
organic matter content, nutrient recycling and soil biology [45]. Although many studies are
available regarding the effect of plastic cover on WUE, there are few studies available that
compare the use of organic mulch to plastic covering. The results of these studies do not seem
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very promising for using organic mulches as an alternative for plastic, with lower water use
efficiencies [46]. The use of plastic mulch was compared with the use of traditional practice and
crop residue mulching [47]. It appeared that using plastic mulch not only led to higher yields
in two of the three studied years, but also lead to significant soil water depletion in deeper soil
layers, which may be explained by increased evapotranspiration [48]. However, in warmer
climates, straw seems to conserve more soil water than plastic cover, although the effects on
yield may differ [49, 50]. One study not only reported positive effects of straw mulching on
salinity, but also mentioned that many uncertainties still remain [51].

7. Re-use of wastewater and soil sodicity

To make optimal use of resources, also marginal water, such as sewage or domestic wastewa-
ter is used for irrigation, in rural and peri-urban agriculture. However, this ‘wastewater’
suffers often of poor quality.

Compounds in wastewater that may be beneficial are nutrient elements, such as C, N, P, and K,
that make wastewater irrigation similar to fertigation. Nutrient supply via wastewater is
generally unbalanced, compared with the needs of crops. This may lead to accumulation in
soil, or excessive leaching to groundwater and surface water.

Several other elements that may cause adverse (toxic) effects, for plants, soil fauna, animals
and humans are boron, selenium, and (heavy) metals. It is worthwhile to mention the presence
of Na in most domestic wastewaters. Sodium is often present due to the high salt concentration
in the human diet. The hazard of Na-fluxes into agricultural root zones irrigated with waste-
water cannot be judged well by only measuring the aqueous Na-concentration. As all cations,
Na may sorb onto suspended materials such as organic matter (or organic carbon) and the load
of Na that reaches soil with organic carriers might be appreciable. Moreover, also other cations
(Ca, Mg) sorb, preferentially, onto suspended and dissolved (DOC) organic carbon. This may
make the effect of Na larger, by suppressing the beneficial effect of Ca and Mg. Hence, the
adverse effects of adding Na via domestic wastewater needs to be anticipated on the concen-
trations of Na, Ca, and Mg, as well as Biological Oxygen Demand (BOD), as a measure of
suspended and dissolved organic matter.

The adverse effect of sodium is related to it being monovalent: Na+. Accordingly, it may react
with mineral and organic surfaces and surface groups, but different from multivalent cations
as Ca2+, Mg2+, Fe3+ and Al3+, it is less equipped to form charged bridges between different
reactive surface groups. Therefore, why cementing agents as organic matter are known to
detach from the sodic soil’s solid phase and disperse and accumulate at the soil surface.

For similar reasons, sodic soils may be susceptible to structure deterioration. Being monova-
lent, Na-ions are less able to electrostatically neutralize the solid surface negative charge of soil
clay colloids. Under saline conditions, this may not be so much of a problem, in view of the
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high concentration of ions that neutralize the electrostatic field of the negative clay colloids. If
the salinity drops, diffuse double layers at the clay colloid surface expand (say an order of
magnitude, of e.g. 40–400 nm) due to enormous swelling pressures [3]. Swelling causes very
small pores (tens of nm) to swell at the expense of macropores, which are important for
conveying water and (soil) air. Soil is then dominated by small pore sizes, and becomes almost
impermeable to water. An impression of the reduction of the hydraulic conductivity due to
decreasing salinity of a sodic soil is given in Figure 7 [30]. In Figure 7, the sodicity of soil is
expressed with the common metric of Exchangeable Sodium Percentage (ESP): the percentage
of the cation exchange capacity that is occupied by sodium. Usually, a soil is called sodic if ESP
exceeds 15%. As shown, the hydraulic conductivity decreases rapidly in case salinity
decreases. In reality, the effect of sodicity on hydraulic properties is even more complex, as
also the retention function is significantly affected.

Sodic soils can be found in the Central Plain of Hungary, in the Hortobágy region, developed
after the regulation of the main rivers, one and a half century ago. These physically degraded
soils, with distinct B2t horizons at say 20–40 cm depth that virtually impede vertical water
transport, are perhaps only useful for extensive agriculture. Due to the small thickness of the

Figure 7. Relative saturated hydraulic conductivity as a function of ESP for different total salt concentrations in the soil
solution (after Ref. [30]).
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A-horizon, that supplies water for the crops (capillary rise from the ground water being
impossible due to the B2t horizon), the water supply is very small. Remediation during the
past century proved quite challenging and a large part of the Hungarian central plain is still
suffering from small yields. This indicates that sodicity is a process to avoid.

8. Conclusions

Water scarcity can be countered by improving water use efficiency, but as inevitably, irrigation
leads to salinity under conditions of scarce fresh water, salts should be leached and removed.
The Leaching Requirement (LR) shows how to irrigate and avoid salinity, for deep groundwa-
ter. Also for shallow groundwater, minimalist modelling as with LR may lead to very useful
approximations for the estimation of the long term salinity of the root zone.

In many agriculturally important regions worldwide, such as deltas, groundwater is suffi-
ciently shallow to be taken into account in assessments of salinization risks. Accordingly,
drainage and irrigation dimensioning necessitate the consideration of groundwater levels,
which are strongly related with capillary rise replenishment of root zone water. Simple guide-
lines, as proposed in this chapter, may become very relevant to avoid salinity. Furthermore,
advanced dynamic approaches to drainage, such as Climate Adaptive Drainage (CAD), may
be very useful for saving water till the dry season, suppressing saline upward seepage and
capillary rise, and removing salts from the root zone more effectively. In the Dutch
WaterNexus program (with the lead author), CAD is experimentally and theoretically investi-
gated for this purpose.

Besides salinity, plastic mulching may have environmental risks in view of scarcely known
impacts on environment such as soil ecology, and ultimately, human health. Likewise, sodicity,
which is often a salinity-related issue, requires urgent attention: it is a stealthily developing
condition, that cannot well be observed by the land user without advanced chemical tools, its
adverse effects may occur quite suddenly, and remediation may require enormous efforts and
significant resources. For these reasons, sodicity needs to be avoided as much and as early as
possible. That requires expertise, excellent communication, and great awareness.

This chapter has been aimed at providing awareness and illustrating the value of theoretical
understanding (e.g. the Leaching Requirement and further developments based on it). Such
understanding is important to anticipate when currently common practice may be in conflict
with long term sustainability.
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Abstract

Water requirement allocation plays an important role in modern farming management. 
Evapotranspiration-based irrigation controllers can ideally provide irrigation according 
to the water requirements of the plant. This chapter describes predictive irrigation sched-
uling in nurseries with multiple crop species and high-frequency water requirements 
under limited resources. Based on historical data, time-series analysis is used to forecast 
evapotranspiration, an essential element in water balance equation. An algorithm based 
on a hierarchical research including dispatching priority rules and taking into account 
crop characteristics, available water, and constraints of the hydraulic network is pro-
posed to predict irrigation schedules, with the objective of minimizing crop’s water stress 
periods and optimizing resource materials. Simulation results with different climatic 
conditions show on the one hand the ability of the time-series model to forecast potential 
evapotranspiration, and on the other hand that, given a typical nursery, the proposed 
predictive approach of irrigation scheduling compared to the non-predictive approach 
makes it  possible to prevent crop’s water stress.

Keywords: multiple crops, high-frequency irrigation, multiobjective optimization, 
evapotranspiration forecasting, time series

1. Introduction

Accurate scheduling of irrigation is essential for maximizing crop production while con-
serving water and ensuring irrigation systems that are environmentally and economically 
sustainable. Effective scheduling requires good knowledge of crop tolerance to stress, crop 
water demand, and soil water characteristics. Water availability is one of the most critical 
factors in the determination of plant survival. The cost of water today represents a relatively 
large percentage of overall production costs. Moreover, environmental policies now tend to 
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limit excessive use of water [1]. Various methods and tools for irrigation scheduling listed 
below have been developed, ranging from those based on the water status of the soil or plant, 
to those that use a model to estimate soil water balance. Irrigation control has been carried out 
using different time scales and different approaches.

In Ref. [2], a time-threshold model is defined as the expected daily amount of time that a 
crop exceeds its temperature threshold when humidity does not limit cooling of the canopy 
through transpiration, to detect a water-stressed condition and to signal the need for irriga-
tion. In Ref. [3], a distributed irrigation control system with autonomous wireless controller 
units used soil water potential measurements to control the amount of water applied to each 
specific area of a field, and measurements of the system’s hydraulic pressure to communicate 
together. A comparison of the performance of an irrigation-control tray method (extensively 
used in greenhouses for plants grown in bags for horticultural production) adapted to the 
specific conditions of plants grown outdoors in containers, to the tensiometric method was 
carried out in Ref. [4]. In both methods, irrigation was stopped after a fixed time (2–4 min, 
depending on the growth phase), and new irrigation cycles were not initiated for the next 
120 min. This study concluded that the plant biomass was not significantly different between 
the two methods and that the irrigation events were comparable. In Ref. [5], a prototype of a 
real-time smart sensor for irrigation scheduling in cotton crop of four different management 
zones on weekly basis is developed. In the same area, [6] evaluated the precision of soil mois-
ture sensors for irrigation control to measure the volumetric soil water content. The study 
conducted in Ref. [7] concluded that continuous monitoring measurements of trunk diameter 
fluctuation (TDF) could be used for irrigation scheduling in young olives tree under intensive 
production. TDF measurements under variable water regimes have now been published for 
some fruit tree species (apple and peach, [8] and mature peach trees [9]).

Authors in Ref. [10] were the first ones to develop an irrigation-scheduling program using 
meteorological data to calculate water use; many variations of this approach are now in use. 
Ref. [11] presented a study of a daily forecasting system of irrigation water requirements 
that can provide management support for administrators in terms of water supply and water 
distribution in irrigation schemes. The system is formulated by using the fuzzy theory based 
on analysis of water management logic that is based on the administrator’s experience and 
knowledge. Using the results of field tests, they showed that the strategy for forecasting pri-
marily depends on the intuitional and the creative judgment of administrators. In Ref. [12], 
a simple spreadsheet model uses a water-budgeting approach to schedule irrigation of a euca-
lyptus plantation. Their model estimated plantation water use on the basis of a pan coef-
ficient (the ratio of water use to pan evaporation), and measured pan evaporation using the 
Penman-Monteith (P-M) equation. Their model calculated daily changes in soil water and 
salinity level by tracking various components of the water balance, and enabled the user to 
design an irrigation schedule by predicting future irrigation requirements based on the cur-
rent rate of water use. To enable model users to estimate water use without the need for 
detailed climate data and complex evapotranspiration models, monthly pan coefficients were 
derived for 33 reference sites within 10 biogeoclimatic zones across Australia. In Ref. [13], irri-
gation scheduling with an automated evaporation pan system is performed using automated 
measurements of evapotranspiration (ET) from a screened pan. The crop evapotranspiration 
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gation scheduling with an automated evaporation pan system is performed using automated 
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is accumulated hourly in a residual. The residual is compared hourly to the user-set irrigation 
threshold before irrigation is called for. In Ref. [14], the ability of three brands of ET-based 
irrigation controllers for irrigation scheduling in a standard residential landscape is analyzed 
in comparison with a theoretical model of soil water balance. They used a daily soil water bal-
ance model to estimate the theoretical irrigation needs and compare the latter with the actual 
amounts of water applied. Other irrigation methods are based upon empirical approaches, 
usually derived from the visual aspect of the plant and sometimes using sensors and time con-
trollers to monitor watering. No prediction of crop water requirements is taken into account in 
most of these approaches. The control unit usually reacts to changes and perturbations in the 
environmental parameters of the nursery area.

Sustainable irrigation aims to match water availability and water needs in quantity and quality, 
in space and time, at reasonable costs and with acceptable environmental incomes [15]. Triggering 
in advance irrigations in horticultural nurseries with limited material resources could improve 
the production quality. In this way, water requirement forecasting could be helpful. Thus, pre-
dicting the evolution of crop water needs in a nursery area is essential to maintain the production 
under control and to ensure crop safety. This aspect is more particularly cogent in horticulture 
where short-term variations of local weather conditions may modify evapotranspiration. This 
variation has to be anticipated to prevent water stress. In a similar way, [16] proposed a hybrid 
approach combining a simplified crop transpiration model to predict the necessary water supply 
and water flow measurements from the crops. This approach was used to iteratively adapt the 
model coefficients. A crop transpiration model was then used to predict water supply and water 
flow measurements, while a simple model was used to adapt the model coefficients.

The diversity of container nursery production is different from any other faced of agriculture. 
The sizes and shapes of plants and containers, number of plant species and cultivars, methods 
of irrigation delivery, fertilizer types and application methods, and the number of plants per 
unit area make container production a very complex problem [17]. Substrate containers have 
a low storage capacity, crops have a high water requirement during sunny periods, and water 
contents fluctuate rapidly; that is why very specific watering methods should be applied to 
irrigate containers in horticultural nurseries. Continuous dripping systems are currently on 
the rise. Because evaluations of the water content of the substrate once a day are not sufficient, 
daily weather data afford the opportunity to react quickly to weather changes. Real-time 
weather data can provide information based on recent potential or reference evapotranspira-
tion (ET0) rates. Moreover, irrigation networks usually supply only a limited number of plots 
because the main line has a limited capacity; this makes irrigation control complex for nurs-
ery workers. Water availability is the most crucial factor for plant survival and development. 
Consequently, water requirement forecasts are valuable tool for irrigation management.

The primary objective of irrigation decision making is to apply enough water so plant growth is 
not restricted. Minimizing leaching by monitoring container drainage and adjusting irrigation 
scheduling accordingly is not the primary objective for most growers at this time. Few growers 
are using BMPs (best management practices) such as ET-based irrigation scheduling, tensiom-
eters, or other systems of objective irrigation scheduling [17]. Simulation models would use local 
weather to help growers with BMP decision making, including irrigation and nutrient scheduling.
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In a former study [18], an example of irrigation triggering based on ET0 prediction was pre-
sented. Results with two experimental plots showed noticeably that most of the irrigation 
events of the predictive triggering took place earlier than in the nonpredictive triggering. 
This chapter focuses on large-scale multiple crops nurseries, with high-frequency irrigation 
requirements under limited water availability, with the objective of scheduling simultaneous 
irrigation requests of the crops. The chapter is divided into two parts. The first part is devoted 
to ET0 forecasting. It first describes the SARIMA (Seasonal AutoRegressive Integrated Moving 
Average) structure model used in time-series analysis, and then presents identification of 
the model coefficients and the validation results. The second part focuses on the predictive 
irrigation scheduling. The main structure of the scheduling algorithm is then presented and 
is followed by the comparison of simulation results between the nonpredictive irrigation-
scheduling and the predictive irrigation-scheduling approaches.

2. ET0 prediction

Evapotranspiration is defined as the evaporation from a soil surface and the transpiration from 
plant material [19]. Reference ET is described as the ET from a hypothetical reference crop with 
the features of an actively growing, well-watered, dense green cool season grass of uniform 
height. Many equations are available in the literature for ET0 estimation. The most precise one 
accepted by the international scientific community is the Penman-Monteith (P-M) equation for 
its good results compared with other equations in various regions worldwide [19].

The FAO-56 PM equation for the hourly time step reads as follows:

   ET  0   =      
0.408Δ(Rn − G ) + γ  (    37 _  T  hr   + 273   )    u  2    (   e   0 ( T  hr   ) −   e  a   )   

    _____________________________   
Δ + γ  (  1 + 0.34  u  2   )   

    (1)

where ea is the actual average hourly vapor pressure (kPa), e0(Thr) the saturation vapor pres-
sure at Thr (kPa), U2 the average hourly wind speed (m s⁻1), Thr the mean hourly air tempera-
ture (°C), γ the psychrometric constant (kPa °C⁻1), G the soil heat flux density (MJ m⁻2 h⁻1), Rn 
the net radiation at the grass surface (MJ m⁻2 h⁻1), Δ the slope of the saturation vapor pressure 
curve at Thr (kPa °C⁻1), and ET0 is the reference evapotranspiration (mm hr⁻1);

ET0 gives a potential evapotranspiration value issued from modeling. The relationship 
between that derived value and the exact amount of water required by the plant depends 
on the crop coefficient, that is, a biometric parameter that varies with the crop species and its 
growth stage (height of the aerial part).

2.1. Model structure

Using reference evapotranspiration ET0 as an indicator for triggering irrigation can offer an 
advantage for nursery workers since mixed-farming irrigation control is hard to tackle. A few 
studies deal with evapotranspiration forecasting using time-series analysis. In Ref. [20], time-
series modeling was investigated to forecast the monthly reference for crop evapotranspira-
tion. Paper [21] proposed a daily irrigation-scheduling algorithm based on ET prediction. An 
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ARIMA (AutoRegressive Integrated Moving Average) model was also used in Ref. [22] to 
forecast daily and hourly references for evapotranspiration. In the latter study, the analysis 
evidenced a wide scattering of calculated versus forecast values, especially for hourly values.

The accurate forecasting of ET0 in nurseries based on prevailing meteorological conditions 
could lead to an efficient management of plot-valve opening. Although meteorological centers 
have a huge computational power, the weather forecasts used to calculate ET0 are only accu-
rate on a regional scale, with lower performance at the local scale. Such poor performance can 
be explained by the fact that current weather forecasting uses 10-km wide coarse elementary 
square meshes. Thanks to the recent developments in supercomputers and observing sys-
tems, the results from the latest research in numerical prediction of weather systems achieve 
meshes between 4 and 2.5 km wide in the national weather services of a limited number of 
European countries [23].

In order to compute hourly ET0, a climatic database with four types of measurements (global 
radiation, air temperature, relative humidity, and wind speed) was used. The meteorological 
parameters were made available every 10 min. At the end of each hour, a computation of ET0 
was obtained by averaging these six measurements. As the wind velocity is one of the most 
difficult parameters to forecast accurately, the reliability of the forecast using physically based 
equation was reduced. Thus establishing a separate model for each component of the climatic 
data would have led to uncertainties in the final ET0 value.

Like the four climatic data elements it is based on, ET0 can be considered as a time series 
because it corresponds to a set of N successive random observations x1, x2,…, xN, performed 
at a specific frequency. ET0 can also be regarded as a specific outcome of a statistical process. 
Most time series are stochastic in that the future is only partly determined by past values; as a 
result, it is impossible to reach exact predictions: they have to be replaced by the notion that 
the probability distribution of future values is determined by past values.

The original time series had a 24-h periodicity that corresponded to the normal evolution of 
the meteorological parameters, more particularly radiation that plays determining role in ET0 
estimation. This periodicity allows for well-adapted SARIMA models as compared to the AR 
(Auto Regressive), MA (Moving Average), and ARMA models we also tested. In these mod-
els, results are not accurate enough, and there are too many parameters to be estimated. The 
SARIMA model integrates seasonal fluctuations; we used the estimation procedure suggested 
by Ref. [24] in this context.

The general multiplicative SARIMA model of order (p,d,q) ×(P,D,Q)S is defined as follows:

   ϕ  p  (B )  Φ  P  ( B   s  )  ∇   d   ∇  S  D   Z  t   =  θ  q    Θ  Q  ( B   S  )  a  t    (2)

where

  ∇ = 1 − B  (3)

   ∇  s   = 1 −  B   s   (4)

∇ is the differencing operator, ∇s is the seasonal differencing, B is the backward shift opera-
tor. at is a purely random process (corresponding to a zero-mean Gaussian white noise with 
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variance   σ  
e
  2  ), Zt and are formed from the sampled original series at time t, S is the period of the 

series, d is the ordinary differencing order, and D is the seasonal differencing order. ϕp, ΦP, θq 
and ΘQ are polynomials in B of order p, P, q, and Q, respectively, which fulfill the stationarity 
and invertibility condition.

P and Q are the degrees of the autoregressive and moving average seasonal polynomials, Φ 
and Θ, p and q are the degrees of the autoregressive and moving average polynomials, respec-
tively. The time-series model requires identification of the functional form of the model, and 
then the model parameters can be calibrated with sample data sets.

2.2. Identification and validation

The selected model is expected to forecast the next value of ET0, based on past measurements. 
The forecast model was obtained by the iterative strategy of specification, estimation, and 
checking. Thus, the development of a time-series-forecasting model must be done in an itera-
tive fashion, in which (1) the form of the forecasting model is predicted, (2) the coefficients of 
the model are estimated, and (3) the errors of the forecasting model are analyzed. Steps 1, 2, 
and 3 are repeated until the errors of the forecasting are reduced to white noise with no 
significant correlation. More precisely, the time-series model requires the identification of 
the form of the model, and then the model parameters can be calibrated to the identification 
sample data.

The values of p, P, q, and Q were thus assessed by studying the autocorrelation function (acf) 
and the partial autocorrelation function (pacf) of the differenced series, and by choosing a 
SARIMA model where acf and partial acf had a similar form Refs. [24–28]. By analyzing the 
acf and the partial acf of ET0, the general form of the forecasting model was developed, then 
the coefficients of the model estimated and the errors forecasting model were analyzed. The 
values of d, D, p, q, P, and Q were computed from the Statgraphics-plus software package, 
whereas the Matlab package was used to develop the computer program for the validation 
process. From the model structure (0,1,0)(0,1,1)24, developed in Ref. [18], the final value of the 
prediction was

    z ^    k+1   =  z  k   +  z  k−23   −  z  k−24   +   b   ′   1     a ^    k−23    (5)

where    z ^    
k+1

    the one-step prediction of the term zk+1.

Eq. (5) expresses the time series as a linear combination of the previous values and the error 
term. It shows the relationship between the current ET0 value, past measurements, and error. 
This model, which describes the evolution of the hourly reference evapotranspiration in the 
nursery, must be multiplied by the crop coefficient in order to predict the water needs associ-
ated with each plot in the nursery.

For the validation purpose, a comparison between the actual and the forecast ET0 can be seen 
in Figure 1 with data sets of two climatic zones. Figure 1(a) corresponds to data of Angers 
2005, and Figure 1(b) to data of Avignon 1999. The climate in the Angers area is typically 
oceanic (cool and relatively humid summers), with continental influences (wide temperature 
ranges). The hardest period for the crops (corresponding to maximum water loss) extended 
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from July 9th to July 23rd, 2005. The climate in Avignon is Mediterranean, with dry and 
hot summer temperatures. The period of greatest evapotranspiration demand for the crops 
extended from August 15th to August 28th, 1999.

One can observe that forecasting errors are most likely within an acceptable range with the 
average error less than 0.03 mm h−1. The forecasting can be considered accurate despite dis-
turbed weather conditions mainly due to quick variations in net radiation. As seen in Figure 1, 
the hourly predictive model provides a good forecast of the reference evapotranspiration for 
the two climatic conditions.

3. Predictive irrigation scheduling

3.1. Preliminaries

We briefly recall the nomenclature related to literature on scheduling in computers and 
manufacturing systems. Machine scheduling considers in general the assignment of a set 
resources (machines) M = {M1, …, Mm} to a set of jobs J = {J1,…, Jn}, each of which consists of 
a set of operations Jj = {Oj1,…,Ojoj}. The operations Ojk typically may be processed on a single 

Figure 1. Temporal distribution of hourly ET0 during validation. ____: Estimated values using PM equation, ……: 
predicted values from the SARIMA model. (a) Angers July 9th to 23rd, 2005. (b) Avignon, August 15th to 28th, 1999.
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machine Mi involving a nonnegative processing time tjk. Usually, precedence constraints are 
defined among the operations of a job, reflecting its technical nature of processing. Other 
important aspects that frequently have to be taken into consideration are release dates and 
due dates of jobs. A solution to the problem is called schedule, assigns start and end times for 
the  operations with respect to the defined constraints of the problem.

Various optimality criteria are based on the completion times Cj of the job Jj in the sched-
ule. The most prominent to mention is the minimization of the maximum completion time 
(makespan). Another objective can be the minimization of the sum of the completion times. 
Both measures implicitly attempt to optimize the production costs by minimizing jobs pro-
duction time. In many situations, due dates dj which define a required or preferable time of job 
completion are available for each job Jj. It is then possible to estimate the violations due date in 
terms of tardiness values Tj. Usual optimality criteria based on this consideration are the mini-
mization of the total tardiness, the minimization of the maximum tardiness, the minimization 
of the total tardiness or the minimization of the number of tardy jobs.

Scheduling theory covers different models usually specified according to three-field classifi-
cation α/β/γ. α specifies the machine environment (single-stage systems or multistage  systems 
(covering flow shop, job shop, or open shop problems), β specifies the job characteristics (pro-
cessing time of job j on machine I, or released time, due date or weight, etc.), and γ determines 
the optimality criterion (makespan, total completion time, total weighted completion time, 
etc.). These problems appear usually to be NP-hard, and are investigated by approximation 
algorithms, or heuristics algorithms. The scheduling issue when operations durations are 
known consists of determining depending of the criterion earlier or latest starting time, earlier 
latest completion time, and so on.

3.2. Scheduling algorithm

Irrigation scheduling has conventionally aimed to achieve an optimum water supply for pro-
ductivity, with soil water content being maintained close to field capacity. Among the existing 
irrigation mode trickle, ebb and flow, or sprinkler, the latter is the widely used by growers, and 
will be considered in the following. The approach remains valuable for other irrigation modes.

A nursery is composed of a set of N plots in which crops at different stages of growth have 
different water needs. During early stages of growth, plants water need is relatively low, 
and increases as the plants canopy extends. Therefore, if precise amounts of water have to be 
applied, grouping plants within zones of irrigation based on containers size and on stage of 
growth is important. As plants grow, containers are spaced to allow more sunlight penetra-
tion and improve plant quality. Containers spacing and canopy characteristics could affect 
the amounts of overhead water that fall unintercepted between containers, and should be 
considered in application efficiency evaluation. Difficulties in water management arise when 
water availability and equipment are insufficient to permanently meet the full crop water 
requirement. For example, in operating conditions the respect of both allowable pressure head 
variation of the hydraulic network and of the sprinkler discharge variation in order to ensure 
emission uniformity leads to the limitation of the number of plots simultaneous  irrigable. The 
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main line value needs also to be considered since the sum of distributed discharges should 
be less than the nominal value. Moreover, the management complexity increases during 
sunny periods with high values of the probability of simultaneous irrigation requirements 
by the different species. This can sometimes cause considerable irrigation delays. The aim is 
to develop a satisfactory water distribution plan and to avoid irreversible damage to produc-
tion. A priority value can be assigned to each plot in order to preserve the most sensitive crops 
from water stress in comparison with more resistant crops.

When considering a multiple crops nursery with high-frequency irrigation demand under 
limited resources, irrigation-triggering scheduling consists of which plot to irrigate, when to 
irrigate, and the irrigation duration, taking operating constraints, cumulative constraints, and 
temporal constraints into account. To suitably fulfill these objectives, one should minimize the 
irrigation starting time, the head pressure losses, and the water stress periods. Referring to 
the preliminaries above, the problem under consideration differs from the standard parallel-
machines-sequencing problem because of its multiobjective aspects and because of the fact 
that operations and jobs are merged. Thus, instead of using the three-field classification α/β/γ, 
the problem is formulated in the following compact form:

  [  r  c,k+1  S*  ,  d  c,k+1  S*   ] =  arg  min   
c∈ U  ad  

   H(S L  c,k  S  , W D  c,k+1  S  , A  e  c,k  S  ,  p  c,k  S  ,  Q  k,    D  k   )  (6)

the superscript s stands for growth stage, subscript c for plot or crop, and k for the discrete time.

  r  
c,k

  S*   is the irrigation starting time,   d  
c,k

  S*   the irrigation duration,  S  L  
c,k

  s    the water stress level of a crop,   
p  

c,k
  s    the priority of a crop,  A  e  

c,k
  s    the application efficiency, Qk the set of parameters relative to 

hydraulic constraints, Dk to the scheduling horizon, and  W  D  
c,k

  s    to the substrate water deficit.

A simplified hourly soil water balance equation was used to calculate the water deficit. The 
balance equation was defined as

  W  D  c,k+1  S   = W  D  c,k  S   + E  T  c,*  S   −  I  c,k  S   +  R  k    (7)

where  W  D  
c,k

  s    (mm) is the soil water deficit at time step k, Rk (mm) is the effective rainfall,  I   c,k  S      
(mm) is the effective irrigation, and  E  T  

c,*
  S    is the crop-specific evapotranspiration: (    ̂  ET   

c,k+1
  

s

    for the 
predictive scheduling and  E  T  

c,k
  s    for the nonpredictive scheduling). The pseudo code of the 

proposed heuristic based on dispatching rules [29] that prioritize irrigation requests that are 
waiting for processing is given below:

      begin

      for k=0 to 23 do

         Compute or forecast ETo

      for c=1 to N do

          Estimate the water deficit

         while k’<Kmax do

             Compute Uad the set of admissible plots
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            for l=1 to N do

                          Build the irrigation sequence

                         Update the slack scheduling horizon

                        Update plots priority and water deficit

                       endfor

               endwhile

            endfor

          endfor

      end.

An irrigation request is emitted when the predicted value or the estimated value of the water 
deficit exceeds the predefined water stress threshold. As the optimization criteria are often 
conflicting, not a single but a set of solutions are regarded. The resolution of the problem lies 
in a hierarchical analysis in which subsets of local solutions are derived from the progres-
sive consideration of the constraints. Roughly speaking, the heuristic proceeds by sequential 
evaluation of the subsets of solutions. The heuristic performs a soil water balance on hourly 
basis. It calculates or predicts crop ET and then estimates or predicts actual soil water deple-
tion within the root zone. From the priority rules, predicted irrigation dates and amounts are 
determined based on the current soil water status and anticipated future depletions.

3.3. Simulation results

In order to illustrate the usefulness of the approach based on the predictive scheduling and 
of the nonpredictive scheduling, a small nursery with 16 plots numbered A1, A2, A3, A4…., 
D1, D2, D3, D4, was considered, with one crop variety per plot. Plot priority was an integer 
chosen between 1 and 4, depending on sensitivity of the crop to water stress. The water deficit 
thresholds were set between 1 and 3.5 mm, while the crop coefficients were chosen ranging 
from 0.35 to 1. The irrigation water reached the plots through a hierarchical network of main 
canal, secondary and tertiary canals. The pipeline diameters were fitted in decreasing order 
of 120 mm for the main, 60 mm for the submain and 45 mm for the sub-submain from the 
hydrant to the entrance of the plot. The water flow of the main line was fixed at 9 l/s. In order 
to avert water hammer, water velocity ranged from 0.5 to 2 m/s. From the pressure drop 
abacus, the maximum water flow per plot was fixed at 2.08 l/s. Considering these hydraulic 
constraints, only four plots could be simultaneously watered. Application efficiencies ranged 
from 35 to 80%, depending on canopy development and containers layout on the plots. The 
software used for the control of irrigation scheduling was written using the Matlab package.

Figure 2 represents results of irrigation scheduling on day 10, with data of the period, July 9th to 
30th, 2013, in Angers. The Gantt chart shows only irrigation events between 10 and 19 h. For the 
nonpredictive scheduling irrigation events arising after 20 h are omitted in order to relieve the 
representation. For the same reason, irrigation request times or release times are not indicated.
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One can observe that the irrigation events in the predictive-scheduling approach are more 
mostly staggered over the working window than those of the nonpredictive scheduling. 
Indeed, as explained in heuristic description, irrigation requests in the predictive approach 
are emitted earlier compared to the nonpredictive case. As a consequence, when constraints 
are satisfied crops are watered before the water-deficit threshold is reached. In this case, crops 
remain most of the time in a hydric comfort zone. Moreover, doses are reduced leading to a 
better water sharing or distribution. Irrigation requests are also usually satisfied because of 
the lower value of the hydraulic network load on the scheduling horizon, and the use of the 
rules prioritizing the requests. For this simulation, there is no significant bottleneck. A peak 
water requirements period appears at hour 17. Irrigation events are spread over the schedul-
ing horizon without calling into question the capacity of the hydraulic network. The approach 
can be considered as sustainable since the amount of water required by the crop is applied at 
the proper timing to prevent the soil water content from becoming dryer than the manage-
ment allowable depletion.

In the nonpredictive case, two bottlenecks can be observed as a consequence of sudden high 
evaporative demands. For the first period 12–14 h, irrigation requests are emitted simultane-
ously and the algorithm produces the given schedule. There is no idle time. One could deduce 
that the hydraulic network is well designed, since the irrigation requests dates are not repre-
sented. As the demand is greater than the main line, priority is given to the plots satisfying 
the imposed constraints. For example, between hours 13 and 14, request of plot A1 with weak 

Figure 2. Irrigation scheduling (day 10, Angers, 2013).
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priority value is postponed to the next scheduling horizon. A similar behavior is observed 
with plots A1 and C2 between hours 19 and 20. Between hours 12 and 13, the irrigation on the 
plots B4 and C1 spans on two consecutive periods, without preemption due to their highest 
priority value compared to that of A4, B1, and D1. The second bottleneck period 18–20h pres-
ents some similarities with the first period. Many irrigation events are delayed compared to 
the cases of predictive scheduling. The major drawback of this approach is that the decision 
to irrigate is made after the plant has suffered some amount of water stress.

In general, one can observe that the recovery of crop water status is rapid and water status is 
significantly better in the predictive scheduling than in the nonpredictive scheduling.

4. Conclusion

In this study, we proposed a predictive approach of irrigation scheduling in nurseries, with 
the objectives of minimizing the water stress periods of the crops while optimizing the use 
of disposal materials. The time-series theory enabled to obtain good forecast of the potential 
evapotranspiration allowing the prediction of crops evapotranspiration. A heuristic of irriga-
tion sequencing was developed and was applied on a small nursery designed for the purpose. 
Simulation results with predictive and nonpredictive scheduling showed the ability of the 
predictive-scheduling approach to proper timing the amount of water required by crops in 
order to prevent water stress periods which may adversely affect the crop yield. Extension of 
the approach to sudden changes in weather conditions is under study in order to improve the 
prediction capability of the heuristic.
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Abstract

In scene of worrisome water shortage, municipal wastewater has been gradually accepted 
as an alternative water resource containing important nutrients for irrigation. Rice cul‐
tivation, which is one of the main crops feeding global population and requires plenty 
of water for its effective growth, has been often irrigated by municipal wastewater in 
many countries. While irrigation of municipal wastewater for rice cultivation must bring 
benefits for farmers mainly by increased yield with less amount of fertilizers, it also has 
potential to cause drawbacks to human health and the environment. This chapter dis‐
cusses about these aspects based on scientific works and practical experiences of munici‐
pal wastewater irrigation for rice production as well as the introduction of our concept 
to cultivate rice for animal feeding with irrigation of treated wastewater, which can con‐
tribute to resource circulation between urban and rural areas. The feasibility study under 
this concept has demonstrated that the target value of rice yield can be achieved and 
protein‐rich rice preferable for animal feed can be harvested with irrigation of properly 
treated municipal wastewater.

Keywords: municipal wastewater, rice production, wastewater irrigation, benefit and 
disadvantage, greenhouse gas, rice for animal feeding

1. Introduction

Climate change and global population explosion put water resources scarcity in many cor‐
ners of the world to alarming status [1, 2], with around 1.1 billion people lacking access to 
freshwater in developing countries and nearly 2.4 billion lacking adequate sanitation [3]. It is 
estimated that two‐thirds of the world's population will suffer from moderate to high water 
stress, and about half of the population will face severe water supply constraints in 2025 [4]. 
Agriculture is known as the largest consumer of freshwater resources at the beginning of the 
twenty‐first century, and water consumption for agriculture accounts for over 70% of global 
water withdrawals [5, 6]. However, agricultural irrigation water does not usually require the 
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same high grade of water quality as drinking water [7]. Currently, in approximately 1.5 bil‐
lion hectares of agricultural land all over the world [8], total fertilizer use (N + P2O5 + K2O) is 
estimated to be around 190.4 million tons [9]. Wastewater can supply a significant amount of 
nutrients which can improve soil fertility, plant growth and crop production, reducing the 
consumption of required fertilizers [10]. In this circumstance, municipal wastewater is evalu‐
ated as a new resource of water, and the practice of reclaimed wastewater for agricultural 
irrigation is likely to become more commonly applied in many countries with a vast volume 
[11–13]. It is not the main objective, but reuse of wastewater also contributes to interrupting 
discharges of nutrients and organic matters into water environment [14].

Approximately 50% of worldwide irrigation water is used by rice cultivation—one of the agri‐
cultural products which need notable amount of water [15, 16]. Although there are a variety 
of practices of rice cultivation, typically, rice fields are flooded before plowing, and thereafter, 
water levels are kept at 4–6 cm in shallow rice fields. It sometimes becomes as high as 10 cm 
when continuous‐flooding irrigation is done during the growing season [17]. Rice is one of 
the leading cereal crops providing around 20% daily calories for more than 3.5 billion people 
[18]. There are around 150 million hectares of rice land worldwide, which supply 550–600 mil‐
lion tons of rough rice yearly. Irrigated rice cultivation makes up 55% of harvested rice area 
and contributes to 75% of global rice production [19]. Irrigation of rice paddy using treated or 
untreated wastewater is extensively practiced and examined in many countries to investigate 
benefits [20–26] or drawbacks of the practices [12, 27–33].

This chapter provides information about municipal wastewater characteristic as well as dis‐
cussions about positive and negative effects of its reuse for rice cultivation.

2. Municipal wastewater and its treatment

2.1. Characteristics of municipal wastewater

Municipal wastewater, which is usually conveyed in a combined sewer or sanitary sewer, 
consists of domestic wastewater, industrial wastewater, and storm water and groundwater 
seepage entering the municipal sewage network. Domestic wastewater includes effluent 
from households, institutions, commercial buildings and the like. Industrial wastewater is 
the effluent discharged from manufacturing units and food processing plants. In general, 
characteristics of domestic wastewater are not significantly different from one region to 
another, while there are many types of industrial wastewater based on industrial processes 
as its origin.

Municipal wastewater mainly consists of water (99.9%) together with relatively low con‐
centrations of suspended and dissolved organic and inorganic solids. Parts of the organic 
substances present in wastewater are carbohydrates, lignin, fats, soaps, synthetic detergents, 
proteins and their decomposition products as well as various natural and synthetic organic 
chemicals from the process industries. Table 1 shows the levels of the major constituents in 
municipal wastewater.
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Municipal wastewater, which is usually conveyed in a combined sewer or sanitary sewer, 
consists of domestic wastewater, industrial wastewater, and storm water and groundwater 
seepage entering the municipal sewage network. Domestic wastewater includes effluent 
from households, institutions, commercial buildings and the like. Industrial wastewater is 
the effluent discharged from manufacturing units and food processing plants. In general, 
characteristics of domestic wastewater are not significantly different from one region to 
another, while there are many types of industrial wastewater based on industrial processes 
as its origin.

Municipal wastewater mainly consists of water (99.9%) together with relatively low con‐
centrations of suspended and dissolved organic and inorganic solids. Parts of the organic 
substances present in wastewater are carbohydrates, lignin, fats, soaps, synthetic detergents, 
proteins and their decomposition products as well as various natural and synthetic organic 
chemicals from the process industries. Table 1 shows the levels of the major constituents in 
municipal wastewater.
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2.2. Treatment of municipal wastewater

It is not recommended to reuse municipal wastewater directly for rice cultivation due to its 
drawbacks, which are described in the next section. Treatment of wastewater at any level is 
required to overcome the drawbacks. The principal objective of wastewater treatment is to 
remove contaminants such as solids, organic matter and nutrients before the treated waste‐
water is discharged into water bodies. The quality of treated wastewater depends on the treat‐
ment technology and operation.

Although wastewater treatment includes physical, chemical and biological processes, it nor‐
mally has four basic steps: preliminary, primary, secondary and advanced treatments [35]. 
Preliminary treatment is designed to remove coarse solids and other large materials, which 
are often found in raw wastewater. These solids consist of pieces of wood, cloth, paper, plas‐
tics, sand, gravel, etc. The objective of primary treatment is to extract organic and inorganic 
solids from wastewater by the physical process of sedimentation and flotation. Approximately 
25–50% of the BOD, 50–70% of the SS and 65% of the oil are removed throughout this treatment 
step [36].

Secondary treatment, in general, follows primary treatment to do the further treatment. Its 
objective is removal of biodegradable dissolved and colloidal organic matters from effluent 
of primary treatment using many different types of microorganisms in a controlled environ‐
ment. The principal secondary treatment techniques are the trickling filter and the activated 
sludge process. The latter one, which is used most commonly all over the world, can remove 
organic matters effectively but cannot do nutrients, especially nitrogen, from wastewater. 
Hence, the secondary effluent from wastewater treatment plants still has a high content of 
nutrients available for crop growth.

Contaminants Unit Range

Total solid (TS) mg/L 390–1230

Total dissolved solid (TDS) mg/L 270–860

Total suspended solid (TSS) mg/L 120–400

Biochemical oxygen demand (BOD5) mg/L 110–350

Chemical oxygen demand (COD) mg/L 250–800

Total organic carbon (TOC) mg/L 80–260

Total nitrogen (TN) mg/L 20–70

Total phosphorus (TP) mg/L 4–12

Total coliform no./100 mL 106–109

Fecal coliform no./100 mL 103–107

Sources: [34].

Table 1. Typical composition of untreated domestic wastewater.
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At most treatment plants, the secondary effluent is discharged into receiving water environ‐
ment after disinfection with chlorine, ozone or ultraviolet radiation. To prevent eutrophica‐
tion in the water environment, advanced treatment is sometimes applied to remove specific 
contaminations such as nutrients in the secondary effluent [37].

2.3. Advantages and disadvantages of wastewater irrigation for rice production

These characteristics of municipal wastewater make us imagine advantages and drawbacks of 
its irrigation for rice production. Major advantages are:

 ‐ Higher crop yields with reduced use of synthetic fertilizers, resulting in saved cost for 
cultivation.

 ‐ Enhanced recycles of nutrients and organic matters, improving soil properties.

 ‐ Reduced discharges of pollutants to surface water bodies.

 ‐ Decreased freshwater withdraw during irrigation.

On the other hand, we should pay attentions to its drawbacks such as:

 ‐ Contamination of irrigated soil with salt, heavy metals and toxic compounds originated 
from wastewater, resulting in reduced soil productivity.

 ‐ Contamination of agricultural products (rice crop) with heavy metals and toxic com‐
pounds, posing health risks to consumers.

 ‐ Farmers’ risk of health problems due to exposure to paddy water contaminated with 
pathogens, heavy metals and toxic compounds.

 ‐ Contamination of groundwater due to infiltration of wastewater used for irrigation.

The following sections describe more detail explanation about the above advantages and 
drawbacks. Most of them are common to irrigation of the treated wastewater, although its 
treatment may highlight the advantages and overcome the drawbacks.

3. Potential impacts of municipal wastewater reuse for rice production

3.1. Impacts on crops

In general, wastewater irrigation can affect rice crops in terms of yields and crop quality 
such as appearance and flavor. Municipal wastewater is a rich source of nutrients neces‐
sary for crop growth, so it is expected that crops irrigated with municipal wastewater get 
higher yield than normal. Yoon et al. [20] examined the effect of treated sewage irriga‐
tion on paddy rice cultivation. They found that the irrigation did not adversely affect the 
growth and yield of rice, resulting in up to 50% greater yield than rice without wastewater 
irrigation. Thu [38] also reported that wastewater irrigation brought 10–15% higher yield 
of rice crops.
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If nitrogen supplied to the crop exceeds its dose recommended for optimal yields, crop 
growth may be stimulated together with yield loss and delayed ripening [14]. The study by 
Nyomora [26] illustrated that wastewater irrigation resulted in four times higher rice yield 
than tap water irrigation, but, in contrast, wastewater irrigation applied with N‐P‐K fertilizer 
depressed the yield potential to 3.2 times of that obtained without its application. This situa‐
tion can happen accidentally. For example, urea plant effluents, as a rich source of liquid fer‐
tilizer in concentrated forms, have adverse effects on rice and corn yields [2]. Also, oversupply 
of nitrogen may be resulted in overgrowth of rice plants, which triggers their lodging and 
reduces eating quality of rice due to increased content of proteins [39].

Crops irrigated with wastewater have potential to be contaminated with microbes, heavy 
metals and organic toxic compounds in wastewater. This effect is discussed separately in the 
Section 3.5.

3.2. Effects on soil resources

Wastewater can affect paddy soil in two opposite ways: by providing benefits and caus‐
ing problems. It is usually difficult to predict which effect appears in wastewater irrigation 
because soil is a very complicated structure involving inorganic and organic matters. One of 
the most recognizable effects of wastewater irrigation is a rise of yield due to nutrients sup‐
plied with wastewater as well as soil texture improved by organic matters in wastewater [40]. 
Supplying organic matter improves soil texture by enhancing soil humidity and microbial 
activity [41].

Nitrogen in wastewater consists of several chemical forms such as nitrate, nitrite, ammonia 
and organic nitrogen. All of these forms are soluble and mobile in water, and when the waste‐
water is irrigated, all forms of nitrogen except ammonia are easily washed out and may cause 
pollution of groundwater and surface water receiving the runoff water. Only ammonia in 
wastewater can attach to soil particles and is retained in paddy fields, but, at the surface of 
soil layer and rhizosphere with the presence of oxygen, it is gradually converted to nitrite and 
finally nitrate with bacterial activities. By contrast, phosphorus, which can exist as a trivalent 
cation, is so stable in soil layer. In addition to this fact, since wastewater contains a smaller 
amount of phosphorus than that required by crops, its irrigation hardly gives an adverse 
impact on the water environment [14].

On the other hand, wastewater irrigation may make consequent adverse effects on soils. The 
most commonly reported impact is accumulation of metals that, depending on the level, may 
be harmful. Chung et al. [12] indicated that application of domestic wastewater to arable 
land for 3 years slightly increased the levels of Pb, Cd, Cu and Zn in soil. Kang et al. [21] 
conducted rice cultivation with groundwater and treated wastewater in different treatment 
levels. The results showed no adverse effects on chemical concentrations including the heavy 
metals (Cu, As, Cd, Zn, Hg and Pb) in paddy soil. This indicates the possibility that treated 
municipal wastewater can be safely used as an alternative water source for the irrigation of 
rice, although continued monitoring will be needed to determine the long‐term effects with 
regard to soil contamination.
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A field research in Thessaloniki, Greece, during a 2‐year period [22] reported no adverse effects 
on the physicochemical properties of soil, whereas macro and trace elements concentration 
showed discrepancies between the 2 years and the three treatments (river water with N‐P 
fertilizer, treated wastewater with N fertilization and treated wastewater without fertilizer).

Wastewaters including industrial discharges with a high metal concentration are harmful to 
crops and eventually to consumers, as a result of metal accumulation in soil. The elements 
of major concern are heavy metals such as cadmium, copper, molybdenum, nickel and zinc. 
Yang et al. [27] reported that the paddy soil irrigated with untreated mining wastewater in 
Lechang lead/zinc mine area was heavily contaminated by Cd and would pose a human/ani‐
mal health risk through Cd mobility in the food chain. Very high concentrations of As, Cd, Cu, 
Pb and Zn were found in the paddy soils irrigated by river water, which received wastewater 
from mining activity [42].

Wastewater, particularly domestic wastewater, normally contains salts which may be accu‐
mulated in the root zone with possible harmful impacts on soil health. Increase rate of salinity 
depends on the salinity of irrigated water, soil transmissivity, organic matter concentration, 
land drainage, irrigation rate, depth to the groundwater level and the type of soils. Long‐term 
use of wastewater with high salt contents is a potential hazard for soil as it may erode the 
soil structure, resulting in less productivity. The problem of soil salinity can be settled by 
the application of natural or artificial solutions, although it is costly and leads to economic 
constraints.

Wastewater with a large amount of solids may cause soil clogging, depending on soil poros‐
ity, concentration (>100 mg/L can cause the problem) and chemical composition. The most 
concerning components are minerals that are not biodegraded. If soil is clogged, irrigation 
will become less effective due to dismissed water percolation [43].

3.3. Effects on ground and surface water

The first effect of irrigated agriculture on groundwater resource is aquifer recharge. The 
recharge happens almost always non‐intentionally and has the advantage of increasing the 
local availability of water [44]. Pescod [36] estimated that 50–70% of the irrigation water could 
infiltrate to groundwater aquifer in some parts.

Due to this phenomenon, wastewater irrigation can cause adverse effects on groundwater 
resource. The most famous adverse effect is infiltration of nitrates in irrigated wastewater into 
groundwater. Groundwater contaminated with nitrates is known to cause methemoglobin‐
emia in infants, so‐called blue baby syndrome, if it is used as a source of drinking water [43].

Not only nitrogen but also organic matters and metals may contaminate groundwater in munic‐
ipal wastewater irrigation. If some of most toxic metals to humans—cadmium, lead, mercury 
and arsenic—are present in irrigated wastewater at a higher concentration than the acceptable 
level, groundwater is severely contaminated, posing risk of serious diseases like cancer to the 
groundwater users. Contamination of groundwater with organic matters brings another type 
of health risk to its users, through the formation of organochlorides when the groundwater is 
disinfected with chlorine (the most common method) for drinking purpose [45].
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Long‐term irrigation of municipal wastewater may result in a significant increase of salt con‐
tent in aquifers, although quality of irrigated wastewater, soil characteristics and original qual‐
ity of the receiving groundwater are all important factors to determine the extent to which the 
quality of groundwater is impacted. Even though groundwater has a low salt concentration, 
addition of salts originated from irrigated wastewater may not be considered too adverse if its 
movement is limited or if it is not used for any purposes. Thus, the impact of increased salts 
in groundwater by wastewater irrigation, which is sometimes inevitable, needs to be weighed 
up in consideration with all the risks and benefits from the irrigation [46].

Surface water bodies are also affected due to drainage and runoff from the fields irrigated 
with municipal wastewater. The inevitable contamination in surface water is almost the same 
as that in groundwater, but the extent of the impact depends on the strength of wastewater 
and type of water body (i.e., river, irrigation channel, lake or dam) as well as hydraulic reten‐
tion time in the fields.

3.4. Effects on quality of irrigated wastewater

Although wastewater irrigation has a potential to contaminate freshwater sources, it is 
expected that quality of the wastewater is improved by being used for irrigation. Suspended 
solids including pathogenic microorganisms are trapped and absorbed in upper soil layers 
and removed from the wastewater. The efficiency of solid removal depends on sizes of soil 
pore and the solids [44]. Adsorption of microorganisms to soil particles is favored at low pH, 
high salt concentration in the sewage and high relative concentrations of calcium and magne‐
sium over monovalent cations such as sodium and potassium in soil [14].

Organic matters in wastewater can be rapidly converted in soils to stable and nontoxic ones 
such as humic and fulvic acids. In fact, we can find biodegradation of a wider variety and 
greater amount of organic matters in soils than in water bodies. So the organic matters in term 
of COD and BOD in the irrigated wastewater are significantly decreased after percolation 
through soil layers.

More significant reduction in nitrogen concentration is expected at paddy fields with waste‐
water irrigation due to three main reasons: absorption by plants, release to the atmosphere 
as the result of nitrification and denitrification by nitrogen bacteria such as Nitrobacter and 
Nitrosomonas, and adsorption of ammonium to soil particles. Firstly, rice plants grow taking 
nutrients in wastewater used for irrigation, and nitrogen, one of the fundamental nutrients for 
plant development, is removed from the wastewater stored in soil layers [15, 24]. Secondly, 
soil and rice rhizosphere microorganisms contribute to transformation of organic nitrogen or 
ammonium to nitrogen gas as well as nitrous oxide gas under a variety of redox conditions 
in soil layers [23]. Nitrogen removal is enhanced if flooding and drying periods are alter‐
nated for promoting nitrification/denitrification process, with 75% removal at the maximum 
[14]. Thirdly, ammonium as a cation has an affinity to the surface of soil particles normally 
with positive charge. However, a large amount of ammonium is supplied, and as mentioned 
above, excess nitrogen will be transported to groundwater with infiltrated irrigation water. 
Nitrites and nitrates, which are anions, are easily lost from paddy fields, resulting in ground‐
water contamination.
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3.5. Effects on human health

As mentioned above, municipal wastewater includes pathogenic microorganisms such as 
bacteria, viruses and parasites. These microorganisms potentially pose human health risks 
when the wastewater is reused for some activities. Particularly, human parasites such as pro‐
tozoa and helminth eggs are of special significance in this concern as they are known as being 
more difficult to remove by treatment processes [2].

Paddy fields irrigated with municipal wastewater may have unfavorable health effects on 
farmers. It has been reported that the practice of reuse of raw or even treated wastewater 
for irrigation may cause epidemiological problems among nearby populations and consum‐
ers of uncooked agricultural products [47]. The degree of risk may vary among the various 
age groups [2], and in a study [31], children were found to have a greater risk of infection 
with Escherichia coli. A study conducted in a province in northern Vietnam [29] assessed 
the risk of skin disease among farmers occupationally exposed to wastewater, showing 
that exposure to wastewater is a major risk factor for skin disease, but it is not clear which 
chemical and biological agents might play the main role in causing the diseases. Rhee et 
al. [30] examined the concentrations of E. coli in a paddy rice field irrigated with reclaimed 
wastewater and evaluated the risk of its infection among farmers using beta‐Poisson dose‐
response model. The results showed that the risk was lower in irrigation of groundwater 
and reclaimed wastewater irrigation than in irrigation of direct effluent from wastewater 
treatment plant.

Municipal wastewater sometimes has harmful metals such as Zn, Cu, Pb, Mn, Ni, Cr and Cd, 
depending upon the type of activities in the associated area. Continuous irrigation of munici‐
pal wastewater may result in heavy metal accumulation in the soil and agricultural products 
[48]. In case of rice plant, it is well known that Cd is the metal to which a special attention 
should be paid because it is accumulated so intensively in edible part of rice.

Most of the heavy metals are normally removed well by wastewater treatment processes. 
Even so, we should take case about heavy metal contamination in the paddy field consider‐
ing subsequent food chain involving agricultural products and consumers [49]. Due to the 
nonbiodegradable and persistent nature, heavy metals are accumulated in viscera and born, 
and are associated with numerous serious health disorders [50]. Singh et al. [51] indicated that 
rice and wheat grains contained less heavy metals than vegetables, but health risk was more 
significant due to higher contribution of cereals in the diet.

3.6. Socioeconomic effect

Wastewater irrigation brings various economic benefits. Wastewater for irrigation does not 
require as high quality as the effluent which is discharged to water bodies. Indeed, thanks 
to the function of paddy fields to improve water quality as explained in the Section 3.4, the 
discharge from the field has a better quality than the irrigation water. By using this function 
effectively, we can save the cost for wastewater treatment.

In addition, when wastewater containing rich nutrients is used for irrigation, we can reduce 
the amount of fertilizer applied to the field, resulting in cost saving or higher yield obtained. 
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This must contribute to improvement of economic status of farmers. Papadopoulos et al. [22] 
reported that the total production cost decreased up to 11.9% by applying municipal waste‐
water for rice production, compared to the normal paddy field.

3.7. Effects on greenhouse gas emission

Global warming is caused by the emission of greenhouse gases (GHGs) such as methane 
(CH4) and nitrous oxide (N2O). On global scale, agricultural activities accounted for about 
50% of CH4 and 60% of N2O in the total anthropogenic GHGs emissions in 2005 and nearly 
17% increase of these emissions from 1990 to 2005 [52]. In particular, paddy fields and irri‐
gated lowland rice production systems are known to be significant sources of CH4 and N2O, 
which are two important trace gases contributing to an observed increase of approximately 
0.6–0.7°C in global surface temperature during the last century.

GHGs emission from paddy fields may be affected by many factors such as water regime, 
organic matter and nitrogen resource including fertilizer. As introduced above, municipal 
wastewater is rich in organic matters and also contains an appreciable amount of macronu‐
trients and micronutrients, and thus nutrient levels of soils are expected to increase with 
its irrigation. Several studies focused on the effects of water regime and fertilizer applica‐
tion on GHGs emission strength; however, to our knowledge, there was only one research 
[53] examining the effect of wastewater irrigation on CH4 and N2O emissions from paddy 
field. Reports showed that CH4 and N2O emissions from rice paddies are closely associ‐
ated with soil carbon and nitrogen availabilities and transformation processes, which are 
significantly dependent on soil properties, soil heavy metal contents and soil microbial 
communities [54–56]. Consequently, Zou et al. [53] hypothesized that wastewater irrigation 
would significantly increase these gas emissions from rice paddies. The increments of CH4 
and N2O emissions were 27 and 68%, respectively, compared to paddy fields irrigated by 
river water.

4. New concept: cultivation of rice for animal feeding with irrigation of 
municipal wastewater

4.1. Motivation and goal

In previous sections, we discussed the benefits and downsides of municipal wastewater reuse 
for irrigation, in particular for rice cultivation. Most of the drawbacks are from the contami‐
nants in the irrigated wastewater, and therefore, one of the best ways to reduce its adverse 
effects is to use treated wastewater after the contaminants are removed to the suitable level. 
For this purpose, advanced treatments are not necessary and low‐cost technologies are prefer‐
able to keep the total cost for cultivation acceptable.

Such low‐cost technologies, even standard activated sludge process, are difficult to remove 
nutrients from wastewater, and the application of treated wastewater may lead to overgrowth 
of rice plants, resulting in lodging [15]. Too much supply of nutrients, especially nitrogen, 
also reduces the eating quality of rice due to high content of proteins.
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These difficulties in irrigation of treated wastewater gave us motivation to propose a new 
concept to cultivate rice for animal feed rather than for human consumption [39]. The rice 
cultivars used for animal feed have several advantages compared with those used for human 
consumption. These advantages include higher crop yield and plant resistance to lodging. 
Moreover, the high protein content in this rice, which results from the adsorption of excess 
nitrogen, is preferable for animal feed.

We can expect that rice cultivation in this concept contributes to an improvement in the qual‐
ity of treated municipal wastewater. In addition to this merit in environmental protection, it 
is also expected to promote water and nitrogen circulation among urban dwellers who con‐
sume animal products and produce wastewater, farmers who produce rice for animal food 
by reusing treated wastewater and livestock farmers who use the cultivated rice as fodder 
for the animals (Figure 1). Our goal is to realize this resource circulation based on the new 
concept for sustainability of our environment. We recognize that it is another advantage of 
this concept to overcome the psychological hurdle of consumers against eating rice cultivated 
using treated wastewater.

4.2. Progress in our research toward implementation of this concept

The bench‐scale experiment (Figure 2) with dimension of 0.6 × 0.3 m revealed that cultivation 
of rice for animal feeding could remove three times the amount of nitrogen from the treated 
wastewater compared with rice cultivation for human consumption [39]. In addition, the 
experiment showed that upward irrigation called bottom‐to‐top irrigation, in which treated 
wastewater is supplied from the pipe fixed at the bottom of the field and then infiltrate up 
through soil layer to the surface, increased the nitrogen released to the atmosphere, probably 

Figure 1. Resource circulation involving urban (consumers) and rural areas (rice and livestock famers), which is realized 
with cultivation of rice for animal feeding with irrigation of treated municipal wastewater.
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The bench‐scale experiment (Figure 2) with dimension of 0.6 × 0.3 m revealed that cultivation 
of rice for animal feeding could remove three times the amount of nitrogen from the treated 
wastewater compared with rice cultivation for human consumption [39]. In addition, the 
experiment showed that upward irrigation called bottom‐to‐top irrigation, in which treated 
wastewater is supplied from the pipe fixed at the bottom of the field and then infiltrate up 
through soil layer to the surface, increased the nitrogen released to the atmosphere, probably 

Figure 1. Resource circulation involving urban (consumers) and rural areas (rice and livestock famers), which is realized 
with cultivation of rice for animal feeding with irrigation of treated municipal wastewater.
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because of enhanced denitrification. This kind of irrigation seemed to increase the rice yield 
and biomass of the plants.

The yield of rice reached its target (8t/ha) for the cultivar used for the experiment [57], and the 
protein content (up to 13.1%) in the rice cultivated with irrigation of treated wastewater was 
significantly higher than that found in the normal paddy fields [58]. Actually, it may be pos‐
sible to harvest such a protein‐rich rice if a larger amount of nitrogen fertilizer is applied, but 
it is not cost‐effective and attractive to farmers. In this sense, application of treated wastewa‐
ter, which enables low‐cost cultivation, is essential and core in the concept. We are now trying 
to examine the performance of rice cultivation practice, which was revealed in the bench‐scale 
experiment, in the real fields.

5. Conclusions

Rice, which is a leading cereal crop, demands a huge amount of water, while the exploding urban 
population needs foods as well as produces wastewater. Reuse of wastewater for rice cultivation 
has a great potential to contribute to sustainable wastewater management. Several instances of 
positive and adverse effects of municipal wastewater irrigation for rice cultivation were given in 
this chapter. To avoid such negative effects on environment and human health, it is highly recom‐
mended that municipal wastewater should be reused for irrigation after being treated properly. 
Supposing it is treated with activated sludge process, a new concept “rice cultivation for animal 
feeding with irrigation of treated municipal wastewater” was introduced. Until now, our bench‐
scale experiment has revealed the feasibility of this concept with the data showing the achieve‐
ment of target value of rice yield and its high protein content which is preferable for animal feed.

Figure 2. Bench‐scale experiment to reveal the performance of treated wastewater irrigation to cultivate rice for animal 
feeding.
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Abstract

Feeding more people with less water is putting efficient irrigation practices worldwide 
high on the agendas. As a reaction, over the last decades, numerous irrigation decision-
support tools have been developed. For several reasons, the gap between farmer and 
modeler remained in most cases too large. The Food and Agriculture Organization of 
the United Nations (FAO) contributes to alleviate the encountered adoption limitations 
with AquaCrop and its stand-alone AquaCrop plug-in. This simple and robust field-
crop-water balance has been successfully tested for a wide range of crops and regions, 
and its database is still expanding through worldwide contributions. The present chapter 
describes how AquaCrop can help irrigation advisory services draft efficient irrigation 
calendars that are easily applicable and adoptable: either by the elaboration of site-spe-
cific irrigation schedule calendars in chart format when the user has no access to the 
needed data or by the integration of its plug-in in a server/client ICT application offering 
centralized data management. As for the irrigation charts, studies prove 10-30% water 
savings, while maintaining yield and requiring minimum data. The server/client applica-
tion offers an all-in advice tool, including real-time irrigation advice and yield forecasts. 
No adoption assessments have yet been carried out, but several ongoing pilot studies are 
promising.

Keywords: irrigation advisory service, decision-support tools, AquaCrop model, water-
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1. Introduction

Irrigation is worldwide being considered as one of the means to increase or secure food pro-
duction. As a result, in many parts of the world, the pressure on the available water resources 
has also intensified and is facing its limits. The challenge for the next decades will be how to 
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feed ever more people with ever less water resources. The management of irrigation systems 
is, in most cases, based on the farmer’s experience instead of rational basis (use of agro-cli-
matic data) [1, 2]). The inefficiencies detected in the irrigation process [3, 4] have driven the 
development of tools to facilitate farmers the irrigation scheduling. Stakeholders need prac-
tical decision-support tools to help them assess irrigation practices and the resulting yield. 
Simulation models provide a low-cost means of investigating a wide range of management 
options.

Despite the plethora of irrigation scheduling support systems that have been developed over 
the past decades, there is little evidence of widespread adoption by farmers [2, 5]. Most pro-
ducers find state of art irrigation scheduling tools overwhelming and lack the skills necessary 
to install, operate and troubleshoot them [1, 6]. Often not all required data are available at 
parcel level (real-time climate data and soil characteristics) or crops are not (yet) taken into 
account by the irrigation advice service [7]. Or the variables provided (e.g., daily crop water 
requirements) require additional calculations to transform it into useful data, namely man-
agement variables (e.g., daily irrigation time) [2]. Still another explanation for the low adop-
tion rate is that farmers are not confident whether their use would actually transform into 
benefits [6, 8, 9]. This chapter presents some promising results and perspectives to bridge the 
gap between farmers and modelers, and overcome the above-stated limitations. The approach 
helps irrigation advisory services in the elaboration of efficient irrigation calendars that can be 
easily used by farmers, profiting hence to advisers and producers.

The Food and Agriculture Organization of the United Nations (FAO) has developed AquaCrop, 
a field-crop-water-productivity simulation model for use as a decision-support tool in plan-
ning and analysis [10, 11]. Being a water-driven crop model, crop biomass and harvestable 
yield are simulated in response to available water (soil moisture and irrigation). Although 
constructed upon basic and complex biophysical processes, only a relative small number of 
parameters are needed to adapt AquaCrop to different cases and crops. Often the integrated 
default input variables are sufficient and do not require additional fitting. When additional 
variables are needed, they are mostly intuitive and can easily be determined using simple 
methods [10, 12].

AquaCrop has been broadly tested for different corps around the world under diverse envi-
ronments: for example, barley in sub-Saharan Africa [13], wheat in Iran [14] and in western 
Canada [15], teff in Ethiopia [16], quinoa in Bolivia [17] and maize in California [11]. Freely 
downloadable at FAO’s website, the model contains a default database of the world’s major 
crops (cotton, maize, potato, quinoa, rice, soybean, sugar beet, sunflower, tomato, wheat, bar-
ley, sugar cane, sorghum and teff [18]), and the list of crops is ever growing due to worldwide 
contributions. It has also been used to design different deficit irrigation strategies [19], to eval-
uate sowing strategies in a semiarid environment [20] and to develop an economic model for 
decision-support system at the farm scale [21]. An open source and animated Zotero Internet 
forum maintains an updated list of all peer-reviewed journal papers and Ph.D. manuscripts 
published on the calibrations and applications of the AquaCrop model [22].

How easily significant water savings can be obtained based on AquaCrop-derived simulation 
results is presented further down based on a case study in Burkina Faso. However, a quick 
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literature review yields ample examples on the benefits of irrigation advice services. Water 
savings, while maintaining the same yield, can reach from 10 to 30% when compared with 
water use recorded in previous irrigation seasons without irrigation advice [1, 2, 8]. Other 
examples managed to combine yield increase and water-use reduction; for example, Eching 
[23] indicated an 8% yield increase with a 13% water-use reduction. The operating costs for 
an irrigation advisory service in Spain, including several field visits from technicians, are esti-
mated at about 3 € ha−1 year−1 [7]. Lorite et al. [25] studied the average annual irrigation ben-
efits of shifting to irrigation advisory services ranging from 100 € ha−1 (for wheat and maize) to 
more than 400 € ha−1 (for sugar beet, sunflower and olive). Unfortunately, benefit assessments 
on irrigation advisory services are rare. The few existing financial studies confirm irrigation 
scheduling services are highly profitable [24] and encourage the integration of economic indi-
cators in order to contribute toward a greater acceptance of advisory services [25].

The actual used irrigation advice methods and tools can be grouped into two approaches: the 
one using long-term averages and the other based on real-time data. The real-time approach 
requires access to daily weather data in conjunction with water budget calculators or crop 
models that rerun and update their output each time new data are available. The long-term 
averages approach is less complicated and does not require access to daily weather data 
(apart from rainfall, if applicable) [8]. For a given climate and crop, an irrigation calendar or 
different irrigation scenarios are elaborated only once and stuck throughout the growing sea-
son. AquaCrop and AquaCrop plug-in [26], a stand-alone executable deprived of its graphical 
user interface but offering all the same possibilities as the full program, offer the possibilities 
to play on both fronts.

2. Model description

FAO developed and freely distributes the AquaCrop model. This dynamic crop-growth model 
predicts yield response to water; it assumes a linear relationship between biomass (B) growth 
rate and crop transpiration (Tr). Only a small amount of water taken by the roots is used for 
growth and metabolism (i.e., biomass), the remaining is lost by transpiration. The transpiration 
rate depends directly on the available soil moisture; as more water depletes, Tr becomes less 
than potential, and biomass growth will reduce. For more details on the water and other stress 
mechanisms, refer also the studies of Steduto et al. [30]. In AquaCrop, actual crop transpiration 
is translated into biomass through a water productivity (WP) parameter. For a given time inter-
val, the accumulated biomass is a result of the WP and the accumulated canopy transpiration: 
B = WP×ΣTr [27–29]. The WP defines the amount of biomass a crop can produce per unit of 
water consumed. It is a crop-specific parameter. When normalized for atmospheric evapora-
tive demand, WP* = B/Σ(Tr/ETo), it remains virtually constant over a range of environments 
[29] in order to make AquaCrop applicable across diverse locations and seasons. For most 
crops, only part of the biomass produced is partitioned to the harvested organs to give yield. 
The harvestable yield (Y) is portioned from the biomass by means of another crop-specific 
parameter known as the harvest index (HI): Y = HI×B. The model does not include underlying 
hierarchical processes simulating the intermediary steps leading to biomass accumulation. As 
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a consequence, the model structure is simple with few input parameters [10]. The model uses 
the more easily obtainable canopy ground cover (CC, the fractional coverage of the soil by the 
canopy) instead of leaf area index (LAI) as the basis for calculating transpiration and monitor-
ing crop development.

AquaCrop uses two different kinds of parameters: (i) fixed or conservative parameters and 
(ii) case-specific or nonconservative parameters. Conservative parameters are independent 
of geographical region, management techniques or time. They should be determined under 
non-limiting growing conditions but remain valid for stress conditions through the inte-
gration of stress response functions [10, 12]. These conservative parameters consist mainly 
of canopy cover growth (CGC) and decline (CDC); crop coefficient for transpiration at full 
canopy (Kc); WP for biomass; and soil water depletion thresholds. These parameters are 
applicable to a wide range of different conditions and crop cultivars [30]. Some other crop 
parameters are case-specific and nonconservative (e.g., sowing density, length of phenologi-
cal stages). Nonconservative parameters are affected by climate, field practices and soil con-
ditions. The operator needs to provide them for each specific case and cannot apply them 
broadly. If not available, the model can offer estimations [12, 31]. FAO has calibrated crop 
parameters for several crops and provides them as default values in the crop files stored in 
the AquaCrop database. At the same time, literature on supplemental crops keeps growing.

New crops can be added to the database or an existing crop tested for a new agro-climato-
logical region. In a first step, the calibration and validation procedure mainly bases on the 
monitoring of the fractional canopy cover evolution. Figure 1 shows how the evolution of the 
fractional canopy cover can be followed by taking overhead pictures of the canopy through-
out the growing season and quantified by means of image analysis software (e.g., [32]). Once 
the evolution of the fractional canopy cover is plotted (CC), the most important crop char-
acteristics can be derived from this curve: days to emergence and maturity, canopy growth 
coefficient (CGC), canopy decline coefficient (CDC), etc. In a second step, WP and HI can be 
fine-tuned in order to match at best simulated versus observed yield.

Figure 1. Left (a-d): overhead pictures of a cabbage field in Burkina Faso; middle: derived fractional cover data using 
image analysis software [32]. Right: canopy cover (CC) development curve and most important crop parameters 
[31] (CCo: initial canopy cover; CCx: maximum canopy cover; CGC: canopy growth coefficient; CDC: canopy decline 
coefficient).
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For each day of the simulation period, AquaCrop requires minimum and maximum air 
temperature, reference evapotranspiration as a measure of the evaporative demand of the 
atmosphere and rainfall. Additionally, the mean annual CO2 concentration has to be known 
(AquaCrop provides an historical time series of mean annual atmospheric CO2 concentrations 
measured at Mauna Loa Observatory in Hawaii). The needed soil hydraulic characteristics, 
describing the soil water retention and soil water movement in the soil, are as follows: (i) the 
hydraulic conductivity at saturation: the ease with which water moves through a completely 
wetted soil; (ii) the soil water contents at saturation: the soil is completely filled with water 
and there is no air left; (iii) field capacity: the amount of soil moisture after excess water has 
drained away and (iv) permanent wilting point: the minimum soil moisture at which a plant 
wilts. One can either make use of the indicative values provided by the model for various soil 
texture classes or import locally determined data.

When all data are available (measured, estimated or adapted), AquaCrop offers the possibil-
ity to (i) determine net irrigation requirements in a given environment; (ii) assess an existing 
irrigation schedule and (iii) in the framework of the present chapter, to generate an irrigation 
schedule according to specified criteria. To generate an irrigation schedule for evaluating or 
planning a particular irrigation strategy, the irrigation method (sprinkler, drip or surface, 
which determines the fraction of the soil surface wetted by irrigation), and the time and depth 
criteria have to be specified. Time and depth criteria used for the generation of irrigation 
schedules are listed in Table 1 [33].

Parameter

Time criterion

Fixed interval (days) Time interval between irrigations (e.g., 10 days).

Allowable depletion (mm water) Amount of water that depletes from the root zone (the reference is 
soil water content at field capacity) until irrigation is needed (e.g., 
30 mm).

Allowable depletion (% of RAW) Percentage of RAW that depletes until irrigation is needed (e.g., 
100%).

Depth criterion

Back to field capacity (± extra mm water) Extra water on top of the required dose to bring the soil water 
content back to field capacity. Values can be zero, positive or 
negative.

Fixed application depth (mm water) The irrigation amount that infiltrates in the field.

Water layer between bunds (mm water) Threshold for the depth of the surface water layer that should be 
maintained between the soil bunds (e.g., 5 mm) for the generation of 
irrigation events for flooded rice.

Table 1. Types of time and depth criteria used for generating irrigation schedules [33].
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3. Irrigation charts

Since crop water requirements vary over the growing season, farmers will need to adjust 
the irrigation during the season. Irrigation calendars are developed to give farmers simple 
guidelines on how to adjust their irrigation during the growing season. Site-specific calen-
dar-based irrigation scheduling, accounting for local weather conditions and soil characteris-
tics, provides irrigators with an inexpensive yet reliable strategy to estimate irrigation timing 
and amount [34]. In the design of these calendars, the irrigation water doses are usually con-
sidered as fixed. Fixed application depths in combination with variable irrigation intervals 
lead to the efficient use of irrigation water [35]. The selected value for the fixed application 
depth depends on the soil type, crop type, irrigation method and equipment. For the sake of 
simplicity and in order to promote adoption by farmers, the number of irrigation scheduling 
calendars is kept to a minimum, which means there has to be some generalization. The cal-
endars for each crop are normally based on two planting dates, the major soils and perhaps 
two different initial soil water content values at the beginning of the irrigation season [36].

The procedure consists of two steps. To obtain reliable guidelines, the simulations need to 
be run for a long series of historical data. The historical data consist of daily air temperature, 
and daily, 10-day or monthly reference evapotranspiration. In general, no big variations are 
to be expected over the years, so one can directly work with mean values. Local soil physical 
characteristics and crop characteristics of the local variety need to be considered in the simula-
tions. When done, the generated schedules with varying irrigation intervals during the differ-
ent growth stages are simplified and translated into an easy readable chart.

3.1. Site-specific calendars

AquaCrop was assessed in several cabbage fields in Burkina Faso [32]. Few field data were 
required. Weather and soil data were provided by the responsible state agencies. Irrigation cal-
endars were registered. Gravimetric soil water content was measured weekly at intervals of 0.2 
m up to a depth of 0.6 m. These measurements were repeated three times per treatment, enabling 
the soil water balance simulation to be evaluated. All needed supplementary drop data were 
derived for each field by taking weekly dozens of overhead photos (2 m above the canopy) [37].

Figure 2 provides an example of simulated and observed soil water contents in a cabbage plot 
in Burkina Faso. Field monitoring started 3 weeks after planting. Soil water content exceeded 
field capacity during most of the growing season. When the soil water content is superior to 
field capacity, the excess water cannot be bound to the soil particles and drains, leading to 
water losses by percolation. AquaCrop was prepared to optimize irrigation schedules using 
local weather, soil and crop data (Figure 3). After a first irrigation for field preparation, initial 
soil water content was assumed to be at field capacity. In the area basin irrigation using a stan-
dard motor pump (±30 m3/h) is the most common practice, and in general, gross application 
depths of 35 mm are applied. Deep percolation almost certainly occurs as it is nearly impos-
sible to achieve uniform water distribution within a field and the correct rate of water applica-
tion at the crop level. Since mostly surface irrigation, a field application efficiency of 0.6 was 
assumed [38]. The resulting soil water is given in Figure 4. Soil water content remained well 
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below field capacity and above the readily available amount of water (RAW) threshold. RAW 
is the water that a plant can easily extract from the soil. When RAW is depleted from the root 
zone, the soil water content reaches a threshold at which the roots are no longer able to absorb 
sufficient water to the transpiration demand, and the plant is water-stressed. When soil water 
content reaches the permanent wilting point, no water remains available for the crops, and 
the crops will not be able to recover. By keeping the soil water content between field capac-
ity and the RAW threshold, water losses due to deep percolation are limited, and crop water 
stress and yield loss are avoided. A reduction of ±20% in water use is registered, from 555 to 
455 mm, while obtaining the same yield, ±52 ton/ha. 20% less water is hence being extracted 
from the river and becomes available for other crops and farmers, constituting a considerable 
benefit for the region as a whole.

Figure 2. Observed (dots) vs. simulated (line) soil water content for a cabbage plot in Burkina Faso. Each dot is the 
average of three data. Irrigation: 555 mm; drainage:75 mm; yield: 52 ton/ha.

Figure 3. Example of an irrigation chart for cabbage. Cultivated in Burkina Faso on a clayish alluvial soil.
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With the help of extension workers, the irrigation chart presented in Figure 3 can be used 
by farmers [4]. Field application efficiencies, based on the findings of Bos and Nugteren [38], 
are already included in the gross irrigation application depths. On the back side, indicative 
durations in hours are given for different motor pump characteristics and field area. Different 
charts are being elaborated for the region’s major crops, soils and irrigation systems.

3.2. Variations and accuracy

For a chart developed for a particular region, it is possible to assign standard weather conditions 
by analyzing the probability levels of rainfall in that area during different seasons. This could 
lead to icons to, for example, dry, wet or normal season next to an adapted irrigation calendar 
[1]. Raes et al. [35, 39] present slightly more elaborated charts for supplementary irrigation, 
when irrigation is combined with varying levels of rainfall. A variation for deficit irrigation 
is presented by Geerts et al. [19]. Water applications are limited to drought-sensitive growth 
stages, in order to maximize water productivity and stabilize, rather than maximize, yields.

To develop a simple tool factors needed to be simplified. In that process, some accuracy is 
lost. However, Boesveld et al. [1] found that simplified irrigation calendars exceeded detailed 
irrigation requirement based on modeling by only 2.7% and yielded water savings of 14%. In 
Fessehazion et al. [34], simple irrigation calendars gave similar irrigation applications, water 
losses and yields compared to real-time scheduling.

3.3. Real-time scheduling

Previous work has focused on scheduling irrigation over long time frames such as seasonal water 
allocations. Real-time irrigation scheduling, for example, hourly or daily, has received little atten-
tion [40]. Olivier and Singels [41] found that rainfall data and other observations by farmers were 
often unreliable and propose to go toward a centralized data processing and model execution. A 
centralized approach also counters the problems of preliminary training and collection of specific 
data which are not often available for most potential users [6, 42]. Actual research is developing 

Figure 4. Soil water content when the proposed irrigation schedule is followed. Irrigation: 455 mm; drainage: 1 mm; 
yield: 53 ton/ha.
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smartphone applications to deliver these kinds of optimal irrigation calendars in near real time, 
based on daily weather data and information inputted by farmers through the application.

FAO also provides the AquaCrop plug-in program, performing identical calculation proce-
dures as the AquaCrop standard program [26]. This version comes as a stand-alone execut-
able without the user interface of the “classic” AquaCrop. By running the program, a list of 
projects, which contain all the required information for a simulation run, is carried out, and 
results are stored in output files. The plug-in program facilitates the inclusion of AquaCrop in 
external applications where iterative or large numbers of runs are required (e.g., [43]).

Figaro (Flexible and precise irrigation platform to improve farm scale water production, [44]), 
BELCAM (Belgian collaborative agriculture monitoring, [45]) and iPot (industrial Potato monitor-
ing, [46]) are some recent examples of how AquaCrop plug-in is being integrated in infor-
mation and communications technology (ICT) for agricultural advise, mainly focusing on 
irrigation and yield prediction. The platforms contain a database with crop, soil and real-time 
climate data. Farmers are invited to add the location of their fields and basic management 
characteristics (crop type, date of planting, etc.). A freely available and adapted Java script 
[47] picks up the required data, launches the AquaCrop plug-in executable and reads out the 
simulation results: up to date irrigation advice and yield forecast.

Figure 5 sketches the workflow of this approach for a case study in Belgium. A centralized 
database contains the soil map of Belgium, near real-time meteorological observations cover-
ing the whole of the country, a crop database with calibrated crop files for the major crops 
(potato, maize and winter wheat) and, if entered by farmers, information on field manage-
ment practices (date of sowing, plant density, etc.), and otherwise default management values 
are used. On the server, the necessary input files are atomically generated, the AquaCrop 
plug-in executable launched and its output added to the central database. The main outputs 
for the moment are yield prevision and irrigation calendars. Through a web application, the 
data are available at parcel level and summarized for regional level, for the individual farmer 
but also for all concerned in the domains of agriculture (regional yield estimates and previ-
sions) and environment (regional water balance). For the success of an advisory service, it is 
necessary to offer the information and tools, which are useful to the farmers and the society, 
as a whole (environmental benefit, food security, etc.) [7].

Figure 5. Real-time irrigation advice workflow (β-version under development for Belgian farmers).
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4. Discussion and Conclusion

By 2030, irrigated land is predicted to increase by 28% [48], and the pressure on the avail-
able water resources will be considerable, even disastrous for some regions. Since a couple 
of decades, a myriad of irrigation decision-support tools has seen the light to help farmers 
obtain higher water-use efficiencies. However, a large gap still persists between available effi-
cient water-use technologies and their adoption. Principal reason is the relatively little atten-
tion being paid to assist farmers in the adoption of new technologies. The models were often 
too complicated, high on input demands and/or too specific for only some crops. And local 
irrigation traditions were not taken into account, and the financial benefits were not clear [7].

FAO developed a simple and robust water-driven field crop model, AquaCrop and its stand-
alone AquaCrop plug-in. The model, which comes already with a large crop database, requires 
a relatively small number of explicit and often intuitive data and does not require additional 
fitting. Once calibrated and validated, adapted irrigation schedules can easily be created. Based 
on AquaCrop simulations, irrigation calendar charts have been developed for use in Belgium, 
Tunisia, Mozambique and Burkina Faso. For the case of Burkina Faso, water savings amounted 
to ± 20% when using the proposed irrigation charts, while maintaining the same yield. When 
no real-time climate data are available, site-specific calendars may be more applicable. These 
simple and indicative irrigation charts are being transferred by extension workers in order to 
promote irrigation water savings and thus increase water availability for other users or crops. 
No data are available on the adoption rate of these irrigation charts. However, a survey was con-
ducted to assess farmers’ satisfaction with the overall irrigation advisory service. The general 
response was very positive, exceeding 90%. Twenty-one percent said they had seen an improve-
ment in their livelihood because of better water distribution, thanks to water savings [49].

The same procedure has also been automated in a client/server application for agricultural 
advice (yield estimate and irrigation) in Belgium. Data management is centralized, and farm-
ers can have access to personalized irrigation advice when logging into the website. Farmers 
are invited to add supplemental management information in order to improve the simulation 
results and the resulting advice; otherwise default, but locally correct, values are used. The tool 
is being developed in close collaboration with agricultural cooperation and technical centers so 
that farmers’ expectations are taken into account. The application is still in its testing phase, so 
no information on farmers’ appraisal and adoption is yet available. Once fully operational, the 
adoption rate could be easily evaluated by the numbers of farmers logged into the general server.

External factors and direct and indirect benefits will drive more and more farmers to subscribe 
to advisory services. Nowadays, the pressure exerted on the agricultural sector by public 
administration and clients to shift production forms a focus on quantity to a focus on sustain-
ability, and quality is increasing worldwide [2]. The recent implementation of water pricing 
water policies, as already being required under the European Water Framework Directive, 
will motivate farmers to invest in technologies (such as decision-support irrigation tools) for 
improving water management [5]. In general, where resources are scarce and application costs 
are high, adherence to irrigation advice is also high [7]. Moreover, Qiao et al. [50] documented 
that farmers participating in an irrigation management program gained additional know-how 
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that improved the water-use efficiency. Also, it is possible that those farmers involved in irri-
gation scheduling services more easily adopt other management recommendations leading 
to yield improvements [24].
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Abstract

This study aims to investigate the technical efficiency of different subsurface drainage 
variants, in terms of the depth of the tile drains, spacing between the drain lines, type and 
thickness of the drain + filter complex, and the improvement procedures. Within the four 
variants, the discharge rate of the soil moisture excess was studied. In variants A and D, 
the spacing between drains is 20 m, and in the variants B and E, the spacing is 15 m. The 
depth of the tile drains is 0.8 m in variants D and E and 1.0 m in variants A and B. In vari-
ant A, tile drainage was combined with land shaping in the bedding system with top of 
ridges and furrows. Soil moisture was determined on checkpoints placed on drain cross 
section, at 2 m from drain lines, and of the middle of the drain spacing. In the version 
with land shaping, the drain lines located under the furrows favor the excess moisture 
removal. A similar technical efficiency was recorded in unimproved variant but with 
spacing between drains of 15 m. Best efficiency at removing excess water was registered 
in variant of the filtering material from ballast associated with flax strains.

Keywords: moisture excess, tile drainage, land shaping, technical efficiency

1. Introduction

Soil quality is more or less affected by one or more conditions, such as drought, periodic 
excess water, soil erosion, landslides, etc. [1, 2]. Their harmful influences are reflected by 
the degradation of soil characteristics and functions, of soil bio-productive capacity, affect-
ing yields and food safety, with consequences on human life quality [3–5]. These conditions 
are determined either by natural factors [6–8] or by agricultural and industrial activities that 
might have a negative synergic action [9, 10].
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Some of the main limiting factors of crop production in Suceava County are excess water, 
floods, low infiltration rate and soil compaction, soil erosion, and landslides. Waterlogging 
is a complex process determined by water supply, retention, movement, and discharge in 
the sub-adjacent rock-soil system [11, 12]. Water excess (rainfall water and/or groundwater) 
gets manifest under different forms and intensities, both in case of flat and slope lands [13–
15]. Natural conditions of the Baia Piedmont Plain favor the occurrence and maintenance of 
waterlogging. The Moldova River meadow and terraces platform in the form of stripes with 
an average width of 1.5 km, almost parallel to Moldova River bed, oriented from North West 
to South East, of gentle slope (1–5%), with flat-horizontal areas and a lot of micro-depressions, 
facilitating water storage. Because of the humid climate in the Radaseni-Fantana Mare-Baia 
depression, at low evapotranspiration, the 1–5 days of consecutive heavy rainfall are the main 
source of water excess in the poorly permeable soils. Furthermore, the hydrographic network 
represented by the Somuzul Baii runlet, which crosses the mid-area of Radaseni-Fantana 
Mare-Baia, with a riverbed of about 0.3–0.6 m depth and shallow at some sectors, is a perma-
nent cause of excessive humidity, prone to flooding nearby agricultural lands during heavy 
rains. Groundwater is stored in permeable deposits of sands with gravel and rocks, and its 
level is generally free, yet in meadow and low terrace areas, at highest levels, it flows under 
pressure, causing rising of the water table.

Experimental drainage fields were organized to explore the wide range of causes conducive 
to excessive water, the complexity of natural conditions hosting the phenomenon, and the 
multitude of its forms of manifestation. Study results are the base for solutions applied in 
implementing planning projects of the said areas and, by extrapolation, they were the basic 
materials for spreading technical solutions in natural homogenous conditions, concretized in 
the elaboration of design and use standards, instructions, or recommendations.

2. Material and method

Based on the pedo-climatic conditions of the wet area of Suceava County (Figure 1) and from 
the humid area of the meadow and terrace platform of the Moldova, respectively, subsur-
face drainage experimental fields were organized as a main mean of rainfall excess removal, 
locally associated to different land improvement works.

The pilot experimental agricultural drainage field of Baia was organized in 1978 by the 
National Society for Land Improvements—Suceava branch—in collaboration with the 
Agronomical University of Iasi, on a pseudo-gley glosic albic luvisol, used in natural pastures 
and hayfields with periodic excessive humidity from precipitations.

The hydro-technical scheme of the Baia experimental drainage field (Figure 2) comprises 
a surface of 3.00 ha, organized by subdivided lots, with two repetitions of three variants 
each, distinguished by distance between drain lines (12; 15; 20 m), average depth of the pipe 
drains is 0.8–1.0 m, type and diameter of drain pipes, type and thickness of filtering  materials 
(Table 1).
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Figure 1. Map of Romania and the geographical position of the Baia drainage field.

Figure 2. Baia experimental drainage field.
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To improve the production capacities of agricultural lands and mostly of farm fields, surface 
and subsurface drainage system, banking, watercourse regulation, soil erosion control, and 
other such works were conducted. According to data from the National Association for Land 
Improvement, in Suceava County, there is an area of 44,904 ha with surface drainage works, of 
which 27,455 ha were completed with underground drainage works. The drainage ditches are 
of 1875 km in length, while the subsurface drainage network has a total length of 11,909 km.

Based on results from the Baia agricultural drainages experimental field, technical solutions 
for the Moldova River meadow depletion-drainage planning were established. Rotopanesti-
Radaseni-Fantana Mare, Dragoiesti-Berchisesti, Bogdanesti-Baia, and Baisesti-Dumbrava surface 
and subsurface drainage systems comprise a total surface of 8761 ha, of which underground 
drainage covered an area of 3059 ha (Figure 3).

The surface drainage ditch network with a total length of 126.85 km is made of collecting, 
disposal and interception channels, and so on. To discharge excessive soil moisture, an under-
ground drainage network was organized, made of tile drains with a total length of 1575.12 km, 
based on the nature and intensity of excessive water.

The Baia agricultural experimental drainage field is placed in the northern part of the 
Rotopanesti-Radaseni-Fantana Mare depletion-drainage system, on a platform of the upper 
terrace, on the left side of the Moldova River, located North West from the Baia depression. 
In the natural conditions of this wetland, the albic stagnant-lossic luvisol is used as a natural 
pasture.

Tile drainage 
variant

Spacing between drain 
lines/depth drain (m)

Drain line 
number

Pipe type and  
diameter (mm)

Type and thickness of the 
drain + filter complex (cm)

A 20/1.0 1
2
3*

Tile Ø 70
Tile Ø 125
Tile Ø 70

Ballast (20) + flax stems (50)
Ballast (70) + green sods
Ballast (20) + green sods

B 15/1.0 4
5*

6

Tile Ø 70
Tile Ø 70
Tile Ø 70

Flax strains (30)
Ballast (12) + flax stems (20)
Ballast (15) + green sods

C 12/1.0 7
8
9

Corrugated plastic Ø 65
Smooth plastic Ø 63
Tile Ø 70

Ballast (12) + green sods
Ballast (12) + green sods
Ballast (15) + green sods

D 20/0.8 10
11
12*

Corrugated plastic Ø 65
Smooth plastic Ø 110
Tile Ø 70

Ballast (20) + flax stems (40)
Ballast (60) + green sods
Ballast (20) + green sods

E 15/0.8 13*

14*

15*

Tile Ø 70
Tile Ø 70
Tile Ø 70

Flax strains (30)
Ballast (12) + flax stems (20)
Ballast (15) + green sods

F 12/0.8 16
17
18

Corrugated plastic Ø 65
Smooth plastic Ø 63
Tile Ø 70

Ballast (12) + green sods
Ballast (12) + green sods
Ballast (15) + green sods

*Studied drain lines/variants.

Table 1. Constructive elements of drains from the Baia experimental drainage field.
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The surface and subsurface drainage systems, as a measure of moisture control, were associ-
ated to works of land shaping in the bedding system (Figure 4), deep soil loosening, mole 
drainage, amendments, and so on. After implementing improvement procedures, their opera-
tion and behavior are of high importance.

Figure 3. Surface and subsurface drainage systems of Moldova River meadow.
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In order to evaluate the operative behavior of drainage technical solutions, after 36 years soil 
samples were collected to establish soil moisture in layers with thickness of 10 cm each, up to 
a depth of 0.8 m and 1.0 m, depending on the depth of the tile drains, at 2 and 5 days, respec-
tively, after the rainfalls. Control points were placed on the drain line, 2.00 m from it and 
mid-distance between drain lines.

Soil samples were collected from the area served by D5, D13, D14, and D15 drains, placed 15 m 
apart and laid at 0.8 m (D13, D14, D15) and, respectively, laid at 1.0 m depth from D5 drain and 
from the area served by D3 and D12 drains which are 20 m apart, but laid at different depths, 
0.8 m the D12 drain and 1.0 m the D3 drain, with a ridge-and-furrow land surface.

3. Results and discussions

The analysis of soil moisture values at 10 cm depth, 2 days after cumulative rainfall of 40 mm, 
on the variants with the spacing between drains of 15 m, shows that in case of control points 
placed 2.0 m from the drain line and at mid-distance between drains, the moisture level got to 
the depth of 30–40 cm, where the poorer permeable layer is located and decreased (Figure 5). 
As for D3 tile (distance between drain lines 20 m and depth of the pipe drains 1.0 m), with the 
land shaping in the bedding system with top of ridges and furrows, the soil moisture at con-
trol points located 2.0 m from the drain line and mid-distance between drains (10.0 m) got to 
the depth of 40–50 cm, due to the harsher material placed when the ridge-and-furrow system 
was created, which implicitly increased the depth of the poorer permeable layer (Figure 6). 
In all cases, at the control point located on the drain line, soil moisture values 2 days after rain-
fall generally increase as depth increases, as the water flow is directed to the drain line and the 
permeability of the filtering layer got poorer over the 36-year operating period.

Figure 4. Tile drainage combined with the bedding system variant: top of ridges and furrow.
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After 5 days from rainfall, soil moisture at control points of D5, D12, D13, D14, and D15 drains 
located at 2.0 m from the drain line and the middle of the drain spacing generally increases 
from a 10–20 cm depth to a 40–50 cm depth; then it slightly decreases because of the poorer per-
meable layer (Figure 7). Higher moisture in the superficial soil layer is due to water storage by 
organic material from the discontinuous celery layer, as the drained surface is used as pasture.

 Figure 5. Soil water content in the area served by the tile drain D13, 2 days after rainfall.

Figure 6. Soil water content in the area served by the tile drain D3, 2 days after rainfall.

Figure 7. Soil moisture in the area served by the tile drain D13, 5 days after rainfall.
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At D3 drain with ridge-and-furrow system, soil moisture values have the same dynamics; the 
only difference being that the depth where the greatest moisture is recorded increases from 50 
to 60 cm for the control point located at 2.0 m from the drainage ditch to 60–70 cm mid-distance 
between drains, due to water excess elimination and water consumption by plants (Figure 8).

At the drain line, soil moisture values generally decrease to the depth of 20–30 cm, and then 
they increase thanks to the water flow directed to the drain filter during the operating period. 
For the first 20 cm, moisture values are higher because of the plant root system, which is better 
developed on the drain cross section.

The analysis of the values of the average content of soil water by control points, established 
3 days from rainfalls, shows that at the drains placed at 15 m one from another, the lowest 
value is recorded at the control point located 2.0 m from the drain line, while the highest value 
is recorded on the drainage cross section (Figure 9).

Figure 9. Average soil moisture at control points, after 2 days, in variant with spacing between drains of 15 m.

Figure 8. Soil water content in the area served by the tile drain D3, 5 days after rainfall.
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At D3 drain with distance between drain lines of 20 m and with ridges and furrow, the highest 
value is also registered on the drainage ditch, but the lowest value was obtained at the control 
point located mid-distance between drain lines, due to the water flow directed to the drain 
filter and runoffs toward the drain line produced during heavy rainfalls (Figure 10).

Runoff control toward the drain line in case of D3 drain with a ridge-and-furrow land surface 
is also shown in the analysis of the average soil moisture recorded at D12 drain, with the dis-
tance between drain lines of 20 m, but with the non-modeled land surface, where the highest 
value was obtained for the control point located mid-distance between drains (Figure 10).

After 5 days, the last precipitations, the average moisture reaches the highest peak at the con-
trol point located mid-distance between drain lines, while the lowest value is registered for 
the drain cross section, except for D3 drain (Figures 11 and 12). The decreasing values of aver-
age soil moisture water at mid-distance between drains to the drain line show drain system 
operation after 36 years of activity.

For the D3 drain with ridges and furrow, the lowest value of the average moisture is also 
recorded at the drain line, yet the value obtained at the control point mid-distance between 
drains (on ridge) is 1.77% lower than the value at the control point 2.0 m away from the drain 
line, due to any runoff control to the drain line and to having added harsher material when 
the ridges were created. For such material, hydro-physical indices (fading  coefficient, field 
water capacity) are lower than those of finer textured material (with high clay content).

The analysis of soil moisture content in the control section, 2 days and 5 days from the rain-
fall recording, of the studied drains (Figure 13), shows that the efficiency of water excess 
removal may be assessed by using different drainage technical solutions after 36 years of 
operation.

 Figure 10. Average soil moisture at control points, after 2 days, in variant with spacing between drains of 20 m.
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For D13, D14, and D15 tile drains laid at the same depth (0.8 m) and distance between drain 
lines of 15 m and with different filtering materials, the lowest average moisture values on the 
control section, in both soil sampling stages, were obtained for D14 drain. The use of a ballast 
layer of 12 cm thick and of a flax stalk layer of 20 cm as filtering material at D14 drain favored 
the discharge of excessive humidity for the serviced area, obtaining an average moisture of 
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At D13 drain with a filtering layer made of 30 cm thick flax stalks, after 36 years of opera-
tion, they turned into organic matter, prone to poorer permeability around the drain pipe 
and water flow to the drain, recording 2 days from rain the highest average soil moisture at 
the control section of 31.85% and 5 days after the value of 29.48%. At the same drain, 2 days 
after the last rainfall, the greatest amplitude of the soil moisture of 4.39% per control points 
was achieved.

Maintaining the distance of 15 m between drains, the same filtering material (ballast layer of 
12 cm thick and flax stalk layer of 20 cm thick) and increasing the laying depth from 0.8 m 
(D14) to 1.0 m as for D5 drain, there is an increase of average soil moisture for the control sec-
tion, from 28.99 to 29.74% (29.94% calculated at 0.8 m depth) during the first soil sample col-
lecting stage. Five days after rain recording, the average soil moisture for control section of D5 
drain increased by 0.82% (0.94% calculated at 0.8 m depth) in comparison with soil moisture 
determined by D14 drain.

At D12 drain laid at 0.8 m depth, when the distance between drain lines is of 20 m, high soil 
moisture values are recorded. After 2 days of rainfall, average soil moisture is 31.54%, by 
2.55% higher than D14 drain, where the lowest value was recorded. During the second stage 
of sample collection, this drain registered the highest value of 29.66%, 1.42% higher than the 
value obtained in D14 drain.

 Figure 13. Average soil moisture on control section, at 2 and 5 days, respectively, after the rainfalls.
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By increasing the laying depth to 1.0 m, maintaining the distance of 20 m between drain lines 
and land shaping in the bedding system with top of ridges and furrow as in D3 drain variant, 
a better discharge of excessive water is achieved, yielding an average soil moisture of 30.11%, 
respectively, and of 28.97% for the control section, values that are relatively close to those 
determined in case of the drains placed every 15 m, except the D13 drain.

4. Conclusions

• In case of subsurface drainage systems from the Moldova River meadow, the predominant 
spacing between drains is 20 m, and the depth of the tile drains is 1.0 m in the terrace area.

• For an efficient water excess removal, it is advisable improvement procedure as land shap-
ing in the bedding system with ridges and furrows in order to ensure a good drainage.

• Ridge-and-furrow system favors the discharge of water excess, as the runoffs are led to 
drain lines, obtaining a better water collection and discharge during the first hours and 
days from excessive water incidence.

• The average soil moisture content of 2 days following the rainfall has the smallest value 
close to the drain lines, due to the water afflux toward the drains and of the decrease of the 
permeability of the filtering layer, in time.

• The use of the flax stalks only as filtering material, regardless of the thickness of the layer, 
is not recommended because of permeability diminishing. However, it was observed that 
their association with ballast ensures the best discharge of the moisture excess even after 
35 years of operation.
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Abstract

While urbanization and increasing population has put much pressure on natural drain-
age channels and resulted in increase in flooding, there is increased pressure on avail-
able water resources due to climate change, reduction in frequency of rainfall events and 
drought. The emergence of a sustainable drainage system (SuDS), also known as best 
management practice (BMP) and low impact development (LID), has changed the man-
agement strategy of drainage from conventional to sustainable. SuDS techniques seek to 
deliver the three cardinal paradigms of sustainable drainage: quantity, quality and ame-
nity and as such, they can offer an additional benefit for applications such as landscape 
irrigation. Most SuDS techniques have the potential for water storage with minimal or 
no modifications required. This chapter, while covering the capabilities of SuDS systems, 
explores SuDS devices such as pervious pavements equipped with excess storage capac-
ity, cisterns and tanks harvesting roofwater, infiltration systems aimed at supporting 
the growth of urban plants and green roofs with the potential to store water in order 
to maintain water demanding planting scheme even during dry periods. It also covers 
systems where SuDS is the main driver to device installation and address issues and con-
siderations surrounding applications of such systems in water harvesting for irrigation.
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1. Introduction

Urbanization can initiate undesirable local modifications to the water cycle. In particular, the 
effects of the spread of impermeable area both within and at the margins of towns and cities 
have highlighted the need to modify the way that society deals with stormwater. The prob-
lems of surface flooding in cities and overloading of foul sewers (when combined systems are 
in place) are the most headline‐grabbing aspects of increasing impermeability but reduction 
in aquifer recharge can also be important when water demand rises due to increase in local 
population.

In many western societies, particularly in the United Kingdom, there is a preference for 
housing schemes with gardens (including, often, very water demanding planting regimes). 
This increases the demands for water well beyond traditional domestic use. Alongside these 
domestic developments, hotels, hospitals, office blocks, light industrial units and retail devel-
opments often try to show a supposedly green face to the world in the form of extensive 
landscaped areas around their equally extensive impermeable parking surfaces. We are thus 
faced with the dual problem of a demand for water for landscaping accompanied by rapid 
and wasteful run off from impervious parking areas. This can cause flooding problems in 
response to short heavy rain events. The problem is particularly important in summer months 
when the demand for watering domestic, commercial and municipal planted areas is at its 
highest, at the same time as the supply from surface sources is at a minimum.

The term SuDS was originally used in the United Kingdom as an acronym for ‘sustain-
able urban drainage systems’ but this term has more recently lost favour and is commonly 
replaced by SuDS (sustainable drainage systems). In the USA, the terms low impact develop-
ment and best management practices (LID and BMP) cover the same approach to drainage 
and in Australia the term ‘water‐sensitive urban design’ is favoured. While all of the above 
terms are used, sometimes interchangeably, to indicate a holistic approach to stormwater 
management, they are all dominated in their philosophy by the concept of stormwater source 
control. This entails controlling both the quality and quantity of stormwater as close to its site 
of deposition as possible. Commonly, parts of the United Kingdom can be under drought 
orders (which impose summer hosepipe bans which limit landscape irrigation) and still suf-
fer from localized flooding during short‐term storms. These occurrences are becoming an 
increasing feature in some parts of the United Kingdom and this adds extra incentive to ret-
rofitting of SuDS systems that can also make a contribution to the reduction of water use. The 
principles of SuDS are often presented as follows:

1. Storing runoff so that it can be released slowly or used beneficially (attenuation).

2. Allowing water to soak into the ground so as to mimic the processes on an undeveloped 
surface (infiltration).

3. Where necessary to allow the water to move doing so at the surface and at a controlled 
velocity.

4. Using the processes of collection, storage and transportation to facilitate the removal of pol-
lutants by sedimentation, precipitation, adsorption (in its widest sense) and degradation.
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Most SuDS devices have the potential to be used for water storage with minimal or no modifi-
cations required. Table 1 summarises the irrigation water resource potential of a range of hard 
SuDS devices that have been used for water harvesting, whereas Table 2 outlines a number of 
green SuDS devices that themselves place a potential demand on water resources but which 
can be modified to harvest water for self‐irrigation and sometimes for other uses.

This chapter, while covering the capabilities of all SuDS systems, gives particular emphasis 
to those that are particularly suitable for retrofitting. In this chapter, the greatest attention 
is given to devices such as pervious pavements equipped with excess storage capacity, cis-
terns and tanks harvesting roofwater, infiltration systems deliberately aimed at improving 
the growth of urban plants (including trees) and green roofs, which can offer the potential 
to store water in excess of the capacity of the substrate so as to maintain a water demanding 
planting scheme during dry periods. Inevitably, there will be some overlap with harvesting 

Device Quantity issues Quality issues

Underground and above ground 
barrels, tanks and cisterns harvesting 
roof water only

The sizing of the system needs to 
be done carefully and the usage of 
the water be well established if both 
stormwater attenuation and water 
harvesting are to be achieved in the 
same system. With modern computer 
control the sizing can be reduced by 
actively draining tanks in response to 
predicted rain events.

The quality of water will be affected 
mainly by atmospheric fallout and 
the nature of materials used in roof 
construction. While this is not really 
considered an issue new UK guidance 
requires that even roof water should 
have some treatment before discharge 
to a watercourse

Underground and above ground 
storage harvesting both surface  
runoff and roof water

The additional resource will require 
a greater storage volume for it to 
be utilisable. If there is attenuation 
available upstream of the storage 
tanks this can be minimized as a 
problem

Surface water will generally be of much 
poorer quality than roof water alone 
(see above) but provided the system is 
correctly designed to retain day to day 
pollutant releases it will generally only 
be an issue if major pollutants releases 
overcome the pollution attenuation 
mechanisms. Salt applications in 
temperate zones can be a problem.

Pervious pavements and similar 
without off line additional storage

Unless taking runoff from impervious 
surfaces too the total inputs are 
limited to the water falling on the 
surface. Unless designed with extra 
storage capacity even an attenuation 
based system will have limited 
capacity to store water for more than 
short periods of time

Input of potentially harmful organisms 
from faecal contamination and 
chemical pollutants from atmospheric 
fallout. If exposed to traffic there will 
also be day to day input of automotive 
based pollutants and if not provided 
with upstream protection the water can 
be subject to contamination from the 
very rare losses of engine oil and fuel. 
In temperate areas de‐icing salts can be 
an issue.

Pervious pavements with off‐ line 
additional storage

By directing water into off line 
underground or above ground tanks 
the storage required for attenuation 
or to overcome limited rates of 
infiltration will not be compromised 
by the need to recover water

Table 1. Irrigation water resource potential of a range of hard SuDS devices.
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for purposes other than irrigation. Competing use for harvested water includes toilet flushing 
and washing machine use and with appropriate treatment, many of the types of use that nor-
mally demand potable water. We must also recognize that rainwater harvesting systems are 
commonly provided without involvement of the SuDS philosophy, being designed without 
any attempt to enhance the control of stormwater (but sometimes doing so by accident). This 
chapter only covers systems where SuDS is the main driver to device installation.

Harvested rainwater from urban environments (even water directly from roofs) will inevitably 
contain pollutants that would not be expected if the water was collected from rural upland 
catchments or extracted from protected aquifers. If water is to be used for irrigation after being 
in contact with pollutant materials inevitably generated by both the daily activities of urban 
living and by fallout from industry, a first question must be whether the quality of the water is 
good enough for purpose. Irrigation water limits vary from place to place and not all organisa-
tions include all the possible pollutants (see Ref. [1]). A useful comparative table is provided 
by Nnadi et al. [2] which presents the irrigation water limits provided by a range of authorities.

2. Roofwater harvesting: rain barrels and cisterns

While many SUDS systems have been used to harvest rainwater for a combination of both 
irrigation and indoor uses (such as toilet flushing and washing machine pre‐wash) it is 
the direct harvesting of roof water (and sometimes water from non‐trafficked paved areas) 
into barrels and cisterns that has seen the greatest uptake as a component of the LID pro-
grammes in the USA. The relatively high quality of this source of harvest (although well 

Device Quantity issues Quality issues

Green roofs with additional off  
line storage

Both need careful sizing taking into 
account predicted available rainfall 
and demand placed by both growing 
plants and any additional off‐roof 
demands. Storage needs to take into 
account sufficient temporary storage 
to provide stormwater source control 
when substrate is close to saturated. 
Provision may need to be made 
for rapid dumping of stored water 
when large storms are predicted in a 
‘reservoir full’ situation.

If used for self‐irrigation of the roof or 
for additional off‐roof irrigation there 
will be little problem but if, as in some 
installations, green roof drainage water is 
pooled with other water and used for such 
as toilet flushing the colour can become 
a source of user complaint. If fertiliser is 
used on the roof, then recycling the water 
via the roof will retain the nutrients where 
they are needed.

Green roofs with integrated  
storage.

Infiltrating urban tree planters  
with subsidiary methods of  
storage.

Maintaining sufficient moisture for  
the trees can be a problem.  
Proprietary systems which  
incorporate water storing foams (as 
used by florists) can offer a solution. 
Species selection for the variability 
of available water needs to be done 
carefully.

There will be day‐to‐day input of 
automotive based pollutants and if not 
provided with upstream protection the 
water can be subject to contamination from 
the very rare losses of engine oil and fuel. 
In temperate areas de‐icing salts can be 
an issue.

Table 2. Green SuDS devices that can be modified to harvest water for self‐irrigation and other uses.
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short of potable water standards in most jurisdictions (see Ref. [3]) that makes this source 
attractive for  internal use as well as for irrigation. The primary differences between a cistern 
or rain barrel which forms part of a SuDS system and one which is simply a water supply 
device are the way the container is sized and the way the water is managed. Whether man-
aged manually by an individual householder (possibly backed up by an advice and educa-
tion program) or through an automated system, unless efforts are made to maintain enough 
available storage to contain at least a significant proportion of a design storm and unless 
the stored water is managed either by using the water or by releasing a proportion before 
the next storm then this is not SuDS at all but purely a water harvesting exercise. Jones and 
Hunt [4] made the point that the greatest problem with roofwater harvesting as a storm-
water control mechanism is that many of the cisterns and barrels remain full all of the time 
because water is not utilized. Managing the cistern by using the water regularly or releasing 
during a dry period is necessary if roofwater storage is to be seen as SuDS.

North Carolina State University (NCSU) offers online a very comprehensive review of rain-
water harvesting [5] and also one of the best sources of information provided for home own-
ers on water cisterns and their use [4]. Their document usefully attempts to guide the owners 
in relation to the need for additional ground support for cisterns in gardens, an often over-
looked factor. NCSU also provides an informative guide to roof water quality [6]. Many other 
American universities provide a similar extension literature and the various States of the USA 
represent such a broad diversity of climates that the guidance from either state regulators or 
that provided through local university extension programs should be selectable if someone 
is looking for information that suits their climate elsewhere in the world. That is not to say 
that authors from outside the USA have not been active in reporting their work in a variety 
of jurisdictions (although in many cases, the stormwater source control element is missing).

Cisterns can be either above ground or below ground, but the land take and unattractive 
appearance of reasonably sized water cisterns are often a barrier to adoption. Underground 
tanks can be expensive and offer significant structural problems if they are to be covered with 
a trafficked surface or even one with a reasonable dead load. Unlike above ground storage, 
where irrigation use can often be achieved under gravity flow, they will normally need a pump.

Underground tanks are not normally suitable for occupier retrofit even by the most capable 
householders. An option that addresses this is the Skeletank®, where the thin polyethylene 
tanks get their structural strength from internal interlocking polypropylene skeleton. This pro-
vides structural strength while maintaining a system that can be carried, if necessary, on the 
roof of a car and can be lifted easily by two people. They are easily linked together to achieve 
the size required. The system was originally designed to provide stormwater attenuation and 
soakaway tanks (used upside down) within individual domestic curtilages. The system has 
since been adopted for rainwater harvesting and lightweight pump and filter chambers are 
available as accessories. Apart from the wiring for the pumps, the system is totally suitable for 
installation by an amateur. Figure 1 shows an installation in Preston (Lancashire, UK) which 
provides an interesting example of a householder built retrofit water harvesting SuDS project 
particularly since the primary aims of harvesting the water was to provide irrigation water to 
landscaped areas and to support a small pond on site while allowing total disconnection of 

Applications of SuDS Techniques in Harvesting Stormwater for Landscape Irrigation Purposes...
http://dx.doi.org/10.5772/67041

87



drainage from the combined sewer. The owners of the property in question were undergoing 
conversion works which included the installation of a new patio area. The tanks were installed 
underneath the proposed patio area. The concept of the system begins with the collection of 
rainwater in a downpipe chamber. On this site, three downpipe chambers were installed, two 
chambers for a 94 m2 roof area at the main house and the final chamber positioned to collect 
water from a 55 m2 area (serving an adjacent outbuilding). These chambers are intended to 
pre‐clean the rainwater and allow silt to deposit within the sump of the chamber. Water passes 
through a fabric filter on the outlet spigot of the chamber before running into the tanks which 
were connected together using standard underground drainage pipe to provide a combined 
reservoir. For this site, sixteen tank units, providing a total storage capacity of 4800 litres, were 
used. The required number of units was determined by a modelling to fit available storage 
to the various demands including sufficient temporary storage, with controlled discharge to 
accommodate stormwater during rain events when the temporary storage is full. The rainwa-
ter pump chamber is the final component in the chain and is primarily used to pump rainwa-
ter on demand for irrigating flower beds and grassed areas.

When available in excess stored rainwater is also pumped into a header tank for internal 
household use, such as, flushing toilets and water feed for washing machine pre‐wash. The 
primary re‐use of the harvested rainwater is to irrigate the flower beds and grassed areas 
surrounding the property and also for supporting the flora and fauna of the pond. Since the 
installation of the system, both use of mains water for irrigation and for topping up the pond 
has been minimal. Checks have shown the public health microbiological qualities (including 
legionella) are not a problem.

3. Pervious and macro‐pervious pavements as a water harvesting system

Pervious pavement systems (PPS) have been around as SuDS elements since the 1970s and are 
extremely well documented (see Refs. [7–12]). In the United Kingdom, their origin is largely 
associated with Chris Pratt's design which utilized concrete block pavers provided with infil-
tration channels as the wearing course [13].

The pervious wearing course surface can also be porous asphalt or porous poured concrete. 
The wearing course is usually laid on a bedding layer of, typically, 10 mm material and there is 

Figure 1. Left: Skeletanks® in place and connected together. Right: lightweight pump chamber.
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often a geotextile as a separation and filtration layer between the bedding layers and either the 
subbase of aggregate (typically a uniform 50 mm, with a void ratio of about 30%) or on a sub-
base replacement of plastic load‐bearing boxes (a typical void ratio of 90%). If the pavement is to 
be used for water harvesting, it requires a reliable under‐sealing layer which can be a folded or 
welded polyolefin membrane or, particularly within individual curtilages, can be conveniently 
provided by one or more of the sub‐surface tanks discussed in the example above. These can 
also be used below pervious pavements to capture a proportion of the stormwater with the 
number of tanks selected in relation to demand with both unharvested and overflow water 
disposed of by infiltration or at a controlled rate to a surface water body or a combined sewer.

The most common application of PPS has been parking areas, whether they are extensive 
parking lots or individual house driveways and courtyards. The efficacy of pervious pave-
ments in intercepting and immobilising or degrading traffic‐derived pollutants has been the 
subject of a large body of research in many countries including England [14, 15], Scotland [16], 
Spain[17], Australia [18, 19] and the USA [20].

One of the most extensive experimental studies of PPS‐derived water quality, with respect to 
irrigation, from pervious parking surfaces was instigated by Nnadi [21]. This was an indoor 
simulation experiment on a relatively large scale. The experimental outline was to apply oil 
drops (simulating oil dripping onto pavements from parked vehicles) and street dust to per-
vious pavement system models built into 1200 mm × 1000 mm × 600 mm heavy‐duty poly-
propylene boxes (used for heavy industrial storage). Models were created with a selection 
of wearing courses including several cross‐sections of new porous asphalt, a 10‐year aged 
asphalt from a quarry parking surface, porous poured concrete and concrete paving blocks 
with infiltration channels. Thirteen millimetre simulated rainfall events were applied to the 
models at 15 mm/hour (52 min rain events) twice monthly. These were applied a day before 
and a day after the monthly application of used motor oil and dust. The effluents were cap-
tured and analysed for total suspended solids (TSS), metals and total petroleum hydrocar-
bons (TPH). The results were considered in relation to water quality as applied to irrigation 
and other forms of re‐use as detailed in Nnadi et al. [2]. The results indicated that the porous 
asphalt and porous concrete are as good as the block paved permeable pavements in the treat-
ment of stormwater pollution with all surfaces delivering water quality that is suitable for irri-
gation and clearly demonstrated the capability of the porous asphalt and concrete pavement 
system to trap hydrocarbons within the system.

While the use of pervious pavements for control of day‐to‐day automotive‐derived pollutants 
is well established, it must be remembered that the traditional PPS has shown a poor pollution 
retention performance when challenged by major hydrocarbon releases [22]. Modification of 
the permeable pavement to incorporate a gravity separator just below the laying course has 
been reported for both aggregate‐based [15] and plastic box‐based pavements [23] showing a 
capability of retaining sufficient oil should every car in a parking lot simultaneously lose the 
content of their sump.

The first pot trials to investigate the acceptability of water quality from pervious pavements 
for irrigation originated at Coventry University as a PhD programme by one of the authors 
[21]. The source of water was a series of laboratory models. The models used were based 

Applications of SuDS Techniques in Harvesting Stormwater for Landscape Irrigation Purposes...
http://dx.doi.org/10.5772/67041

89



on the modified designs by Newman [24] which incorporates a gravity separation system to 
ensure that free oil can never escape from the system and were artificially fertilized by adding 
Osmocote® slow release fertilizer and brushing it into the infiltration channels. This was to 
enhance the biodegradation rate of the hydrocarbons. The pot trial investigation showed that 
where the effluent water could be used for irrigation the excess nutrients provided distinct 
advantages to the growing plants [25]. In all cases, the plants irrigated with effluent grew much 
better than those irrigated with tap water. In effect, the system was being used for fertigation.

There has also been more recent work using a live car park, this case based on a highly modi-
fied design called a macro‐pervious pavement system (MPPS) (Figure 2). In 2011, an investi-
gation was initiated [26] on an MPPS installed as a prison car park in Scotland.

The parking lot consists of two major sub‐catchments of around 1350 m2 and a minor one of 
300 m2 (which was not included in the irrigation water study). The majority of the surface of 
the parking lot consists of traditional asphalt with stormwater entering the subbase/storage 
and attenuation layer of crushed limestone through miniaturized, linear, gravity separator 
units (which look like normal channel drains from the surface) through a chamber contain-
ing a floating mat of oil‐sorbing textile. It then flows into the subbase, which drains towards 
separate flow control chambers (with orifice plate flow control) in each of the sub‐catchments. 
These provided convenient sampling points and in‐line storage chambers which would be 
available for landscape irrigation. Samples were analysed for a wide range of determinants.

For the heavy metals, all results were below the most stringent of irrigation water limits. 
For suspended solids, all measurements were below 20 mg/l, a concentration below which 
blockage of drip irrigation systems is not a problem. For TPH, the irrigation limits that were 
adopted are dependent on the solubility of the various carbon chain fractions (except for C9–
C14 where a limit of 1.8 mg/l applies). Since no measurements of TPH ever exceeded 1.8 mg/l 
and in the absence of any observed free product (indicating that solubility was never exceeded 
for any fraction), it can be concluded that hydrocarbons should have no detrimental effect if 
this water was harvested and used for irrigation.

Figure 2. The macro‐pervious pavement system as installed at Perth Prison, Scotland. The line of ‘Channel Drain’ is 
actually a series of oil and silt separating infiltration points, which direct stormwater into the sub surface storage and 
attenuation layer.
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BTEX concentrations were all below the 1 μg/l limits of detection for these compounds. The 
irrigation water limits for benzene and substituted benzenes proposed by the New Zealand 
Government [27] range from 800 μg/l for benzene to as high as 39 mg/l for toluene. MTBE was 
also invariably below its detection limit (10 μg/l). Irrigation water standards for MTBE could 
be found in the literature but since the State of Florida mandates a limit of 50 μg/l in drinking 
water, this value could be seen as a very conservative irrigation water limit. Boron was always 
below the 40 μg/l limit of detection and thus well below the 500 μg/l soil pore water limit 
for the most sensitive plants [28]. Examining the major cation concentrations, it was shown 
that calcium, magnesium and potassium were low compared to any irrigation water limits 
and most authors would expect that at least magnesium and potassium would need to be 
supplemented for optimum plant growth. For most of the year, neither the sodium (Figure 6) 
or sodium absorption ratio (SAR) values were a concern at this site, but in the winter months, 
following the application of de‐icing salt (which will vary from year to year) the values of 
both these parameters show the water to be unsuitable for irrigation with sodium values in 
January up to 1200 mg/l. By March, the sodium concentrations were below 100 mg/l but above 
the 50 mg/l irrigation water limit until May. It was concluded that if water is to be stored for 
irrigation purposes it would be necessary to divert the meltwater (and the rainwater falling 
onto a salt contaminated pavement) away from the storage tanks during the winter months 
after filling them as much as possible during October and November and then topping them 
up in April and May before the need for irrigation is established in the summer. If the worst 
of the salt contaminated water can be diverted, the direct effect on plants will be minimized. 
Another issue from this particular site was the pH that was higher than optimal, but this was 
due to the limestone used in the subbase and would have been much lower if a granite sub-
base had been chosen. Adjustment of pH with addition of calcium sulphate was proposed as 
a potential solution, but species selection for high pH tolerance would be an alternative.

Pot trial experiments were carried out using both ryegrass and tomato plants (using the exper-
imental protocol previously proposed by Nnadi [21] irrigated with effluent collected from this 
pavement in September with initial results being reported to the SuDSnet  conference in 2015 
[29] and continued experiments (and tissue analysis) have shown that at this site, the water is 
perfectly suitable for irrigation, if harvested before the salt application. However, the data rep-
resents only relatively short‐term use of the water. Hence, further work in this area is required 
and this provides a good research opportunity for anyone interested in this area of study.

One problem with block paving surfaced PPS is that they can become a habitat for weeds and 
chemical methods of weed control still dominate as the most preferred in the United Kingdom 
[30] and most European cities [31, 32]. Although several herbicides are in use, glyphosate‐con-
taining herbicides (GCH) are by far the most widely used herbicide for weed control on hard 
surfaces [32–35]. Recent work on the impact of GCH on pollution attenuation and biodegra-
dation in a PPS indicated that GCH is not retained in the PPS structure and is subject to rapid 
wash through in response to water movement thus increasing the potential risk of reaching 
receiving environments [36]. Hence, not only does one need to consider the herbicide itself, 
but the breakdown of other pollutants such as hydrocarbons within the PPS can be poten-
tially affected [35] with potential impact on the quality of irrigation water. In a recent study to 
determine the suitability of stormwater harvested from PPS for reuse purposes in conditions 
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where GCH was applied as part of PPS maintenance procedure, Mbanaso et al. [37] observed 
that effluent from the test models including those dosed with high GCH concentration of 7200 
mg/l do not pose infiltration or salinity problems when used for irrigation. They, however, 
indicated that high dosage of the herbicide could lead to an elevated electrical conductivity 
of the recycled water. Hence, if PPS‐derived water is used for irrigation; chemical methods of 
weed control should be avoided until the dynamics of breakdown of the particular herbicides 
are better understood. Further work needs to be done on establishing the lifetime of such 
compounds in both the PPS and the stored irrigation water.

3.1. Green roofs

As well as the need to control rapid water runoff in urban areas, there are several other prob-
lems to which SuDS can make a contribution. The urban heat island effect [38, 39] and reduc-
tion in green space with associated loss of both amenity and biodiversity [40] are important 
issues. Much of this is being exacerbated by climate change. A contribution to the mitiga-
tion of such problems is to apply green SuDS techniques and foremost amongst these is the 
attempt to utilise the roof spaces of buildings to create green roofs. Green roofs can be either 
extensive, usually planted with a mat of relatively drought‐resistant species such as sedum 
or intensive [41], or being more ‘garden like’ where the aim goes beyond the immediate envi-
ronmental benefits with aesthetic and social aims being contributed to by a more varied and 
attractive planting scheme with the potential to contribute more to biodiversity.

The potential of green roofs to contribute to the mitigation of rainwater runoff is well estab-
lished, see Refs. [42–45]. What is less often stressed, however, are the problems in certain 
climates associated with the fact that after a heavy rainstorm, the water in the saturated sub-
strate can take a considerable time to drain or evaporate and a subsequent storm will be 
offered significantly reduced attenuation.

The capability of green roofs to contribute to the cooling of buildings and combating the heat 
island effect has been widely reported [45–50]. Green roofs can also play a role in improving 
biodiversity within urban areas [40, 51] and, the aesthetic value of a green roof can often be 
a dominant factor in its adoption [52] even though aesthetic planting schemes can come into 
conflict with biodiversity aims [53].

Particularly where the green roof is intended to be accessible and provide, in part, the func-
tion, for example, of an urban park, it is important that the provision of water, to maintain 
adequate growing conditions (for a wide range of plants), during dry periods is recognised. 
This helps to enhance the amenity value. One of the factors is the maintenance of adequate 
soil moisture content. The limited load‐bearing capacity (LBC) of the roofs of (existing) build-
ings often dictates the amount of water that can actually be safely retained on the roof itself. 
Designing traditional intensive green roofs to satisfy the load‐bearing capacity of a roof thus 
involves finding a balance between storing as much rainwater as possible, maintaining con-
ditions for plant growth and respecting the LBC of the construction [54, 55]. Adding more 
substrate typically achieves a water‐stored‐to‐weight ratio (WSWR) of just 0.2 l of water per 
added kg of soil for loamy sand, or 0.4 l/kg for a typical, specialised, extensive green roof 
substrate [56].
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An alternative to storing the water solely within the substrate is to drain the water into a 
cistern to allow the water to be used to irrigate the roof during dry periods and, if correctly 
sized, can offer temporary storage during storms occurring when the substrate is close to sat-
uration. A green roof with a cistern for reuse was the subject of a modelling study by Hardin 
et al. [57]. Their system included a green roof with its drainage system connected to a cistern 
which in turn supplied irrigation water to the roof via a pump. A supplemental water source 
is also connected to the cistern to provide water should there not be sufficient water to per-
form the irrigation event. It was proposed that the irrigation should be managed via a con-
troller, similar to what is widely used for home lawn irrigation, which only irrigates on the 
prescribed times unless sufficient rain has fallen within 24 h of the intended irrigation event.

Building rainwater cisterns inside or adjacent to the building and using pumps and irrigation 
systems is thus an option which will provide both runoff attenuation and on‐site rainwa-
ter reuse. However, the running costs, capital costs and building space/land take combined 
with the need for maintenance and the propensity for active systems to break down are fac-
tors which would militate against their choice. There is also a need to consider the trade‐off 
between energy used to pump the water from ground or basement level and the loss of space 
if the cistern is maintained in one of the higher floors of the building.

An alternative to using a separate cistern is to maintain ‘ponding elements’ under the substrate. 
Green roofs.com [58] presents a useful summary of some of the systems available, some of 
which are dependent on a slightly sloping roof, one which incorporates active pumped ele-
ments and a system that stores up to 40 mm of water in a plastic drainage layer equipped with 
an overflow device (although little extra capacity is available for temporary stormwater stor-
age during rain events). However, without a separate cistern, the volume available for storage 
will be relatively small unless special steps are taken. One such approach has been developed 
in the Netherlands [56]. This modified green roof stores the water directly under the substrate 
within modified load bearing plastic void formers originally developed for pervious pavement 
applications. The water is not required to be pumped up to the substrate, this being achieved 
by capillary actions through ‘capillary cones’ inserted into the load‐bearing vertical struts [59].

An excellent example of an application of this type of system is adjacent to the elevated rail-
way station at Orlyplein in Amsterdam [56], shown in Figure 3. This is a remarkable installa-
tion which has transform the former rooftop bus station (vacant for some time after it being 
moved to ground level) into a popular public park area with a resulting increase in economic 
development into the form of many additional rooms constructed in adjacent hotels.

Figure 3. The roof park built on the former Orlyplein Bus Station deck, before, during and after construction.
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The previously lonely and threatening exit from the rail station has been transformed into a 
place that is popular and well‐populated whenever the station is open.

The system of capillary irrigation outlined above has also found application in ground level 
applications. A very recent example of this is the ‘Green Stream’ in Zuidas an Amsterdam city 
district in the Netherlands. Zuidas is a very densely build urban area and therefore prone to 
urban flooding during intense rain events. With the city district being under re‐development, 
aiming to become the major business hub in the Amsterdam Metropolitan region, the city is 
developing innovative multifunctional designs to improve urban quality, reduce the urban 
heat‐island effect by improved evaporative cooling by plants and increase water retention 
(and reuse) to prevent urban flooding. The ‘Green Stream’ is a project in which rainwater from 
rooftops and adjacent sidewalks is collected in a 2 m wide planting strip that runs along the 
houses and sidewalk (Figure 4). The strip is deeper than its surroundings, making it a natural 
water collection point in the street design. To get from the sidewalk to the houses, bridges are 
used to cross the ‘green stream’. This planting strip is designed to be dry throughout the year, 
but is allowed to flood during rain events. Planting species are selected to be able to withstand 
occasional flooding. Innovative in the design is the 150 mm high water attenuation system 40 
cm below the planting, which is fed with water from the roofs. A continuous chain of plastic 
void forming units, as used in the Orlyplein roof park, is placed in a waterproof liner to create 
a subsoil water‐tank and features the same capillary irrigation system, capable of returning 
water to the soil when plants are using water without the use of pumps (and thus energy). 
The improved water availability for plants maintains their evapotranspiration rates at close 
to the potential evapotranspiration generated by the local weather, improving their urban 
cooling capacity. Surplus of water can drain freely to ground water level alongside the water 
drainage and capillary irrigation system. To prevent the Green Stream from overflowing onto 
the sidewalk, extra emergency overflows are created at the maximum fill level, connected to 
the conventional sewer.

Another application of this technology has been on sports surfaces such as football pitches 
both on rooftops and at ground level. The system provides water to the growing grass turf, 
while the void space can be made sufficiently deep to satisfy the most stringent stormwater 
attenuation requirements for new stadium construction. Even if supplemental water has to be 

Figure 4. Left to right: Schematic of the green stream system, under construction and on the day of completion.
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but is allowed to flood during rain events. Planting species are selected to be able to withstand 
occasional flooding. Innovative in the design is the 150 mm high water attenuation system 40 
cm below the planting, which is fed with water from the roofs. A continuous chain of plastic 
void forming units, as used in the Orlyplein roof park, is placed in a waterproof liner to create 
a subsoil water‐tank and features the same capillary irrigation system, capable of returning 
water to the soil when plants are using water without the use of pumps (and thus energy). 
The improved water availability for plants maintains their evapotranspiration rates at close 
to the potential evapotranspiration generated by the local weather, improving their urban 
cooling capacity. Surplus of water can drain freely to ground water level alongside the water 
drainage and capillary irrigation system. To prevent the Green Stream from overflowing onto 
the sidewalk, extra emergency overflows are created at the maximum fill level, connected to 
the conventional sewer.

Another application of this technology has been on sports surfaces such as football pitches 
both on rooftops and at ground level. The system provides water to the growing grass turf, 
while the void space can be made sufficiently deep to satisfy the most stringent stormwater 
attenuation requirements for new stadium construction. Even if supplemental water has to be 

Figure 4. Left to right: Schematic of the green stream system, under construction and on the day of completion.
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used to maintain the playing surface in very hot dry countries, the application of water from 
below by capillary action is more efficient than spray irrigation from above. Currently, trials 
are underway in preparation for the soccer world cup in Qatar.

3.2. Irrigation of urban trees

Novel below ground water storage options provide a significant opportunity for the reli-
able delivery of acceptable water to trees in the urban environment. In a non‐urban environ-
ment and under natural establishment conditions, a mature tree have grown partly due to a 
favourable water regime that has provided sufficient water reliably over the life of the tree. 
Historically, urban trees have faced significant challenges that are not faced by non‐urban 
trees which include:

• Establishment in unfavourable environments

• A deficiency in total water volume provision

• Runoff of water from non‐permeable surfaces away from tree roots, even where local rain-
fall totals are adequate

• Low retention rates of applied water, where water evaporates or percolates away from tree 
roots before uptake

• Insufficient mature and productive soil/substrate for nutrient regeneration and incomplete 
establishment of beneficial microbial processes (e.g. limited growth of mycorrhizae)

• Tree removal or inappropriate management resulting in damage to trees if land use 
changes regard existing trees as an obstacle

Thus, water supply considerations provide some of the major challenges faced by urban trees 
and depending on the tree species, a mature tree with a 500 mm trunk diameter could require 
860l of water to be provided for survival and normal function during drought conditions. It 
is important to acknowledge the local hydrological benefits of urban trees in times of intense 
and or prolonged rainfall where the drainage system may be at capacity. The positive impacts 
of trees include rainfall detention, retention and uptake, which may remove significant vol-
umes of water from runoff totals, or delay local peak discharge in comparison with a location 
without trees [60].

In theory, it would be acceptable to deliberately divert stormwater from a new development 
to supplement existing urban trees to meet the total water need. This could include discon-
nection of downpipes into soil and conveyance to areas where trees are located. However, this 
retrofit option could result in standing water in the case of intense events if infiltration and 
percolation are not sufficient and a bypassing of the tree if the water is not retained by the soil. 
Hence, solutions are required that provide the required volume of water, but allow this to be 
retained close to the roots and provide useful water. In practice, this is necessarily targeted 
at new developments and is usually provided by tree pits, where a selected soil medium is 
placed into a structural chamber. Landscaping solutions can incorporate this type of structure 
into bioretention schemes as shown by the image below of a parking area for a shopping 
Centre drained by bioretention cells, which often successfully incorporate trees (Figure 5).
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The medium can be an engineered soil or a replacement medium such as absorbent foam‐
filled structurally resistant void forming boxes. An ultra‐absorbent foam that is available 
commercially as a component in a tree box system was tested independently in a laboratory 
for its impact on hydraulic conditions and was shown to be a promising solution for runoff 
management and water absorption [61]. This material also has the potential for water transfer 
to woody plants.

The use of engineered materials, including allochthonous soils, in providing water to trees has 
not been proven to fully replicate the functioning of the biological component of mature natu-
ral soils, nor have an equivalent of the nutrient recycling and regeneration of soil. However, 
it has been established that drainage systems that include trees and soil can improve water 
quality in sustainable drainage applications, including the absorption and retention of heavy 
metals, nitrogen and phosphorus [62]. The addition of urban pollutants in the form of sedi-
ment moved by stormwater is shown in Figure 6. In such circumstances, however, the blind-
ing of the surface can become an issue and a means of pre‐filtration or sedimentation to take 

Figure 5. A bioretention cell with trees and shrubs in Raleigh, North Carolina, USA.

Figure 6. A tree pit receiving urban sediment from an adjacent parking area, Greensborough, North Carolina, USA.
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out the worst of the sediment may be advisable and if not available close control of mainte-
nance may be required.

The understanding of the requirements for successful irrigation of urban trees has improved 
in recent years, particularly as the recognition of the full range of benefits provided by urban 
trees has become apparent and the use of trees in the urban landscape has been more readily 
encouraged. As shown in the plates in this section, care must be taken to prevent waterlog-
ging of supporting soils, partly due to the confined nature of tree pits and also the provision 
of water in excess from large impermeable areas, which may exclude the air that is found 
in natural soils and may, if serious enough, lead to anoxic conditions and the production 
of greenhouse gases. Where possible, water should be directed to a sub‐root zone position 
without passing through the root ball itself. Consideration of aeration and an under drain in 
design should prevent this, alongside a consideration of local rainfall totals and the nearby 
landscape conditions.

4. Conclusion

SuDS elements, by their nature, store water but it is not always simple to either make a SuDS 
system provide a suitable supply of irrigation water or to make a water harvesting system 
contribute to stormwater source control. Both quality issues and quantity issues are important 
and in areas where road salt is used ground level collection needs to be carefully managed 
to prevent stored water becoming heavily contaminated with salt that could make the water 
unsuitable for irrigation and the collection mechanism needs to provide attenuation of auto-
mobile‐derived pollutants sufficient to allow plants to grow without inhibition. Where the 
prime aim is to harvest a good quality of water such as on a roof, whether this is used directly 
to irrigate plants on the roof or is collected for offline irrigation sizing of tanks needs to allow 
enough excess storage to deal with storm events and the tanks need to be managed to ensure 
such volume is routinely available.
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